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Abstract: We used large area, monolayer graphene epitaxially grown on SiC (0001) as contact
electrodes for polymer nanofiber devices. Our fabrication process, which avoids polymer resist
residues on the graphene surface, results in graphene-polyaniline nanofiber devices with Ohmic
contacts and electrical conductivity comparable to that of Au-nanofiber devices. We further checked
the thermal stability of the graphene contacts to polyaniline devices by annealing up to T = 800 ◦C,
the temperature at which polyaniline nanofibers are carbonized but the graphene electrode remains
intact. The thermal stability and Ohmic contact of polymer nanofibers are demonstrated here,
which together with the chemical stability and atomic flatness of graphene, make epitaxial graphene
on SiC an attractive contact material for future all-carbon electronic devices.

Keywords: graphene; graphene electrodes; epitaxial graphene on SiC; polymer nanofibers;
polyaniline nanofibers; carbonization; organic electronics; carbon electronics

1. Introduction

Conductive polymers are promising platforms for the next generation of carbon-based electronics.
With these organic materials, the variety of devices that have already been developed span a wide
range of applications that include flexible field–effect transistors [1], actuators [2], sensors [3],
and nano-optoelectronic devices [4]. For conductive polymers, efficient injection and extraction
of charges between the contact electrode and the active channel is often complicated due to the
incompatibility between organic channels and inorganic contacts [5,6]. In this sense, carbon-based
contacts [5], and particularly graphene, are appealing solutions to interface organic polymers to
the outer world and materialize the vision of all-carbon electronics [5,7]. As an electrical contact,
graphene offers numerous properties that complement the versatility of electronic polymers, including
high electron mobility [8–11], thermal conductivity [12], optical transparency [13,14], tunability
of work function [15], and chemical/thermal stability. Furthermore, in combination with metals,
graphene could be also used as an interfacial layer to engineer the charge transfer between metal
contacts and other carbon-based systems [16]. More generally, graphene as an electrical contact has

Crystals 2017, 7, 378; doi:10.3390/cryst7120378 www.mdpi.com/journal/crystals1
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been proven to be a superior solution in various electronics applications from organic field effect
transistors [17–23], organic solar cells [24], organic light emitting diodes [25] to nanoelectromechanical
infrared detectors [26], and electrophysiology and neuroimaging [27,28]. In addition to electronics,
biosensors [29] and biomedical applications such as point-of-care testing devices [30] use graphene to
improve analytical performances.

In practice, additional requirements that have to be met by graphene contact technologies include
scalability, reproducibility (e.g., clean surface), and robustness against chemical and thermal treatments
during device fabrication. Graphene grown by chemical vapor deposition (CVD) [16–19,25–28,31]
and from reduced graphene oxide [24] are somewhat suitable for scalability. CVD graphene has to
be transferred to an insulating substrate and the transfer process is prone to leave resist residues and
to result in discontinuous graphene layers (i.e., voids) over large scales. An alternative technology is
epitaxial graphene grown on the Si face of silicon carbide substrates (G/SiC), which has drawn less
attention for contact technology due to the relative higher cost of materials. Nonetheless, as-grown
G/SiC is also scalable [32], being a continuous single crystal with its size limited only by the SiC
substrate size [33]. Additionally, G/SiC is atomically flat and clean implying that atomically clean
interfaces can be readily achieved on this material. Since the SiC substrate is electrically insulating,
there is no need to transfer (i.e., contaminate) the graphene layer. The main source of contamination
for G/SiC is the microfabrication process that involves organic polymer resists. However, polymer
residues can be avoided by using shadow masks or metal masks directly deposited on graphene during
fabrication [34–37]. Alternatively, resist residues and other common contaminants of the surface can
be removed using scalable methods such as high temperature annealing [38].

In this paper, we demonstrate the suitability of G/SiC as an electrical contact for polymer nanofibers,
a low dimensional carbon system. We patterned a large area of G/SiC using a metal protection mask to
ensure that the G/SiC surface is free of resist residues that degrade the nanofiber/graphene interface.
For the organic channel, polyaniline (PANI) nanofibers were contacted on G/SiC and we found that
the quality of contact is comparable to that of Au electrodes. We further checked the thermal stability
of the device by annealing it at 800 ◦C under argon flow and upon annealing, we found that the
graphene electrodes remained operational and the PANI nanofibers were carbonized as confirmed by
current-voltage (I-V) characterization and Raman spectroscopy.

2. Results and Discussion

2.1. Characterization of Graphene Electrodes

The as-grown G/SiC, characterized by the express optical microscopy method [39], is homogeneous
monolayer graphene with about 10–15% bilayer domain inclusions [32]. Figure 1 is the schematic
illustration of the fabrication process of the G/SiC electrode (see Methods), where the key step is the
deposition of an aluminum protection layer on the as-grown material. This Al layer is removed in the
last fabrication process, and its role is to prevent graphene from directly contacting organic resist that
degrades the graphene-nanofiber interface. Together with G/SiC electrodes, we have fabricated Hall
bars to enable the electrical characterization of the graphene layer. Hall measurement of the G/SiC
shows that the electron mobility is of the order of ~1000 cm2/Vs and the electron carrier density is
~4 × 1012 cm−2 at 300 K. The high electron concentration is consistent with the charge transfer from
the surface donor state of SiC to G/SiC reported previously [40,41].

Figure 2a is the optical microscope image of a graphene electrode pattern with a length (width) of
10 μm (1 μm). The G/SiC pattern is discernable from SiC and we found a few inclusions of bilayer
(BL) domains (seen as darker stripes) in the monolayer (ML) G/SiC. Figure 2b is the I-V characteristics
of the graphene lead before and after annealing. Both of the I-V of each lead are linear and the adjacent
leads are electrically insulating before and after annealing. The decrease of resistance in G/SiC leads
after annealing can be attributed to either desorption of species from the graphene surface or by
a modified contact resistance between Au and G/SiC after the thermal annealing step [42]. Statistics
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on the resistivity of G/SiC leads before annealing show that the average resistivity of 11 leads is
~11 kΩ/square. In more detail, the average two probe resistivity of 7 G/SiC leads of width 1 μm
(length 10 μm or 20 μm) was 13 kΩ/square and that of 4 G/SiC leads with width 2 μm (length 100 μm)
was 8 kΩ/square. The higher resistivity of 1 μm width G/SiC can be attributed to the roughness of
edges and charge inhomogeneity arising from bilayer domains [43], which presumably has a greater
impact on the narrower G/SiC leads.

Figure 1. The schematic illustration of the fabrication process of the G/SiC electrode: (a) As-grown
epitaxial graphene on SiC (G/SiC); (b) An aluminum protection layer was first deposited on G/SiC,
and this was followed by electron beam lithography (EBL) and successive graphene etching in oxygen
plasma; (c) Resist is removed with organic solvents; (d) A second EBL step for defining global Ti/Au
contacts (e) Al removal by wet etching; (f) Deposition of Ti/Au global contacts on G/SiC electrodes
and lift-off in organic solvents.

Figure 2. Thermal stability of graphene electrodes. (a) The optical microscope image of the G/SiC
electrode with width (length) 1 μm (10 μm). Scale bar: 10 μm; (b) The linear current-voltage (I-V)
characteristics of the G/SiC lead marked by arrows in (a) before and after annealing at T = 800 ◦C.
The adjacent leads are insulated before and after annealing and the resistance of the G/SiC lead
decreased after the T = 800 ◦C annealing.

2.2. Characterization of Graphene-Nanofiber Devices before and after Thermal Annealing Step

In order to assess the quality of graphene as a contact for polymer nanofibers, we chose
polyaniline (PANI) as the conductive channel medium. PANI nanofibers have a unique acid/base
doping/dedoping chemistry that is reversibly switchable from the doped state to the dedoped
state by exposure to hydrochloric acid and ammonia [44–46]. Together with the enhanced surface
to volume ratio in nanofiber morphology, PANI nanofibers are also promising for gas sensing
applications [1,47,48]. Besides, the carbonization of polymers by pyrolysis [49–58] shows potential
for applications such as a fuel cell [53] and catalyst [56,57], and PANI produces nitrogen containing
conducting carbons after pyrolysis [52–58]. On the as-fabricated G/SiC electrode, a suspension of
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solution containing PANI nanofibers were dispersed (see Method) and we observed that fibers readily
form an Ohmic contact to graphene electrodes. Furthermore, the thermal stability of epitaxial graphene
electrodes allows thermal processes at elevated temperatures to be carried out. Indeed, we annealed
the device up to T = 800 ◦C and found that the contact between graphene and fibers remain Ohmic.
We performed the thermal annealing cycle under continuous argon flow to prevent oxidation of
organic species. This method allowed us to investigate not only the thermal stability of the PANI
nanofiber-G/SiC devices but also to explore the electron transport properties of carbonized polymer
nanofibers in general [59]. Figure 3a,b show the AFM topography of PANI nanofibers contacted
on G/SiC electrodes before and after T = 800 ◦C annealing, respectively. Upon high temperature
annealing, the G/SiC electrode remains intact and most of the PANI nanofibers were preserved as
shown in Figure 3b. Comparison of Figure 3a,b at the same area before and after annealing, shows that
the overall shape of the nanofibers is retained; however, both the width and the height of PANI
nanofibers are significantly reduced to about 50% after annealing (Figure 3c). This is consistent with
previous reports that PANI undergoes dehydrogenation and cross-linking of adjacent chains upon
high temperature pyrolysis, and that the weight of polyacetylene (PA) films/fibers [49–51] and PANI
films/tubes [52–58] is reduced after pyrolysis while retaining the fibril morphology. I-V characteristics
of the PANI nanofibers on G/SiC electrodes before annealing show that the adjacent G/SiC leads
are electrically connected due to the PANI nanofibers contacting the two adjacent G/SiC electrodes.
The device shows linear and symmetric I-V characteristics of PANI nanofibers on G/SiC before and
after annealing, with the resistance increased about 10 times upon annealing. The symmetric and
linear I-V is consistent with previous reports regarding annealed PANI nanofibers at 800 ◦C [59].

Figure 3. Characterization of graphene-nanofiber devices before and after the thermal annealing step.
(a) Atomic force microscopy (AFM) topography image of G/SiC electrodes contacting polyaniline
(PANI) nanofibers, where graphene leads are indicated by G.; (b) AFM topography image of (a) after
thermal annealing at T = 800 ◦C. The graphene leads remain intact and morphology of PANI nanofibers
are preserved. Scale bar: 2 μm; (c); The reduction in size of PANI nanofibers after annealing is compared
in the AFM height profile of the region indicated by blue lines in (a,b). Both the width (320 nm to
190 nm) and height (65 nm to 28 nm) are reduced after annealing; (d) I-V characteristics of the adjacent
graphene electrodes before and after annealing. Between the two electrodes in which I-V was measured,
three PANI nanofibers are contacted in total (Device G4, see Figure S7). After annealing, the resistance
typically increases to 10 times.

We verified the integrity of the devices, including the graphene contacts, after the thermal
annealing step by Raman spectroscopy and found that PANI fibers undergo carbonization but graphene
remains essentially intact. Figure 4 shows the Raman spectroscopy (λ = 638 nm) measured on bundles of
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PANI nanofibers (Figure 4a) and of G/SiC (Figure 4b) before and after annealing. We found substantial
changes in the PANI nanofiber after annealing. In the pristine form, the Raman spectra of PANI
nanofibers show complex peaks that indicates PANI nanofibers. Raman spectroscopy on the annealed
PANI nanofiber bundles shows that the PANI nanofibers become amorphous carbon nanofibers as
confirmed by the broad D (1353 cm−1) and G bands (1590 cm−1) of graphite (Figure 4b) [49–59].
In contrast, the G/SiC remained intact after annealing as shown in Figure 4b. Figure 4b displays the
Raman spectra of the pristine, annealed G/SiC, and the etched SiC region as a reference. The Raman
spectra on G/SiC includes contributions both from the bulk SiC substrate and the so-called buffer
layer. Therefore, correcting the Raman spectra of G/SiC by subtracting the spectrum of SiC substrate
may introduce artifacts due to the contribution of the substrate [60]. The presence of G and 2D peaks
before and after annealing means that the G/SiC remains intact after annealing [60,61]. The thermal
stability of graphene is comparable to that of oxides such as Sr2RuO4 (stable at 900 ◦C) [62] and olivine
(stable at 500 ◦C) electrodes [63].

Figure 4. Raman spectroscopy before and after annealing (a) Raman spectroscopy on a bundle of PANI
nanofibers before and after 800 ◦C annealing. After annealing, the complex peaks in PANI nanofibers
turned to two broad peaks marked by D and G bands. The intensity of PANI is normalized with
respect to the maximum value of D band in annealed PANI nanofibers; (b) Raman spectroscopy of the
pristine graphene, annealed graphene and SiC. Dotted boxes indicate the vicinity of D, G, and 2D peaks.
The intensity is normalized by the highest peak of Raman spectra measured on the SiC substrate.

2.3. Comparison of Graphene with Gold as a Contact for PANI Nanofibers

We benchmarked graphene as a contact for polymer nanofibers against gold, which is the
standard contact metal for these materials. Figure 5a shows the AFM topography of a Ti/Au
electrode deposited on a Si/SiO2 (300 nm) substrate and a PANI nanofiber contacted on Au electrodes.
The conductivity and height of PANI nanofibers measured on both G/SiC and Au electrodes of this
study range from 0.5–5 S/cm and 50–110 nm, respectively. Figure 5b compares the conductivity of
PANI nanofibers on graphene electrodes (G1–G4) (see Methods and Figures S5–S7) to that on Au
electrodes (Au1–Au6) (see Methods and Figures S1–S4). The conductivity of PANI nanofibers on
G/SiC electrodes (0.5–2.3 S/cm) was slightly lower than that on Au (1.2–5 S/cm); however, this is
comparable with the conductivity of PANI nanofibers measured on Au electrodes reported in the
literature [64].
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Figure 5. Comparison of graphene and gold as contact for PANI nanofibers. (a) AFM topography
of PANI nanofibers contacted on Au electrodes (Au4, Figure S2). The contact of a PANI nanofiber
contacted by Au electrodes is indicated by a dotted box; (b) Conductivity of PANI nanofibers measured
on both Au (Au1–Au6, Figures S1–S4) and graphene electrodes (G1–G4, Figures S5–S7). The blue (red)
shaded region is the conductivity of PANI nanofibers (annealed PANI nanofibers at 800 ◦C) measured
on Au electrodes in Ref [64] (Ti/Au bottom contact electrode in Ref. [59]).

3. Materials and Methods

3.1. Growth of Epitaxial Graphene on SiC

The graphene was purchased from Graphensic AB. The crystallographic orientation of the 4H-SiC
substrate is (0001) which provides large terraces and minimizes bilayer inclusions. The graphene
fabrication process includes standard two-step cleaning procedure including HF solution dipping prior
to loading into the growth reactor. The latter consists of a vertical radio frequency (RF) heated graphite
crucible placed in a quartz tube with a thermal insulation between their walls. Upon reaching base
vacuum in the range of 10−6 mbar, heating is performed until 2000 ◦C and this temperature is held for
5 min. After that the RF generator is switched off and the graphene wafer is cooled down to room
temperature. The wafer is subjected to microscopy examination to check the graphene morphology
and after that, to further processing steps.

3.2. Fabrication of Graphene and Au Electrodes

3.2.1. Fabrication of Graphene Electrodes

Graphene electrodes in Figure 2 and of devices G1–G4 were fabricated on the as-grown graphene
on the Si face of the 4H-SiC surface. For the first step, Al (20 nm) was deposited to avoid resist residue
and the standard electron beam lithography (EBL) using e-beam resist ARP-6200 (Allresist, Strausberg,
Germany) was performed on top of Al. After developing the e-beam resist, a MF-319 photodeveloper
(Dow Europe, Horgen, Switzerland) was used for the wet etch of Al underneath and the exposed
graphene was dry-etched using oxygen plasma (Figure 1b). After dissolving the remaining resist in
organic solvent mr-REM-400 (Micro resist Tech., Berlin, Germany) (Figure 1c), the second EBL was
employed for global Ti/Au (5/100 nm) contacts to the G/SiC leads for wire bonding. Before depositing
Ti/Au for the global contact, Al was wet-etched using MF-319 photodeveloper (Figure 1e) to ensure
contact between graphene and Ti/Au.

3.2.2. Fabrication of Gold Electrodes

Au electrodes in devices Au1–Au6 were fabricated by standard EBL using a poly
(methylmethacrylate) (PMMA) (MicroChem, Westborough, MA, USA) double layer mask on Si/SiO2

(300 nm) substrates. We used the same electrode design that was used for graphene electrodes
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and Ti/Au (5/50 nm) was evaporated on the patterned PMMA and lifted off in organic solvent
acetone. The thickness of Ti/Au (5/50 nm) was chosen to be comparable with the height of typical
PANI nanofibers.

3.3. Synthesis of Polyaniline Nanofibers and Contacting to Graphene and Au Electrodes

PANI nanofibers were synthesized using a known synthesis protocol [44–46]. 0.08 mmol of aniline
(Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 10 mL of 1 M HCl and a catalytic amount of
p-phenylenediamine (5 mg) (Sigma-Aldrich, St. Louis, MO, USA) in a minimal amount of methanol
was added into the aniline solution. 0.2 mmol of ammonium peroxidisulfate (Sigma-Aldrich, St. Louis,
MO, USA) was dissolved in 10 mL of 1 M HCl and the two prepared solutions were rapidly mixed for
10 s and left for one day. A droplet of the suspension of the PANI nanofibers doped by hydrochloric acid
was deposited on both the G/SiC and Au electrodes and blow-dried. Then we inspected these under
optical and atomic force microscope and selected those devices in which single fibers are contacted.
The probability of finding such devices is low, and we presented 6 devices in total (3 graphene contacts
and 3 gold contacts) and also presented 4 devices corresponding to three or four polymer nanofibers
(1 graphene contact and 3 gold contacts). The AFM and I-V curves of the nanofibers on graphene
(G1–G4) and on Au (Au1–Au6) are described in detail in the Supplementary Materials.

3.4. Electrical Characterization, Raman Spectroscopy and Carbonization

Electrical characterization of G/SiC electrodes, PANI nanofibers on G/SiC and Au electrodes,
and the annealed devices was carried out using the Semiconductor Characterization System (SCS)
parameter analyzer (Keithley Instruments, Solon, OH, USA) at room temperature under ambient
conditions in both two-terminal and four-terminal configurations. Raman spectroscopy measurement
was performed under ambient conditions using a Raman spectrometer equipped with a spot size ~1 μm
(λ = 638 nm) (Horiba Scientific, Longjumeau, France). The signal acquisition time was one minute and
averaged 5 times due to the relatively small signal of the graphene compared with the signal from the
SiC substrate. The annealing took place in a tube furnace at 800 ◦C for one hour under argon flow with
automated ramping rate of 1 ◦C/min in both heating and cooling steps.

4. Conclusions

In conclusion, we used epitaxial graphene on SiC as Ohmic contacts to polymer nanofibers.
We showed that G/SiC-PANI devices exhibit a conductivity comparable to that of PANI nanofibers on
Au electrodes. Thermal annealing of the G/SiC-PANI nanofiber device showed that the device is intact
after 800 ◦C annealing and that the PANI nanofibers become amorphous carbons with reduced height
and width, making epitaxial graphene contacts promising for applications that require operation
at high temperature. While the thermal stability of G/SiC is comparable to that of other materials,
graphene offers additional properties such as chemical stability and atomic flatness that make it
an attractive platform as a substrate and contact material for future all-carbon devices.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4352/7/12/378/s1,
Figure S1: Device Au1–Au3 (a) Atomic force microscope topography of PANI contacted between Au contacts
1-2, 2-3, and 3-4 (Au1, Au2, Au3, respectively); (b) Current-Voltage characteristics of PANI nanofibers contacted
between contact 1-2 (Au1), 2-3 (Au2), 3-4 (Au3), and four-probe measurement; Figure S2: Device Au4 (a) Atomic
force microscope topography of PANI contacted between Au contacts 1-2 (Au4); (b) Current-Voltage characteristics
of the PANI nanofiber contacted between contacts 1-2 (Au4); Figure S3: Device Au5 (a) Atomic force microscope
topography of PANI contacted between Au contacts 1-2 (Au5); (b) Current-Voltage characteristics of the PANI
nanofiber contacted between contacts 1-2 (Au5); Figure S4: Device Au6 (a) Atomic force microscope topography
of PANI contacted between Au contacts 1-2 (Au6); (b) Current-Voltage characteristics of the PANI nanofibers
contacted between contacts 1-2 (Au1); Figure S5: Device G1 (a) AFM phase of PANI contacted between G/SiC
contacts 1-2 (G1). We checked that the electrodes (1) and (2) were electrically insulating before nanofiber deposition.
((2) and (3) were electrically shorted due to incomplete graphene etching as shown in the AFM phase image);
(b) Current-Voltage characteristics of the PANI nanofiber contacted between contacts 1-2 (G1) before and after
T = 800 ◦C annealing. In this device, the electrical resistance decreased after annealing; Figure S6: G2 (a) AFM
phase of PANI contacted G/SiC contact 1-2 (G2). We checked that the electrodes (1) and (2) were electrically
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insulating before nanofiber deposition. (b) Current-Voltage characteristics of the PANI nanofiber contacted
between contact 1-2 (G2) before T = 800 ◦C annealing. After annealing the nanofiber was cut and not conductive;
Figure S7: G3 and G4 AFM topography (a) and phase (b) of PANI contacted G/SiC on contact 1-2 (G3), 2-3 (G4),
and 3-4. The device shown in Figure 3 is G4 and among the three PANI nanofibers in G4, the nanofiber in
Figure 3 is in the middle of the electrode. We checked that the electrodes (1), (2), (3), and (4) were electrically
insulating each other before nanofiber deposition. (c) and (d) are the AFM topography and phase after T = 800 ◦C
annealing, respectively; (e) Current-Voltage characteristics of the PANI nanofiber contacted between contacts
1-2 (G3), 2-3 (G4), and 3-4 before T = 800 ◦C annealing. (f) Current-Voltage characteristics of the PANI nanofiber
contacted between contacts 1-2 (G3), 2-3 (G4), and 3-4 after T = 800 ◦C annealing. Scale bars in (a)–(d) are 10 um;
Table S1: Summary of PANI-Au devices (Au1–Au6) in height, source-drain distance, and conductivity; Table S2:
Summary of PANI-G/SiC devices (G1–G6) in height, source-drain distance and conductivity.
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Abstract: Atomically thin molybdenum disulfide (MoS2), a member of the transition metal
dichalcogenide (TMDC) family, has emerged as the prototypical two-dimensional (2D) semiconductor
with a multitude of interesting properties and promising device applications spanning all realms
of electronics and optoelectronics. While possessing inherent advantages over conventional bulk
semiconducting materials (such as Si, Ge and III-Vs) in terms of enabling ultra-short channel and,
thus, energy efficient field-effect transistors (FETs), the mechanically flexible and transparent nature
of MoS2 makes it even more attractive for use in ubiquitous flexible and transparent electronic
systems. However, before the fascinating properties of MoS2 can be effectively harnessed and put
to good use in practical and commercial applications, several important technological roadblocks
pertaining to its contact, doping and mobility (μ) engineering must be overcome. This paper reviews
the important technologically relevant properties of semiconducting 2D TMDCs followed by a
discussion of the performance projections of, and the major engineering challenges that confront,
2D MoS2-based devices. Finally, this review provides a comprehensive overview of the various
engineering solutions employed, thus far, to address the all-important issues of contact resistance
(RC), controllable and area-selective doping, and charge carrier mobility enhancement in these devices.
Several key experimental and theoretical results are cited to supplement the discussions and provide
further insight.

Keywords: two-dimensional (2D) materials; transition metal dichalcogenides (TMDCs);
molybdenum disulfide (MoS2); field-effect transistors (FETs); Schottky barrier (SB); tunneling; contact
resistance (RC); doping; mobility (μ); scattering; dielectrics
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1. Introduction

The isolation and characterization of graphene, an atomically thin layer of carbon atoms arranged
in a hexagonal lattice, in 2004 by Geim and Novoselov ushered in the era of two-dimensional
(2D) atomically thin layered materials [1]. This all-important discovery came at the backdrop of a
continuous ongoing quest by the semiconductor industry to search for new semiconducting materials,
engineering techniques and efficient transistor topologies to extend “Moore’s Law”—an observation
made in the 1960s by Gordon Moore which stated that the number of transistors on a complementary
metal-oxide-semiconductor (CMOS) microprocessor chip and, hence, the chip’s performance, would
double every two years or so [2–4]. In effect, this law led to the shrinking down of conventional CMOS
transistors (down into the nm regime) to enhance their density and performance on the chip [5–10].
However, in the past decade or so, the performance gains derived due to dimensional scaling have
been severely offset by the detrimental short-channel effects (SCE) that cause high OFF-state leakage
currents (due to loss of effective gate control over the charge carriers in the semiconducting channel and
inability of the gate to turn the channel fully OFF) leading to higher static power consumption and heat
dissipation (i.e., wasted power), which have dire implications for Moore’s Law [11–16]. With continued
scaling (sub-10 nm regime), the SCE effect will get far worse and even state-of-the-art CMOS transistor
architectures designed to enhance gate controllability (such as MuGFETs, UTB-FETs, FinFETs, etc.) will
face serious challenges in minimizing the overall power consumption. Hence, the need of the hour
is an appropriate transistor channel material that allows for a high degree of gate controllability at
these ultra-short dimensions [17–20]. In this light, graphene has been thoroughly researched for its
remarkable properties, such as 2D atomically thin nature, extremely high carrier mobilities, superior
mechanical strength, flexibility, optical transparency, and high thermal conductivity, that can be
useful for a wide range of device applications [21–23]. While graphene can allow for excellent gate
controllability due to its innate atomic thickness, a major drawback of graphene is its “semi-metallic”
nature and, hence, the absence of an electronic “band-gap” (Eg)—a necessary attribute any material
must possess to be considered for electronic/optoelectronic device applications. Hence, a graphene
transistor cannot be turned “OFF” [24,25].

Graphene’s shortcomings led to the search for alternative materials with similar yet
complementary properties. This led to the emergence of a laundry list of 2D layered materials
ranging from insulators to semiconductors and metals [26,27]. Among these 2D materials, the family
of transition metal dichalcogenides (TMDCs) has garnered the most attention [28]. These TMDCs are
characterized by the general formula MX2 where M represents a transition metal (M = Mo, W, Re, etc.)
and X is a chalcogen (X = S, Se, Te) [29,30]. Analogous to graphene, these layered 2D TMDCs can be
isolated down to a single atomic layer from their bulk form. A TMDC monolayer can be visualized
as a layer of transition metal atoms sandwiched in-between two layers of chalcogen atoms (of the
form X-M-X) with strong intra-layer covalent bonding, whereas the inter-layer bonding between two
adjacent TMDC layers is of the van der Waals (vdW) type (Figure 1a schematically illustrates the 3D
crystal structure of molybdenum disulfide or MoS2, the prototypical TMDC). Moreover, depending
on the specific crystal structure and atomic layer stacking sequence (1T, 2H or 3R), these TMDCs
can have metallic, semiconducting or superconducting phases [29,30]. Of particular interest is the
subset of semiconducting 2D TMDCs as they offer several promising advantages over conventional 3D
semiconductors (Si, Ge and III-Vs) such as: (i) inherent ultra-thin bodies enabling enhanced electrostatic
gate control and carrier confinement versus 3D bulk semiconductors (this can help mitigate SCE in
ultra-scaled FETs based on 2D TMDCs as their ultra-thin bodies can allow significant reduction of the
so-called characteristic “channel length (LCH) scaling” factor “λ”, given by λ =

√
(tOXtBODYεBODY)/εOX,

where tOX and tBODY are the thicknesses of the gate oxide and channel, respectively, and εOX and εBODY

are their respective dielectric constants; a simple relationship for the scaling limit of FETs, i.e., minimum
length required to prevent SCE, is given by LCH > 3λ) (Figure 1c shows the schematic cross sections of
the gate-channel regions of FETs employing bulk 3D and 2D semiconducting channels and compares
their electrostatic carrier confinements) [31]; (ii) availability of a wide range of sizeable band-gaps
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and diverse band-alignments [32]; and (iii) lack of surface “dangling bonds” unlike conventional 3D
semiconductors (Figure 1b schematically compares the surface of bulk 3D and 2D materials) allowing
for the formation of pristine defect-free interfaces (especially 2D/2D vdW interfaces) [33]. These
attributes make the semiconducting 2D TMDCs extremely promising for future “ultra-scaled” and
“ultra-low-power” devices [30,31,33–39]. Among the semiconducting 2D TMDCs, MoS2 has been the
most popular and widely pursued material by the research community owing to its natural availability
and environmental/ambient stability. Like most semiconducting TMDCs, MoS2 is characterized by
a thickness-dependent band-gap as has been verified both theoretically and experimentally: in its
bulk form, it has an indirect band-gap of ~1.2 eV, whereas in its monolayer form, the band-gap
increases to ~1.8 eV due to quantum confinement effects and is direct (Figure 1d illustrates the
band-structure evolution of MoS2 with decreasing layer thickness) [40–44]. This band-gap variability,
together with high carrier mobilities, mechanical flexibility, and optical transparency, makes 2D MoS2

extremely attractive for practical nano- and optoelectronic device applications on both rigid and
flexible platforms [45–51].

Figure 1. (a) 3D schematic of the crystal structure of semiconducting 2H MoS2, the prototypical TMDC,
showing stacked atomic layers. Atoms in each layer are covalently bonded, whereas a vdW gap exists
between adjacent layers with an interlayer separation of ~0.65 nm. Adapted with permission from [40].
Copyright Springer Nature 2011. (b) Schematic illustration of bulk 3D (top) versus 2D materials
(bottom) showing the absence of surface dangling bonds in the latter. (c) Schematic illustration
of the carrier confinement and electrostatic gate coupling in bulk 3D (top schematic) versus 2D
semiconducting materials (bottom schematic) when used as the channel material in a conventional FET
architecture. 2D semiconductors offer much better gate control and enhanced carrier confinement, as
opposed to 3D semiconductors, owing to their innate atomic thickness. (b,c) Adapted with permission
from [35]. Copyright Springer Nature 2016. (d) Band-structure evolution of MoS2 from bulk to
monolayer (1L) showing the transition from an indirect to a direct band-gap (as indicated by the solid
black arrow). Adapted with permission from [41]. Copyright 2010 American Chemical Society.
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MoS2 can also be combined with conventional 3D semiconductors (such as Si and III-Vs), other 2D
materials (e.g., TMDCs or graphene), and 1D and 0D materials to form various 2D/3D, 2D/2D, 2D/1D
and 2D/0D vdW heterostructure devices, respectively, enabling a wide gamut of functionalities [52–59].
Indeed, several device applications such as ultra-scaled FETs [60–63], digital logic [64–67],
memory [68–71], analog/RF [72–75], conventional diodes [76–79], photodetectors [80–83], light
emitting diodes (LEDs) [84–87], lasers [88,89], photovoltaics [90–93], sensors [94–97], ultra-low-power
tunneling-devices such as tunnel-FETs (TFETs) [98–101], and piezotronics [102,103], among several
others, have been demonstrated using 2D MoS2 (either on exfoliated MoS2 flakes or synthesized
MoS2 films), highlighting its promise and versatility. Concurrently, massive research effort has been
devoted to solving various key technical challenges, such as large-area wafer-scale synthesis using
techniques like chemical vapor deposition (CVD) and its variants (such as metal–organic CVD or
MOCVD), van der Waals (vdW) epitaxy, [104–107], reduction of parasitic contact resistance (RC),
and enhancement of charge carrier mobility (μ), that can improve the operational efficiency of these
devices and allow MoS2-based circuits and systems to become technologically and commercially
relevant. The focus of this review paper is to give a comprehensive overview of the progress made in
the contact, doping and mobility engineering techniques for MoS2, which collectively represent one of
the most significant technological bottlenecks for 2D MoS2 technology.

2. Projected Performance of 2D MoS2

To realize low-power and high-performance electronic/optoelectronic devices based on
2D semiconducting TMDC materials, several key parameters, such as contact resistance (RC),
channel/contact doping (n- or p-type) and charge carrier mobility (for both electrons and holes), need
to be effectively engineered to harness the maximum intrinsic efficiency from the device [31,35,36,38,39].
In the case of MoS2, excluding the effect of any external factors, its calculated/predicted intrinsic
performance is indeed extremely promising. Firstly, the quantum limit to contact resistance (RCmin)
for crystalline semiconducting materials in the 2D limit is determined by the number of conducting
modes in the semiconducting channel which, in turn, is connected to the 2D sheet carrier density (n2D,
in units of 1013 cm−2) as RCmin = 26/

√
n2D Ω·μm (Figure 2a depicts this quantum limit in a plot of

RC versus n2D) [108–111]. For n2D = 1013 cm−2, this yields an RCmin of 26 Ω·μm, which is well below
the projected maximum allowable parasitic source/drain (S/D) resistances for high-performance
Si CMOS technology (for example, 80 Ω·μm for multiple-gate FET technology) as per the ITRS
requirements for the year 2026 [112]. Thus, 2D MoS2 has the potential of meeting the RC requirements
if a sheet carrier density of ~1013 cm−2 or higher is realized in the contact regions by doping or other
means. Secondly, the predicted room temperature (RT, i.e., 300 K) phonon-limited, or “intrinsic”,
electron mobility for monolayer MoS2 falls in the range of 130–480 cm2/V-s [113–116]. On the other
hand, the predicted phonon-limited hole mobility for monolayer MoS2 is supposed to be as high
as 200–270 cm2/V-s [115,117]. Moreover, the calculated saturation velocities (vsat) of electrons and
holes in monolayer MoS2 are 3.4–4.8 × 106 and 3.8 × 106 cm/s, respectively [115]. This makes
MoS2 extremely promising for various semiconductor device applications and gives it a distinct
advantage for use in thin-film transistor (TFT) technologies as its predicted carrier mobilities are
higher than conventional TFT materials such as organic and amorphous semiconductors as well
as metal oxides (Figure 2b compares the mobility of TMDCs against various other semiconducting
materials) [118–120]. In fact, MoS2 offers channel mobilities that are comparable to single-crystalline
Si [121]. Moreover, MoS2 can potentially outperform conventional 3D semiconductor devices at
aggressively scaled channel lengths (LCH < 5 nm) thanks to its excellent electrostatic integrity [122,123],
finite band-gap, and preserved carrier mobilities even at sub-nm thickness (monolayer MoS2 thickness
~0.65 nm), unlike 3D semiconductors that can experience severe mobility degradation (due to scattering
from dangling bonds, interface states, atomic level fluctuations, surface roughness, etc.) and a large
band-gap increase (due to quantum confinement effects) with dimensional/body thickness scaling
below ~5–10 nm [35,36,124–126]. Thus, the high predicted mobilities and saturation velocities, coupled
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with its atomically thin nature, high optical transparency and mechanical flexibility, makes 2D MoS2

very attractive for applications in ultra-scaled CMOS technologies as well as in flexible nanoelectronics
and flexible “smart” systems [74,118,127–129].

The projected performance potential of MoS2 transistors has also been investigated by several
research groups and compared to conventional CMOS devices for applicability in future technology
nodes. For example, the performance of double-gated monolayer MoS2 FETs was theoretically
examined (in the presence of intrinsic phonon scattering) and compared to ultra-thin body (UTB)
Si FETs by Liu et al., with results showing that MoS2 FETs can have a 52% smaller drain-induced
barrier lowering (DIBL) and a 13% smaller subthreshold swing (SS) than 3-nm-thick-body Si FETs at
an LCH of 10 nm with the same gating [123]. This favorable performance and better scaling potential
of monolayer MoS2 FETs compared to UTB Si counterparts was attributed to its atomically thin
body (~0.65 nm thick) and larger effective mass that can suppress direct source-to-drain tunneling at
ultra-scaled dimensions. Moreover, the performance of MoS2 FETs was found to fulfill the requirements
for high-performance logic devices at the ultimate scaling limit as per the ITRS targets for the year
2023 [123]. Through rigorous dissipative quantum transport simulations, Cao et al. found that bilayer
MoS2 FETs can indeed meet the high-performance (HP) requirement (i.e., the ON-state current drive
capability) up to the 6.6 nm node as per the ITRS. Moreover, they showed that with proper choice of
materials and device structure engineering, MoS2 FETs can meet both the HP and low-standby-power
(LP, i.e., good subthreshold electrostatics in the OFF-state) requirements for the sub-5 nm node as
per the ITRS projections for the year 2026 [130]. Another recent simulation study by Smithe et al.
revealed that, if the predicted saturation velocity of monolayer MoS2 can be experimentally realized
(i.e., vsat > 3 × 106 cm/s), then MoS2 FETs can potentially meet the required ON-currents (while
meeting the OFF-current requirements) for both HP and LP applications at scaled ITRS technology
nodes below 20 nm (Figure 2c compares the projected ON-currents of monolayer MoS2 FETs against
ITRS requirements for different MoS2 vsat and field-effect mobility (μFE or μeff) values, as a function of
gate length “L”) [131]. While these performance projections are extremely encouraging, it must be kept
in mind that these calculations of contact resistance, mobilities, and FET performances assume an ideal
or a near-ideal scenario wherein the 2D MoS2 under consideration is pristine with a defect-free crystal
structure, and its material/device properties are evaluated in the absence of extrinsic carrier scattering
sources and while considering ideal contact electrodes (i.e., Ohmic contacts). In practice, several
non-idealities and inherent challenges exist that can have a detrimental effect on the key performance
metrics, adversely affecting the overall MoS2 device performance.
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Figure 2. (a) Contact resistance (RC) plotted as a function of the 2D sheet carrier density (n2D)
showing the respective contact resistances of various semiconducting materials (Si, III-Vs, graphene,
and TMDCs). The red dashed line represents the quantum limit to RC. Top right inset shows the
schematic top view of a basic transistor configuration. Adapted with permission from [111]. Copyright
Springer Nature 2014. (b) Plot of carrier mobility versus band-gap for various semiconducting materials
used in technological applications such as processors, displays, RFIDs and photovoltaics. TMDCs
have a distinct advantage over poly/amorphous Si and organic semiconductors, and their mobilities
are comparable to that of single-crystalline Si. Adapted with permission from [171]. Copyright
2017 John Wiley and Sons. (c) Projected ON-current performance versus gate length L of monolayer
MoS2 FETs compared against low-power (LP) (left plot) and high-performance (HP) (right plot)
ITRS requirements. ITRS requirements are shown in blue with fixed IOFF = 10 pA μm−1 for LP and
100 nA μm−1 for HP. Simulations in red use vsat = 106 cm s−1, with solid symbols for CVD-grown
MoS2 (μFE = 20 cm2 V−1 s−1) and open symbols for exfoliated MoS2 (μFE = 81 cm2 V−1 s−1). The green
curve shows projections for MoS2 FETs using both the higher mobility value (i.e., 81 cm2 V−1 s−1) and
higher vsat = 3.2 × 106 cm s−1, that meet ITRS requirements for both LP and HP applications for gate
lengths L < 20 nm. Adapted with permission from [131]. Copyright 2016 IOP Publishing.

3. Major Challenges in Contact, Doping and Mobility Engineering of 2D MoS2

3.1. The Schottky Barrier and the van der Waals (vdW) Gap

One of the biggest issues confronting MoS2-based devices is the presence of a Schottky barrier
(SB) at the interface between MoS2 and the contact metal electrode. This results in a “non-Ohmic” or a
Schottky electrical contact characterized by an energy barrier, called the Schottky barrier height (SBH
or ΦSB), that hinders the injection of charge carriers into the device channel [132]. Consequently, this
notable SBH leads to a large RC and a performance degradation (e.g., low field-effect mobilities) in
two-terminal MoS2 devices since a large portion of the applied drain bias gets dropped across this
RC [133,134]. The presence of the SBH in MoS2 devices has been experimentally verified by several
research groups [134–139], and these barriers are thought to be formed due to strong Fermi level
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pinning (FLP) effects at the contact metal/MoS2 interface [110,132,140]. Detailed microscopic and
spectroscopic studies on natural MoS2 flakes revealed high concentrations of defects and impurities,
such as sulfur vacancies (SVs) and subsurface metal-like impurities, which are thought to be responsible
for the strong FLP [141–144]. These SV defects/impurities lead to a large background n-doping in the
MoS2 and introduce unwanted energy levels or “mid-gap states” closer to the conduction band edge
(CBE) within its band-gap that ultimately governs the location of the charge neutrality level where the
metal Fermi level gets pinned resulting in fixed barrier heights at the contact/MoS2 interface [145–147].
Further insight on the possible origin of this FLP effect was shed by theoretical calculations based on
density functional theory (DFT). Kang et al. reported that interactions between certain metals and
MoS2 can lead to the formation of a “metal/MoS2 alloy” at the contact interface with a much lower
work function than unalloyed MoS2. This leads to an abnormal FLP as if the MoS2 is contacted to
a low work function metal [148]. Gong et al., on the other hand, claimed that the FLP mechanism
at metal/MoS2 interfaces is unique and distinctively different from traditional metal-semiconductor
junctions. According to their calculations, the FLP at the metal/MoS2 interface is a result of two
simultaneous effects: first, a modification of the metal work function by interface dipole formation due
to the charge redistribution at the interface and, second, by the formation of mid-gap states originating
from Mo d-orbitals, that result from the weakening of the intralayer S-Mo bonds due to the interfacial
interaction, and the degree thereof, between the metal and the S atom orbitals [149]. A qualitatively
similar result was obtained by Farmanbar et al. where they studied the interaction between a wide
range of metals and MoS2 using DFT and found that this MoS2/metal interaction leads to the formation
of interface states due to perturbation of the MoS2 electronic band-structure, with energies in the MoS2

band-gap that pin the metal Fermi level below its CBE. The extent of this interfacial interaction depends
on whether the metal is physisorbed (i.e., weakly adsorbed) or chemisorbed (i.e., strongly adsorbed)
on the MoS2 surface, resulting in a small or large density of interface states, respectively. Moreover,
the authors showed that by artificially enlarging the physical distance between MoS2 and the metal,
these interface states vanished [150]. Experimentally, this physical separation can be achieved by
inserting suitable interfacial tunnel barriers or buffer layers in-between the MoS2 and the contact
metal (more on interfacial contact tunnel barriers is discussed in Section 8). Additionally, Guo et al.
suggested that the strongly pinned SBHs at the metal/2D MoS2 interface arises due to strong bonding
between the contact metal atoms and the TMDC chalcogen atoms [151], in accordance with the age-old
theory of metal-induced gap states (MIGS) established for metal contacts to conventional bulk 3D
semiconductors [152–154].

Regardless of the exact underlying physical mechanism involved, FLP is an undesired effect as it
leads to fixed SBHs at metal/MoS2 interfaces. It is for this very pinning effect that most metal-contacted
MoS2 FETs typically show unipolar n-type behavior as the metal Fermi level gets pinned near the CBE
of MoS2 irrespective of the metal work function [135,136,155,156]. In addition to degrading the device
performance due to large RC, the reduced tunability of the SBH due to FLP is detrimental towards
realizing both n-type and p-type Ohmic contacts to MoS2 desirable for CMOS applications [110].
Besides SBH, another relevant parameter associated with these Schottky barriers is the width of its
depletion region in the semiconductor channel or, simply, the Schottky barrier width (SBW). The SBW
is largely dependent on the extent of semiconductor “band-bending” in the 2D TMDC/MoS2 channel
under the electrode contacted region [157]. Both the SBH and the SBW together determine the charge
injection in the 2D MoS2 channel. While SBH governs the extent of thermionic emission of carriers
“over” the barrier, SBW determines the extent of thermionic field emission (i.e., thermally-assisted
tunneling) and/or field emission (i.e., direct tunneling) “through” the width of this barrier due to the
quantum mechanical tunneling of charge carriers (Figure 3a shows the band-alignment at the metal/2D
TMDC interface under different gating conditions and illustrates the different charge carrier injection
mechanisms) [110,132,158,159]. Hence, both the SBH and SBW must be minimized to achieve efficient
injection of charge carriers (electrons or holes) from the contact into the semiconducting MoS2 channel.
Additionally, the FLP-induced SBH has been found to depend strongly on the MoS2 layer thickness
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(especially in the limit of 1–5 layers) since the electronic band-structure of MoS2 undergoes a drastic
change as its thickness is decreased (recall that band-gap increases with decreasing MoS2 thickness),
leading to a modification of its electron affinity and relative shifts in its band edge positions (i.e., CBE
and valence band edge or VBE) in the energy-momentum (or E-k) space [44,160]. Owing to these
factors, thinner MoS2 with a larger band-gap typically yields a larger SBH with metal contacts as will
be discussed later. This effect is particularly important for devices based on direct band-gap monolayer
MoS2 for optoelectronic applications. Finally, in addition to the SB, there are several other important
issues that require careful consideration. In an ideal scenario, the surface of TMDCs has an absence
or at least a dearth of dangling bonds and, thus, MoS2 does not tend to form interfacial covalent
bonds with the as-deposited contact electrodes. Hence, the metal/MoS2 interface is characterized by
the presence of a van der Waals (vdW) gap, especially in the top contact geometry (which is most
common). This vdW gap acts like an additional “tunnel barrier” for the charge carriers in series with
the inherent metal/MoS2 SB (as shown in Figure 3a) and can increase the overall RC [110,134,148].
Moreover, this vdW gap-induced tunnel barrier also manifests itself in multilayer MoS2 devices as
additional “interlayer” resistors (since adjacent MoS2 atomic layers are also separated by a vdW
gap) and can have implications on the overall device performance. Therefore, for purely electronic
applications, the thickness of MoS2 must be carefully chosen for optimum device performance as will
be discussed in more detail later. Some elegant ways to overcome this vdW gap issue are to realize
“hybridized” top contacts and/or “edge contacts” (that have a greater degree of orbital interaction
with the MoS2 atoms/bonds resulting in a more intimate contact having lower RC) instead of the
regular top contacts [110,161], and these solutions are discussed in more detail later on along with
their promises and inherent challenges.

Figure 3. (a) Energy band diagram of the n-type contact/MoS2 interface under different gating
(electrostatic n-doping) conditions depicting the different charge injection mechanisms/paths from
the metal into the MoS2 channel across the SB. qΦB0 represents the SBH. Thermionic emission is
represented by Path (1), thermionic field emission by Path (2) and field emission by Path (3) as shown
in the top band diagram for the case of maximum n-doping or maximum gate voltage Vg (that causes
maximum downward band-bending). The additional tunnel barrier due to the vdW gap is also shown
(marked by the red text). The lateral distance through which the carriers “tunnel” through in Paths (2)
and (3) represents the SBW. As Vg decreases (i.e., n-doping decreases), the band-bending decreases
and charge injection is governed by thermionic emission only, as shown by Path (1) in the middle and
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bottom energy band diagrams. (b) Schematic illustration of the contact length (LC), transfer length (LT)
and current injection (or the “current crowding” effect) near the metal contact/2D TMDC interface
edge. The different resistive components at play are marked in the resistor network model (note:
in the figure, ρC is depicted at rC, LC is depicted as l, and TMDC is depicted as SC). (a,b) Adapted
with permission from [110]. Copyright Springer Nature 2015. (c) Schematic illustration of the various
extrinsic charge carrier scattering mechanisms in a 2D TMDC/MX2 channel. The black and blue balls
denote the M and X atoms, respectively. The orange balls and corresponding orange dashed arrows
denote the electrons and their paths in the channel, respectively. Change in the direction of the carrier
path denotes a scattering event. The green balls and the smeared green areas denote the charged
impurities and their scattering potentials, respectively. The red arrow denotes the polar phonon in the
top dielectric. Hollow blue circle represents atomic vacancies which tend to form in both natural and
synthetic chalcogenides. Blue dashed line represents grain boundaries (GBs) which are typically present
in synthetic chalcogenides. Adapted from [160] with permission of The Royal Society of Chemistry.

3.2. Contact Length Scaling, Doping and Extrinsic Carrier Scattering

A major problem arises when we consider “contact length scaling” for MoS2. Contact length (LC)
scaling is required when we consider designing aggressively scaled ultra-short-channel devices based
on any semiconductor, because LC must be shrunk by a similar factor as the channel length (LCH)
as it will determine the final device footprint/density and can lead to chips with smaller area and
faster speeds [162,163]. However, while scaling LCH decreases the channel resistance (RCH), scaling LC

increases RC in 2D TMDCs. These two effects are contradictory to each other and device performance
will ultimately be limited by RC for aggressively scaled devices [164]. LC scaling issue mainly arises
from the fact that in 2D TMDCs like MoS2, the transfer length (LT)—i.e., the average length over
which the charge carriers move in the semiconductor before being transferred to the contact electrode
(also referred to as the “current crowding” effect at metal/semiconductor contacts) [165–167]—is
often large (Figure 3b shows the schematic illustration of this current crowding effect at the metal/2D
TMDC junction using a resistor network model). For example, LT = 600 nm for monolayer MoS2 [157]
and 200 nm for six-layer MoS2 with Ti contacts [167]. If the LC is scaled below LT (i.e., LC << LT),
then RC increases as per the relation RC = ρC/LC where ρC is the specific contact resistivity [note
that RC is independent of LC when LC >> LT and is then given by the relation RC =

√
(ρC ρSH)

where ρSH is the sheet resistance of the semiconducting channel underneath the contact] [110,168].
Therefore, for ultra-short-channel FETs (targeting the sub-10 nm node) based on 2D MoS2, it is
extremely important to minimize ρC or, in other words, minimize LT [since LT =

√
(ρC/ρSH)] to

achieve low RC. This is important because the RC of any FET must only be a small fraction (~20%)
of the total FET resistance (i.e., RCH + 2RC) for the transistor to operate properly while ensuring
that its current-voltage (I-V) behavior is primarily determined by the intrinsic channel resistance
RCH [110,112]. Hence, it is imperative that RC must scale (i.e., reduce) together with both LCH and LC

before MoS2-based FETs can come anywhere close to rivaling the performance of state-of-the-art Si
and III-V device analogs (for reference, the RC values reported for most TMDC/MoS2 FETs to date
are about an order of magnitude higher than in today’s Si Fin-FET technologies where RC is well
below 100 Ω·μm) [110,111,132]. Now, the ρC is strongly dependent on the SBH among other factors,
hence minimizing or eliminating the SBH is a guaranteed way to alleviate the RC issue in MoS2 FETs.
Next, the ultra-thin nature of the 2D MoS2 makes it incredibly challenging to employ conventional
CMOS-compatible doping techniques (ion implantation or high-temperature diffusion) to perform
controlled and area-selective doping to control the carrier type (n or p) and carrier concentration
(ranging from degenerate in the source/drain contact regions to non-degenerate in the channel region)
in MoS2 FETs, especially at the monolayer limit [169]. This is primarily because the atomically thin
MoS2 lattice is highly susceptible to structural damage and etching which, for example, is typically
unavoidable in the ion implantation process [170]. Lastly, MoS2 devices typically show much lower
intrinsic carrier mobilities in experiments than the predicted phonon-limited values, implying the
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existence of extrinsic carrier scattering sources. Thus, it is important to eliminate or minimize the effect
of these extrinsic charge carrier scattering mechanisms, such as substrate remote phonons, surface
roughness, charged impurities, intrinsic structural defects (e.g., SVs), interface charge traps (Dit) and
grain boundary (GB) defects (Figure 3c schematically illustrates some prominent extrinsic charge carrier
scattering mechanisms), that can severely degrade the mobility in MoS2-based devices [160,171–179].

3.3. Tackling the Major Challenges

To achieve low-power, high-performance and ultra-scaled devices based on 2D MoS2, it is highly
necessary to come up with effective solutions to alleviate the various problems, as mentioned above,
that have an adverse effect on key device performance metrics. It is worth noting that solutions to
several of these problems are intertwined and solving one can alleviate the other. As an obvious case,
reduction of the SB (either by minimization of the SBH or thinning of the SBW) lowers the RC and
effectively improves the charge injection efficiency and the field-effect mobility (μFE) of the MoS2

FETs. Reduction of the SBH can lead to a reduced specific contact resistivity ρC. With area-selective
and controlled doping, one can potentially realize degenerately doped S/D contact regions in MoS2,
just like in the conventional Si-CMOS case, to achieve Ohmic contacts. Realization of edge contact
to few- or multilayer MoS2, such that each individual layer of the stack is independently contacted,
can not only help in eliminating the vdW gap-induced tunnel barriers, it can also be useful in terms
of contact scaling and overall device area/footprint reduction. Unsurprisingly, therefore, there has
been an extensive research effort in the past few years to explore effective solutions for mitigating the
challenges associated with the contact, doping and mobility engineering of 2D MoS2 devices. These
solutions are categorically discussed in the various sections below, highlighting several insightful
experimental and theoretical results reported thus far. The reader should note that, although the
discussion is focused on MoS2, majority of these issues, along with their underlying concepts and
engineering solutions, are readily applicable to other members of the semiconducting 2D TMDC family
(e.g., MoSe2, WS2, and WSe2) as well.

4. Contact Work Function Engineering

A very straightforward approach to minimize the SBH for either electrons or holes has been
through “work function” (ΦM) engineering of the contact electrodes. In an ideal scenario, without
any FLP, Fermi level of low ΦM contacts (typically ΦM < 4.5 eV) can align closer to the CBE of MoS2

(since the electron affinity of MoS2 is about 4.2 eV) resulting in smaller SBH for electrons and, likewise,
the Fermi level of large ΦM contacts (typically ΦM > 5 eV) can align closer to the VBE of MoS2 resulting
in smaller SBH for hole injection. This is known as the Schottky–Mott rule or the Schottky limit,
wherein the SBH at any metal/semiconductor junction can be determined by the difference between
the metal’s work function and the semiconductor’s electron affinity [110,158,180]. One would assume
then, that by choice of a proper metal work function, it would be possible to eliminate the SBH and
realize purely Ohmic contacts. In reality, however, hardly any metal/semiconductor (MS) junctions
(including those for traditional bulk or 3D semiconductors) follow this rule due to the FLP effect,
and the Fermi level at the MS interface is typically pinned at the interface state energy (referred to as
the Bardeen limit of pinning) arising due to MIGS [152–154,181,182]. Hence, the contact Fermi level
lies somewhere in-between the Schottky limit (i.e., no pinning) and the Bardeen limit (i.e., perfect
pinning) depending on the severity of the FLP, which ultimately determines the SBH [180]. Strategies
to achieve Fermi level “depinning” can, therefore, be important to realize true Ohmic contacts by
virtue of contact work function engineering alone (as will be discussed later). However, even in the
presence of strong FLP effect, as observed in 2D MoS2 (due to reasons described before), and despite
the fact that metals typically get pinned near the CBE of MoS2 resulting in the largely observed n-type
device behavior, it has been shown that the magnitude of the SBH at the contact/MoS2 interface can
be directly correlated to the work function of the contact metal. Efforts to achieve p-type injection in
MoS2 via work function engineering are also discussed.
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4.1. N-Type Work Function Engineering

For n-type few-layer MoS2 devices, Das et al. showed that low work function metals such as
scandium (Sc, ΦM = 3.5 eV) and titanium (Ti, ΦM = 4.3 eV) yield a lower SBH for electron injection
into the MoS2 conduction band, resulting in a lower RC, than higher work function metals such as
nickel (Ni, ΦM = 5.0 eV) and platinum (Pt, ΦM = 5.9 eV) [135]. From a detailed temperature-dependent
study that accounted for both thermionic emission over the SBH and thermally-assisted tunneling
through the SBW, the authors extracted the true SBH (i.e., ΦSB extracted at the flatband voltage) to be
~30 meV, ~50 meV, ~150 meV, and ~230 meV for Sc, Ti, Ni, and Pt, respectively, clearly suggestive of
the strong FLP near the CBE of MoS2 (the Fermi level pinning factor S = dΦSB/dΦM was around 0.1
indicative of strong pinning). Moreover, the extracted field effect mobilities were found to be 21, 90, 125,
and 184 cm2/V-s for Pt, Ni, Ti, and Sc contacts, respectively, clearly highlighting the detrimental effect
of large SBHs on both the RC and the ON-state device performance (Figure 4a,b show the expected
and true metal Fermi level line-up with the MoS2 electronic bands, respectively, with Sc providing
the best electron injection) [135]. Similar to the case of Sc contacts, Liu et al. showed that low work
function Ti could also be used as an efficient n-type contact for few-layer (5–15 layers) MoS2. Using
Ti, they achieved a low RC of 0.8 kΩ·μm and, based on theoretical calculations, surmised that Ti can
heavily dope the MoS2 surface leading to a good contact. Moreover, the authors emphasized upon
the importance of MoS2 layer thickness, post-contact “annealing” and realizing “edge contacts” to
enhance the performance of few-layer MoS2 devices with Ti contacts [183]. In particular, edge contacts
to few- or multilayer devices are more promising because each individual layer in the few-layer device
can be independently contacted from the side (more on the effects of MoS2 layer thickness on the SBH
and carrier mobility is discussed in Section 10, while Section 11 discusses the advantages of making
side or “edge contacts” to few- or multilayer MoS2).

Figure 4. (a) Expected line-up of metal Fermi levels (Sc, Ti, Ni, Pt) with the electronic bands of
few-layer MoS2 considering the difference between the electron affinity of MoS2 and the work function
of the corresponding metal. (b) Transfer characteristics (IDS versus VGS; linear scale) of a 10 nm thick
MoS2 back-gated FET with Sc, Ti, Ni, and Pt metal contacts at 300 K for VDS = 0.2 V. The FET shows
n-type behavior with all metals, including high ΦM Ni and Pt, with low ΦM Sc clearly providing the best
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carrier injection. Inset shows the true metal Fermi level line-up with the MoS2 bands taking Fermi
level pinning (FLP) into account. (a,b) Adapted with permission from [135]. Copyright 2013 American
Chemical Society. (c) Energy band diagrams between IZO (top) and IZO/Al (bottom) contact electrodes
and the MoS2 channel. The MoS2-Al-IZO contact includes a thin tunnel layer of amorphous Al2O3

due to surface oxidation of Al. The SB in each case is depicted by the colored dashed circular area.
Sandwiching a thin layer of low ΦM Al helps minimize the SBH as depicted in the band diagrams.
Adapted from [184]. (d) Schematic of an MoS2 back-gated PFET with high work function MoOx

contacts (top) together with the qualitative band diagrams for the ON and OFF states of the MoS2 PFET
(bottom). (e) Transfer curves of the MoS2 PFET clearly showing good p-type behavior with high ΦM

MoOx contacts. (d,e) Adapted with permission from [187]. Copyright 2014 American Chemical Society.
(f) Band profiles explaining the working principle in the OFF- (top) and the ON-states (bottom) of the
MoS2 PFET with 2D/2D contacts. Holes are injected from a metal (M) into a degenerately p-doped
MoS2 contact layer through a highly transparent interface (i.e., negligible SB). Hole injection from the
degenerately p-doped contact layer across the 2D/2D interface into the undoped MoS2 channel is
modulated by the back gate voltage. The bands in the undoped MoS2 channel near the degenerately
p-doped contact can be freely modulated thanks to the weak vdW interaction at the 2D/2D interface.
Adapted with permission from [190]. Copyright 2016 American Chemical Society.

In another work, Hong et al. combined thin layers of low work function aluminum (Al,
ΦM = 4.06–4.26 eV) sandwiched in-between MoS2 and indium zinc oxide (IZO), a transparent
conducting oxide having a large work function (ΦM ~5.14 eV), to realize high-performance and
transparent multilayer MoS2 FETs. The low work function Al contact led to a much reduced
SBH resulting in a 24-fold increase of the field-effect mobility (from 1.4 cm2/V-s in MoS2/IZO to
33.6 cm2/V-s in MoS2/Al/IZO), three orders of magnitude enhancement in the ON/OFF current
ratio, robust current saturation and linear output characteristics in these MoS2 FETs (Figure 4c
explains the SBH lowering due to the insertion of low ΦM Al in-between IZO and MoS2 via band
diagrams). Moreover, the transparent IZO S/D electrodes allowed a transmittance of 87.4% in the
visible spectrum [184]. Recently, in a major push towards large-area fully transparent MoS2 electronics,
Dai et al. demonstrated aluminum-doped zinc oxide (AZO) transparent contacts deposited via atomic
layer deposition (ALD), with tunable conductivity and work function, to make Ohmic contacts to
CVD-grown MoS2. The work function and resistivity of the AZO film could be tuned by changing the
Zn:Al subcycle ratio during the ALD growth process and optimized AZO films with a combination of
low resistivity and low work function (ΦM ~4.54 eV, similar to Ti) were chosen as contacts. Overall,
the AZO-contacted CVD MoS2 FETs showed promising performance with linear output characteristics
at RT (suggesting Ohmic-like contacts), a μFE of 4.2 cm2/V-s, low threshold voltage (Vth) of 0.69 V, low
SS of 114 mV/decade, large ON/OFF ratio >108, and an average visible-range transmittance of 85%
for fully transparent MoS2 FETs on glass substrates (with AZO S/D and gate contacts, and HfO2 gate
dielectric) [185]. To achieve more effective n-type work function engineered contacts, mitigating the
deleterious effects of strong FLP at the 3D metal/2D semiconductor interface, Liu et al. suggested
the use of surface engineered 2D “MXenes” as a potential SB-free n-type metal contact to MoS2. 2D
MXenes are a class of metal carbides/nitrides with the general formula Mn+1XnTx (where M is an early
transition metal, X is C and/or N, T represents a surface terminating group, and n = 1–3) that can make
a vdW contact to MoS2 having an inherent vdW gap. This weak vdW interaction can suppress the
formation of gap states at the interface leading to a weaker FLP than conventional 3D metal contacts.
Moreover, based on first principles calculations, the authors showed that MXenes having “OH” as
the surface terminating group can have very low work functions (<3 eV) due to surface dipole effects,
even lower than that of Sc metal, leading to Ohmic contacts [186].

4.2. P-Type Work Function Engineering

For realizing p-type MoS2 devices, Chuang et al. used substoichiometric molybdenum trioxide
(MoOx, x < 3), an extreme high work function transition metal oxide with ΦM = 6.6 eV, in the S/D
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contacts and demonstrated efficient hole injection in the MoS2 valence band, as opposed to high
work function metals that typically showed n-type behavior due to strong FLP. The efficacy of MoOX

as a hole injector was attributed not only to its high ΦM, but also to its better interface properties
(such as lower tendency to form MIGS than elemental metals) that caused a lower degree of FLP.
Using MoOx, the authors could demonstrate MoS2 PFETs (essential for realizing CMOS-type devices
together with MoS2 NFETs) with ON/OFF ratios ~104, and MoS2 Schottky diodes with asymmetric
MoOx and Ni contacts. The SBH for holes was extracted to be ~310 meV for MoOx/MoS2 contacts
(Figure 4d,e show the FET schematic as well as the qualitative band diagrams, and the p-type transfer
curves for the MoOx-contacted MoS2 FETs, respectively) [187]. A detailed theoretical investigation
by McDonnell et al. further revealed that the work function of MoOx should be sufficient to provide
an Ohmic hole contact to MoS2 (provided carbon impurities and Mo5+ concentration at the interface
can be carefully controlled) [188]. Like high work function MoOx, high work function graphene oxide
(GO, ΦM ~5–6 eV) has also been proposed as an efficient hole injector in monolayer MoS2. Theoretically,
the p-type SBH at the MoS2/GO interface can be made smaller by increasing the oxygen concentration
and the fraction of epoxy functional groups in GO (which increases its ΦM). Compared to MoOx, GO can
be promising as it is easier to fabricate, and its production methods are simpler and inexpensive [189].

More recently, an extremely promising experimental approach to realize low-resistance p-type
Ohmic contacts to MoS2 FETs was demonstrated by Chuang et al. where they utilized a “2D/2D”
vertical heterostructure contact strategy [190]. In their approach, the undoped semiconducting MoS2

channel is contacted in the S/D regions by degenerately p-doped Mo0.995Nb0.005S2 [the degenerately
p-doped MoS2 was obtained by substitutional doping of MoS2 using niobium (Nb) during the crystal
growth process; more on substitutional doping of MoS2 is discussed in Section 15]. The work function
difference between the undoped and the degenerately p-doped MoS2 creates a band offset across the
2D/2D vdW interface. This band offset can be electrostatically tuned by a back gate voltage owing to
the weak interlayer vdW interaction at the 2D/2D junction, essentially resulting in a negligible SBH
in the ON-state of the FET (Figure 4f illustrates the working principle of MoS2 PFETs with 2D/2D
contacts via band diagrams). Note that the vdW interface also promotes weaker FLP by suppressing
the formation of interface gap states. The authors reported field-effect hole mobilities as high as
180 cm2/V-s at RT, observation of a metal-insulator transition (MIT) in the temperature-dependent
conductivity, and linear output characteristics down to 5 K in their p-type MoS2 FETs with these
low-resistance 2D/2D contacts [190]. Finally, an alloyed 2D metal/MoS2 contact scheme, similar to
recent reports on 2D tungsten diselenide (WSe2) where a NbSe2/WxNb1−xSe2/WSe2 contact interface
was realized (here NbSe2 is a metallic 2D TMDC), could also be used to facilitate p-type MoS2 FETs.
Such alloyed 2D junctions have been shown to have atomically sharp vdW interfaces with both reduced
interface traps and SBH, and can help maximize the electrical reliability of 2D devices [191]. In the
same context of 2D/2D vdW contacts, and as described in the previous section for n-type contacts,
Liu et al. also predicted that 2D MXenes with “O” surface terminations can yield a p-type SB-free
contact to MoS2, as some of the O-terminated MXenes can have a rather high work function that is
even higher than that of elemental Pt [186]. Additionally, in a separate theoretical study, Liu et al.
predicted that 2D niobium disulfide (NbS2), a 2D TMDC metal with a high work function (>6 eV), can
be a promising 2D electrode for achieving low SBH for p-type contacts to MoS2 while combining all
the advantages associated with a vdW interface and weak FLP [140].

5. Effect of Stoichiometry, Contact Morphology and Deposition Conditions

While work function engineering of the contacts seems a simple and straightforward approach
to realize either n- or p-type contacts with low SBHs to MoS2 (taking FLP into account of course),
there are other reports that reveal that contact work function engineering alone is not always a good
predictor for forming high-quality electrical contacts to MoS2. For instance, McDonnell et al., in their
study of structural defects on MoS2, found that both n- and p-type regions can exist at different sites on
the same MoS2 sample. The n-type regions were found to be S-deficient (S/Mo ratio ~1.8:1), whereas
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the S/Mo stoichiometry in the p-type regions was 2.3:1, indicating that these regions were either S-rich
or Mo-deficient. These variations in the structural defect density can strongly impact the observed
n- or p-type I-V characteristics in MoS2 devices irrespective of the contact metal (Figure 5a,b show both
n- and p-type behavior, respectively, with the same Au contacts at different MoS2 locations) [141]. This
nanoscale spatial inhomogeneity on the MoS2 surface was further elucidated by Giannazzo et al. where
they used high resolution conductive atomic force microscopy (CAFM) to study the spatial variations
in the SBH (ΦSB) and local resistivity (ρloc). They found an excellent correlation between the ΦSB

and ρloc values, with low (high) ρloc regions corresponding to low (high) ΦSB regions (see Figure 5c),
and concluded that the low resistivity/low SBH regions were a result of n-type SV clusters on the MoS2

surface [192]. Yuan et al. highlighted the importance of metal/MoS2 interface morphology, and the
thermal conductivity of the metal, on the performance of MoS2 FETs. They compared monolayer and
few-layer MoS2 devices with Ag and Ti contacts, both having a similar low work function (ΦM = 4.3 eV)
and showed that devices with Ag contacts had 60× larger ON-state currents than those with Ti contacts.
This was attributed to the significantly smoother and denser topography of Ag films on MoS2 owing to
the excellent wettability of Ag on MoS2 as well as to the higher thermal conductivity of Ag (~20× larger
than Ti) that can enhance the heat dissipation efficiency and, hence, prevent heat-induced mobility
degradation in MoS2 FETs (Figure 5d shows a comparison of the transfer characteristics between
identical MoS2 FETs with Ag and Ti contacts) [193].

 

Figure 5. (a,b) Electrical characteristics of Au contacts deposited on a single piece of MoS2 showing
both n- (a) and p-type (b) behavior at different locations, confirming the stoichiometry-dependent
doping variation in MoS2. Adapted with permission from [141]. Copyright 2014 American Chemical
Society. (c) Plot of local resistivity (ρloc) as a function of SBH as determined from conductive AFM
measurements performed on different MoS2 sample locations. A direct correlation is observed,
confirming the existence of nanoscale inhomogeneities on the surface of MoS2. Adapted with
permission from [192]. Copyright 2015 by the American Physical Society. (d) Transfer curves of
few-layer MoS2 FETs with similar work function Ag and Ti contacts showing a clear performance
enhancement (higher ON-currents and higher ON/OFF ratios) in the case of Ag contacts. Adapted
with permission from [193]. Copyright 2015 American Chemical Society. (e) Measured RC versus n2D for
MoS2 FETs with multiple contact metals deposited under different deposition pressures clearly showing
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that lower deposition pressures lead to lower RC due to cleaner interfaces. The cleanest UHV-Au
contacts reach RC ~740 Ω·μm at n2D ~1013 cm−2 after the metal electrode resistance is subtracted. This
value is even lower than the RC achieved with low work function Sc contacts. (f) Measured transfer
characteristics of identical MoS2 FETs with UHV-deposited Au contacts having LC = 20, 100 and 250 nm
(LCH = 40 nm and VDS = 1 V). Inset: Measured current (hollow circles) and simulated current (dashed
line) versus LC at VGS = 5 V, from which a transfer length LT of ~30 nm is extracted. From the transfer
curves, it is evident that when LC << LT for metal/MoS2 contacts, the device performance degrades
due to increase in the RC originating from the current crowding effect. (e,f) Adapted with permission
from [164]. Copyright 2016 American Chemical Society.

The excellent wettability and morphology of Ag on MoS2 was further exploited by Kim et al. to
demonstrate, for the first time, low-cost inkjet-printed Ag S/D electrodes on large-area CVD-grown
monolayer MoS2 FETs, using a commercial nanoparticle-type Ag ink and a drop-on-demand printer.
The favorable surface interaction between Ag and MoS2 makes Ag-based printable inks highly
compatible for enabling inkjet-printed electrodes on MoS2, a process that is promising for large-area
and low-cost MoS2-based thin-film electronics [194]. English et al. revealed the importance of metal
deposition conditions and showed that gold (Au), a high work function metal (ΦM = 5.1 eV), deposited
under ultra-high vacuum (UHV) conditions (base pressure ~10−9 Torr) yielded a cleaner, higher
quality and air-stable (over 4 months) metal/MoS2 contact with a low RC of ~740 Ω·μm, that was
even lower than the RC achieved using low ΦM metals, such as Sc, Ti and Ni, on MoS2 (Figure 5e
compares RC versus n2D for various metals deposited on MoS2 under two different deposition base
pressures) [164,195]. The authors also studied the effects of MoS2 FET scaling and found that the
RC starts dominating the overall device performance below LCH = 90 nm. Moreover, the effects of
LC scaling were also analyzed and, as expected, a current degradation of 30% was observed when
LC became less than LT due to increase in the RC when LC << LT, as explained earlier in Section 3.2
(Figure 5f shows the transfer characteristics of MoS2 FETs evaluated at varying contact lengths LC) [164].
The importance of base vacuum pressure while depositing contacts (especially low ΦM reactive metals)
on MoS2 was also highlighted by McDonnell et al. where they studied Ti contacts deposited under
high vacuum (HV, ~10−6 mbar) and UHV (~10−9 mbar) using X-ray photoelectron spectroscopy
(XPS). Under HV, an interfacial TiO2 layer is formed due to the oxidation of Ti, whereas metallic Ti is
deposited under UHV that can react with the MoS2 to form less conductive TixSy and metallic Mo at
the interface [196]. Similarly, Smyth et al. performed an intensive XPS study to reveal the interfacial
chemistry between high work function (Au and Ir) and low work function (Cr and Sc) metals deposited
on MoS2 under HV and UHV deposition ambient. They found that while Au does not react with
MoS2 regardless of the reactor ambient, Ir leads to interfacial reactions with MoS2 under both HV and
UHV. In contrast, both Cr and Sc lead to interfacial reactions under UHV. Additionally, Sc is rapidly
oxidized, whereas Cr is only partially oxidized when deposited under HV conditions [197]. Thus, it is
evident that the deposition chamber ambient or base pressure can strongly influence the contact/MoS2

interface chemistry and, ultimately, the SB and RC in MoS2 devices.

6. Electric Double Layer (EDL) Gating

Several groups have also demonstrated the concept of electric double layer (EDL) gating on 2D
MoS2 devices using a variety of liquid, solid and gel-based “electrolytes” that serve as the gating
medium. In a typical EDL gating approach, an ionic liquid (IL) or a solid polymer electrolyte (PE) is
drop-casted on top of an MoS2 FET (typically back-gated) covering the entire FET area along with
its S/D contacts. The electrolyte is electrostatically gate-controlled through a top electrode or a side
electrode pre-fabricated near the device channel (Figure 6a shows the schematic illustration of the EDL
gating approach on MoS2 FETs). When a positive (negative) voltage is applied on the gate electrode,
mobile negative (positive) ions in the electrolytic medium accumulate near the gate electrode, whereas
positive (negative) ions accumulate near the MoS2 channel, leading to the formation of an EDL at
the interfaces between the IL/PE electrolyte and solid surfaces (i.e., the gate electrode and the MoS2
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surface). At the MoS2 interface, this results in the induction of either electrons or holes in the channel
(depending on the gate bias polarity) essentially doping the channel either n- or p-type (Figure 6b
schematically illustrates the formation of the EDL at the electrolyte/solid interfaces) [120,198–203].
A major advantage of the EDL gating/doping technique is that extremely high sheet carrier densities
(on the order of n2D ~1014 cm−2; much higher than the carrier densities achievable in MoS2 FETs
gated using solid dielectrics, e.g., SiO2 or high-κ dielectrics) along with broad carrier density tunability
can be realized in the channel due to the large geometrical capacitances and highly efficient gating
afforded by the thin EDL layer. Moreover, the doping-induced high carrier densities cause a large
band-bending in the MoS2 channel which is beneficial for minimizing the RC at the MoS2/contact
interface due to substantial reduction of the Schottky-depletion width (or the SBW) allowing for easy
injection of carriers in the channel via tunneling. This results in increased FET carrier mobilities
(μFE). Although the EDL technique is promising for investigating the electronic transport properties
of MoS2, it has some major drawbacks which make it unsuitable for practical device applications.
For example, the ionic liquids are unstable, sensitive to moisture, and chemically reactive. Hence,
the device measurements must be carried out under high vacuum and at low-temperatures. Moreover,
both the liquid and solid electrolytes are physically bulky (several microns thick) and cannot be scaled
to nanoscale dimensions [120,198–203].

Despite these limitations, the use of EDL gating on MoS2 has shown some interesting device
behavior. The first report of EDL gating using an ionic liquid on MoS2 was by Zhang et al.
where they demonstrated ambipolar operation in thin MoS2 flakes characterized by large ON-state
conductivities and ON/OFF ratios >102 for both the electron and hole branches. The n2D reached 1.0
and 0.75 × 1014 cm−2 for electrons and holes at |VG| = 3 V, respectively, while their maximum Hall
mobilities were 44 and 86 cm2/V-s, respectively [198]. Perera et al. reported ambipolarity, significantly
higher electron mobilities (~60 cm2/V-s at 250 K) and near ideal SS (~50 mV/decade at 250 K) in
ionic liquid gated MoS2 FETs as compared to comparable back-gated MoS2 FETs (Figure 6c shows
the ambipolar behavior in the transfer characteristics of the IL-gated MoS2 FET). They observed an
increase in the electron mobility from ~100 to 220 cm2/V-s as the temperature was lowered from 180 K
to 77 K. This performance enhancement was primarily attributed to the reduction of the SB at the S/D
contact interface by the enhanced MoS2 band-bending due to EDL doping [200]. The use of a solid
PE as an EDL gate on monolayer MoS2 was shown by Lin et al. where they used a PE consisting of
poly(ethylene oxide) (PEO) and lithium perchlorate (LiClO4) as a SB reducer and a channel mobility
booster. In this case, the PEO serves at the polymer base, whereas the Li+ and ClO4

− ions serve as the
mobile ionic dopants. A three order of magnitude enhancement in the electron mobility (from 0.1 to
150 cm2/V-s) was achieved that was attributed to the reduction of the contact SB as well as to an “ionic
screening” effect. Moreover, PE-gated devices showed a near ideal SS (~60 mV/decade at RT, implying
high gating efficiency) and high ON/OFF ratios (~106) [199]. A similar PE gating approach, using
PEO polymer medium and cesium perchlorate (CsClO4) as the ion source (Cs+ and ClO4

−), was used
by Fathipour et al. which yielded an RC of 200 Ω·μm (comparable to the best RC reports on MoS2)
and high current densities (~300 μA/μm) in MoS2 NFETs [204]. Recently, a “2D electrolyte” capable
of electrostatically doping the surface of MoS2 was introduced by Liang et al. The electrolyte is only
0.5–0.7 nm thick and consists of an atomically thin cobalt crown ether phthalocyanine (CoCrPc) and
LiClO4 molecules, such that one CoCrPc molecule can solvate one Li+ ion. In this technique, the CoCrPc
is deposited on the 2D MoS2 surface by drop-casting and annealing to form an ordered array. The Li+

ion location with respect to the CoCrPc/MoS2 interface can be modulated by a gate bias, similar to
the conventional EDL approach, to dope the MoS2 by inducing image charges on the MoS2 surface,
with n2D as high as ~1012 cm−2 (Figure 6d schematically illustrates the concept of 2D CoCrPc-based
electrolytes and the relative movement of the Li+ ion with respect to the CoCrPc/MoS2 interface).
Moreover, the 2D electrolyte shows “bistability”, with the extent of n-doping (either more or less)
dependent on the magnitude and polarity of the external gate bias [205]. This work is indeed promising
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as it shows that electrolytes can be scaled to atomically thin dimensions and can be used for adjustable
doping/gating of 2D MoS2, but the ambient stability of the 2D electrolyte is still under scrutiny.

Figure 6. (a) 3D schematic of an ionic liquid (IL) gated device. The transparent light green blob
represents the ionic liquid that is contacted by a narrow gate electrode on the top. Side gates
fabricated close to the device channel represent another popular EDL gating scheme. Adapted with
permission from [198]. Copyright 2012 American Chemical Society. (b) Schematic illustration of the
working principle of an IL-gated MoS2 FET showing the formation of an electric double layer (EDL)
in close proximity of the MoS2 channel when a voltage is applied on the gate electrode. (c) Transfer
characteristics of representative bilayer and trilayer MoS2 IL-gated FETs measured at the drain-source
bias VDS of 1 V. Ambipolarity is observed owing to the extremely high geometrical capacitance of
the EDL layer which enables large MoS2 band-bending, SB/RC reduction and accumulation of both
electrons and holes in the MoS2 channel. (b,c) Adapted with permission from [200]. Copyright 2013
American Chemical Society. (d) Schematic of an MoS2 FET with a 2D electrolyte (top) and the atomic
structure of a CoCrPc molecule showing the four crown ethers (CE) as well as two states of the
CE/Li+ molecular complex under applied gate biases with opposite polarity (bottom). The Li+ ions
(represented by solid pink spheres) embedded in these CoCrPc molecules can move either towards or
farther away from the MoS2 channel surface depending on the applied back gate bias and cause doping
via image charge formation. Adapted from [205] with permission of the Electrochemical Society.

7. Surface Charge Transfer Doping

Surface charge transfer doping, utilizing various chemical/molecular reagents and
sub-stoichiometric high-κ oxides, has been investigated as an alternative method to achieve controllable
channel doping as well as access region doping to alleviate the SB/RC issue in MoS2 FETs. In this
approach, depending on the electron affinity/work function of the adsorbed or deposited interfacial
specie, electrons either get donated to or accepted from the MoS2 surface resulting in n-type or p-type
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doping, respectively. This technique typically involves heavily doping the contact/access regions of
the MoS2 FET with electrons/holes which renders the SB transparent due to substantial “thinning”
of the SBW (due to large band-bending in the highly doped MoS2 near or underneath the contact).
Thus, the charge carriers can easily “tunnel” through the narrow SBW into the channel resulting
in Ohmic contacts. Conceptually, this approach is similar to that used in conventional Si CMOS
technology where the S/D regions are degenerately doped by donor (e.g., P and As) or acceptor
(e.g., B) species to facilitate carrier tunneling and low RC for n- and p-type contacts, respectively, at the
metal-semiconductor contact interface [206–208].

7.1. Charge Transfer Electron Doping

Initial studies on MoS2 devices utilized strong electron-donating reactive chemical species such
as polyethyleneimine (PEI) [209] and reactive group-I metals such as potassium (K) [210]. Although
successful electron doping, and an improvement in the MoS2 FET performance (by reduction of
the sheet/contact/access resistances), was achieved using these techniques, the doping reagents
used were unstable under ambient conditions and, hence, practically unfeasible [209,210]. The first
air- and vacuum-stable n-type charge transfer doping of MoS2 was subsequently demonstrated by
Kiriya et al. using benzyl viologen (BV), an electron donor organic compound having one of the
highest reduction potentials. Using BV doping, the authors obtained an electron sheet density of
~1.2 × 1013 cm−2, which corresponds to the degenerate limit for MoS2 as well as a 3× reduction
in the RC of MoS2 FETs (Figure 7a,b show the schematic illustration of the BV doping process,
and performance enhancement in the transfer curves of the MoS2 FET after BV doping, respectively).
Moreover, the BV dopant molecules could be reversibly removed by immersion in toluene, thereby
promoting controlled and selective-area doping [211]. In an interesting experimental and theoretical
study, Rai et al. demonstrated the use of sub-stoichiometric high-κ oxides, such as TiOx (x < 2), HfOx

(x < 2) and Al2Ox (x < 3), as air-stable n-type charge transfer dopants on monolayer MoS2. This
high-κ oxide doping effect, arising due to interfacial-oxygen-vacancies in the high-κ oxide, could
be used as an effective way to fabricate high-κ-encapsulated top-gated MoS2 FETs with selective
doping of the S/D access regions to alleviate the RC issue, merely by adjusting the interfacial high-κ
oxide stoichiometry (Figure 7c shows the RC of a back-gated monolayer MoS2 FET, extracted using
the transfer length measurement or “TLM” method, as a function of back gate bias before and after
sub-stoichiometric TiOx doping) [212,213]. The underlying doping mechanism is similar for all high-κ
oxides and involves the creation of donor states/bands near the CBE of MoS2 by the uncompensated
interfacial metal atoms of the sub-stoichiometric high-κ oxides. Moreover, this doping effect is
absent in the case of purely stoichiometric high-κ oxides as has been verified both experimentally as
well as theoretically using DFT calculations [212–214] (Figure 7d compares the DFT band-structures
and atom-projected-density-of-states, AP-DOS, for both an oxygen-rich, i.e., stoichiometric, and an
oxygen-deficient TiOx/MoS2 interface confirming the n-doping effect only in the latter case). Using
this doping technique, the authors reported an RC as low as 180 Ω·μm in TiOx-encapsulated monolayer
MoS2, that is among the lowest reported RC values for monolayer MoS2 FETs. The extracted transfer
length LT reduced from 145 nm before doping to 15 nm after TiOx doping highlighting the effectiveness
of heavily doping the MoS2 near the contact regions to drive down the LT which is important for
ultra-scaled devices. Moreover, an enhancement in both the μFE and intrinsic mobility was observed,
strongly indicating that this high-κ doping effect plays an important role in boosting the electron
mobility in high-κ-encapsulated MoS2 FETs.
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Figure 7. (a) Schematic illustration of MoS2 FETs used for benzyl viologen (BV) surface charge
transfer doping. Top schematic illustrates BV doping of a bare back-gated MoS2 FET, whereas the
bottom schematic illustrates the self-aligned BV doping of S/D access regions in a top-gated MoS2

FET. (b) Transfer characteristics of the top-gated device before (blue and purple) and after (pink and
orange) BV treatment at VDS = 50 mV and 1 V. The substrate was grounded (VBG = 0 V) during the
measurements. A clear enhancement of the FET performance is seen after BV doping. (a,b) Adapted
with permission from [211]. Copyright 2014 American Chemical Society. (c) Extracted RC versus VBG

before (blue) and after (red) amorphous TiOx (ATO) doping measured using a TLM structure. The RC

shows a strong gate dependence before doping (Schottky behavior) and a weak gate dependence after
doping (Ohmic behavior). Left inset: Optical micrograph of the as-fabricated transfer line method
(TLM) structure. Right inset: Qualitative band diagrams of the metal/MoS2 interface before (top)
and after (bottom) ATO doping showing increased band-bending in the MoS2 after doping leading
to SBW reduction and enhanced electron injection into the channel via tunneling. (d) Left schematic:
Supercell showing the composite crystal structure of the monolayer MoS2/TiO2 interface used in the
DFT simulations. Top right: Band-structure and atom-projected-density-of-states (AP-DOS) plots for
MoS2-on-sub-stoichiometric TiOx case. In the presence of interfacial oxygen “O” vacancies, electronic
states/bands from the uncompensated Ti atoms are introduced near the CBE of monolayer MoS2 causing
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the Fermi level (represented by the 0 eV energy level on the y-axis) to get pinned above the
conduction band indicating strong n-doping. Bottom right: Band-structure and AP-DOS plots for the
MoS2-on-stoichiometric TiO2 case. No doping effect is seen in this case and the Fermi level remains
pinned at the VBE of MoS2. (c,d) Adapted with permission from [212]. Copyright 2015 American
Chemical Society. (e) Extracted RC for lightly doped (LD) and heavily doped (HD) top-gated MoS2

FETs with Ti and Ag S/D contacts using sub-stoichiometric HfOx as the top dielectric. A drastic
decrease in RC is obtained (18× for Ti-contacted FETs; >100× for Ag-contacted FETs) after heavy HfOx

doping. (e,c) (right inset) Adapted with permission from [215]. Copyright 2017 IEEE. (f) Schematic
of a back-gated CVD-grown monolayer MoS2 FET with a top AlOx doping layer and Au contacts.
(g) Semilog transfer curves of the MoS2 FET before and after AlOx deposition, and after N2 anneal.
A significant n-doping effect is seen after AlOx deposition accompanied with an SS degradation.
The N2 anneal helps restore the SS while maintaining the n-doping effect of AlOx due to conversion of
“deep-level traps” into “shallow-level donors”. (f,g) Adapted with permission from [216]. Copyright
2017 IEEE. (h) Schematic illustration of the PVA coating process for n-doping on back-gated MoS2 FETs.
Adapted from [217] with permission of The Royal Society of Chemistry.

In similar reports, both McClellan et al. and Alharbi et al. demonstrated the efficacy of n-doping
by sub-stoichiometric high-κ oxides in improving the performance of MoS2 FETs. Alharbi et al.
used sub-stoichiometric HfOx as the top gate dielectric in FETs fabricated on CVD-grown monolayer
MoS2 and achieved an RC as low as ~480 Ω·μm under heavy HfOx doping (>100× improvement
than the light HfOx doping case) and a mobility of ~64 cm2/V-s (Figure 7e shows the improvement
in RC for both Ti- and Ag-contacted top-gated MoS2 FETs under light and heavy HfOx doping).
Moreover, the top-gated geometry allowed effective control over the channel resulting in an SS of
~125 mV/decade and an ON/OFF ratio > 106 [215]. McClellan et al., on the other hand, utilized
AlOx encapsulation to n-dope back-gated monolayer MoS2 FETs and achieved an RC of ~480 Ω·μm,
a μFE of ~34 cm2/V-s and a record ON-current of 700 μA/μm. A key step in their approach was
annealing of the MoS2 devices in an N2 ambient after AlOx encapsulation, which helped restore the SS
and μFE by converting the “deep-level traps” at or near the AlOx/MoS2 interface into “shallow-level
donors” (Figure 7f,g show the back-gated MoS2 FET schematic, and the effect of AlOx doping, as
well as N2 post-annealing on the FET transfer curves, respectively) [216]. Besides n-doping using
sub-stochiometric high-κ oxide encapsulation, poly(vinyl-alcohol) (PVA) polymeric coatings can also
be used as strong n-type dopants for MoS2 as shown by Rosa et al. They showed a 30% reduction in
the RC and the sheet resistance (RSH) was reduced from 161 kΩ sq−1 to 20 kΩ sq−1 after PVA doping
(Figure 7h schematically illustrates the PVA coating process). The non-covalent and non-destructive
PVA doping increased the carrier concentration without any μFE degradation, with the μFE actually
increasing with dopant concentration (from 20 to 28 cm2/V-s for 0 to 1% PVA). Moreover, the PVA
doping efficiency was enhanced after a dehydration anneal (as H2O molecules were found to hinder
the electron transfer from the PVA to the MoS2 surface) which led to the best MoS2 device performance
in this study. Finally, the authors showed that encapsulating the PVA coating with an ALD-grown
Al2O3 film can make it robust against the environment with long-lasting doping effects [217]. Other
reports on surface charge transfer n-doping of MoS2 include air-stable doping using hydrazine [218],
p-toluene sulfonic acid [219], black phosphorous quantum dots [220], and self-assembled oleylamine
(OA) networks [221]. In the case of OA doping, n2D as high as 1.9 × 1013 cm−2 at zero gate bias was
achieved without any μFE degradation, along with a 5× reduction in RC.

7.2. Charge Transfer Hole Doping

For p-type charge transfer doping of MoS2, Choi et al. reported the use of AuCl3 solution
(spin-coated on the MoS2 FETs) which acts as an effective electron acceptor due to its large positive
reduction potential. The mechanism involves formation of Au nano-aggregates through the reduction
of AuCl4− ions in the solution by receiving electrons from the MoS2 layer, thereby leading to a
significant p-doping of the MoS2 [76]. The same AuCl3 doping method was used by Liu et al. to realize
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high-performance MoS2 PFETs with high hole mobilities (68 cm2/V-s at RT, 132 cm2/V-s at 133 K),
low contact resistance (2.3 kΩ·μm) and ON/OFF ratios >107 (Figure 8a shows the transfer curves
of the AuCl3-doped back-gated MoS2 PFETs) [222]. The authors also employed “graphene buffer
layers” in the contact regions of their AuCl3-doped MoS2 PFETs to demonstrate further reduction of
RC for hole injection into the MoS2 valence band. This is because AuCl3 not only p-dopes the MoS2

causing an upward band-bending in the channel, thereby, reducing the SBW for hole injection from the
contact, but it can also p-dope the graphene contact layer causing its Fermi level to move downwards
and align closer to the MoS2 VBE, thereby, reducing the SBH for holes. Moreover, the Fermi level in
graphene can also be electrostatically tuned giving it an inherent advantage over regular metal contacts
(more on graphene contacts to MoS2 is discussed later in Section 9). Tarasov et al. reported controlled
n- and p-doping of large-area (>10 cm2) highly uniform trilayer MoS2 films using stable molecular
reductants (such as dihydrobenzimidazole derivatives and benzimidazoline radicals) and oxidants
(such as “Magic Blue”), respectively. They achieved high doping densities up to 8 × 1012 cm−2 and
work function modulation up to ±1 eV [223]. Similarly, Sim et al. demonstrated a highly effective
and stable doping mechanism based on thiol-based molecular functionalization (note: thiol molecules
are organosulfur compounds containing an -SH group) that makes use of the sulfur vacancies in
MoS2. In this approach, the -SH terminated end of the thiol molecules get tightly chemisorbed on
these MoS2 SV sites, and these thiol molecules act as either donors or acceptors depending upon the
nature of the functional groups attached to them (e.g., NH2 for n-doping and F-containing groups
for p-doping) (Figure 8b shows the schematic representation of this thiol-based molecular doping
approach on MoS2 FETs). A significant enhancement and reduction in the carrier concentration was
observed for n- (Δn = +3.7 × 1012 cm−2) and p-doping (Δn = −1.8 × 1011 cm−2), respectively, using
this technique [224]. A very recent report by Min et al. introduced a novel way to realize p-type
MoS2 FETs via charge transfer between MoS2 and wide band-gap n-type InGaZnO (IGZO) films
(Eg = 3.1 eV) deposited on top of these thick MoS2 flakes (Eg = 1.2 eV) [225]. High work function Pt
metal contacts and prolonged ambient thermal annealing at 300 ◦C were crucial for the realization of
these PFETs. In this approach, the prolonged 300 ◦C anneal causes the IGZO to become a more intrinsic
semiconductor (i.e., reduction in its electron carrier density) as the O-vacancies in IZGO (responsible
for its n-type doping) get filled by the O atoms in air. This increases the work function (i.e., lowering
of the Fermi level) of the IGZO film, thereby, causing an interfacial transfer of electrons from the MoS2

flakes to the IGZO since the equilibrium Fermi level of the MoS2/IGZO system must remain constant.
In other words, lowering of the Fermi level in IGZO also drags down the Fermi level in the MoS2 due
to charge transfer, causing electron depletion in the MoS2 layer. This process continues until the MoS2

gets heavily depleted of electrons or, in other words, accumulated with holes, eventually resulting
in a superior p-type FET performance with Pt-contacts having high hole mobilities of 24.1 cm2/V-s
(Figure 8c,d show the evolution of this p-doping process with increasing ambient annealing time,
and the MoS2/IGZO band diagram explaining the p-doping mechanism, respectively). Moreover,
the IGZO serves as an encapsulation layer and imparts long term air stability to the device (MoS2

PFETs maintained most of their performance even after 142 days in ambient). With proper choice
of contact metals and annealing duration, the authors were also able to demonstrate CMOS-inverter
operation on the same MoS2 flake. Thus, the MoS2/IGZO heterojunctions represent a promising and
practical approach towards realizing stable MoS2 PFETs necessary for enabling CMOS-applications
based on 2D MoS2 [225].
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Figure 8. (a) Semilog transfer characteristics of an AuCl3-doped MoS2 PFET at RT and 133 K, clearly
showing enhanced p-type performance with high hole mobilities and high ON/OFF ratios. Inset shows
the schematic of a back-gated MoS2 FET spin-coated with AuCl3 solution. Adapted with permission
from [222]. Copyright 2016 John Wiley and Sons. (b) Schematic illustrations of the chemisorption of
functionalized thiol molecules (containing -SH groups) onto MoS2 sulfur vacancies (left), and of the
charge transfer doping of back-gated MoS2 FETs with MEA-terminated (top right) and FDT-terminated
(bottom right) thiol molecules, respectively, used for the molecular functionalization on MoS2.
The MEA molecule has an NH2 functional group and causes n-doping of the MoS2, whereas the
FDT molecule has a fluorocarbon functional group and causes p-doping. Adapted with permission
from [224]. Copyright 2015 American Chemical Society. (c) Transfer characteristics of an MoS2 only
(leftmost blue curve) and the MoS2/IGZO heterojunction FET (maroon curves) with Pt S/D contacts
annealed in the ambient for 10, 40, 120, and 300 min at 300 ◦C, clearly showing gradual enhancement
of the p-doping with increasing annealing time due to gradually increased electron transfer from the
MoS2 flake to the IGZO capping layer. The final p-doped state of the MoS2 FET was maintained even
after 142 days (red curve) showing great ambient stability. Schematic illustration of the IGZO-capped
back-gated MoS2 FET shown on the top right corner above the figure. (d) Energy band diagram of
the MoS2 channel and the IGZO film explaining the charge transfer p-doping process. The ambient
annealing lowers the Fermi level of the IGZO film due to decreased n-doping in the IGZO layer,
as indicated by the broad yellow arrow. In the MoS2/IGZO heterostructure, this causes transfer of
electrons from the conduction band of MoS2 to the conduction band of the IGZO film to maintain
the equilibrium Fermi level. Thus, due to this electron transfer, Fermi level of the MoS2 gradually
decreases/lowers (i.e., moves towards the VBE of MoS2) with ambient annealing, eventually leading to
the MoS2 film becoming strongly p-type. (c,d) Adapted with permission from [225]. Copyright 2018
American Chemical Society.

8. Use of Interfacial Contact “Tunnel” Barriers

Contact engineering utilizing ultra-thin interfacial “tunnel barriers” has been employed as another
promising way to reduce the SBH and RC in MoS2 devices. This method, widely explored for
engineering the contact resistivity in conventional 3D semiconductor FETs based on Si and Ge [226–232],
is based on the incorporation of an ultra-thin insulating material (such as 2D hexagonal boron nitride
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or hBN, and oxides such as TiO2) in-between the MoS2 and the contact electrode, to effectively realize
a metal-insulator-semiconductor (MIS) configuration at the contact. This thin interfacial insulating
“buffer” layer in the MIS structure serves as a “Fermi level de-pinning (FLDP) layer” by increasing
the physical separation between the MoS2 and the contact electrode owing to its finite thickness,
thereby, breaking or minimizing the metal/MoS2 interfacial interaction responsible for the creation of
mid-gap interface states that cause FLP [149–151]. Once this depinning is achieved, the contact work
function can effectively be chosen to line up with or closer to the CBE or VBE of MoS2 in accordance
with the Schottky–Mott rule. This approach can help to significantly lower or eliminate the SBH and
allow for easy tunneling of the charge carriers through the ultra-thin interfacial barrier into the MoS2

bands/channel (Figure 9a,b show the qualitative band diagrams of a metal/MoS2 contact interface
with/without an interfacial TiO2 tunnel barrier, and 3D schematic illustrations of FETs incorporating
these interfacial tunnel barriers in their contact regions, respectively). However, in this approach, one
has to be mindful of the thickness of the inserted tunnel barrier. It must be thick enough to suppress
the metal/MoS2 interfacial interaction and FLP, yet thin enough to ensure a high tunneling probability
at the MoS2 band edges [226,232]. If the barrier becomes too thick, then the tunneling resistance of the
carriers through the barrier will increase significantly, offsetting the advantages gained due to decrease
of the RC (or ρC) via SBH reduction (as illustrated in Figure 9d).

Figure 9. (a) Qualitative band diagrams illustrating the effect of an interfacial contact tunnel barrier
(e.g., TiO2) on the charge carrier injection in the MoS2 channel. A significant SBH exists in the case
of conventional metal (e.g., Ti)/MoS2 contacts and charge is injected primarily due to thermionic
emission (top). However, the presence of a TiO2 contact tunnel barrier (bottom) minimizes the SBH by
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alleviating the FLP effect at the metal/MoS2 interface by effectively creating a physical separation
between the two and, hence, minimizing the interfacial reactions between the metal and MoS2 that
can create mid-gap states. Easier charge injection can, therefore, be achieved via tunneling (bottom).
Adapted with permission from [234]. Copyright 2014 IEEE. (b) Schematic illustrations of back-gated
MoS2 FETs with interfacial contact tunnel barriers. Top schematic: TiO2 barrier only in the S/D contact
regions. Adapted with permission from [236]. Copyright 2016 American Chemical Society. Bottom
schematic: monolayer hBN barrier covering the entire MoS2 surface (i.e., contact + channel regions).
(c) Plot of extracted SBH as a function of interfacial Ta2O5 thickness. Lowest SBH is realized for
an optimized thickness of ~1.5 nm and remains mostly constant with further increase in the Ta2O5

thickness. (d) Plot of specific contact resistivity (ρC) as a function of Ta2O5 thickness. Lowest ρC is
achieved for an optimum thickness around 1.5 nm. For thicknesses <1.5 nm, ρC increases due to
increase in the SBH (since Ta2O5 is not thick enough to prevent the metal/MoS2 interaction and FLP).
For thicknesses >1.5 nm, ρC increases due to increase in the tunneling resistance (since Ta2O5 becomes
way too thick). Thus, choosing the optimum thickness of the interfacial tunnel barrier is important.
(c,d) Adapted with permission from [237]. Copyright 2016 American Chemical Society. (e) Extracted
SBH (ΦSB) as a function of gate voltage (VG) for Co/MoS2 (left plot) and Co/1L hBN/MoS2 (right plot)
contact interfaces. The ΦSB value at the flatband condition (i.e., VG = VFB) represents the true SBH.
The extracted flatband SBH in the case of Co/1L hBN/MoS2 is much lower, signifying the importance
of having ultra-thin hBN as an interfacial contact tunnel barrier. (e) and bottom schematic of (b)
Adapted with permission from [241]. Copyright 2017 American Chemical Society.

One of the first reports utilizing this approach was by Chen et al. who used a thin magnesium
oxide (MgO) barrier (2 nm thick) between ferromagnetic cobalt (Co) electrodes and monolayer MoS2

which resulted in the reduction of the SBH for electrons by as much as 84% [233]. Park et al. reported
the use of TiO2 and Al2O3 interfacial FLDP layers and showed that TiO2 resulted in a 5× decrease of RC

at the metal/MoS2 channel interface, with a corresponding increase in the drain current and mobility
of the FET. The authors attributed the enhanced RC decrease in the case of TiO2 to reduction in the
SBH (ΦSB reduced from 180 meV to about 90 meV) due to a combined effect of Fermi level de-pinning
and stronger dipole effects of the interfacial TiO2 layer than the Al2O3 layer [234]. A similar approach
was used by Kaushik et al. where they used ultra-thin TiO2 ALD interfacial layers and demonstrated a
24× reduction in the RC and a low constant ΦSB of 40 meV in MoS2 FETs irrespective of the contact
metal [235,236]. However, they attributed this improvement mainly to the interfacial n-doping effect of
TiO2 arising due to a charge transfer mechanism which renders the TiO2/MoS2 interface metallic. This
is similar to the n-doping effect observed by Rai et al. at the TiOx/MoS2 interface [212]. These results
suggest that TiO2 can be promising as an interfacial contact tunnel barrier due to a combined effect
of FLDP and n-doping. Lee et al. demonstrated the use of Ta2O5 as thin interfacial tunneling layers
(1.5 nm thick) between CVD-synthesized few-layer MoS2 films and the metal contacts. Using this
approach, the extracted ΦSB was reduced from 95 meV in devices without any Ta2O5 to about 29 meV in
devices containing Ta2O5 (Figure 9c shows the extracted SBH as a function of Ta2O5 barrier thickness).
Moreover, the authors presented a statistical study on over 200 devices made on large area MoS2

films (>4 cm2) and reported a three orders of magnitude reduction in the specific contact resistivity
(ρC) and about two orders of magnitude increase in the ON-current of the devices by insertion of
the thickness-optimized Ta2O5 layer (Figure 9d shows the dependence of ρC on the interfacial Ta2O5

thickness, clearly highlighting the importance of selecting the optimum tunnel barrier thickness to
achieve low ρC) [237].

In addition to ultra-thin insulating oxides, other 2D materials such as graphene and a monolayer
of insulating hBN were also proposed as effective 2D insertions or buffer layers to alleviate the
n-type SBH at the metal/MoS2 interface [238,239]. Experimentally, Wang et al. reported the use of
ultra-thin CVD-synthesized hBN (thickness = 0.6 nm) as an interfacial tunneling layer to reduce the
SBH and realize high mobility MoS2 NFETs. In comparison to oxides, the atomically thin nature
of hBN can have advantages in terms of offering relatively small tunneling resistance. The authors
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achieved a small SBH of 31 meV in MoS2 FETs with hBN/Ni/Au contacts as well as a high μFE of
73 cm2/V-s (321.4 cm2/V-s) and an output current of 330 μA/μm (572 μA/μm) at RT (77 K) [240].
Similarly, Cui et al. utilized cobalt (Co) with a monolayer (1L) of hBN as the tunnel barrier to realize
low-temperature Ohmic contacts to monolayer MoS2. The authors extracted a flatband SBH of 16 meV
for the Co/1L hBN/MoS2 case, a reduction from 38 meV for the Co/MoS2 case (as shown in Figure 9e),
and reported the best low-temperature MoS2 contacts to date, with an RC value of 3.0 kΩ·μm at 1.7 K
extracted at a carrier density of only 5.3 × 1012 cm−2 [241]. This drastic RC improvement led to the
observation of interesting quantum oscillations in monolayer MoS2 devices at much lower carrier
densities compared to previous works. In addition to the role of monolayer hBN as a tunnel barrier,
a critical factor that led to the enhanced behavior and greatly reduced SBH in these Co/hBN-contacted
MoS2 devices was the strong interaction between the hBN and Co that led to a lowering of the latter’s
work function from 5.0 eV (for pure Co) to 3.3 eV [241], in excellent agreement with theoretical
predictions made by Farmanbar et al. [238]. The use of an additional MoS2 layer itself as an interfacial
buffer layer has also been suggested by Chai et al. that can not only help prevent the interfacial reactions
between the contact metal and the MoS2 channel layer (by preventing any unwanted band-structure
modification of the channel MoS2 layer, thereby, preserving its semiconducting property), but can
also lead to a reduced n-type SBH with proper choice of a low work function metal [242]. Finally,
while most of the experimental/theoretical studies utilizing an interfacial tunnel barrier with MoS2

have focused on decreasing the n-type SBH, theory predicts the same approach can be useful for
mitigating the p-type SBH as well by carefully choosing or modifying the buffer layers. For example,
Farmanbar et al. revealed that using a monolayer of high work function metallic NbS2 (ΦM ~6 eV) as
the buffer layer could give a barrierless or Ohmic p-type contact to MoS2 irrespective of the contact
metal [243]. Similarly, Musso et al. predicted a fluorographene (C2F) buffer layer to yield an Ohmic
p-type contact to MoS2 with high work function Pt as the contact metal [244]. Another study by Su et al.
suggested that the SBH for both electrons and holes in the metal/hBN/MoS2 contact geometry can be
decreased or even completely eliminated by doping the hBN buffer layer with high concentrations of Li
(electron-poor) and O (electron-rich) dopants, respectively, and that this effect can be more pronounced
when the doped-hBN buffer layer spreads all over the MoS2 device surface. Moreover, the authors
predicted that both the intrinsic nature of the MoS2 and the weak FLP effects at the metal/hBN/MoS2

interface are preserved irrespective of the dopant type and concentration [245].

9. Graphene 2D Contacts to MoS2

The wonder material graphene, a 2D semimetal composed of a single sheet of carbon atoms
arranged in a honeycomb lattice, has also been explored as an alternative 2D contact material for 2D
MoS2. The remarkable properties of graphene have already been well studied and reported [1,246–248].
Owing to its unique band-structure with a linear Dirac-like spectrum [249], the charge carriers in
graphene mimic relativistic particles and can effectively move at the speed of light [250]. This leads to
extremely high charge carrier mobilities for both electrons and holes in graphene [251,252]. Moreover,
unlike regular bulk metals, graphene’s unique band-structure allows its Fermi level position (or, in
other words, its work function) to be easily tuned around its “Dirac” point or the charge neutrality
point (i.e., the point at which the conduction and valance bands of graphene meet each other in the
momentum space) by an external doping source (electrostatic doping, chemical doping, etc.) leading to
the accumulation of both electrons and holes in graphene depending on the doping polarity [232,253].
The superior electrical properties of graphene, therefore, make it an attractive choice for use as an
atomically thin 2D vdW electrical contact to MoS2. It can be used as an independent contact to MoS2

or as an insertion between MoS2 and conventional metal contacts (Figure 10a schematically illustrates
MoS2 FETs with graphene contacts in these two possible configurations). This latter case closely
resembles the FLDP approach using insulating interfacial tunnel barriers (such as oxides or hBN) as
described previously in Section 8. In this scenario, however, graphene is an electrically active semimetal
that helps promote a strong electronic coupling between the metal and the MoS2 despite the increased
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physical separation, and while maintaining a vdW-type interaction (since vdW gaps exist on either side
of the inserted graphene layer), between the two. Contrary to the case of regular metal/MoS2 contacts
where the metal Fermi level typically gets pinned near the CBE of MoS2 irrespective of the metal work
function, the metal/graphene/MoS2 contact (or simply an independent graphene/MoS2 contact) can
enable more efficient carrier injection into the MoS2 channel. For metal/graphene/MoS2 contacts, this
is due in part to the physical separation created between the metal and the MoS2 layer by the inserted
graphene sheet, thereby, promoting FLDP by minimizing the metal/MoS2 interfacial interaction that
otherwise can lead to unwanted interface or mid-gap states (i.e., MIGS). However, the primarily
mechanism responsible for the enhanced carrier injection in MoS2 FETs with metal/graphene or
independent graphene contacts is the dynamic tunability of the graphene Fermi level (due to gate
bias-induced electrostatic doping, a combination of electrostatic and chemical doping, etc.) that can
enable it to easily move up or down and align closer to the MoS2 CBE or VBE, thereby, reducing the
SBH for either electrons or holes, respectively [222,253,254].

The first such report of a metal/graphene hetero-contact on MoS2 was by Du et al. where
they demonstrated few-layer MoS2 back-gated NFETs with Ti/graphene top contacts showing drain
currents >160 μA/μm at 1 μm gate length with an ON/OFF ratio of 107. Compared to MoS2 FETs
without the graphene interlayer, the authors observed a 2.1× improvement in the ON-resistance and
a 3.3× improvement in the RC with Ti/graphene hetero-contacts. This performance enhancement
was attributed to the fact that the positive back gate bias not only electrostatically n-doped the
MoS2, but n-doped the sandwiched graphene layer in the contact regions as well. Due to this
electrostatic n-doping, the graphene Fermi level shifted upwards, moving further beyond the regular
Ti-MoS2 pinning level, leading to SBH (or RC) reduction and more efficient electron injection into the
MoS2 conduction band (Figure 10b,c compare the extracted RC as a function of back gate bias VBG,
and the output characteristics of back-gated MoS2 FETs, both with and without graphene contacts,
respectively) [255]. Leong et al. demonstrated MoS2 NFETs with “nickel-etched-graphene” electrodes
that yielded an RC as low as 200 Ω·μm, a two orders of magnitude improvement over pure Ni
electrodes as well as a 3× improvement in the μFE (from 27 to 80 cm2/V-s). The authors found a
bilayer graphene (BLG) insertion to be more effective than a single graphene layer. In addition to
the electrostatic tunability of the graphene Fermi level, this large RC reduction was attributed to two
main factors: first, to the reduction in SBH thanks to a significantly smaller work function of the
Ni-BLG electrodes (4.08 eV as compared to 5.5 eV for pure Ni) resulting due to the strong interaction
between Ni and BLG and, second, to a Ni-catalyzed etching treatment of the BLG prior to stacking
the electrode stack on MoS2. This etching treatment of the BLG created a vast density of nano-sized
pits with reactive zigzag edges that covalently bonded to the Ni, thereby, enhancing carrier tunneling
and minimizing the resistance at the Ni/BLG interface (Figure 10d–f show the RC versus gate voltage
for MoS2 FETs with different Ni-graphene contact configurations, the 3D schematic illustration of the
Ni-etched-graphene contact to MoS2, and the output characteristics of Ni-contacted MoS2 FETs both
with and without etched-graphene insertions, respectively; these results clearly reveal the significantly
enhanced performance achieved in the case of MoS2 NFETs with Ni-etched-graphene electrodes) [256].

38



Crystals 2018, 8, 316

 

Figure 10. (a) Schematic representations of MoS2 FETs with graphene contacts inserted in-between
the MoS2 and the metal (top) or used as an independent back contact (bottom). (b) Plot of RC versus
back gate voltage VBG for MoS2 NFETs with Ti/graphene (red curve) and Ti (black curve) contacts.
Ti/graphene contact clearly yields much lower RC for electron injection thanks to the Fermi level
tunability of graphene by the positive gate bias. Inset shows qualitative band diagrams illustrating
the gate tunability of graphene’s Fermi level and explaining the working principle of MoS2/graphene
contacts in the OFF (left inset) and ON states (right inset) of the device. Positive gate bias not only
causes downward band-bending in the MoS2, but helps move the graphene Fermi level upwards
by doping the graphene with electrons (right inset). (b) and top schematic of (a) Adapted with
permission from [254]. Copyright 2014 IEEE. (c) Output characteristics of a Ti-contacted MoS2 FET
with (red curves) and without (black curves) graphene insertion in the contact region. The FET with
Ti/graphene contact shows enhanced currents and clearly outperforms the FET with regular Ti contacts.
Adapted with permission from [255]. Copyright 2014 IEEE. (d) RC plotted as a function of back gate
VBG for different Ni-graphene contact configurations to MoS2 FETs. The best performance (i.e., lowest
RC of ~200 Ω·μm) was obtained from the FET with Ni-Treated BLG-MoS2 contacts (red curve). (e) 3D
schematic illustration of the Ni-etched-graphene contact electrodes to MoS2. The etched graphene layer
facilitates a lower resistance interface between Ni and the graphene due to the formation of reactive
zigzag edges that enhances carrier tunneling. (f) Output characteristics of Ni-contacted MoS2 NFETs
with (red curves) and without (blue curves) treated bilayer graphene (BLG) insertions. The FET with
Ni-Treated-BLG contacts clearly outperforms the FET with direct Ni contacts (~10× improvement
in the ON-current due to reduced RC). (d–f) Adapted with permission from [256]. Copyright 2015
American Chemical Society. (g) Mobility versus temperature for an hBN-encapsulated MoS2 NFET with
graphene back contacts showing an extrinsic (i.e., two-point) μFE up to 1300 cm2/V-s at low-T (1.9 K)
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thanks to the zero SBH afforded by the gate-controlled graphene contacts. (h) Output characteristics
of a back-gated monolayer MoS2 NFET at 1.9 K showing linear ID-VD behavior at higher positive
gate biases (gate voltage ranges from −60 to 80 V in 20 V steps) confirming the Ohmic nature of
graphene contacts even at such low temperatures. (g,h) and bottom schematic of (a) Adapted with
permission from [257]. Copyright 2015 American Chemical Society. (i) Comparison of the semilog
transfer characteristics of Pd-contacted back-gated MoS2 FETs, with (blue curve) and without (black,
red and green curves) interfacial graphene layers in the contact regions, under high AuCl3 doping
concentrations. Before AuCl3 doping, the pristine Pd-contacted FET shows typical n-type behavior with
strong gate modulation (black curve). Under high AuCl3 doping concentrations of 5 mM (red curve)
and 20 mM (green curve), the same FET shows p-type behavior with slight gate modulation due to
heavy p-doping of the MoS2 by AuCl3 (with the current levels being higher for the 20 mM case than
5 mM, as expected). In contrast, for the Pd/graphene-contacted FET, an even higher hole current level
with practically no gate modulation is achieved at the lower doping concentration of 5 mM (blue curve)
as compared to the Pd-contacted FET with the higher doping concentration of 20 mM (green curve).
The comparative results clearly reveal the added advantage of using tunable graphene contacts in
providing enhanced carrier injection (in this case, holes) in the MoS2 channel as compared to direct
metal contacts. Inset shows the linear transfer characteristics. Adapted with permission from [222].
Copyright 2016 John Wiley and Sons.

Liu et al. further utilized the Fermi level tunability of graphene to demonstrate Schottky
barrier-free Ohmic contacts to MoS2 FETs in the ON-state under a proper gate voltage. The authors
extracted an SBH of zero at positive gate biases, thereby, confirming the efficacy of graphene in realizing
perfectly “matched” contacts to MoS2. Moreover, having realized barrier-free contacts, the authors
demonstrated linear output I-V characteristics and a record high extrinsic (i.e., two-terminal) μFE up
to 1300 cm2/V-s at cryogenic temperatures down to 1.9 K in their MoS2 NFETs (Figure 10g,h show
the temperature-dependence of μFE, and linear output characteristics even at 1.9 K, respectively,
for MoS2 FETs with graphene contacts) [257]. More recently, Singh et al. employed graphene
contacts in their dual-gated monolayer MoS2 NFETs with Al2O3 as the top gate dielectric. The output
characteristics with different top gate voltages indicated an Ohmic-like contact between graphene and
MoS2. They extracted an extrinsic μFE of 71 cm2/V-s in the back-gated configuration (without any
Al2O3 deposition), whereas a boosted extrinsic μFE of 131 cm2/V-s in the top-gated configuration [258].
Likewise, low resistance graphene/MoS2 contacts were utilized by both Cui et al. [259] and
Lee et al. [260] in their studies of hBN-encapsulated MoS2 devices that showed high Hall- and
two-terminal electron mobilities, respectively. However, in all these reports utilizing a combination
of both graphene contacts and dielectric encapsulation on MoS2 FETs, the high-κ Al2O3 and the hBN
dielectric environments could also play a significant role in enhancing the MoS2 carrier mobility in
addition to the lower RC (or SBH) afforded by graphene contacts (more on the effects of dielectric
environment, such as hBN and high-κ dielectrics, on MoS2 carrier mobility enhancement is discussed
later in Section 14). It is interesting to note that despite the Fermi level tunability of graphene contacts,
most experimental reports to date demonstrate the efficacy of graphene in making better n-type contacts
to MoS2, but reports of graphene as a p-type contact to MoS2 are, in general, lacking. This, again,
is possibly because the Fermi level of graphene aligns closer to the CBE of MoS2 under equilibrium
to maintain charge neutrality, as dictated by the interface/mid-gap states, similar to the scenario
of Fermi level pinning at 3D metal/MoS2 interfaces. Additionally, the work function of pristine
graphene (i.e., when its Fermi level is exactly at the Dirac point) is ~4.3–4.4 eV [140] which is close
to the electron affinity of MoS2 (~4.0–4.2 eV) [135,140]. Hence, owing to these factors, one can expect
the n-type SBH at the graphene/MoS2 interface to not be substantially large to begin with. Moreover,
this n-type SBH can be minimized further thanks to the electrostatic n-doping of the graphene/MoS2

interface by positive gate biases which not only helps move the graphene Fermi level upwards to align
even closer to the MoS2 CBE, but causes downward band-bending in the MoS2 as well (recall that
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downward band-bending helps reduce the SBW at the contact/MoS2 interface leading to enhanced
carrier injection).

In principle, however, the Fermi level of graphene can potentially also be tuned deep into its
valence band to align closer to the VBE of MoS2 resulting in a small p-type SBH for hole injection.
To achieve this, electrostatic p-doping of the graphene/MoS2 interface alone may not be sufficient
enough (since moving the graphene Fermi level from near the MoS2 CBE all the way down towards the
MoS2 VBE, or causing a large upward band-bending in the MoS2 to minimize the SBW for hole injection,
would require extremely large negative gate biases that may be practically unfeasible) and additional
doping/work function tuning mechanisms in the contact regions may be required. One such report of
back-gated MoS2 FETs with chemically p-doped graphene/MoS2 contact regions was by Liu et al. [222]
as already highlighted in Section 7.2. The authors used AuCl3 solution as a surface charge transfer
p-dopant to demonstrate high-performance unipolar MoS2 PFETs as well as ambipolar MoS2 FETs
with hole dominated transport (note that AuCl3 causes p-doping in both MoS2 and graphene). In their
study, bare back-gated MoS2 FETs (i.e., FETs employing only gate electrostatic doping via the back
gate) with metal/graphene contacts showed n-type behavior as expected. However, upon AuCl3
chemical doping, the FET polarity switched to p-type. Moreover, the AuCl3-doped MoS2 PFETs with
metal/graphene contacts showed enhanced p-type performance (i.e., lower RC and higher μFE for
holes) than AuCl3-doped MoS2 PFETs with direct metal contacts. The comparative analysis done in
this study unambiguously proved that a combination of both chemical and electrostatic p-doping was
required to cause a large downward shift of the graphene Fermi level which resulted in reduced RC

(and SBH) and enhanced p-type injection in metal/graphene-contacted MoS2 FETs as compared to
regular metal-contacted MoS2 FETs (Figure 10i compares the transfer characteristics of Pd-contacted
back-gated MoS2 FETs, both with and without an interfacial graphene layer in the contact regions,
under high AuCl3 dopant concentrations, clearly revealing that for a given AuCl3 concentration,
the presence of an interfacial graphene layer facilitates enhanced hole injection in the MoS2 FET than
direct metal contacts due to the combined effects of chemical as well as electrostatic p-doping in
aligning the graphene Fermi level closer to the MoS2 VBE) [222]. In addition to the commonly used top
or bottom contact configuration for graphene contacts to MoS2 wherein the basal planes of graphene
and MoS2 overlap, lateral graphene “edge contacts” to MOCVD-grown MoS2 were also demonstrated
by Guimaraes et al. [261] and its implications are discussed in Section 11 that talks about the effects of
contact architecture. Finally, the use of substitutionally-doped graphene has also been theoretically
predicted to yield better contacts to MoS2 with lower RC by Liu et al. In principle, graphene can be
doped with elements such as B and N that have fewer and more electrons than C, respectively. Hence,
B doping can increase the graphene work function (i.e., by making it hole-doped), while N doping can
reduce its work function (i.e., by making it electron-doped). In particular, the authors showed that a
high N doping concentration (C/N ratio ~20:1) can result in the work function of graphene to be as
low as that of low work function metal Sc, thereby, making it a promising contact for electron injection
in MoS2 NFETs [140].

10. Effects of MoS2 Layer Thickness

The layer thickness of MoS2 can play an important role in determining the magnitude of the
contact SBH, contact resistivity (ρC) as well as the overall carrier mobility (μFE) of the device. One of the
first studies on the effect of MoS2 layer thickness on the SBH and specific contact resistivity (ρC) was
done by Li et al. on back-gated MoS2 NFETs with Au top contacts [262]. They found two interesting
and contrasting effects: first, for MoS2 thicker than five layers (i.e., in the bulk or 3D limit), the ρC

increased slightly with increasing MoS2 thickness; and, second, the ρC increased sharply with reducing
MoS2 thickness below five layers (i.e., in the 2D limit). The first effect was attributed to the added
thickness or, in other words, the added resistance of the “inactive” upper MoS2 layers (i.e., layers
further away from the back gate dielectric interface) which do not actively participate in the lateral
current flow from the source to the drain of the FET, but through which the injected carriers must pass
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through orthogonally to reach the lower “active” MoS2 layers primarily responsible for the lateral
current flow (since majority of the gate-induced carriers are located in the lower layers). The added
resistance of the upper “inactive” MoS2 layers originates from the added “interlayer” resistances in the
current flow path, as described later in this section. The second effect, on the other hand, was attributed
to the quantum confinement-induced electronic structure modification and band-gap (Eg) increase of
MoS2 (Figure 11a shows the plot of ρC as a function of MoS2 layer thickness for Au-contacted MoS2

FETs, depicting the two contrasting effects in the 2D and 3D limits). As the MoS2 layers reduce from
five to one layer, its Eg increases from 1.2 eV for 5L to 1.8 eV for 1L [44] leading to a corresponding
gradual increase in the SBH at the Au/MoS2 contact interface due to relative changes in the MoS2 band
edge positions with respect to the Au work function (i.e., Fermi level position of Au). A quantitative
relationship between the n-type SBH and MoS2 layer thickness was established, with the extracted SBH
increasing from 0.3 to 0.6 eV by merely reducing the MoS2 thickness from five to one layer (Figure 11b,c
show the plot of extracted SBH versus MoS2 band-gap, and a qualitative illustration of the increase in
SBH with reducing MoS2 thickness for Au-contacted MoS2 devices, respectively) [262]. Kwon et al.
further confirmed the thickness-dependent SBH in Al-contacted MoS2 devices with thinner MoS2

devices yielding a larger SBH for electrons (ΦSB ~50 meV for 1L) than the thicker ones (ΦSB ~7 meV for
3L). Moreover, the layer-dependent SBH had a clear manifestation in the extracted RC that showed an
increase with decreasing MoS2 thickness [263]. Although these studies of layer-dependent SBH have
focused on n-type MoS2 devices, the same trend and reasoning should also hold true for p-type MoS2

devices as well. The reader should note that the layer-dependent SBH for a given metal/MoS2 contact
is more dominant in the 2D limit (i.e., 1–5 layers) since the MoS2 band-gap changes drastically only in
the 2D regime. In contrast, the band-gap remains constant at ~1.2 eV for thicker MoS2 (i.e., >5 layers)
and, hence, the SBH would remain largely constant at a relatively low value for devices made on
thicker MoS2 films for a given metal contact. The contribution of the SBH to the overall device RC for a
given metal/MoS2 system can, therefore, be minimized beyond a critical MoS2 layer thickness.

In a multilayer MoS2 device with conventional top contacts, however, the effective RC is governed
not only by the resistance due to the SBH (RSB), but by an unusual out-of-plane “interlayer resistance”
(Rint) in-between the individual MoS2 layers as well. This Rint is nothing but a direct manifestation
of the presence of interlayer “vdW gaps”. The implications of this unique Rint that manifests in
multilayer MoS2 devices have been analyzed in detail by Das et al. employing a resistor network
model based on Thomas–Fermi charge screening (which relates to the charge screening length λ)
and interlayer coupling (which captures the effect of Rint) [264]. Due to the finite charge screening
length in MoS2 (λMoS2 ~7–8 nm or 12 layers), the centroid of the current flow distribution (or the
current “HOT-SPOT”) in a multilayer MoS2 device can migrate dynamically between its individual
layers (i.e., moving either closer to or farther away from the S/D electrodes along the vertical axis)
depending on the applied electrostatic gate bias, effectively determining the number of these “in-series”
interlayer resistors (i.e., the total Rint) involved along the current path from the source to the drain
of the MoS2 FET [265]. For example, if the “HOT-SPOT” is located closer to the S/D electrodes, then
fewer interlayer resistors would be involved along the current flow path (Figure 11e schematically
depicts the resistor network model as applicable to multilayer MoS2 as well as the dynamic migration
of the current “HOT-SPOT” as a function of both MoS2 layer thickness and gate overdrive voltage,
in the back-gated FET configuration). This Rint contribution adds to the Schottky barrier resistance RSB,
leading to an effective total RC (or ρC) for the multilayer MoS2 system that limits the extracted μFE.
Note that this “HOT-SPOT” migration can only happen within the thickness range set by the charge
screening length of MoS2. Thus, it would be disadvantageous to have MoS2 devices with too many
layers or thicknesses greater than its charge screening length of ~7–8 nm, as, ultimately, the device
performance will be severely limited by the additional interlayer resistors involved. Experimentally,
the extracted value of Rint between two adjacent MoS2 layers has been estimated to be ~2.0 kΩ·μm by
Na et al. [266], and a recent experimental study by Bhattacharjee et al. reported a net Rint of 1.53 kΩ·μm
for 5–7 nm thick MoS2 [267]. Thus, the number of these individual interlayer resistors involved in the
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charge transport can have a significant impact on parameters such as μFE and ON-currents of few-layer
or multilayer MoS2 FETs.

The carrier mobility of monolayer MoS2, on the other hand, is, in general, lower than few-layer
MoS2 films due to the deleterious effects of various extrinsic charge scattering mechanisms (such
as charged impurities, surface roughness, remote interfacial phonons from the dielectric) that are
at play at the MoS2/dielectric interface [113,176,177,268,269]. This is because the strength of the
“screening” against these extrinsic scattering mechanisms is naturally weaker in monolayers (since
both surfaces of the monolayer are directly exposed to its surroundings) as compared to few-layers
where the outer MoS2 layers effectively “shield” the inner-lying layers making them less susceptible
to the external environment. A simple calculation of scattering rates as a function of MoS2 layer
thickness by Li et al., taking into account the typical carrier scattering sources (e.g., intrinsic phonons
and charged impurities), sheds important insight into the increased susceptibility of carrier scattering
in thinner MoS2 films as compared to thicker ones (Figure 11f shows the calculated carrier scattering
rates for various extrinsic sources as a function of MoS2 layer thickness, clearly showing that the
overall scattering increases with decreasing thickness) [269]. Moreover, monolayer MoS2 FETs suffer
from a larger SBH issue as described earlier. Hence, keeping all these factors in mind, one can surmise
that there exists an “ideal” MoS2 layer thickness to guarantee the best device performance in terms
of reduced net RC (considering effects of both RSB and Rint), minimal external carrier scattering and
increased μFE. Indeed, the dependence of carrier mobility on the MoS2 layer thickness has been
experimentally studied and a non-monotonic trend was revealed by Das et al. wherein the maximum
mobility was achieved for a flake thickness of around 8 nm or 12 atomic layers for a given metal contact.
Below 8 nm, μFE reduces primarily due to carrier scattering, whereas above 8 nm, μFE reduces due to
increased overall Rint. (Figure 11d shows the plot of extracted μFE versus flake thickness for MoS2 FETs
with different metal contacts with peak μFE values occurring around 8 nm) [135,264,265]. A similar
trend was reported by Li et al. where the maximum mobility was achieved for a 14-layer MoS2

device [269]. Lin et al. further corroborated this MoS2 thickness effect by showing that the optimal
MoS2 thickness range for maximum mobility (or, in other words, maximum device performance) was
somewhere within 5–10 atomic layers [270], in good agreement with other reports.

Recently, a relationship between MoS2 film thickness and its charge transfer surface doping was
also elucidated by Rosa et al. using both experiments and semi-classical modeling. They studied the
n-doping of back-gated MoS2 FETs via PVA coating (that can enhance MoS2 FET performance, as
highlighted in Section 7.1) while varying the MoS2 layer thickness, and found that the penetration
depth of the carriers induced by PVA doping was approximately 5.2 nm from the PVA/MoS2 interface
(Figure 11g shows the calculated cross-sectional profile of the electron density for two different MoS2

layer thicknesses). Thus, for MoS2 films thicker than 5.2 nm, the dopant-induced charge would be
farther away from the MoS2/gate dielectric interface resulting in a poor gate electrostatic control and
degradation of the FET performance (mainly in terms of compromised ON/OFF ratios). Conversely,
for thinner MoS2 films (<5.2 nm), the dopant-induced charge will be much closer to the gate interface
resulting in better electrostatic control of the device channel, enhanced charge depletion capability of
the gate and improved ON/OFF ratios even in the presence of doping [271]. Therefore, for designing
high-performance electronic devices based on MoS2, its layer thickness must be considered as it can
have pronounced effects on important device parameters such as the overall RC (considering effects of
both SBH and Rint) and μFE as well as on the charge carrier distribution in the device. However, for
optoelectronic device applications where monolayer MoS2 is necessitated due to the direct band-gap
requirement, alternative approaches to mitigate RC (due to larger SBH) and μFE degradation (due to
increased external carrier scattering) must be used. Finally, it is interesting to note the effect of MoS2

layer thickness scaling on its charge carrier effective masses (since the effective masses depend on
the MoS2 band-structure which, in turn, varies with the layer thickness) as highlighted by Yun et al.
In particular, the effective mass of electrons in the lowest lying conduction band valley reduces from
0.551 to 0.483 mo (where mo is the free electron mass) as MoS2 is thinned from bulk to monolayers [272].
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Since carrier mobility is inversely proportional to its effective mass, this implies that monolayer MoS2

will have a higher intrinsic electron mobility than multilayers. However, in practice, the monolayer
MoS2 device mobility is far worse due to various external effects as already pointed out.

 

Figure 11. (a) Plot of specific contact resistivity (ρC) versus MoS2 layer thickness for Au-contacted
back-gated MoS2 NFETs at two different gate overdrive voltages. Below five layers, ρC increases
sharply due to increase in the SBH which is directly correlated to the band-gap increase of MoS2 with
decreasing thickness. Above five layers, the ρC increases only slightly due to the added resistance of the
upper “inactive” MoS2 layers through which the injected carriers have to pass through orthogonally to
reach the lower “active” layers of the FET (note that the SBH height remains constant above five layers).
Based on this plot, one can effectively delineate the 2D and 3D regimes for MoS2-based devices. (b) Plot
of extracted SBH at the Au/MoS2 interface as a function of MoS2 band-gap. The SBH height increases
linearly with increasing band-gap (i.e., reducing MoS2 thickness from bulk down to a monolayer).
(c) Evolution of the MoS2 band edge positions with respect to the Fermi level position at the Au/MoS2

contact interface as the MoS2 thickness gradually reduces from five layers to one layer. The n-type
SBH increases as the band-gap increases. (a–c) Adapted with permission from [262]. Copyright
2014 American Chemical Society. (d) Plot of extracted mobility (μFE) as a function of MoS2 layer
thickness for MoS2 FETs with different metal contacts. A non-monotonic trend in the μFE is evident
with the maximum μFE achieved for a thickness of ~8 nm for each metal/MoS2 contact. A good match
between experimental μFE values (marked spots) and calculated μFE values (dashed lines) can be seen.
μFE calculations were done based on a model considering effects of both Thomas–Fermi charge screening
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and interlayer resistance (Rint). (e) Left schematic: Depiction of the resistor network model that can be
used to describe the various resistance components, i.e., due to the SBH (RSB, shown in red), interlayer
resistances (Rint, shown in green) and intra-layer resistances (RN, shown in blue), that dominate
the charge transport in a back-gated multilayer MoS2 FET. (d) and left schematic of (e) Adapted
with permission from [264]. Copyright 2013 John Wiley and Sons. Right schematic: Illustration
of the dynamic vertical migration of the current “HOT-SPOT”, or the centroid of the current flow
distribution, in a multilayer MoS2 FET as a function of both MoS2 layer thickness and the gate overdrive
voltage. The “HOT-SPOT” location effectively determines the number of interlayer resistors (or the
net Rint) involved in the charge transport. Note that this “HOT-SPOT” migration can happen only
within the thickness range set by the MoS2 charge screening length (λMoS2). For thicknesses above
λMoS2 of ~7–8 nm, Rint becomes the dominant RC contributor. Adapted with permission from [265].
Copyright 2013 American Chemical Society. (f) Calculated scattering rates as a function of MoS2 layer
thickness clearly showing that the net scattering increases as the layer thickness decreases. Moreover,
the external scattering sources such as charged impurities (filled and hollow squares in the plot)
dominate for thinner layers. Adapted with permission from [269]. Copyright 2013 American Chemical
Society. (g) Cross-sectional representation of the calculated electron density profile for two different MoS2

thicknesses (orange regions represent the highest densities) showing that the PVA doping-induced charge
resides primarily in a ~5 nm thick region near the MoS2/PVA interface. Adapted from [271].

11. Effects of Contact Architecture (Top versus Edge)

The contact architecture can also be important in designing high-quality contacts to MoS2 FETs
with low RC (Figure 12a schematically illustrates the common contact architectures used in MoS2 FETs).
Typically, the most commonly utilized configuration is the top contact geometry where the metal
contact is deposited on top of the basal plane of MoS2. As mentioned earlier, this sort of topography
leads to a vdW gap-induced tunnel barrier in-between the largely inert MoS2 basal plane (due to lack
of surface dangling bonds) and the contact electrode [110]. This vdW gap contributes an additional
tunneling resistance to the overall RC. One approach to mitigate this vdW gap prevalent in the top
contact geometry is using metals that can bond or “hybridize” better with the underlying MoS2 surface
(hybridization is discussed in more detail in Section 12). Another approach to resolve this issue could
be to use “side” or “edge contacts” to MoS2. It has been shown theoretically that edge contacts can
lead to much better charge carrier injection in the MoS2 layer as opposed to top contacts [148,161]. This
is because MoS2 edges are chemically more active due to the presence of unsaturated chemical bonds
and, thus, can form stronger bonds with a shorter bonding distance (i.e., smaller physical separation)
with the contact metals, thereby, minimizing or even eliminating the vdW gap-induced tunnel barrier
(Figure 12a also shows the calculated electronic interaction at the Au/MoS2 contact interface for both
the top and edge contact configurations as well as a 3D schematic illustration of the MoS2/metal atoms
in an edge-contacted geometry). Edge contacts to graphene FETs have indeed shown extremely low
RC values as compared to conventional top contacts, thereby, proving the efficacy of this contacting
scheme [273–275]. Moreover, it can be inferred that this edge contact geometry is particularly attractive
for few-layer or multilayer devices based on MoS2 or other 2D semiconducting materials wherein
each individual layer can be independently contacted from the sides. This will help eliminate the
adverse effects of the interlayer resistance Rint (as described in the previous section) since the injected
charge carriers will no longer have to “hop” from one layer to the other across the interlayer vdW gaps
(as would be the case in top-contacted multilayer MoS2 devices), instead the carriers can be laterally
injected into all the constituent MoS2 layers simultaneously [183,276,277]. Furthermore, edge contacts
have the inherent advantage of minimizing the overall contact volume and area (since an overlap
between the bulk metals and MoS2 is no longer required) and, thus, are promising from the scaling
point of view [261]. It is also worth noting that the edge contact geometry should not be limited by the
“current crowding” effect that comes into play in the top or bottom contact geometry (and which results
in an exponential RC increase when LC << LT, as described in Section 3.2). Experimentally, however,
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realizing pure edge contacts to MoS2 has been challenging due to the close proximity required and
stringent fabrication requirements (for instance, the contact metal may fail to contact all the MoS2

edges due to processing-induced voids etc.), and there have only been a few reports.
Yoo et al. reported multilayer MoS2 NFETs with DC-sputtered molybdenum (Mo) S/D contacts

and confirmed the presence of both top and edge contacts via cross-sectional TEM imaging. They
found that the electrical performance of their 96-layer or 67 nm thick MoS2 FET (μFE ~24 cm2/V-s)
was similar to few-layer (3–5L) MoS2 FETs with Mo top contacts (μFE ~26–27 cm2/V-s). This clearly
suggests that the detrimental effect of Rint was greatly minimized even though the MoS2 was 67 layers
thick, thanks to the formation of edge contacts (due to conformal Mo deposition by DC-sputtering)
that injected carriers deep into the constituent layers of the multilayer MoS2 device [278]. Chai et al.
developed a “passivation first, metallization second” technique for fabricating pure edge contacts
to two types of back-gated MoS2-based heterostructures wherein the MoS2 was first encapsulated
in-between dielectrics: Al2O3/MoS2/SiO2 and hBN/MoS2/hBN. The authors then performed a plasma
etching step to create vertical trenches in these heterostructures to expose the MoS2 edges for contact
formation and revealed that the SF6 plasma is better suited than CF4 plasma as the former created a
smooth side wall profile with less residues. Although the MoS2 device performance achieved in this
study was not great (possibly due to discontinuities at the metal/MoS2 contact edges that impeded
carrier injection) with the process needing further optimization, the fabrication procedure presented
represents a promising way to make edge contacts to fully-encapsulated 2D TMDC-based devices [279].
Guimaraes et al. reported a scalable bottom-up technique where they grew wafer-scale monolayer
MoS2 using MOCVD from the patterned edges of CVD-grown graphene on SiO2 substrates that
resulted in seamless MoS2/graphene 1D Ohmic edge contacts (Figure 12b schematically compares 2D
metal/MoS2 top contacts with 1D graphene/MoS2 edge contacts) [261]. This approach combines the
advantages of having gate-tunable graphene contacts along with the edge contact geometry. Although
the extracted SBH was low (ΦSB ~24 meV at VBG = 10 V; 4 meV at VBG = 60 V), the average RC was
found to be 30 kΩ·μm which is much higher than the lowest RC values reported in literature for
monolayer MoS2 devices. This is because, although the graphene edge contacts provide better carrier
injection into the MoS2 layer, these carriers are injected through a significantly reduced contact area.
Regardless, MoS2 FETs with 1D graphene edge contacts outperformed FETs with 2D metal contacts,
and showed Ohmic behavior down to liquid helium temperatures (i.e., ~2 K) with the two-probe
μFE ranging between 10–30 cm2/V-s. Moreover, these promising device results with graphene edge
contacts were obtained while maintaining minimal electrode volume and contact area, a key advantage
afforded by 1D graphene edge contacts when it comes to device scaling (Figure 12c,d show the RC

comparison for different contact geometries used in this study, i.e., edge graphene, top graphene or
top metal, and the sheet conductance versus gate voltage for top-gated MoS2 FETs comparing 1D
graphene edge contacts to 2D metal top contacts, respectively) [261].

The benefits of forming side or edge contacts to multilayer MoS2 FETs were further highlighted
by Zheng et al. who compared FETs made on CVD-grown multilayer MoS2 with “gradually shrinking”
basal planes to FETs made on similarly thick exfoliated MoS2 having abrupt edges. The gradually
shrinking basal planes created “terraced” edges on the multilayer CVD MoS2 such that each layer
was exposed to facilitate a good edge contact formation with the electrode. In contrast, the exfoliated
multilayer MoS2 with abrupt edges could only be contacted from the top (Figure 12e schematically
illustrates the top-contacted exfoliated multilayer MoS2 with abrupt edges as well as the edge-contacted
CVD-grown multilayer MoS2 with terraced edges). As expected, the edge-contacted CVD MoS2 having
terraced edges (with contacts to each layer) outperformed the top-contacted MoS2 in terms of both
μFE and ON-currents for any given layer thickness (Figure 12f shows a statistical comparison of μFE

and ON-currents as a function of layer thickness between CVD-grown MoS2 with terraced edges
and exfoliated MoS2 with abrupt edges) [280]. The results clearly reveal the efficacy of forming edge
contacts to multilayer MoS2 devices. Moreover, it is instructive to note that, for both mono- and
multilayer MoS2 devices, the effective edge contact length can be increased by cutting zigzag or jagged
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edges in the MoS2 film that can help lower the RC even further via edge injection. Furthermore,
a combination of both top and edge contacts to multilayer MoS2 (keeping in mind the area constraints,
of course, since the contact length must be scaled together with device dimensional scaling) could also
be a promising approach to maximize the area for charge injection while eliminating the deleterious
effects of Rint. Finally, besides top and edge contacts, use of “bottom” contacts, with independent
electrostatic gating of the contact regions via a strongly coupled top gate (that can provide strong
electrostatic doping and band-bending in the MoS2 contact regions, leading to SBW narrowing and,
thus, reduction of the SBW tunneling resistance), could also be beneficial in minimizing RC as shown
by Movva et al. in the case of WSe2 PFETs with Pt back contacts [281].

Figure 12. (a) Top left panel: Schematics of some common TMDC/metal contact configurations: top
contacts, edge contacts and a combination of both top and edge contacts. Bottom left panel: Plots of
calculated electron localization function (ELF) for both top- (left plot) and edge-contacted (right plot)
MoS2 with Au metal electrodes. ELF closer to 1 (i.e., light-colored areas in the plot) indicates higher
probability of finding an electron. It can clearly be seen that edge-contacted MoS2 has overlapping
electron orbitals between the MoS2 and the Au metal atoms (as indicated by the dashed green contours
in the right plot). In contrast, the top-contacted MoS2 clearly shows a vdW gap between the MoS2 and
the metal atoms (as shown by the dark region in the left plot). Right schematic: Schematic illustration
of the metal/MoS2 atomic interaction in the edge-contacted MoS2 configuration. Adapted from [148].
(b) Schematic comparison of top-contacted MoS2 with a metal (2DM implies a 2D metal top contact)
and edge-contacted MoS2 with graphene (1DG implies a 1D graphene edge contact). (c) Comparison
of RC as a function of different contact configurations to MoS2 [i.e., 1DG, 2DM and 2D graphene top
contacts (2DG)]. Lowest RC is achieved with 1DG contacts to MoS2. Note that RC for the 2DG contact
with a ~1 μm overlap is comparable to 1DG contacts, but at the expense of a large overlap area. (d) Top
gate voltage (VTG) dependence of the two-terminal sheet conductance (σ�) measured from MoS2 devices
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with 1DG contacts (black curve) and with 2DM electrodes (red curve; contact dimensions 23 μm ×
22 μm × 55 nm). Top inset: Output I-V characteristics for the two devices at VTG = 3 V. Bottom insets:
Cross-sectional MoS2 device schematics with 2DM (bottom left schematic) and 1DG (bottom right

schematic) contacts. The TMDC channel, graphene contacts (g), source (S), drain (D), and top gate
electrodes (TG) with the HfO2 gate dielectric layer are shown. (b–d) Adapted with permission
from [261]. Copyright 2016 American Chemical Society. (e) Schematic illustrations of the contact
geometries used in multilayer exfoliated MoS2 flakes (top schematic) and CVD-grown MoS2 flakes
with gradually shrinking basal planes or “terraced” edges (bottom schematic). (f) Statistics of electron
mobility (left plot) and ON-currents (right plot) measured at VG = 40 V and VD = 1 V as a function of
number of MoS2 layers. The red columns represent data from CVD-grown MoS2 flakes having terraced
edges, whereas the blue columns from exfoliated MoS2 flakes. Devices made on side-contacted CVD
flakes with terraced edges clearly outperform the devices made on exfoliated flakes for all layer thicknesses,
highlighting the advantage of making electrical contacts to each individual layer in a multilayer MoS2

device. (e,f) Adapted with permission from [280]. Copyright 2017 John Wiley and Sons.

12. Hybridization and Phase Engineering

The concept of hybridization essentially implies enhancing the chemical interaction (through
covalent bonding or, in other words, stronger atomic orbital overlapping) between the contact metal
atoms and the MoS2 to form a more intimate contact interface [51,161]. Edge contacts to MoS2

(as described in the previous section) are an example of such hybridized contacts due to the enhanced
chemical interaction between the unsaturated bonds at the MoS2 edges and the contact metal atoms.
However, pure metal edge contacts to MoS2 with good electrical quality have been experimentally
difficult to realize (as of yet). Alternatively, hybridization can also be invoked in a top contact
geometry by carefully selecting the right contact metal for a given 2D TMDC material, and/or by
carefully optimizing the contact fabrication steps, leading to elimination of the vdW gap-induced
tunnel barriers [148,161,282,283]. For example, metals having a lower lattice mismatch with MoS2 can
potentially induce stronger hybridization by enabling a “closer physical proximity” between the metal
and MoS2 sulfur atoms that can maximize their orbital overlapping. Stronger hybridization can also
be invoked by metals having “d orbital electrons” as they can allow for a higher probability of orbital
interaction or “mixing” with the d orbitals of the MoS2 system since the MoS2 band edges are primarily
made up of Mo d orbitals (Figure 13a shows the basic concept of hybridization by schematically
illustrating the interfacial atomic arrangements in top-contacted MoS2 with Au and Mo contacts, with
the latter representing the hybridized case) [148,161]. With these views in mind, Kang et al. reported
the use of Mo as a high-performance n-type contact to mono- and few-layer MoS2 FETs and provided a
physical understanding of the underlying mechanism through intensive DFT calculations. Comparing
Mo contacts to Ti, the authors demonstrated Mo-contacted few-layer MoS2 FETs with smaller RC

(~2 kΩ·μm), higher ON-currents (271 μA/μm), and higher mobilities (~27 cm2/V-s), which were
much better than those obtained using Ti contacts. It was revealed that although Mo has a higher work
function (ΦM = 4.5 eV) than Ti (ΦM = 4.3 eV), it has a high degree of “atomic d orbital overlapping”
with the underlying MoS2 which results in an intimate top contact [284]. Their DFT calculations
revealed that S atoms in MoS2 are dragged by the Mo metal atoms to form Mo-S interface bonds
resulting in modification of the MoS2 band-structure, rendering it metallic underneath the Mo contacts
(Figure 13b shows the DFT-calculated band-structure and the partial-density-of-states “PDOS” plot
for the Mo-MoS2 system showing the presence of metallized states). Moreover, it was found that
electrons associated with the overlap states in the Mo-MoS2 system are not localized, implying that
the Mo contact does not degrade the conductivity of the underlying MoS2. Furthermore, a small SBH
of 0.1 eV was calculated for the Mo-MoS2 system which was much lower than that for the Ti-MoS2

system (ΦSB ~0.33 eV) despite Mo being a higher work function metal [284].
Recently, a new method of forming hybridized Mo contacts to MoS2, together with large-area

CVD integration, was demonstrated by Song et al. Compared to conventional CVD growth methods
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that provide MoS2 films (by sulfurization of deposited Mo layers, etc.) without any device processing,
the authors pre-deposited Au top contact metal (having defined areas) on Mo films deposited on
sapphire substrates to serve as the S/D electrodes following the CVD sulfurization process, thus, readily
creating top-contacted MoS2 structures for FET fabrication. In this novel strategy, the pre-deposited
Au effectively serves as a “mask” during the CVD sulfurization process, resulting in significantly
impeded sulfurization of the Mo directly underneath the Au metal. In contrast, the Mo in the exposed
channel region gets fully converted (or sulfurized) to MoS2. Therefore, this method results in seamless
and hybridized edge contacts between the channel MoS2 and the metallic Mo (i.e., unsulfurized Mo)
underneath the Au electrodes (Figure 13c schematically compares the MoS2 device fabrication process
flows for Au contact metal deposition both after and before sulfurization of the as-deposited Mo films
as represented by Method A and Method B, respectively; the qualitative band diagrams explaining the
two resultant metal/MoS2 contact interfaces are also shown highlighting the superiority of Method
B in making hybridized edge contacts to MoS2). Top-gated FET measurements revealed that this
fabrication strategy provides better contact performance than the traditional metal-on-CVD MoS2

approach [285]. Although the overall device performance was under-par (possibly due to poor quality
of the CVD MoS2), this strategy is promising as it combines the advantage of using Mo as a hybridized
contact to MoS2 together with the advantages of an edge contact geometry (see previous section for
a detailed discussion on edge contacts to MoS2). Another recent report by Abraham et al. showed
the benefits of using annealed Ag contacts on few-layer (5–14 layers) MoS2 FETs [286]. As described
in Section 5, Ag has been shown to be a good electrical contact to MoS2 owing to its high wettability
and thermal conductivity [193]. In this study, however, the authors further revealed that annealing
(250–300 ◦C) the as-deposited Ag contacts on few-layer MoS2 promotes diffusion of the Ag atoms into
the MoS2 lattice causing them to “locally dope” the MoS2 layers underneath the S/D contact electrodes.
The authors extracted an RC of 200–700 Ω·μm for few-layer MoS2 devices with annealed Ag contacts
that ranks among the best reported RC values for MoS2 devices. This method is particularly attractive
for few-layer MoS2 devices as the Ag dopant atoms can diffuse through and mitigate the deleterious
effects of the interlayer resistance “Rint” (as described in Section 10) by enhancing the interlayer
coupling [286]. Moreover, this work also highlights the importance of “post-contact annealing” which
is a common technique to improve the adhesion and electrical quality of metal-semiconductor contacts.

An extremely promising approach to mitigate the SB issue was demonstrated by Kappera et al.
where they utilized a novel “phase-engineering” technique to convert the MoS2 in the contact regions
from its semiconducting “2H” phase to an environmentally stable metallic “1T” phase [287]. This
method involves selective treatment of the semiconducting 2H phase of MoS2 by an organolithium
chemical, namely, n-butyl lithium, which converts the 2H phase into the metallic 1T phase resulting in
a seamless in-plane edge contact to MoS2 (Figure 13d shows the 3D schematic as well as the EFM and
TEM images of the 2H/1T MoS2 contact interface). The mechanism involves the intercalation of Li
ions in the MoS2 lattice that causes the phase transition, and stabilization of the resulting 1T phase
by electron donation from the organolithium compound during intercalation [287,288]. The authors
achieved a record low RC of 200 Ω·μm at zero gate bias (see Figure 13d for the resistance versus LCH

plot used to extract the RC via TLM method) using this technique which resulted in high-performance
MoS2 NFETs with excellent current saturation, high mobilities (~50 cm2/V-s), high drive currents
(~100 μA/μm), low SS (<100 mV/decade), and high ON/OFF ratios (>107). Moreover, it was shown
that the FET performance was highly reproducible and independent of the S/D contact metal, implying
that the carrier injection in the MoS2 channel was controlled by the 1T/2H interface. The low RC

was attributed to the atomically sharp interface between the two MoS2 phases, and to the fact that
the work function of the metallic 1T phase matches well with the CBE energy of the semiconducting
2H phase, thereby, resulting in a negligible SBH at the 1T/2H interface. A detailed investigation of
the atomic mechanism of this semiconducting-to-metallic phase transition in MoS2 (due to intralayer
atomic plane gliding which involves a transversal displacement of one of the S atom planes) has been
performed by Lin et al. [288]. Moreover, this phase engineering strategy has also been successfully
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demonstrated in FETs made on CVD-grown MoS2 [289]. Although this 1T/2H contact technique is
extremely promising, the stability and performance of the metallic 1T phase under high-performance
device operation is yet to be determined.

 

Figure 13. (a) Schematic representation of top-contacted MoS2 with Au (left schematic) and Mo (right

schematic) electrodes showing different atomic views. A vdW gap “d” exists at the Au/MoS2 interface,
but is absent at the Mo/MoS2 interface due to strong hybridization between Mo atoms and MoS2.
Adapted from [148]. (b) Left: DFT-calculated band-structure of the Mo/MoS2 system. For reference,
the original band-structure of MoS2 without the Mo contact (shown in red) is superimposed on the
Mo/MoS2 band-structure (shown in grey) such that the old and new sub-bands align. The Schottky
barrier (ΦSB) is marked in blue and is calculated to be 0.1 eV for the Mo/MoS2 system. Right:
The corresponding partial-density-of-states (PDOS) plot showing the metallized overlap states in
the Mo/MoS2 system. Adapted from [284], with the permission of AIP Publishing. (c) Schematic
illustration of the two different fabrication process flows for making electrical contacts to CVD MoS2.
Method A represents the conventional process where the Au electrode is deposited after the complete
sulfurization of the Mo film into MoS2. Method B represents the process where the Au electrodes
are pre-deposited on Mo films before the sulfurization step which yields readymade hybridized
edge contacts after sulfurization. The resultant top-gated MoS2 FETs from Method B show better
electrical performance than those fabricated using Method A. Corresponding qualitative band diagrams
explaining the carrier injection mechanisms are presented below and clearly show the advantages of
Method B over Method A in realizing CVD MoS2 FETs with superior electrical contacts (i.e., hybridized
Mo edge contacts with no vdW gap). Adapted with permission from [285]. Copyright 2017 IOP
Publishing. (d) Phase-engineered metallic contacts to MoS2. Top left: Schematic illustration of the
seamless “in-plane” contact between metallic and semiconducting phases of a TMDC material. Adapted
with permission from [110]. Copyright Springer Nature 2015. Top right: High-resolution TEM image
of the phase boundary (indicated by the white arrows) between the 1T and 2H phases in a monolayer
MoS2 nanosheet (scale bar = 5 nm). Bottom right: Electrostatic force microscopy (EFM) phase image
of a monolayer MoS2 nanosheet showing the contrast between the 2H and locally patterned 1T MoS2

phases. Bottom left: Plot of total resistance versus LCH for RC determination of 1T/MoS2 contacts using
the TLM method at zero applied gate bias. Extracted RC value of ~200 Ω·μm is among the lowest RC

values reported on MoS2. Top inset shows the percentage decrease in RC with positive gate bias. Bottom
inset shows the schematic of a back-gated MoS2 FET with phase-engineered 1T contacts. (Top right,
bottom left and bottom right) Adapted with permission from [287]. Copyright Springer Nature 2014.
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13. Engineering Structural Defects, Interface Traps and Surface States

In addition to all the intrinsic phonon scattering mechanisms that inevitably set an upper
bound on the MoS2 charge carrier mobility [113–117], the performance/mobility of MoS2 FETs is
often dominated by several extrinsic carrier scattering factors, such as structural defects, interface
traps and surface states, leading to carrier localization and lower experimental mobilities than the
predicted phonon-limited values [171–179,290,291]. Moreover, the scattering problem becomes worse
for monolayer or ultra-thin MoS2 devices (due to lack of efficient screening) since charge carriers in
it are more susceptible to getting scattered by impurities present at the MoS2/dielectric interface(s)
as well as those residing within the MoS2 lattice (see discussion in Section 10 that talks about the
effects of MoS2 layer thickness on device performance). One of the main structural defects in MoS2

are the sulfur vacancies (SVs) that can act as charged impurities (CIs), charge trapping as well as
short-range scattering centers by introducing localized gap states [292–294]. Moreover, as described
in Section 3.1, SVs are also responsible for the strong contact FLP effect that leads to uncontrolled
and large SBH for carrier injection [142,143,147,295]. Therefore, passivating these SVs is important
to enhance the MoS2 device performance. Yu et al. reported a facile, low-temperature thiol (-SH)
chemistry to repair these SVs and improve the monolayer MoS2/dielectric interface, resulting in
significant reduction of charged impurities and interfacial traps [296]. They treated both sides of the
monolayer MoS2 using the chemical (3-mercaptopropyl) trimethoxysilane, abbreviated as “MPS”,
under mild annealing. In this approach, not only the S atoms from the MPS molecules passivate the
chemically reactive SVs, but the trimethoxysilane groups in MPS react with the SiO2 substrate to form
a self-assembled-monolayer (SAM) that can effectively passivate the MoS2/SiO2 interface as well
(Figure 14a,b illustrate the chemical structure of the MPS molecule, and the SV passivation process in
MoS2 by the MPS sulfur atom, respectively). After MPS treatment, back-gated monolayer MoS2 NFETs
showed a much higher RT mobility (~81 cm2/V-s, which is among the highest reported μFE values for
monolayer MoS2) than the untreated samples. Using TEM analysis, the density of SVs was found to be
reduced from ~6.5 × 1013 cm−2 in as-exfoliated samples to ~1.6 × 1013 cm−2 in MPS-treated samples.
Moreover, using theoretical modeling, the authors were able to extract the densities of CIs and interface
trap states (Dit) that showed lower values in MPS-treated samples than the as-exfoliated ones (CIs
reduced from 0.7 × 1012 to 0.24 × 1012 cm−2, and Dit reduced from 8.1 × 1012 to 5.22 × 1012 cm−2,
after MPS treatment), highlighting the importance of passivating the SV defects in MoS2 to minimize
carrier scattering and to improve the MoS2 device performance (Figure 14c compares the monolayer
MoS2 FET conductivity before and after MPS chemical treatment at RT) [296].

Another promising approach to passivate the SVs in monolayer MoS2 was reported by
Amani et al. using an air-stable, solution-based chemical treatment by an organic superacid, namely,
bis(trifluoromethane) sulfonamide or TFSI, resulting in a near-unity photoluminescence (PL) yield
and minority carrier lifetime enhancement, showing great promise for MoS2-based optoelectronic
devices [297]. The potential of SAMs, with the right “end-terminations”, in passivating the substrate
interface and reducing Dit was highlighted by Najmaei et al. where they studied back-gated MoS2

FETs on SAM-modified SiO2 substrates having different functional groups or end-terminations, such
as amine (-NH2), methyl (-CH3), fluoro (-CF3), and thiol (-SH), and compared their performances
with FETs fabricated on pristine and hydroxylated (i.e., -OH functionalized) SiO2 substrates. From
the back-gated transfer curves, it was revealed that the hysteresis (caused due to charge trapping and
detrapping by the Dit) was significantly reduced in FETs made on -SH, -NH2, and -CF3-terminated
substrates, implying that their Dit was much lower as compared to FETs made on -CH3, -SiO2,
and -OH terminated substrates (Figure 14d shows the ball-and-stick models of different SAMs used
in the experiment as well as the conductance versus back gate voltage for the MoS2 FET made on
-SH-terminated SiO2 substrate) [298]. It was also shown by Giannazzo et al. that Dit at the MoS2/oxide
interface can be reduced by carrying out a “temperature-bias” annealing process on MoS2 FETs.
The authors demonstrated an improvement in the subthreshold behavior and a significant decrease in
the electrical hysteresis upon subjecting their as-fabricated back-gated MoS2 FETs to a 200 ◦C anneal
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under a positive gate bias ramp (0 to +20 V), directly correlated to a decrease in the Dit (note that Dit

worsens the SS of FETs in addition to causing hysteresis) from ~9 × 1011 to ~2 × 1011 eV−1 cm−2 after
annealing (Figure 14e shows the semilog transfer characteristics of a back-gated MoS2 FET before
and after temperature-bias annealing) [299]. Forming gas annealing could be another effective way to
passivate Dit and enhance the MoS2 device performance (due to lowering of the SS and increase in the
μFE) as shown by both Bolshakov et al. [300,301] and Young et al. [302].

Figure 14. (a) Chemical structure of an MPS molecule showing the thiol (-SH) end-termination.
(b) Schematic illustration of the MoS2 SV passivation mechanism by the sulfur atom (yellow balls)
derived from the -SH group of the MPS molecule. The SV in the MoS2 layer is marked by the
black-dashed contour. (c) Comparison of conductivity versus back gate voltage VG for FETs made on
as-exfoliated (black curve), top side-treated (blue curve) and double side-treated (red curve) monolayer
MoS2 by MPS at RT. It is evident that the double-side treated FET shows the highest conductivity
due to SV passivation on both the top and bottom surfaces of the monolayer MoS2. (a–c) Adapted
with permission from [296]. Copyright Springer Nature 2014. (d) Left schematic: The ball-and-stick
models for SAMs with different functional groups used in the substrate surface functionalization
along with their orientations relative to overlying MoS2 monolayers. Right: Conductance versus back
gate voltage for the monolayer MoS2 FET on SiO2 treated with the -SH terminated SAM showing
highly reduced hysteresis. Adapted with permission from [298]. Copyright 2014 American Chemical
Society. (e) RT transfer characteristics of an MoS2 FET showing a significant reduction in the hysteresis
after bias-temperature annealing (red curves) at 200 ◦C due to passivation of interface traps (Dit).
Adapted with permission from [299]. Copyright 2016 John Wiley and Sons. (f) Output characteristics
of Pd-contacted back-gated MoS2 NFETs with (left) and without (center) (NH4)2S chemical sulfur
treatment (ST) clearly showing Schottky behavior with poor current saturation and Ohmic behavior
with excellent current saturation, respectively. The ST enables reliable Ohmic contacts with reduced
variability in the n-type SBH even with high work function metal contacts such as Pd. Right schematic:
Qualitative band diagrams of the Pd/MoS2 contact interface before (black lines) and after (red lines)
ST, illustrating the SBH reduction in the sulfur-treated MoS2 case. Adapted with permission from [303].
Copyright 2016 IEEE.

52



Crystals 2018, 8, 316

Bhattacharjee et al. on the other hand, developed a novel sulfur treatment (ST) method for
engineering the surface states on MoS2 via ammonium sulfide [(NH4)2S] chemical treatment to
systematically improve the contact performance and reliability of few-layer MoS2 NFETs with stable
high work function metals such as Ni and Pd [303]. The sulfur-treated devices showed consistent
Ohmic behavior with good current saturation, reduced SBHs and RC as opposed to untreated reference
samples that showed variable contact behavior (ranging from Schottky to Ohmic) with poor current
saturation. It is to be noted that controlling the contact variability of FETs is important for improving
their overall yield. However, in contrast to SV passivation and reduction of surface/interface states,
the main underlying mechanism responsible for the reliable Ohmic behavior in these sulfur-treated
devices was attributed to the removal (either by etching or sulfurization) of spatially non-uniform
molybdenum suboxide (MoOx) species (that can form due to surface oxidation, particularly at the SV
sites) from the MoS2 surface due to their reaction with the (NH4)2S chemical [303]. It was suggested
that the removal of these suboxide species led to strongly and reliably pinned n-type contacts, with
the pinning entirely governed by the surface states, even for high work function metals (i.e., Ni
and Pd) with their n-type SBH comparable to that obtained using low work function metals such
as Ti (Figure 14f compares the output characteristics of Pd-contacted MoS2 FETs with and without
ST, and shows the band diagram of the Pd/MoS2 contact interface before and after ST explaining
the SBH reduction). Using this sulfur treatment technique, and in conjunction with an optimized
e-beam-evaporated HfO2 dielectric, the authors also demonstrated top-gated MoS2 FETs with a high
μFE of 62 cm2/V-s and a low average SS of 72 mV/decade. The relatively low SS was attributed to a
pristine HfO2/MoS2 interface having a low Dit [304].

Besides sulfur treatments, oxygen/ozone treatment has also been explored to repair the structural
defects/SVs in MoS2. Nan et al. used a mild oxygen (O2) plasma treatment to improve the mobility
of MoS2 devices by an order of magnitude. This was attributed to the passivation of localized states
originating from the SVs (that serve as carrier scattering centers) by the incorporation of oxygen ions
that chemically bond with the MoS2 at these SV sites. However, the plasma power and exposure time
must be carefully controlled as excessive treatment may damage the MoS2 lattice (either by physical
damage or by excessive MoO3 formation due to oxidation) and deteriorate the material quality [305].
Another novel report of mobility enhancement in multilayer MoS2 NFETs was by Guo et al. where
they used the synergistic effects of ultraviolet (UV) exposure and ozone (O3) plasma treatment.
The authors showed an abnormal enhancement, up to an order of magnitude, in the FET mobility
(from 2.76 cm2/V-s to 27.63 cm2/V-s) and attributed this to the passivation of interface traps/scattering
centers as well as to an n-doping effect arising due to the photo-generated excess carriers during the
UV/ozone plasma treatment. In this approach, negatively charged oxygen ions get incorporated in
the MoS2 lattice at the SV sites (similar to the mechanism reported by Nan et al. [305]) during the O3

plasma treatment which are simultaneously neutralized by the excess photo-generated holes due to the
UV exposure. This results in an aggregate of electrons in the MoS2 lattice effectively causing n-doping
and downward band-bending in the MoS2 near the contact regions, thereby, narrowing the SBW
and reducing the n-type RC. Moreover, the Dit reduced from 1.53 × 1013 cm−2 to 5.59 × 1012 cm−2

after the UV-O3 treatment signifying the passivation of interface traps/scattering centers (due to O
incorporation and increased free carriers) that can further enhance the carrier mobility (Figure 15a
illustrates this UV-O3 passivation/doping process of MoS2 FETs and explains the mechanism via band
diagrams) [306]. Again, the reader should note that, while controlled O2/O3 treatment can passivate
the structural defects and interface traps in MoS2 devices, excessive O2/O3 exposure can be harmful
for the device performance. This was further revealed by Leonhardtl et al. who studied the effect
of oxidants (by air and water exposure) both in the channel and contact regions of MOCVD-grown
MoS2 FETs, and concluded that ambient exposure and MoS2 layer oxidation must be minimized in
order to improve the RC and μFE [307]. Finally, while chemical passivation of structural defects and
traps are beneficial for improving the MoS2 device performance, introduction of controlled physical
damage in the contact regions via argon (Ar) plasma treatment has also been shown to be beneficial for
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improving the RC at the metal/MoS2 interface (possibly due to the creation of unsaturated/reactive
MoS2 edge sites that can bond better with the contact metal atoms and/or due to the etching/removal
of any superficial oxide layers) [308,309].

 

Figure 15. (a) Top schematic: Illustration of the photo-generated excess electron-hole pairs and
neutralization of the incorporated oxygen ions in the MoS2 lattice by the excess holes under the
synergistic effects of UV illumination and ozone (O3) plasma treatment. Middle and bottom

schematics: Energy band diagrams illustrating the effects of UV-O3 treatment on MoS2. UV photons
with energy greater than the MoS2 band-gap generate excess electrons and holes, with the latter
neutralizing the incorporated negatively charged oxygen ions in the MoS2 lattice (middle schematic).
Bottom schematic shows the band diagram along the MoS2 FET channel showing the SBH formed
at the S/D contact electrodes. After the neutralization of negatively charged O ions by the excess
photo-generated holes, the leftover excess electrons cause an effective n-doping of the MoS2 channel
causing stronger downward band-bending in the MoS2 near the contact interface, thereby narrowing
the SBW (see CBE profile after UV-O3 treatment, shown in red) and enabling more efficient electron
injection. Adapted from [306], Copyright 2017, with permission from Elsevier. (b) Atomic resolution
annular dark field (ADF) images of various intrinsic point defects present in CVD-grown monolayer
MoS2. The nomenclature of these defects (VS, VS2, S2Mo, etc.) stems from the exact nature of their
crystalline structure. (c) High resolution STEM-ADF image showing a grain boundary (GB) defect
in synthetic monolayer MoS2 comprising various dislocation centers. (d) Schematic representation
of the DFT-calculated band diagram of MoS2 showing the defect levels introduced in its band-gap
due to various intrinsic point defects shown in (b). These defect levels or mid-gap states can act as
charge trapping as well as charge scattering centers leading to carrier mobility degradation in synthetic
MoS2 FETs. (b–d) Adapted with permission from [312]. Copyright 2013 American Chemical Society.
(e) Scanning tunneling microscopy (STM) image showing the presence of “intra-domain” periodic
defects, arranged as concentric triangles, within an individual CVD MoS2 domain. Adapted from [314],
with the permission of AIP Publishing.
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It is also instructive to note that in addition to the commonly observed structural defects in
2D MoS2 films derived from either naturally occurring or synthetically grown (via chemical vapor
transport, CVT, etc.) bulk MoS2 crystals, there also exists a set of intrinsic structural defects uniquely
associated with synthetically grown large-area 2D MoS2 nanosheets. From a commercial viewpoint, it is
imperative to realize wafer-scale growth of uniform 2D MoS2 films (either on rigid or flexible substrates)
with tunable, application-specific thicknesses for any MoS2-based technology to become scalable and
practically viable [107]. Hence, various synthetic routes, such as CVD [104,106], ALD [310], and vdW
epitaxy [105] among others, utilizing a diverse set of precursor materials and growth conditions, have
been explored to grow wafer-scale MoS2 films [311]. However, these synthesized MoS2 films typically
have a polycrystalline nature (i.e., they are formed by the coalescence of several MoS2 domains) and
typically contain a rich variety of unique point defects (e.g., antisite defects, vacancy complexes of Mo
with three nearby sulfurs or disulfur pairs, etc.) and a diverse set of inter-domain dislocation cores and
grain boundaries (GBs) that can introduce localized mid-gap states which, in turn, can scatter and/or
trap the charge carriers (Figure 15b–d show the atomic resolution images of some common intrinsic
point defects, a high resolution STEM image of a GB defect showing dislocation centers, and the
DFT-calculated electronic band-structure showing the mid-gap defect levels introduced by various
intrinsic point defects in synthetically grown MoS2 films, respectively). These defects can have dire
consequences on the electrical performance of devices derived from synthesized MoS2 films [312,313].
Moreover, synthetic growth techniques can also result in MoS2 surface contamination and substrate
property modification (giving rise to charged impurities and/or interface traps) and can also cause
growth-induced strain in the MoS2 films [313]. Furthermore, in addition to the various “inter-domain”
dislocations and GBs, another distinctive type of narrowly spaced (~50 nm apart) “intra-domain” GBs
or periodic defects, arranged in the form of concentric triangles, have also been reported in CVD-grown
MoS2 films by Roy et al. (Figure 15e shows an STM image revealing these intra-domain periodic
defects in CVD MoS2 films) [314]. While several of the defect-passivation techniques described earlier
in this section can also be applied to these synthetic MoS2 films, it is highly necessary to optimize
the synthetic growth process itself to achieve defect-free, single-crystalline and pure MoS2 films over
commercial wafer-scale substrates that will enable the integration of large-scale 2D MoS2-based devices
and circuits.

14. Role of Dielectrics in Doping and Mobility Engineering

The role of dielectrics is of paramount importance in the development and integration of
high-performance MoS2 devices. Dielectrics can play a critical role in doping the MoS2, thereby,
enhancing its carrier mobility, and in passivating/protecting the device channel against ambient
exposure. Traditionally, MoS2 devices/FETs have been largely demonstrated on SiO2 substrates in
a back-gated configuration. However, a wide range of dielectrics (such as technologically relevant
high-κ dielectrics and 2D hBN) have been explored as substrates and superstrates to enable both top-
and dual-gated MoS2 devices, and to engineer various critical device parameters [169,315,316]. Quite
obviously, tremendous progress has been made in understanding the underlying growth mechanisms,
deposition methods and fabrication techniques (including various pre- and post-deposition
processes/treatments such as MoS2 surface pre-functionalization) to integrate several dielectrics on
MoS2 (typically via the ALD method). Special attention has been given to ensure that these dielectrics
maintain a high degree of uniformity/conformity on the MoS2 surface, and that they display good
electrical quality (i.e., minimal “pinhole” defects, low current leakage, high stability, low density of
traps at the dielectric/MoS2 interface, etc.) as well as nanometer scalability (to reduce their effective
oxide thickness “EOT” for enhanced gate control over the MoS2 channel). The interested reader is
directed to various literature reports for further reading on these topics [317–333]. The focus of the
following discussion is on the influence of dielectric engineering on important device parameters, such
as doping, carrier mobility, ON-currents and contact resistance, and how dielectric engineering can be
used to help enhance the performance of MoS2-based devices.
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14.1. Dielectrics as Dopants

The role of dielectrics as n-type charge transfer dopants on MoS2 is discussed above in Section 7.1.
Sub-stoichiometric high-κ oxides (such as HfOx, AlOx or TiOx) dope the MoS2 owing to their
interfacial-oxygen-vacancies and this interesting property can be utilized to selectively and controllably
dope the MoS2 regions by merely varying the high-κ oxide stoichiometry (Figure 16a shows the
back-gated transfer characteristics of a monolayer MoS2 FET before and after sub-stoichiometric
ALD HfOx deposition, demonstrating significant n-doping effect in the latter case). This “high-κ
doping effect” has been utilized to achieve very low contact resistances in monolayer MoS2 devices,
and has also been suggested as the primary mechanism responsible for the enhancement of both
field-effect (μFE) and intrinsic mobilities (i.e., two-point and four-point mobilities, respectively) in
high-κ-encapsulated MoS2 devices [212–216]. There are also other reports where dielectric engineering
has been utilized to dope the MoS2. For example, Li et al. demonstrated a technique to dope MoS2 by
functionalization of the underlying SiO2 dielectric surface using self-assembled monolayers (SAMs)
having functional groups with different dipole moments. In this technique, the MoS2 can either be
hole- or electron-doped depending on the polarity and strength of the electrostatic interaction between
the MoS2 and the SAM-modified SiO2 substrate. The authors reported a Fermi level modulation
in monolayer MoS2 of more than 0.45–0.47 eV using this approach [334]. A similar dipole-induced
doping effect was also observed by Najmaei et al. in their study of MoS2 FETs on SAM-modified SiO2

substrates. They concluded that with the right choice of the end-termination/functional group of the
SAM (e.g., -SH terminated), one can get complementary benefits in the MoS2 device performance by
simultaneously passivating the interface traps Dit (leading to reduced hysteresis in the device I-V)
and enhancing the channel carrier density. For example, in the case of SAM having -SH terminations,
the negative dipoles of the -SH groups help push the electrons from the MoS2/SiO2 interface into
the MoS2 channel, thereby, causing an n-doping effect (Figure 16b shows the comparison of both
sheet conductance versus back gate voltage and the extracted mobility μFE for back-gated MoS2

FETs fabricated on SAM-modified SiO2 substrates having different end-terminations or functional
groups) [298]. For reference, a detailed review of SAM-induced electrical property tuning of MoS2 has
been done by Lee et al. [335].

Recently, a novel and extremely promising n-doping technique for MoS2 based on dipole
interaction was reported by Park et al. using phosphorous silicate glass (PSG) as the back gate
dielectric. They achieved wide-range controllable n-doping on trilayer and bulk MoS2 using the
PSG insulating layer, with the sheet doping density ranging between 3.6 × 1010 and 8.3 × 1012 cm−2.
This was achieved through careful design of the PSG substrate with special emphasis on the weight
percentage of P atoms in the PSG layer which determined the starting concentration of the polar P2O5

molecules responsible for the doping. Moreover, a “three-step” thermal and optical activation process
was employed to improve the PSG/MoS2 interface properties (reduction of the PSG surface roughness
enabled a more intimate contact with the MoS2) as well as to control the final concentration of the
polar P2O5 molecules at the PSG/MoS2 interface which ultimately determined the doping levels in
MoS2 via electrostatic dipole interactions (Figure 16c,d show a schematic illustration of this three-step
controllable doping process of MoS2 by the PSG substrate, and show the transfer characteristics of
back-gated MoS2 FETs on PSG substrates highlighting the wide-range doping tunability achieved
via a combination of thermal and optical activation as well as via tuning of the weight percentage
of P atoms in the PSG substrate, respectively) [336]. More specifically, in this method, the negative
poles of the polar P2O5 molecules (made up of electronegative O atoms) are aligned towards the PSG
surface and they attract and “hold” the positively-charged holes from the overlying MoS2 layer at the
interface region, thereby, n-doping the MoS2 body. This doping effect was found to be independent
of the MoS2 thickness and was limited only to the extent of dipole interaction at the PSG/MoS2

interface. The PSG substrate doping method is very promising from a technological viewpoint, since
achieving a wide-range doping capability, spanning the non-degenerate and degenerate regimes,
is critical for designing MoS2-based electronic and optoelectronic devices with useful and tailored
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properties [336,337]. It was also shown by Joo et al. that hBN, a popular 2D layered insulator (more
on the usage and advantages of hBN is discussed later in Section 14.3), can also have an electron
doping and SB minimization effect when used as a substrate for monolayer MoS2 devices. The authors
found that, unlike the conventional SiO2 substrates, hBN can induce an “excess” electron doping
concentration of ~6.5 × 1011 cm−2 at RT (~5 × 1013 cm−2 at high temperature), thereby, n-doping
the MoS2 resulting in lowering of the effective SB and RC (due to reduction of the SBW thanks to the
doping-induced stronger band-bending at the contact/MoS2 interface). Moreover, a 4× enhancement
in the μFE as well as an early emergence of metal-insulator-transition (MIT) was observed in MoS2 FETs
fabricated on hBN substrates (Figure 16e shows the calculated excess electron doping concentration as
a function of temperature for SiO2 and hBN substrates, and compares the schematic band diagrams of
the Schottky barrier at the metal/MoS2 interface as well as the extracted SBH as a function of back
gate voltage for MoS2 FETs fabricated on both SiO2 and hBN substrates). Furthermore, in addition
to the substrate doping effect, it was suggested that the inserted hBN in-between the MoS2 and SiO2

can lead to a pronounced “dipole alignment effect” between the positive fixed charges of SiO2 and
the negative image charges in the contact metal, resulting in a reduced effective work function of the
contact metal and, consequently, a lower effective ΦSB [338].

 

Figure 16. (a) Transfer characteristics (at RT) of a back-gated monolayer MoS2 NFET before (blue curve)
and after (red curve) sub-stoichiometric HfOx deposition (x ~1.56) showing strong n-doping. Adapted
with permission from [213]. Copyright 2015 IEEE. (b) Left: Comparison of sheet conductance versus
back gate voltage for MoS2 FETs on SiO2 substrates modified with SAMs having different functional
groups/end-terminations (as shown in the legend). It can be seen that different functional groups
cause different levels of n-doping in the MoS2 depending upon the magnitude and polarity of their
dipole moments. Right: Average mobility for MoS2 FETs on different SAM-modified SiO2 substrates.
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The mobility increases continuously from the -OH-modified to the -SH-modified substrates and
this effect can be attributed to a higher dipole-induced n-doping of the MoS2 as well as to an
enhanced passivation of the interface traps (thus, reduced carrier scattering) as we move from -OH
to -SH-modified SiO2 substrates. Adapted with permission from [298]. Copyright 2014 American
Chemical Society. (c) Schematic illustration of the wide-range and controllable “three-step” doping
process of MoS2 by PSG substrates. The doping effect in MoS2 takes place at the MoS2/PSG interface
via electrostatic interactions with the dipoles of the polar P2O5 molecules present at the PSG surface.
The doping strength can be controlled via the weight percentage of P in the PSG (which determines
starting concentration of the polar P2O5 molecules) as well as by performing additional “thermal”
and “optical” activation steps (which modifies the interfacial electrostatic interaction between the
polar P2O5 molecules and the MoS2). (d) Left: Transfer characteristics of back-gated MoS2 NFETs on
PSG substrates showing the wide-range n-doping tunability (i.e., from non-degenerate to degenerate)
achieved using a combination of thermal annealing (dashed-pink and dotted-blue curves) and optical
exposure (red curve) steps. Right: Transfer characteristics showing the n-doping tunability by altering
the weight percentage of P atoms in the PSG substrate. (c,d) Adapted with permission from [336].
Copyright 2015 American Chemical Society. (e) Excess electron doping of MoS2 by hBN substrates. Left:
Analytically calculated excess electron doping concentration (ND_Eff) as a function of temperature for
MoS2 on hBN (blue circles) and SiO2 (red circles) substrates showing enhanced n-doping effect at higher
temperatures (>165 K) in the former case. Middle schematic: Band diagrams of the contact/MoS2

interface showing the effect of excess electron doping by hBN substrates as compared to SiO2. As
is evident, electron doping by hBN leads to a narrower SBW and, hence, a reduced effective SBH.
Right: Extracted SBH (ΦSB) as a function of back gate bias for MoS2 FETs on SiO2 and hBN substrates.
The SBH extracted on hBN substrates is ~3× smaller than that on SiO2 thanks to the n-doping effect
of hBN (n = 1,2 denotes the ideality factor used in the thermionic emission current equation for SBH
extraction). Adapted with permission from [338]. Copyright 2016 American Chemical Society.

14.2. Mobility Engineering with Dielectrics: Role of High-κ

Dielectric engineering has been widely utilized to “boost” the mobility of charge carriers
in MoS2-based devices. The reader should note that the dielectric-induced doping of the MoS2

(as described in the previous section, due to sub-stoichiometric high-κ oxide doping, dipole
interaction effects, etc.) can, by itself, help enhance both the peak Hall (μHall) and the peak
field-effect (μFE) mobility in ultra-thin MoS2 devices within a given gate and drain biasing range.
This is because it is well known that doping-induced increased carrier densities in the device
channel can provide better “screening” against various external carrier scattering sources and can
also help reduce the SBW tunneling distance (due to enhanced MoS2 band-bending) for efficient
charge injection [173,212,213,339]. However, even without considering their propensity for doping
the MoS2 via sub-stoichiometric surface charge transfer or their capability to provide enhanced
electrostatically-induced carrier densities in the device channel (due to the much higher gate
capacitances they offer), high-κ dielectrics can also help mitigate the deleterious Coulombic interaction
between charge carriers in low-dimensional (i.e., 2D and 1D) semiconductors and their surrounding
charged impurities (CIs) [340]. For 2D MoS2 devices, these CIs typically reside at the MoS2/dielectric
interface and can originate from various kinds of incorporated residues and adsorbates (gaseous or
chemical) during device processing (note that the widely used SiO2 substrate for MoS2 devices is highly
prone to the adsorption of these CIs due to its highly reactive/hydrophilic surface). Moreover, these CIs
can also originate from the intrinsic structural defects such as SVs (as highlighted in Section 13) and/or
trapped ionic species in the MoS2 host lattice. Whatever their source, CIs serve as major scattering
centers by giving rise to localized electric fields that can interact strongly with, and perturb the motion
of, the MoS2 charge carriers. Furthermore, the scattering effect of CIs is much more pronounced at low
temperatures (<100 K) and can significantly degrade the low temperature mobilities in MoS2 devices.
The high-κ dielectrics, thanks to their large ionic polarizability, can effectively cancel out or “screen”
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the local electric fields generated by these CIs, thereby, minimizing the scattering effect of CIs on the
charge carriers. Note that higher “κ” values increased polarizability of the high-κ dielectric, leading
to improved dielectric screening of CIs (Figure 17a illustrates the effect of a “high-κ” environment
in minimizing the spread of the Coulombic potential or the localized electric field generated by the
charged impurities) [178,290,341,342].

Employing high-κ dielectrics to offset the effect of CIs, Li et al. demonstrated the use of an
HfO2/Al2O3 high-κ dielectric stack to fabricate dual-gated MoS2 NFETs on SiO2 substrates and showed
that the high-κ stack enhanced the RT electron mobility (from 55 to 81 cm2/V-s) as well as enabled high
drain currents at low-T (~660 μA/μm at 4.3 K), while effectively eliminating the self-heating-induced
negative differential resistance (NDR) effect owing to its higher thermal conductivity as compared
to SiO2. Moreover, by doing pulsed I-V and low frequency 1/f noise measurements, the authors
confirmed a higher interface quality at the Al2O3/MoS2 top interface than the MoS2/SiO2 bottom
interface with a ~2× reduction in the oxide trap density in the former (Figure 17b compares the
temperature-dependent transconductance “gm” and the oxide trap density “Not” between MoS2 FETs
with the HfO2/Al2O3 high-κ stack and bare MoS2 FETs on SiO2) [343]. Xu et al. introduced a novel
dielectric “stack” substrate, comprising Si/SiO2/ITO (indium tin oxide)/Al2O3, that combined the
benefits of dielectric screening and high gate capacitance offered by the high-κ Al2O3 together with
enhanced gate controllability, thanks to the conductive ITO films that served as the gate electrode.
They demonstrated back-gated MoS2 NFETs with high mobilities (~62 cm2/V-s), record low SS
(62 mV/decade), and ON/OFF ratios >107. Moreover, using these enhanced device characteristics,
the authors demonstrated MoS2 photodetectors with the best reported photoresponsivity [344].
Similarly, Yu et al. reported monolayer MoS2 back-gated FETs on HfO2 and Al2O3 substrates showing
RT mobilities of 148 and 113 cm2/V-s, representing an 85% and a 41% improvement over FETs on
SiO2 substrates, respectively. The authors, through experimental and rigorous theoretical modeling,
demonstrated the efficacy of high-κ dielectrics over SiO2, and of higher-κ HfO2 (κ ~17) over Al2O3

(κ ~10), in providing improved screening against CI scattering (Top plot of Figure 17c compares the
temperature-dependent mobility of MoS2 FETs on SiO2, Al2O3 and HfO2 substrates, at a fixed sheet
carrier density, showing a good match between experimental data and the theoretical model employed
by the authors). Moreover, the authors theoretically calculated the dependence of the CI-limited
mobility (i.e., after subtracting the contribution of phonon scattering) on the MoS2 sheet carrier density
(n2D) for MoS2 FETs on SiO2, Al2O3 and HfO2 substrates and found that while the mobility increased
with increasing n2D for all dielectric substrates, the mobility values were highest in the case of HfO2,
followed by Al2O3, and lowest for SiO2 (Bottom plot of Figure 17c shows the calculated CI-limited as a
function of n2D). A similar dependence was observed by the authors in their experimental data, further
validating their theoretical model [345]. These results make sense as increased sheet carrier densities in
the MoS2 channel would provide additional screening against the CI scattering centers, in addition to
the high-κ screening effect of the various dielectrics (with HfO2 being more effective than Al2O3 due
to its higher κ value). Likewise, Ganapathi et al. reported back-gated multilayer MoS2 NFETs on HfO2

substrates with record drain current (180 μA/μm) and transconductance (75 μS/μm) for an LCH of
1 μm and achieved a 2.5× higher μFE as compared to the FET on SiO2 substrate (Figure 17d shows the
transfer characteristics comparing the drain current and mobility for multilayer MoS2 FETs on both
HfO2 and SiO2 substrates) [346].

Besides commonly used ALD-deposited high-κ dielectrics on MoS2 such as HfO2 and Al2O3,
researchers have also resorted to integrating several other high-κ dielectrics in MoS2 devices using
novel approaches showing interesting device results. Chamlagain et al. presented a new strategy
to integrate tantalum pentoxide (Ta2O5) high-κ dielectric (κ ~15.5) into MoS2 FETs via chemical
transformation and mechanical assembly of reactive 2D tantalum disulfide (TaS2) layers. At elevated
temperatures, mono- and multilayer TaS2 transforms into atomically flat, spatially uniform and
nearly defect-free Ta2O5 via thermal oxidation. This approach enabled the integration of high-quality
Ta2O5 dielectric in both back- and top-gated MoS2 FETs that displayed low SS values and nearly
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hysteresis-free transfer characteristics, suggestive of an ultra-clean and high-quality MoS2/Ta2O5

interface with minimal interface traps (extracted Dit value was relatively low ~1.2 × 1012 cm−2 eV−1)
(Figure 17e shows the transfer characteristics of a back-gated MoS2 FET on Ta2O5 dielectric displaying
negligible hysteresis and an SS of 64 mV/decade). This authors also reported high-performance
top-gated MoS2 FETs with high RT mobilities (>60 cm2/V-s), near ideal SS (~61 mV/decade) and
pronounced drain current saturation using Ta2O5. This approach opens a novel way to integrate
high-quality high-κ dielectrics on MoS2 via chemical transformation of their reactive 2D material
precursors, thereby, circumventing the complexities involved in the ALD deposition of high-κ
dielectrics. Moreover, this approach is compatible with large-area synthesis techniques such as CVD
and can also be readily extended to common high-κ oxides such as HfO2 (by chemical transformation
of reactive 2D hafnium diselenide (HfSe2)) [347]. Zirconium oxide (ZrO2) represents another potential
high-κ dielectric candidate as was demonstrated by Kwon et al. where they used sol-gel processed
ZrO2 (κ ~22) as the back gate dielectric in MoS2 FETs (together with conductive ITO as the back gate
electrode) and showed enhancement in the MoS2/ZrO2 interface quality as well as a 2.5× improvement
in the μFE of MoS2 FETs on ZrO2 versus those on SiO2 [348].

 

Figure 17. (a) The calculated Coulomb potential contours due to a charged impurity (CI) located inside
MoS2 for three different surrounding dielectric environments: κ = 1 (left), κ = 7.6 (same as MoS2, center)
and κ = 100 (right). The spread of the localized electric potential/field of the CI gets strongly damped
in higher-κ environments, minimizing its scattering effect on the MoS2 charge carriers. Adapted
from [290]. (b) Left: Comparison of the temperature-dependent transconductance (gm) between a
back-gated MoS2 FET on SiO2 (black curve) and a top-gated MoS2 FET using a dual high-κ dielectric
stack (red curve). The gm is much higher in the latter case employing high-κ dielectrics. Right: Oxide
trap density versus depth from the channel, derived from the low-frequency 1/f noise measurements,
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clearly showing lower trap densities in the dual high-κ dielectric stack as compared to SiO2. Adapted
with permission from [343]. Copyright 2017 American Chemical Society. (c) Top: Mobility versus
temperature (at a fixed carrier density) for MoS2 FETs on HfO2, Al2O3 and SiO2 substrates. While FETs
with both high-κ dielectrics show mobility enhancement over SiO2, highest mobilities are achieved in
the case of HfO2 due to the enhanced CI screening effect of higher-κ HfO2 (κ ~17) than Al2O3 (κ ~10).
Bottom: Log-log plot showing the calculated RT CI-limited mobility versus sheet carrier density (at a
fixed CI density) for monolayer MoS2 FETs on the three different dielectrics. Highest mobilities are
achieved in the case of HfO2 which outperforms Al2O3 which, in turn, outperforms SiO2. Adapted
with permission from [345]. Copyright 2015 John Wiley and Sons. (d) Mobility (blue curve) and drain
current (black curve) as a function of gate bias for back-gated MoS2 FETs on HfO2 substrate. Inset
shows the data for a similar FET on SiO2. Much higher peak mobility and drain current values are
achieved in the MoS2 FET on HfO2 than that on SiO2. Adapted with permission from [346]. Copyright
2016 IEEE. (e) Transfer characteristics of a back-gated MoS2 FET on high-κ Ta2O5 substrate (derived
from thermal oxidation of reactive 2D TaS2) showing negligible hysteresis and a low SS ~64 mV/decade,
thereby, confirming a high-quality interface between MoS2 and Ta2O5 with minimal traps. Adapted
with permission from [347]. Copyright 2017 IOP Publishing. (f) 3D schematic of a few-layer MoS2

MESFET with Schottky-contacted NiOx top gate. (g) Comparison of transfer characteristics between a
four-layer MoS2 “MES” FET with NiOx top gate (left plot, black curves) and a four-layer MoS2 “MIS”
FET with Al2O3 top gate (right plot, red curves). The MESFET displays much better SS and reduced
hysteresis than the MISFET, confirming the superior NiOx/MoS2 interface quality that minimizes
carrier scattering leading to a much higher peak mobility in the MESFET (inset of each plot shows
mobility versus gate voltage). (f,g) Adapted with permission from [349]. Copyright 2015 American
Chemical Society.

While integration of these insulating high-κ dielectrics in top-gated MoS2 FETs represents the
conventional metal-insulator-semiconductor (MIS) FET configuration, Lee et al. demonstrated for
the first time a metal-semiconductor (MES) FET on MoS2 using semi-transparent and conductive
NiOx dielectric as the Schottky-contacted gate electrode which makes a vdW interface with the
MoS2 (Figure 17f illustrates the 3D schematic of the MoS2 MESFET with Schottky-contacted NiOx

top gate). In this rather unconventional approach towards designing MoS2 FETs, the authors
demonstrated few-layer (~10 layers) MoS2 MESFETs with NiOx gate to have high intrinsic-like
electron mobilities ranging between 500–1200 cm2/V-s. The NiOx/MoS2 MESFETs had low threshold
voltages, minimal gate bias-induced hysteresis and displayed a sharp SS, showing a significant
improvement over comparable MoS2 MISFETs made using ALD Al2O3 top gate dielectric (Figure 17g
compares the transfer characteristics of the MESFET and the MISFET device, showing a much improved
hysteresis and SS behavior in the case of the MESFET). Using the high intrinsic electron mobilities,
the authors demonstrated their MESFETs to work as a high-speed and highly sensitive phototransistor.
The improved MESFET mobilities was mainly attributed to the unique and pristine nature of the
vdW MoS2/NiOx Schottky interface having a large vdW gap of 3.31 Å as revealed by DFT (even
larger than the gaps of 1.6 Å and 2.6 Å at MoS2 interfaces with common metals such as Ti and Au,
respectively) together with negligible interface and bulk traps [349]. Moreover, the channel sheet carrier
density in the MESFET was found to be 2–3 orders of magnitude lower than that in the gate-controlled
MISFET devices. Hence, the low n2D as well as interface traps in the MESFET structure allowed for
scattering-minimized transport without the deleterious effects of the ON-state gate electric field on
the carrier mobility as is the case in MISFET devices. However, although the NiOx/MoS2 MESFETs
showed much improved electron mobilities, their maximum ON-currents were much lower (~60×)
than the Al2O3/MoS2 MISFETs owing to the low n2D in the MESFET channel [349].

14.3. Limitations of High-κ Dielectrics and Advantages of Nitride Dielectric Environments

While high-κ dielectrics can be promising for enhancing the carrier mobility in MoS2-based
devices (via dielectric screening of CIs, improved interface quality over SiO2, reduced oxide trapped
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charges, etc.), an extremely important point to note is that this performance enhancement at RT is
only nominal and still far below the true intrinsic potential of MoS2. Recall that the RT electron
mobility (which is the most relevant mobility number for practical device applications) of monolayer
MoS2 is predicted to be as high as ~480 cm2/V-s [113] (as described earlier in Section 2). Moreover,
the mobility enhancement due to high-κ screening is possible only when the MoS2 carrier mobility is
strongly limited by charged impurities (i.e., the CI density is high, typically >1012 cm−2, which limits
the MoS2 carrier mobility to values well below 100 cm2/V-s due to Coulombic scattering). In other
words, in the absence or dearth of CIs, high-κ dielectrics would no longer be useful for improving
the device performance of clean MoS2 samples any further. This is because high-κ dielectrics are
a major source of surface optical (SO) phonons or remote optical phonons, which can serve as a
major extrinsic carrier scattering source. These SO-phonon modes originate from the oscillations
of the polarized metal-oxide bonds (note that these are the same polarized bonds that provide the
screening against CIs) in the high-κ dielectric and typically have low activation energies such that
these SO-phonon modes can easily be activated at RT. Moreover, in contrast to 3D semiconductors with
thicker channels, the ultra-thin 2D channel of TMDCs such as MoS2 (especially in the monolayer case)
is highly susceptible to its surrounding dielectric environment. These SO-phonon modes can, therefore,
easily couple to the MoS2 channel and scatter the charge carriers [171,290,345,350]. Hence, at the
MoS2/high-κ dielectric interface, there is always a competition between the detrimental SO-phonon
scattering effect and the advantageous CI screening effect on the carrier mobility, and SO-phonon
scattering ultimately becomes the dominant mobility-limiting factor for 2D MoS2 devices in the limit
of decreasing charged impurities. That is to say, while the RT mobility in devices made on ultra-clean
MoS2 will naturally be much higher than devices made on “impure” MoS2 (i.e., MoS2 having a large
density of CIs), encapsulating the ultra-clean MoS2 devices in a high-κ dielectric environment would
not lead to a further enhancement in their mobility. Instead, the high-κ dielectric would degrade the
mobility of ultra-clean MoS2 devices due to SO-phonon scattering (though the SO-phonon-limited
mobilities in ultra-clean MoS2 devices would still typically be relatively much higher than the highest
mobilities achievable in highly impure MoS2 devices even after high-κ dielectric screening). At this
point, it is instructive to note that phonon scattering, in general, is the primary mobility-limiting
mechanism in semiconductor devices at higher temperatures (>100 K), wherein the mobility follows a
power law dependence on temperature, μ ∝ T−γ (the exponent “γ” can be regarded as the “mobility
degradation factor” and its value depends on the dominating phonon scattering mechanism, due to
either intrinsic or extrinsic SO-phonons or their combination) [113].

This mobility degradation effect due to high-κ SO-phonon scattering also holds true for charge
carriers in graphene as shown by Konar et al. [351] as well as for charge carriers in the inversion layer
of conventional Si MOSFETs as shown by Fischetti et al. [352]. The magnitude of SO-phonon scattering
in MoS2 is directly (inversely) proportional to the κ-value (SO-phonon energy) of the surrounding
dielectric media. Now, for SiO2 and other commonly used high-κ dielectrics, their SO-phonon energies
are as follows (listed in ascending order in units of meV): HfO2(12.4) < ZrO2(16.67) < Al2O3(48.18) <
SiO2(55.6) [351,353]. In general, the magnitude of the SO-phonon energy of a dielectric is inversely
related to its dielectric constant or κ-value. Thus, from this trend, it can clearly be inferred that at
RT (i.e., when the thermal energy kT/q ~26 meV), the SO-phonon modes of HfO2 and ZrO2 can
readily be activated/excited in comparison to the SO-phonon modes of Al2O3 and SiO2. Consequently,
HfO2 would cause the worst SO-phonon scattering of the MoS2 charge carriers, and SiO2 the least,
among the dielectrics considered (Figure 18a shows the calculated electron mobility in monolayer
MoS2 as a function of the κ-value for different dielectric environments at RT and 100 K, both with
and without considering the effects of SO-phonon scattering). Detailed theoretical investigations of
temperature-dependent charge transport in MoS2 in the presence of both CI and SO-phonon scattering
by Ma et al. and Yu et al. shed further insight into the dependence of carrier mobility on these
extrinsic scattering sources, while providing effective guidelines for selecting the most favorable
dielectric environment to extract the maximum mobility from MoS2 under varying extrinsic conditions
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(i.e., mobility as close to the truly intrinsic phonon-limited values for MoS2) [290,345]. For example,
calculation of RT field-effect mobility for monolayer MoS2 devices on different dielectric substrates as
a function of CI density by Yu et al. revealed a “critical” CI density of ~0.3 × 1012 cm−2 above which
the mobility was strongly limited by the CIs (this corresponds to the “impure” regime in which high-κ
dielectrics can be beneficial for enhancing the mobility by effectively screening the scattering effect of
these CIs) and below which the mobility was limited by phonons (this corresponds to the “ultra-clean”
regime where high-κ dielectrics are no longer useful due to the detrimental effect of their SO-phonons)
(Figure 18b shows the calculated RT mobility of monolayer MoS2 as a function of CI density “nCI”
for MoS2 on various dielectric substrates, illustrating the phonon-limited and CI-limited transport
regimes) [345]. Qualitatively similar results, showing a crossover between the two transport regimes
in the plot of mobility versus CI density, were also obtained by Ma et al. [290].

Considering the above discussions, it becomes clear that to achieve the maximum MoS2 device
performance, ultra-clean samples (i.e., those having CI densities well below 1012 cm−2) and low-κ
dielectrics (as opposed to high-κ HfO2, ZrO2, Al2O3, etc.) having higher SO-phonon activation
energies (to minimize SO-phonon scattering) must be integrated together. To achieve ultra-clean
samples, the structural and electronic quality of synthetically grown large-area MoS2 as well as the
device processing/fabrication steps must be carefully optimized to minimize the CI density. Regarding
choice of dielectrics, nitride-based wide-band-gap dielectrics such as 2D hexagonal boron nitride (hBN)
and aluminum nitride (AlN), both having Eg ~6 eV [354], hold the most promise since they are both
medium-κ dielectrics (κ ~5 for hBN and ~9 for AlN) and have much higher SO-phonon energies (hBN:
~93 meV, AlN: ~81 meV) compared to the other high-κ dielectrics discussed above. Therefore, both hBN
and AlN can offer an optimized combination of high gate capacitances (required for better electrostatic
control over the device channel) and high carrier mobilities (required for achieving high ON-state
currents) that are essential for realizing high-performance FETs based on MoS2 [290]. Moreover, 2D
hBN, in particular, has been demonstrated to be an ideal dielectric for 2D materials as opposed to
conventional oxides owing to its highly crystalline structure (hBN has a similar hexagonal lattice as
graphene and MoS2), atomically smooth surface, mechanical flexibility, lack of dangling bonds and
charge traps, and ability to form pristine 2D/2D interfaces [118,355,356].

Indeed, there have been several reports demonstrating MoS2 FETs with hBN dielectrics. Cui et al.
reported a vdW heterostructure device platform wherein the MoS2 layers were fully encapsulated
within hBN to minimize external scattering due to charged impurities and remote SO-phonons, while
gate-tunable graphene was used as the contacts to MoS2. Using this approach, the authors extracted a
low-temperature mobility of 1020 cm2/V-s for monolayer MoS2 and 34,000 cm2/V-s for 6-layer MoS2

at 4 K, with the values being up to two orders of magnitude higher than what was reported previously
(Figure 18c shows the temperature-dependent Hall electron mobility for fully hBN-encapsulated MoS2

devices having different number of MoS2 layers). Theoretical fit to the experimental data revealed
the interfacial long-range CI density of ~6 × 109 cm−2 that was about two orders of magnitude
lower than the CI density typically obtained for graphene devices on SiO2 [259]. This confirmed
the superior interfacial quality in the sandwiched hBN/MoS2/hBN structure having minimal CIs.
Moreover, owing to the substantially high low-T mobilities, the authors demonstrated the first-ever
observation of Shubnikov–de Hass (SdH) oscillations (i.e., quantum oscillations due to Landau-level
quantization of the cyclotron motion of charge carriers, observed in high purity 2D systems [357])
in their hBN-encapsulated monolayer MoS2 device. However, even with such clean samples and
hBN dielectrics, the maximum RT MoS2 electron mobility was only 120 cm2/V-s and the exponent γ
(extracted from μ ~T−γ) ranged 1.9–2.5, suggesting the existence of phonon scattering sources [259].
A similar fully hBN-encapsulated and graphene-contacted MoS2 device platform was utilized by
Lee et al. where they found via Raman and photoluminescence measurements that the double-sided
hBN encapsulation imparts extremely high stability to the MoS2 device, even at high temperatures
(200 ◦C), with negligible degradation even after four months of ambient exposure [260]. The RT μFE of
an hBN-encapsulated 3-layer MoS2 FET was extracted to be 69 cm2/V-s, much higher than the values
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obtained from un-encapsulated (7 cm2/V-s) and HfO2-encapsulated (18 cm2/V-s) MoS2 FETs on SiO2

substrates with regular metal contacts. Moreover, negligible hysteresis and absence of “memory steps”
were observed in the I-V transfer characteristics of the hBN-encapsulated MoS2 devices as compared to
un-encapsulated and HfO2-encapsulated MoS2 devices, thanks to the ultra-clean MoS2/hBN interface
with reduced density of charge traps (Figure 18d compares the hysteresis as well as environmental
stability of hBN-encapsulated MoS2 devices against un-encapsulated or HfO2-encapsulated ones
via comparison of their transfer characteristics, and also compares the high-temperature stability of
various device parameters such as μ and Vth in these devices). Furthermore, the hBN-encapsulated
devices showed no degradation or breakdown even at a high drain current density of ~6 × 107 A/cm2

affirming their stability over HfO2-encapsulated devices having a lower breakdown current density of
4.9 × 107 A/cm2 [260]. Recently, Xu et al. reported sandwiched hBN/MoS2/hBN devices where the
metal contacts were deposited after selective etching of the top hBN layer using O2 plasma to expose
the underlying MoS2 in the contact regions. The low-T Ohmic contacts achieved via this process
(RC ~0.5 kΩ·μm), together with the high interface quality afforded by the hBN, resulted in a high
low-T μFE of 14,000 cm2/V-s and Hall mobility (μHall) of 9,900 cm2/V-s at 2 K. The extracted RT device
mobilities in this study, however, were only ~50 cm2/V-s [358]. It is interesting to observe that in most
of the experimental studies on hBN-encapsulated MoS2 devices, while record-high low-T electron
mobilities well in excess of 1000 cm2/V-s have been achieved, the technologically relevant RT mobility
still lags behind the best reported values for MoS2 FETs fabricated using other dielectrics (e.g., an RT
μFE of ~150 cm2/V-s was reported for monolayer MoS2 FET on HfO2 substrate by Yu et al. [345]). This
could be due to a multitude of factors such as differences in the material or electronic quality of the
starting MoS2 (i.e., structural defects, densities of CIs, traps, etc. in synthesized versus exfoliated MoS2)
used in these isolated experiments, the innate material quality of the hBN itself (with perhaps lower
than expected SO-phonon energies etc.), and other differences such as quality of the S/D electrical
contacts and processing-induced impurities/defects.

Nonetheless, together with the “excess electron doping” and the “dipole alignment effect” induced
by hBN [338] as described earlier in Section 14.1, these theoretical and experimental results clearly
highlight the advantages of using pristine 2D hBN as an ideal dielectric for MoS2-based electronics
over commonly used SiO2 and other high-κ dielectrics, as hBN can afford much lower densities of
interface traps and charged impurities, lower surface roughness scattering as well as much better
immunity against SO-phonon scattering. Moreover, the innate atomically thin nature of 2D hBN can
allow for ultimate gate dielectric scaling that can lead to a much enhanced electrostatic control over 2D
MoS2 device channels. Furthermore, combined with semi-metallic and gate-tunable graphene, hBN
can help enable high-quality “all-2D” MoS2-based devices and circuits for large-scale flexible nano-
and optoelectronics, as shown by Roy et al. [359]. In addition to hBN, experimental evidence of the
benefits of using aluminum nitride (AlN) as an alternative nitride-based dielectric for MoS2 devices
was also recently reported by Bhattacharjee et al. They compared the performance of identical MoS2

FETs fabricated on SiO2, Al2O3, HfO2 and AlN substrates, with the MoS2-on-AlN FETs outperforming
its counterparts. The MoS2-on-AlN FET displayed a μFE of 46.3 cm2/V-s and a saturation drain current
density of 160 μA/μm (for an LCH of 1 μm), which compare favorably against the highest reported
values for MoS2 FETs. Temperature-dependent μFE calculations revealed the mobility degradation
factor (γ) to be lowest for the FET on AlN (γ = 0.88) as compared to all other dielectrics (γ = 1.21,
1.32, and 1.80 for SiO2, Al2O3, and HfO2, respectively). Since phonon scattering is the dominant
scattering mechanism at high temperatures and μ ∝ T−γ (as described earlier in this section), it is
no surprise that AlN affords the lowest phonon scattering owing to its relatively high SO-phonon
activation energy of ~81 meV (Figure 18e compares the output characteristics as well as the extracted
μFE and γ values as a function of the SO-phonon energy for MoS2 FETs fabricated on the four different
dielectrics used in this study, with FETs on AlN showing the best performance). Moreover, the authors
also demonstrated MoS2 FETs encapsulated in an all-nitride dielectric environment comprising
hBN/MoS2/AlN structures from which an RT μFE as high as ~73 cm2/V-s was extracted, displaying
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an improvement over the bare MoS2-on-AlN FETs) [360]. Furthermore, the deposition of AlN can be
done using CMOS-compatible processes (e.g., MOCVD in this case) making AlN an attractive substrate
for large-scale integration of devices and circuits based on 2D MoS2. Finally, besides hBN and AlN,
another CMOS-compatible nitride-based dielectric, namely, silicon nitride (Si3N4), having a band-gap
of 5.1 eV, dielectric constant of 6.6 and a high SO-phonon energy value (~110 meV) [361], has also been
demonstrated as a suitable dielectric for MoS2 FETs [362].

Figure 18. (a) Calculated electron mobility of monolayer MoS2 at RT (300 K) and 100 K as a function
of dielectric constant of its surrounding media (calculated at a fixed n2D and CI density). The solid
black and red curves represent the net mobility after combining the scattering effects from charged
impurities, intrinsic phonons and SO-phonons. Dashed blue lines represent the calculated mobility
without considering the effect of SO-phonon scattering. Numbers 1 to 8, as marked on the curves,
represent different pairs of dielectrics. As is evident, the MoS2 mobility is drastically reduced in the
presence of SO-phonon scattering for higher-κ environments, with the effect being more pronounced
at RT. Adapted from [290]. (b) Calculated RT MoS2 mobility as a function of CI density (nCI) for
MoS2 on SiO2 (black curve), Al2O3 (green curve) and HfO2 (red curve) substrates. Star symbols
represent experimental data from the study. From the plot, two transport regimes are clearly evident on
either side of the critical nCI ~0.3 × 1012 cm−2. When nCI is high, the MoS2 mobility is CI-limited and
the high-κ dielectric screening of CIs can be useful in enhancing the mobility in this regime (shaded
pink region). However, when nCI is low, high-κ dielectrics can no longer enhance the mobility any further.
In this regime, the mobility is phonon-limited (shaded blue region) and lower-κ dielectrics with higher
SO-phonon energies are advantageous. Adapted with permission from [345]. Copyright 2015 John Wiley
and Sons. (c) Temperature-dependent Hall electron mobilities extracted from fully hBN-encapsulated
MoS2 devices with different number of MoS2 layers. The low-T mobility reaches ~1000 cm2/V-s for
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monolayer and ~34,000 cm2/V-s for 6-layer MoS2, thanks to the high-quality hBN dielectric
environment with minimal traps and charged impurities. Inset shows the extracted γ value for
the various devices. Adapted with permission from [259]. Copyright Springer Nature 2015. (d) Left:
Back-gated transfer characteristics of an hBN-encapsulated 3-layer MoS2 device showing negligible
hysteresis as compared to un-encapsulated and HfO2-encapsulated MoS2 FETs (shown in the
inset), indicating the ultra-clean interfaces afforded by hBN. Middle: Transfer characteristics of the
hBN-encapsulated MoS2 device showing no current degradation even after four months. In contrast,
an un-encapsulated MoS2 device shows significant current degradation (as shown in the inset) after
two months. Right: Comparison of μ/μ0 (where μ0 is mobility at RT) and Vth between HfO2- and
hBN-encapsulated MoS2 devices as a function of increasing temperatures. The hBN-encapsulated
device shows a much enhanced stability, whereas the HfO2-encapsulated device shows large variability
in its Vth and μ/μ0 values at higher T. Adapted with permission from [260]. Copyright 2015 American
Chemical Society. (e) Left: Normalized output characteristics of MoS2 FETs on SiO2 (green curve),
Al2O3 (blue curve), HfO2 (red curve) and AlN (black curve) substrates showing the highest saturation
drain current in the case of AlN. Middle: Extracted average RT μFE for MoS2 FETs on four different
dielectric substrates as a function of their SO-phonon energies. The highest μFE is achieved for FETs
on AlN substrates which has the lowest scattering effect due to its relatively high SO-phonon energy
(~81 meV). Right: Extracted mobility degradation factor “γ” as a function of the dielectric SO-phonon
energy for MoS2 FETs on different dielectrics. As expected, γ is highest for HfO2 (which has the lowest
SO-phonon energy ~12 meV) and lowest for AlN (which has the highest SO-phonon energy). Adapted
with permission from [360]. Copyright 2016 John Wiley and Sons.

15. Substitutional Doping of 2D MoS2

There have also been several reports of “substitutional doping” of MoS2 wherein both the
Mo cation and the S anion atoms have been substituted by appropriate “donor” or “acceptor”
dopant atoms to yield either n-type or p-type MoS2, respectively. In conventional CMOS technology,
substitutional doping using ion implantation is the method of choice for controllably doping selected
areas of the semiconductor wafer (either Si, Ge or III-Vs) to fabricate complementary FETs and
realize complex circuits with desired performances. The ion implantation technique is also used
to selectively and degenerately dope the S/D regions of the FET to realize Ohmic n- and p-type
contacts for NMOS (i.e., n+-p-n+) and PMOS (i.e., p+-n-p+) device configurations, respectively,
as well as to realize various bipolar devices, such as LEDs and photodetectors, for optoelectronic
applications [207,363–375]. The ion implantation process is known to induce surface damage and
amorphization in the as-implanted semiconductor crystals which requires further annealing to
“activate” the implanted dopants and to minimize residual damage [170,376–381]. However, owing
to the atomically-thin nature of 2D MoS2 (recall that an MoS2 monolayer is only ~0.65 nm thick),
it is extremely challenging to employ the conventional ion implantation technique to dope MoS2

(or 2D materials in general) as the process can induce irreparable surface damage and etching of the
MoS2 layers. As described earlier in this review, the traditional approaches for n- and p-doping
of MoS2 have employed techniques such as surface charge transfer doping (via adsorption or
encapsulation of electron-donating or electron-accepting species), gate electrostatic doping using
highly capacitive dielectrics or liquid/solid electrolytes, and doping via electrostatic dipole interactions
at the MoS2/dielectric interface. However, practical and stable doping requires “substitution” of a
given fraction of the host lattice atoms by the dopant atoms wherein the latter covalently bonds with
other atoms in the host lattice. While little progress has been made in the controlled and area-selective
“top-down” substitutional doping of MoS2 (as described in Section 15.4), most substitutional doping
efforts on MoS2 have relied on the incorporation of dopant atoms during the “bottom-up” or in-situ
synthetic growth process (e.g., CVD) which may provide controlled, but inevitably unselective, doping
of the entire MoS2 film [169,382,383].
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The reader should note that although the focus of this discussion is on the incorporation of
“electron-rich” or “hole-rich” dopant atoms that lead to a pronounced n- or p-type doping effect
in MoS2, one can also achieve covalent substitution of the host MoS2 atoms by “isoelectronic” or,
in other words, MoS2-like atomic species to yield different MoS2-based alloys [384–387]. Indeed, there
are several reports where the isoelectronic substitution process, using both transition metal atoms
(e.g., W) or chalcogen atoms (e.g., Se), has been carried out on MoS2 resulting in alloyed ternary
TMDC species of the form Mo1−xWxS2 or MoS2(1−x)Se2x, that essentially represent a fusion between
MoS2 and WS2 or MoS2 and MoSe2, respectively [388–394]. While isoelectronic doping/alloying
provides no extra electrons or holes, it represents an important avenue for tuning the band-gap,
band-structure, band-edge positions and the carrier effective mass in these MoS2-based alloys
via composition tuning [395–398]. For example, Chen et al. demonstrated tunable band-gap
emission in monolayer Mo1−xWxS2 ranging from 1.82 eV (at x = 0.20) to 1.99 eV (at x = 1) [394].
Similarly, Mann et al. demonstrated band-gap tuning in the range of 1.88 eV (i.e., pure MoS2) to
1.55 eV (i.e., pure MoSe2) in composition-tuned MoS2(1−x)Se2x monolayers (Figure 19a shows the
evolution of the photoluminescence spectra in composition-tuned MoS2(1−x)Se2x monolayers) [390].
Recently, a quaternary alloy of MoxW1−xS2ySe2(1−y) was also reported with tunable band-gaps
ranging from 1.61 eV to 1.85 eV [399]. Analogous to the case of composition-dependent band-gap
tuning in conventional III–V semiconductor alloys [400–403], the band-structure and band-gap
engineering of composition-tuned monolayer MoS2-based alloys is extremely promising for enabling
2D optoelectronic applications with tailored properties. Moreover, composition-engineering can be
combined with techniques such as “pressure-engineering” to enable a wide variety of band-alignments
in these 2D alloys, as shown in the case of Mo1-xWxS2 monolayers by Kim et al. [404].

Figure 19. (a) Normalized PL spectra at RT for monolayer MoS2(1−x)Se2x alloy films with different
compositions showing the band-gap tunability from 1.88 eV (pure MoS2) to 1.55 eV (pure MoSe2). Adapted
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with permission from [390]. Copyright 2013 John Wiley and Sons. (b) Left schematic: 3D cross-sectional
illustration of Nb-doped few-layer MoS2 wherein the Nb dopant atoms replace the Mo host atoms in
the MoS2 lattice. Right: XPS spectra of the Mo 3d core level peaks as a function of electron binding
energy as measured from the Nb-doped (red) and undoped MoS2 (light blue). A clear shift in the Mo
3d peaks towards lower binding energies is observed after Nb doping confirming the lowering of the
MoS2 Fermi level due to p-type doping. (c) Transfer characteristics of undoped and Nb-doped MoS2

films. The undoped film shows typical n-type behavior, whereas the Nb-doped film shows degenerate
p-type behavior. (b,c) Adapted with permission from [406]. Copyright 2014 American Chemical Society.
(d) Left: DFT-calculated electronic band-structure of Re-doped MoS2 showing the presence of Re donor
bands/levels close to the CBE of MoS2 confirming the n-type substitutional doping. Right: XPS spectra
of the Mo 3d core level peaks as a function of electron binding energy measured from the Re-doped
(red) and undoped MoS2 (blue). In this case, the Mo 3d peaks shift towards higher binding energies
after Re doping (opposite to the case of Nb-doped p-type MoS2) confirming the upshift of the MoS2

Fermi level due to n-type doping. (e) Comparison of output characteristics acquired at 10 K between a
Re-doped MoS2 FET (left plot) and an undoped MoS2 FET (right plot). The metal-contacted Re-doped
MoS2 device clearly exhibits linear I-V behavior even at 10 K confirming Ohmic contacts, whereas
the metal-contacted undoped MoS2 device exhibits a non-linear and noisy I-V behavior indicative of
Schottky contacts. The results clearly confirm the n-doping-induced SBW reduction in metal-contacted
Re-doped MoS2 films leading to lower RC and enhanced carrier injection even at 10 K. (d,e) Adapted
with permission from [410]. Copyright 2016 John Wiley and Sons. (f) Back-gated transfer characteristics
for pure MoS2 (blue curve), Cr-doped MoS2 (red curve) and Mn-doped (green curve) MoS2 FETs
showing the relative doping effects of Cr and Mn atoms. While Cr shows an n-type doping effect, Mn
shows a p-type doping effect. Adapted with permission from [418]. Copyright 2017 IOP Publishing.

15.1. Hole Doping by Cation Substitution

The first report demonstrating the in-situ CVD substitutional doping of MoS2 was by Laskar et al.
where they p-doped MoS2 using niobium (Nb) atoms. In this approach, the Nb atoms replace the
Mo cations in the MoS2 host lattice and act as efficient electron acceptors because they have one
less valence electron than the Mo atoms (note that Nb lies to the left of Mo in the periodic table).
The authors showed that the crystalline nature of MoS2 is preserved after Nb doping and reported
reasonable RT mobilities (8.5 cm2/V-s) at high hole doping densities (3.1 × 1020 cm−3), and a low RC

(0.6 Ω·mm) for p-type conduction (since the high hole doping concentration would help reduce the
SBW for hole injection, favoring hole tunneling at the contacts) [405]. A similar in-situ Nb doping
approach was reported by Suh et al. where they obtained a degenerate hole density of 3 × 1019 cm−3

in their MoS2 thin films and confirmed the p-doping via XPS, TEM and electrical measurements among
others (Figure 19b,c show the 3D schematic of a Nb-doped MoS2 lattice along with the XPS spectra
depicting the shift of the Mo 3d core level peaks associated with p-type doping, and the electrical
transfer characteristics of an MoS2 FET before/after Nb doping, respectively). Moreover, the authors
demonstrated gate-tunable current rectification in MoS2 p-n homojunctions by combining their p-type
MoS2 films with undoped intrinsically n-type MoS2 films [406]. A detailed study on Nb-doped p-type
MoS2 FETs was reported by Das et al. where they studied the effects of high doping concentration
(~3 × 1019 cm−3) and flake thickness on the MoS2 PFET performance, revealing important insights
on the doping constraints of 2D MoS2. They found that under heavy doping, even ultra-thin 2D
semiconductors cannot be fully depleted and may behave as a 3D semiconductor when used in a FET
configuration [407].

Mirabelli et al. studied the back-gated FET behavior of Nb-substituted highly p-doped 10 nm thick
MoS2 flakes and highlighted the importance of high Nb doping levels in improving the metal/MoS2

contact resistance [408]. The hole concentration after doping was extracted to be 4.3 × 1019 cm−3

from Hall-effect measurements. Although the FET ON/OFF ratio was compromised due to the
uniform high hole doping throughout the MoS2 contact and channel regions (the extracted MoS2
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depletion region thickness was only 4.7 nm, much less than the 10 nm flake thickness, resulting
in high OFF-state currents), the authors extracted the specific contact resistivity (ρC) for holes to
be 1.05 × 10−7 Ω·cm2 from TLM measurements which was even lower than the ρC for electrons
as reported by English et al. (5 × 10−7 Ω·cm2 using UHV metal deposition [164]) and Kang et al.
(2.2 × 10−7 Ω·cm2 using hybridized Mo contacts [284]), confirming that heavy doping of MoS2 can be
an effective way to drive down the ρC (due to SBW thinning in the contact regions). The authors further
stated that such high doping levels can also be promising for realizing MoS2-based “junctionless”
FETs, the device architecture of which can help achieve both low leakage and higher immunity against
short-channel effects [408]. Besides Nb, zinc (Zn) was also demonstrated to be a p-type dopant in
MoS2 by Xu et al. The authors reported the growth of mm-scale monolayer and bilayer Zn-doped
MoS2 films through a one-step CVD process wherein the Zn concentration was determined to be 1–2%
via XPS analysis. Zn was found to suppress the n-type conductivity in MoS2 FETs, and its stability
and p-type accepter nature was confirmed by DFT calculations (a 2% Zn doping level was found to
introduce acceptor states right above the MoS2 VBE). Moreover, the authors showed a p-type transfer
behavior in Zn-doped MoS2 FETs upon annealing in a sulfur environment, highlighting the importance
of sulfur vacancy elimination (recall that native SVs result in unintentional background n-doping of
the MoS2, as described in Section 3.1) in addition to transition-metal doping for achieving large-area
p-type CVD-MoS2 films [409].

15.2. Electron Doping by Cation Substitution

In contrast to the in-situ p-doping of MoS2 by Mo cation substitution, Gao et al. reported the
in-situ n-doping of monolayer MoS2 by substitution of Mo with rhenium (Re) atoms. Note that Re has
seven valence electrons as compared to six valence electrons in Mo and, hence, donates an extra electron
to the MoS2 lattice when substituted at the Mo atom site. The authors confirmed the n-doping via XPS
and PL measurements as well as DFT calculations (Figure 19d shows the DFT-calculated band-structure
of Re-doped MoS2 depicting the presence of Re donor bands near the MoS2 CBE and the XPS spectra
depicting the shift of the Mo 3d core level peaks associated with n-type doping). Unlike the heavy or
degenerate doping reported in studies of Nb-doped MoS2, the authors could achieve non-degenerate
behavior in their Re-doped MoS2 films as demonstrated by the clear gate modulation observed in the
output characteristics of back-gated Re-doped MoS2 FETs. Moreover, in stark contrast to the undoped
MoS2 NFETs that displayed a strong non-linear Schottky-type I-V behavior at temperatures <100 K
(since, at low-T, the charge carriers have insufficient thermal energy to overcome the SBH present at
the contact/MoS2 interface), the Re-doped MoS2 NFETs displayed linear output characteristics even at
temperatures as low as 10 K implying Ohmic nature of the S/D contacts (due to the doping-induced
reduction of the SBW that facilitated efficient carrier injection into the MoS2 channel via tunneling).
Hence, these results clearly demonstrate the efficacy of Re doping on the n-type RC reduction in MoS2

FETs (Figure 19e compares the low-T output characteristics between an undoped and a Re-doped
MoS2 NFET clearly showing Schottky and Ohmic I-V behavior, respectively) [410]. Hallam et al.
also demonstrated the scalable synthesis of Re-doped MoS2 films with electron concentrations in the
range of 5 × 1017 to 9 × 1017 cm−3 as determined via Hall effect measurements and supported by
DFT calculations. In their approach, the authors used “thermally-assisted conversion” (TAC), similar
to the method used by Lasker et al. to synthesize Nb-doped p-type MoS2 films [405], to convert
interleaved Mo-Re films into Re-doped MoS2 via high-temperature sulfurization [411]. However,
the electron mobility of their Re-doped MoS2 films was low, ranging between 0.1 to 0.7 cm2/V-s,
implying the presence of various carrier scattering sources (including scattering from the incorporated
Re dopant atoms).

Zhang et al. shed further light on the criticality of the substrate surface chemistry as well as
the substrate-dopant reaction during the substitutional doping of MoS2. They demonstrated the
successful incorporation of manganese (Mn) atoms (up to 2 at.%) into monolayer MoS2 supported
on inert graphene substrates using in-situ vapor phase deposition and confirmed the band-structure
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modification of MoS2 via PL and XPS measurements. However, the authors found that the Mn
doping of MoS2 grown on traditional substrates, such as SiO2 and sapphire, was highly inefficient
due to the reactive nature of their surfaces that caused the Mn atoms to bond with the substrate
instead of being incorporated into the MoS2 lattice [412]. Thus, the surface chemistry of the MoS2

substrate can play an important role and must be considered while carrying out the substitutional
doping process. It is worth noting that doping the MoS2 with atoms of magnetic elements, such
as paramagnetic Mn, antiferromagnetic Cr, and ferromagnetic Fe or Co, can pave the way towards
realization of 2D “dilute magnetic semiconductors” having high Curie temperatures (above 300 K) as
predicted by theory [413,414]. These dilute magnetic semiconductors can exhibit both ferromagnetism
as well as useful semiconducting properties that can have promising implications for spintronic
applications [415–417]. Hence, in a push towards this goal, several attempts to introduce magnetic
dopants in 2D MoS2 via Mo cation substitution have been carried out, along with detailed studies of the
transport properties of the resultant films. Huang et al. reported in-situ Mn- and Cr-doped MoS2 films
via CVD. Detailed FET measurements revealed Mn to have a p-type doping effect (via suppression
of n-type conduction), whereas Cr was found to have an enhanced n-type doping effect in MoS2 in
comparison to the undoped control sample (Figure 19f compares the back-gated transfer characteristics
of undoped, Mn-doped and Cr-doped MoS2 NFETs showing the relative doping effects of Cr and
Mn). The μFE of electrons for the undoped, Mn-doped, and Cr-doped devices was extracted to be 15,
7 and 12 cm2/V-s, respectively [418]. Wang et al. compared the properties of MoS2 and iron-doped
MoS2 films grown by the CVT method and revealed via Hall effect measurements that although both
samples were n-type, the Fe-doped MoS2 exhibited a higher electron concentration (revealing Fe as an
n-dopant in MoS2) than the undoped MoS2. Moreover, the RT mobilities of the undoped and Fe-doped
samples were extracted to be 79 and 49 cm2/V-s, respectively, with the lower mobility in Fe-doped
MoS2 attributed to carrier scattering by lattice imperfections and defects introduced by the Fe doping
process [419]. Similarly, Li et al. synthesized large-scale cobalt-doped bilayer MoS2 nanosheets that
exhibited n-type transport behavior [420].

15.3. Electron and Hole Doping by Anion Substitution

In addition to substitution of Mo atoms, doping via substitution of the sulfur (S) anion has also
been investigated for MoS2. Yang et al. reported a novel and simple chloride-based molecular doping
technique wherein the chlorine (Cl) atoms covalently attach to the Mo atoms at the sulfur vacancy (SV)
sites in the MoS2 lattice upon treatment with 1,2-dichloroethane (DCE) at RT. Since the Cl atom has an
extra valence electron than the S atom (note that Cl lies to the right of S in the periodic table), it donates
its extra electron to the MoS2 lattice when substituted at the S atom sites resulting in n-type doping.
Using this doping approach, an RC as low as 500 Ω·μm was extracted for Ni-contacted few-layer MoS2

NFETs via TLM analysis, and the low RC was attributed to the high electron doping density in the
MoS2 (~2.3 × 1019 cm−3) that causes increased band-bending at the contact/MoS2 interface leading to
a significant reduction of the SBW, thereby, facilitating electron tunneling. Significant improvements in
the extracted transfer length (LT) and specific contact resistivity (ρC) were also observed after Cl doping,
with the LT reducing from 590 nm to 60 nm and the ρC reducing from 3 × 10−5 to 3 × 10−7 Ω·cm2

(showing two orders of magnitude improvement). Recall from the discussion in Section 3.2 that both
LT and ρC must be minimized to alleviate the LC scaling issue in 2D MoS2 FETs such that ultra-scaled
FETs with low RC can be realized. Along these lines, the authors demonstrated high-performance
100 nm channel Cl-doped MoS2 NFETs with a high ON-current of 460 μA/μm, μFE of 50-60 cm2/V-s,
high ON/OFF ratio of 6.3 × 105, and long term environmental stability (Figure 20a compares the
TLM-extracted RC as well as the output characteristics of undoped and Cl-doped 100 nm channel MoS2

NFETs, showing a much enhanced performance for the latter) [421]. Moreover, the Cl doping technique
can also be applied to other 2D semiconducting TMDCs such as WS2 [422]. For p-type substitutional
doping of MoS2 via S anion substitution, Qin et al. demonstrated the synthesis of nitrogen-doped MoS2

nanosheets (note that N belongs to group 15 in the periodic table and has one less valence electron
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than S which is in group 16) using a simple and cost-effective sol-gel process utilizing molybdenum
chloride (MoCl5) and thiourea as the starting materials. Although no devices were realized, the authors
successfully demonstrated controlled wide-range tunability of the N concentration from 5.8 at.% to
7.6 at.% simply by adjusting the ratio of MoCl5 and thiourea [423]. Azcatl et al. demonstrated a
different approach for the covalent nitrogen doping of MoS2 employing a remote N2 plasma surface
treatment technique which resulted in chalcogen substitution of the S atoms by the N atoms. The N
concentration could be controlled via the N2 plasma exposure time, and electrical characterization
of N-doped MoS2 FETs revealed signs of p-doping of the MoS2 (through positive shift in the Vth),
consistent with theoretical predictions and XPS results (Figure 20b shows the 3D schematic of an
N-doped MoS2 lattice illustrating the covalent substitution of S atoms by the N atoms as well as the
electrical transfer characteristics of a back-gated MoS2 FET alluding to the p-type behavior induced
after N doping). Moreover, the authors also reported the first-ever evidence of “compressive strain”
induced in the MoS2 lattice upon substitutional doping and established a correlation between the N
doping concentration and the resultant compressive strain in MoS2 via DFT calculations [424].

Incorporation of oxygen (O) in the MoS2 lattice was also shown to cause a p-type doping effect by
Neal et al. and was attributed to the formation of acceptor states, about ~214 meV above the MoS2

VBE, by the incorporation of high work function MoSxO3-x clusters in the MoS2 lattice. Going against
the notion that oxygen exposure only helps in passivating the SVs in MoS2 leading to a decrease
in the background electron concentration, thereby, indicating an apparent p-type doping effect, this
work provided evidence that oxygen atoms can independently cause p-doping of the MoS2 when
substituted at the S atom sites [425]. A very similar work by Giannazzo et al. further confirmed
the local substitutional p-doping effect of O atoms via conductive atomic force microscopy (CAFM)
measurements. They used “soft” O2 plasma treatments to modify the top surface of multilayer MoS2

resulting in the formation of high work function MoOxS2-x localized alloy clusters. Hence, in these
localized regions, the MoS2 band-structure was modified resulting in a gradual downward shift of the
Fermi level towards its VBE with increasing O content, as was also verified via DFT band-structure
calculations (Left plot of Figure 20d illustrates the variation of the MoS2 Fermi level with respect
to its VBE as a function of increasing oxygen concentration as calculated via DFT). In effect, this
localized oxygen functionalization of MoS2 leads to the coexistence of “microscopic” n-type doped
(i.e., having a low work function and small SBH for electron injection) and p-type doped (i.e., having
a high work function and small SBH for hole injection) regions within a larger “macroscopic” MoS2

region (Figure 20c illustrates the extracted n-type SBH map acquired over a small section of the
O-functionalized 2D MoS2 surface via CAFM measurements, revealing the coexistence of both small
and large n-type SBH regions, with the large n-type SBH regions essentially representing regions
having a small p-type SBH for holes) [426]. Utilizing this nanoscale SBH tailoring approach, the authors
demonstrated back-gated multilayer MoS2 FETs with selective oxygen functionalization only in the
S/D contact regions. This enabled MoS2 FETs showing ambipolar operation thanks to the coexistence
of small SBH regions or low resistance paths for both electrons and holes within the metal-contacted
S/D regions, facilitating injection of both types of carriers into the MoS2 channel while using the same
contact metal. The extracted μFE values for electrons and holes were 11.5 and 7.2 cm2/V-s, respectively
(Middle schematic and right plot of Figure 20d illustrate the 3D schematic of a Ni-contacted back-gated
MoS2 FET with O-functionalized contact regions, and transfer characteristics of the FET showing
ambipolar behavior, respectively).
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Figure 20. (a) Left: Total resistance (Rtotal) versus LCH (gaps) used to extract the RC via TLM analysis
in Ni-contacted MoS2 with (blue line) and without (red line) chloride doping. The extracted RC after
Cl doping is as low as 0.5 kΩ·μm. Middle: Rtotal of a 100 nm channel length MoS2 FET for different
doping conditions comparing the relative contributions of the two resistance components, Rsd (i.e., RC)
and Rchannel. The Rtotal of the FET is reduced from 11.7 kΩ·μm to 1.85 kΩ·μm primarily due to
significant reduction in the RC (~10×) after Cl doping (recall that RC must scale with LCH to extract
the intrinsic performance of MoS2 FETs at ultra-short channel lengths). Right: Output characteristics
of the 100 nm LCH MoS2 FET with (solid blue curves) and without (dashed red curves) Cl doping
showing tremendous enhancement in the ON-current level (460 μA/μm from 100 μA/μm) after Cl
doping thanks to the RC reduction. Adapted with permission from [421]. Copyright 2014 IEEE. (b) Left

schematic: Representation of the MoS2 lattice showing covalent N atom (shown in pink) substitution
at the S anion site. Right: Comparison of transfer characteristics of an as-exfoliated MoS2 FET with an
N-doped MoS2 FET, with the latter showing a clear reduction of the n-type behavior, as reflected by the
positive Vth shift, due to counter p-doping by the incorporated N atoms. Adapted with permission
from [424]. Copyright 2016 American Chemical Society. (c) 2D maps of the local n-type SBH for
electrons as extracted via CAFM measurements on the O2 plasma-treated MoS2 surface. Nanoscale
clusters of large n-type SBH regions (orange red spots), representing regions with small p-type SBH for
hole injection, are evident which result due to the formation of high work function MoOxS2-x species
on the topmost surface of MoS2 via covalent O substitution of S atoms. (d) Left: Relative position of the
Fermi level with respect to the MoS2 VBE (i.e., EF–EV) as a function of the incorporated oxygen content
in the topmost layer of MoS2, determined via DFT calculations. With increasing O concentration,
the Fermi level moves closer to the VBE of MoS2 (giving rise to a p-type nature in these localized
O-functionalized regions) along with a corresponding decrease in the band-gap (see top right inset) due
to formation of high work function MoOxS2-x clusters. The schematic at the top of the plot illustrates
the multilayer MoS2 lattice showing substitutional O atoms (shown in red) in its topmost layer. Middle

schematic: Illustration of a Ni-contacted back-gated MoS2 FET with selective O2 plasma treatment
in its S/D contact regions. Right: Transfer characteristics of a representative Ni-contacted MoS2 FET
with O-functionalized S/D contact regions showing ambipolar I-V behavior due to the coexistence of
localized regions with small n- and p-type SBHs underneath the contact metal that facilitate injection of
both electrons and holes in the MoS2 channel, respectively. (c,d) Adapted with permission from [426].
Copyright 2017 American Chemical Society.
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15.4. Towards Controlled and Area-Selective Substitutional Doping

A breakthrough in the controlled and area-selective p-doping of few-layer MoS2 was reported
by Nipane et al. who used a novel and CMOS-compatible plasma immersion ion implantation (PIII)
process using phosphorous (P) atoms [427]. P lies to the left of S in the periodic table and, hence, acts as
an acceptor in the MoS2 lattice due to its electron deficient nature. In this method, the MoS2 flakes were
exposed to an inductively-coupled phosphine (PH3)/He plasma inside a PIII chamber either before or
after S/D contact patterning to achieve area-selective P implants (Figure 21a schematically illustrates
the P ion implantation process on MoS2 inside the PIII chamber). Various characterization techniques
(Raman, AFM, XRD, etc.) were employed to identify suitable PIII processing conditions (such as
implant energy and dose) to achieve low surface damage and minimal etching of the MoS2. Back-gated
FETs fabricated on P-implanted MoS2 with varying implant energies and doses showed clear evidence
of p-type conduction, ranging from non-degenerate to degenerate behavior, and the p-doping was
also verified experimentally via XPS (Figure 21b,c shows the back-gated transfer characteristics for
MoS2 FETs with degenerate and non-degenerate P doping levels, and the XPS spectra depicting the
shift of the Mo 3d core level peaks towards lower binding energies after p-doping, respectively).
The peak μFE for holes was extracted to be 8.4 cm2/V-s and 137.7 cm2/V-s for the degenerate and
non-degenerate doping cases, respectively. Moreover, the authors also demonstrated air-stable lateral
homojunction p-n diodes with high rectification ratios (as high as 2 × 104) and good ideality factors
(n ~1.2) by selectively p-doping regions of the MoS2 (Figure 21d schematically illustrates the process
used to fabricate lateral MoS2 p-n diodes via selective P implantation and shows clear rectification
in the diode I-V characteristics). Furthermore, using a rigorous DFT analysis, the authors confirmed
the substitutional p-doping of MoS2 by incorporation of P atoms at the S atom sites, and found that
pre-existing SVs could enhance this doping effect by providing “empty” sites for the P atoms to latch
onto (Figure 21e compares the density-of-states plots as a function of energy for pristine MoS2 as well
as P-implanted MoS2 with and without SVs, showing the shifting of the Fermi level towards the MoS2

valence band due to the p-doping induced by P atoms). It is worth noting that the low-damage PIII
process can also be adapted to substitutionally dope monolayer MoS2 [427,428].

Recently, another extremely promising result for substitutional doping of MoS2 using high energy
ion implantation was reported by Xu et al. wherein they directly utilized traditional ion-implanters
to p-dope few-layer MoS2 films using P atoms. In their approach, a thin layer of poly(methyl
methacrylate) or PMMA resist (200 nm or 1000 nm thick) was spin-coated onto the ultrathin MoS2

flakes (<10 nm thick) as a “protective masking layer” which helped decelerate the P dopant ions and
led to the successful retention of a portion of these ions inside the 2D MoS2 lattice (Top schematic
of Figure 21f illustrates the ion implantation process for MoS2 utilizing the PMMA mask) [429].
P ions were implanted with implantation energies ranging from 10 keV to 40 keV and a fluence of
5 × 1013 cm−2 (with these parameters being more in sync with commercial ion implantation processes
as opposed to the low 2 keV energies used by Nipane et al. [427]). Raman, TEM and HRTEM
characterization revealed negligible damage to the MoS2 crystal structure upon removal of the PMMA
layer, highlighting an advantage of this PMMA-coated ion implantation technique over the PIII
process described above (where the plasma can lead to unintended etching of the 2D MoS2 layers).
The p-doping effect was further confirmed via extensive photoluminescence (PL) measurements as
well as electrical characterization of back-gated MoS2 FETs (Bottom plot of Figure 21f compares the
transfer characteristics of a back-gated few-layer MoS2 FET before and after P ion implantation in
the exposed channel region, showing a positive Vth shift and decrease in the n-type behavior due to
counter p-doping by the implanted P atoms). Although no unintentional etching of the MoS2 occurred
in this process, it was found that the combination of thinner PMMA (200 nm thick) and higher implant
energy (40 keV) led to a larger kinetic damage of the MoS2 lattice, especially in the case of mono-
and bilayer films, resulting in the creation of SVs since bombardment of high velocity P atoms can
“knock-off” the S atoms from the lattice. Thus, the p-doping effect due to P-implantation can be
counterbalanced by the n-doping effect due to creation of these SVs. Further optimization is needed
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to determine a synergistic relationship between the PMMA mask thickness, MoS2 layer thickness,
and the implantation energy to achieve controlled doping profiles without any kinetic damage to the
MoS2 lattice [429]. Nonetheless, this ion implantation technique is extremely promising for achieving
large-scale, controlled and area-selective doping of MoS2 (both n- and p-type) and is compatible with
existing infrastructures in the semiconductor industry.

Figure 21. (a) Schematic illustration of the P ion implantation process on MoS2 inside the plasma
immersion ion implantation (PIII) chamber. (b) Transfer characteristics for degenerately (purple
curve) and non-degenerately (orange curve) P-doped back-gated MoS2 FETs showing enhanced p-type
behavior. Variation of the implant time and energy can help achieve doping controllability in thin
MoS2 layers using the PIII process. (c) XPS spectra of the Mo 3d core level peaks acquired from the
MoS2 film before (yellow) and after (pink) P ion implantation. The peaks show a shift towards lower
binding energies after P-doping confirming the downshift of the Fermi level towards the VBE of MoS2.
(d) Top schematic: 3D illustration of the P implantation process used to fabricate lateral MoS2 p-n
homojunction diodes. Half the MoS2 channel is masked with a resist to ensure selective p-doping only
in the exposed MoS2 regions. Bottom: I-V characteristics of a lateral MoS2 p-n homojunction diode at
varying back gate biases exhibiting high rectification ratios (up to ~2 × 104). (e) The density-of-states
plots for pristine (top panel) and P-implanted MoS2 with (bottom panel) and without (middle panel)
SVs as calculated via DFT. The Fermi level is represented by the vertical line within the faint blue-shaded
region. As is evident, the Fermi level shifts towards the MoS2 VBE (overlapping the valence band
states) with the incorporation of P atoms at the S atom sites in the MoS2 lattice indicating p-type
doping. This shift is even more pronounced in the presence of SVs that serve to enhance the p-doping
by providing empty sites for the P atoms. (a–e) Adapted with permission from [427]. Copyright 2016
American Chemical Society. (f) Top schematic: Cross-sectional representation of the PMMA-assisted
ion implantation process used for implanting P atoms in the MoS2 lattice. Bottom: Comparison of
transfer characteristics of a back-gated 5-layer MoS2 FET before (black curves) and after (red curves) P
implantation. The inset shows the optical micrograph of the device. After P implantation, the n-type
behavior reduces as depicted by the positive shift of the Vth due to counter p-doping by the incorporated
P atoms. Adapted with permission from [429]. Copyright 2017 IOP Publishing.
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16. Conclusions and Future Outlook

Atomically thin semiconducting MoS2 indeed holds great promise for use as a transistor
channel material and can be advantageous for a wide variety of electronic and optoelectronic device
applications. The material and device performance projections for MoS2 certainly seem to give it an
edge over conventional bulk semiconductors in ultra-scaled future technology nodes. Moreover, as an
ultra-thin, flexible and transparent material, MoS2 can change the status quo in flexible nanoelectronics
and thin-film transistor technologies. However, the promising advantages of MoS2 can only be
utilized to the fullest once several key performance bottlenecks are mitigated. As highlighted in this
review, the challenges associated with contact resistance, doping and mobility engineering are of
paramount importance and these parameters must be carefully engineered to extract the maximum
efficiency from MoS2-based devices and to make any MoS2-based technology commercially viable. This
review presents a comprehensive overview of a whole host of engineering solutions, reported to date,
to mitigate these challenges. Moving forward, the right mix of the most promising and cost-effective
techniques must be adopted and further optimized, ensuring their robustness for use on both rigid
and flexible platforms. For reducing contact resistance, use of techniques such as phase-engineered
2H/IT metallic contacts, gate-tunable graphene contacts in conjunction with interfacial contact “tunnel”
barriers (ultra-thin oxides, 2D hBN etc.), doping via substoichiometric high-κ oxides and 2D/2D Ohmic
contacts employing degenerate substitutional doping in the MoS2 contact regions seem as promising
approaches to effectively eliminate the Schottky barrier issue. Concomitantly, the doping selectivity
and controllability are extremely crucial to simultaneously achieve both degenerately doped Ohmic
S/D contacts as well as non-degenerately doped channel regions with tailored electrical properties
(for both n- and p-channel devices) that can effectively be modulated by the gate. In this regard, and to
enable efficient MoS2-based NMOS and PMOS complementary devices, more research effort needs
to be devoted to further optimizing the substitutional doping techniques for MoS2 that have already
made a promising start. The layer thickness of MoS2 and contact architecture scheme can be chosen as
per the given application. Few-layer MoS2, with simultaneous charge injection into all its constituent
layers, seems most promising for pure electronic applications as it can afford the maximum carrier
mobilities and performance. Optoelectronic applications requiring direct band-gap monolayer MoS2

pose more stringent challenges due to the extreme susceptibility of the atomically thin MoS2 body to
environmental perturbations. However, these challenges can be met with the right choice of dielectric
encapsulation, in conjunction with optimized contact and doping engineering techniques, to ensure
maximum performance. Besides all the promising applications MoS2 can enable all by itself (in the
form of ultra-scaled transistors, homojunction devices, etc.), it can also be combined with several other
3D or 2D materials to form various van der Waals heterostructures enabling a wide variety of device
applications. Finally, the large-area wafer-scale growth of MoS2 and its wafer-scale device fabrication
techniques must also be co-optimized with special emphasis on producing ultra-clean material and
devices, ensuring negligible impurities and defects. Everything considered, the field of 2D atomically
thin semiconductors holds great potential for the future and with the current pace of research progress,
2D MoS2-based commercial applications could soon become a reality.
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Abstract: Two-dimensional (2D) materials, such as graphene (Gr), transition metal dichalcogenides
(TMDs) and hexagonal boron nitride (h-BN), offer interesting opportunities for the implementation
of vertical transistors for digital and high-frequency electronics. This paper reviews recent
developments in this field, presenting the main vertical device architectures based on 2D/2D or
2D/3D material heterostructures proposed so far. For each of them, the working principles and the
targeted application field are discussed. In particular, tunneling field effect transistors (TFETs) for
beyond-CMOS low power digital applications are presented, including resonant tunneling transistors
based on Gr/h-BN/Gr stacks and band-to-band tunneling transistors based on heterojunctions
of different semiconductor layered materials. Furthermore, recent experimental work on the
implementation of the hot electron transistor (HET) with the Gr base is reviewed, due to the predicted
potential of this device for ultra-high frequency operation in the THz range. Finally, the material
sciences issues and the open challenges for the realization of 2D material-based vertical transistors at
a large scale for future industrial applications are discussed.

Keywords: graphene; 2D materials; van der Waals heterostructures; vertical field effect transistors;
hot electron transistors

1. Introduction

In 2004, the pioneering works on the field effect in atomically thin carbon films [1], from then on
named graphene (Gr), gave birth to an entirely new research branch of solid-state electronics, focused
on the use of two-dimensional (2D) materials and their heterostructures for electronics/optoelectronics
devices with unconventional or improved performances compared to traditional semiconductor
devices. Due to its excellent carrier mobility (up to ~105 cm2 V−1 s−1) [2,3] and micrometer electron
mean free path [4–7], Gr has been considered since the first studies as the channel material for fast
field effect transistors (FETs) [8]. Essentially, the Gr field effect transistor (GFET) resembles the classical
metal-oxide-semiconductor FET architecture, where lateral transport in the channel is modulated by
a gate electrode separated from Gr by a thin insulator. As a matter of fact, the lack of a bandgap in
the electronics band structure of Gr results in a poor ON/OFF current ratio in GFETs, making them
unsuitable for digital (logic) or switching applications [9]. On the other hand, GFETs can be of interest
for radio frequency (RF) applications, where fast current modulation of the device operated in the
on-state is required and switch-off is not necessarily needed [9,10]. To date, RF GFETs allowing current
amplification at very high frequencies (>400 GHz) have been demonstrated [11]. However, the same
devices suffer from limited performances in terms of voltage and power amplification, mainly due to
the high output conductance resulting from the lack of a bandgap. On the other hand, the peculiar
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symmetric ambipolar conduction of GFETs has been exploited to demonstrate novel device concepts,
such as the RF mixer [12].

To overcome the Gr fundamental limitations arising from the missing bandgap both in digital and
RF electronics, new solutions have been explored inside the wide family of 2D materials. In particular,
two routes have been followed by scientists working in this field.

The first route was replacing Gr as the channel material in lateral FETs with semiconducting 2D
materials, such as some members of the transition metal dichalcogenides (TMDs) family (MoS2, WS2,
MoSe2, WSe2) [13] or phosphorene (a 2D lattice composed of phosphorus atoms) [14]. The second route
has been to introduce novel device architectures based on van der Waals (vdW) heterostructures
obtained by the stacking of 2D materials (such as Gr, hexagonal boron nitride (h-BN), TMDs) [15,16]
or by 2D material heterojunctions with thin conventional 3D (i.e., bulk) semiconductors [17].
These devices rely on quite different working principles than traditional lateral FETs and mainly
exploit vertical current transport across the interfaces of these materials. They include the tunneling
field effect transistors (TFETs) [18,19], the band-to-band tunneling transistor [20], the transistor based
on the field effect modulation of the Gr/semiconductor Schottky barrier (barristor) [21] and the hot
electron transistor (HET) with the base made with a 2D material [22–25]. These devices typically show
high ON/OFF current ratios, not reachable by conventional lateral GFETs, that make them suitable for
logic and switching applications. Furthermore, some of these device concepts, like the HET with a Gr
base, are especially targeted to operate at ultra-high frequencies up to THz.

This paper reviews recent developments in 2D material-based vertical transistors. Section 2
discusses the open issues of Gr and TMD lateral FETs, and it serves to introduce some of the potential
advantages of vertical architectures. Therefore, the main vertical device structures considered so far
are presented in the Section 3, where the working principles and the targeted application fields for
each structure are discussed. In particular, recent implementations of TFET based on 2D materials are
overviewed due to their interest in beyond-CMOS digital electronics. Furthermore, recent experimental
activity on the HET with Gr base is presented, considering the predicted potential of these devices
in ultra-high frequency electronics. In Section 4, the materials science issues and the open challenges
for the realization of 2D material vertical transistors at a large scale are illustrated. Finally, the last
section includes a summary and some prospects for future industrial applications of the discussed
device structures.

2. Lateral Field Effect Transistors

Due to the proper bandgap (in the range from 1–2 eV), combined with a good stability under
ambient conditions, semiconductor TMDs are very promising candidates as channel materials for
digital electronics [13]. As an example, MoS2-channel FETs have been fabricated with large Ion/Ioff
ratios (>104) and small subthreshold swings (SS < 80 mV/decade) [26], approaching the desired
requirements of FETs for CMOS digital circuits. The energy gap of TMDs comes, however, at the cost
of a relatively low mobility. As an example, the upper theoretical limit for the mobility of monolayer
MoS2 at room temperature is about 400 cm2 V−1 s−1 [27], whereas the experimental values reported so
far are in the range of a few tens of cm2 V−1 s−1 [28,29].

Besides TMDs, also phosphorene has recently attracted interest as a semiconducting channel
material for FETs. A mobility of 286 cm2 V−1 s−1 has been reported for few-layer phosphorene [14],
whereas values up to ~1000 cm2 V−1 s−1 have been shown for multilayer phosphorene with an ~10 nm
thickness [30]. However, the main disadvantage of phosphorene (as compared to TMDs) is its chemical
reactivity under ambient conditions, which can represent a serious concern for practical applications.

The ultimate thin body of TMDs can be very beneficial for the scaling prospects of lateral FETs for
CMOS applications, as discussed in many simulation works [31–34]. As an example, Liu et al. [33]
predicted that MoS2 FETs can meet the requirements of the International Technology Roadmap for
Semiconductors (ITRS) [35] down to a minimum channel length of 8 nm. For such aggressively reduced
geometries, the low mobility of MoS2 is not a real issue, because transport can be considered as almost
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ballistic for channel lengths below 10 nm. Although most of these predictions are based on simulations,
some experimental work has been also reported, where the challenges of channel length scaling in
TMD lateral transistors down to the nanometric limit started to be addressed [36].

Concerning high frequency applications, the first Gr-based FET capable of RF operation, fabricated
using exfoliated Gr from graphite, was reported in 2008 [37]. Later on, the development of
advanced synthesis methods, such as epitaxial growth of Gr on SiC by controlled high temperature
graphitization [38–41] or chemical vapor deposition (CVD) on catalytic metals [42], provided high
quality Gr of a large area for device fabrication. Ultra-scaled transistors with interesting RF
performances have been demonstrated both using transferred CVD Gr [43] (see, e.g., Figure 1a)
and epitaxial Gr on SiC (see, e.g., Figure 1b) [43,44].

RF transistors are typically used for the amplification of a high frequency input signal (current
or voltage), and the amplifier gain decreases with increasing frequency. Hence, the two main figures
of merit for RF transistors are the cut-off frequency fT (i.e., the frequency for which current gain is
reduced to unity) and the maximum oscillation frequency fMAX (i.e., the frequency for which power
gain is reduced to unity). As in the case of more conventional RF transistors, the fT of GFETs was
found to increase with reducing the channel length L (see, as an example, Figure 1c). A record value of
fT = 427 GHz has been reported for scaled devices obtained with a self-aligned fabrication process [11].

Figure 1. Cross-sectional TEM micrographs of scaled RF graphene (Gr) field effect transistors (GFETs)
fabricated with transferred CVD Gr (a) and with epitaxial Gr grown on SiC(0001) (b); behavior of the
cut-off frequency fT (c) and of the maximum oscillation frequency fMAX (d) as a function of channel
length. Figures adapted with permission from [43].

These values of fT are comparable with those achieved by the state of the art InP high electron
mobility transistors (HEMTs) with similar channel lengths. However, for most RF applications,
both high fT and high fMAX are required, and unfortunately, fMAX values measured for GFETs are
significantly smaller than fT values, as illustrated in Figure 1d [43]. Furthermore, contrary to common
expectations for RF FETs, fMAX shows a non-monotonic behavior with the channel length L. In fact, it
reaches a peak value around 150 nm and decreases for lower L values.
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The reason for these poorer power gain performances can be argued by comparing the theoretical
expressions of fT and fMAX for RF transistors:

fT =
gm

2π
(

Cgs + Cgd

)
⎡
⎢⎣ 1

1 + gd(Rs + Rd) + gm
Cgd(Rs+Rd)

Cgs+Cgd

⎤
⎥⎦ (1)

fMAX =
fT

2
√

gd

(
Rs + Rgs

)
+ 2π fT RgsCgd

(2)

Here, Cgs and Cgd are the gate-source and gate-drain coupling capacitances, Rs and Rd are
the source and drain series resistances, Rgs is the gate-source resistance, gm = dID/dVG is the
transconductance and gd = dID/dVD is the output conductance.

The drain current ID of an FET is proportional to the saturated velocity vs and to the sheet
concentration ns of the carriers in the channel. Hence, the two prerequisites to achieve a high
transconductance are a high vs and a high dns/dVG, i.e., an effective modulation of the carrier
density with the gate bias.

If the Rs and Rd resistance contributions in Equation (1) are properly minimized, the expression
of fT can be approximated as fT ≈ gm/[2π(Cgs + Cgd)], and it results in being independent of the
output conductance gd. For this reason the high carrier mobility and saturation velocity of Gr results
in a high transconductance gm and, hence, in a high fT. On the other hand, from Equation (2), it is
evident that, even minimizing Rs, the output conductance gd still plays a role in the expression of fMAX.
As a matter of fact, the output characteristics of Gr channel FETs exhibit a poor saturation behavior,
i.e., a large gd. This overcompensates the effect of a large gm, ultimately resulting in degradation
of fMAX. The non-monotonic behavior of fMAX in Figure 1d has been also ascribed to the competing
contributions from fT, gd and Rgs as L decreases [43].

The poor saturation of the output characteristics is mainly a consequence of the missing bandgap
in the Gr band structure. Hence, this peculiar physical property of Gr not only hinders its application
in digital electronics, but severely limits also the high frequency performances of GFETs in terms of
power amplification and fMAX. Finally, the high off-state current (Ioff) of GFETs results in a high power
dissipation and represents a significant concern in terms of energy efficiency.

Besides Gr, single and multiple layers of MoS2 have been also investigated as channel materials in
lateral FETs for RF applications. Thanks to an electron saturation velocity vs > 3 × 106 cm/s [45] and to
a high bandgap (resulting in a high ratio gm/gd > 30), MoS2 FETs can achieve, in principle, both current
and power amplification [46–49]. However, quite low values of fT and fMAX have been reported to
date. Initial work on exfoliated monolayer MoS2 RF FETs yielded fT = 2 GHz and fMAX = 2.2 GHz at
a gate length of 240 nm [48]. Figure 2 shows a cross-sectional TEM micrograph (a) and the DC output
(b) and transfer (c) characteristics of an FET fabricated with multilayer MoS2 flakes. For these devices,
the scaling behavior of fT and fMAX with the channel length is illustrated in Figure 2d,e, showing how
fT = 42 GHz and fMAX = 50 GHz are achieved at a gate length of 68 nm [47]. More recently, RF FETS

fabricated with monolayer MoS2 deposited by CVD showed fT = 6.7 GHz and fMAX = 5.3 GHz at a gate
length of 250 nm [49].

Several issues still need to be addressed to evaluate the real potentialities of TMDs both in digital
and RF electronics. Besides the issues related to the lattice defects (such as chalcogen vacancies) [50–52]
and impurities [53] commonly present in these compound materials, some critical processing steps
need to be developed. These include the fabrication of low resistance source/drain contacts [54,55]
and doping [56–58].
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Figure 2. Cross-sectional TEM micrograph (a); DC output (b) and transfer (c) characteristics of an FET
fabricated with multilayer MoS2. Scaling behavior of fT (d) and fMAX (e) with the channel length.
Figures adapted with permission from [47].

As an example, MoS2 thin films are typically unintentionally n-type doped. Furthermore, most of
the elementary metals exhibit a Fermi level pinning close to the MoS2 conduction band, resulting in
a small (but not negligible) Schottky barrier height (SBH) for electrons’ injection and a high SBH
for holes’ injection. The origin of this Fermi level pinning is still a matter of debate, although
some nanoscale electrical investigations highlighted the possible role of the defects present at the
MoS2 surface [59,60]. As a matter of fact, this Schottky barrier results in a significant source/drain
contact resistance [54,61], which degrades the intrinsic performances of the transistor. Furthermore,
the high injection barrier for holes makes it difficult to achieve p-type or ambipolar transport in MoS2

FETs [62,63]. On the other hand, ambipolar transistors can be useful not only for logic (CMOS)
applications, but also for some RF circuits. To date, p-type MoS2 transistors have been fabricated by
using high work function MoOx contacts [64]. Recently, multilayer MoS2 transistors with ambipolar
behavior have been demonstrated by selective-area p-type doping in the source/drain regions with O2

plasma [65]. Besides MoS2, other TMDs have been also considered for FETs’ fabrication. As an example,
WSe2 is a slightly p-doped semiconductor, allowing the fabrication of both p-type and n-type FETs
by proper selection of the metal contacts [66–68]. However, the problem of the contact resistance still
holds also in the case of WSe2.

Most of the TMD-based FETs have been fabricated using metals as source-drain contacts and
high permittivity (high-k) dielectrics as gate insulators. Recently, some attempts at fabricating FETs
with all components formed by 2D materials have been reported. As an example, Roy and co-workers
have demonstrated an FET including MoS2 as the channel material, h-BN as the dielectric layer for
top electrode isolation and Gr for semi-metal contacts (see the schematic and the optical microscopy
in Figure 3a,b) [69]. An optimal Ohmic contact between Gr and MoS2 is possible by tuning the Gr
Fermi level by the SiO2/Si back-gate bias. Due to its large bandgap, h-BN acts as a top-gate dielectric,
allowing current modulation over several orders of magnitude (see Figure 3c). Furthermore, thanks to
its atomically-smooth surface without charge trapping, h-BN forms an ideal interface with the MoS2

channel [3]. One of the most relevant advantages of this smooth interface is that the channel mobility
of this device remains constant at high gate bias values (see Figure 3d), different from that in common
FETs, where a decrease of mobility is observed at high fields due to the effect of the interface roughness.
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Figure 3. Schematic (a) and optical microscopy (b) of an FET with all components formed by 2D
materials, where MoS2 works as the channel, hexagonal boron nitride (h-BN) as the dielectric layer for
top electrode isolation and Gr for semimetal source/drain contacts. Transfer characteristics (c) and
mobility vs. gate bias behavior (d) of this transistor. Figures adapted with permission from [69]

3. Vertical Transistors

3.1. Tunneling Field Effect Transistors

One of the main issues for modern digital electronics is the dramatic increase of power
consumption with the increase in the device integration density. As a matter of fact, the minimum
supply voltage to switch an MOSFET from the OFF to the ON state is determined by the thermionic
emission mechanism of carrier injection over the energy barrier at the source. This mechanism results
in a theoretical limit of 60 mV/decade for the minimum subthreshold swing (SS) for MOSFET devices.
On the other hand, tunneling field effect transistors (TFETs), based on quantum mechanical tunneling
across an energy barrier, have the potential of reduced supply voltage, since a pure tunneling process
is not thermally activated. Numerous studies have been conducted in the last decade to implement this
device concept using bulk (3D) semiconductors, such as Ge, III-V and Si [70,71], and sub-thermionic
SS values have been reported with TFETs based on these materials. However, the demonstrated
performances have not been good enough for practical applications. In particular, one of the main
limitations is that SS < 60 mV/decade (at room temperature) is typically obtained only at low drain
currents, whereas it would be desirable to get such a behavior over a current range of several orders of
magnitude. One of the reasons for the difficulty in obtaining sharp switching over a wide current range
is the presence of band-tail states in bulk semiconductors [72]. Under this point of view, 2D materials
with sharp band edges even at a thickness of a monolayer can represent an interesting platform to
implement TFETs.

Britnell and co-workers first reported a TFET with the vertically-stacked heterostructure composed
of Gr and thin h-BN [18]. Figure 4a schematically shows the layer stacking (1); the energy band diagram
under equilibrium (2); under the effect of the back-gate bias Vg (3); and under the effect of Vg and of
a bias Vb between the two Gr layers (4). The basic principle of this vertical transistor is the quantum
tunneling between the two Gr electrodes separated by the thin h-BN barrier. Current tunneling
was controlled by tuning the density of states in Gr and the associated barrier by the external gate
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voltage. Figure 4b shows the tunneling current density J vs. the bias Vb for different values of Vg.
Figure 4c shows the conductance dJ/dVb (at Vb = 0) as a function of Vg, from which an ON/OFF ratio
of ~50 was deduced.

 

Figure 4. (a) Schematic illustration of a Gr/h-BN/Gr field effect tunneling transistor: (1) layer stacking;
(2) energy band diagrams under equilibrium; (3) under the effect of the back-gate bias Vg; and (4) under
the effect of Vg and of a bias Vb between the two Gr layers; (b) tunneling current density J vs. Vb for
different values of Vg; (c) conductance σ = dJ/dVb as a function of Vg; (d) schematic illustration of
a Gr/WS2/Gr field effect tunneling transistor: (1) layer stacking; (2) energy band diagrams under
equilibrium; (3) under the effect of Vg < 0; and (4) under the effect of Vg > 0; (e) tunneling current density
J vs. Vb for different values of Vg; (f) conductance σ = dJ/dVb as a function of Vg. Figures adapted
with permission from [18,19].

As the transit time associated with tunneling is very low, the field effect tunneling transistor can
be potentially suitable for high speed operation. On the other hand, as a result of the direct tunneling
mechanism, this device suffers from very low current density (in the order of 10–100 pA/μm2), making
it not useful for practical applications. Starting from the same idea, Georgiou and co-workers reported
a Gr vertical FET with WS2 layers as the barrier [19]. Figure 4d schematically shows the layer stacking
(1); and the energy band diagrams under equilibrium (2); under the effect of Vg < 0 (3); and under
the effect of Vg > 0 (4). Due to the smaller band gap of WS2, current transport between the two
Gr layers occurs by direct tunneling for Vg < 0 and by tunneling or thermionic emission for Vg > 0.
Figure 4e shows the tunneling current density J vs. the bias Vb for different values of Vg, whereas
Figure 4f shows the conductance as a function of Vg. As compared to the Gr/h-BN/Gr prototype, this
device exhibits much higher ON current (in the order of 1 μA/μm2) and better current modulation,
with an ON/OFF current ratio up to 106.

3.1.1. Resonant Interlayer Tunneling Transistors

Progress in the alignment and transfer techniques of 2D materials permitted the demonstration of
resonant tunneling phenomena in TFETs. Devices showing gate-tunable negative differential resistance
(NDR) of the output characteristics due to resonant tunneling were first obtained by Gr/h-BN/Gr
stacks with a precise rotational crystallographic alignment between the two Gr monolayers [73,74].
Since carriers in a Gr monolayer are populated near the K-point on the periphery of its Brillouin zone,
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conservation of both energy and momentum in the tunneling from one layer to the other is allowed
only in the presence of a rotational alignment in momentum space.

Following the first demonstrations with double monolayer Gr, resonant TFET using bilayer Gr as
the top and bottom electrodes and h-BN as the interlayer tunnel barrier were also demonstrated [75,76].
Due to the more complex band structure of bilayer Gr (with two sub-bands both in the conduction
and valence bands at the K-point), additional NDR peaks occur at higher interlayer bias [75]. In fact,
when the first sub-band of one bilayer energetically aligns with the second sub-band of the opposite
bilayer, a second resonant tunneling condition is established. More recently, experimental results for
resonant TFETs with multilayer Gr electrodes separated by an h-BN tunnel barrier have been also
reported [77]. With an increase in the Gr electrode layer thickness, from bilayer to pentalayer Gr,
the resonance peaks have been shown to become narrower in width and stronger in intensity, mainly
due to the increase in the density of states with the increase in the Gr thickness. On the other hand,
due to the increased complexity in the band structure with multiple sub-bands for thicker Gr, multiple
resonance conditions arise in the output characteristics.

h-BN has been widely used as the interlayer in resonant TFETs with symmetric Gr electrodes,
due to its good insulating properties and chemically-inert and atomically-flat surface. However,
its wide energy bandgap (~5.8 eV) severely limits the peak current at resonance in Gr/h-BN/Gr
TFETs [77]. In this context, using TMDs with a smaller bandgap as tunnel barriers may enhance
the peak-to-valley ratio of the resonances in the electrical characteristics. Recently, Burg et al. [78]
demonstrated gate-tunable resonant tunneling and NDR between two rotationally-aligned bilayer Gr
sheets separated by a bilayer WSe2. Remarkable large interlayer current densities of 2 μA/μm2 and
NDR peak-to-valley ratios of ~4 were observed at room temperature in these device structures.

Recently, the possibility of realizing resonant TFETs using TMD electrodes instead of Gr has
been also considered [79,80]. Theoretical reports indicate that vertical heterostructures consisting of
two identical monolayer MoS2 electrodes separated by an h-BN barrier can result in a peak-to-valley
ratio several orders of magnitude higher than the best that can be achieved using Gr electrodes [79].
However, practical implementation of resonant tunneling TFETs with identical electrodes (different
than Gr) proved to be difficult.

On the other hand, many vertical transistor demonstrators have been implemented with differing
bottom and top electrode layers, exploiting the principle of band-to-band tunneling, as discussed in
the following.

3.1.2. Band-To-Band Tunneling Vertical Transistor

Roy et al. [81] first experimentally demonstrated interlayer band-to-band tunneling in vertical
MoS2/WSe2 vdW heterostructures using a dual-gate device architecture. The electric potential and
carrier concentration of the MoS2 and WSe2 layers were independently controlled by the two symmetric
gates. Depending on the gate bias, the device behaves as either an Esaki diode with NDR, a backward
diode with large reverse bias tunneling current or a forward rectifying diode with low reverse bias
current. Notably, the weak electrostatic screening by the atomically thin MoS2 and WSe2 layers
resulted in a high gate coupling efficiency for tuning the interlayer band alignments. Later on,
Nourbakhsh et al. [82] further investigated band-to-band tunneling in the transverse and lateral
directions of the MoS2/WSe2 heterojunctions. The room-temperature NDR in a heterojunction diode
formed by few-layer WSe2 stacked on multilayer MoS2 was attributed to the lateral band-to-band
tunneling at the edge of this heterojunction.

A band-to-band tunneling vertical transistor has been demonstrated also using the vdW
heterojunction between differently-doped layered semiconductors as WSe2 and SnSe2, where WSe2

worked as the back-gate-controlled p-layer and SnSe2 was the degenerately n-type-doped layer [83].
Yan et al. [84] demonstrated room temperature Esaki tunnel diodes using a vdW heterostructure

made of two layered semiconductors with a broken-gap energy band offset: black phosphorus (BP)
and tin diselenide (SnSe2). The presence of a thin insulating barrier between BP and SnSe2 enabled the
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observation of a prominent NDR region in the forward-bias current voltage characteristics, with a peak
to valley ratio of 1.8 at 300 K and a weak temperature dependence, indicating electron tunneling as the
dominant transport mechanism.

Another recently demonstrated very interesting device concept is based on the field effect
modulation of current transport across the p-n heterojunction between 3D and 2D semiconductors.
The 3D semiconductor component of the heterojunction is heavily doped in equilibrium by
substitutional dopants, whereas the doping level of the 2D semiconductor component can be tuned
by the field effect. Therefore, gate-tunable 2D–3D p-n heterojunctions provide a unique opportunity
to realize band-to-band tunneling devices. As an example, Sarkar and co-workers have recently
demonstrated a band-to-band tunnel FET with a vertical heterojunction between a p-type Ge and
an n-type bilayer MoS2 [20] (see the schematic representation in Figure 5a). The band diagrams for the
device in the OFF and ON states are illustrated in Figure 5b and the transfer characteristics in Figure 5c.
By gating the MoS2 into the high n-type doping regime, direct tunneling occurs from the Ge valence
band to the MoS2 conduction band. Figure 5d illustrates the values of the SS at room temperature
as a function of the drain current for this bilayer MoS2/p-Ge TFET and for a conventional MOSFET
fabricated with a bilayer MoS2 channel. Different from the conventional FET, this TFET exhibits an SS
lower than the thermionic limit of 60 mV/decade in the considered drain current range (from 10−13 to
10−9 A). On the other hand, for larger drain currents, significantly larger SS values are obtained.

Figure 5. (a) Schematic cross-section of a gate-modulated bilayer MoS2/p-Ge junction; (b) band
diagrams of the device in the OFF and ON state; (c) transfer characteristics of the device for different
VDS; (d) comparison of the subthreshold swing (SS) of this bilayer MoS2/p-Ge tunneling field effect
transistor (TFET) with that of a conventional FET with a bilayer MoS2 channel. Figures adapted with
permission from [20].
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3.2. Gate Modulated Schottky Barrier Transistor (Barristor)

The Barristor device concept is based on the tunability of the Schottky barrier height of a Gr
contact with a semiconductor by an external electric field. Clearly, a nearly ideal interface between
Gr and the semiconductor, without interface states responsible for Fermi level pinning, is required
to achieve an efficient field effect modulation of the Schottky barrier height. The first Barristor was
demonstrated by transferring CVD graphene onto hydrogen-passivated Si, thus obtaining a nearly
ideal Schottky diode behavior both with n- and p-type Si [21]. Figure 6a illustrates a cross-sectional
schematic of a Gr/Si barristor, and Figure 6b shows the band diagram for the Gr/n-Si Schottky junction
for Vg > 0 and Vg < 0. The modulation of the Gr/n-Si Schottky barrier height with the gate bias is
shown in Figure 6c, and the resulting output characteristics of the device (for different Vg values) are
reported in Figure 6d. A current ON/OFF ratio of ~105 under forward bias was achieved, which is
suitable for digital logic applications.

Figure 6. (a) Schematic cross-section of a Gr/Si Barristor; (b) band-diagrams of the Gr/n-Si device
for Vg > 0 (a) and Vg < 0; (c) behavior of the Gr/n-Si Schottky barrier height vs. the gate voltage Vg;
(d) Current density vs. VD for different Vg from −5 to 5 V. Figures adapted with permission from [21].

The early demonstration of the Barristor was based on the vdW heterostructure between a 2D
material (i.e., Gr) and a 3D material (i.e., Si). More recently, a vertical transistor working on the same
principle has been demonstrated using the 2D/2D vdW heterostructure between Gr and a TMD.
Also in this case, current modulation was obtained by electric-field tuning of the Schottky barrier
between Gr and the TMD, whereas a proper metal layer provides an Ohmic contact with the TMD.
Yu and coworkers have demonstrated such a device with a Gr/few-layer MoS2/metal heterostructure.
This FET showed an ON/OFF ratio larger than 100 and a high current density of 5000 A/cm2 [85].
Moriya and co-workers further improved the current modulation to >105 and current density up to
104 A/cm2 with a similar structure, but better interface fabrication [86]. The advantages of this type of
vertical transistor are the large current density and the small device scale, providing high potential for
future high density integration circuits.

3.3. Hot Electron Transistor

The hot electron transistor (HET) is a three-terminal (i.e., emitter, base and collector)
heterostructure device where the ultra-thin base layer is sandwiched between two thin insulating
barriers (i.e., the emitter-base and base-collector barriers), as schematically illustrated in Figure 7a.
For a sufficiently high forward bias VBE applied between the base and the emitter, electrons are injected
into the base by Fowler–Nordheim (FN) tunneling through the barrier or by thermionic emission
above the barrier, depending on the barrier height and thickness. A key aspect for the HET operation
is that the injected electrons (hot electrons) have a higher energy compared to the Fermi energy of the
electrons’ thermal population (cold electrons) in the base. Ideally, for a base thickness lower than the
scattering mean free path of hot electrons, a large fraction of the injected electrons can traverse the
base ballistically, i.e., without losing energy, and finally reach the edge of the base-collector barrier.
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This barrier is aimed to act as an energy filter, which allows the hot electrons to reach the collector
and reflects back the electrons with insufficient energy. These reflected electrons eventually become
part of the cold electrons’ population in the base and contribute to base current (IB), whereas the hot
electrons reaching the collector give rise to the collector current (IC). Besides transmitting hot electrons,
the base-collector barrier must be thick and high enough to block the leakage current IBCleak of cold
electrons from the base to the collector.

Figure 7. (a) Schematic illustration of a hot electron transistor (HET); (b) ideal output characteristics
IC-VCB for the transistor biased in the common-base configuration (VB = 0 and VBE = VB − VE > 0) for
different VBE values; (c) energy band diagrams for different VCB biasing regimes.

Figure 7b,c illustrates the DC electrical characteristics and the band diagrams for an HET biased
in the common-base configuration (i.e., with VB = 0 and VBE = VB − VE > 0). Depending on the values
of the potential difference VCB = VC − VB, three current transport regions can be observed in the
output characteristics IC-VCB (Figure 7b). For VCB > 0 (Region II), IC is almost independent of VCB, i.e.,
all the injected hot electrons are transmitted above the B-C barrier (current saturation regime of the
transistor). For VCB < 0 (Region I), the collector edge of the B-C barrier is raised up, and part of the hot
electrons is reflected back in the base, resulting in a decrease of IC with increasing negative values of
VCB, up to device switch-off. For large positive values of VCB (Region III), the leakage current (IBCleak)
contribution of cold electrons injected by FN tunneling through the B-C barrier becomes large, and
this leads to a rapid increase of IC as a function of VCB.

The main figures of merits for DC operation of an HET are the common-base current transfer
ratio α = IC/IE and the common-emitter current gain β = IC/IB. For good DC performances, α ≈ 1 and
β as large as possible are needed.

In the case of an HET, the high-frequency figures of merit, i.e., the cutoff frequency fT and the
maximum oscillation frequency fMAX, can be expressed as follows:

fT =
1

2π
(

τd +
CEB+CBC

gm

) (3)
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fMAX =

√
fT

2πRBCBC
(4)

where τd is the total delay time associated with electrons’ transit in the E-B barrier layer, in the base
and in the B-C filtering layer, CEB and CBC are the capacitances of the two barriers, gm = dJC/dVBE is
the transconductance and RB is the base resistance. Clearly, the most effective way to maximize fT
is the increase of gm. In fact, a reduction of the barrier layer capacitances would imply an increase
of the E-B and B-C barrier thicknesses, with a consequent impact on the transit delay times across
these barriers. Under saturation conditions, when all the hot electrons injected from the emitter
reach the collector (JC ≈ JE), the transconductance gm ≈ dJE/dVBE. As the emitter current is injected
over a barrier, it exhibits an exponential dependence on VBE, i.e., JE ∝ exp(qVBE/kT). As a result,
gm ∝ qJE/kT. This means that a high injection current density is one of the main requirements to
achieve a high cut-off frequency fT. The RB term in Equation (4) is the resistance associated with
“lateral” current transport in the base layer from the device active area to the base contact. Hence,
RB is the sum of different contributions, i.e., the “intrinsic” base resistance RB_int ∝ ρ/dB (with ρ the
base resistivity and dB the base thickness), the resistance of the Ohmic metal contact with the base
and the access resistance from this contact to the device active area. All these contributions should
be minimized to achieve a low RB. Of course, the most challenging issue to obtain high fMAX is
to fabricate an ultra-thin base (allowing ballistic transport of hot electrons in the vertical direction)
while maintaining low enough intrinsic and extrinsic base resistances. However, for most of the bulk
materials, reducing the film thickness to the nanometer or sub-nanometer range implies an increase of
the resistivity, due to the dominance of surface roughness and/or grain boundaries’ scattering, as well
as to the presence of pinholes and other structural defects in the film.

Indeed, the HET device concept was introduced more than 50 years ago by Mead [87]. Since then,
several material systems have been considered for HET implementation, including metal thin
films [87–90], complex oxides [91], superconducting materials [92], III-V and III-nitride semiconductor
heterostructures [93–97]. However, the successful demonstration of high-performance HETs has been
limited by the difficulty to scale the base thickness below the electron mean free path of the carriers.
In this context, 2D materials, in particular Gr and TMDs, can represent ideal candidates to fabricate the
base of HETs, since they maintain excellent conduction properties and structural integrity down to
single atomic layer thickness, allowing one to overcome the base scalability issue.

Theoretical studies have predicted that, with an optimized structure, fT and fMAX up to several
terahertz [98], Ion/Ioff over 105, high current and voltage gains can be achieved with a Gr-based HET
(GBHET). The first experimental prototypes of GBHETs were reported by Vaziri et al. [22] and by
Zeng et al. [23] in 2013. Those demonstrators were fabricated on Si wafers using a CMOS-compatible
technology and were based on metal/insulator/Gr/SiO2/n+-Si stacks, where n+-doped Si substrate
worked as the emitter, a few nm thick SiO2 as the E-B barrier, a thicker high-k insulator (Al2O3 or
HfO2) as the B-C barrier and the topmost metal layer as the collector. Figure 8a shows a schematic
of the device structure, while Figure 8b illustrates the band diagrams in the OFF and ON states.
The measured common-base output characteristics of this device are reported in Figure 8c, showing
a collector current IC nearly independent of VCB and strongly dependent on VBE.

In spite of the wide modulation of IC as a function of VBE, these first prototypes suffered from
a high threshold voltage and a very poor injected current density (in the order of μA/cm2) due to the
high Si/SiO2 barrier, hindering their application at high frequencies.

In order to improve the current injection efficiency, other materials have been investigated as E-B
barrier layers in replacement of SiO2 [99]. As an example, using a 6 nm-thick HfO2 (including a 0.5-nm
interfacial SiO2) deposited by atomic layer deposition results in an improved threshold voltage and
a higher injected current density. Further improvements have been obtained using a TmSiO/TiO2

(1 nm/5 nm) bilayer, where the thin TmSiO layer (with low electron affinity) in contact with the Si
emitter allows high current injection by step tunneling, while the thicker TiO2 layer (with higher
electron affinity) serves to block the leakage current from the Si valence band. For this GBHET
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with a TmSiO/TiO2 E-B barrier, a collector current density JC ≈ 4 A/cm2 (more than five orders of
magnitude higher than in the first prototypes) was obtained at VBE = 5 V and for VBC = 0. However,
the device still suffers from low values of α ≈ 0.28 and β ≈ 0.4, which can be due to the insufficient
quality of the interface between Gr and the deposited B-C barrier.

 
Figure 8. (a) Schematic illustration of a Si/SiO2/Gr/Al2O3/Ti Gr-based hot electron transistor (HET)
(GBHET) biased in the common base configuration; (b) band diagrams in the OFF and in the ON state;
and (c) output characteristics IC-VCB of the device. Figures adapted from [23].

Besides Gr, monolayer MoS2 has been also considered as the base material. As an example,
Torres et al. [25] demonstrated an HET device based on a stack of ITO/HfO2/MoS2/SiO2/n+-Si,
where the n+-doped Si substrate worked as the emitter, thermally-grown SiO2 (3 nm) as the E-B
tunneling barrier, a monolayer of CVD-grown MoS2 as the base, the HfO2 layer (55 nm thick) as
the B-C barrier and the topmost ITO as the collector electrode. This device showed an improved
value of α ≈ 0.95 with respect to the previously described Gr-base HET prototypes, mainly due to the
lower conduction band offset between MoS2 and HfO2 (1.52 eV), with respect to the cases of Gr/HfO2

(2.05 eV) and Gr/Al2O3 (3.3 eV). In spite of this, the collector current density of these devices was still
poor (in the order of μA/cm2), due to the high E-B barrier between Si and SiO2.

The above discussed attempts to implement the GBHET device using Si as the emitter material
have been mainly motivated by the perspective of integrating this new technology with the
state-of-the-art CMOS fabrication platform. More recently, the possibility of demonstrating GBHETs
by the integration of Gr with nitride semiconductors has been investigated. GaN/AlGaN or GaN/AlN
heterostructures are excellent systems to be used as emitter/emitter-base barriers, due to the presence
of high density 2DEG at the interface and to the high structural quality of the barrier layer. Thermionic
emission has been demonstrated as the main current transport mechanisms in GaN/AlGaN/Gr
systems with a thick (~20 nm) AlGaN barrier layer [100–102].Very efficient current injection by FN
tunneling has been recently shown in the case of GaN/AlN/Gr heterojunctions with an ultra-thin
(3 nm) AlN barrier [103].

Figure 9a,b illustrates a cross-sectional schematic and the band diagram of a recently-demonstrated
GBHET based on a GaN/AlN/Gr/WSe2/Au stack [103]. The 3-nm AlN tunneling barrier was grown
on top of a bulk GaN substrate (n+-doped), working as the emitter. In order to circumvent the
problems related to the poor interface quality between Gr and conventional insulators or semiconductors
deposited on top of it, an exfoliated WSe2 layer (forming a vdW heterojunction with Gr) was adopted as
the B-C barrier layer. The resulting Gr/WSe2 Schottky junction is characterized by a low barrier height
due the small band offset (~0.54 eV) between Gr and WSe2. Figure 9c shows the common-base output
characteristics (IC-VCB) for different values of the emitter injection current IE in the case of a GBHET
with a 2.6 nm-thick WSe2 barrier. Furthermore, Figure 9d plots the common-base current transfer ratio
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α = IC/IE as a function of VCB in the same bias range. Three current transport regimes can be identified
in Figure 9c,d. At intermediate VCB bias (Region II), IC is almost independent of the VCB and α ≈ 1,
indicating that almost all the injected hot electrons are able to overcome the Gr/WSe2 Schottky barrier
and reach the collector. For VCB < 0 (Region I), the injected electrons from the emitter are reflected back
by the elevated B-C potential barrier, resulting in a reduced IC and α < 1. Finally, at higher positive VCB,
current starts to increase due to the increasing contribution of cold electrons’ leakage current from the
base. Although this device showed excellent DC characteristics in terms of α, its operating VBC window
was very limited (~0.3 V), due to the poor blocking capability of the B-C junction with an ultrathin WSe2

barrier. Increasing the WSe2 thickness improved the blocking capability of the B-C barrier, but resulted
in a reduced value of α. As an example, α = 0.75 was evaluated for a GaN/AlN/Gr/WSe2/Au GBHET
with a 10 nm-thick WSe2 barrier [103].

Figure 9. (a) Cross-section schematic and (b) band diagram of a GBHET based on the
GaN/AlN/Gr/WSe2/Au stack; (c) common-base output characteristics (IC-VCB) for different values
of the emitter injection current IE in the case of a GBHET with a 2.6 nm-thick WSe2 barrier; (d) plots of
α = IC/IE as a function of VCB in the same bias range. Images adapted with permission from [103].

Table 1 reports a comparison of the main DC electrical parameters (i.e., the collector current
density JC, the common-base current transfer ratio α and the common-emitter current gain β) for
the HETs with a Gr or MoS2 base reported in the literature. Some examples of HETs fully based on
nitride-semiconductors with a sub-10-nm base thickness are reported for comparison. In spite of the
theoretically-predicted superior performances (related to ballistic transport in the atomically-thin Gr
base), GBHETs still suffer from reduced values of JC, α and β with respect to HETs fabricated by
bandgap engineering of III-N semiconductors (even with a thicker GaN base). This reduced GBHET
performance can be due to the non-ideal quality of Gr interfaces with the emitter and collector barriers,
indicating that further work will be necessary in this direction.
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Table 1. Comparison of JC, α and β for the-state-of-the-art HETs with a Gr or MoS2 base and for nitride
semiconductor-based HETs with a sub-10-nm base thickness

Emitter/Emitter-Base Barrier Base (Thickness) Base-Collector Barrier JC (A/cm2) α β Reference

Si/SiO2 Gr (0.35 nm) Al2O3 ~1 × 10−5 ~0.06 ~0.06 [22]
Si/SiO2 Gr (0.35 nm) Al2O3, HfO2 ~5 × 10−5 ~0.44 ~0.78 [23]

Si/TmSiO/TiO2 Gr (0.35 nm) Si ~4 ~0.28 ~0.4 [99]
GaN/AlN Gr (0.35 nm) WSe2 (10 nm) ~50 ~0.75 4–6 [103]

Si/SiO2 MoS2 (0.7 nm) HfO2 ~1 × 10−6 ~0.95 ~4 [25]
GaN/Al0.24Ga0.76N GaN (10 nm) Al0.08Ga0.92N ~5 × 103 ~0.97 [95]

GaN/AlN GaN/InGaN (7 nm) GaN ~2.5 × 103 >0.5 >1 [97]
GaN/AlN GaN (8 nm) AlGaN/GaN ~46 × 103 ~0.93 ~14.5 [96]

4. Materials Science Issues and Challenges

The device structures reviewed in this paper are based on vdW heterostructures of 2D materials
(Gr, TMDs, h-BN) [15] or on mixed-dimensional vdW heterostructures [17] formed by the integration
of 2D materials with 3D semiconductors and insulators (bulk or thin films). In many cases, proof of
concept devices have been fabricated by the transfer of the individual 2D components, obtained by
mechanical or chemical exfoliation of flakes from layered bulk crystals. As a matter of fact, the large
area growth method of electronic quality 2D materials and heterostructures are mandatory to move
from proof-of-concept devices to industrial applications.

Nowadays, high quality Gr can be grown on a large area by CVD on catalytic metals, such as
copper [42], followed by transfer to arbitrary substrates [104]. Although this is a very versatile
and widely-used method, it suffers from some drawbacks related to Gr damage and polymer
contaminations during the transfer procedure, as well as of possible adhesion problems between Gr
and the substrate. Furthermore, it typically introduces undesired metal (Cu, Fe) contaminations [105]
originating from the growth substrate and the typically used Cu etchants. An intense research activity
is still in progress to optimize Gr transfer procedures to minimize Gr defectivity and contaminations
associated with Gr manipulation [106–109].

Notwithstanding the above-mentioned issues, large area (cm2) Gr heterojunctions with
semiconductors are currently fabricated by optimized transfer of CVD-grown Gr. These have been used
for the fabrication of device arrays using semiconductor fab-compatible approaches. As an example,
Gr junctions with AlGaN/GaN heterostructures showing excellent lateral uniformity have been
reported [100,110] and are currently investigated as building blocks for HET devices. Figure 10a,b
reports two representative morphologies of the AlGaN surface without (a) and with (b) a single-layer Gr
membrane on top. Figure 10c,d shows two arrays of local current-voltage characteristics measured by
conductive atomic force microscopy (CAFM) at the different positions on bare AlGaN- and Gr-coated
AlGaN, respectively. In both cases, all the I-V curves exhibit a rectifying behavior, with a lower Schottky
barrier height for the Gr/AlGaN junction. Noteworthy, a very narrow spread between different curves
is observed for the Gr/AlGaN junction, indicating an excellent lateral homogeneity of the Gr/AlGaN
Schottky contact.

Under many respects, the direct growth/deposition of Gr on the target substrate would be
highly desirable. However, to date, high quality Gr growth has been demonstrated only on a few
semiconducting or semi-insulating materials, such as silicon-carbide [38–40,111,112] and, more recently,
germanium [113]. Single or few layers of Gr can be obtained on the Si face (0001) of hexagonal SiC,
either by controlled sublimation of Si at high temperatures (typically > 1650 ◦C) in Ar at atmospheric
pressure or by direct CVD deposition at lower temperatures (~1450 ◦C) using an external carbon
source (such as C3H8) with H2 or H2/Ar carrier gases [111]. Gr grown on SiC(0001), commonly
named epitaxial graphene (EG), generally exhibits a precise epitaxial orientation with respect to the
substrate, which originates from the peculiar nature of the interface, i.e., the presence of a carbon
buffer layer with mixed sp2/sp3 hybridization sharing covalent bonds with the Si face of SiC [114,115].
This buffer layer has a strong impact both on the lateral (i.e., in plane) current transport in EG, causing
a reduced carrier mobility, and on the vertical current transport at the EG/SiC interface [116,117].
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Hydrogen intercalation at the interface between the buffer layer and Si face has been demonstrated to be
efficient in increasing Gr carrier mobility and tuning the Schottky barrier and, hence, the vertical current
transport across the Gr/SiC interface [118]. Recently, CVD growth of Gr from carbon precursors on
nitride semiconductor (AlN) substrates/templates has been also investigated. Gr deposition on these
non-catalytic surfaces represents a challenging task, as it requires significantly higher temperatures
as compared to conventional deposition on metals. The first experimental works addressing this
issue showed the possibility of depositing a few layers of Gr both on bulk AlN (Al and N face) and
on AlN templates grown on different substrates, such as Si(111) and SiC, at temperatures >1250 ◦C
using propane (C3H8) as the carbon source, without significantly degrading the morphology of AlN
substrates/templates [119,120]. In spite of the very promising results of these experiments, further
work will be required to evaluate the feasibility and the effects of CVD Gr growth onto AlN/GaN
or AlGaN/GaN heterostructures. Moreover, the possibility of integrating these high temperature
processes in the fabrication flow of GBHETs with the GaN/AlN (or GaN/AlGaN) emitter needs to
be investigated.

Figure 10. AFM morphologies of an AlGaN/GaN heterostructure (a) and of Gr transferred onto
AlGaN/GaN (b). Current-voltage characteristics measured by conductive atomic force microscopy
(CAFM) on an array of different positions on the bare AlGaN surface (c) and on the Gr-coated AlGaN
surface (d). Figures adapted with permission from [100].

Although most of TMD-based devices are still fabricated using exfoliated flakes, much progress
has been made in the last few years in the CVD deposition of MoS2 and other TMDs, both on insulating
substrates, such as SiO2 [121,122] and sapphire [123], and on semiconductors, such as GaN [124].
Noteworthy, an epitaxial registry with the substrate has been observed for CVD-grown MoS2 on
sapphire and on GaN.

High quality thin insulating layers are key components for most of the above-discussed lateral
and vertical devices based on Gr and TMDs. In this context, due to the layer-by-layer deposition
mechanism, atomic layer deposition (ALD) has been considered as method of choice to grow thin
high-k dielectrics (such as Al2O3 and HfO2) on Gr and TMDs [125]. The main challenge related to ALD
on the chemically inert and dangling-bonds’ free surface of 2D materials is the activation of nucleation
sites from which the growth can initiate. Several approaches have been explored so far to this aim,
like ex situ deposition of metal or metal-oxide seed layers [126] or pre-functionalization of Gr [127].
Recently, highly uniform Al2O3 films with very low leakage current and a high breakdown field have
been deposited on Gr by a two-step thermal ALD process, resulting in minimal degradation of the Gr
electronic/structural properties [128]. As a matter of fact, the interface between Gr and TMDs with
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common insulators is not atomically flat. Furthermore, interface or near-interface defects are typically
present in the oxide and act as trapping states for electrons/holes.

In this respect, due to its atomically-flat crystal surface, excellent insulating properties and
chemical inertness, h-BN represents an ideal ultra-flat substrate and interlayer dielectric for Gr
(to which it is closely lattice matched, within 1.6%) and, by extension, other 2D semiconductor
materials [3]. Although single and multilayer h-BN used for device demonstration are still mainly
obtained by exfoliation from the bulk crystal, significant progress has been also made towards the
controlled synthesis of large-area, high-quality h-BN films by CVD on metal catalysts, such as Ni [129],
Cu [130] and Ni/Cu alloys [131]. Recently, Sonde et al. reported a detailed study clarifying the
mechanisms of CVD h-BN growth on Ni and Co thin films on SiO2/Si substrates [132], which could
lead to large area (up to wafer scale) growth of h-BN thin films on arbitrary substrates in a transfer-free
manner. As schematically illustrated in Figure 11a, after exposure to ammonia (NH3) and diborane
(B2H6) precursors at high temperature (~1050 ◦C), diffusion of boron (B) and nitrogen (N) in Ni occurs,
followed by segregation/precipitation of h-BN multilayers both on the upper and the buried face
of the Ni film. These h-BN films showed excellent insulating properties, with a breakdown field of
9.34 MV·cm−1, as determined from current-voltage characteristics measured by CAFM (see Figure 11b).
Finally, the quality of h-BN as a substrate for back-gated Gr field effect transistors has been evaluated.
The Gr resistance measured under forward and backward gate bias sweep is reported in Figure 11c,
showing minimal hysteresis associated with the absence of charge trapping at the Gr/h-BN interface.

Figure 11. (a) Schematic illustration of the mechanism of h-BN CVD growth on Ni thin films by
ammonia (NH3) and diborane (B2H6) precursors at high temperature (~1050 ◦C); (b) estimation
of the breakdown field (9.34 MV·cm−1) of the multilayer h-BN (10–11 layers) by current-voltage
measurements with CAFM; (c) resistance of a Gr field effect transistor with an h-BN back-gate, showing
minimal hysteresis between forward and backward gate bias sweep. Figures adapted with permission
from [132].

PMMA-assisted transfer is the simplest way to construct arbitrary 2D heterostructures. However,
the quality of the interface can be affected by the trapping of polymer, solvents or chemicals used for
transfer. This represents a major issue, especially for large-area 2D heterostructures. In this respect,
the direct synthesis of vertically-stacked 2D heterojunctions, obtained by CVD growth of one 2D
material on another, would be highly desirable, as the direct growth would result, in principle, in clean
heterojunction interfaces. The early van der Waals epitaxy experiments started from Gr and h-BN,
which share a similar lattice constant. Yang et al. reported a plasma-assisted deposition method for
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the growth of single domain Gr on the h-BN substrate [133]. Gr grows with a preferred orientation
with respect to the h-BN lattice, and the size of the domain is only restricted by the area of underlying
h-BN. Furthermore, Shi et al. have obtained a vertically-stacked MoS2/Gr heterostructure via thermal
decomposition of ammonium thiomolybdate precursors on Gr surfaces [134]. In spite of the 28%
mismatch between MoS2 and Gr lattice constants, Gr is still a good growth platform for MoS2, as the
growth of MoS2 on Gr involves strain to accommodate the lattice mismatch. Lin et al. demonstrated
the direct growth of MoS2, WSe2 and h-BN on epitaxial Gr on SiC through CVD methods [135],
showing how the morphology of the underlying Gr strongly affects the growth and the properties
of top heterostructures. In particular, strain, wrinkling and defects on the surface of Gr provide the
nucleation centers for the upper layer material growth.

5. Summary and Outlook

We have reviewed the state-of-the-art of 2D material-based vertical transistors for logic and high
frequency electronics.

Regarding logic applications, vdW heterostructures obtained by 2D/2D or 2D/3D material
stacking have been explored by several research groups as a platform to implement tunneling
field effect transistors (TFETs). Resonant TFETs have been demonstrated by rotationally-aligned
Gr monolayers or bilayers separated by a tunnel barrier (h-BN or TMD). However, although these
prototypes permitted exploring interesting physical phenomena, the possibility of realizing vdW
heterostructures with a precise crystallographic alignment on a large area represents a big challenge,
making real applications of resonant TFETs in the near future difficult. On the other hand, TFETs relying
on the band-to-band-tunneling across the interface of different semiconducting layered materials could
have more realistic prospects of practical applications, once further progress in van der Waals epitaxy
of TMDs is achieved.

Regarding high frequency applications of 2D materials, lateral Gr FETs with a very high cut-off
frequency (fT > 400 GHz) have been demonstrated, exploiting the high Gr channel mobility. However,
these devices suffer from a lower maximum oscillation frequency fMAX, due to the poor saturation
of the output characteristics mainly originating from the missing bandgap of Gr. Vertical transistors
based on 2D/2D or 2D/3D material heterostructures can represent an alternative to lateral Gr FETs to
realize RF functions. In particular, the hot electrons transistor (HET) has been theoretically predicted to
be suitable for ultra-high-frequency applications, with fT and fMAX values in the THz range. The main
requirement for the implementation of this device concept, i.e., an ultrathin base allowing both ballistic
transport in the vertical direction and low base resistance in the lateral direction, can be fulfilled
by 2D materials, in particular Gr. However, although much progress has been made in the last few
years in the fabrication of Gr-based HETs, the electrical performances of these demonstrators are still
lower than those of previously-reported HET devices fabricated with III-V heterostructures (even with
a thicker base) and far from the state-of-the-art RF HEMTs (which represent the benchmark for any
competing RF device concept). Further improvements in the emitter-base and base-collector barrier
layers and interfaces are still required to achieve the theoretical DC and RF performances of HETs.

Generally speaking, the perspective of industrial applications of 2D material-based devices is
strongly related to the possibility of growing individual 2D layers and, possibly, vdW heterostructures
on a large area.
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Abstract: Van der Waals heterostructure is formed by two-dimensional materials, which applications
have become hot topics and received intensive exploration for fabricating without lattice mismatch.
With the sustained decrease in dimensions of field effect transistors, van der Waals heterostructure
plays an important role in improving the performance of devices because of its prominent electronic
and optoelectronic behavior. In this review, we discuss the process of assembling van der Waals
heterostructures and thoroughly illustrate the applications based on van der Waals heterostructures.
We also present recent innovation in field effect transistors and van der Waals stacks, and offer
an outlook of the development in improving the performance of devices based on van der
Waals heterostructures.

Keywords: van der Waals heterostructure; field effect transistor; two-dimensional material

1. Introduction

In the past few decades, graphene, which exhibits extraordinary electronic and optoelectronic
properties in exploring low-dimensional materials, has become the most advanced research in the
field of two-dimensional layered material (2DLM) science, solid-state physics and engineering [1–3].
Because graphene originally has excellent parameters, such as mechanical stiffness, strength and
elasticity, very high electrical and thermal conductivity, graphene-based transistor preforms better
than conventional Si-based transistors [1] in fabricating high-frequency transistors with the possible
cut-off frequency fT = 1THz at a channel length of about 100 nm [4] and photodetectors with a wide
spectral from ultraviolet to infrared [1]. Therefore, the discovery of graphene creates a new generation
of electronic devices with atomically thin geometry and unprecedented combination of speed and
flexibility. Except for the advantages and merits of graphene-based transistor mentioned above,
there are some shortcomings, such as the unique zero bandgap, hindering the graphene’s application
in electronic industry [3]. To overcome the defect brought by graphene device, this extensive library of
2DLMs, such as graphene, phosphorene, hexagonal boron nitride and transition metal dichalcogenide
mentioned in this article with selected properties opens up the possibility of heterogeneous integration
at the atomic scale, creating novel hybrid structures that display totally new physics and enable unique
functionality [5]. Because 2DLMs have various bandgap, the different material shows different property.
For example, black phosphorus shows the characteristic of conductor; molybdenum disulfide (MoS2)
and tungsten selenide (WSe2) are semiconductors; and boron nitride (BN) performs as insulator.
2DLMs with various properties make it possible to form special combination of heterogeneous
integration at atom scale, such as van der Waals heterostructures (vdWHs).

In general, heterostructures formed by 2DLM monolayers are assembled by covalent bond force
within layers and stacked together by van der Waals force between layers. Thus, there is no free
dangling bond between 2DLM layers. In contrast to typical nanostructures persecuted by dangling
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bond and trap state on the surfaces [6], monolayer are free of these disadvantages (Figure 1a,b) and
exhibit extraordinary electronic and optoelectronic properties. Additionally, without free dangling
bonds, the interface between neighbor 2DLM layers are assembled by van der Waals forces, which is
much weaker than chemical bond force. Therefore, the van der Waals heterostructure can be easily
isolated by exfoliation with the help of taps [7]. Although some highly disparate materials have a
great lattice mismatch in creating heterostructure, those can be assembled together by van der Waals
force. This allows diverse 2DLMs to construct various van der Waals heterostructures (vdWHs) with
completely novel properties and functions.

Figure 1. Two-dimensional layered materials and van der Waals heterostructures: (a,b) materials with
and without dangling bond; (c) anisotropic transport behavior of phosphorene in different direction;
(d–f) monolayer graphene, hexagonal boron nitride and transition metal dichalcogenides, graphene
shows semimetal characteristic, hexagonal boron nitride behaves as insulator and transition metal
dichalcogenides act as semiconductor; (g–i) van der Waals heterostructure formed with free dangling
bond materials; (g) 0D (particles or quantum dots) and 2D layered materials stack; (h) 1D (nanowires)
and 2D layered materials stack; and (i) 2D layered materials and 3D bulk materials stack. (a–e) are
reproduced with permission from Nature Publishing Group, Ref [6,8].

The early study in vdWHs focus on the combination of 2DLMs with 0D (for example,
plasmonic nanoparticles and quantum dots) and 1D (for example, nanowires and nanoribbons)
nanostructures [9–12]. These novel 0D–2D (Figure 1f) and 1D–2D (Figure 1g) vdWHs structures have
fabricated many highly performed devices, such as photodetectors with highly optical response [10]
and transistors with high speed and flexibility [12]. In recent years, most efforts have been taken to
form 2D–2D integration vdWHs by vertically stacking various 2DLMs; for example, Dean fabricated
a graphene–BN heterostructure transistor which Hall mobility reached ~25,000 cm2·V−1·s−1 at high
density [13], and Withers stacked metallic graphene, insulating hexagonal boron nitride and various
semiconducting monolayers into complex but carefully designed sequences, which exhibited an
extrinsic quantum efficiency of nearly 10% and the emission can be tuned over a wide range of
frequencies by appropriately choosing and combining 2D semiconductors [14]. 2D–2D vdWHs with
diverse 2DLMs make it possible to accurately control and modulate the transport of charge carriers,
excitons and photons within the atomic surface, and greatly promote the new generation of unique
devices. Apart from 2D–2D vdWHs, 2DLMs can also be integrated with 3D bulk materials to form
2D–3D structures [8,15] (Figure 1f–h), which attract some interest. Hot electron transistors based
on 2D–3D heterojunctions have been reported [16]. Gate tunable p-n junctions based on 2D–3D
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heterojunctions have been reported [17,18]. Heterojunction formed with MoS2 and p type Ge can
fabricate high performance tunneling field transistor [18].

Recently, most vdWHs are formed by mechanically stacking different monolayers together.
Although this method allows great flexibility, it is slow and inconvenient. Thus, some simple and
high-quality techniques are being developed, for example, large-area 2DLMs grown by chemical vapor
deposition (CVD) and direct growth of heterostructure by CVD or physical epitaxy, which improves
the growth quality of monolayers and the properties of heterostructure exhibited [19–21].

In this review, we mainly concentrate on the integration, properties, application and technology
of vdWHs. First, we give a brief introduction of typical materials, which got highly unprecedented
attention in the field of materials science and solid-state physics in the past few years, and discuss
the electronical properties about them. Then, we focus on the applications of field effect transistors
based on vdWHs, including elevating mobility, decreasing the contract resistance and conventional
transistors like tunneling field effect transistor. Except for traditional FETs, we investigated some
late-model structure, namely the vertical thin film transistor. Finally, we analyze the process of
mechanically and chemically stacking van der Waals heterostructures. Meanwhile, we discuss the
process of fabricating the field effect transistors (FETs) by van der Waals stacking methods.

2. Two Dimensional Materials

Two-dimensional materials, which constitute van der Waals heterostructures (vdWHs), have been
explored to exhibit entirely different characteristics (Figure 2a), including conductors, semimetals,
semiconductors, and insulators. Large group of two-dimensional materials provide various band gap
and different electronic and optical performance, which offers the theoretical possibility of different
device application requirement. With different 2D materials to form heterostructure, not only novel
properties can be observed but also highly reliable nano-device can be achieved as well.

Figure 2. Different 2D layered materials and electronic properties. (a) Classified 2D layered materials
based on different conductive characteristic. Monolayers proved to be stable in air condition are
marked as blue. Those probably stable in air are shaded green. Those monolayers stable in inert
atmosphere are shaded pink. Grey shading shows that monolayer can be successfully exfoliated from
bulk materials. Reproduced with permission from Nature Publishing Group, Ref [22] (b) Band gaps
of 2D layered materials compared with Dirac point. Reproduced with the permission from IEEE in
Ref [23].
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2.1. Graphene

With a honeycomb lattice structure assembled by strong covalent bond force, crystal structure
shown in Figure 1d, graphene only has a single atomic carbon layer, which can be manufactured via
mechanically exfoliating from bulk graphite. Due to bulk graphite has weak interlayer connection
formed by van der Waals force, the large-area monolayer graphene can be easily and successfully
exfoliated from bulk material with the help of a scotch tape. Owing to the unique lattice structure
and atom combination, graphene has zero band gap which means charge carriers move in a ultrahigh
speed about 25,000 cm2·V−1·s−1 at room temperature [24]. In other words, with high conductivity in
2DLMs family, graphene behaves like metal, which is the significant component of forming vdWHs.
Transistors with graphene electrodes will have a lower contact resistance compared to transistors
without graphene electrodes [25]. In flash memory devices, graphene also acts as charge trap layers [26].
Due to the single-atom thickness and specific density of state (DOS), it exhibits partial optical and
electrostatic transparency under tunable work function. For possessing this characteristic, graphene
serves as contact material integrated with other two-dimensional semiconductors in vdHW transistors,
which achieves an appropriate contact resistance and admirable electrical performance [27].

Bilayer graphene, which is constituted of two atomic carbon-layers stacked by van der Waals
interaction under specific direction, does not exhibit the same properties as monolayer graphene.
That is because the interaction between two neighboring layers provides extra van der Waals electric
field, which inducts bilayer’s bandgap [28] and forms four pseudospin flavors [29]. Although bilayer
graphene has a band gap up to 250 mV under gate controlling, it is still smaller than other 2DLM
like transition metal dichalcogenide, and even bulk Si (the band gap is about 1.2 eV). Even though
monolayer graphene has zero band gap, it can be used in other ways such as graphene electrode
in transistor, charge trap layer in flash memory and metal–graphene interfaces which can provide
photo-generated carriers in photodetectors [30,31]. Moreover, bilayer graphene transistors also have a
degradation of the carrier mobility compared with monolayer graphene [2].

2.2. Transition Metal Dichalcogenide

Transition metal dichalcogenide (TMDC) is the group of two-dimensional materials with chemical
form MX2, where M stands for transition metal (molybdenum and tungsten) and X represents for the
chalcogenide (sulfur, selenium or tellurium). The arrangement of atomic layered TMDC is X-M-X form.
The crystal structure is shown in Figure 1f. Considering the same reason that adjacent layers of TMDC
are weakly held together by van der Waals force, monolayers of TMDC can also be directly split from
bulk crystals (regardless of artificiality or natural mineral) by scotch tape, called mechanical exfoliation,
and it can also be fabricated by chemical vapor deposition (CVD) processes [32,33]. From bulk structure
to two-dimensional layered structure, the most frequently studied TMDCs, such as MoS2, MoSe2,
WS2 and WSe2, show various band gaps (Figure 2b) and tunable electronic properties with its volume
changing from bulk material to monolayer [16]. At room temperature, as the thickness of TMDC
decreases from bulk to monolayer, its band gap ranges from 1 eV to 2 eV and carrier mobility reaches
over 100 cm2·V−1·s−1. Owing to the varied bandgap resulting in tunable electrical characteristics,
there are some distinctive properties observed in TMDC, for example, valley Hall effect [34], valley
polarization [35], superconductivity [36] and photoelectric characteristic [37,38]. TMDC’s lack of
dangling bands is another reason that makes it attractive for use in FET channel material. This means
the lattice mismatching is out of consideration during the formation of TMDC–TMDC van der
Waals interconnection.

2.3. Phosphorene

Phosphorene is a monolayer material constituted of phosphorus, with a vertically interlaced
hexagonal lattice that looks like armchairs. Phosphorene’s bandgap varies from 0.33 eV to 1.5 eV
depending on the number of layers stacked [39]. Notably, an individual property is observed
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in few layers of phosphorene, i.e., anisotropic transportation in different phosphorene’s crystal
orientations [40]. Specifically, transporting in the armchair direction (x direction) is much more
efficient than in zigzag direction (Figure 1c). In addition, a p-type semiconductor characteristic
emerges in phosphorene. When the hole mobility exceeds 1000 cm2·V−1·s−1 in certain direction [41],
the phosphorene becomes the significant 2D material for electronic device. Later report shows that the
drain current of FETs based on phosphorene can be modulated to 105, which means the Ion/Ioff ratio
reaches 105 [42]. The tunable bandgap of phosphorene make it possible to react with different spectral
regime from visible to infrared, which can be applied in fabricating multispectral photodetector [43].

The main challenge for phosphorene’s extensive application is the environmental stability,
which means it can be easily oxidized [44]. To prevent the surface oxidization which leads to the
decrease of device performance, some solutions have been adopted, for example, using h-BN [45],
atomic layer of Al2O3 [46,47] and hydrophobic fluoropolymer [48] as encapsulating materials during
process of van der Waals stacking.

2.4. Hexagonal Boron Nitride

Hexagonal boron nitride (h-BN), also called white graphite, has the same lattice structure as
graphite. (Figure 1e) For boron and nitrogen are combined together by the strong covalent sp2

hybridized chemical bond, h-BN exists as insulator with a large bandgap of 6 eV [49]. Mechanical
exfoliation can provide an atomically smooth surface without dangling bond and carrier traps, so a
few layers of h-BN can be used as ultra-flat insulating substrates, the gate dielectrics [50] and ideal
encapsulate material [24] in heterostructure transistors [13]. Besides, ultrathin h-BN can be served as
great tunneling barrier material in tunneling devices [51,52].

2.5. Other Various 2D Materials for vdWHs

In the past few years, novel 2D TMDCs draw a lot of concentration on creating new types of
devices; meanwhile, traditional 2D materials such as MoS2 and WSe2 have been considered once more.
In virtue of doping technology, high-k amorphous titanium suboxide (ATO) is used as an n-type charge
transfer dopant on the monolayer MoS2, which decreases the contact resistance to 180 Ω·μm [53].
Utilizing AlOx, another method of n-type doping in MoS2 is demonstrated, which can also reduce the
contact resistance to 480 Ω·μm [54]. After confirming operational parameters of chemical vapor
deposition, ultrathin MoS2(1−x)Se2x alloy nano-flakes with atomic or few-layer thickness can be
obtained and it have high activity and durability during the hydrogen evolution reaction [55].
These various 2D materials show variable bandgaps, tunable optical and electronic properties [56,57].

3. Techniques

Two-dimensional materials can be assembled or grown directly into heterostructures, where the
monolayers are held together by van der Waals forces. Although variety of 2D materials have been
found, the assembly techniques currently used allow only certain types to build up the heterojunction.
At the same time, the alternative technique, called sequential growth of monolayers, potentially do well
in large scale production. Actually, the growth method has some limitations, such as slow growth and
hard to control, and is still in early stages. Nevertheless, a great number of experiments with van der
Waals heterostructure indicate that 2D materials are versatile and practical for further applications [58].

3.1. Assembly

Direct mechanical assembly is the most commonly used techniques of assembling heterostructures
at present. This techniques was been put forward in 2010 by Dean et al., who demonstrated a very
high level of performance provided by graphene and h-BN [13].

In early works, the technique is only used in preparing a flake of 2D material on a sacrificial
membrane, such as PDMS, aligning and placing it on the substrate, and then remove or dissolve the
membrane (Figure 3A–G). Then, the progress is repeated to deposit the other 2D material on the top of
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the former layer. Because the materials have close contact with the sacrificial layer, which is dissolved
finally, the interface between TMDC and sacrificial layer will be contaminated. However, annealing
can remove this contamination and achieve high interface quality, so the mobility of graphene device
can reach 106 cm2·V−1·s−1 [13].

The other substantially cleaner method has the same principle that van der Waals interaction exist
between layers. After sticking the first layer onto membrane, the second layer is directly stuck on the
first layer, instead of dissolving the membrane (Figure 3G–O). Then, the process is repeated several
times to get expected multilayer. This method leads to cleaner interface over large areas, and higher
electron mobility.

Figure 3. Assemble van der Waals heterostructures techniques: wet-transfer and pick-and-lift. (A–F)
Wet-transfer technique: (A) A 2D crystal prepared on a sacrificial layer. (B) Pick up the sacrificial layer
with 2D material. The layer is then placed on (C) and the second layer is transferred the same way
(D). Then, it is placed on top of the first layer (E). Deposited metal on the proper location (F). (G–O).
Pick-and-lift technique: A 2D material on a membrane is aligned (G) and then placed on top of another
2D crystal (H). The process is repeated to lift additional crystals (I–L). Finally, the whole multilayer is
placed on the substrate (M–O), and the membraned is dissolved. Reused with the permission from
American Association for the Advancement of Science in the Ref [58].
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3.2. Growth Methods

Although the assembly methods can stack the layers and achieve a clean interface, it still has
some disadvantages, for example, the stacking position cannot be accurately controlled, which affects
the device properties [22]. The direct growth of vertical layered heterostructures via chemical vapor
deposition (CVD) is much more promising in terms of being controllable and scalable.

The direct growth of heterostructures can be divided into two parts: (1) sequential CVD growth
of 2D materials layered; and (2) molecular beam epitaxy (MBE). The detailed information is presented
in the following.

3.2.1. CVD

For the CVD system of MoS2 growth, as depicted in Figure 4, two separated furnaces are used
to precisely control temperature applied on both precursors and substrate. Sulfur powder and the
substrate are in the same pipe while different furnaces, where the interaction temperature can be
independently controlled. Twenty milligrams of MoO3 powder, which temperature is dominated
by furnace 2, is loaded between sulfur powder and the substrate and has an independent mini-pipe
(diameter 1 cm). This is to prevent any cross-contamination and reaction between sulfur and MoO3,
resulting in the decrease amount of MoO3 and unstable precursor supply in the vapor phase. Typical
growth temperatures used for sulfur, MoO3, and the substrate are ~180 ◦C, ~300 ◦C, and ~800 ◦C,
respectively. To ensure the sufficient supply of sulfur vapor in the system, it is preheated before
increasing the temperature of MoO3.

This simple but scalable CVD growth approach can realize the direct fabrication of large-area
MoS2/h-BN heterostructures with cleaner interface and better contact, compared with mechanical
transfer method or assembly methods [59].

Figure 4. Schematic illustration of CVD growth methods for MoS2 growth. Reproduced with
permission from American Chemical Society Publishing Group in Ref [59].

3.2.2. MBE

As one of the most commonly used growth methods of heterostructures, CVD has successfully
accomplished several two-dimensional layered materials [60]. Although it is almost theoretically
perfect, the reaction condition of CVD is hard to control at present and the results reported publicly
can only form a few well-defined islands over the entire wafer. Considering the defects, MBE is an
alternative approach for CVD in some ways [61].

As the name suggests, MBE is a kind of physical deposition method that takes place in ultrahigh
vacuum. Figure 5 shows a typical MBE system. The required components are heated into vapor and
sprayed on the substrate through a small hole. At the same time, a controlling molecule beam is used
to scan the substrate line by line, and the molecules or atoms are arranged layer by layer in lattice
structure. The ultra-high vacuum(UHV) environment minimize the contamination of the interface
between substrate and growing flake. Because there are few particles in UHV environment, the ionized
atoms and molecules traveled in nearly collision-free path until hitting the substrate or the chilled
oven walls, where atoms condense immediately, and thus are effectively cleaned up from the reacting
system without extra contamination. Because the components are sprayed onto substrate through a
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small hole, it can be turned off almost instantly and changed into another reactant whenever necessary.
Most importantly, MBE growth can be simplistically described as “spray painting” the substrate crystal
with layers of atoms, changing the composition or impurity in each layer until a desired structure is
obtained [62].

Compared with CVD, MBE can potentially grow products overspread the whole wafer, precisely
control the rate of interaction by means of regulating the rate of spraying and easily change the
reactant as requirement. In this sense, MBE is almost the ideal method of vdWHs fabrication since the
composition can be precisely controlled layer by layer.

Figure 5. Schematic diagram of the MBE system. Reproduced with the permission from American
Institute of Physics in the Ref [63].

4. FETs Based on Heterostructures Applications

Various 2D materials provide diverse electronic properties from conductors to insulators which
benefits new devices creation. Van der Waals heterostructures exhibit ultrathin thickness and special
properties that give a chance to build transistors at nanoscale size compared to bulk materials.
Thus, novel field effect transistors based on van der Waals heterostructures have developed.

4.1. Decrease the Contact Resistance

Two-dimensional semiconductors (2DSCs), especially TMDCs, have sparked immense interest in
the electronic devices since the MoS2-based transistor was first reported [64]. Source and drain are
often made of Metal-TMD directly contact, which induce a high contact resistance Rc. Even the contact
resistance is larger than Si based transistors. The excessive contact resistance Rc on the source and
drain interface is a great challenge for 2DSCs devices.

The high contact resistance, induced by a high Schottky barrier [65], prevent the charge carriers
moving through the metal-semiconductor contacts. While the typical 2DLMs contact resistance
currently achieved is 100 times higher than Si-based electronics (<20 Ω·μm) [66], there is still much
work to do to decrease the actual contact resistance (Figure 6a). Some strategies have been used to
reduce the contact resistance with the help of graphene/metal heterostructures. Schematics are shown
in Figure 6d–f.
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Figure 6. Contact resistance for different two-dimensional materials: (a) various contact resistance of
materials against quantum limits; Reused with the permission from Nature publishing Group in the
Ref [65] (b) contact resistance with traditional 2H-MoS2 material; (c) contact resistance with 1T-MoS2

and 2H MoS2 as channel material; (d) coplanar contacts of graphene electrodes; (e) staggered contacts
of graphene electrodes; and (f) hybrid contacts of graphene electrodes. (b,c) are reproduced with the
permission from Nature publishing Group in the Ref [67]. (d–f) are adapted with the permission from
Nature publishing Group Ref [5].

In silicon-based transistor, doping is conventionally used in traditional process of decreasing
contact resistance at the source and drain interface, which is not reliable in TMDC-based transistor.
That is because a highly doped silicon-based transistor can provide more carriers to fill valence
band [65]. However, injecting other elements into TMDC seriously damages the covalent
bonds between the atoms and breaks TMDC’s unique lattice structure, thus a great deal of
defects are generated into layers resulting in Fermi-level pinning, which causes undesired contact
resistance [68,69]. Besides TMDC, graphene is another 2DLM drawing extensive concern. The greatest
contribution of graphene is forming van der Waals stacks with metal and 2DLM, which commendably
decreases the contact resistance due to its special band structure. Because graphene is single-element
2DLM, it can be doped similar to silicon. Compared with intrinsic graphene, the highly-doped
graphene decreases the height of Schottky barrier formed by the connection of graphene and metal,
which means the contact resistance is greatly reduced [70]. A typical TMDC-based transistor,
which uses monolayer graphene as metal electrodes, 2DLMs such as tungsten diselenide (WSe2)
as semiconductor channel, and hexagonal boron nitride (h-BN) as gate dielectric, exhibits very high
performance, such as high current on/off ratio, remarkable temperature stability, low contact resistance
and low subthreshold slop [71]. Even though the Schottky barriers is still high (0.22 eV) at the
graphene–WSe2 contact, the on-state current is dominated by tunneling through the barriers which
makes the barriers almost transparent to the charge carriers. After using 3 nm h-BN as gate dielectric
and 1.5 nm WSe2 flake as channel material, the tunneling distance is only 1.6 nm [72]. There are

129



Crystals 2018, 8, 8

three types of interface of graphene–2DSCs contact: coplanar contacts (Figure 6d), staggered contacts
(Figure 6e) and hybrid contacts (Figure 6f).

The coplanar structure is that the TMD channel materials and source/drain electrodes are on
the same side of graphene. With the bottom graphene contact for 2DSCs transistors, nearly perfect
work function matching lead to a barrier-free contact, which can significantly decrease Rc. MoS2 and
WSe2 transistors using this strategy have been demonstrated [25,70,73,74]. Staggered contacts mean
that TMD channel and source/drain electrodes are on different sides of graphene. With this strategy,
transistors can be less susceptible to lithographic contamination, because the polymer residue did
not touch TMD channel directly. Otherwise the residue will affect the charge transport at the
interface. With this method, high performance MoS2 transistors [75–78] and air stable black phosphorus
transistors [45] have been reported. Metal–graphene hybrid structure as a unique contact to reach
minimized Rc (300 Ω·μm) compared to metal–TMD structure. With graphene inserted as the interlayer
buffer, the carrier injection was enhanced at metal–graphene–TMD channel interfaces. For example,
nickel–etched–graphene electrodes have achieved a relatively low resistance [79]; Ti–graphene–MoS2

stacks can ruduce Rc from 12.1 ± 1.2 Ω·mm to 3.7 ± 0.3 Ω·mm to some degree compared with stacking
Ti onto MoS2 directly [80].

When integrating two-dimensional transition metal dichalcogenides with metal, the valence
band shows unusual Fermi level pinning. Compared with chemical doping, which will destroy the
covalent bond of TMDs within layers, the stacking of graphene can create a undamaged van der
Waals contact and a ultraclean interface, which prevents Fermi level pinning [25,75]. There are some
other reports demonstrate a stacking structure formed by MoS2 and graphene to reduce the connect
resistance [73,77,81]. In this structure, graphene and metal are connected together to form electrodes
and molybdenum disulfide (MoS2) is used as channel. The tunability of doping graphene’s work
function can significantly improve the ohmic contact to MoS2 [77].

Besides graphene, other 2DLMs such as MoS2 can also be doped with element to improve
the mobility of charge carriers which leads to low contact resistance, for example, physisorbing
chloride molecule into WS2 or MoS2 [82]. With the method of physisorbed molecules, contact
resistance can be obviously decreased [83]. Other efforts of contacting electrode metal materials
with TMDs create the low Schottky barrier. For example, the connection between molybdenum (Mo)
and MoS2 forms perfect interface, leading to ultralow Schottky barrier about 0.1 eV [84]. Other methods
based on van der Waals heterostructure to decrease Rc have include phase-engineering. With the
organolithium chemical method, MoS2 changes from 1T phase to 2H phase. 2H phase MoS2 behaves as
electronic channel, as shown in Figure 6b. This 1T–2H–1T structure can receive relatively low Rc [67]
(Figure 6c). To create stable homojunction contact of MoTe2, some reports use laser to achieve two
phase interconversion. Stacking semiconducting hexagonal (2H) and metallic monoclinic (1T) MoTe2

together can fabricate an ohmic heterophase homojunction, which is necessary in lowing contact
resistance [67]. Phase engineering, therefore, provide a way of creating lateral heterostructures with
low resistance, but additional work is needed to achieve values comparable to state-of-art materials
and close to the quantum limit.

4.2. Tunneling Field Effect Transistor and Barrister

The principle of tunneling field effect transistors (TFETs) is band-to-band tunneling [85].
The barriers induce by van der Waals gap narrow because the width of van der Waals gap is below
1 nm, which will lead to charge carriers tunneling [86]. For width of barriers narrowing at the
contact interface, the tunneling current between source and drain increases rapidly in silicon-based
transistor. However, vertical tunneling transistor based on vdWHs is different from conventional
TEFTs. In vertical structure, two separate monolayers of graphene serve as electrodes, and ultrathin
dielectric material are stuck between them. Based on gate-voltage tunability of the DOS in graphene,
the height of Schottky barrier reduces and realizes the charge carriers’ transportation.
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Transistors based on that principle use very thin BN (1.4 nm) and MoS2 as vertical transport
barrier, making devices have the switching ratio of ~10,000 at room temperature [87]. Further study of
this type of heterostructure is the resonant tunneling and gate voltage-tunable negative differential
conductance [88]. Other studies have put forward how to achieve the resonant tunneling with the help
of crystallographic orientation alignment of the graphene-BN-graphene heterostructure [89,90].

In addition of graphene, two dimensional TMDs have sharp band edges and ultra-narrow channel
length, which has been the suitable candidates for TFETs. By correctly choosing two 2D layers of
semiconductors to make up a suitable heterojunction (one layer is n-type and the other layer is
p-type), it can achieve both large tunneling current and low subthreshold swing (SS). Subthreshold
swing (SS) shows the current transformation with the change of voltage, when the device works in
subthreshold state. With the proper heterojunction band offsets between the two 2D semiconductor
layers (Figure 7a,b), the tunneling current will be significantly increased because of the band alignments.
TFETs with SnSe2/WSe2 van der Waals heterostructure (Figure 7c) have achieved the SS of 80 mV/dec
at room temperature and ION/IOFF ratio exceeding 106 [91] (Figure 7d). In addition, dual-gated
MoS2/WSe2 van der Waals heterostructures were demonstrated and carrier concentration of MoS2

and WSe2 can be independently controlled by up and down symmetric gates, which achieved a high
efficiency of 80% due to the weak electrostatic barrier through atomic layers [92].

Figure 7. Tunneling field effect transistors structure and transfer curve (a) Band offset of p-type
semiconductor and n-type semiconductor. (b) A schematic illustration of TFETs. The devices consist
of ultrathin p-type layer and n-type layer connected to source and drain, respectively. Vtg is the gate
tunable voltage and Vds is the drain voltage. (c) WSe2/SnSe2 heterostructure based TFET schematic
diagram. (d) Transfer curve of WSe2/SnSe2 TFET with the gate voltage of 0.1 V, 0.3 V, 0.5 V, 0.7 V, 0.9 V.
(a,b) are adapted with the permission of Nature publishing Group in ref [6] (c,d)are adapted with the
permission of John Wiley & Sons, Inc. in Ref [91].

4.3. Van der Waals Heterostructure Based Vertical Transistors (VFETs)

With ultrathin structure and suitable band structure, 2DLMs can create totally new devices such
as vertical transistors. Compared with conventional planar field effect transistors, which consist of a
source and a drain plate electrode with a conducting channel located between them, vertical transistors
often use graphene and metal as source and drain electrodes, respectively. In planar transistors
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(Figure 8a), the gate electrical field (E) controls the channel carriers to influx. Thus, the channel current
density (J) is always perpendicular to the gate electrical field (E) (J⊥E). The channel length is decided
by the area of 2DSCs. In other word, the lithographic accuracy which decides the distance of source
and drain would influence the channel length. In particular, the tunable work function and partial
electrostatic transparency make graphene become the appropriate candidate of interconnecting with
semiconductor to fabricate vertical transistors, in which graphene acts as the active contact. In this
fundamentally different geometry, as shown in Figure 8b, the channel carriers transport direction
is parallel to the gate electrical field (J‖E). The channel length is decided by the thickness of 2DSCs
which can be prominently shorter than the planar transistors. With effectively modulating the work
function of graphene by introducing the gate voltage, the Schottky barrier between graphene and
semiconductor changed and result in large current injection, which brings a large on/off ratio that
cannot be achieved in planar transistors.

Different kinds of transistors based on vertical vdWHs have been reported according to its special
device structure. N-channel vertical FET created by sandwiching multilayered MoS2 between graphene
and metal panel (Figure 8c), has the on/off ratio >103 at room temperature [93]. Due to van der Waals
interface between MoS2 and graphene, the Schottky barrier restrains current injection. Introducing
an external electric field can strongly modulate the height of Schottky barrier owing to the small
density of states of graphene [94]. The band structure of graphene/MoS2/metal heterostructure is
shown in Figure 8d. The source/drain voltage (VB) drives current follow vertically into multilayered
MoS2 channel. The carriers transport is dominated by thermionic-emission (TE). The application
of VB changes the Fermi level in graphene due to the capacitive coupling through MoS2. With the
increasing VB, the Fermi level will reach the Dirac point at some point, as shown in the right panel
of Figure 8d [95,96]. Other 2DLMs such as WS2 possessing the same geometrical structure of MoS2

VFETs have been reported, achieving extremely large on-state current [97].

Figure 8. Van der Waals vertical stack structure and devices: (a) conventional planar transistor, channel
current exists in planar area; (b) van der Waals vertical stack and channel current follow in vertical
direction; (a,b) are adapted with the permission of Nature Publishing Group in Ref [5] (c) schematic
of metal/MoS2/graphene vertical stack and measurement circuit; Adapted with the permission of
AIP Publishing LLC in Ref [94] (d) band alignment of metal/MoS2/graphene vertical stack with a
constant VG and changing with the increase of VB. Adapted with the permission of American Institute
of Physics Publishing LLC in Ref [95].

As graphene has attracted increasing attention among researchers, other carbon-based materials
such as fullerene also draw attention to be assembled with graphene or 2DLMs to create organic
vertical field effect transistors (OVFETs). In other words, the work function of fullerene (C60) is closed
to graphene. Thus, the graphene/C60/metal VFET with a measured current on/off ratio up to 105
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has been reported [98] and the logic inverter based on this structure also has been reported yet [99].
Some types of organic or molecular crystals can act as semiconductor. After stacking on graphene to
form 2D–3D heterojunction, which is an excellent vertical channel for VFETs, new opportunities in
developing novel OVFETs exist. At the same time, organic transistors such as 2D quasi-freestanding
molecular based graphene transistors which had the mobility up to 10 cm2·V−1·s−1 have been
achieved [100].

4.4. Photodetector and Diodes Based on van der Waals Heterostructure

Based on fine optical characteristic of two-dimensional TMDCs, photovoltaic applications about
van der Waals heterostructure combined with such materials have been explored. The typical
application is the photodetectors made of graphene act as channel material and MoS2 act as light
sensitive material [101]. Under the combination of two kinds of 2D materials which have different
tunable work functions, photoexcited electrons and holes can be accumulated in conductor layers.
Shown in Figure 9a, photoexcited pairs have been observed in the heterostructure of MoS2/WSe2 [102]
and MoSe2/WSe2 [103]. Most photovoltaic devices can be created by combining few layers of TMDCs
with graphene. Using graphene as electrodes and TMDCs sandwiched between two graphene
electrodes, one can create efficient photoexcited carriers inject into graphene electrodes [104,105].
In other words, graphene can form a typical ohmic contacts which will significantly decrease the
resistance and serve as a transparent electrode.

If p-type and n-type 2D semiconductors stack together with van der Waals force, then atomic
layers of p-n junctions can be acquired. Gate tunable diode based on TMDCs have been abundantly
created. Various combinations of 2D semiconductors were used to construct p-n junction for
photodetectors (typical p-n structure and band structure shown in Figure 9b) to realize the excellent
performance of responsivity and detectivity [106–112]. Heterostructures such as MoS2/WSe2 [107],
black phosphorus/MoS2 [109], and MoS2/WS2 [110] p-n junctions are widely used in photodetectors.
GaTe/MoS2 heterostructure received a high photovoltaic performance whose photoresponsivity can
reach 21.83 AW−1 [112].

Figure 9. Photodetector and diodes schematic diagram: (a) photoexcited pairs generate in MoS2/WSe2

heterostructure; (b) band structure of n-MoS2 and p-WSe2 p-n junction; and (c) schematic illustration
of vertical stack p-n diode based on two-dimensional TMDs.
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4.5. Memory

There are many types of memory devices which include dynamic random access memory
(DRAM), static random access memory (SRAM), resistive random access memory (RRAM) and flash
memory. The memory cells of DRAM and SRAM are based on the one-transistor and one-capacitance
(1T1C) structure and six transistors (6T), respectively. The 1T1C DRAM cell is shown in Figure 10a.
The capacitance charging and discharging controlled by the transistor on-state and off-state. When the
word line voltage reaches the transistor on-state voltage, the current will follow through transistor
and charge the capacitance when the bit line voltage is at high potential. This operation is called
the programming process. When the bit line voltage is at low potential, the charged capacitance
will discharge and the current will follow through the transistor into bit line, which is called erasing
process. When the word line voltage controls transistor at the off-state, the charge carriers will be held
in capacitance. After setting bit line at half of the high potential, the voltage will rise if the capacitance
is charged and will decline if the capacitance is discharged. This is called the reading operation of
DRAM. However, DRAM is a typical volatile memory, which means that the storage performance will
disappear under the power-down state.

Figure 10. Schematic diagram of different type of memory and performance curve: (a) 1T1C structure of
dynamic random access memory; (b) semiconductor–insulator–metal heterostructure of flash memory;
(c) gate hysteresis curve of flash memory; (d) stability and endurance of flash memory. (c,d) are
reproduced with permission from Nature Publishing Group, Ref [113].

A new concept of constructing memory is based on the domain wall motion which means that
crystalline particles with the same polarization direction as the external electric or magnetic field
inside the crystal become larger. This process is done by the movement of domain wall. Current
driven domain wall motion and electrically controlling the magnetization switching by spin orbit
torque have been proposed for information storage. Decreasing the current density to realize the
domain wall motion plays an important role in practical applications [114]. Basically, the external
magnetic field is necessary to control the current-induced magnetization switching direction by spin
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orbit torque [115,116]. Later research has reported that the electric field definitively control the current
induced ferromagnet switching at room temperature with the polarized ferroelectric substrate [117].
Piezo voltage solely controlling the magnetization switching at room temperature without external
magnetic field has been realized, which can largely decrease the energy consumption compared with
the electric current switching magnetization [118]. This concept offers an idea to develop ferroelectric
random access memory, magnetic random access memory and phase change random access memory.

Another block of memory is flash, a kind of non-volatile memory. Flash memory is based on
2D material stacks established on a semiconductor–insulator–metal (SIM) structure (Figure 10b).
MoS2/BN/Graphene heterostructure for use in flash memory has been widely explored [113,119].
Graphene and MoS2 were utilized as charge trapping layers and channel layers and h-BN acted
as a tunnel barrier, respectively. Under a considerable voltage positive bias, the tunneling current
exponentially increases with the decreasing of BN thickness, which will lead to the increasing charge
injection into the trap layer. Thus, the thickness of insulator becomes especially important in SIM
structure. The critical thickness of tunneling barrier is 7 nm. Tunneling current cannot be formed in
the thick layers (>10 nm), while leakage current will exist in the thinner layers (3.5 nm), which will
cause charging process failure [113]. When gate voltage becomes negative in releasing process, charge
carriers trapped in the graphene layer will be transferred into MoS2. Thus, the charge retention and
gate hysteresis that contains a memory window can be observed (Figure 10c). Retention time of
trapping and releasing current shows the endurance of charge trapping flash device (Figure 10d).
Detailed band is structure shown in Figure 11a with the charging and releasing process.

Nonvolatile floating gate flash memory based on black phosphorus/BN/MoS2 stacks have been
reported, where MoS2 behaves as charge trapping layer and black phosphorus acts as channel [120].
Charge trap memory with high k dielectric materials can greatly improve the storage performance.
Few-layer MoS2 channel and three-dimensional Al2O3/HfO2/Al2O3 stack together to form a charge
trap flash memory device, exhibiting an unprecedented gate window of 20 V and a program/erase
current ratio of 104 [121]. Band diagram of program/erase state of device under different top gate bias
(Vtg) is shown in Figure 11d. Positive Vtg carry out the programming process. Electrons tunneling
from MoS2 channel are accumulated in HfO2 charge-trap layer. Negative Vtg carry out the erasing
process. Holes tunnel from MoS2 channel to HfO2 charge-trap layer. The charge-trap layer holds
different charges, causing the threshold shifting. Thus, memory window exists. Besides MoS2 channel
based charge-trap memory, Ambipolar WSe2 channel based charge-trap memory devices have also
been reported [122]. Subsequently, black phosphorus based charge-trap memory devices with a
Al2O3/HfO2/Al2O3 charge trap stack have been demonstrated, where the long data retention with
only 30% charge loss after 10 years were obtained [123]. Beside floating gate memory, novel structure
based on vertically stacked 2D materials (WSe2/h-BN/graphene) has the gate metal stack directly
on the graphene, thus we call it semi-floating gate (SFG) flash memory [124]. The structure is
shown in Figure 11b,c. When a positive voltage is applied on Si, electrons are accumulated in
the WSe2. These electrons tunnel through BN and begin to be accumulated in graphene due to the
different potential between WSe2 and graphene which is considered as programing process. When the
positive bias is removed, electrons are still trapped in graphene due to the potential barriers of
h-BN. When applying a small negative voltage bias on Si, the electrons tunnel through BN and are
injected into WSe2 channel as an erasing process. Similar behaviors can be observed for holes when
a negative voltage is applied on Si. When treated with plasmas, multilayer MoS2 transistors can
serve as nonvolatile, highly durable flash memory with multibit data storage capability. This novel
multibit flash memory is desirable for improving data storage density in order to reach manufacturing
process [125].

Memory have made significant progress due to the multiduty van der Waals heterostructures.
New type of memory devices structure began to spring up. However, effort still needs to be made to
improve the memory performance such as stability, reliability and time of memory operation. 2D van
der Waals heterostructures offer a new route of building novel memory.
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Figure 11. Semi-floating gate flash memory and band structure diagram of SIM heterostructure:
(a) band structure with different gate voltage and charge carriers following direction; (b) SEM image
of semi-floating gate memory based on WSe2/h-BN/Graphene stack; (c) schematic diagram of SFG
device; and (d) band structure of charge trap memory operations. (a–c) are reproduced with permission
from Nature Publishing Group, Ref [124]. (d) is reproduced with permission from American Chemical
Society Publishing Group in Ref [121].

5. Perspective

The inherent absolute advantages of 2D materials—exhibiting free of dangling bond and gate
tunable electronic properties—make them promising candidates for van der Waals stacks, which are
widely used in novel device design. However, the burgeoning van der Waals heterostructures applied
to electronic devices remain in their infancy. Technical improvement still needs to be explored in the
following effort.

Conventional laboratory-stage process of assembling van der Waals stack is mechanical exfoliation
and transfer methods. The shape of exfoliated 2D materials is irregular and the size can only reach
micron order. It is hard to acquire monolayer materials and most are few layers. Large area 2D materials
are still needed in some cases during transfer process. Although with the utilize of chemical vapor
deposition, large-scale synthesizing 2D materials and van der Waals heterostructures is developed,
it still cannot be applied in integrated technique and lacks controllability of the relative orientation, size,
shape and interlayer spacing with increasing vdWH layers. Furthermore, the electrical performance
of chemically synthesized 2DLMs is inferior to their exfoliated counterpart. Thus, there is still much
room to improve the process of assembling van der Waals heterostructure.

FETs based on van der Waals heterostructures have largely focused on attaining high performance
with certain parameter to measure. However, parameters such as low SS at extensive range of gate
voltage biases, which will lead to large on/off ratios with low input voltage biases, have become
important criteria for measuring the performance of the devices. Besides, contact resistance is still a
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big deal for limiting the improvement of devices. There is still plenty of room to lower the contact
resistance, as it is still above theoretical minimum, even larger than Si based transistors. The contact
resistance must be lower by at least an order of magnitude to <100 Ω·μm. In 2D TMDCs, based on
phase engineering, changing semiconductor to metal phases is a promising route of creating an
ohmic contact which can greatly lower the contact resistance. In addition, the majority of TMDCs
are unipolar, n-type or p-type. Controllable and stable doping process is still a major challenge to
overcome the achievement of bipolar—both n-type and p-type—semiconductors or van der Waals
stack of homogenous material, which will enable the next generation of high speed and low power
devices. Direct growth of homogenous 2D semiconductor with stable doping process to form different
types of heterostructures and phase engineering to decrease contact resistance are topics for future
research. Scalable fabrication of van der Waals stacks also need to be explored. Creating new structure
of semiconductor devices based on van der Waals heterostructures still has a long way to go.
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Abstract: Nanoprobes are one of the most important components in several fields of nanoscience to
study materials, molecules and particles. In scanning probe microscopes, the nanoprobes consist
on silicon tips coated with thin metallic films to provide additional properties, such as conductivity.
However, if the experiments involve high currents or lateral frictions, the initial properties of the tips
can wear out very fast. One possible solution is the use of hard coatings, such as diamond, or making
the entire tip out of a precious material (platinum or diamond). However, this strategy is more
expensive and the diamond coatings can damage the samples. In this context, the use of graphene
as a protective coating for nanoprobes has attracted considerable interest. Here we review the main
literature in this field, and discuss the fabrication, performance and scalability of nanoprobes.

Keywords: graphene; nanoprobes; coatings; atomic force microscopy; wear

1. Introduction

Sharp probe tips with an apex radius <100 nm are widely used in many different fields of science
including electronics [1], physics [2], chemistry [3], biology [4] and medicine [5], as they allow local
characterization and manipulation of materials with a nanometric spatial resolution. Depending
on the equipment and application in which they are used, nanoprobes can have a wide variety of
shapes, material composition and prizes. One of the main problems of nanoprobes is that they can
lose their initial properties (e.g., sharpness, conductivity) after several experiments, leading to false
data collection and increases in the cost of the research (i.e., new probes need to be used). Therefore,
understanding the degradation process and the speed of nanoprobes during each experiment is
essential to ensure high quality, reliable and cheap data collection.

Scanning Probe Microscopes (SPM) are among the most advanced equipments for nanoscale
characterization and patterning, as they can achieve high spatial resolution both laterally (<0.1 nm)
and vertically (<0.01 nm) [6,7]. The nanoprobes used in SPMs consist of a cantilever with a sharp
tip at its end, which is the only part that contacts the sample being tested. The lateral resolution
of the data collected with an SPM in most cases depends on the sharpness of the nanoprobe at its
apex: the smaller the tip radius, the smaller the tip–sample contact area, and therefore the higher
the lateral resolution [6]. When using an SPM to analyze the morphological properties of a material
(e.g., topography, adhesion force) normally Si or Si3N4 nanoprobes are used, as they can be easily
fabricated by standard silicon bulk micromachining technology [8]. The tip radius at the tip apex can be
as small as ~2 nm. For electrical modes of SPMs, such as conductive atomic force microscopy (C-AFM),
electrical force microscopy (EFM) and Kelvin probe force microscopy (KPFM), the probes need to
be conductive, a capability that can be provided by coating the Si or Si3N4 nanoprobes with a thin
(~20 nm) conductive varnish [9]. The conductive varnish (normally a metal or doped diamond) should
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be thick enough to provide stable conductivity to the tips under high current densities and frictions,
and at the same time thin enough for not increasing the radius at the apex too much (this would
result in a loss of lateral resolution). Maintaining the initially high conductivity and sharpness of
conductive nanoprobes during several experiments is one of the main problems for the users of
electrical modes of SPMs [10]. It is worth noting that the contact area between the tip of an SPM and
the sample is typically <100 nm2, and that the minimum current that this equipment can measure
is ~1pA. Therefore, the minimum current that an SPM can detect is 1 A/cm2. This is already a very
high current density, but it can go even higher, up to 109 A/cm2 if the currents detected with the SPM
increase into the milliampere regime [11]. According to the International Technology Roadmap of
Semiconductors [12], sub-10 nm resolution and a dynamic range of 1016–1020 A/cm2 is required to
acquire electrical information in future nanoscale devices [13,14].

In the market place, one can also find conductive nanoprobes for SPMs made of solid metals
or doped diamond. However, these nanoprobes show many disadvantages: (i) much higher cost
(up to 10-times) due to the use of precious materials and hone techniques; (ii) very few suppliers and a
very limited range of spring constants, resonance frequencies and tip radiuses; and (iii) damage to
the samples due to high stiffness (for the diamond tips), which not only produces degradation of the
sample under test, but also abundant adhesion of particles to the tip apex and subsequent reduction of
its sharpness and conductivity. Table 1 summarizes the most used conductive nanoprobes for SPMs,
and classifies them into four categories depending on their material structure: metal varnished Si
probes, doped diamond varnished Si probes, solid metallic probes and solid doped diamond probes.
Despite the wide range of conductive nanoprobes available in the market, currently none of them
possess high spatial resolution, high conductivity, long durability and low cost at the same time.
Therefore the exploration of novel materials with high conductivity and wear resistance is necessary to
promote nanoscale characterization techniques.

Table 1. Specifications of the most used commercial conductive nanoprobes from different
manufacturers. The prices represent the cost given by the local distributors in Shanghai.

Type Model
Tip Coating

(nm)
Bulk

Materials

Tip
Radius

(nm)

Spring k
(N/m)

Freq (kHz) Manufacturer
Unit

Price ($)

Metal
varnished

Si tip

SCM-PIC PtIr n-doped Si 20 + 5 0.2 (0.1–0.4) 13 (10–16) Bruker 41.9
OSCM-PT Pt (20) Si 15 + 10 2 (0.6–3.5) 70 (50–90) Bruker 51.2
SCM-PTSI Pt/Si n-doped Si 15 + 10 2.8 (1–5) 75 (50–100) Bruker 156.7
SMIM-150 TiW Si3N4 50 ± 10 8 (7–9) 75 (70–80) Bruker 139.8

MESP Co/Cr Si 35 + 15 2.8 (1–5) 75 (50–100) Bruker 116.7
Arrow CONTPT Cr/PtIr (5/25) Si 33 ± 10 0.2 (0.06–0.38) 14 (10–19) NanoWorld 38

CONTPT Cr/PtIr (5/25) Si 30 ± 10 0.2 (0.07–0.4) 13 (9–17) NanoWorld 42.98
ATEC-CONTPT Cr/PtIr (5/25) Si 33 ± 10 0.2 (0.02–0.75) 15 (7–25) Nanosensors 41.39
PPP-CONTPT Cr/PtIr (5/25) Si 30 ± 10 0.2 (0.02–0.77) 13 (6–21) Nanosensors 46.11

PtSi-NCH Pt Si 30 ± 10 42 (10–130) 330 (204–497) Nanosensors 152.08
ACCESSS-NC-GG Au Si 30 113 330 App Nano 53.99

TiN-ACT TiN Si 70 37 300 App Nano 39.5
AC240TM Ti/Pt (5/20) Si 28 ± 10 2 (0.3–4.8) 70 (45–95) Olympus 35.94
NSC14/Pt Pt or Au Si <30 5 (1.8–13) 160 (110–220) μ-Masch 40.3

Electri Tap 190-G Cr/Pt Si <25 48 (20–100) 190 ± 60 Budgetsensors 37.26

Doped
diamond
varnished

Si tip

CDT-FMR Doped
diamond Si 83 ± 17 2.8 (1.2–5.5) 75 (60–90) NanoWorld 143.66

CDT-CONTR Doped
diamond Si 83 ± 17 0.2 (0.02–0.77) 13 (6–21) Nanosensors 152.08

CDT-NCLR Doped
diamond Si 83 ± 17 48 (21–98) 190 (146–236) Nanosensors 152.08

DD-ACCESS-NC Doped
diamond Si 100–300 93 320 App Nano 154.48

DDESP-FM Doped
diamond Si 150 + 50 6.2 (3–11.4) 105 (80–103) Bruker 132.8

AD-0.5-AS Single crystal
diamond Si 10 ± 5 0.5 (0.1–1) 30 (10–50) Bruker 186.5

AD-0.5-SS Single crystal
diamond Si <5 0.5 (0.1–1) 30 (10–50) Bruker 279.6

Solid
metal

AFM tip
RMN-12PT400B None Pt 15 ± 5 0.3 (0.18–0.42) 4.5 (3.15-5.85) Bruker 74.5
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Table 1. Cont.

Type Model
Tip Coating

(nm)
Bulk

Materials

Tip
Radius

(nm)

Spring k
(N/m)

Freq (kHz) Manufacturer
Unit

Price ($)

Solid
doped

diamond
AFM tip

SSRM-DIA None Diamond 5–20 3/11/27 - Bruker
(IMEC) 372.2

P-CT1T2S None Diamond - 0.71 50

Advanced
Creative
Solution

Technology

1050

P-CTCR1S None Diamond <10 nm 0.35 35

Advanced
Creative
Solution

Technology

950

Researchers have been working on designing prototypes of nanoprobes coated with specific
materials. For example, Dai et al. [15] modified conventional SPM probe tips by attaching multiple
walled carbon nanotubes (diameter of 5–20 nm and length of 1 μm) to their apex using epoxy and
manual manipulation under optical microscope. Afterwards, the attachment method was improved
with the assistance of DC current flow [16]. Tay et al. [17] attached single metallic (tungsten or cobalt)
nanowires to commercial AFM tips, and successfully used them to profile a steep sidewall structure
with high resolution due to their tiny radius of curvature (1–2 nm) and high aspect ratio (length of
~100 nm, height of ~1.5 μm). Bakhti et al. [18] grew a gold nano-filament with radius of <3 nm and
length of 10–100 nm on the apex of conductive SPM nanoprobes, and the resulting nanoprobe was
shown to be chemically inert with improved lateral resolution (observable from the topographic maps).
The emergence of two dimensional (2D) materials with superior properties (mechanical strength,
flexibility, transparency, thermal conductivity, chemical stability, among others) [19–22], has also been
attractive in the field of conductive nanoprobes engineering. Several works [23–29] have demonstrated
that graphene would be an ideal coating material to enhance the lifetime of a conductive nanoprobe,
as it can provide high conductivity and mechanical robustness without increasing the tip radius
(it is just one atom thick) and/or modifying the spring constant of the cantilever (its mass is negligible,
while hard coatings like diamond have a considerable mass that bend the cantilevers and alter their
mechanical and dynamic properties). Furthermore, graphene could be used to functionalize the surface
of the probes, providing additional properties like hydrophobicity and piezoelectricity. In this review,
we present a detailed summary of all the graphene coated nanoprobes developed, and describe several
characteristics including the fabrication technologies and performances.

2. Graphene-Coated AFM Probes Production

2.1. Direct Chemical Vapor Deposition of Graphene on AFM Nanoprobes

Chemical vapor deposition (CVD) is a widespread methodology used to produce high quality,
large area and continuous graphene films on the surface of different metal catalysts (e.g., Cu [30],
Fe [31], Ni [32]). To do so, the metallic substrate (typically a foil) is introduced in a tube CVD
furnace and heated at high temperatures (>850 ◦C) while the graphene precursor (typically CH4 or
C2H5OH) is introduced in the tube with the assistance of a carrier gas (typically H2/Ar). Using this
approach, the precursor seeds (carbon-containing molecules) can precipitate at random locations on the
surface of the metallic sample, and they grow until merging into each other, forming a homogeneous
(but polycrystalline) graphene film—intuitively this process is similar to placing several ice cubes on a
flat table and waiting until they melt and form a homogeneous water film. By controlling the amount
of precursor in the chamber, the temperature and growth time, the properties of the graphene sheets
can be tuned (e.g., domain size, graphene thickness). As the growth takes place at all locations of the
sample simultaneously, the growth process is scalable.

Wen et al. [23] attempted to grow graphene on the surface of Au-varnished Si nanoprobes via
CVD. To do so, they inserted the nanoprobes (from Mikromash model CSC38/Cr-Au) in a tube furnace

146



Crystals 2017, 7, 269

and ran the CVD process (Figure 1a). C2H5OH was used to supply the carbon source and delivered to
the Au-coated nanoprobe by the mixed gases of Ar/H2 for 5 min, under a flow rate of 100 sccm at
750–850 ◦C. The authors claim that, as the tips are varnished with Au (which can serve as a metallic
catalyst), the graphene would form on the surface of the Au and eventually cover the entire surface of
the nanoprobe. In order to demonstrate the correct growth of graphene the authors compare the Raman
spectra of the graphene films grown on Au electrodes and Au-varnished tips, and both showed peaks
at 1597 cm−1 (Figure 1b). However, the scanning electron microscopy (SEM) images of the tip apex
shown by the authors reveal the material deposited on the tip apex appears to be very un-homogenous
and thick (Figure 1c), meaning that this carbon-rich material may not hold the genuine properties of
2D graphene sheets.

Figure 1. Direct chemical vapor deposition of graphene on metal-varnished AFM tips. (a) Schematic
representation of an Au-varnished AFM tip coated with graphene that is being used as top electrode
in a molecular junction; (b) Raman spectrum of the graphene formed on the Au electrode (red) and
Au-coated AFM tip (black line); (c) SEM image of the tip apex after the CVD process. The surface
appears to be covered by a discontinuous and thick layer, rather than atomically-thin continuous
graphene. Reproduced with permission from [23], copyright Wiley-VCH (2012).

It should be highlighted that the growth of 2D materials on metallic substrates has been normally
performed using metallic foils, not metal-varnished surfaces. The reason is that large amounts of metal
need to be available on the surface of the sample to avoid massive diffusion and de-wetting at high
temperatures >850 ◦C. Very few authors successfully achieved the CVD growth of graphene or any
other 2D material on metal-varnished samples (300 nm SiO2/Si) [33–35], and in all cases the thickness
of the metal was >500 nm. In Ref. [23], the authors used standard Au-varnished Si nanoprobes for
SPMs, on which the Au-varnish is <70 nm thick. They recognized discontinuous graphene growth due
to uncontrollable Au melting. Despite the authors showing that their graphene coated nanoprobes
achieved enhanced performance (90% yield) as a molecular junction, to the best of our knowledge
this approach has never been reproduced by these or other authors, and the graphene grown by this
method contains a large number of defects, which is indicated by the strong D peak. Therefore, this is
not an ideal methodology for graphene coating on the AFM tips.

2.2. Transfer of CVD-Grown Graphene onto AFM Probes

As the temperatures required for the CVD growth of graphene are very high, avoiding the use of
this method directly on the tips is necessary. One of the main advantages of CVD-grown 2D materials
is that they can be prepared on a substrate that ensures very high quality (e.g., Cu foils) and is then
transferred onto the target device. Lanza et al. [24] coated commercially available AFM probes with a
sheet of graphene previously grown on a Cu foil. During the fabrication process two samples were
prepared independently and merged (see Figure 2a). Single layer graphene was synthesized via CVD
approach on a 25 μm thick Cu foil, using 20 sccm methane gas mixed with 10 sccm hydrogen in a
tube furnace working at a growth temperature of 1000 ◦C for 15 min. After that, the furnace was
cooled down to room temperature under the flow rate of 10 sccm hydrogen. During this process,
carbon-containing sources precipitated and eventually graphene films formed on both sides of the Cu
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substrate. After the growth, the graphene/Cu/graphene stack was introduced to an oxygen plasma
furnace to remove one side of the graphene layers. The resulting graphene/Cu stack was fixed in a
spinner and a drop of PMMA was deposited on top of the graphene sheet and spun at 1000 rpm for
1 min. Then, the sample was backed on a hot plate at 170 ◦C for 5 min until the PMMA became solid,
resulting in an average thickness of ~200 nm. The PMMA/graphene/Cu stack was deposited on the
surface of a FeCl3 solution for etching the Cu substrate. After that, the PMMA/graphene stack was
fished and washed, first in a 2% HCl solution and later in deionized water. Meanwhile, a commercial
PtIr-varnished silicon AFM tip was fully wrapped and glued on a cleaned piece of Si wafer. To do so,
the surface of the Si was first covered with a ~200 nm layer of PMMA (spun at 1000 rpm for 1 min
and baked at 170 ◦C for 5 min). Then, the tip was fixed manually simply by pushing and partially
immersing the chip containing the AFM tip in the soft PMMA substrate. Then the resulting sample
was covered again with PMMA. During this process, the cantilever of the AFM nanoprobe was bent
due to the weight of PMMA. The probe tip used was the CONTPt from Nanosensors, which has the
following main properties: tip radius = 10 nm, cantilever length = 450 μm, spring constant = 0.2 N/m,
and resonance frequency = 13 kHz; the thickness of the PtIr varnish was 20 nm.

Figure 2. Transfer of CVD-grown graphene onto AFM probe tips. (a) Step-by-step schematic of the
process followed to transfer graphene (grown on Cu foils) onto AFM tips. Reproduced with permission
from [24], copyright Wiley-VCH (2013): (b) Experimental protocol used to fabricate graphene coated
tip arrays. Reproduced with permission from [25], copyright AAAS.

Once the tip is immobilized on the surface of the Si substrate by the bottom and top PMMA
layers, it is used as target substrate to pick up the PMMA/graphene sample prepared previously
(see Figure 2a), and the entire structure was dried at room temperature. Finally, all the PMMA was
removed via acetone vapor. This is the most critical step of this technique, as highlighted by the
authors [24]. Basically, a very ingenious method was proposed to remove the PMMA in this work,
that is, instead of liquid acetone, a large amount of PMMA was sufficiently removed by boiling
acetone vapor (~68 ◦C) for 30 min. A designed set up with two glass containers was used to keep
the AFM tip continuously exposed to the vaporized acetone, which effectively reduced the residual
of contamination on the AFM tip. As a result, the geometric shape of the tip was fully wrapped by
flexible graphene film and finally achieved the conformal graphene coated AFM tip.

This kind of transfer method was also used in the work reported by Shim et al. [25], in which a
10–20 layer thick graphene stack grown on a 4-inch Ni/Si wafer (Graphene Laboratories Inc., Calverton,
NY, USA) was used as graphene coating for scanning probe arrays. As usual, a ~70 nm thick PMMA
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layer was spin-coated on as-grown graphene/Ni/Si at 500 rpm for 10 s with a speed of 100 rpm,
followed by 5000 rpm for 60 s with a speed of 1000 rpm. The PMMA/graphene/Ni/Si stack was
preserved at room temperature for 24 h and dried naturally. Afterwards, small pieces (1 × 1 cm2) of
wafer were immersed into aqueous FeCl3 solution (1 M) for etching away the Ni film, which produced
the separation of the PMMA/graphene film from the substrate. Similarly, the PMMA/graphene
film was rinsed with deionized water and then fished with the target substrate. In this case the
authors designed a target substrate consisting on a transparent glass with 100 nm SiO2 with more than
4489 pyramidal tips (without cantilever, see Figure 2b) arranged in a matrix distribution. This target
substrate was used to fish the PMMA/graphene stack, a process that was done by keeping a constant
angle of 40◦ with respect to the liquid surface. The sample was exposed 48 h to air atmosphere at room
temperature for natural drying, and the PMMA/graphene coated HSL tip array was immersed in
acetone for 2 h to remove the PMMA. Finally, the sample was cleaned again in ethanol.

2.3. Mold-Assisted Transfer of CVD-Grown Graphene onto AFM Probes

Martin-Olmos et al. [26] developed a different transfer method based on the use of a Cu mold,
on which the graphene was grown before being filled with SU-8 photoresist. The entire fabrication
process is displayed in Figure 3a.

Figure 3. Schematic of graphene coated SU-8 AFM probes obtained by CVD graphene transfer
using a mold. (a) Fabrication procedure of graphene coated SU-8 AFM probes; (b) SEM images
of released graphene coated SU-8 AFM probes (top) and zoom in probe apex (bottom). Reproduced
with permission from [26], copyright ACS Nano (2013).

First, a 100 nm SiO2/Si wafer was patterned with circles of different sizes (a few micrometers)
via lithography. The sample was then immersed in potassium hydroxide (KOH) etchant to generate
the inverted pyramids with different sizes, which were used as the molds for AFM tips. Thermal thin
silicon dioxide (which served as a sacrificial layer) was grown on the patterned wafers, followed by
the deposition of a 500 nm thick high-purity copper film, which acted as a catalytic metal for the CVD
growth of graphene. In this case, the authors used a suitable metallic thickness that might be able to
withstand the thermal heating during the 2D material growth. The molded substrates were heated
in a tube furnace up to 800 °C under hydrogen gas flow of 5 sccm. Then, 35 sccm of methane (CH4)
was introduced into the chamber, which produced the decomposition of methane and formation of
monolayer graphene. The resulting graphene coated Cu mold was filled with SU-8 photoresist (10 μm)
by using a spinner. Finally, the SU-8 photoresist was patterned by lithography and the substrate
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was etched: first the etching of SiO2 using KOH and then the Cu using FeCl3 (more experimental
details can be found in Ref. [26]). The SEM images of the released SU-8 graphene coated nanoprobes
(Figure 3b) show interesting and correct graphene coating on the SU-8 photoresist, which can be easily
distinguished by the characteristic wrinkles.

2.4. Direct Graphite-Like Thin Film Deposition on AFM Nanoprobes

Graphene can be also successfully deposited on the apex of standard nanoprobes without the use
of any CVD steps. Pacios et al. [27] reported the fabrication of an ultrathin graphite-coated AFM tip
using a sputtering deposition followed by in situ annealing. First, a 30 nm thick amorphous carbon film
was deposited on the as-received spherical Si/SiO2 or rounded Si bulk AFM tips via radio frequency
(RF) sputtering. Then, a 100 nm thick platinum (Pt) catalyst film was directly deposited on the carbon
film, also via RF sputtering. The process is highlighted in Figure 4a. The tip is then annealed in a quartz
tube furnace under an argon atmosphere for 30 min at a temperature of 800 ◦C. This step produced the
spreading of carbon from the graphite film into metal catalyst due to the high solubility of carbon in
the Pt. When cooling down, the carbon separates and graphitic flakes are generated on the surface
of the Pt film (see Figure 4b). Cross-section TEM images exhibited the successful growth of layered
graphite film on the Pt-coated tips (Figure 4c,d). The thickness of the ultrathin graphite film obtained
by this method is around 20 nm (see Figure 4d). For this experiment, the authors used AFM tips with
different tip radiuses (ranging from 2 μm to 90 nm), heights (typically 10–15 μm) and force constants
(ranging from 48 N/m to 0.2 N/m).

 
Figure 4. Ultrathin graphite growth on high aspect ratio features. (a) Schematic of the growth process
on a 3D shaped AFM nanoprobe; (b) Growth mechanism of thin graphite by thin film deposition
technology and thermal annealing; Cross-sectional TEM image of the resulting graphite coated AFM
tip in low (c) and high (d) magnification. Reproduced with permission from [27], copyright Springer
Nature Publishing Group (2016).

The advantages of this work are: (i) unlike thermal evaporation, in which carbon and Pt layers
are evaporated in two separated chambers, here sputtering can produce both layers in the same
run and the quality of the materials can be precisely controlled by the bias and pressure during the
deposition process; (ii) the changeable directionality of sputtering helps to achieve full coverage
for the irregular shapes of AFM tips; (iii) as a metal catalyst, platinum can provide better surface
morphology and homogeneity for the growth of high quality 2D materials due to its higher melting
temperature and lower thermal expansion coefficient; and (iv) Pt cannot be easily oxidized, in contrast
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with what happens to other metals (such as Ni or Cu), and its chemically inert property contributes
to decreasing surface irregularities and keeping its catalytic ability. Compared to traditional CVD
technology, the authors claim that this method is a clean, simple, less hazardous and reproducible
technique, which makes it possible for large-scale manufacturing. In Figure 4c,d a cross-section of the
graphitic film grown on the surface of the tip apex can be seen. Layered structure can be successfully
obtained, as observed from the high resolution TEM images.

2.5. Liquid Phase Graphene Flakes Coated AFM Probes

Although AFM probes coated with graphene can be achieved by using some of the above-
mentioned methodologies, complicated procedures are not advisable for the mass production needed
in industry. Recently, high quality solution-processed graphene was used to coat different kinds of
nanoprobes [28]. The graphene sheets were synthesized from graphite powder. Based on a series of
redox reactions, graphite powder (2 g) was firstly oxidized by the Hummers–Offeman method with the
assistance of H2SO4 (12 mL), K2S2O8 (3.0 g) and P2O5 (3.0 g) at 80 ◦C for 5 h. Then, H2SO4 (150 mL),
KMnO4 (25 g) and 30 mL H2O2 were added to the resulting product in order to help to re-oxidize
it, and thin flakes of graphene oxide were successfully obtained after: (i) washing (in 1:10 HCl and
pure water), (ii) drying naturally, (iii) purifying (by dialysis for 1 week), and (iv) an ultrasonic bath.
The 50 mL graphene oxide solution (0.1 mg/mL) was reduced by mixing it with hydration hydrazine
(5 mL). The mix was then stirred for 24 h at 80 ◦C, filtered and dried, which resulted in a black powder
graphene. Finally, the graphene solution was prepared by mixing the black graphene powder (5 mg)
and pure water (1 mL), and sonicating at 50 W for 10 min. The resulting solution contained large
amounts of graphene sheets with an average thickness of 0.7 nm and size of <1 μm. Currently there are
several suppliers that provide these types of graphene solutions at a very low price. However, when
selecting a graphene solution supplier one needs to verify that the solution really contains large area
atomically thin graphene sheets, not just thick graphite particles. One recent study analyzed the size
and thickness of the sheets in liquid phase exfoliated graphene from more than 20 different companies,
and it was concluded that only two were able to provide micrometer scale sheets with thicknesses
below 10 layers [36]. Also, several companies add polymers to the solution in order to stabilize it. It is
important to select graphene solutions that do not use these polymers, as they may fall between the tip
apex and the graphene flake, and result in a thick and non-conductive coating.

Once the solution is ready, coating the graphene tip is very simple, cheap and fast. In Hui’s
work [28], commercial AFM nanoprobes with a conductive coating of 20 nm Pt or PtIr from different
manufacturers (Olympus and Bruker) were immersed in the graphene solution for less than one
minute (see Figure 5). By swinging the probe, the graphene sheets readily attached to the sharp AFM
tip by van der Waals forces. Van der Waals forces are much higher at very sharp morphologies [37],
which means that all the flakes tend to attach there (i.e., many other locations of the nanoprobes remain
uncoated, but very good conformal coating and high reproducibility is achieved at the tip apex). After
that, the graphene coated nanoprobe was left to dry naturally. Alternatively, the nanoprobes coated by
this method can also be dried using a N2 gun at a very low gas flow. N2 blowing also enhances the
adhesion between the graphene and the tip apex. Additionally, the amount of graphene sheets attached
to the tip apex can be tuned by adjusting the concentration of the graphene solution. This cost-efficient
methodology could be used to achieve high-yields of graphene coated nanoprobes and facilitate their
industrial production.

151



Crystals 2017, 7, 269

Figure 5. Different commercial Pt-varnished AFM probes coated by solution processed graphene
flakes. SEM images of as-received OMCL-AC240 nanoprobe before (a) and after coating (b); (c,d) are
OSCM-PT and SCM-PIC AFM nanoprobes coated with low density of graphene sheets (respectively).
Reproduced with permission from [28], copyright The Royal Society of Chemistry (2016).

3. Perspectives on the Fabrication of Graphene Coated AFM Probes

Based on the above discussions, liquid-phase exfoliated graphene coating seems to be the most
promising methodology due to its low cost, fast coating process and excellent compatibility with
industry. Here, the possible manufacturing procedure based on the current technologies being used
by AFM tips manufacturers (such as Nanoworld) is proposed as follows [38]. The basic fabrication
process of standard tips is described in Figure 6. A piece of silicon wafer is oxidized on both sides
(Figure 6a). Then, a layer of photo resist is spin-coated onto the back side of the SiO2/Si/SiO2 wafer,
and subsequently exposed to UV light using a mask (Figure 6b–c). Similarly, the front side is patterned
by the same method but using a different mask (see Figure 6d–e). The silicon dioxide on the front
side is removed by isotropic wet etching methodology (Figure 6f) and then the photoresist on both
sides is dissolved (Figure 6g). The formation of probes can be observed after the anisotropic wet
etching of silicon by KOH in the following steps, until the oxide shields falls off (as shown in image
Figure 6h,i). A silicon nitride layer is deposited to protect the tip side of the probe from the damage
through further wet etching of silicon, which defines the thickness of cantilever (Figure 6j,k). Finally,
silicon bulk probes are isolated by removing the silicon nitride layer. In order to obtain functional
coating probes, metallic or magnetic materials are required to be deposited on top of Si bulk probes
by specific methods, such as sputtering, atomic layer deposition (ALD) and/or E-beam evaporation.
This process is normally conducted on six-inch wafers (see Figure 7a), and after the process the chips
are patterned within the silicon wafer (Figure 7b). Then, they need to be removed and placed in sticky
boxes (using vacuum tweezers to avoiding scratches) for commercialization. The photograph of a
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wafer patterned with AFM tips, as well as the zoomed-in SEM images of the chips containing the
cantilevers and sharp tips are shown in Figure 7a,b, respectively.

 
Figure 6. Schematic illustration of standard AFM probes manufacturing by Nanoworld. (a) Silicon
wafer with both sides of silicon dioxides; (b,d) exposure of the back and front sides to photoresist
through a mask; (c,e) development of the exposed photoresist; (f) isotropic wet etching of silicon
oxide; (g) dissolution of photo resist; (h,i) anisotropic wet etching of silicon by KOH and silicon oxide;
(j–l) deposition and isotropic wet etching of silicon and silicon nitride, respectively. Reproduced with
permission from [38], copyright Nanoworld 2008.

The coating process via liquid phase exfoliation presented in Ref. [28] has been carried out
by manipulating probe tips one-by-one from commercial sticky boxes using standard tweezers,
and immersing them into a tube containing the graphene solution. Despite the success and
reproducibility of the experiments, this method should be optimized for the coating of several tips in
parallel and avoid tip-induced scratch in the chip that contains the cantilever and tips (see Figure 7c).
The ideal is that AFM tip manufacturers incorporate the graphene coating process at the end of the
production chain of the AFM tips. To do so, the as-fabricated wafers containing the tips should be
immersed in a container filled with graphene solution for a certain period of time. The concentration
of the graphene solution, the immersion time and the use of agitation and/or voltage may be tuned to
improve the percentage of tips coated and the quality of the coating.

Figure 7. As-fabricated AFM probes by Nanoworld manufacturer. (a) Wafer scale of AFM probes;
SEM images of (b) as-fabricated AFM probes. Reproduced with permission from Ref. [38], copyright
Nanoworld GmbH 2008; (c) Individual probe scratched by tweezers when picking it up. Reproduced
with permission from [28], copyright The Royal Society of Chemistry (2016).
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4. Functionalities of Graphene Coated AFM Probes

Graphene coated AFM probes have been fabricated successfully by some of the methodologies
described above. After fabrication, these devices show enhanced performance in several types of
experiments such as, topographic and current maps, current-voltage curves, force-distance curves,
as well as statistical analysis of variability and durability. Graphene coated nanoprobes have been
used in different fields of science, including electronics, mechanics, and physics [23–29].

4.1. High Wear Resistance in Lateral Scans

The graphene coated SU-8 nanoprobes fabricated by mold-assisted graphene transfer [26]
exhibited mechanical properties and conductivity different to those of uncoated (graphene-free)
SU-8 probes. In experiments both tapping mode and contact mode images are collected on a
calibration sample, which consists of 800 nm diameter and 40 nm thick Ag pillars on a SiO2 substrate,
to characterize the polymer AFM probes. As shown in Figure 8a, under tapping mode, both probes
can resolve the topographic information, and the scanned image using a graphene coated SU-8 probe
shows similar resolution (10% loss) as the uncoated probe. This may a result of the slightly increased
radius of the tip apex caused by the graphene layer (this indicates that the layer is not as thin as
believed) and/or non-uniform surface of the graphene film. The interesting point came when scanning
the sample in contact mode. The images scanned using uncoated (graphene-free) SU-8 probes show
much lower lateral and vertical resolution than those collected using graphene coated ones, and the
images appear blurry and with the profiles repeated. The characteristic doubled (repeated) features in
the topographic scans are a clear indication that a tip with two apexes has been formed. This is related
to the removal of some material at the tip apex; the volume loss in the tip can produce irregular shapes,
making it possible that more than one location of the tip touches the sample, which results in repeated
profiles along the scanned area.

 

Figure 8. Mechanical exploration of graphene coated AFM compared with uncoated ones.
(a) Topographic images collected by both tapping mode and contact mode on the sample of Ag/SiO2.
Reproduced with permission from [26], copyright American Chemical Society (2013); (b) 400 nm ×
250 nm current maps of HfO2/SiO2 stack using a new (top) and worn-out commercial PtIr AFM
conductive tip (bottom), the schematic in the right side represents the degree of wearing of tips; (c) SEM
images indicate the degree of damage of the PtIr tip with and without graphene coating after use.
The scale bars are 5 μm (left) and 3 μm (right), respectively. Reproduced with permission from [24],
copyright Wiley-VCH (2013).
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The reason why the tip loses resolution so fast is the low hardness of the SU-8 material
(~0.43 GPa [39], compared to Si ~11.9 GPa [40]), leading to the fast wearing of (volume removal)
the apex after scanning the sample consecutively. This phenomenon has been confirmed by collecting
current maps of 4 nm HfO2/1 nm SiO2 stacks (under a constant bias), using a new (top) and worn
out (bottom) commercial conductive AFM (see Figure 8b). When the tip is new (top map) small
conductive spots can be detected, indicating the flow of tunneling current across the ultra-thin bilayer
insulator. On the contrary, the worn tip shows abundant ring-like conducting features (instead of
spots, see bottom current map) which is related to the removal of the tip apex (see schematics in
Figure 8b). Fortunately, the superb mechanical properties of graphene can effectively protect the apex
from wearing even after several scans (see Figure 8c).

4.2. Avoiding Water Perturbations at the Tip–Sample Junction

The interaction between the tips and a silicon substrate has been compared before and after
graphene coating. Force-distance (F–Z) curves have been collected at several locations of the sample.
The F–Z curves represent the vertical force that the tip applies to the surface of the sample, which
varies with the distance between them. The force vertically applied is proportional to the deflection
of the cantilever, and for this reason deflection-force (D–Z) curves can also give relevant information
(the Y-axis in Figure 9a is deflection, not force, but this is also acceptable if relative variations want to be
studied). The D–Z collected with the graphene-free Pt-varnished Si tip on the surface of a Si substrate
shows the typical shape: (i) the force stays at zero when the tip is far away from the sample surface of
the sample (Z << 0); (ii) starts to increase when the tip is in contact with the sample. In theory that
should happen for Z > 0, but in Figure 9a the deflection starts to increase at Z ~−25 nm; the reason is
that the initial position of the tip is not at Z > 0, but a bit (~25 nm) above the surface of the sample
in order to avoid damage of the tip); (iii) during tip retraction, a high negative peak can be observed,
which is related to the adhesion (anti-repulsive) force between the tip and the sample and (iv) once the
tip is beyond the limited distance this type of force suddenly disappears (a jump in the D-Z curve can
be distinguished).

As shown in Figure 9a, the adhesion force detected in the D–Z curve performed with the Pt-coated
AFM tip is 1680 nN. Interestingly, when the same experiment is carried out using a graphene coated
tip (obtained with the graphite thin film deposition method explained in Section 2.4) the shape of
the D–Z curve is similar, but the adhesion force is much smaller. While different materials at the tip
apex may produce different tip-sample interactions, a feasible explanation for such a huge difference
in the adhesion peak is as follows. The force that plays the major role in tip–sample adhesion in
AFM experiments is due to capillary effects [41]. Basically, when an AFM tip is placed in contact
with the sample in normal atmospheric conditions, a water layer related to the relative humidity is
formed between the tip and a sample’s surface, which produces a water meniscus at the junction.
The depth of the water layers and the size of the water meniscus increases with the relative humidity
(see Figure 9d) [42]. Stukalov et al. [43] demonstrated that the contact force between a Si AFM tip
and a mica substrate can increase greatly depending on the relative humidity (see Figure 9c). Taking
into account that the reduction observed in Figure 9a,b is one order of magnitude, this indicates that
graphene is an excellent material for avoiding tip-sample capillary effects, which are very annoying in
several types of SPM experiments [44–46]. This observation can also be related to the hydrophobic
nature of the graphene coating [47]. On the contrary, the Pt coating of the graphene-free tip is
highly hydrophilic.
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Figure 9. Tip-sample interaction. Force-distance curves collected on Silicon substrate with a Pt
coated AFM tip (a) and ultrathin graphite coated tip (b). Reproduced with permission from [27],
copyright Springer Nature Publishing Group (2016); (c) Representative force-distance curves obtained
by retracting a Si cantilever from a freshly-cleaved mica surface at different RH values that are listed next
to each curve. Reproduced with permission from [43], copyright American Institute of Physics (2006);
(d) Sequence of images collected at various relative humidity. The scale bars are 1 μm. Reproduced
with permission from [42], copyright American Chemical Society (2005).

The effect of water meniscus minimization/removal at the tip-sample junction due to the graphene
coating have very positive impact in several different types of experiments, especially in electronic
measurements. Hui et al. [28] collected forward and backward current-voltage (I–V) curves on the
surface of an n-type Si wafer using both standard PtIr varnished AFM tips with and without graphene
coating (solution processed liquid-phase exfoliation graphene). The results are displayed in Figure 10a.

The standard tip shows a large onset potential (VON, defined as the minimum voltage that shows
currents above the noise level) followed by a sharp current increase in the forward curve. Then,
the backward tip shows a clear shift towards lower potentials, indicating that the tip-sample junction
has become more conductive; moreover, the shape of this I–V curve is less sharp, and more similar
to the typical conduction of silicon. On the contrary, the I–V curves collected with graphene coated
AFM tips show currents similar to the backward curve collected with graphene-free tips. It should be
highlighted that the expected conduction mechanism between the PtIr coating (in fact it is 95% Pt) and
the n-type Si substrate (which has no native oxide, as it was removed via hydrofluoric acid) is Schottky
conduction, and the observations during the forward I–V curve collected with the graphene-free
PtIr-varnished tip are unexpected.

Nevertheless, this behavior can be explained by the presence of a water meniscus and a nanometric
water layer between the graphene-free PtIr-varnished AFM tip and the sample. The water layer
between the tip and the sample increases the resistivity at the junction, which is why VON is larger.
When the electrical field is large enough current starts to flow and the tip physically contacts the n-type
Si sample, which produces a shift in the I–V curve towards lower potentials. After that, the shape
observed in the I–V curve is typical for Schottky conduction. To demonstrate this hypothesis, several
I–V curves have been collected at different locations of the sample using the standard (graphene-free)
tips, and the forward and backward I–V curves have been fitted to the conduction across a Pt/H2O/Si
heterojunction (similar to the tip-sample junction) tuning the different H2O thicknesses. The fittings
were done with the software MDLab [48]. As displayed in Figure 10b, the calculations indicate that the
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forward I–V curves (blue) can only be fitted using a H2O thickness of 10 Å, while the backward I–V
curves can be fitted with an almost negligible H2O thickness of 1 Å, respectively. In contrast, graphene
coated AFM tips do not show this problem (see Figure 10c,d), and the currents registered are real
(correct) from the initial (forward) I–V curve. Again, the hydrophobic nature of the graphene coating
had a positive influence on the measurements.

 
Figure 10. (a) Typical forward and backward I–V curves collected with standard and graphene
nanoprobes on a piece of n-type silicon; (b) Fitting of the forward and backward I–V curves collected
with the standard tip to the charge transport model; 3D schematics of (c) standard and (d) graphene
nanoprobe, which shows the water resistance of graphene. Reproduced with permission from [28],
copyright The Royal Society of Chemistry (2016).

Lanza et al. [29] has proved this by studying the electrical behaviors of HfO2/Si stacks using
as-received AFM tips (Figure 11a–c) and graphene coated AFM tips (Figure 11d–f), respectively.
As shown in Figure 11, topographic and current maps were collected simultaneously under a contact
force of 0.1 nN and voltage of 2 V in a high vacuum environment (10−7 torr). Comparing these two
current maps (white represents 0 pA), it is obvious that the dark spots, which represent the local
currents through HfO2, are smaller in Figure 11e than the current collected by the uncoated AFM
tip (Figure 11b). Also, the statistical analysis shown in Figure 11c,f corroborate the smaller size of
the conductive spots collected using graphene coated tips and an obvious shift to higher currents
compared to uncoated ones (insets in Figure 11c,f), which further shows a lower tip-sample contact area
for the graphene-coated tips due to keeping good conductivity. In general, the smoother topographic
surface and individual conductive spots observed in Figure 11 demonstrate that the graphene-coated
AFM tips possess not only high lateral resolution, but also superior electrical performance.
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Figure 11. Topographic (a,d) and current maps (b,e) recorded for as-received (top panel) and
graphene-coated AFM tips (bottom panel) on 2.5 nm HfO2/Si stack; (c,f) Statistical analysis of the
conductive spots are measured when scanning the surface of HfO2/SiO2/Si stack. Reproduced with
permission from [29], copyright The Royal Society of Chemistry (2013).

4.3. Lower Data Variability

Before analyzing the variability of graphene coated nanoprobes, the intrinsic variability of
standard (graphene-free) probes should be discussed. The variability of standard nanoprobes is
mainly affected by two factors: (i) the variability of the parameters of the tips (tip radius and spring
constant). It is important to note that the manufacturers of AFM probes allow deviations of the tip
radius up to 100% (e.g., from 100 nm to 200 nm [49]), and the typical ranges for spring constant
deviations can be as high as one order of magnitude (e.g., from 1.5 N/m to 18.3 N/m [49]); and (ii)
the presence of a water meniscus at the tip-sample junction. Standard AFM probes varnished with
metal are hydrophilic (which can form a thick water meniscus at the junction, see Figure 9d), while
graphene-coated probes are hydrophobic (which repulses the water from the tip and produces a clean
junction). Different amounts of water at the junction can have a huge effect in experiments, especially
when measuring adhesion force (see Figure 9) or currents (see Figure 10 and Refs. [50,51]). In this
section, the effect of the graphene coating on these two sources of variability is analyzed.

When discussing the variability of the tip radius and spring constant induced by the graphene
coating, the observations are clear: the effect of the graphene coating on these two parameters is
much lower than the intrinsic variability provided by the manufacturer. First, the typical thickness
of the graphene sheets used to coat the tips in the liquid-phase exfoliated method (which is the most
promising) varies from one to five layers, which equals 0.46 nm–2.3 nm. Second, the mass of the
graphene nanosheets used in the liquid-phase exfoliated method is negligible, which does not modify
the spring constant of the cantilever [28]. The effect of the graphene coating may be much more
relevant if its thickness and area is increased (for example, using the graphite-like film deposition
method described in Section 2.4).

Regarding the variability induced by the water meniscus, the use of graphene coating is
beneficial because it reduces (if not completely removes) the presence of water at the junction.
Therefore, this should result in even lower variability compared to its graphene-free counterparts.
Wen et al. [23] statistically collected several groups of I–V curves in octanemonothiol-based molecular
junctions using both graphene-free and graphene coated Au-varnished nanoprobes (fabricated via
direct CVD-growth on the surface of the Au varnish), leading to two types of molecular junctions,
Au/octanemonothiol/Au (Figure 12a) and Au/octanemonothiol/graphene/Au (Figure 12b). In total,
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more than 1000 curves are collected using 18 tips, and each line in the plots represents the average
of 100 I–V curves. Comparing them, larger tip-to-tip variance in current up to 3 orders of magnitude
has been detected in the molecular junctions without graphene. Additionally, a relatively small
variation of less than 1 order of magnitude has been detected using graphene coated nanoprobes as
molecular junction.

Figure 12. Variability and stability test. (a) Average I-V data for Au/octanemonothiol/Au junctions
with 18 different Au tips; (b) Average I-V data for Au/octanemonothiol/graphene/Au junctions with
18 different graphene tips. Reproduced with permission from [23], copyright Wiley-VCH (2012).

Statistical analyses of the experimental data using nanoprobes coated with graphene via
liquid-phase exfoliation method have been also carried out [28,52]. More than 100 I–V curves collected
on a native oxide free n-type Si substrate have been collected (see Figure 13a,b) for each type of tip.
In order to avoid big differences related to the presence of water between the tip and the sample, only
backward curves have been considered (see also explanations related to Figure 10). Despite using
only backward curves the results still show that both the onset potential and the variability is smaller
when using graphene coated nanoprobes. Finally, groups of I–V curves have been measured with
the same types of tips on a metallic substrate. The plots show saturation of the currents at ±5 nA,
with a linear shape going from −5 nA to +5 nA. The saturation voltage (voltage at which the I–V
curves reach 5 nA) has been evaluated statistically. Figure 13c shows that the variability of the data
is not only smaller when using graphene coated AFM tips, but also the variability when comparing
different devices is much smaller. Hui et al. [28] advise that the smaller onset voltage of the graphene
coated probes may be affected by the different work functions between Pt and graphene tip electrodes.
Indeed, the work function of the probes varies from ~6.1 eV (Pt) to ~4.8 eV (Pt/graphene) [53], as
well as the absence of water perturbations, together contributing to the smaller onset voltage and the
variability of I–V curves.

 

Figure 13. 100 backward I–V curves collected with both standard (a) and graphene coated nanoprobes;
(b) the onset voltage and the deviation of the graphene nanoprobes is much smaller. Reproduced with
permission from [28], copyright The Royal Society of Chemistry (2016); (c) Variance statistics analysis
for single and multiple tip measurements at the saturation voltage (I = −5 nA) for fresh probes (in red)
or graphene coated (in blue). Reproduced with permission from [52], copyright Elsevier (2016).
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4.4. High Stability vs. High Currents and Mechanical Strains: Enhanced Lifetime

This is probably one of the properties that can bring most benefit to the users of graphene coated
nanoprobes. Graphene coated nanoprobes fabricated by various methods have been demonstrated to
have superior stability when performing different types of experiments (see Figure 14). Lanza et al. [24]
performed an experiment that consisted of collecting several I-V curves at different (randomly selected)
locations of a 3 nm thick HfO2 stack (in order to monitor the tunneling currents and dielectric
breakdown) using standard and graphene coated AFM tips (fabricated via CVD graphene transfer).
The main characteristic was that a source meter was connected directly to the tip of the CAFM, so that
high voltages (>10 V) and high currents (up to mA) could be registered [54]. While the graphene coated
AFM tip is able to distinguish the dielectric breakdown at several different locations (Figure 14d),
the standard tip cannot withstand the high currents (the current is 10−4 A, therefore, the current
density is 108 A/cm2 because the typical effective area at the tip-sample junction for this sample is
100 nm2), and shows obvious current reduction with total conductivity degradation after 5 I–V curves.

In a different experiment by Hui et al. [28], the durability of the graphene-free and graphene
coated tips (using a liquid-phase exfoliation method) was analyzed via current maps collected on
highly conductive samples (graphene/Cu foils) under a constant bias of 1 V and a deflection setpoint
of 4 V. As shown in Figure 14b,e, while the standard CAFM tip lost its conductivity in just 13 scans
(Figure 14b), the graphene-coated tip kept good conductivity even after 92 scans (Figure 14e). In the
first experiment (Figure 14a,d) the tip was held static at one position on the sample; therefore, the
lateral friction was minimal and the wearing was related to the high currents. On the contrary
(Figure 14b,e), the most harmful thing for the tips was the friction, as the currents did not increase
above the nanometer scale. In any case, graphene coated AFM tips showed good stability vs. these
harmful tests. In Figure 14c, an AFM tip degraded in a static experiment driving large currents can be
observed via SEM; the metallic varnishes that provide high conductivity melted. In Figure 14f an SEM
image of a graphene coated tip after a sequence of current maps can be observed. No degradation is
detected, other than small particles attached to the tip during the scans.

 

Figure 14. Reliability and durability test. Current vs. Voltage (I–V) curves performed on different
positions of HfO2/Si stack by (a) uncoated AFM tip and (d) graphene coated tips. Reproduced
with permission from [24], copyright Wiley-VCH (2013). Current spectra and the insets in (b) are
the 1st (blue) and 13th (red) CAFM current maps collected on graphene/Cu foil with a standard
metal-varnished nanoprobe. Current spectra and the insets in (e) are the 1st (blue) and 92th (red)
CAFM current maps collected with a graphene coated nanoprobe. SEM images of AFM tips without
(c) and with graphene coating (f) after testing. Reproduced with permission from [28], copyright The
Royal Society of Chemistry (2015).
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Apart from all the above benefits, more recently graphene coated colloidal probes, i.e., SiO2

microspheres, were developed to achieve an ultra-low and robust friction coefficient of 0.003 under
high contact pressure, in which the super-lubricity of graphite and graphene plays a significant
role [55]. Moreover, other properties of graphene, such as, flexibility, transparency, and low toxicity,
enable the graphene coated probes to be competitive in the development of flexible and transparency
microelectromechanical systems, as well as medical diagnosis.

5. Conclusions

In conclusion, different approaches using CVD growth, CVD transfer, sputtering and liquid
phase exfoliated graphene have been used to coat nanoprobes with graphene. Direct CVD growth
is highly questionable because the high temperatures used can damage the tip, and CVD transfer is
too expensive due to the involvement of human labor. Direct sputtering shows good performance
but the thermal budget is also high. So far, the liquid phase exfoliated approach has proved to be
the cheapest and most industry-compatible method. All graphene coated nanoprobes show lifetimes
much longer than their uncoated counterparts when used in different experiments. Specifically, they
possess high wear resistance, stability and mechanical strength, as well as lower variability, which
enables the application of the graphene-coated nanoprobes in the fields of electronics, mechanics and
biology in the near future. In order to truly realize the manufacturing of graphene coated probes in
industry, systematic techniques need to be further undertaken and optimized for mass production.
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Abstract: In this review, the fundamental aspects (with particular focus to the microscopic
thermodynamics and kinetics mechanisms) concerning the fabrication of graphene-metal nanoparticles
composites are discussed. In particular, the attention is devoted to those fabrication methods
involving vapor-phase depositions of metals on/in graphene-based materials. Graphene-metal
nanoparticles composites are, nowadays, widely investigated both from a basic scientific and from
several technological point of views. In fact, these graphene-based systems present wide-range
tunable and functional electrical, optical, and mechanical properties which can be exploited for the
design and production of innovative and high-efficiency devices. This research field is, so, a wide
and multidisciplinary section in the nanotechnology field of study. So, this review aims to discuss, in
a synthetic and systematic framework, the basic microscopic mechanisms and processes involved
in metal nanoparticles formation on graphene sheets by physical vapor deposition methods and on
their evolution by post-deposition processes. This is made by putting at the basis of the discussions
some specific examples to draw insights on the common general physical and chemical properties
and parameters involved in the synergistic interaction processes between graphene and metals.

Keywords: graphene; metal nanoparticles; nanocomposites; physical vapor deposition; kinetics

1. Introduction: Metal-Based Graphene Nanocomposites in the Nanotechnology Revolution

Free-standing graphene, also known as one layer graphite, was firstly obtained in 2004 [1,2].
Then, the scientific and technological research has seen an exceptional continuing grow of the interest
in graphene and graphene-based materials since the properties of these materials can drastically
revolutionize the modern-day technology. Graphene, in fact, presents several disruptive properties
as compared to the standard semiconducting materials which were, until now, at the basis of the
technological development. As examples, graphene is characterized by extraordinary carrier mobility
(200,000 cm2 V−1 s−1 [3]), thermal conductivity (~5000 Wm−1 K−1 [4–6]), white light transmittance
(~97.3% [7]), and specific surface area (~2630 m2 g−1 [8]). These properties make graphene the
key material in the current nanotechnology revolution and the ideal material for the fabrication
of functional devices finding applications in electronics, energy generation and storage (batteries,
fuel cells and solar cells), plasmonics, sensors, supercapacitors and other nano-devices [1,2,9–16].
In view of such applications, the synergistic interaction of graphene with other nano-sized materials
can offer the pathway to produce novel graphene-based composites with artificial and tunable
properties arising from the exotic combination of the properties of the single materials forming
the composites [17–30]. Recently, various materials (polymers [17–21], carbon nanotubes [17–19,22],
semiconducting materials [17–19,23], insulating materials [17–19,24–30], etc.) have been used to
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produce graphene-based composites. As specific examples: (1) graphene has drawn a great attention as
a filler material in polymer nanocomposites due to its very low resistivity, thermal stability, and superior
mechanical strength. In addition, it presents very high dispersibility in many polymers even it can show
synergistic properties with polymer matrices [17]. The resulting flexible nanocomposites can show
enhanced electrical, thermal and mechanical properties with respect to the pure polymeric matrix and
these properties can be successful exploited for renewable energy sources applications (supercapacitors,
polymer based solar cells, etc.); (2) graphene combined with TiO2, ZnO, Fe3O4, MnO2, SiO2 micro-
and nano-structures can be used in photocatalysis, photovoltaics, optoelectronics, supercapacitor,
Li ion battery and magnetic drug carrier applications [17–19]. Nowadays, the range of graphene-based
nanocomposites is extremely wide: a multitude of organic and inorganic materials are, currently, used
in combination to graphene and the physical and chemical properties of the resulting composites are
studied in view of cutting-edge applications. In particular, the framework regarding graphene-metal
nanoparticles (NPs) composites acquired a great relevance [17–19,31–43]. Systems fabricated by
anchoring Au, Ag, Pd, Pt, Ni, Cu, and more other NPs on graphene sheets are, today, largely studied
due to the broad range of application exploiting the specific optical, electrical, mechanical, magnetic
properties arising from the microscopic interactions between the NPs and the graphene. Depending
on the nature of the metal NPs, the graphene–metal NPs composites find applications in areas such as
Surface Enhanced Raman Scattering (SERS), nanoelectronics, photovoltaics, catalysis, electrochemical
sensing, hydrogen storage, etc. [17–19,31–71].

In general, composites fabricated combining graphene and metal NPs attract great attention
since they result versatile hybrid materials presenting unconventional properties arising from the
atomic-scale mixing of the properties of graphene and NPs. In fact, in addition to graphene, metal
NPs are another main character in the nanotechnology field of study. Due to electron confinement and
surface effects metal NPs present size-dependent electrical, optical, mechanical properties different
from the corresponding bulk counterparts and these properties are routinely exploited in plasmonic,
sensing, electrical, catalytic applications [72–74]. The notable aspect is that these size-dependent
properties of metal NPs can be coupled to the properties of graphene to obtain a composite artificial
material presenting un-precedent characteristics and performances arising from the (controlled) mixing
of the properties of the component elements. For example, nanocomposite materials obtained by metal
NPs and thin metal nano-grained films deposited on graphene sheets were successful employed in
transistors, optical and electrochemical sensors, solar cells, batteries [17–19,31–43].

A deep understanding and control of the electrical properties of metal/graphene interface is
crucial for future applications of this material in electronics and optoelectronics. Current injection at the
junction between a three dimensional metal contact and two-dimensional graphene with very different
densities of states is an interesting physical problem. Furthermore, the specific contact resistance
at the metal/graphene junction [75–78] currently represents one of the main limiting factors for the
performances of lateral and vertical graphene transistors both on rigid and flexible substrates [79–85].
Several solutions have been investigated to minimize this resistive contribution [86–88].

In this context, the key point of study is the interaction occurring at the graphene-metal
interface [89–113]. In fact, for example, the electronic properties of graphene are dramatically
influenced by interaction with metallic atoms [101–104]. So, this interaction crucially affects the
electronic transport properties of graphene based transistors [105–113]. In this context, the detailed
description and comprehension of the metal-graphene interactions is the key step toward the control of
processes and properties of the graphene-metal NPs composite materials and, so, to develop effective
applications [59]. The graphene–metal NPs composites can be prepared by several methods such as
chemical reduction, photochemical synthesis, microwave assisted synthesis, electroless metallization,
and physical vapor deposition processes [17–19]. In particular, this paper reviews the basic aspects of
physical vapor based synthesis methods of graphene-metal NPs composites. Physical vapor deposition
processes, such as thermal evaporation or sputtering, are traditional methods to produce metal NPs and
films on substrates [114–122]. These methods are acquiring large interest for the production of metal
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NPs-graphene composites with specific physico-chemical properties exploitable in specific applications
(SERS, catalysis, nanoelectronics) [54–67]. In fact, they are simple, versatile and high-throughput and
the general microscopic thermodynamics and kinetics mechanisms involved in the nucleation and
growth processes of atoms on surfaces are well-known. In this sense, physical vapor deposition
processes are a convenient way of depositing a range of metallic materials onto graphene sheets.
Atoms deposited on a substrate undergo competing kinetic and thermodynamic processes which
establish the final NPs or film structure [114–116]. The adsorbed atoms (or adatoms) transport process
involves random hopping phenomena on the surface dictated by the surface diffusivity D (which
determines the diffusion length) obeying an Arrhenius law [114–116]. So, these adatoms, randomly
diffuse across the substrate surface until they can join together forming a nucleus or they can stop
at some particular surface defect or they can re-evaporate from the surface. This situation is largely
influenced by the adatom-substrate interaction and process parameters (substrate temperature, arrival
flux, etc.). Materials deposited by physical vapor processes can adopt a variety of morphologies
which are tunable by the control of the deposition process parameters. In addition, post-deposition
processes can allow a further control of the NPs or films morphology ad structure by inducing further
specific thermodynamics and kinetics driven self-organization phenomena. It is evident, so, the key
importance assumed by the understanding of the growth kinetics of the metal NPs and films on
graphene sheets to infer how the interaction with the graphene and the process parameters influences
the metal film morphology and, as a consequence, the overall nanocomposite properties.

On the basis of these considerations, the review is organized as follows:
The first part (Section 2) is devoted to adsorption and diffusion of metal atoms on/in graphene and

on the influence of these parameters on the metal NPs nucleation and growth processes. This section
describes the fundamental microscopic thermodynamics and kinetics processes occurring during
vapor-phase depositions (i.e., evaporation or sputtering) of metals on graphene sheets and resulting
in the formation of metal NPs or films; particular attention is devoted to theoretical (Section 2.1)
and experimental (Section 2.2) studies focused on the interaction, after adsorption, of metals atoms
with graphene and on how this interaction influences the adatoms diffusivity and the final metal
NPs structure and morphology. Critical discussions on the specific involved microscopic phenomena
(adsorption, diffusion, nucleation, ripening, coalescence, etc.) and on the corresponding parameters
(surface energies, diffusivity, activation energy, etc.) are presented.

The second part (Section 3) is devoted to the review of data concerning the production of metal
NPs arrays on graphene exploiting the dewetting process of deposited metal films. The dewetting
process of a metal film deposited on a substrate is the clustering phenomenon of the continuous metal
layer driven by the lowering of the total surface free energy. Nowadays, the controlled dewetting
of thin metal films on functional substrates is widely used as a low-cost, versatile, high-throughput
strategy to produce array of metal NPs on surfaces for several applications such as in plasmonic and
nanoelectronics [123–130]. Recently, this strategy was applied to thin metal films (such as Au, Ag)
for the production of arrays of metal NPs on graphene which were, then, used, for example, in SERS
applications [68–71]. We discuss the results of such a strategy pointing out the microscopic parameters
involved in the dewetting process of metal films on graphene.

Section 4, shortly discuss some aspects related to the metal-graphene contacts to draw the general
requirements for a metal contacts to be suitable to be efficiently used as an electrode to grapheme in
nanoelectronics devices.

Finally, the last paragraph (Section 5) summarizes conclusions, open points and perspectives in
the graphene-metal NPs composites field of study.
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2. Adsorption and Diffusion of Metal Atoms on/in Graphene and Nanoparticles Nucleation
and Growth

2.1. Adsorption and Diffusion of Metals Atoms on/in Graphene: Theoretical Results

2.1.1. General Considerations

Liu et al. [57,100] systematically studied metal adatoms adsorption on graphene by ab initio
calculations, ranging from alkali metals, to sp-simple, transition, and noble metals. In these works, the
main aim was the correlation between the adatom adsorption properties and the growth morphology of
the metals on the graphene. The authors main finding lies in the fact that the metal growth morphology
is determined by the Ea/Ec parameter (with Ea the adsorption energy of the metal on graphene and
Ec the bulk metal cohesive energy) and by the ΔE parameter (i.e., the activation energy for the metal
adatom diffusion on graphene). First of all, experimental data (as we will see in Section 2.2) show that
different metals on graphene exhibit very different growth morphologies even if deposited in similar
conditions and at similar coverage. For example, considering a single-layer graphene obtained by
thermal annealing of SiC, a 0.8 ML deposition of Pb with the sample at 40 K, results in the formation
of large crystalline Pb islands [100]; deposition of Fe, in the same conditions, results, instead, in
continuous nucleation of large, medium, and small size islands [100]; further experimental data [65]
concern deposition of metals on single-layer graphene grown on Ru(0001): Pt and Rh result in finely
dispersed small clusters, Pd and Co in larger clusters at similar coverages. To complicate further
the situation, for example, Gd atoms deposited on graphene/SiC at room temperature nucleate in
two-dimensional islands of fractal morphology [100]. In general, therefore, even if the various metals
follow a Volmer-Weber growth mode (three-dimensional growth without a wetting layer) on the
graphene, a wide-range of morphology for metals nanostructures deposited on graphene are observed.
Within this mess of data, Liu et al. [57,100] performed a systematic theoretical study to understand,
quantitatively, the key parameters governing the metal clusters growth morphology during deposition.
They start from the idea that the interaction of the metal atoms with free-standing graphene determines
the specific adatoms diffusion mechanisms establishing, then, how the adatoms nucleate and growth.
So, the authors, performed first-principles calculations based on the density functional theory to
evaluate the interaction of the metals with graphene. Several results were inferred by these simulations
which can be summarized as follows:

(a) The adsorption site of metal atom on graphene is the more energetically stable and it depends
on the chemical nature of the atom. So, for Mg, Al, In, Mn, Fe, Co, Ni, Gd the adsorption site is the
hexagonal center site in the graphene lattice, named the hollow site (H). The adsorption site for Cu, Pb,
Au atoms is at the top of a carbon atom, named T site. The adsorption site for Ag, Cr, Pd, Pt atoms is
at the middle of a carbon–carbon bond, named B site. The second column in Table 1 summarizes the
results of Liu et al. [57,100] about the energetic stable sites in graphene for all the investigated atoms.

(b) The results for the adsorption energy Ea of the atoms adsorbed on graphene are plotted in
Figure 1a and listed in the third column of Table 1. The value of the adsorption energy ranges from
less than 1.0 kcal/mol to 45.0 kcal/mol depending on the chemical nature of the atom. This value is an
indication of the strength of the interaction between the adsorbed atom and graphene. For example,
the interaction of Mg and Ag atoms with graphene is very weak since the corresponding adsorption
energies are in the 0.5–0.6 kcal/mol range. On the contrary, the binding of Pd and Pt atoms on graphene
is much stronger since the corresponding adsorption energies are 26.5 and 39.3 kcal/mol, respectively.
On the other hand, in general, the adsorption energy of I–IV metals on graphene is intermediate, in the
6–27 kcal/mol.

(c) The calculated values for diffusion barrier energies for several atoms on free-standing graphene
are plotted in Figure 1b and listed in the fourth column of Table 1. In general, the following correlation
between the adsorption energy and diffusion barrier energy exists: the diffusion barrier increases as a
consequence of the increase of the adsorption energy (even if some exceptions are present as in the
case of Ni and Pt).
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(d) Liu et al. [100] calculated several other parameters related to the atoms-graphene interactions
as summarized in the other columns of Table 1: Ea/Ec (metal adsorption energy on graphene to bulk
metal cohesive energy and Ec−Ea.

In particular, the growth morphology of metals on graphene is connected to the Ea/Ec and
ΔE parameters characterizing the metal atoms-graphene system. Figure 2 reports Ea/Ec for the
analyzed atoms on graphene. So, the combination of ΔE (Figure 1b) and Ea/Ec (Figure 2) is claimed by
Liu et al. [100] as the main reason establishing the growth morphology of the specific metal species
on the free-standing graphene. From a general point of view, the occurring of the three-dimensional
Volmer-Weber growth mode (i.e., growth of three-dimensional clusters typically almost spherical
or semispherical directly on the substrate surface) is determined by the energetic condition Ec > Ea

(i.e., (Ea/Ec) < 1): in fact, in this condition the bonding between the deposited atoms is higher than the
bonding to the graphene.

 

Figure 1. (a) Adsorption energy (Ea) and (b) diffusion barrier (ΔE) for several adatoms on graphene
as calculated by Liu et al. using density functional theory. Reproduced from Reference [100] with
permission from the Royal Society of Chemistry.

Table 1. Ea (adsorption energy of the metal atom on graphene, kcal/mol), ΔE (diffusion barrier of the
metal adatom on graphene, kcal/mol), Ea/Ec (with Ec the bulk metal cohesive energy), and Ec−Ea

(kcal/mol). Reproduced from Reference [100] with permission from the Royal Society of Chemistry.

Adatoms Sites Ea ΔE Ea/Ec Ec−Ea

Li H 24.77 7.33 0.659 12.82
Na H 10.70 1.71 0.417 14.97
K H 18.10 1.36 0.818 4.036

Mg H 0.65 0.02 0.019 34.18
Ca H 13.44 3.34 0.317 28.99
Al H 22.41 2.58 0.287 55.70
In H 15.15 1.68 0.261 42.90
Pb T 5.28 0.09 0.113 41.47
V H 25.44 4.77 0.208 96.86
Cr B 4.34 0.14 0.046 90.22
Mn H 3.04 0.60 0.045 64.30
Fe H 19.65 9.32 0.199 79.08
Co H 28.53 10.79 0.282 72.65
Ni H 35.01 5.12 0.342 67.37
Pd B 24.47 0.85 0.273 65.24
Pt B 36.09 3.99 0.268 98.59
Cu T 5.17 0.12 0.090 52.26
Ag B 0.51 0.00 0.007 67.53
Au T 2.08 0.14 0.024 85.79
Nd H 43.31 8.16 0.552 35.15
Sm H 40.15 7.52 0.814 9.20
Eu H 20.85 3.14 0.486 22.05
Gd H 37.17 5.28 0.389 58.39
Dy H 33.94 2.88 0.484 36.19
Yb H 7.40 3.37 0.201 29.43
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However, ΔE establishes the adatoms hopping probability. So, it dictates the rate of the adatoms
joining to the closest preformed metal cluster with respect to the rate of adatoms joining to other
adatoms to form a new cluster. Therefore, ΔE establishes the surface density of the metal clusters on
the graphene. For example, the small value of Ea/Ec for Fe on graphene establishes a standard
three-dimensional Volmer-Weber growth mode for Fe clusters on graphene consistent with the
experimental observations [100].

 

Figure 2. Ratio of adsorption energy to bulk cohesive energy for various materials calculated by
Liu et al. Reproduced from Reference [100] with permission from the Royal Society of Chemistry.

In addition, the diffusion barrier ΔE for Fe on graphene is high so that a high Fe clusters density is
produced with respect, for example, the clusters density for Pb deposited on graphene. In fact, ΔE for
Pb is lower than for Fe. As a consequence, the Pb adatoms diffuse faster than the Fe adatoms resulting
in larger clusters but with a lower surface density. On the other hand, Gd has (Ea/Ec) but higher
than that of Fe or Pb and a diffusion barrier intermediate between that of Fe and Pb. This results in
fractal-like morphology of the Gd islands on graphene. A further observation concerns, for example,
Dy and Eu: despite similar values of Ea/Ec and ΔE, their growth morphologies are different. Dy forms
small three-dimensional clusters while Eu forms flat top crystalline islands with well-defined facets.
Therefore, Liu et al. [100] suggest that other factors affect the growth morphology in addition to
Ea/Ec ratio and ΔE and identify the main factor in specific characteristics of the adatom-adatom
interaction. For example, the repulsive interaction between Dy adatoms, arising from a large electric
dipole moment, is larger than Eu adatoms resulting in a higher effective barrier for diffusion.

We observe that these results can be regarded as a general rough guide in understand the growth
morphology of metals on graphene. However, these results neglect some effects which are, instead,
observed by experimental analyses such as the difference in the growth morphology of deposited
metals by changing the substrate supporting the graphene layer (highlighting, so, an effect of the
adatoms interaction with the substrate supporting the graphene) or by changing the number of
graphene layer. The theoretical results by Liu et al. [57,100] are, in fact, obtained for free-standing
single layer graphene sheets. As we will see in the next sections, some theoretical and experimental
works studied the effect of supporting substrate on the adatoms-graphene interaction and its impact
on the metals growth morphology.

Besides these general considerations, in the following subsections we focus our attention on the
model Au-graphene system since it is, surely, the main studied system from a technological point of
view due to its exceptional performances in technological devices ranging from sensors and biosensors
to transistors and solar cells.

2.1.2. Mobility and Clustering of Au on Graphene

Srivastava et al. [92] performed density functional calculations to investigate the bonding
properties of Aun (n = 1–5) clusters on perfect free-standing single-layer graphene. In synthesis,
their results show that the Aun clusters are bonded to graphene through an anchor atom and that
the geometries of the clusters on graphene are similar to their free-standing counterparts. Figure 3
shows, in particular, the results for the stable geometry configurations of the Au1, Au2, Au3, Au4,
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Au5 on the graphene. According to these results: (a) the energetically stable site for the Au atom
on graphene is atop to C atom (at an equilibrium distance of 2.82 Å), in agreement with the finding
of Liu et al. [100]; (b) for n > 1, each of the Aun cluster is bonded to the graphene by one Au atom
which is closer to the graphene and the overall geometry of the cluster remembers its freestanding
configuration. Concerning the Au5 cluster two different stable configurations are found, i.e., the last
two rows in Figure 3. These two configurations differ for taking into in account or not van der Waals
interaction: the last configuration for the Au5 cluster (named Au5(P)) is obtained taking into in account
the van der Waals interaction. The overall results of the calculations performed by Srivastava et al.
are summarized in Table 2. This table reports, for each Aun cluster: ha which is the distance of the
Au anchor atom of the cluster from the graphene plane; dac which is the distance of the Au anchor
atom from the nearest-neighbor C atom of the graphene layer; the binding energies BE1, BE2, BE3 of
the Aun clusters with the graphene, being these energies defined by BE1 = (EG+Au_n−EG−nEAu)/n,
BE2 = EG+Aun−EG+Au_n−1−EAu_1, BE3 = EG+Au_n−E’

G−EAu_n with EG the energy of the free-standing
graphene, E’

G the energy of the graphene after adsorbing the Aun cluster, EAu_n the energy of the
isolated Aun cluster, EG+Aun the energy of the system formed by the free-standing graphene and the
isolated Aun cluster, n the number of Au atoms in the cluster. With these definitions, BE1 represents
the cohesive energy of the cluster affected by the interaction with the graphene, BE2 is the energy
gained by the system in consequence of the addition of one more atom to the already existing cluster,
BE3 is the energy gained by the system resulting from the interaction of graphene and cluster.

In particular, analyzing the binding energies, the following conclusions can be drawn: the Aun

cluster is bonded to the graphene by the Au anchor atom and the bonding energy is dependent both
on ha and dac. Furthermore, the small values of BE3 are the signature of the weak bond between the
Aun clusters and the graphene. This should favor high mobility of Au adatoms and Aun cluster on
perfect free-standing graphene. However, this mobility is, also, determined by the diffusion barrier.
To analyze this point, we discuss the theoretical findings of Amft et al. [93]. They used density
functional calculations to study the Aun (n = 1–4) mobility on free-standing single layer graphene and
their clustering properties. In particular, they studied the mobility of the Au atoms (Au1) and the
mobility of the Au2, Au3, and Au4 clusters finding that the diffusion barrier of all studied clusters
ranges from 4 to 36 meV. On the other hand, they found that the Aun adsorption energy ranges from
−0.1 to −0.59 eV. The diffusion barrier, therefore, results much lower than the adsorption energies.
These results confirm the high mobility of the Au1–4 clusters on graphene along the C–C bonds. The Au4

cluster shows a peculiarity with respect to the other clusters: it can present two distinct structure,
i.e., the diamond-shaped Au4

D cluster and the Y-shaped Au4
Y cluster. From the vapor phase, these

clusters are formed on the graphene surface by two distinct clustering processes: Au1+Au3→Au4
D,

2Au2→Au4
Y. On the graphene surface they are characterized by different adsorption energies and

diffusion barriers. In particular, the authors conclude that Au4
Y has the highest adsorption energy

on graphene, −0.59 eV, while the adsorption energy of the Au4
D is −0.41 eV. Au1 has the lowest

adsorption energy, −0.1 eV. The adsorption energy of Au2 is about −0.45 eV and of Au3 is about
−0.50 eV. To complete, their calculations about the activation energy for the Aun clusters diffusion
on graphene (i.e., the diffusion barrier) along the C–C bonds indicate the values of 15 meV for Au1,
4 meV for Au2, 36 meV for Au3, 4 meV for Au4

D, and 24 meV for Au4
Y. Comparing the calculated

values for the adsorption energy and for the diffusion barrier of the Au1–4 clusters, Amft et al. [93]
conclude that the low diffusion barriers for the Aun clusters (with respect to the adsorption energy)
suggest a high mobility of the clusters on the graphene also at low temperatures. So, the adsorbed Aun

clusters can easily diffuse on the graphene and, upon merging, they form larger clusters to minimize
the total energy of the system (since the Au–Au bonding energy is higher than the Au–C one).
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Figure 3. Stable geometries of Au clusters adsorbed on perfect graphene. Au1–Au5 and Au5(P) clusters
are shown from top to bottom rows. Left and right columns show top and side views, respectively.
Reproduced from Reference [92] with permission from the American Physical Society.

Table 2. Anchor atom’s distance above graphene plane (ha), distance from nearest-neighbor C atom
(dac), binding energies (BE1–BE3) of Aun clusters adsorbed on perfect graphene. Reproduced from
Reference [92] with permission from the American Physical Society.

System ha (Å) dac (Å) BE1 (eV) BE2 (eV) BE3 (eV)

Au1 2.89 2.82 −0.107 −0.107 −0.122
Au2 2.45 2.32 −1.373 −2.639 −0.526
Au3 2.43 2.33 −1.345 −1.288 −0.654
Au4 2.49 2.34 −1.608 −2.397 −0.515
Au5 2.57 2.45 −1.681 −1.975 −0.218

2.1.3. Adsorption and Diffusion of Au on Graphene/Ru(0001)

The theoretical results illustrated in the previous Sections 2.1.1 and 2.1.2 are derived for atoms
and cluster on free-standing graphene. However, as we will see in Section 2.2, some experimental
results pointed out some differences in the growth morphology of metals deposited on graphene by
changing the substrate supporting the graphene. So, in the present section we review a theoretical
analysis (as model system analyses) about diffusion and mobility of Au atoms on graphene taking into
in account the effect of the substrate supporting the graphene sheet. These theoretical data, so, can be
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directly compared to the theoretical data for adsorption and diffusion of Au atoms on free-standing
graphene as reported in the previous sections.

Semidey-Flecha et al. [99] used density functional theory calculations to investigate the adsorption
and diffusion of Au adatom on the graphene moiré superstructure on Ru(0001). Their results can be
synthesized as follows: (a) the FCC region on the graphene moiré is the most stable adsorption site
for Au1; (b) the diffusion barrier for Au1 is determined to be 0.71 eV (much higher than the value of
15 meV evaluated by Amft et al. [93] for Au1 on free-standing graphene).

The epitaxial growth of graphene on Ru(0001) is usually used to produce supported high-quality
large area graphene sheets [65,99,131]. In this case, the graphene layer presents the moiré super-structure
due to mismatch between the graphene and Ru(0001). In addition, from an experimental point
of view, the study of metal atoms (Pd [65], Co [65], Au [65,132], Fe [133], Pt [134]) deposited on
graphene/Ru(0001) is a very active field of study in view of catalytic applications. So, the theoretical
study of metal atoms bonding and mobility on graphene/Ru(0001) is crucial in reach a control on the
metal growth process. In particular, the theoretical analysis by Semidey-Flecha et al. [99] are focused
on the diffusion properties of Au atoms on graphene/Ru(0001).

First of all, Figure 4 reports the graphene structures taken into considerations by the authors to
run the simulations: (a) free-standing grapheme; (b) graphene on fcc Ru(0001); (c) graphene on hcp
Ru(0001); (d) graphene on ridge Ru(0001). Each image reports, also, the indication of the notable sites.

 
Figure 4. Structures of the (3 × 3) surfaces used for the simulations: (a) freestanding graphene;
(b) graphene on fcc Ru(0001); (c) graphene on hcp Ru(0001); and (d) graphene on ridge Ru(0001).
Graphene is shown as bonds only. Top and second layer Ru atoms are shown as green and grey spheres,
respectively. Reproduced from Reference [99] with permission from the American Institute of Physics.

Figure 5 reports, according to the calculations of Semidey-Flecha et al. [99], the potential surface
energy for Au1 calculated on the same set of (3 × 3) surfaces. These potential surfaces energy furnish
the preferential diffusion path for Au1 as well as the global diffusion barrier.

Figure 5a refers to Au1 adsorbed on free-standing graphene: it shows that, in this configuration,
the most stable sites are the top site on the free-standing graphene (see Figure 4a), for which the
adsorption energy is ΔE = −0.11 eV. In addition, on the free-standing graphene, Au1 diffusion
preferentially occurs between adjacent top sites with a barrier of Ea = 0.002 eV. Figure 5b refers
to Au1 adsorbed on graphene supported on the fcc version of Ru(0001): it shows that the most stable
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sites are the t2 ones (see Figure 4b), for which the adsorption energy is ΔE = −1.42 eV. In this case, Au1

preferentially diffuses between adjacent t2 sites via the t1 site, with barrier of Ea=0.76 eV. Figure 5c
refers to Au1 adsorbed on graphene supported on the hcp version of Ru(0001): it shows that the most
stable sites are the t2 ones (see Figure 4c), for which the adsorption energy is ΔE = −1.13 eV. In this
case, Au1 preferentially diffuses between adjacent t2 sites via the t1 site, with barrier of Ea = 0.66 eV.
Finally, Figure 5d refers to Au1 adsorbed on graphene supported on the ridge version of Ru(0001):
it shows that the most stable sites are the tβ ones (see Figure 4d), for which the adsorption energy
is ΔE = −0.92 eV. In this case, Au1 preferentially diffuses between adjacent tβ sites with barrier of
Ea = 0.32 eV.

 

Figure 5. Potential energy surfaces for Au1 on the (3 × 3) surfaces: (a) freestanding graphene;
(b) graphene on fcc Ru(0001); (c) graphene on hcp Ru(0001); and (d) graphene on ridge Ru(0001).
The hexagon identifies the standard graphene hexagon. In each image, the dashed line signs the
adatom minimum-energy diffusion path. “X” marks the transition state from a local minimum energy
site to another. The energy scale is in eV. Reproduced from Reference [99] with permission from the
American Institute of Physics.

To conclude, Semidey-Flecha et al. [99] report, also, the resulting coarse-grained potential
energy surface for Au1 on graphene/Ru(0001), see Figure 6: it allows the determination of the
minimum-energy diffusion path (the dashed line) for Au1 from the global minimum-energy adsorption
site in the fcc region of one moiré cell to that in an adjacent moiré. For this diffusion path, the authors
were able to calculate the Au1 diffusion barrier as Ea = 0.71 eV. So, using this value in the Arrhenius
law of the hopping rate r = Aexp(−Ea/kT) and the value A = 1012 s−1 for the pre-exponential factor,
the room-temperature hopping rate is estimated in about 0.1 s−1.

 

Figure 6. Potential energy surfaces for Au1 sampled at the top and ring center sites in the
symmetry-irreducible zone of the full graphene/Ru(0001) surface. The dashed line signs the adatom
minimum-energy diffusion path. The minimum energy diffusion path for the adatom is marked by a
dashed line. “D”, “E”, and “F” mark the preferential adsorption sites, and “X” marks the highest-energy
site. Reproduced from Reference [99] with permission from the American Institute of Physics.
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2.1.4. In-Plane Adsorption and Diffusion of Au in Graphene

Another interesting aspect studied by means of theoretical analyses concerns the in-plane diffusion
of Au atoms in graphene. Malola et al. [98], in particular, studied this phenomenon using density
functional calculations motivated by the experimental data of Gan et al. [58] which experimentally
observed in-plane adsorption of Au atoms in vacancies of graphene sheets and measured the rate for
the in-plane Au diffusion (as we will discuss in Section 2.2).

The analysis of Malola et al. [98] starts considering that the vacancies formation in the graphene
sheets is the essential condition for the Au in-plane adsorption and diffusion since the Au in-plane
diffusion is mediated by these vacancies. So, first of all, the authors calculated the carbon vacancy
formation energy in free-standing graphene as a function of the number of vacancies corresponding to
some selected geometries, see in Figure 7 the empty points. In addition, they calculated the formation
energy for Au adsorbed in these graphene vacancies, see in Figure 7 the full points.

 

Figure 7. Carbon vacancies formation energy in graphene (empty squares), and formation energies
for Au adsorbed in graphene vacancies (full points). For each vacancy, the insets show the selected
geometry for the vacancy. Reproduced from Reference [98] with permission from the American Institute
of Physics.

For example, the single and double vacancies formation energy is about 8 eV, and then it increases
by a rate of about 2 eV/C increasing the number of C atoms to remove. The difference between the
two curves in Figure 7 is the Au adsorption energy and it is in the 3–6 eV range on the basis of the
number of vacancies being formed. Considering these data, the authors observe that the in- and
out-plane bonding energy for Au is higher when adsorbed in double vacancies concluding, so, that
the Au-double vacancy should be the most stable configuration. Therefore, Malola et al. [98] used
molecular dynamics simulations to simulate the four different diffusion paths presented in Figure 8 for
the Au atom in the double vacancy and for each of them calculated the value of the diffusion barrier.

The diffusion barrier of 4.0 eV (diffusion path I) corresponds to the out-of-plane motion of Au.
Diffusion path II with 5.8 eV barrier involves out-of-plane motion of C, instead. A diffusion barrier of
7.0 eV corresponds to the in-plane diffusion path III while the path IV has a 7.5 eV barrier. These values
are not able to explain the 2.5 eV value experimentally measured by Gan et al. [58] for the in-plane
diffusion of Au atoms in graphene by using in-situ transmission electron microscopy (operating at
300 kV) analyses. Then, Malola et al. [98] conclude that the 2.5 eV corresponds to the in-plane radiation
enhanced diffusion of the Au atoms in the sense that the in-plane Au atoms diffusion is enhanced by
electrons irradiation arising from the electron beam of transmission electron microscopy. The electrons
radiation should cause displacement of C atoms generating vacancies which favor Au to overcome the
large 4 eV (or higher) energy barrier, resulting in the effective 2.5 eV measured by Gan et al. [58].
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Figure 8. Au in double vacancies in graphene: simulations of different diffusion paths (path I, II, III, IV)
of the Au atom (yellow sphere), whereas the blue dots indicate the C atoms which change position as
result of the Au atom jump. In addition, each path is accompanied by the estimated diffusion barrier for
the Au jump. Reproduced from Reference [98] with permission from the American Institute of Physics.

2.2. Adsorption, Diffusion, Nucleation and Growth of Metal Atoms on/in Graphene: Experimental Results

2.2.1. General Considerations

A set of experimental data on the growth of a range of metal NPs by vapor-phase depositions of
metal atoms on graphene was reported by Zhou et al. [65]. In this work, the authors deposited, by
thermal evaporation, Pt, Rh, Pd, Co, and Au on a graphene moiré pattern on Ru(0001). Then they
performed systematic scanning tunneling microscopy studies to analyze the growth mode of the
resulting NPs as a function of the amount (in unity of monolayers, ML) of deposited material and as a
function of the annealing temperature of a subsequent annealing process. The authors, in particular,
tried to highlight the differences observed for the various metals: in fact, their experimental data
show that Pt and Rh form small particles sited at fcc sites on graphene. Instead, in similar coverage
conditions, Pd and Co form larger particles. Analyzing these results, the authors conclude that the
metal-carbon bond strength and metal cohesive energy are the main parameters in determining the
metal clusters formation process and the morphology of the clusters in the initial stages of growth.
On the other hand, experimental data on the growth of Au show a further different behavior (Au forms
a single-layer film on graphene) suggesting, in this case, that other factors affect the growth of the
Au cluster. Figures 9–11 summarize some scanning tunneling microscopy analyses of various metals
deposited on the graphene/Ru(0001) substrate, as reported by Zhou et al. [65].
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Figure 9. Scanning Tunneling Microscopy images (50 nm × 50 nm) of (a) 0.05 ML; (b) 0.1 ML; (c) 0.2 ML;
(d) 0.4 ML; (e) 0.6 ML and (f) 0.8 ML Rh deposited on graphene/Ru(0001) at room temperature.
Reproduced from Reference [65] with permission from the Elsevier.

In particular, Figure 9 reports Scanning Tunneling Microscopy images for Rh deposited at
room-temperature on the graphene/Ru(0001) substrates and increasing the amount of deposited
Rh (from 0.05 to 0.80 ML). From a quantitative point of view, using these analyses, the authors inferred
that until 0.6 ML the average Rh clusters size increases by increasing the amount of deposited Rh:
the Rh cluster size and height significantly increase when the amount of deposited material increase
but, correspondently, a much lower increases of the particles density is observed. Similar is the
behavior of Pt: for a coverage of 0.1 ML, 2 nm-diameter highly dispersed Pt particles are formed at
fcc sites; for a coverage of 1 ML, instead, 5 nm-diameter Pt particles are formed and characterized by
a narrow size distribution. Figure 10 shows other Scanning Tunneling Microscopy images: (a) and
(b) report images of 0.1 and 0.4 ML Pd deposited on graphene/Ru(0001), respectively. In this case, at
a coverage of 0.1 ML, 8–14 nm-diameter three-dimensional Pd particles are formed at fcc sites and
with a lower surface density compared to Rh and Pt. (c) and (d) report images of 0.2 and 0.4 ML of Co
on graphene/Ru(0001). At a coverage of 0.2 ML, 10 nm-diameter three-dimensional Co particles are
formed, while, at a coverage of 0.4 ML, 12 nm-diameter clusters are observed. (e) and (f) report images
of 0.2 and 0.6 ML Au on graphene/Ru(0001). At 0.2 ML, small two-dimensional Au particles are
formed at fcc sites. However, differently from the previous metals, increasing the coverage (0.6 ML, for
example), Au forms a film of NPs covering the graphene moiré pattern. Finally, Figure 11 serves as an
example to analyze the thermal stability of the nucleated NPs: it presents images of the Rh NPs on the
graphene/Ru(0001) substrate after annealing process from 600 to 1100 K for 600 s. These images show
that no significant change can be recognized in the Rh NPs below 900 K. Instead, a NPs coalescence
process starts at ∼900 K as indicated by the decreased cluster density and larger dimensions. The NPs
coalescence process is more evident after the annealing of the sample at 1100 K.

On the basis of their experimental results, Zhou et al. [65] draw the following conclusions about
the growth processes for the investigated metal NPs on the graphene/Ru(0001) substrate:

(a) Pt, Rh, Pd and Co: these metals should grow on the graphene as three-dimensional clusters
due to the high difference in the surface energy of graphene (46.7 mJ/cm2) and of these metals (in the
1–2 J/cm2 range). However, the interaction between the metals adatoms and the graphene strongly
influences this situation by determining the adatoms mobility. Only a small interaction energy of the
adatoms with the graphene (with respect to the adatom-adatom interaction energy) will assure a high
adatoms mobility and, so, the occurrence of the three-dimensional growth of the clusters.
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Figure 10. Scanning Tunneling Microscopy images (50 nm × 50 nm) of (a) 0.1 ML Pd; (b) 0.4 ML Pd;
(c) 0.2 ML Co; (d) 0.4 ML Co; (e) 0.2 ML Au and (f) 0.6 ML Au deposited on graphene/Ru(0001) at
room temperature. Reproduced from Reference [65] with permission from the Elsevier.

 

Figure 11. Scanning Tunneling Microscopy images (50 nm × 50 nm) of 0.8 ML Rh on graphene/Ru(0001)
acquired after annealing the samples to (a) 600 K; (b) 700 K; (c) 800 K; (d) 900 K; (e) 1000 K and (f) 1100 K
for 10 min. Reproduced from Reference [65] with permission from the Elsevier.

On the basis of this consideration, the authors attribute the observed differences in the Pt, Rh, Pd
and Co NPs growth morphologies to the different strengths of the metal-carbon bond. The increase
of the strength of the metal-carbon bond will result in the decreasing of the diffusion coefficient for
the metal on graphene at a given flux. As a consequence, the decrease of the diffusion coefficient
will result in the increase of the metal clusters nucleation rate allowing to obtain, thus, uniformly
dispersed the two-dimensional clusters at the initial growth stage. So, the authors note that the relevant
metal-carbon dissociation energies are: 610 kJ/mol for Pt-C, 580 kJ/mol for Rh-C, 436 kJ/mol for
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Pd-C, and 347 kJ/mol for Co-C, so that the metals with higher bond dissociation energies (Pt and Rh)
form highly dispersed clusters while those with lower bond dissociation energies (Pd and Co) form
large three-dimensional clusters with low surface densities. On the other hand, however, with the
continued atoms deposition, the pre-formed cluster on the graphene surface start to growth in size
by incorporating the new incoming atoms and this process is competitive to the nucleation of new
clusters on the surface. The joining of two or more metal atoms is characterized by the metals cohesive
energy which establishes the strength of the metallic bonds. So, now, the metal-carbon dissociation
energy and the metal cohesive energy become competitive parameters in establishing the final cluster
growth mode and morphology. So, the authors’ picture is improved as follows [65]: the C atoms of the
graphene strongly interact with Pt and Rh atoms, largely influencing the initial growth stage leading to
the formation of uniformly distributed small particles. On the other hand, the bond strength of Pd and
Co atoms to the C atoms is much weaker, so that the metals cohesive energy drive the NPs formation
and growth, resulting in the formation of large three-dimensional clusters at initial growth stage.

(b) Effect of the substrate supporting the graphene: in their analysis, Zhou et al. [65] compared
their results with other literature results. For example, they compared their results on the growth of Pt
on graphene/Ru(0001) with the results of N’Daye et al. [61,64] on the growth of Pt on graphene/Ir(111)
in similar conditions of depositions. They highlight some crucial differences in the growth morphology
of the Pt clusters and impute these differences to the specific interaction of the metal atoms with the
substrate supporting the graphene layer. In summary, Zhou et al. [65] report that the equilibrium
spacing between graphene and the Ir(111) surface has been calculated to be 0.34 nm. Instead, the
equilibrium spacing between the graphene and the Ru(0001) surface has been calculated to be 0.145 nm.
This difference arises from the higher interaction of the graphene with the Ru(0001) than with Ir(111).
Thus, in general, increasing the interaction energy between the C atoms of the graphene layer with
the substrate on which it is supported, will lead to a decrease in the interaction energy between the C
atoms and the deposited metal adatoms. This will result in an increased metal adatoms diffusivity.
The consequence is that the metal clusters grown on graphene/Ir(111) are spatially more ordered than
on graphene/Ru(0001) and that the transition from two-dimensional to three-dimensional morphology
of clusters on graphene/Ru(0001) occurs at much lower amount of deposited material.

(c) Au: due to the weak interaction between Au and C, Au is expected, so, to grow on
graphene as three-dimensional isolated Au clusters. Instead, Zhou et al. [65] observed that Au
on graphene/Ru(0001) forms a continuous nano-granular film. They attribute this behavior, mainly,
to the low Au cohesive energy (i.e., Au tends to wet a metal surface with a larger cohesive energy.
Note that the Au cohesive energy is 3.81 eV whereas, for example, the Pt cohesive energy is 5.84 eV).
In addition, the nearest-neighbor distance for Au is 0.288 nm which is larger than the graphene lattice
parameter (0.245 nm). N’Diaye et al. [61,64] inferred that metal with a nearest-neighbor distance of
0.27 nm can perfectly fit the graphene lattice. So, Au atoms do not fit the graphene lattice, contributing
to the lowering of the Au-C interaction energy. Therefore, the Au low cohesive energy and the low
Au-C interaction energy contribute in determining the atypical Au growth.

In addition to Zhou et al. [65], N’Diaye et al. [61,64] reported another set of experimental analyses
on the growth morphologies of Ir, Pt, W, and Re on graphene/Ir(111) and then Feibelman [75,76]
reported additional theoretical analyses on the experimental results of N’Diaye et al.

The main results of N’Diaye et al. [64] rely in the establishment of the condition for which
a metal form a superlattice on the graphene/Ir(111) substrate: (1) A large metal cohesive energy;
(2) a high interaction energy of the deposited metal atoms with graphene established by the large
extension of a localized valence orbital of the deposited metal; and (3) the fitting between the graphene
lattice parameter and the nearest-neighbor distance of the deposited metal. In the course of their
studies, N’Diaye et al. [64] were able, in addition, to infer several characteristics on the metals
growth morphology. From an experimental point of view, first of all, the authors choose to deposit
materials with very different cohesive energy so to study the impact of this parameter on their growth
morphology. In fact, the cohesive energy for W, Re, Ir and Pt is, respectively, 8.90, 8.03, 6.94, 5.84 eV.
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Figure 12 shows, for example, Scanning Tunneling Microscopies of graphene flakes grown on
Ir(111) after deposition, at room-temperature, of 0.2–0.8 ML of various metals. In the areas without
graphene, metals form some isolated islands of monolayer height. All deposited materials are pinned
to graphene flakes forming NPs. Ir and Pt form similar very ordered superlattices of clusters on the
graphene flakes (compare Figure 12a,b). At 0.2 ML both materials exhibit two distinct height levels
of the clusters. Also W forms an ordered cluster superlattice (see Figure 12c), however with higher
height than that obtained for Ir. These W clusters present distinct height levels. A lower spatial order
is obtained, instead, for Re clusters as visible by Figure 12d. For Fe (Figure 12e) and Au (Figure 12f)
clusters the spatial order is completely absent so that no superlattice is obtained. The authors attribute
the absence of the regular cluster superlattice for these metals to their small cohesive energy and/or
small binding energy to graphene: metals with small cohesive energy present a more pronounced
wetting behavior on graphene with respect to metal with higher cohesive energy (i.e., metals with small
cohesive energy have lower surface energy than the metals with higher cohesive energy). Metals with
low bonding strength to graphene present high mobility (with respect to metals with higher bonding
strength) so that graphene is not able to trap efficiently these adatoms and small clusters). The authors
verified [64] these conclusions by depositing Re, Au and Fe on the graphene/Ir(111) substrate at
lower temperatures (200 K), so to decrease the adatoms diffusivity. In this case the formation of the
superlattices structures for the Re, Au, and Fe clusters was observed.

 

Figure 12. Scanning Tunneling Microscopy images (70 nm × 70 nm) of graphene flakes on Ir(111)
after deposition, maintaining the substrate at 300 K, of: (a) 0.20 ML Ir; (b) 0.25 ML Pt; (c) 0.44 ML W;
(d) 0.53 ML Re; (e) 0.77 ML Fe; (f) 0.25 ML Au. Reproduced from Reference [64] with permission
from IOPscience.

Then, the authors investigated the effect of a subsequent annealing process on the morphology
and order of the deposited metal clusters. Some results are reported in Figure 13: it reports the
Scanning Tunneling Microscopies of Pt deposited on the graphene/Ir(111) substrate and annealed
for 300 s from 350 K to 650 K. Figure 13g quantifies the annealing effect by plotting the temperature
dependence of the moiré unit cell occupation probability n as a function of the annealing temperature
T for all the investigated metals.
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Figure 13. Scanning Tunneling Microscopy images (70 nm × 70 nm) of (a) 0.25 ML Pt deposited on
graphene/Ir(111) maintaining the substrate at 300 K. This sample was then annealed for 300 s at
(b) 400 K; (c) 450 K (d) 500 K; (e) 550 K and (f) 650 K; (g) Plot of n (occupation probability of the moiré
cell by a particle) versus the annealing temperature T; (h) Arrhenius plot of particle jumping rate ν(T).
Lines represent fits for the hopping rate with diffusion parameters as shown in Table 3. Reproduced
from Reference [64] with permission from IOPscience.

The evolution of the cluster superlattice (i.e., decay) is due to the thermally activated diffusion
of clusters. The clusters perform a random motion around their equilibrium positions and two or
more cluster can coalesce if the temperature is high enough to enough increase the diffusion length.
The cluster diffusion, and so the probability for two or more cluster to join, is dictated by the activation
barrier Ea which the cluster has to overpass to leave its moiré unit cell. This effect is illustrated by
Figure 14 showing a sequence of images taken at 390 K (a–e) or at 450 K (f–j). White circles in the images
sequences indicate locations of thermally activated changes, i.e., clusters that having overpassed the
activation barrier for diffusion and perform a coalescence process.

In addition, N’Diaye et al. [64] were able to infer quantitative evaluations on the parameters
involved in this process: supposing the clusters attempt frequency to overpass the diffusion barrier
(i.e., the clusters joining frequency) expressed by an Arrhenius law, i.e., ν = ν0exp(−Ea/kT), and
supposing the probability that one cluster encounters another one is proportional to n, the data
in Figure 13h can be fitted to extract the clusters activation energy for diffusion (Ea) with the
corresponding deviation (ΔEa), and the pre-exponential factor ν0. All these evaluated parameters are
summarized in Table 3.
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Figure 14. (a–e) Scanning Tunneling Microscopy images (25 nm × 25 nm) of 0.01 ML Ir deposited
at 350 K on graphene/Ir(111) (a) and annealed at 390 K for 120 s (b); 240 s (c); 360 s (d); 480 s (e).
Circles indicate where modification occur in successive images; (f–j) Scanning Tunneling Microscopy
images (15 nm × 15 nm) of 1.5 ML Ir deposited on graphene/Ir(111) at 350 K (f) and annealed at
450 K for 120 s (g); 240 s (h); 360 s (i); 480 s (j). Reproduced from Reference [64] with permission
from IOPscience.

Table 3. Activation energy for diffusion (Ea) with the corresponding deviation (ΔEa), and the
pre-exponential factor ν0 with the corresponding errors (fifth and sixth columns) for the cases of
Ir, Pt and W deposited on graphene/Ir(111). Reproduced from Reference [64] with permission
from IOPscience.

Clusters Ea (eV) ΔEa (eV) υ0 (Hz)

Ir, 0.45 ML (I) 0.41 0.02 1.4
Ir, 0.45 ML (II) 0.75 0.2 67

Ir, 0.45 ML 0.28 0.08 0.06
Pt, 0.25 ML 0.60 0.08 500
Pt, 0.70 ML 0.38 0.02 6.2
W, 0.44 ML 0.47 0.04 33

2.2.2. Au Nanoparticles on Graphene

Zan et al. [66] used Transmission Electron Microscopy to study the morphological and structural
evolution of Au NPs on free-standing single-layer graphene sheet changing the effective deposited Au
film thickness from less than 0.1 nm to 2.12 nm.

Figure 15 shows the results of the Au depositions: the preferential sites for the Au clusters
nucleation are in correspondence of the Au hydrocarbon contamination, as revealed by the wormlike
contrast in the high-resolution Transmission Electron Microscopy images. This is a signature of the very
high diffusivity of Au atoms on graphene. Furthermore, the images show that the Au cluster number
per unit area increases with increasing evaporated amount of Au, and at a nominal Au thickness larger
than 1 nm clusters start to joining by coalescence.

 

Figure 15. (a–d) Transmission Electron Microscopy images of Au deposited on free-standing graphene
increasing the amount of deposited metal; (a) Sparse coverage; (b) sparse groups of clusters at Au
thickness lower than 0.1 nm; (c) Higher cluster densities at 0.12 nm of Au thickness; (d) Coalescence
of clusters occurring for 2.12 nm-thick deposited Au; (e) Scanning Transmission Electron Microscopy
bright-field image of 0.5 nm-thick evaporated Au. Scale bar: 10 nm in all images. Reproduced from
Reference [66] with permission from Wiley.
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Figure 16 shows the observed in-situ coalescence process of some Au clusters. The lighter areas
within the clusters correspond to clean graphene patches overlaid by the clusters. As examples two of
these overlaid regions are marked by the white lines in Figure 16a: the left one occurs at the coalescence
front of two coalescing clusters, the right-hand one in the middle of a cluster.

In addition, Zan et al. [66] motivated by the fact that a standard method to modify and functionalize
graphene is by hydrogenation, studied the Au growth morphology on intentionally-hydrogenated
free-standing graphene.

 

Figure 16. Coalesced Au clusters corresponding to the deposition of 2.12 nm Au on graphene. (a) shows
variations in thickness and relative crystallographic orientations and (b) planar faults such as stacking
faults (white arrows) and twin boundaries (black arrow). Scale bars: 5 nm. Reproduced from
Reference [66] with permission from Wiley.

Hydrogenation breaks graphene sp2 bonds and leads to sp3 bond formation. Au depositions,
0.2 nm in nominal thickness, were, so, carried out on graphene surfaces that had been hydrogenated
and the results compared to those obtained for 0.2 nm Au deposited on pure graphene. As can be seen
in Figure 17a, the hydrogenated sample presents a higher Au clusters density and cluster sizes are less
dispersed than in the pure graphene sample, as shown in the image in Figure 17b. However, similar to
pristine graphene, Au clusters nucleate in the defects represented by the contaminations sites where
the hydrogenation occurred. So, the increased hydrogenation of the graphene leads to a more effective
adhesion of Au, enhancing the nucleation probability of Au clusters in the contaminations. This picture
is confirmed by the observation of the occurring of coalescence of Au clusters under the electron
beam of the Transmission Electron Microscopy (a process which is not observed for the Au on the
pristine graphene). An example of this process in the hydrogenated sample is shown in Figure 17c,d:
these Transmission Electron Microscopies present the evolution of the Au clusters under the electron
beam at temporal distance of about 10 s. The agglomeration of the Au clusters (marked by the solid
circles and dashed rectangles in Figure 17c,d) occurs rapidly, in the 10 s time range. In contrast, the
Au clusters formed on the pristine graphene perform a coalescence process on the graphene during
the Au deposition and not in few seconds under exposure to the electron beam. So, evidently, the
hydrogenation process of the graphene lowers the diffusion barrier for the pre-formed Au clusters, the
electron beam furnishes enough energy to the clusters to overcome this diffusion barrier, and the Au
clusters coalescence starts and rapidly occurs (~seconds).

 

Figure 17. (a,b): Transmission Electron Microscopy images of 0.2 nm Au evaporated onto hydrogenated
and pristine graphene (scale bar: 20 nm). The corresponding diffraction patterns are shown as insets;
(c,d) Images of Au evaporated onto hydrogenated graphene, taken in a sequence of scans, and showing
the Au clusters merging by coalescence as indicated by the solid circles and dashed rectangles (scale
bar: 5 nm). Reproduced from Reference [66] with permission from Wiley.
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2.2.3. Au and Pt Nanoparticles in Graphene

Another aspect related to the kinetic processes of metal atoms interacting with graphene was
analyzed by Gan et al. [58]: they studied, experimentally, the in-plane diffusion characteristics of Au
and Pt atoms in graphene and the corresponding nucleation process towards the formation of NPs
by using in-situ Transmission Electron Microscopy analyses at high temperature. The analysis by
the authors starts by the consideration that carbon vacancies in the graphene layers favor the atoms
in-plane diffusion with respect to the on-plane diffusion.

So, to perform the experiments, the authors mixed powders of Au or Pt with graphite powder.
Then they obtained a mixed fine deposit by an electric arc discharge system. After dispersing and
sonicating the resulting deposit, it was placed on standard grids for in-situ Transmission Electron
Microscopy analysis. During the Transmission Electron Microscopy studies, the samples were annealed
in the 600–700 ◦C range to induce the metal atoms diffusion. The used fabrication method produces
layers consisting of one or few graphene layers characterized by crystal vacancies allowing the in-plane
metal atoms diffusion. As an example, Figure 18a,b show Pt atoms in a four-layers graphene structure
held at 600 ◦C. The image in Figure 18b was acquired 60 s after Figure 18a. Two Pt atoms (indicated
by the arrows) merge and form a nucleus. Such nuclei of two or several Au or Pt atoms were often
observed by the authors. Then they acquired several images with the viewing direction along the
graphene layers. In this condition, the observed metal atom apparently remains immobile during the
annealing and overlaps with the contrast of the outermost graphene layers: this fact excludes that the
metal atom is located on top of the layer. So, after several observations, the authors conclude that the
metal atoms are located in-plane with the graphene sheet occupying vacancies on the carbon sites.

To analyze the atoms diffusion, Figure 19 shows the temporal evolution by reporting plan-view
Transmission Electron Microscopy images acquired in the same region of the sample which is held
at 600 ◦C and increasing the time. These images follow, in particular, the evolution of Pt atoms.
The arrows in the first images identify some Pt atoms and by the images sequence how these atoms
change their position by diffusion can be recognized. Atoms diffusing within the layer are marked
by “L”. It can be concluded that metal atoms prefer edge locations rather than in-plane sites. It is
also visible how the atoms at the edge (marked by “E”) move along the edge. Using these real-time
analyses, the authors, in particular, were able to measure the diffusion length for several of Au and Pt
atoms (quantified along the layer) versus time at different temperatures, obtaining data which follow
the square-root law connecting the diffusion length to the diffusion time.

 

Figure 18. (a,b) Plan-view Transmission Electron Microscopy images of Pt atoms in a four-layer
graphitic sheet held at 600 ◦C. The image (b) was acquired 60 s after (a). Two Pt atoms (arrowed) merge
and form a cluster. The scale bar is 1 nm. Reproduced from Reference [58] with permission from Wiley.

So, the mean diffusion length x is connected to the diffusion time t by D = x2/4t, with D the
atomic diffusion coefficient. Using the experimental data, the authors derived values for the Pt
and Au atoms in-plane diffusion coefficient: D = 6 × 10−22–2 × 10−21 m2/s for Au at 600 ◦C,
D = 4 × 10−22–1 × 10−21 m2/s for Pt at 600 ◦C, D = 1 × 10−21–7 × 10−21 m2/s for Pt at 700 ◦C.

184



Crystals 2017, 7, 219

Using these values, Gan. et al. [58] evaluated the activation energy for the graphene in-plane diffusion
of the Pt and Au atoms: in fact, considering that D = ga2ν0exp[−Ea/kT], with g ≈ 1 a geometrical
factor, a the graphene lattice constant, ν0 the attempt frequency which can be assumed to be the Debye
frequency, then Ea is estimated, both for Pt and Au, in about 2.5 eV.

Figure 19. Series of Transmission Electron Microscopies showing the diffusion of Pt atoms in graphene
at 600 ◦C as a function of time. “L” marks the region in a two-three layer graphene where Pt atoms are
diffusing in two dimensions. “E” marks a Pt cluster located at the edge of a graphene layer and where
Pt atoms are observed one-dimensionally diffuse along the edge. Reproduced from Reference [58] with
permission from Wiley.

This value arises by the combined effect from the covalent bonding between Pt or Au and C
atoms and from the activation energy for site exchange of carbon atoms that is given by the vacancy
migration energy in graphene (1.2 eV). However, a question arises about these results: the role of
the electron beam used for the in-situ Transmission Electron Microscopy analyses on the observed
metal atoms diffusion process. In fact, it could determine an enhanced radiation diffusion. This point
was, in particular, addressed, from a theoretical point of view, by Malola et al. [84] as discussed in
Section 2.1.4. Their theoretical simulations indicate that the lowest-energy path with 4.0 eV barrier
involves out-of-plane motion of Au (see Figure 8). Other diffusion paths are characterized by higher
energy barriers. So, the 2.5 eV barrier value measured by Gan et al. [58] for the in-plane diffusion
of Au atoms in graphene should arise as an electron (300 keV) radiation enhanced diffusion: in fact,
assuming Au in double vacancy, at least one of the 14 neighboring C atoms should be removed every
10 s as result of the electron beam interaction. This generation of vacancies favor Au to overcome the
large 4 eV (or higher) energy barrier, resulting in the effective 2.5 eV. The radiation enhanced diffusion
interpretation is in agreement with the experimental result that the 2.5 eV barrier is found both for Au
and Pt which is not expected a-priori considering that C–Pt interaction is stronger than the C–Au one.
In fact, on the basis of this fact, the activation energy for the Pt diffusion should be higher. Instead,
the C-metal energy interaction is substantially negligible in the diffusion process if it is dominated by
radiation enhancement.
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2.2.4. Au Nanoparticles on Graphene Supported on Different Substrates

Liu et al. [60] investigated, from an experimental point of view, the nucleation phenomenon of
Au NPs on graphene. In particular, they focused the attention on the effect of the substrate supporting
the graphene and of the graphene layer number on the NPs nucleation kinetics. The experimental data
were discussed within the mean field theory of diffusion-limited aggregation, allowing to evaluate the
Au adatom effective diffusion constants and activation energies.

Liu et al. [60], so, prepared graphene samples by mechanical exfoliation of graphite onto SiO2/Si
substrates or hexagonal boron nitride substrates. Raman spectroscopy was used to analyze the number
of graphene layers. Au was deposited on the graphene layers by electron beam evaporation, having
care, in addition, to produce reference samples were by depositing Au on graphite substrates. To induce
morphological evolution of the Au on the substrates, subsequent annealing processes were performed.
At each step of evolution, the authors performed Atomic Force Microscopy analyses to study the
samples surface morphology, i.e., the Au NPs morphology, size, surface density and surface roughness.

First of all, the authors deposited 0.5 nm of Au on single-layer (1 L) graphene and bilayer (2 L)
graphene supported onto SiO2/Si, and onto graphite surfaces maintaining the substrates at room
temperature. Then, the Atomic Force Microscopy analyses allowed infer the following conclusions:
on the graphite surface, Au NPs coalesce to form ramified islands. The large Au-Au binding energy
(∼3.8 eV), drives the Au adatoms diffusion towards the joining and formation of small compact NPs.
Once formed, these very small NPs diffuse slowly on the graphite and then they coalescence to form
islands. Under the same deposition conditions on the 1 L graphene, Au NPs with a narrower-size
distribution and higher surface density are obtained. Instead, concerning the Au NPs obtained on
the 2 L graphene, some of these evidence an ongoing evolution from elongated islands structures to
ramified structures. This difference with the Au NPs obtained on graphite is the signature of the lower
diffusion coefficient of the Au adatoms on 1 L and 2 L graphene than on graphite. Further results
are summarized by Figure 20: by depositing 0.1 nm of Au, the observed density of Au NPs is about
1200 μm−2 (Figure 20a) on 1 L graphene. A 350 ◦C-2 h thermal process leads to the decrease of the
surface density of the Au NPs to about 130 μm−2 (Figure 20c). Instead, on the graphite substrate, the
thermal process causes a decrease of the Au NPs density from about 180 μm−2 (Figure 20b) to about
3 μm−2 (Figure 20d). These data confirm the thermal-activated nature of the NPs growth mechanism.

 

Figure 20. Atomic Force Microscopy images (1 μm × 1 μm) of 0.1 nm Au deposited on a single-layer
graphene (a) and on graphite (b). (c,d) show the same samples (Au on single-layer graphene in (c) and
Au on graphite in (d)) after 2 h of thermal annealing at 350 ◦C. Reproduced from Reference [60] with
permission from the American Chemical Society.
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As a comparison, the authors performed similar studies for Au deposited on graphene supported
onto hexagonal boron nitride (h-BN): this choice is dictated by the fact that graphene is known to be
flatter on single-crystal h-BN than on SiO2. So, the upper part of the image 21a shows the surface
of h-BN presenting a roughness of 47 pm, while the bottom shows the h-BN surface supporting 1 L
graphene, with a roughness of 54 pm. The other Atomic Force Microscopy images in Figure 21 show
the resulting Au NPs obtained by the deposition of 0.1 nm of Au on the surface of bare h-BN, on 1 L
graphene supported on h-BN and on 1 L graphene supported on SiO2. The comparison of these images
allow us to conclude that the NPs growth is faster on h-BN and 1 L graphene supported on h-BN than
on 1 L graphene supported on SiO2.

At this point, once recorded these experimental data, Liu et al. [60] exploited the mean-field
nucleation theory to analyze these data so to extract quantitative information on the parameters
involved in Au NPs morphological evolution processes. As the amount of deposited materials
increases, three kinetic regimes for the Au clusters growth can be recognized: clusters nucleation,
clusters growth, and steady-state. At the early stages of deposition, moving adatoms on the substrate
explore a certain area in a certain time so that they can encounter each other and and, so, they have
some finite probability to join (nucleation process) and form stable nucleii. The number of nuclei
increases with time. However, in the same time, new atoms arrive from the vapor-phase and they can
be captured by the preexisting nuclei. At enough high deposition time, so, the nuclei growth in cluster
of increasing size and new nucleii are not formed: a steady state is reached. In this condition, the mean
Au adatoms diffusion length is equal to the mean Au NP spacing and a saturation density for the
nuclei is obtained. The authors, then, considered that, according to the mean-field nucleation theory,
the nuclei saturation density n is predicted as n(Z)~N0η(Z)(F/N0ν)i/(i+2.5)exp[(Ei + iEd)/(i + 2.5)kT]
being Z a parameter depending on the total deposition time, N0 the substrate atomic density (cm−2),
η(Z) a dimensionless parameter, F is the rate of arriving atoms from the vapor phase (cm−2 s−1),
ν an effective surface vibration frequency (∼1011–1013 s−1), i the number of Au atoms in the critical
cluster, Ei the Au atom binding energy in the critical cluster, and Ed the activation energy for the Au
atom diffusion.

 

Figure 21. (a) Atomic Force Microscopy images (1 μm × 1 μm) of 1 layer graphene on hexagonal boron
nitride (h-BN); and (b) Atomic Force Microscopy images (1 μm × 1 μm) of 0.1 nm Au deposited on
1 layer graphene supported on h-BN; (c) Atomic Force Microscopy images (1 μm × 1 μm) of 0.1 nm
Au deposited directly on h-BN; (d) Atomic Force Microscopy images (1 μm × 1 μm) of 0.1 nm Au
deposited on bilayer graphene supported on SiO2. Reproduced from Reference [60] with permission
from the American Chemical Society.
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Clusters of size smaller than i shrinks while clusters larger than size i grow and form the
stable NPs. The authors consider that in the examined experiments, i should be small and, so,
they analyze their experimental data on n(z) for i = 1 and i = 2 obtaining the values reported in
Figure 22: the Au adatom diffusion energy Ed and the corresponding diffusion coefficient D calculated
as D = (a2νd/4)exp[−Ed/kT] with a the graphene lattice parameter (0.14 nm) and νd the adatom
attempt frequency (∼1012 s−1).

 

Figure 22. The calculated diffusion energy, Ed, and diffusion constant, D, of Au adatoms on various
surfaces: graphite, hexagonal boron nitride (h-BN), single-layer graphene (SLG) on h-BN, SLG on
SiO2, and bilayer graphene (BLG) on SiO2. Calculations using different critical sizes i are given in
black (i = 1) and red (i = 2) curves for comparison. For graphite, Ed and D are assumed as 50 meV and
7 × 10−6 cm2 s−1, independent of critical size i. Reproduced from Reference [60] with permission from
the American Chemical Society.

On the basis of Figure 22 it is clear that the activation energy for the Au adatom diffusion process
is higher on 1 L graphene on h-BN, 1 L and 2 L graphene on SiO2 than on graphite and bare h-BN.
In addition, it is higher on 1 L graphene on SiO2 than on 2 L graphene on SiO2 which is, in turn, higher
than 1 L graphene on h-BN.

Now, the question concerning why these differences are observed arises. In this sense, the authors,
first of all, note that adatom diffusion is affected by the surface strains which is, in turn, related to
the surface roughness. A compressive strain of the surface reduces the energy barrier for the adatom
diffusion while a tensile strain tends to increase it. In its free-standing configuration, 1 L graphene
displays ripples with about 1 nm height variation. In contrast, when supported and annealed on
SiO2/Si substrates, graphene follows the local SiO2 roughness: the graphene−SiO2 van interaction
energy is balanced by the elastic deformation energy of graphene with the consequent increase of the
graphene roughness with respect to its free-standing configuration. The Atomic Force Microscopy
measurements by Liu et al. [60] show that 1 L graphene on SiO2 presents a roughness 8 times higher
than bulk graphite. On this rough graphene surface, there will be regions of both concave and convex
curvature. The Au adatoms have, locally, different mobility on these different-curvature regions:
within regions where they have a lower mobility then their nucleation in small clusters is favored with
respect to defect-free graphite. A further aspect is that the energy barrier for the adatoms diffusion
increases as the bonding strength of Au with the C atom increases: 2 L graphene is more stable than 1 L
graphene due to the π bonding between the layers. In addition, the 2 L graphene has a lower roughness
compared to 1 L graphene. Both factors should create weaker Au bonding and, thus, faster diffusion
of the Au adatoms on 2 L graphene. About the diffusion of Au atoms on 1 L graphene on h-BN:
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according to the experimental data the mobility of the Au adatoms on 1 L graphene supported on
h-BN should be higher than on 1 L graphene supported on a SiO2 substrate. However, the calculations
in Figure 22 lead to the opposite conclusion which the authors impute to increased van der Waals
forces between 1 L graphene and SiO2 with respect to 1 L graphene and h-BN. This condition should
lead to the increased mobility of the Au adatoms on 1 L graphene supported on h-BN.

3. Thin Metal Films Deposition on Graphene and Nanoparticles Formation by Dewetting Processes

3.1. The Dewetting Process

Thin metal films deposited on a non-metal susbstrate are, generally, thermodinamically unstable.
Then, if enough energy is furnished to the film so that atomic diffusion occurs, the system tends to
minimize the total surface and interface energy: the result is the break-up of the film and the formation
of spherical metal particles minimizing the total exposed surface [123–130]. The dewetting process
starts in structural defects of the films: these are the locations in which holes in the film, reaching the
underlaying substrate, nucleate. The holes grow with time and two or more holes join (i.e. coalesce)
with the result of leaving the film in filaments structures. These filaments, then, being unstable, decay
in spherical particles by a Raileigh-like instability process. The overall result is, so, the formation of
an array of metal NPs. In a certain range, the mean size and mean spacing of the formed NPs can be
controlled by the thickness of the deposited film or by the characteristic parameters of the process
inducing the dewetting phenomenon such as the temperature or time of an annealing process [123–130].
The energetic budget needed to start the dewetting process of the film (i.e., to activate the atomic
diffusion) can be furnished to the film by standard thermal annealing, or, alternatively, by laser, ion,
electron beam irradiations. In addition, for metal films, the dewetting process can occur both in the
solid or molten state.

Nowadays, in the nanotechnology working framework, the dewetting of ultrathin metal films
on surface is routinely exploited to produce arrays of metal NPs on surfaces in view of technological
applications [123–130] such as those based on plasmonic effects (Surface Enhanced Raman Scattering),
magnetic recording, nanoelectronics, catalysis, etc.

Due to these peculiarities, the dewetting process was, also, exploited to produce, in a controlled
way, metal NPs on graphene surface from deposited thin metal films. This approach is effective in
the production of shape- and size-selected metal NPs on the graphene surface for some interesting
applications involving, for example, the Surface Enhanced Raman Scattering of the NPs as modified
by the interaction with the graphene layer.

3.2. Dewetting of Au Films on Graphene

Zhou et al. [68] investigated the possibility to produce and to control size, density and shape of
Au NPs on graphene by the dewetting process of deposited thin films. So, after depositing the Au
films, they performed annealing processes to induce the evolution of the films in NPs and, interestingly,
they found that the shape, size and density of the obtained NPs can be controlled by the number of
graphene layers and by the annealing temperature.

First of all, the authors [68] transferred n-layer graphene on a SiO2 substrate after having obtained
the n-layer graphene by standard mechanical exfoliation. The number of the graphene layers on
the SiO2 substrate was determined by crossing optical microscope and micro-Raman spectroscopy.
After depositing (by thermal evaporation) thin Au films onto the n-layers graphene and onto the SiO2

surface as reference, annealing processes were performed in the 600 ◦C–900 ◦C temperature range for 2
h. Then the authors used Scanning Electron Microscopy analysis to study shape, size and density of the
observed NPs as a function of the annealing temperature, thickness of the starting deposited Au film,
number of graphene layers supporting the Au film. The following general considerations are drawn
by the authors on the basis of the results of these analysis: firstly, if the annealing temperature is in the
600–700 ◦C range, then the Au film on n-layer graphenes can be tuned into hexagon-shaped Au NPs.
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Secondly, annealing at 800 ◦C produces, instead, coexistence of hexagonal and triangular Au NPs on
graphenes. Thirdly, annealing at 900 ◦C produces irregular-shaped Au NPs on graphenes. Moreover,
the density and size of the formed Au NPs on n-layer graphenes are strictly dependent on the number
n of graphene layers. In particular, increasing n the NPs mean size increases and the NPs surface
density decreases. As an example, Figure 23 reports Scanning Electron Microscopy images showing
the dewetting of 2 nm-thick Au film into hexagonal Au NPs on graphene after thermal annealing
at 700 ◦C for 2 h being the Au film supported directly on SiO2 (Figure 23a left) and on monolayer
graphene (Figure 23a right), supported directly on SiO2 (Figure 23b left) and on bilayer graphene
(Figure 23b right), supported directly on SiO2 (Figure 23c right) and on trilayer graphene (Figure 23c
left), supported on bilayer graphene (Figure 23d left) and on four-layer graphene (Figure 23d right).
It can be recognized that the size and density of hexagonal Au NPs is established by the number n of
graphene layers. In fact, it is observed that the increase of n produces an increase of the the size of the
Au NPs increases and a decrease of their surface density.

 

Figure 23. Scanning Electron Microscopy images showing the dewetting of Au films into hexagonal
Au NPs on graphene after thermal annealing at 700 ◦C for 2 h. Film thickness: 2.0 nm. Scale bar:
200 nm. (a) Hexagonal Au NPs on SiO2 (left) and monolayer graphene (right); (b) Hexagonal Au NPs
on SiO2 (left) and bilayer graphene (right); (c) Hexagonal Au NPs on trilayer graphene (left) and SiO2

(right); (d) Hexagonal Au NPs on bilayer (left) and four layer graphene (right). Reproduced from
Reference [68] with permission from Elsevier.

Another aspect is that the Au film dewetting process on the n-layer graphenes is
thickness-dependent. The influence of the Au film thickness on the shape of the obtained Au NPs is
described by the images in Figure 24: it presents Scanning Electron Microscopy images of 1 nm, 1.5 nm
and 2 nm thick Au films on n-layers graphene and annealed at 600 ◦C for 2 h. With the increase of the
Au film thickness, the effect of the graphene layers number on the shape of Au NPs becomes more and
more weak. When film thickness is below 2.0 nm, after thermal annealing at 600 or 700 ◦C, almost all
the Au NPs show hexagonal shape. Whereas for 5.0 nm Au film or more, although hexagon-shaped
Au NPs still exist after annealing at 600 ◦C, the Au NPs are not well faceted.
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Figure 24. Scanning Electron Microscopy images showing the effects of the starting thickness of the
deposited Au film on the shape of the resulting NPs after the annealing process at 600 ◦C for 2 h.
Scale bar: 200 nm. (a,b) 1.0 nm thick Au; (c,d) 1.5 nm thick Au; (e,f) 2.0 nm thick Au. It is obvious to
find that with the increase of Au film thickness, the modulation becomes less effective. Reproduced
from Reference [68] with permission from Elsevier.

All these experimental data highlight the key role of the graphene layers number in determining
size, density and shape of the Au NPs clearly indicates that n establishes the interaction strength
between the graphene and the Au atoms affecting, as a consequence, the Au diffusivity and the final
Au NPs morphology. To infer information on the parameters governing the Au NPs shape, size and
density evolution, the authors [68] take into considerations the following main factors: the Au adatoms
are weakly bonded with C atoms on graphene surface (interpreted as a physical adsorption rather
than a chemical bonding) and the strength of this bonding is largely influenced by the number of
graphene layers [101–104]. So, with the increase of layer number the inter-layer interaction strength
decreases and, consequently, the interaction between Au adatoms and n-layer graphene becomes much
weaker, resulting in the thickness-dependent particle size and density of Au NPs on graphenes by the
different Au mobility on the graphenes. The surface diffusion of metal adatoms on graphenes can be
described by these two equations: D∝exp(−Ea,n/kT) and N∝(1/D)1/3, being D the adatoms surface
diffusion, N the NPs surface density, Ea,n the activation energy for the adatoms surface diffusion on
n-layers graphene. Combining these two equations, the relation N∝exp (Ea,n/3kT) is obtained. So,
Zhou et al. [68] conclude that the decrease of surface diffusion barrier with increasing the number
of graphene layers n explains the observed experimental data: the diffusion coefficient establishing
the diffusion length, determines the joining probability for the adatoms. Therefore, concerning the
thermal annealing post-growth processes, it establishes the size and density of the formed NPs by the
competition between nucleation and growth phenomena [69]. Therefore, different surface diffusion
coefficients (by different activation energies Ea,n) of the Au adatoms on the n-layers graphene can result
in n-dependent morphologies, sizes, and density of the Au NPs on n-layer graphenes. To support
quantitatively these considerations, in a further study, Zhou et al. [69], proceeded to the quantification
of the size and density of the Au NPs after the thermal treatment. In particular, the authors proceeded
to the following experiment: after depositing a Au film on the SiO2 substrate, on 1-layer, 2-layers,
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3-layers, and 4-layers graphene supported on the SiO2 substrate, the authors performed a 1260 ◦C-30 s
annealing to obtain round-shaped Au NPs as shown in Figure 25a but with a different size and surface
density N of the NPs on the basis of the number n of the graphene layers.

 

Figure 25. Morphologies, size, and density of Au nanoparticles on n-layer graphenes after annealing at
1260 ◦C in vacuum for 30 s (false-color image). Note that no Au NPs are found in the substrate. (a) Au
NPs on monolayer, bilayer, and trilayer graphene, respectively; (b) Statistics of the size and density of
gold nanoparticles on n-layer graphenes. Reproduced from Reference [69] with permission from the
American Chemical Society.

As reported in Figure 25b the authors quantified the size and the surface density of the Au NPs as
a function of n. In particular, N versus n was analyzed by the N∝exp (Ea,n/3kT) relation. Although it is
difficult to obtain the absolute value of barriers due to the lack of the pre-exponential factor, the authors
were able in evaluate the barrier difference between n-layer graphene by the density ratios: Ea,1 − Ea,2

= 3kTln(N1/N2) = 504 ± 44 meV, and similarly, Ea,2 − Ea,3 = 291 ± 31 meV, Ea,3 − Ea,4 = 242 ± 22 meV.

3.3. Dewetting of Ag Films on Graphene

Zhou et al. [71] extended their work to the dewetting of Ag films on n-layers graphene. In this
case, in addition, a detailed study of the Surface Enhanced Raman Scattering of the Ag NPs was also
conducted. The authors deposited Ag films onto n-layer graphenes (supported on SiO2). In this case
experiments were conducted maintaining the substrate temperature at 298, 333, and 373 K during
the Ag depositions and Scanning Electron Microscopy images were used to study the morphology,
size, surface density of the produced Ag NPs on the graphene layers as a function of the substrate
temperature. In addition, also in this case, a strict dependence of the Ag NPs morphology, size and
surface density on the number of graphene layers n supporting the Ag film was found. Similarly to Au,
this was attributed by the authors to the changes in the surface diffusion coefficient of Ag on n-layer
graphenes at different temperatures (the substrate temperature during Ag depositions, in this case).
In addition, the authors observed that Raman scattering of n-layer graphenes is greatly enhanced
by the presence of the Ag NPs. In particular, they found that the enhancement factors depend on
the number n of graphene layers. Monolayer graphene has the largest enhancement factors, and the
enhancement factors decrease with layer number increasing. Obviously, this is due to the specific
structural characteristics of the Ag NPs as determined by n.

In particular, the authors [71] thermally evaporated 2 or 5 nm Ag films onto n-layer graphenes
supported on the 300 nm-thick SiO2 layer grown on Si. During the Ag depositions, the substrate is kept
at 298 K, or 333 K, or 373 K. On the basis of the substrate temperature and number of graphene layers,
different shapes, sizes, and surface density are obtained for the resulting Ag NPs. As an example,
Figure 26 reports Scanning Electron Microscopy images of 5 nm-thick Ag film deposited on SiO2,
on 1-layer, and 2-layers graphene with the substrate kept at 298 K (a–b), 333 K (c–d), 373 K (e–f).
The differences in the formed Ag NPs are just evident at 333 K: on one layer graphene, the density
of Ag NPs larger than that on bilayer graphene, the NPs spacing is lower, but the NPs diameter are
similar in the two samples. At 373 K these differences are enhanced: the Ad NPs present very different
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sizes, spacing, and surface density as a function of the number n of the graphene layers. For example,
the NPs on monolayer graphene are much smaller than those on bilayer graphene.

Then, using Raman spectroscopy, the authors found different Surface Enhanced Raman
Spectroscopy (SERS) effects of Ag on n-layer graphenes [71], as summarized in Figures 27 and 28.
In Figure 27, the authors compare the enhancement effects of 2 and 5 nm Ag deposited at 298 K on the
graphene samples. Raman spectra of n-layer graphenes with 5 nm are enhanced with respect to 2 nm
Ag (and pristine graphene): the G and 2D bands are more intense. This can be attribute to the fact that
the deposition of the 5 nm Ag leads to the formation of NPs with higher surface density and lower
spacing with the result to increase the SERS hot spots number per unit area. As a consequence, the
increased density of hot spots causes a higher electric filed localization and, so, higher enhancement
factors. To further analyze the Raman scattering properties of the graphene supporting the Ag NPs, the
authors measured the Raman spectra of n-layer graphenes supporting NPs obtained by the deposition
of 5 nm-thick Ag maintaining the substrate at 298, 333, and 373 K, see Figure 28. A higher SERS
enhancement factor is obtained from graphene covered by Ag NPs obtained by depositing 5 nm Ag
maintaining the substrate at 333 K than at 298 K: in fact, at 333 K larger Ag NPs are obtained with the
same spacing of those obtained at 298 K. However, when the 5 nm Ag film is deposited maintaining the
substrate at 373 K, the particles are larger but, also, the NPs spacing increases, resulting in a decrease
of the enhancement factor.

Figure 26. Scanning Electron Microscopy images (1 μm scale bar) of monolayer and bilayer graphene
on SiO2 after deposition of 5 nm Ag maintaining the substrate at different temperature during the
deposition: (a,b) 298 K; (c,d) 333 K; (e,f) 373 K. Reproduced from Reference [71] with permission from
the American Chemical Society.
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Figure 27. Raman spectra from monolayer and bilayer graphene on SiO2 having deposited on the
graphene 2 or 5 nm Ag film. Reproduced from Reference [71] with permission from the American
Chemical Society.

 

Figure 28. Raman spectra of monolayer (a) and bilayer (b) graphene covered by 5 nm Ag deposited
maintaining the substrate at 298 K (black line), 333 K (red line), and 373 K (blue line). Reproduced from
Reference [71] with permission from the American Chemical Society.

4. Some Considerations on the Electrical Behavior of Metal-Graphene Contacts

As discussed in the introductory section, metal NPs/graphene hybrid systems present properties
which are exploited for applications in areas such as Surface Enhanced Raman Scattering (SERS),
nanoelectronics, photovoltaics, catalysis, electrochemical sensing, hydrogen storage, etc. [17–19,31–71].
All these applications, however, are connected to the specific interaction occurring at the metal
NP/graphene interface because characteristics like metal adhesion and electrical contact properties
are strongly influenced by the interface structure. In this sense, the theoretical and experimental
study of the metal-graphene interface structure and how the metal contact influences the graphene
electronic properties is an active field of study [75–113]. From a more general point of view, any
application of graphene in building electronic devices requires the graphene contacting by metal
layers and it is widely recognized that the metal-graphene interaction strongly influences the graphene
electrical conduction properties being, often, a limiting factor in produce high-efficiency electronic
devices. For example, several theoretical and experimental analysis suggest that the difference in the
work functions of the metal and graphene leads to the charge transfer and doping of the graphene
layer [101–104]. In general, to realize high-performance devices, it is very important to produce metallic
contacts on graphene which show a very low contact resistance. In principle, an Ohmic contact is
obtained without any difficulty by the contact of a metal with graphene layer due to the graphene lack
of a band gap but it is concerned that a very small density of states (DOS) for graphene might suppress
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the current injection from the metal to graphene [78,107]. In general [107], a metal/metal contact has no
potential barrier and the carrier is transferred directly through the metal/metal interface to cancel the
difference in work functions. Since graphene has not band-gap, the case of the metal/graphene contact
should be similar to the metal/metal contact. However, differently from the metal/metal contact, in
the metal/graphene contact the effects of the very small DOS for graphene have to be considered:
in particular, the amount of charge transfer gradually decreases from the metal/graphene interface.
This charge transfer forms the dipole layer at the interface and the very small DOS around the Fermi
level of graphene increases produces a high screening length. As a result of the long charge transfer
region, a p–n junction arises near the metal/graphene contact. On the other hand, the graphene
Fermi level position with respect to the conical point is strongly influenced by the adsorption of
metal atoms on the graphene surface [101–104] causing the graphene doping. As a consequence,
metal/graphene contacts show different electrical behaviors depending on the specific graphene
doping induced by the peculiar contacting metal. As summarized in Table 4, theoretical calculations
by Giovannetti et al. [101,102], for example, show that different metals, by their specific electronic
interaction with graphene, causes different shifts of the graphene Fermi level with respect to the Dirac
point: those metals (Au, Pt) which interacting with graphene causes the shift the graphene Fermi level
below the Dirac point, are p-type doping the graphene. These are the metals which causes an increase
of the free-standing graphene work-function (4.48 eV), see Table 4. Those metals (Ni, Co, Pd, Al, Ag,
Cu) which interacting with graphene causes the shift the graphene Fermi level above the Dirac point,
are n-type doping the graphene. These are the metals which causes a decrease of the free-standing
graphene work-function, see Table 4.

Table 4. Results of the calculations of Giovannetti et al. for the electronic characteristics of metals/graphene
contacts: deq equilibrium distance for the metal atom-graphene system, ΔE metal atom-graphene
binding energy, WM metal work-function, W graphene work-function in the free-standing configuration
(4.48 eV) and when in contact with the metal. Reproduced from Reference [102] with permission from
the American Physical Society.

Gr Ni Co Pd Al Ag Cu Au Pt

deq (Å) 2.05 2.05 2.30 3.41 3.33 3.26 3.31 3.30
ΔE (eV) 0.125 0.160 0.084 0.027 0.043 0.033 0.030 0.038

WM (eV) 5.47 5.44 5.67 4.22 4.92 5.22 5.54 6.13
W (eV) 4.48 3.66 3.78 4.03 4.04 4.24 4.40 4.74 4.87

So, it is clear, also from an experimental point of view, the importance to study the electrical
characteristics of several metal-graphene systems. In this regard, an interesting analysis was reported
by Watanabe et al. [105]: in this work the authors studied, experimentally, the contact resistance RC

of several metals (Ti, Ag, Co, Cr, Fe, Ni, Pd) to graphene with the results summarized in Figure 29:
it reports the contact resistance (the square marks the mean value for the specific metal) for several
metal films deposited on graphene. It is interesting to note that is not strongly related to the metal work
function. Instead, analyzing the microstructure of the deposited metal films, the authors conclude that
the contact resistance is significantly affected by this microstructure (as determined by the deposition
conditions) according to the pictorial scheme reported in Figure 30.
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Figure 29. Metal-graphene contact resistance versus metal work-function. The square indicates the
mean value. Reproduced from Reference [105] with permission from Elsevier.

 

Figure 30. Schematic picture of metal contact to graphene. (a,b) indicate a schematic model of the
metal/graphene junction for the large and small contact resistance values, respectively. The model
shows that the contact resistance becomes smaller with increasing contact area between the metal grain
and the graphene. Reproduced from Reference [105] with permission from Elsevier.

Connecting the analysis on the contact resistance to the microstructure of the metal films, the
authors draw the following conclusions: for the large contact resistance metals (Ag, Fe, and Cr) the
films result to be formed by large grains and to present rough surfaces, while for the small contact
resistance metals (Pd, Ni, Co) the films are formed by small grains and present uniform surfaces.
The effects of these different situations are pictured in Figure 30: large grains and rough surface
of a metal films lead to a small contact are between the metal and the graphene, resulting in high
contact resistance; small grains and uniform surface of a metal film lead to a large contact are between
the metal and the graphene, resulting in a low contact resistance. These results clearly indicate, as
stressed throughout the entire paper, the importance of the control of the kinetics and thermodynamics
nucleation and growth processes for metals deposited on graphene so to reach the optimum nano- and
micro-scale structure/morphology of the growing films/NPs for specific functional applications.

5. Conclusions, Open Points, and Perspectives

The next developments for metal NPs/Graphene nanocomposites are conditioned to the atomic
scale control of the fabrication of the metal NPs and optimization of the techniques for reaching the
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wide-range control of the nano-architecture. Nowadays, several properties and applications of metal
NPs/Graphene nanocomposites have been explored. As a non-exhaustive synthesis, Table 5 reports
some examples of the properties and technological applications for several metal NPs/graphene
systems, ranging from sensing and biosensing to nanoelectronics, catalysis and solar devices [135–139].

Surely, new insights and perspectives are related to the nanoscale control of the spatial
organization and shape of the NPs. In this sense, the use of techniques to self-assembly the metal
NPs on the graphene in spatially ordered arrays will be the key approach. So, in general, the key
step towards real engineering of the metal NPs/graphene nanocomposites is the development of
methodologies to produce complex nanoscale architectures. Towards this end, the vapor-deposition
based techniques can open new perspectives.

Fine control of the morphology of the metal NPs on graphene is also a very interesting
challenge. By the possibility to grow a range of geometric shapes at the nanoscale, the production of
complex-morphology metal NPs on graphene is an interesting area of research, especially with regard
to the resulting plasmonic properties.

Another interesting point concerns the use of new metal NPs (with specific functionalities)
in the mixing with graphene. Probably, alloys of metals and core-shell type NPs (Ag/Au,
Au/Pd, Pd/Pt, Pt/Rh, Pt/Ru) could be very useful tool, particularly in information storage and
biomedicine applications.

A recent field of investigation for metal NPs/graphene nanocomposites is that related to
photocatalysis [140]. Towards this application, however, the key requirement is the development
of procedures allowing the preparation of composites which are biocompatible, biodegradable, and
non-toxic and assuring, also, the control of the NPs size and shape. Notably, the long-term efficiencies
of the metal NPs/graphene in real photocatalytic applications composites represents an important
practical issue to be resolved.

Table 5. Table summarizing some specific metal NPs-graphene composite systems with the
corresponding exploited properties and/or applications.

System Property Application Reference

Au NPs/Graphene Sensitivity Enhancement Clinical Immunoassays [31]
Pd NPs/Graphene Electrochemical Activity Glucose Biosensor [32]

Ag NPs/Graphene Raman Scattering
Electrochemical activity

Surface Enhanced Raman scattering
H2O2 Sensing Glucose Sensing [35]

Pd NPs/Graphene Electrical Conduction Hydrogen Sensing [36]
Ag NPs/Graphene Thermal Conductivity Thermal Interface Materials [37]

Au NPs/Graphene Localized Surface
Plasmon Resonance Flexible and Transparent Optoelectronics [40]

Au, Pd, Pt NPs/Graphene Electrochemical Activity H2S Sensing [41]
Pd NPs/Graphene - Heterogeneous Catalysis [48]
Au NPs/Graphene Plasmon Absorption - [51]

Au, Ag NPs/Graphene Plasmonic Properties Surface Enhanced Raman Spectroscopy [52]
Au, Ag, Pd, Pt NPs/Graphene Plasmonic Properties Raman Spectroscopy [53]

Ag NPs/Graphene Plasmonic Properties Surface Enhanced Raman Spectroscopy [54]
Au, Co, Pd, Pt, Rh NPs/Graphene - Catalysis [65]

Au NPs/Graphene - Surface Enhanced Raman Spectroscopy [68]
Ag NPs/Graphene - Surface Enhanced Raman Spectroscopy [71]

AuAg NPs/Graphene Plasmonic properties Solar Cell [135]
Ag NPs/Graphene Plasmonic properties Photodetection [136]
Al NPs/Graphene Plasmonic properties Solar Cell [137]
Au NPs/Graphene - Catalysis [138]
Ni NPs/Graphene - Photocatalysis [139]
Pd NPs/Graphene - Hydrogen Storage [140]
Pb NPs/Graphene - Thermoelectric Devices [141]

In the renewable energy production field, metal NPs-graphene composites are attracting great
interest. The graphene can be used in a solar cell as a transparent conductive electrode and the metal
NPs as plasmonic scattering elements [40,135,137]. Significant results have been already achieved.
However, in addition solar cell devices, thermoelectric devices are attracting much attention [141].
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Towards these perspectives and developments, the physical vapor deposition processes-based
techniques to produce the metal NPs-graphene composites will acquire, surely, more and more
importance due to their simplicity, versatility, and high throughput. For these reasons such techniques
are, in perspective, the main candidates to be implemented in the industry market for the large-area
production and commercialization of functional devices based on the metal NPs-graphene composites.
Toward this end, the present paper highlighted the key importance of the understanding and
controlling the microscopic thermodynamics and kinetics mechanisms involved in the nucleation
and growth processes of atoms on/in graphene. So, crossed theoretical and experimental studies
characterizing these mechanisms and quantifying the involved parameters such as adsorption energies,
activation energies, diffusion constants, etc. will acquire more and more importance. In fact, the
fine control of these parameters will allow the superior control on the morphological/structural
characteristics of the composites and so, as a consequence, the tuning of all the physico-chemical
properties of the composites for high-efficiency functional applications.
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Abstract: Two-dimensional (2D) materials, such as graphene and metal dichalcogenides,
are an emerging class of materials, which hold the promise to enable next-generation electronics.
Features such as average flake size, shape, concentration, and density of defects are among the
most significant properties affecting these materials’ functions. Because of the nanoscopic nature
of these features, a tool performing morphological and functional characterization on this scale is
required. Scanning Probe Microscopy (SPM) techniques offer the possibility to correlate morphology
and structure with other significant properties, such as opto-electronic and mechanical properties,
in a multilevel characterization at atomic- and nanoscale. This review gives an overview of the
different SPM techniques used for the characterization of 2D materials. A basic introduction of the
working principles of these methods is provided along with some of the most significant examples
reported in the literature. Particular attention is given to those techniques where the scanning probe is
not used as a simple imaging tool, but rather as a force sensor with very high sensitivity and resolution.

Keywords: scanning probe microscopy; 2D materials; opto-electronic properties; mechanical
properties; nanoscale characterization

1. Introduction

The growing interest in atomically thin two-dimensional (2D) materials, driven by the continuous
discovery of new properties and low-dimensional physics, provides fertile ground for revolutionary
post-silicon electronics [1–3]. Graphene is the most studied among 2D materials [4] because of its high
ambipolar mobility, unique band structure, and a wealth of interesting properties such as the presence
of massless Dirac fermions, the room temperature quantum hall effect, quasiparticle symmetry, chirality,
and pseudospin [5–9]. Other 2D materials, such as transition metal dichalcogenides (TMDs) [10],
have practical applications and fundamental properties complementary to those of graphene [11].
They exhibit atomically sharp interfaces, ultrathin dimensions, flexibility, and large optical effects [12].
Molybdenum disulfide (MoS2), for example, has been tested in proof-of-concept ultrafast field-effect
transistors (FETs), optical devices, and flexible electronics [13–15]. The presence of a band gap in
a 6.5 Å thin monolayer MoS2 makes it suitable for applications in nanoelectronics, allowing for the
fabrication of transistors with low power dissipation, high current on/off ratios, and high charge
mobility. Various memory devices have been fabricated with 2D materials, showing low power and
energy consumption [16] as well as the possibility to be integrated in flexible devices [17]. Memristors
based on grain boundaries in single layer MoS2 devices have shown switching ratios up to ~103 [18].

Because of its high resolution and its ability to correlate several properties with the sample
morphology at nanoscale [19,20], scanning probe microscopy has given a vast and valuable
contribution to the understanding of the fundamental properties of graphene and other 2D
materials [21]. Despite being a single-atom thick sheet, graphene is not perfectly flat. Corrugations
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up to 1 nm normal to the plane of the sheet, ripples, are commonly observed and thought to impart
stability to the 2D lattice [22,23]. Only single-layer graphene is a zero-gap semiconductor, with one type
of electron and one type of hole, while for three or more layers, several charge carriers appear and the
conduction and valence bands start overlapping [7]. The aspect ratio of the graphene flakes influences
the minimum conductivity [24]; and ripples also play a role in its electronic properties by inducing
charge inhomogeneity as a consequence of the rehybridization of the π-σ bonding [23]. Large area
films of 2D materials are polycrystalline. Consequently, grain boundaries, i.e., the interfaces between
single-crystalline domains, inevitably affect their electronic transport, optical, mechanical, and thermal
properties [25]. Optimizing large-scale growth processes for increasing the size of single-crystalline
graphene is one of the main vectors of research. However, purposefully introducing and manipulating
topological disorder is expected to become another important research objective to tailor 2D materials.
Exceptional magnetic properties, for example, arise from the interplay of dislocation-induced localized
states, doping, and locally unbalanced stoichiometry in grain boundaries in TMDs [26]. The number
of layers, the size of the flakes, deformations, and the presence of defects or adsorbed molecules thus
hugely affect these materials’ properties, and because of the nanoscopic nature of these features, a tool
addressing morphological and functional characterization on this scale is fundamental [27].

The aim of this review is to present an overview of different Scanning Probe Microscopy techniques
used for the characterization of 2D materials (Figure 1), going from Scanning Tunneling Microscopy
(STM) to Atomic Force Microscopy (AFM), and from Electrostatic Force Microscopy (EFM) and
Kelvin Probe Force Microscopy (KPFM) to Conductive Atomic Force Microscopy (C-AFM) and
Photoconductive Atomic Force Microscopy (PC-AFM). A basic introduction of the principles of
operation and several among the most significant examples in the literature are shown. Particular
attention is then given to those modes enabling an accurate control of the mechanical forces involved
when an AFM tip is interacting with a 2D crystal sheet, where the AFM is not used as a simple
imaging tool, but rather as a force sensor with very high sensitivity. In this respect, Force Spectroscopy
modes, Friction Force Microscopy (FFM), and Piezoresponse Force Microscopy (PFM) are identified as
very valuable tools to get quantitative information on single and multilayer 2D materials, ultimately
enabling the tuning of their properties through strain engineering [28].

Figure 1. Scheme showing the different Scanning Probe Microscopy techniques described in this review
for the characterization of two-dimensional (2D) materials.

2. Scanning Tunneling Microscopy

In a Scanning Tunneling Microscopy (STM) [29] experiment, a sharp metallic tip is separated
by a few angstroms from a conductive sample. When a voltage is applied between the tip and the
sample, electrons tunnel between them, producing an electric current, which decays exponentially
with increasing tip–sample separation. In a standard operation, the current is kept constant during
scanning by a feedback circuit, so that the vertical displacement of the scanner reflects the surface
topography and gives true atomic resolution. Tip shape and sharpness are the two most important
parameters in imaging surfaces, particularly those with significant topography. STM images invariably
include contributions from specimen structure and tip geometry. Thus, the study of the tip’s geometry
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is indispensable in distinguishing between the apparent and the true structure, or to establish the
relationship among the tip’s geometry, the true surface structure, and the STM image [30–32].

The crystal lattice of single-layer graphene has been observed by STM measurements on a wide
variety of substrates, such as SiO2 [33–35], SiC [36,37], Ir [38], Pd [39], Cu [40], Ru(0001) [41], and h-BN [42],
showing different degrees of corrugation (Figure 2a,b). Moreover, STM can also provide information
about the density of states of the 2D samples by Scanning Tunneling Spectroscopy (STS) and differential
conductance (dI/dV) measurements [43,44]. STS has allowed for the measurement of the Dirac point
of graphene, and has been valuable in demonstrating the correlation between atomic structure, defects,
and grain boundaries in the electronic properties of these single-layer crystals [45–47]. Figure 2c,d, for
example, shows the energy position of the Dirac point, ED, as a function of applied gate voltage, which
could be extracted from the conductance minimum in dI/dV measurements of graphene deposited on
SiO2 [34]. An STM tip has been recently used to strain a graphene sample locally, in the form of a small
Gaussian bump, and at the same time to map the imbalance of the local density of states (LDOS) at the
sublattice level, demonstrating the pseudospin polarization by a pseudomagnetic field [48].

The applications of 2D materials for thermal management and thermoelectric energy conversion
is also an emerging field of investigation. Appropriate nanostructuring and bandgap engineering of
graphene can strongly reduce the lattice thermal conductance and enhance the Seebeck coefficient
without dramatically degrading the electronic conductance [49]. Atomic-scale mapping of the
thermopower of epitaxial graphene has been performed using STM, revealing that the spatial
distributions of thermovoltage have a direct correspondence to the electronic density of states, and local
thermopower distortions result from the modification of the electronic structure induced by individual
defects, such as wrinkles, at the monolayer-bilayer interfaces [50].

Figure 2. (a–c) Scanning Tunneling Microscopy (STM) of a graphene flake on a SiO2 substrate. (a) Large
scale constant current topography; (b) Close-up showing the honeycomb lattice; (c) dI/dV spectrum of
graphene for different gate voltages, Vg, with red arrows indicating the gate-dependent positions of the
conductance minimum outside the gap feature; (d) Energy position of the Dirac point, ED, as a function
of applied gate voltage (extracted from the conductance minimum in (c) (adapted from [34]); (e) Height
histogram acquired across the graphene-substrate boundary (see inset) of an Atomic Force Microscopy
(AFM) image acquired in Non-Contact mode in ultrahigh vacuum (UHV). The data are fit by two
Gaussian distributions with means separated by 4.2 Å (adapted from [35]); (f) The damping of the
cantilever oscillation as a function of piezo displacement, recorded by approaching the tip towards the
surface of a single graphene flake on silicon oxide substrate (adapted from [51]).

3. Atomic Force Microscopy

Atomic Force Microscopy images surfaces using the force exerted between the AFM probe and the
sample as the feedback parameter [52]. To obtain an AFM topographic image, the sample is scanned

207



Crystals 2017, 7, 216

by a tip mounted on a cantilever spring. While scanning, a feedback loop maintains the force between
the tip and the sample constant by adjusting pixel by pixel the scanner’s height, so that the image is
obtained by plotting the height position versus its position on the sample. There are different modes of
operation, which differ for the nature of tip motion and tip–sample interaction. Interactions can be
attractive or repulsive, ultimately setting the distance between the tip and the sample. In a static mode,
i.e., Contact mode, the tip is raster scanned over the sample’s surface by maintaining its deflection
constant. In dynamic modes, such as Tapping, Non-Contact, and PeakForce Tapping, the tip oscillates and
the feedback is given by the amplitude, frequency, or maximum force at the contact point.

The high resolution obtained with Non-Contact AFM has allowed the visualization of ultra-flat
graphene monolayers deposited on mica. The apparent roughness in these graphene layers was
less than 25 picometres over micrometer lateral length scales, indicating that intrinsic ripples can
be strongly suppressed by interfacial van der Waals interactions when this material is supported on
an appropriate atomically-flat substrate [35]. Despite the high resolution, which makes AFM able
to visualize nanostructures and defects, such as induced nanoripples [53] and adsorbates [54] on
graphene, some limitations are still present for the determination of the monolayer thickness.

Contact mode AFM has been used to determine the number of layers of graphene films,
but differences in height have been observed between forward and reverse scans. These differences have
been attributed to the high lateral forces, such as friction, which play a non-negligible role in influencing
the cantilever bending, ultimately resulting in an inaccurate estimation of the thickness. Such forces are
negligible in dynamic modes, which are therefore preferred over Contact mode [51]. However, a notable
discrepancy in the values for a single-layer thickness measured by dynamic modes AFM is present in the
literature, with values ranging from 0.3 to 1.7 nm for single-layer graphene [51,55–57] and from 0.6 to 1
nm for MoS2 [13,58,59] being attributed to tip–surface interactions and the experimental environment (e.g.,
physisorbed water and impurities). Using Non-contact atomic force microscopy, Ishigami et al. measured
the thickness of a graphene film in ultrahigh vacuum (UHV) and in ambient conditions, showing that the
large height measured in ambient conditions is due to a significant presence of atmospheric species under
and/or on the graphene film (Figure 2e) [35]. The most common mode used to image and measure the
thickness of these layered materials is certainly Tapping mode (TM) AFM. Similarly to what generally
occurs for nanostructure imaging [60], the optimization of the free amplitude of oscillation in tapping
mode was shown to be critical to a correct single-layer thickness assessment. In this mode, long
range attractive forces are responsible for the oscillation damping. When the tip starts to approach
the sample, the amplitude decreases linearly. At a certain tip–sample separation, a jump occurs in
the amplitude, marking the onset of a region where, upon decreasing the tip–sample distance further,
both long range attractive forces and short range repulsive forces act on the tip (Figure 2f). By looking
at the amplitude-displacement curves of single layer graphene, a jump could be indeed observed
where two different piezo displacement values corresponded to the same amplitude, the difference
being about 1 nm [51]. This implies that if the measurement setpoint is selected in such a way as to
coincide with the jump in amplitude, the feedback electronics may produce random switching from
one displacement value to the other. After the jump, the damping of the oscillation increases further,
and net repulsive forces characterize the tip–sample interaction [61]. Nemes-Incze et al. showed
that the amplitude of the tapping cantilever greatly influences the measured height of the very same
graphene platelet, so that differences of as much as 1 nm could be observed. They also demonstrated
that to gain reliable thickness data, one needs to use a setpoint where the tip scans in the net repulsive
regime, where the damping of the cantilever is largely due to the topography of the sample [51].
Likewise, a reversible decrease of the measured height from 1.69 to 0.43 nm was observed when
imaging in PeakForce Tapping with loading forces from 1 to 10 nN, with the true value being obtained at
higher forces [62]. Significantly, the measured thickness of multilayer graphene flakes was found to
be independent of the applied force, with a constant step of 0.3 nm. It was speculated that the water
layer between the flakes and the substrate is squeezed when a higher force, that is higher pressure,
is exerted on the single layer during imaging. This minimizes the artifact, and allows for a more
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accurate measurement of the thickness. Both approaches, i.e., Tapping mode in a net repulsive regime
and PeakForce Tapping at high contact forces, relying on the use of high forces during imaging, give
a method to overcome the limitation of measuring single layers in ambient atmosphere, and therefore
achieve a more accurate thickness measurement also in routine lab measurements.

Another fundamental issue is to image grain boundaries in 2D materials. Observing and
engineering grain boundaries have been key in controlling the grain sizes, their electronic properties,
and the related device performances. A valuable and easy method to observe grain boundaries rely on
the combination of selective oxidation and AFM imaging. Selective oxidation is obtained by exposing
directly the layers to ultraviolet light irradiation under moisture-rich conditions. The generated oxygen
and hydroxyl radicals selectively functionalize defective grain boundaries, causing clear morphological
changes at the boundaries, which can be clearly visualized by AFM imaging [63,64].

4. Electrical Modes

When AFM is operated in one of its electrical modes, it is possible to measure local electrical
properties together with the sample’s topography. These modes of operation make use of metal or
metal-coated probes, and enable the application of an additional voltage between the tip and the
sample. Electrostatic Force Microscopy (EFM) [65] and Kelvin Probe Force Microscopy (KPFM) [66]
measures the contact potential difference or surface potential (SP) of a sample by recording long range
electrostatic forces resulting from tip–sample interactions. These techniques provide a contactless
electrical mapping of 2D flakes, allowing the extraction of crucial information about thickness,
the distribution of the electrical potential and charge, as well as work function at nanoscale [20].
While the EFM method allows mainly for the qualitative mapping of surface potential, the KPFM
technique provides quantitative values of the work function difference:

Φs = Φtip − eVCPD, (1)

where Φs and Φtip are the work functions of the sample and probe, respectively, and VCPD is the
contact potential difference directly measured by KPFM. In Conductive Atomic Force Microscopy
(C-AFM) [67,68], the conductive tip acts as a movable electrode. The voltage is applied between the tip
and a counter-electrode in contact with the sample, and a current is measured with high sensitivity,
giving information on the local conductivity of the sample. In the simplest configuration, the sample
is deposited on top of a conductive substrate and the conductive tip is scanned over such a surface
by measuring point by point the current flowing vertically. Conversely, in a horizontal configuration,
the sample is deposited on an insulating support and the electrical connection is obtained by laterally
patterning a metal electrode. Current can in this way flow through the material, from the biased
lateral contact to the movable metal-coated scanning probe tip [19]. In a similar configuration, named
Photoconductive Atomic Force Microscopy (PC-AFM) [69], a light source is additionally used to excite
the sample, so that the resulting photocurrent is measured by the AFM probe.

For electrical measurements, preventing probe-induced artifacts is very important. To obtain
reliable data, the probe should be uniform, i.e., it should not have significant work function variations,
and tip changes through tip–sample contact should be avoided. Optimal resolution in KPFM maps
is obtained by long and slender but slightly blunt tips on cantilevers of minimal width and surface
area [70]. However, tips modified with gold nanoparticles have also shown good resolution and
sensitivity for graphene imaging [71]. Conductive tips fabricated by coating commercially available
metal-varnished tips with graphene showed very high resistance to both high currents and frictions,
leading to much longer lifetimes and preventing false imaging due to tip–sample interaction [72,73].

KPFM and EFM have been successfully used to identify the number of layers in epitaxial
graphene [74]. Whereas an accurate topographical characterization is hindered by the presence of
adsorbates in ambient conditions (see previous section), EFM can provide straightforward identification of
the number of layers on the substrate [75]. Quantitative KPFM has revealed that graphene’s work function
is comparable to that of graphite, that is ~4.6 eV, and depends sensitively on the number of layers [76].
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Theoretical studies have shown that the differences in surface potential between monolayers and bilayers
can be ascribed to different substrate-induced doping levels [77]. Substrate characteristics, such as terrace
width in SiC, can also be a dominating factor in determining the unintentional doping of monolayers [78].
Unique work function variations of graphene line defects, grain boundaries, standing-collapsed wrinkles,
and folded wrinkles could be clearly identified by high-resolution KPFM (Figure 3a–c). Classical and
quantum molecular dynamics simulations reveal that the work function distribution of each type of line
defect is again originated from the doping effect induced by the substrate [79]. The abrupt change of the
cantilever phase (fraction of phase shift >0.9, see Figure 3f) in the EFM images across a bisecting grain
boundary (GB) in MoS2 memory devices indicated that the electrostatic potential drops primarily at the
grain boundary, i.e., the GB is resistive, consistently with the overall higher resistance of a bisecting-GB
memristor compared to a bridge-GB memristor. Because the local surface potential and thus resistivity
varies as a square root of the variation in the EFM phase signal, it was evaluated that more than 94% of
the total device resistance would come from the grain boundary [18].

The doping caused by adsorbed molecules was also investigated by Pearce et al. [80], who showed
a different sensitivity of monolayers and bilayers to chemical gating by exposing graphene samples
to electron donating and withdrawing gases, and monitoring the change in work function via KPFM
(Figure 3d,e). The larger shift in surface potential upon exposure to electron withdrawing and donating
gases observed in monolayers rather than double layers was ascribed to the narrower energy dispersion
around the Dirac point in graphene single sheets. The stepwise chemical reduction of individual
graphene oxide flakes could be observed by monitoring the change of surface charge distribution,
which revealed that the oxidized nanoscale domains are reduced by the leaching of sharp oxidized
asperities from the surface followed by gradual thinning and the formation of uniformly mixed
oxidized and graphitic domains across the entire flake [81]. Finally, electric field-induced changes in
the work function of single layers were observed in gate modulated measurements, due to the Fermi
level tuning induced by the gate voltage [82].

C-AFM has been successfully used to obtain spatial mapping of the conductivity of graphene on
different substrates [83,84]. A high imaging contrast was used to distinguish domains of epitaxial graphene
from the adjacent SiC surface thanks to strong differences in the tip–sample contact resistance [85].
The local conductance degradation in epitaxial graphene over the SiC substrate steps or at the junction
between monolayer and bilayer regions could also be visualized, the degradation at the substrate steps
being due to a lower substrate-induced electrostatic doping of graphene over the step sidewall, while that
at the junction between the mono- and bilayer regions to the weak wave-function coupling between the
monolayer and bilayer bands [86]. Also, by operating in current spectroscopy mode, i.e., by performing
local I-V measurements, the Schottky barrier height (SBH) of epitaxial graphene grown on H-SiC was
estimated to be 0.36 ± 0.1 eV, which is 0.49 eV lower than the barrier of graphene exfoliated from
HOPG and deposited on the same substrate (0.85 ± 0.06 eV). The result was explained as a Fermi-level
pinning effect above the Dirac point in epitaxial graphene due to the presence of positively charged
states [87]. Similarly, C-AFM allowed the mapping of the spatial inhomogeneities of the SBH and the
ideality factor of contacts on MoS2, due to spatial variations in the density and energy of MoS2 surface
states, and to correlate local resistivity with local SBH [88]. Spatially resolved SBH maps revealed
a substantial conductivity difference between MoS2 with and without subsurface metal-like defects
depending on the tip’s work function, with high work function tips showing large spatial variations
up to ~40% [89]. The nanoscale Schottky barrier distribution at the surface of multilayer MoS2 could
be tailored by varying the incorporated oxygen concentration by O2 plasma functionalization. Whereas
a narrow SBH distribution (0.2–0.3 eV) was measured for pristine MoS2, a broader distribution (from 0.2
to 0.8 eV) in the modified one allowed both electrons and holes injection (Figure 4a–c) [90]. An attractive
application of electrical mode SPMs is the use of conductive probes to induce electrochemical reactions
and to pattern materials in electric field-induced nanolithography processes [91]. Local AFM-tip-induced
electrochemical reduction processes were used to pattern conductive pathways on insulating graphene
oxide to fabricate micropatterned graphene field-effect transistors featuring high charge-carrier mobilities
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(Figure 4d,e) [92,93]. By changing the polarity of the applied voltage between graphene and a conductive
AFM tip, hydrogenation and oxidation could be controlled at the nanoscale, and used to fabricate
nanostructures such as graphene nanoribbons [94]. Changes due to the electro-reduction process could be
monitored directly on a device by KPFM even at single sheet level [95].

Figure 3. AFM topography (a) and Kelvin Probe Force Microscopy (KPFM) mapping (b) of standing
collapsed wrinkles with various sizes; (c) Cross section profiles along the red line marked in (a) and (b).
The dashed lines indicate the locations of folded wrinkle, grain boundaries, and standing collapsed
wrinkle, respectively, with color coding corresponding to that in (a) and (b). Scale bars in (a) and (b)
are 500 nm (adapted from [79]); (d) Surface potential map showing decreasing surface potential of
single and double layer graphene with NO2 exposure. The arrows represent the direction of the scan;
(e) Section profiles along the arrows marked in (d) for single (black) and double (red) layer (adapted
from [80]); (f) Device scheme and Electrostatic Force Microscopy (EFM) phase images of a bisecting
grain boundary (GB) MoS2 memristor at tip biases Vtip = 0 V and 2.5 V. Color scale bars show the EFM
phase in degrees. Device bias conditions: Vdrain = 5 V and Vsource = Vg = 0 V. The dotted lines highlight
the metal–MoS2 junctions with less contrast (adapted from [18]).

Figure 4. (a) Arrays of local current-voltage (I-Vtip) characteristics measured by Conductive
Atomic Force Microscopy (C-AFM) on MoS2 subjected to O2 plasma. Insets in (a) show fittings
of representatives curves on linear- and semilog-scale to extract the local Schottky barrier height
(ΦB,n) and the series resistance (R); (b,c) Two-dimensional (2D) maps of the local ΦB,n and R (adapted
from [90]); (d) C-AFM current map of a tip-modified rectangular region of a few-layer GO film with
a top-contact gold electrode on the left side (current range 50 nA); (e) Raman spectra obtained on
modified and unmodified GO (adapted from [92]); (f) Spatially resolved photoresponse maps and
derived plot (g) of a WSe2−MoS2 heterostructure crystal in both forward (0.2 and 0.6 V) and reverse
voltage (−0.3 V and −0.8 V) regimes under illumination of λ = 550 nm. The photoresponse maps
are generated by subtracting a photocurrent map under illumination (Photoconductive Atomic Force
Microscopy (PC-AFM) map) from a dark current map (C-AFM map), and normalized by the incident
laser power at a selected wavelength. (adapted from [96]).
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The combination of C-AFM and PC-AFM was demonstrated to be convenient and versatile
to efficiently examine layer-dependent electronic and optoelectronic characteristics in 2D crystals
containing regions of different thicknesses [97,98]. Current transport mechanisms and photoresponse
of mono- and multilayers, as well as heterostructures, could be investigated at the nanoscale junctions.
For example, in a fascinating experiment, Son et al. investigated WSe2−MoS2 heterostructures
by C-AFM and PC-AFM. By modulating the polarity and magnitude of the applied voltage,
the photoresponse could be selectively switched on and off in a portion of the heterostructure crystal,
demonstrating the possibility of fabricating high-resolution pixel arrays of switchable photodiodes
(Figure 4f,g) [96].

5. Friction Force Microscopy

Friction Force microscopy (FFM) [99], also known as Lateral Force Microscopy (LFM), can detect
lateral force variations on the atomic scale when sliding a sharp tip over a flat surface [100]. The essential
feature of the method is that AFM is operated and controlled in the conventional contact mode, but that
torsional deformations of the cantilever are monitored. Calculations of quantities such as lateral contact
stiffness, friction force, and shear strength are possible after proper calibration procedures [101,102].
LFM was used to identify graphene on rough substrates, and to map the crystallographic orientation of
the domains nondestructively, reproducibly, and at high resolution [103]. The atomic-scale friction of
an MoS2 surface was studied by Fujisawa et al. [104], confirming the existence of two-dimensionally
discrete friction, due to spatially discrete adhesion and jumps corresponding to the lattice periodicity.
The nanoscale frictional characteristics of atomically-thin sheets of different 2D materials exfoliated onto
a weakly adherent substrate, such as silicon oxide, were compared to those of their bulk counterparts
by Lee et al, showing a monotonically increased friction as the number of layers decreased [105].
Interestingly, the use of a strongly adherent substrate, such as mica, suppressed the trend. Different
domains differing by their friction characteristics, and having a periodicity of 180◦, were observed
on exfoliated monolayer graphene by using angle-dependent scanning, with the friction anisotropy
decreasing with an increased applied load (Figure 5a,b) [106]. It was proposed that the domains arise
from ripple distortions as a result of anisotropic puckering deformation, due to the tip pushing the
ripple crests forward along the scanning direction [105].

Figure 5. (a) Friction force images showing the changing friction contrast of different graphene domains
as the sample is rotated from 0◦ to 184◦ relative to the horizontal scan direction (red arrow); The plot in
(b) represents the normalized friction force vs. the rotation angle for three different domains, showing
a 180◦ periodicity (reproduced from [106]); (c) Schematic of nanoindentation on a suspended graphene
membrane and (d) histogram of the elastic modulus measured from force-distance curves on the
graphene membrane (adapted from [107]); (e) AFM topography of a suspended graphene membrane
showing grain boundaries (marked by dashed lines); (f) AFM indentation curves showing that fracture
occurs at a slightly lower load when AFM tip indents on the grain boundary (reproduced from [108]).
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6. Force Spectroscopy

In most AFM applications, the image contrast is obtained from the short range repulsion occurring
when the electron orbitals of the tip and the sample overlap, in the so-called Born repulsion regime.
However, further interactions can occur and can be used to investigate different properties of the
materials when AFM is used in Force Spectroscopy mode. The probe is moved towards the sample in
the normal direction and the vertical position and the deflection of the cantilever are recorded and
converted to force vs. distance curves, from which several kinds of information on the mechanical
properties of the samples, such as elastic modulus and breaking strength, can be obtained [109,110].

The elastic properties of three-dimensional (3D) materials are commonly described by the elastic
modulus E. E is also called Young’s modulus when the applied strain is uniaxial, with E = σ/ε,
where σ is stress and ε is strain. The maximum tension that a material can withstand represents its
tensile strength. Elastic modulus and tensile strength have units of J/m3 or Pa. In 2D, however, these
parameters are normalized by the planar elastic energy, leading to units of J/m2 or N/m. Although
2D modulus and strength are more suitable to describe 2D materials, for the purpose of comparison
between 2D and 3D materials, these 2D parameters are normally converted to 3D ones by dividing the
2D values with the thickness of the sample [111].

The elastic properties and intrinsic breaking strengths of monolayer graphene membranes were
measured for the first time by AFM by Lee et al. in 2008 (see Figure 5c,d) [107]. For this purpose,
graphene flakes were deposited onto a substrate patterned with an array of circular wells. Free-standing
monolayer membranes could be obtained to be probed by nanoindentation with the AFM probe.
This method has been applied extensively and the principle is described here below.

When the tip radius is rtip < rhole, the load force (F) applied by the AFM tip is related to the
deformation geometry of the membrane:

F =
(

σ2D
0 π

)
δ +

(
E2D q3

r2

)
δ3, (2)

being δ the indentation depth at the center of the membrane, r the hole radius, q a dimensionless
constant determined by the Poisson’s ratio ν of the membrane, and E2D and σ0

2D the 2D modulus
and the 2D pretension respectively. The indentation depth is determined by the displacement of the
scanning piezo-tube of the AFM (Δzp) and the deflection of the AFM tip (Δzt), and the applied load is
obtained by multiplying the deflection of the AFM cantilever with its spring constant. E2D and σ0

2D

can be derived by a least-square fitting of the experimental force-displacement curve (F(d)). With the
same setup, also the maximum stress for a tightly clamped, linear elastic, and circular membrane
under a spherical indenter can be calculated as:

σ2D
m =

(
FE2D

4πrtip

)1/2

, (3)

where F is the breaking force, and rtip is the tip radius. Accurate quantitative measurements require
the calibration of geometrical and mechanical properties of the tip, as well as the choice of a suitable
model for describing the cantilever-tip-sample system [112].

The force-displacement behavior for a monolayer graphene was interpreted within a framework
of nonlinear elastic stress-strain response and showed a breaking strength of a defect-free layer of
42 N m−1 and a Young’s modulus of E = 1.0 TPa (Figure 5d), representing graphene as the strongest
material ever measured, and showing that atomically perfect nanoscale materials can be mechanically
tested to deformations well beyond the linear regime [107]. The elastic properties of multilayer
flakes with thicknesses (h) varying from 2.4 to 33 nm (8 to 100 layers) could also be extracted from
force-distance curves [113]. The extracted bending rigidity was found to increase strongly (proportional
to h3) for thicknesses below 10 nm. Thicker flakes were found to have a smaller bending rigidity,
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possibly because of the presence of stacking defects in the flakes. The stable sp2 bonds forming the
graphene lattice compete against changes in length and angle, yielding a very high tensile energy when
strained; at the same time, bending a graphene layer does not lead to significant deformation of the
sp2 bonds, thus resulting in its impressive Young’s modulus [114]. However, these properties can be
modified by the presence of defects or chemistry. The dependence of the elastic properties of graphene
on the presence of defects was addressed by Zandiatashbar et al., who employed a modified oxygen
plasma technique to induce defects in pristine graphene in a controlled manner [115]. By looking at
the evolution of Raman spectra as a function of sheet defectiveness, they were able to categorize the
defects as being predominantly sp3-type (partial oxidation), or predominantly vacancy-type. The 2D
elastic modulus (E2D) was found to remain constant over the sp3-type defect regions, indicating that
these defects do not appreciably affect the stiffness. In the vacancy-type defect regions, instead, E2D

decreased with increasing defect density, reaching about 30% of the stiffness of the pristine sheet at the
maximum exposure time. The breaking strength was found to decrease only about 14% with respect
to pristine graphene, meaning that in the sp3-type defect regime, the elastic stiffness of defective
graphene is not significantly diminished in comparison with its pristine counterpart. Under longer
plasma exposure, a significant number of carbon atoms were expected to be physically removed from
the graphene lattice, as the density of defects increases and adjacent defects coalesce to form bigger
voids or extended cavities, so that a dramatic drop in elastic stiffness and strength was expected.
Interestingly, the elastic modulus of highly defective, plasma treated graphene (0.3 TPa) was found to
be comparable to that measured by AFM indentation for graphene oxide (GO) (0.256 ± 0.028 TPa) [116]
and by topographical AFM imaging of wrinkled flakes (0.23 ± 0.07 TPa) [117]. The latter approach
revealed significant local heterogeneity in the in-plane elastic modulus of such materials, which is also
evidenced by a certain variability of the value reported by different groups [118,119]. The discrepancy
in the elastic modulus of GO was attributed to defect concentration or clustering of different functional
groups. The ring opening of the epoxide functions and the subsequent formation of ether groups in
the basal plane of GO was the origin of plasticity and ductility in n-butylamine-modified GO, which
showed an elastic modulus 13% lower than that of the original GO [116]. The conductivity of reduced
graphene oxide sheets was shown to scale inversely with the elastic modulus. Theoretical predictions
confirmed that the sheets with higher elastic modulus and lower conductivity could be assigned to
those of higher oxygen content [120].

The strength of graphene was found to be only slightly reduced by the presence of grain
boundaries. Nanoindentation tests showed that fracture loads at the grain boundaries are 20 to
40% smaller than in pristine graphene, representing at most a 15% reduction of the intrinsic strength
(Figure 5e,f) [108]. Lee et al. used hierarchical patterning to obtain conformal wrinkling with a soft skin
layer [121]. The wrinkle wavelength could be finely controlled by tuning the skin layer’s thickness.
Force curves measured locally on the peaks of the wrinkles suggested an increase of stiffness with
the wavelength, from 14.67 nN/nm for λ ~160 nm to 96.97 nN/nm for λ ~450 nm. Adhesion forces
between the surface and tip were nearly invariant (~10 nN on valleys and ~18 nN on peaks) for all of
the graphene wrinkles, while a much smaller adhesive force (~3 nN) was expectedly measured on
crumples since these features are delaminated from the surface.

Similar studies have also been performed on other 2D membranes. MoS2 monolayers measured
by AFM nanoindentation showed a Young’s modulus of 300 GPa [122], comparable to that of steel,
only one third lower than exfoliated graphene, and higher than other 2D crystals such as reduced
graphene oxide (0.2 TPa) [120], hexagonal boron nitride (0.25 TPa) [123], or carbon nanosheets
(10–50 GPa) [124]. The average breaking strength of 23 GPa was found to correspond to the theoretical
intrinsic strength of the Mo-S bond, indicating that the material can be highly crystalline and almost
free of defects and dislocations [125]. The elastic properties of freely suspended MoS2 sheets with
thicknesses ranging from 5 to 25 layers were also investigated [122]. The thinnest sheets (up to
8 layers) presented strongly nonlinear force-displacement traces, while in sheets thicker than 10 layers
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the force-displacement traces were linear, indicating a trade-off between a bending-dominated and
a stretching-dominated behavior.

It is worth mentioning that SPM nanoindentations do not leave the atomically thin membrane
mechanically undisturbed during measurements [126,127]. Local membrane deformations at the
location of the scanning tip are produced. When localized strains are induced in suspended few-layer
graphene, the strain distribution under and around the AFM tip could be indeed mapped in situ
using hyperspectral Raman imaging via the strain-dependent frequency shifts of the few-layer
graphene’s G and 2D Raman bands [128]. The contact of the nm-sized scanning probe tip resulted in
a two-dimensional strain field with μm dimensions in the suspended membrane. Such deformations
and the resulting localized strain distribution in the two-dimensional material can complicate SPM
measurement interpretation, and also lead to degradation in the two-dimensional material upon
measurement. From a different perspective, in most two-dimensional materials, the application of
strain could also lead to changes in opto-electronic properties, which allows for the strain engineering
of the material’s properties. This opens a way to probe such strain-dependent opto-electronic properties
based on the application of localized strain through SPM-based techniques.

7. Strain Engineering and Piezoresponse Force Microscopy

The possibility of finely tuning material properties is highly desirable for a wide range of
applications, and strain engineering has been introduced as an interesting way to achieve it [28].
In bulk materials, however, the tuning range is limited by plastic behavior and low fracture limit due
to the presence of defects and dislocations. Atomically-thin membranes instead exhibit high elasticity
and breaking strength, which makes them sound candidates for engineering their properties via strain.

When graphene is deformed, the unit cell area of graphene would be changed by stretching or
compressing. The strain-induced shift of carbon atoms would affect the band structure and therefore
the electronic properties. The carrier density would be decreased or increased, and the Fermi level
and the work function would change accordingly. The work function of graphene, measured by
KPFM, was found to increase with increasing uniaxial strain, reaching a variation as large as 161 meV
under a 7% strain, which can be explained by the strain-induced change of the density of states [129].
The dependence of the work function on strain is closely related to graphene’s topography, and could
be weakened by the presence of ripples (Figure 6a,b) [129]. The conductivity of graphene, however,
could be preserved even under structural deformation. C-AFM measurements on wrinkled graphene
showed that the current at a fixed bias was similar across the boundaries between crumples and
wrinkle domains with different wavelengths, despite the presence of such defective structures having
shown a clear effect on stiffness and adhesion [121]. The effect of mechanical strain on the electrical
conductivity of suspended MoS2 membranes was probed by positioning the AFM tip in the center
of a flake connected to two microfabricated electrodes. The nanosheet was deformed by the AFM
tip while measuring the current flowing between the electrodes (Figure 6c,d). The current increased
as soon as the membrane began to deform, reaching a value around four times higher at maximum
deformation. The effect was reversible, as the current followed the opposite trend and returned to
its pre-deformation value as the tip was fully retracted [130]. This observed piezoresistive behavior
can be understood in terms of band gap reduction under tensile strain. At different reduction/strain
rates, the piezoresistive effect could be also tuned for monolayer, bilayer, and trilayer MoS2, because
of the different orbital contributions of the band-edge states and their different hybridization [130].
MoS2 is expected to exhibit piezoelectric effects because of the non-centrosymmetric arrangement of
the Mo and S atoms, which develop asymmetrical electrical dipoles when the material is subjected to
external stress.
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Figure 6. (a) AFM images of graphene with (S1) and without (S2) ripples; (b) Work function variation
of graphene with (S1) and without (S2) ripples as a function of uniaxial strain measured by KPFM.
(adapted from [129]); (c) Schematic drawing of the setup for direct current electrical characterization of
suspended channel MoS2 devices under strain. The suspended atomically thin membrane (see inset in
d) is deformed at the center using an AFM probe; (d) Plot of the current vs. membrane deformation
measured when a voltage is applied between source and drain electrodes (adapted from [130]). Output
voltage obtained from a monolayer MoS2 as a function of applied strain applied along the armchair
direction (e) and the zigzag direction (f) (reproduced from [131]).

For piezoelectric materials, an applied voltage causes an expansion or a contraction of polarized
domains, which in turn results in a measurable deflection of the cantilever. This phenomenon is used
in Piezoresponse Force Microscopy (PFM) [132]. In PFM, the tip is brought in contact with the surface
and the electromechanical response of the surface is detected as the first-harmonic component of the
bias induced tip deflection:

d = d0 + A cos(ωt + ϕ), (4)

where ϕ is the phase, which yields information on the polarization direction below the tip. For c-
domains, i.e., when the polarization vector is pointing downward, the application of a positive tip bias
results in the expansion of the sample, and the surface oscillations are in phase with the tip voltage,
ϕ = 0. For c+ domains, ϕ = 180◦. The amplitude A defines the local electromechanical response and
depends on the geometry of the tip-surface system and the material’s properties [133,134].

Vertical piezoresponse from single-layer graphene was observed by PFM. The calculated vertical
piezocoefficient was found to be about 1.4 nm/V, which is much higher than that of conventional
piezoelectric materials [135]. Atomically-thin graphene nitride also exhibits anomalous piezoelectricity,
due to the fact that a stable phase of a sheet features regularly spaced triangular holes, as indicated by ab
initio calculations [136]. Directional dependent piezoelectric effects in chemical vapor deposited MoS2

monolayers were measured through lateral PFM when an electric field was applied laterally across
the flakes [131]. The piezoelectric coefficient was found to be 3.78 pm/V in the armchair direction,
and 1.38 pm/V in the zigzag direction, clearly revealing its distinct anisotropic piezoresponse in
single-crystalline monolayers (Figure 6d,e).

8. Conclusions

Two-dimensional (2D) nanosheets are an emerging new class of materials, and new ways to
define and quantify their structure-function relationships are required. Features such as average flake
size, shape, concentration, and density of defects present at the chemical level are among the most
significant properties affecting these materials’ function. The wealth of scientific reports described
in this review and beyond confirms the usefulness of Scanning Probe Microscopy as an efficient and
valuable multilevel tool for atomic- and nanoscale 2D materials characterization, from structural and
morphological, to (opto-)electronic and mechanical perspectives.
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Because mechanical properties play vital roles in the design of flexible, stretchable, and epidermal
electronics that may potentially dominate the future electronics industry [111], particular attention
has been dedicated to this aspect here. The mechanics of 2D atomically-thin materials, their behavior
under stress and electrical fields, and the interactions between adjacent sheets, between sheets and
a substrate, or between sheets and their environment should be better understood to optimize the level of
performance that shall be achieved. Thus, new concepts are required for modeling these materials.
The coupling between piezoelectric polarization and semiconductor properties, such as electronic
transport and photoresponse, is expected to give rise to unprecedented device characteristics [137,138].
The emerging fields of piezotronics and piezo-phototronics, which propose new means of manipulating
charge-carrier transport in the operation of flexible devices through the application of external
mechanical stimuli [139], demonstrate the need for the correlative characterization of mechanical and
electronic properties at the single layer level, therefore opening new opportunities for the unceasing
development of SPMs.
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Abstract: Molybdenum disulfide (MoS2) is one of the most important two-dimensional materials after
graphene. Monolayer MoS2 has a direct bandgap (1.9 eV) and is potentially suitable for post-silicon
electronics. Among all atomically thin semiconductors, MoS2’s synthesis techniques are more
developed. Here, we review the recent developments in the synthesis of hexagonal MoS2, where they
are categorized into top-down and bottom-up approaches. Micromechanical exfoliation is convenient
for beginners and basic research. Liquid phase exfoliation and solutions for chemical processes are
cheap and suitable for large-scale production; yielding materials mostly in powders with different
shapes, sizes and layer numbers. MoS2 films on a substrate targeting high-end nanoelectronic
applications can be produced by chemical vapor deposition, compatible with the semiconductor
industry. Usually, metal catalysts are unnecessary. Unlike graphene, the transfer of atomic layers is
omitted. We especially emphasize the recent advances in metalorganic chemical vapor deposition
and atomic layer deposition, where gaseous precursors are used. These processes grow MoS2 with
the smallest building-blocks, naturally promising higher quality and controllability. Most likely, this
will be an important direction in the field. Nevertheless, today none of those methods reproducibly
produces MoS2 with competitive quality. There is a long way to go for MoS2 in real-life electronic
device applications.

Keywords: Molybdenum disulfide; transition metal dichalcogenide; two-dimensional materials;
micromechanical exfoliation; chemical vapor deposition.

1. Introduction

Recently, graphene has received considerable attention in scientific communities. It is recognized
as a new wonder material (e.g., record carrier mobility, thermal conductivity, mechanical strength and
flexibility), and applications in nanocomposites, paints, transparent electrodes, heat spreaders, etc. are
being explored [1]. However, one should not forget that the original motivation for studying graphene
was in its field effect [2], with a hope that it might play a key role in nanoelectronics, rather than
serving as a passive element such as electrodes [3]. Nevertheless, at this stage, due to the difficulties in

Crystals 2017, 7, 198; doi:10.3390/cryst7070198 www.mdpi.com/journal/crystals224



Crystals 2017, 7, 198

opening an energy bandgap in graphene, it is not clear whether graphene will become a key material
in electronics at all. Therefore, the search for other two-dimensional (2D) materials (materials with
one or few atomic layers) with an inherent energy bandgap that is suitable to make transistors is
essential. Black phosphorus [4], transition metal dichalcogenide (TMD) [5], gallium nitride [6], etc.
are extensively explored. For any type of application, the material production is always the first
experimental step. Among these 2D semiconductors, molybdenum disulfide (MoS2) is relatively more
mature in terms of its synthesis technologies. Hence, in this paper, we provide a short literature
survey of recent progresses in the synthesis of MoS2. The paper focuses only on the production
techniques rather than serving as a complete review on MoS2-related physics, materials and electronics.
Also, we put special emphasis on the recent achievements in metalorganic chemical vapor deposition
(MOCVD) and atomic layer deposition (ALD), where gaseous precursors are used to grow MoS2.
It has a high potential for producing MoS2 with better quality and controllability for nanoelectronic
device applications.

2. Synthesis Methods of MoS2

MoS2 has several polymorphs, where the 2H MoS2 has a layered hexagonal structure with lattice
parameters of a = 0.316 nm and c = 1.229 nm [7], yielding an inter-layer spacing of 0.615 nm [8], as
schematically shown in Figure 1. Bulk 2H MoS2 is an indirect bandgap semiconductor (~1.29 eV).
With decreasing thickness, the bandgap increases. When it comes to monolayer MoS2, it becomes a
direct bandgap material, and the energy gap can be as large as ~1.90 eV [9], suitable for fabricating
most electronic devices. The synthesis methods of MoS2 can be divided into top-down and bottom-up
approaches. We hereby describe them in turn.

Figure 1. Distances between different layers in 2H MoS2.

2.1. Top-down Approaches

2.1.1. Micromechanical Exfoliation

Similar to the micromechanical exfoliation of graphene (a vivid lab demonstration can be found
in [10]), MoS2 flakes can be produced on a substrate using sticky tapes. The starting material is bulk
MoS2, where some parts are peeled off with the tape and pressed into the substrate. Upon the release
of the tape, some parts stay with the substrate rather than the tape due to the van der Waals force
to the substrate. Repeating the process may produce flakes of MoS2 with random shapes, sizes and
numbers of layers. This method offers 2D materials of the highest quality, enabling to study the pristine
properties and ultimate device performances. For example, Kis et al. have used micro-exfoliation
to produce MoS2 monolayers that are suitable for ultrasensitive photodetectors [11], analogue [12]
and digital circuits [13], and observation of interesting physics such as mobility engineering and a
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metal–insulator transition [14]. However, it was found that the van der Waals adhesion of many TMDs
to SiO2, a typical substrate, is much weaker than that of graphene. Therefore, the produced flakes are
very small (typically <10 μm) in their lateral size [15]. These results notwithstanding, large area MoS2

flakes can be exfoliated by slightly modifying the technique. Magda et al. obtained mono MoS2 layers
with lateral size of several hundreds of microns by improving the MoS2-substrate adhesion, as shown
in Figure 2 [15]. The mechanism is that sulfur atoms can bind more strongly to gold than to SiO2. The
drawback is that such as-exfoliated MoS2 flakes have to be transferred to another new substrate, since
in most applications the material is used on insulating substrates. In addition, like their graphene
counterpart, the tape-assisted micromechanical exfoliation method offers very low yield, and it’s not
possible to scale up for large volume production, therefore MoS2 synthesized by this method is limited
to fundamental study at lab scale.

 

Figure 2. Large area MoS2 flakes exfoliated with chemically enhanced adhesion to the substrate [15].

2.1.2. Liquid Phase Exfoliation

Liquid phase exfoliation also starts from bulk MoS2, producing flakes with random shapes, sizes
and number of layers. The quantities, however, are much larger, and the quality lower. Roughly,
there are 2 routes to exfoliate MoS2 in solution. The first is exfoliation by mechanical means such as
sonication, shearing, stirring, grinding and bubbling [16–21]. The essence is purely physical, although
some chemistry may still be involved [22–24]. For example, surfactants such as sodium deoxycholate
(SDC) bile salt [22] and chitosan [23] may be added to the solution to prevent the exfoliated flakes
from recombination. Electrolysis is employed to generate bubbles in some cases [24]. It is known
that fine bubbles can squeeze into material interfaces and exfoliate them [25]. The yield of this
method is dramatically improved from tape-assisted exfoliation, but the efficiency is still low for
industrial applications. Therefore, a second route by atomic intercalation via solution chemistry [26] or
electrochemistry [27] has been proposed. Lithium is typically used to intercalate between the MoS2

layers and enlarge the interlayer spacing, easing the following exfoliation by mechanical treatment
(e.g., sonication). Fan et al. developed a process to exfoliate MoS2 nanosheets very efficiently using
sonication assisted Li intercalation. They found that the complete Li intercalation with butylithium can
be effected within 1.5 hours [28]. An example of the MoS2 flakes synthesized by this method is shown
in Figure 3. However, this method results in the loss of semiconducting properties due to the structural
changes during Li intercalation. It is reported that above an annealing temperature of 300 ◦C, these
MoS2 flakes can be somewhat recovered [26].
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Figure 3. TEM, SEM and AFM images of MoS2 flakes exfoliated by Li intercalation and sonication [28].

Liquid phase exfoliation is a simple technology with low cost, producing large quantity 2D
nanosheets with relatively high quality. Therefore, it is regarded as the most suitable method for the
large-scale industrial production of one- to few-layer 2D material flakes at low expense [29]. It is worth
noting that liquid phase exfoliation can produce not only wet suspensions of flakes or dry powders,
but macroscopically continuous thin films as well [30–32]. On substrates, through drop casting of
the suspension and drying, MoS2 thin films are prepared by Walia et al. [30–32], where optical and
electrical properties can be studied.

2.2. Bottom-up Approaches

2.2.1. Physical Vapor Deposition

Although molecular beam epitaxy (MBE) is an advanced technology for growing single crystal
semiconductor thin films, its application in producing 2D materials needs further development, and
the grain size of the 2D material is not as high as expected [33]. In fact, even ordinary physical vapor
deposition is rare. There is a report on growing MoS2-Ti composite by vacuum sputtering, using Ti
and MoS2 as the targets [34]. However, the MoS2 is an amorphous structure in this case.

2.2.2. Solution Chemical Process

There are various methods for producing MoS2 by solution chemistry. Hydrothermal
synthesis [35] and solvothermal synthesis [36] typically use molybdate to react with sulfide or just
sulfur in a stainless steel autoclave, where a series of physicochemical reactions take place under
relatively high temperature (e.g., 200 ◦C) and high pressure for several hours or longer. The resultant
is MoS2 powders of different shapes. The size of individual particles can be adjusted to some extent.
Very frequently, the powders are high-temperature post-annealed, to improve their crystalline quality
and purity. The only difference between hydrothermal and solvothermal synthesis is that the precursor
solution in the latter case is usually not aqueous. Other solution chemical processes start at almost
room temperature and atmospheric pressure, where post-annealing is often used anyway [37–41].
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The products can be either a powder or thin film, depending on the preparation details. The most
commonly-used precursor is (NH4)2MoS4 (ammonium tetrathiomolybdate), or something similar.
(NH4)2MoS4 decomposes to form MoO3 at 120–360 ◦C, which can be further converted into MoS2.
In some cases, electrochemical deposition [42–44] and photo-assisted deposition are used [45]. For
instance, Li et al. fabricated MoS2 nanowires and nanoribbons using MoOx as the precursor [43].
The MoOx precursor is then exposed to H2S at high temperature (500–800 ◦C) to synthesize MoS2.
Depending on the temperature for processing, both 2H and 3R phase of MoS2 can be synthesized. The
MoS2 nanoribbons can be 50 μm in length and are aligned in parallel arrays which are preferable for
device fabrication, as shown in Figure 4.

 

Figure 4. MoS2 nanowires/nanoribbons synthesized from MoOx precursor [43].

2.2.3. Chemical Vapor Deposition (CVD)

Among all the synthesis methods, CVD is the most compatible to existing semiconductor
technology. Typically, it forms the film on a substrate, where chemical reactions are involved in the
growth mechanism. The large-area growth of highly uniform MoS2 will enable the batch fabrication
of atomically thin devices and circuitry. Currently, most works start with solid state precursors of
molybdenum, such as MoO3 [46,47] or Mo [48]. If the Mo precursors are not vaporized in the process,
often the technique is also called sulfurization [46–48]. Typical S precursors are H2S gas [49] or
vaporized S [46–48,50]. It is argued that using MoCl5 precursors are easier to achieve monolayer
MoS2 over large area [50]. Earlier, the MoS2 could be noncontinuous [47], which is not a big problem
nowadays. The usual growth temperatures are 700–1000 ◦C, and the inclusion of a metal catalyst such
as Au is favorable for the film quality [49]. Typical reactions taking place in the CVD are one of these:

MoO3 + 2H2S + H2 = MoS2 + 3H2O (1)

8MoO3 + 24H2S = 8MoS2 + 24H2O+S8 (2)

16MoO3 + 7S8 = 16MoS2 + 24SO2 (3)

With plasma-enhanced chemical vapor deposition (PECVD), the growth temperature of MoS2 can
be lowered to 150–300 ◦C, making it possible to directly deposit MoS2 even on plastic substrates [51].

Metal-organic CVD is a special case of CVD where organometallic precursors are used. It is
used in the modern semiconductor industry to produce single crystal expitaxial films. Recently, a few
reports have appeared on the application of this method in the growth of MoS2 thin films [49,52–54].
Kang et al. [52] have grown MoS2 and WS2 on 4-inch oxidized silicon wafers by MOCVD. The MoS2 is
grown with gaseous precursors of Mo(CO)6 (boiling point 156 ◦C) and (C2H5)2S. At 550 ◦C, monolayer
MoS2 with full coverage of the substrate (typically SiO2/Si and fused silica) is deposited for t0~26 h.
Figure 5a shows scanning electron microscopy (SEM) images of the samples, demonstrating the
effect of adding H2 in the gas mixture. It is argued that H2 enhances the decomposition of (C2H5)2S
(increasing nucleation due to hydrogenolysis) and etches MoS2 (preventing intergrain connection) [52].
It seems that a low H2 rate is beneficial for growing continuous monolayer MoS2. Nevertheless, H2 is

228



Crystals 2017, 7, 198

necessary for removing the carbonaceous species generated during the MOCVD. Therefore, the H2

flow should be optimized. To have successful growth, dehydrating the growth environment is also
necessary. Figure 5b indicates that the growth mode is layer-by-layer under this specific condition.
When t < t0 there is almost no nucleation of the second MoS2 layer, which takes place mainly at the
grain boundaries of the first layer when t > t0. Figure 5c shows a top gated (VTG) MoS2 transistor with
a field-effect mobility of 29 cm2 V−1 s−1 and transconductance 2 μSμm, determined from the transfer
properties. The current saturation occurs at relatively low VSD (see the inset). These features compete
well with the-state-of-the-art MoS2 transistors. Figure 5d–f demonstrates the optical absorption, Raman
and photoluminescence spectra measured from the MOCVD grown MoS2 (and WS2) films, respectively,
where the features agree well with the characteristics of exfoliated monolayer counterparts (denoted
by diamonds).

 

cc  

aa  

Figure 5. (a) Grain size evolution of monolayer MoS2 as a function of H2 flow. From left to right, 5,
20 and 200 sccm H2. (b) Optical images of MoS2 films as a function of growth time. t0 is the optimal
time for full monolayer coverage (~26 h). (c) Transfer and output properties of the field-effect transistor
fabricated in the MOCVD grown MoS2 with top gate configuration. σ� denotes sheet conductance.
Scale bar: 10 μm. (d–f) Optical absorption, Raman and normalized photoluminescence spectra of
as-grown monolayer MoS2 (red) and WS2 (orange) films. The peak positions in (d–f) are consistent
with exfoliated flakes (denoted by diamonds) [52].

At this stage, the material quality in [53] is still too low to be competitive. The large-area deposition
of monolayer MoS2 as well as other TMDs with spatial homogeneity and high performance is still
challenging. MoS2 films today are polycrystalline with the grain size typically ranging from 1 to
10 micrometers. This notwithstanding, the MOCVD synthesis of 2D semiconductors indeed opens
a pathway towards future exciting nanoelectronic materials. The most important reason for this is
that, in MOCVD, ultrapure gaseous precursors are injected into the reactor and finely dosed to deposit
a very thin layer of atoms onto the substrate. Even if a solid or liquid precursor is used, it will be
vaporized in situ in the chamber [53]. Unlike solid and liquid precursors, here the building-blocks for
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growing the film are much finer, naturally leading to better quality and controllability. The heated
metalorganic precursor molecules decompose via pyrolysis, leaving the atoms on the substrate. The
atoms bond to the surface, and an ultrathin MoS2 layer is grown.

Based on this argument, one can easily think of another promising synthesis method: ALD [55],
which can be seen as a subclass of CVD. In ALD, the film is grown by exposing the substrate surface
to alternating gas precursors. In contrast to ordinary CVD, the precursors are never simultaneously
present in the chamber. Instead, they are introduced as sequential and non-overlapping pulses,
separated by purges in between. In each pulse, molecules react with the surface in a self-limiting
way. Hence, it is possible to grow materials with high-thickness precision (layer by layer). Indeed,
very recently, people have used ALD to grow MoS2, such as in [56]. Using MoCl5 (vaporized) and
H2S precursors, monolayer to few-layer MoS2 on large SiO2/Si or quartz substrates is obtained [56].
In the photos of two 150 mm quartz wafers before and after the ALD, the substrate changes to dark
yellow uniformly (~2 layers of MoS2) [56]. It is found that photoresist residues on the surface lead to
more nucleation sites for MoS2, but this mechanism remains to be confirmed. Figure 6a plots Raman
signals for 50 cycle ALD MoS2, where the E1

2g and A1g characteristic peaks are sharper and higher for
475 ◦C deposition temperature, indicating its higher material quality. After the ALD, some samples are
annealed in a sulfur environment (H2S or S atmosphere). Figure 6b shows that after sulfur annealing
at increasingly high temperature, the characteristic peaks get narrower, stronger and more symmetric.
After annealing at 920 ◦C, the full width at half maximum of the E1

2g peak is close to that of exfoliated
MoS2 monolayer (4.2 cm−1 vs. 3.7 cm−1). By analyzing the separation Δ between E1

2g and A1g peaks,
one can tentatively determine the number of layers in MoS2 films [56]. In Figure 6c, the sample grown
at 475 ◦C and annealed at 920 ◦C seems to be 1–2 monolayers. Future electronic measurements are
needed to further examine the film quality.

Figure 6. (a) Raman spectroscopy measurements of ALD MoS2 at 375 or 475 ◦C, where the latter
shows higher quality. (b) Raman spectra of 475 ◦C deposited MoS2 films (some are post annealed in
sulfur environment), where 920 ◦C annealing leads to the best quality. The curve for bulk MoS2 is
for reference. (c) E1

2g to A1g peak separation Δ plotted against the cycle number in ALD. Δ~19 cm−1

tentatively indicates MoS2 monolayer, whereas bulk (>5 layers) material has Δ~25 cm−1 [56].
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3. Conclusions

In this paper, we have reviewed the synthesis methods of MoS2 in terms of top-down and
bottom-up approaches. Micromechanical exfoliation offers the highest material quality but is limited
by the yield so it is mainly for basic research, whereas liquid phase exfoliation and solution chemical
process are of low cost, with decent material quality and suitable for large-scale industrial production.
MoS2 thin films aiming for high-end electronic applications are produced by CVD. In this review, we
have put a special emphasis on the MOCVD and ALD methods, because they are more sophisticated
technology with gas phase precursors and will most likely be the dominant techniques in producing
MoS2 films oriented towards real electronic device applications in the future. In most cases the
MoS2 films are transfer-free, which is vital for industrial applications that require a high process
controllability and reproducibility [57]. At the moment, production of MoS2 as a high quality electronic
material is still challenging. This notwithstanding, most of the reviewed processes can be extended to
other 2D materials (with some modification), and with future technological advances, the successful
production of advanced 2D nanoelectronic materials can be envisioned.
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Abstract: In spite of the great expectations for epitaxial graphene (EG) on silicon carbide (SiC) to be
used as a next-generation high-performance component in high-power nano- and micro-electronics,
there are still many technological challenges and fundamental problems that hinder the full potential
of EG/SiC structures and that must be overcome. Among the existing problems, the quality of the
graphene/SiC interface is one of the most critical factors that determines the electroactive behavior
of this heterostructure. This paper reviews the relevant studies on the carrier transport through the
graphene/SiC, discusses qualitatively the possibility of controllable tuning the potential barrier height
at the heterointerface and analyses how the buffer layer formation affects the electronic properties of
the combined EG/SiC system. The correlation between the sp2/sp3 hybridization ratio at the interface
and the barrier height is discussed. We expect that the barrier height modulation will allow realizing
a monolithic electronic platform comprising different graphene interfaces including ohmic contact,
Schottky contact, gate dielectric, the electrically-active counterpart in p-n junctions and quantum wells.

Keywords: graphene; SiC; interface; buffer layer; barrier height; carrier transport

1. Introduction

Due to the never-ending miniaturization of electronic devices and integrated circuits, the spatial
sizes of the materials become sufficiently small for new size-dependent physical limitations to effective
carrier and heat transport to occur. Such constraints are governed to a large extent by the formation of
an unstable transition layer at the heterointerface between two different materials. This is particularly
the case of epitaxial graphene grown on silicon carbide (SiC), where complete decoupling of the
graphene from the SiC surface is still a great challenge, and the interface significantly impacts many
properties of graphene. Thus, a reliable control of heteroboundary quality and deep understanding of
the physical nature of interface formation are imperative in order to produce device-quality graphene
having the realistic chance to reach the market.

There exists evidence that up to 30% of the carbon atoms in the semiconductor-like transition carbon
layer (called also the buffer layer, zero graphene layer or interfacial layer) are covalently bonded to the
Si atoms (belonging to SiC) by sp3 hybridized bonds [1–3]. It is believed that the first graphene layer
fits into a (6

√
3 × 6

√
3) R30◦ surface reconstruction on SiC, and the (6

√
3 × 6

√
3) R30◦ unit cell ideally

coincides with a graphene unit. However, recent research findings with more sensitive and precise
techniques raise additional concerns about buffer layer formation and have revealed that the buffer layer
is not commensurate with SiC surface reconstruction [4]. From the thermodynamic and chemical points
of view, such features (namely, the formation of additional C-Si bonds at the graphene/SiC interface)
are originating from the natural necessity to saturate the remaining Si dangling bonds (after high
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temperature sublimation). In this context, many attempts at growing epitaxial graphene were dedicated
to breaking up the covalent bonds between SiC and zero layer graphene and to saturating as-formed
dangling bonds by guest species, so-called intercalants [5–14]. Experimental studies clearly reveal a
strong effect of the buffer layer on the electronic properties of graphene; specifically, it was documented
that due to the charge transfer through interfacial dangling bonds, the buffer layer is found to pin the
Fermi level to ≈0.49 eV in the conduction band, making the material n-type [15]. As a consequence of
the charge transfer from the interface states to graphene and spontaneous appearance of the interface
dipole moment, the Fermi level and work function of graphene can be modulated, thereby determining
its electroactive behavior [16]. Furthermore, the existence of a giant inelastic tunneling (50% of total
tunneling current) caused by localized states at the interface layer of graphene/SiC was confirmed
by atomically-resolved scanning tunneling microscopy and spectroscopy [17]. Another surprising
fact related to the buffer layer effect was the observation of a small gap (~0.26–0.5 eV) in epitaxial
graphene on SiC induced by breaking the sublattice symmetry, but the fundamental nature of this band
gap opening is controversial [18,19]. New insights into the origin of the band-gap opening induced
by the structural periodicity in the epitaxial graphene buffer layer have been recently reported by
Nair et al [20]. Taking the aforementioned aspects into account, it is reasonable to assume that a control
of the sp2/sp3 hybridization ratio in epitaxial graphene is a good strategy towards the atomistic-level
engineering of the graphene/SiC heterointerface to tailor the electronic properties of graphene. Indeed,
it was recently reported that epitaxial graphene, depending on the material quality, can play different
roles when being interfaced with SiC, such as the ohmic contact [21], the Schottky contact [22], the gate
electrode [21], the heterojunction counterpart [23] and/or even the quantum well component [24].
Although a great deal of attention has been paid to buffer layer effects, the physical reasons why the
same material exhibits such diverse electronic features are not fully understood. There is still a point
to be discussed: the correlation between buffer layer “physics” and mechanisms/possible scenarios
underlying the electroactive behavior of epitaxial graphene.

Undoubtedly, for a deep understanding and correct interpretation of experimental data on the
electronic properties of epitaxial graphene, one should pay proper attention to the role of the buffer
layer. On the other hand, the presence of interfacial states at the heterointerface may be responsible
for other physical processes and phenomena underlying the heat transport and ferromagnetism.
In particular, perturbation of the ballistic heat transport caused by strong phonon scattering at the
graphene/SiC interface was discussed in [25]. Thermal transport through graphene/SiC depending
on the kind of SiC polytype, face polarity and atomic bond has been intensively investigated in [26–28].
These results show that the heat transfer is highly sensitive to the kind of interface between the
graphene and SiC. Thus, solving the so-called thermal management problem can be achieved via
controlling the geometry and the chemical nature of the interface region, i.e., the buffer layer.

As another example of the crucial role of the interfacial layer on the physical properties of
graphene, Giesbers et al. [29] have reported on strong room temperature ferromagnetism (with
magnetic moment of 0.9 μB per carbon hexagon projected area) and suggested that such ferromagnetic
behavior may be attributed to an exchange interaction between the Coulomb-induced localized silicon
dangling bonds (belonging to the buffer layer) and the localized mid-gap state. Zhou et al. [30]
have also proposed some ideas towards using graphene/SiC interface-induced magnetism for
spintronic applications.

The aim of this paper is to review the current status of the main experimental and theoretical
studies of graphene on SiC towards understanding the physical nature of the interfacial layer formation
and how this layer manifests itself in the carrier transport. In the next section, key features of the buffer
layer structure will be described. We will discuss possible scenarios regarding the buffer layer-assisted
interaction between graphene and SiC: we will show that the electroactive behavior of epitaxial
graphene is strongly dependent on the interface chemistry and quality of the buffer layer. Finally,
we make some concluding remarks regarding the relation between the quality of the graphene-SiC
heteroboundary and the expected behavior of epitaxial graphene on SiC.
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2. Electrical Properties of the Graphene/SiC Interface

Being combined in a single system, graphene and silicon carbide exhibit unique behavior under
the influence of an external electric field, which differs from the behavior of the contact between the
metal and the semiconductor under classical considerations. In the first place, the difference in the
properties is caused by a possibility to control the work function of graphene and the polarizability
of its π orbitals [31,32]. Therefore, the energy properties of the heterojunction may be purposefully
altered by changing the interfacial chemistry between the materials.

Since the presence of the buffer layer significantly influences the electrical properties of the
graphene/SiC structure, first of all, it is important to understand how current flows through a
buffer-free graphene/SiC structure. From the theoretical point of view, there are, at least, three
cases when we can avoid the formation of the buffer layer:

(1) The vertical structure for electrical measurements can be prepared by simple mechanical contact
between exfoliated graphene and the desired SiC substrate. The starting point of the sample
preparation in this case is a mechanical exfoliation of highly-oriented pyrolytic graphite (HOPG)
by sticky tape, followed by the application of the exfoliated graphene films onto the SiC surface.
From the literature analysis, we know that there are many techniques for the exfoliation of
graphite based on common mechanical mechanisms [33].

(2) Graphene formed on the carbon-face SiC by high-temperature thermal decomposition of the
SiC substrate can be also chosen as a sample for electrical characterization. Indeed, it has been
repeatedly shown that the growth of graphene on the carbon-face SiC substrate does not promote
the formation of the buffer layer [34].

(3) Another way to avoid the undesirable buffer layer is intercalation of graphene grown on the
Si-face SiC substrate by high-temperature Si sublimation. The main scenario for this is to break
the covalent bonds between the buffer layer and Si atoms on the SiC surface and to saturate
the silicon dangling bonds. Then, the buffer layer can be converted into a new graphene layer
with graphene symmetry and typical electronic structure. As was confirmed by experimental
studies, H [9,35], Na [36], O [37,38], Li [39], Si [40], Au [12], F [11] and Ge [41] intercalation
can transform the buffer layer into a graphene layer with enhanced electrical performance in
comparison with untreated monolayer graphene, which exists on the buffer layer. Intercalant
species can penetrate into the interface between the buffer layer and the Si-face SiC substrate and
create the chemical bonds with topmost Si atoms, thereby causing the transformation of the buffer
layer to quasi-free-standing graphene. It is interesting to note that non-metallic (for example,
fluorine, oxygen and hydrogen) intercalations are expected to be more effective since they can
strongly covalently interact with Si species of the SiC.

Let us consider a physical model of the contact between exfoliated graphene and uniformly-doped
n-type silicon carbide, assuming the absence of any intermediate phases or surface states between
them. In such an ideal case, the Fermi level is located at the Dirac point of graphene. Since the
electron affinity of 4H-SiC (3.7 eV) is less than the work function of graphene (4.2 eV), the flow of
electrons from the semiconductor exceeds the flow of electrons from the graphene (Figure 1). As a
result, graphene acquires a negative charge, whereas the silicon carbide acquires a positive charge.
Consequently, the built-in electric field between the contacting materials will prevent the further charge
transfer from the silicon carbide to graphene. The exchange of charges between the semiconductor
and graphene will proceed until the Fermi energies of the two materials and thermionic emission
currents reach thermal equilibrium. As a result, near the surface of the semiconductor, energy bands
are bent upward, and the contact resistance increases significantly. Chen et al. [42] reported a direct
experimental observation of the band bending at the interface between epitaxial graphene and 6H-SiC
by using in situ synchrotron-based photoemission spectroscopy. It was revealed that the band bending
depends strongly on the polarity of the surface of the underlying substrate (Figure 2) and increases
from 0.4 eV (for graphene on Si-terminated 6H-SiC) to 1.3 eV (in the case of graphene on C-terminated
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6H-SiC). Obviously, this difference is caused by the unique nature of the growth kinetics and structural
features of epitaxial graphene on silicon carbide substrates with different polarity faces. It is generally
accepted that in the case of graphenization on a C-terminated 6H-SiC, the buffer layer is absent, and the
interaction between the substrate and the graphene is largely unabated. It suggests that this graphene
possesses a single linearly-dispersing π-band with the Dirac point located close to the Fermi level.
However, according to some experimental data, the energy of the Dirac point may vary from +33 meV
(p-doped) to −14 meV (n-doped) and even more [43]. Additional small doping may be caused by
the presence of dangling bonds at the interface. Obviously, it could also affect the barrier height and
electron transport through the interface. As has been shown in the work of Jayasekera and others [44],
in the case of an unpassivated interface, the main source of electron doping is dangling bonds on
the remaining carbon atoms (Figure 3a), while the energy states associated with dangling bonds on
the silicon atoms are located in the valence band 1 eV above the Fermi level, and their effect can be
neglected. A partial passivation of the dangling bonds on the carbon atoms (dangling bonds on silicon
atoms still remain) leads to the strong interaction of silicon species with graphene (Figure 3b), and thus,
graphene becomes like a buffer layer, similarly to the case of the graphenization of the Si-face SiC
substrate. At the same time, the total surface passivation leads to the fact that interaction between
the graphene surface and silicon carbide is weakened so that the completely detached carbon layer
acquires the properties of a neutral graphene (Figure 3c).

Figure 1. Energy band diagram of the graphene Schottky contact to silicon carbide (4H-SiC) [9].
To exclude the buffer layer effect on Schottky barrier formation, the authors used the graphene
exfoliated from highly oriented pyrolytic graphite and deposited on 4H-SiC. DG denotes the deposited
graphene on the SiC substrate, without the buffer layer [15]. EC represents the energy of the conduction
band edge; EF is the Fermi energy for the bulk 4H-SiC; EF,DG is the Fermi energy of exfoliated graphene,
which was directly deposited on the SiC surface. ΦDG is the Schottky barrier height. EDirac corresponds
to the Dirac point energy. Due to the absence of the buffer layer (only weak van der Waals-like
interaction between DG and the Si substrate occurs), EF,gr corresponds to the Dirac point energy.
Reprinted from Sonde et al. [15]. Copyright (2009) with permission from The American Physical Society.

Figure 2. Band line-up at the interfaces between epitaxial graphene and (left panel) the Si-terminated
6H-SiC (0001) and (right panel) the C-terminated 6H-SiC [42]. EC and EV represent the energies of
the conduction and valence band edge, respectively. EF is the Fermi energy. The Fermi levels of the
two materials are aligned. EG is the band gap energy of the 6H-SiC. Reprinted from Chen et al. [42].
Copyright (2010) with permission from The Japan Society of Applied Physics.
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Figure 3. Possible configurations of the graphene/SiC(0001) interface and corresponding localized
density of states (at the Dirac point): (a) unpassivated, (b) half-passivated and (c) fully-passivated
systems [44]. Red atoms correspond to silicon adatoms; black atoms represent silicon atoms belonging
to SiC bulk; yellow balls are C atoms; and cyan atoms are H species. Electron density isosurfaces (blue
color) correspond to 0.15 × 10−3 electrons. Reprinted from Jayasekera et al. [44]. Copyright (2011) with
permission from The American Physical Society.

In the third case of the absence of a buffer layer, after exposure to intercalants, we consider
how hydrogen intercalation effects the electrical properties of the vertical graphene/SiC structure.
As has been reported by Dharmaraj et al. [45], the vertical structure composed of as-grown epitaxial
graphene and the Si-face SiC substrate exhibits a rectifying behavior with large leakage current under
reverse bias (the Schottky barrier height in this case is approximately equal to 0.55 ± 0.05 eV).
The authors ascribed this quite low value of the Schottky barrier height to the enhanced density
of unsaturated silicon bonds in the vicinity of the interface. For correctness, the covalently bound
C atoms should be also taken into account. Due to these reasons, Fermi level pinning induced by
charge transfer occurs. The band diagram presented in Figure 4a clearly demonstrates that both the
presence of silicon dangling bonds and the buffer layer leads to strong n-type doping of graphene
and, as a consequence, an increase of the work function and reduction of the Schottky barrier height.
During hydrogen intercalation, hydrogen species simultaneously saturate the silicon dangling bonds
and break partially the covalent bonds between the buffer layer and the Si-terminated surface of
SiC, thereby decoupling the buffer layer. As a result of the removal of the buffer layer and the
partial saturation of unsaturated Si bonds, the hydrogen-intercalated epitaxial graphene/SiC structure
demonstrates improved rectifying behavior with low leakage current in the reverse bias regime (the
Schottky barrier height after intercalation procedure was estimated to be 0.75 ± 0.05 eV). As can
be seen from Figure 4b, an increase in the value of the Schottky barrier height can be explained by
Fermi level depinning induced by the reduction of the density of the unsaturated Si bonds and n-type
doping of graphene. A complete passivation of the Si-terminated surface may lead to a change in the
conductivity type of graphene. The change from n-type to p-type results in the modification of the
band bending from upward bending to downward bending, and thus, the electrical properties of the
graphene/SiC structure can be also modified.

In the case of epitaxial graphene films on the Si-face of SiC substrates, a carbon-rich buffer layer
with partial sp3 hybridization is always formed [46]. As mentioned above, the buffer layer substantially
affects the electronic properties of graphene and causes pinning of the Fermi level and the subsequent
reduction of the Schottky barrier height (Figure 5). In particular, it was shown that in the absence
of the buffer layer, the barrier height is 0.85 ± 0.06 eV (buffer-free deposited graphene/4H-SiC) [15]
and 0.75 ± 0.05 eV (buffer-free hydrogen-intercalated graphene/4H-SiC) [45], whereas the structure
comprising a buffer layer exhibits a significantly reduced barrier height of 0.36 ± 0.1 eV (epitaxial
graphene/4H-SiC) [15] and 0.55 ± 0.05 eV (epitaxial graphene/4H-SiC) [45].
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Figure 4. Energy band diagram of vertical Schottky barrier diodes: (a) as-deposited epitaxial
graphene/4H-SiC(0001) and (b) hydrogen-intercalated graphene/4H-SiC(0001). AEG and HEG denote
as-grown epitaxial graphene and hydrogen intercalated epitaxial graphene, respectively. During
hydrogen intercalation, the Dirac point of graphene (ED) is shifted towards EF, thereby leading to the
increase in the work function of graphene and the Schottky barrier height (SBH) [45]. Reprinted from
Dharmaraj et al. [45]. Copyright (2016) with permission from The American Institute of Physics (AIP).

 

Figure 5. Band diagram of Schottky contact between graphene and SiC in the presence of a buffer
layer at the interface [15]. EG denotes the epitaxial graphene on SiC substrate, with the buffer layer.
EC represents the energy of the conduction band edge; EF is the Fermi energy for the bulk 4H-SiC;
EF,EG is the Fermi energy of epitaxial graphene grown on the SiC surface by the thermal decomposition
technique. ΦEG is the Schottky barrier height. EDirac corresponds to the Dirac point energy. Due to
the presence of the buffer layer, the Fermi level pinning above the Dirac point occurs. Reprinted from
Sonde et al. [15]. Copyright (2009) with permission from The American Physical Society.

3. Experimental Control of the Barrier Height at the Graphene/SiC Interface

In some cases, the height and the width of the potential barrier become low/narrow enough for
the electrons to easily tunnel through or overcome the barrier. In this case, the epitaxial graphene
demonstrates an ohmic behavior with respect to the silicon carbide, and a linear current-voltage
characteristic has been observed [21,45,47]. Apparently, it is caused by increasing the density of
unsaturated dangling bonds contributing to the pinning of the Fermi level and leading to a significant
doping of epitaxial graphene. In fact, increased sp3 hybridization at the interface will result in the
appearance of additional conduction channels, whereby there is a significant decrease of the contact
resistance. Hertel et al. [47] have studied the electrical properties of the graphene/SiC heterointerface
by a linear transfer length method. It was shown that the formation of an ohmic contact to the
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weakly-doped 6H-SiC is associated with the low energy barrier ΦB = 0.3 eV between the epitaxial
graphene and 6H-SiC due to a small mismatch between the work functions of both materials. As a
consequence, the electrons can overcome this barrier at ambient temperature, causing a current
flow. The contact resistance can be improved by increasing the donor concentration through ion
implantation under the contact. This reduces the barrier width, and tunneling through the barrier
creates an additional conduction channel. In the same study, a comparative analysis of the electrical
properties of two partners (graphene-4H-SiC and graphene-6H-SiC) was carried out. Since 4H-SiC has
a lower value of the work function (by 0.3 eV), compared with 6H-SiC, a higher Schottky barrier of
ΦB = 0.6 eV is formed at the interface graphene/4H-SiC, thereby contributing to an increase of the
contact resistance. In turn, the work function of graphene varies significantly with the number of
layers (Figure 6) as was reported in a recent paper by Mammadov et al. [48]. In particular, it was found
that the buffer layer has a reduced work function of 3.89 ± 0.05 eV, and every subsequent layer leads
to increasing the work function, reaching a value of 4.43 ± 0.05 eV for the case of trilayer graphene.
On the other hand, annealing of the zero graphene layer in an ultra-pure hydrogen environment
leads to the growth of quasi-free-standing monolayer (QFMLG) graphene with a lack of buffer layer.
QFMLG has a much greater work function of about 4.79 ± 0.05 eV. At that, the work function decreases
with increasing numbers of layers to a value of 4.63 ± 0.05 eV for the quasi-free-standing trilayer
graphene (QFTLG). From a practical point of view, this is a very important result, because the optimum
performance of devices based on Schottky diodes requires a constant and uniform barrier height across
the interface, not varying over the interfacial surface. Samples with a non-uniform thickness will
demonstrate a wide variation of values of the work function and Schottky barrier height for the entire
sample area. Indeed, as can be seen from the histogram in Figure 7, different authors reported on the
large spread of this parameter for Schottky diodes based on nominally the same material [22].

Figure 6. Dependence of the work function of epitaxial graphene (EG) with the buffer layer (red
symbols) and buffer-free quasi-free-standing graphene (blue symbols) on the number of layers [48].
Abbreviation of QFG means quasi-free-standing graphene. The black symbols correspond to the
position of the Dirac point with respect to the Fermi level for epitaxial graphene and quasi-free
standing graphene. Reprinted from Mammadov et al. [48]. Copyright (2017) with permission from
Institute of Physics Publishing Ltd. HOPG, highly-oriented pyrolytic graphite.

As can be seen from this histogram, the Schottky barrier height at the graphene/SiC
heterointerface is strongly sensitive to the growth method and the graphene thickness. Furthermore, as
was reported earlier, the unintentional presence of unavoidable natural ripples and ridges in epitaxial
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graphene on SiC may also cause the fluctuations in the Schottky barrier height [49–54]. The key
factors influencing the uniformity of the Schottky barrier height for graphene/SiC structures are the
homogeneity of the graphene thickness, the quality of the grown interface (defects, pits, dislocations,
surface roughness), the kind of grown interface (SiC polytypism, face polarity) and the growth
conditions. We found that the Schottky junctions formed by the high-temperature Si sublimation
approach [55] exhibit the smallest standard deviation of the mean value of the Schottky barrier height.
This can be explained by the fact that the graphenization process via thermal decomposition of SiC
promotes the formation of large-scale homogeneous epitaxial graphene layers [56–59].

Figure 7. Histogram of the Schottky barrier height distribution for graphene on SiC made by different
techniques and different thicknesses.

Indeed, our I-V measurements of the graphene (99% of the total coverage is
monolayer)/4H-SiC(0001) vertical device revealed the very stable rectifying behavior of the
graphene/SiC diode (Figure 8). In line with the statistical distribution, the determined values of the
Schottky barrier height range from 0.46 to 0.503 eV for the graphene/SiC junction, while the ideality
factor ranges from 1.011 to 1.026. The standard deviations yield 0.013 eV and 0.0049 for the two
parameters, respectively. We determined that the mean values of Schottky barrier height and ideality
factor of the Schottky diode are 0.4879 eV and 1.018, respectively. The extracted value of the Schottky
barrier height coincides well with the theoretical value of 0.5 eV. In comparison to previously-reported
results, our sample (by virtue of the high thickness uniformity) demonstrates the smallest reported
value of the standard deviation for the Schottky barrier height.

Multifunctional properties of the graphene-silicon carbide interface have been used to create a
monolithic transistor based on a single platform (Figure 9) [21]. It should be noted that in this case,
the graphene plays a dual role. On the one hand, the graphene forms ohmic contacts to silicon carbide,
thus acting as the source and drain. On the other hand, the graphene forms a Schottky barrier and
plays the role of the gate contact. Interestingly, the presence or absence of the buffer layer is the key
factor that determines the role of graphene. Epitaxial graphene monolayer (electron density and carrier
mobility are equal to n = 1013 cm−2, μe = 900 cm2·V·s−1, respectively) with a carbon-rich buffer layer
underneath (Figure 9b) exhibits an ideal ohmic behavior, despite the weak doping level of silicon
carbide. Upon hydrogen intercalation (in H2 atmosphere at 850 ◦C), the buffer layer is decoupled
from the substrate, and quasi-free-standing bilayer graphene is formed (Figure 9c) with the following
parameters: hole density p = 1013 cm−2, μh = 2.000 cm2·V·s−1 at room temperature. Indeed, in this case,
breaking of the covalent bonds between the graphene and silicon carbide occurs, and the remaining
dangling bonds are saturated with hydrogen atoms. As a result, the buffer layer is converted to an
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additional layer of graphene. Since quasi-free-standing bilayer graphene (QFBLG) on SiC exhibits
rectifying behavior inherent to the Schottky diode, it can be used as the gate contact. Analysis of
the capacitance-voltage and current-voltage characteristics allowed estimating both the lower limit
of barrier height (φB,IV = 0.9 eV) and the upper limit (φB,CV = 1.1 eV ... 1.6 eV). The high value of
the barrier height and negligible leakage current meet the main requirements of the Schottky diodes.
Despite the fact that QFBLG forms a Schottky contact to n-type SiC, large fluctuations in the Schottky
barrier height over the entire area of contact between the two materials are still a significant problem,
limiting the fabrication of high-performance transistors. Importantly, a complete deactivation of the
buffer layer due to the hydrogen-induced intercalation could lead to the conductivity type switching in
graphene from n-type to p-type. This phenomenon is due to the intrinsic spontaneous polarization of
the hexagonal silicon carbide substrate and results in both a substantial increase in the Schottky barrier
height of more than >1 eV [45] and even the activation of another kind of current in a p-n junction,
which is governed by recombination or generation processes within the p-n diode structure.

Figure 8. (a) Sketch of the graphene/4H-SiC vertical device and (b) current-voltage characteristics of the
vertical graphene-4H-SiC device. The y-axis indicates the absolute values of current. Palladium contacts
(1–6) are positioned at different places on the graphene surface [22]. Reprinted from Shtepliuk et al. [22].
Copyright (2016) Shtepliuk et al.; licensee Beilstein-Institut.

Butt et al. [60] demonstrated the important role of the buffer layer beneath graphene in the
process of the photogeneration of carriers in a transistor. It is known that the strong interaction
between the substrate and the buffer layer contributes to lowering the energy barrier, while the
complete deactivation of the buffer layer will lead to a significant increase in the Schottky barrier.
The aforementioned work confirmed that the absence of an energy barrier at the interface causes the
carrier injection rate to become equal to the rate of the thermal generation of carriers and becomes
dependent on the thickness and barrier height at the interface. Figure 10 shows the qualitative
phenomenon of photo-induced electrostatic doping of graphene. The energy diagrams of the
SiC/graphene interface along the direction perpendicular to the channel are shown for different
injection rate limits in dark and light conditions with the illustrated charge density in SiC. As a result
of the photogeneration of carriers in SiC in the light regime, holes drift in the direction of the source
and drain contacts due to the voltage applied to the gate (Vbg = 20 V). In the absence of a barrier at
the graphene/SiC interface, the injection rate is equal to the thermal generation rate, and therefore,
holes do not accumulate at the interface. In this situation, spatial charge separation does not occur at
the interface, and thus, the substrate-induced electrostatic effect in graphene is negligible, as shown
in Figure 10b. In the presence of the energy barrier at the interface (the injection rate is less than the
thermal generation rate), the drift of the photogenerated carriers from the substrate results in charge
accumulation in the vicinity of the surface of the SiC (Figure 10c,d).
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Figure 9. (a) Schematic of the device with two kinds of graphene: graphene as the ohmic contact for the
source/drain and (b) and graphene as a Schottky-like gate (c). (d) An electron micrograph illustrating
the realistic device configuration [21]. In (b,c), the orange atoms correspond to silicon adatoms; grey
balls are C atoms; and red/green atoms are H species. Reprinted from Hertel et al. [21]. Copyright
(2012) with permission from Macmillan Publishers Limited.

Figure 10. Band diagram of graphene/SiC interface (a) in dark and (b–d) under illumination.
No electrostatic doping in graphene is observed in dark conditions. Vg is the voltage applied to
the gate; Vinj is velocity of carrier injection from the SiC into the graphene; and Vth is the carrier’s
thermal velocity, respectively. Graphene becomes n-type after applying forward bias in the “light”
regime (c) and p-type after applying a reverse bias in the light “regime” (d) [60]. Reprinted from
Butt et al. [60]. Copyright (2015) with permission from IEEE.

At this point, we would like to draw the reader’s attention to the difference between the
aforementioned current transport mechanisms through the graphene/SiC heterointerface:
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(1) If the potential barrier is wide and high (as in the case of stable Schottky diode, formed on the
buffer-layer free graphene and SiC), the current is driven by thermal excitation of the electrons
and their transfer from the silicon carbide into graphene (thermionic emission).

(2) If the potential barrier at the interface is rather narrow (due to the strong interaction between
the buffer layer and the topmost layers of silicon carbide), then current flows due to tunneling
through energy barriers regardless of their width and energy height (ohmic contact formation).

(3) In some intermediate cases, epitaxial graphene may consist of sp2-bonded carbon atoms with a
small fraction of sp3 hybridized carbon species bound to SiC (less than 30%). It is clear that under
such conditions, the currents through the interface are regulated by two competing mechanisms:
thermal excitation of carriers and their tunneling through the top of the barrier. In this scenario,
a Schottky barrier is high enough to provide rectifying behavior. On the other hand, the leakage
current will be increased substantially, thus degrading the performance of the diode.

4. Observations of Uncommon Phenomena at the Graphene/SiC Interface

It is important to note that some heterostructures consisting of epitaxial graphene on silicon
carbide can exhibit behavior that significantly differs from both the ohmic contact and the Schottky
contact. Contrary to the Schottky diodes, the potential barrier height (2.53 eV [23], 2.70 eV [61] and
2.90 eV [24]) in such structures can be as large as the band gap energy of silicon carbide (Eg = 3.23 eV).
There are possible explanations for these phenomena, which are connected with specific features of the
graphenization of SiC, unusual polarization-induced p-type doping of the epitaxial graphene or even
more likely the formation of the p-n junction between graphene and SiC.

Indeed, Andersson et al. [23] found that the I-V characteristics across the n-type epitaxial
graphene/p-SiC interface are better described by a p-n diode model than by thermionic emission.
According to this theory, the carrier transport mechanism through the anisotype graphene/silicon
carbide p-n junction is governed by diffusion and recombination of carriers in the quasi-neutral
region. In order to confirm the applicability of the theory, electroluminescence studies were performed,
allowing one to obtain a direct proof of the radiative recombination in the silicon carbide layers. If a
forward or reverse-biasing voltage is applied across the p-n junction, a visible emission at the edges of
the graphene mesa is observed, as shown in the in Figure 11b. The observed peak at 410 nm (3.02 eV)
is associated with an optical radiative transition between the acceptor level and the conduction band in
SiC. This proves the injection of minority carriers in silicon carbide from the graphene side. In principle,
the injection of minority carriers is also possible in the case of a Schottky diode, but the injection
ratio is negligible because of the low carrier density in the SiC [62]. Therefore, these experimental
observations are more likely associated with the formation of a heterojunction than a Schottky barrier.
It is assumed that in this case, an anisotype (p-n) transition type 1 is formed, with a dominant current
due to recombination and diffusion in the forward bias regime and reverse bias leakage caused by
thermal generation. The band diagram of the system being studied is shown in the Figure 11a.

In another work, Anderson et al. [61] have performed a comparative analysis of the electrical
properties of the anisotype p-n junction (n-type epitaxial graphene/p-type SiC) and isotype p-p junction
(p-type epitaxial graphene/p-type SiC) in the dark and light regimes. Band diagrams for these devices
are shown in Figure 12.

Expectedly, the p-n junction exhibits well-pronounced rectifying behavior with small leakage
current (Figure 13a), suggesting the dominating character of the drift-diffusion mechanism of current
transport. Within this model, the leakage current at the reverse bias is negligible, because it consists
of only diffusion and thermal generation current components. On the other hand, the p-type
graphene/p-type SiC structure behaves like the typical isotype p-p junction or the Schottky diode
(Figure 13b). The charge transport through the device with the dominant role of the majority carriers
in the forward bias regime is governed by thermionic emission, whereas the leakage current in the
reverse bias mode increases linearly with increasing reverse voltage.
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Figure 11. (a) Energy diagram of the EG/p-SiC structure; (b) Electroluminescence (EL) spectrum and
EL image collected from EG/p-SiC at high forward bias [23]. EG,SiC is the band gap energy of the bulk
SiC; EG,EG is the band gap energy of the epitaxial graphene. EF is the Fermi energy; EC (EV) is the
energy of the conduction (valence) band edge; and qψbi is the barrier height, respectively. ΔEV and
ΔEC are the expected valence and conduction band discontinuities. Reprinted from Anderson et al. [23].
Copyright (2012) with permission from IEEE.

Figure 12. Schemes showing the band diagrams for the n-type epitaxial graphene/p-type SiC (a) and
p-type epitaxial graphene/p-type SiC (b) junctions [61]. EG,SiC is the band gap energy of the bulk SiC;
EG,EG is the band gap energy of the epitaxial graphene. EF is the Fermi energy; EC (EV) is the energy
of the conduction (valence) band edge; and qψbi is the barrier height, respectively. Reprinted from
Anderson et al. [61]. Copyright (2015) with permission from The Japan Society of Applied Physics.

Interestingly, some authors reported that bound quantum states may occur at the graphene/n-type
SiC heterointerface [24]. This phenomenon is probably due to the formation of deep (2.9 eV) and narrow
(2.15 Å) barriers, the so-called layered nanostructure with the hole quantum well (QW) potential relief
(Figure 14a illustrates the band diagram of the investigated structure). The authors emphasized that
the carbon-rich buffer layer with surface reconstruction (6

√
3 × 6

√
3) R30◦ plays the role of the wide

band-gap layer, since the chemical interaction between the interfacial layer and SiC diminishes the
π-electronic subsystem and opens a gap. According to the literature data, such an energy gap can
reach ~2 eV for the (6

√
3 × 6

√
3) R30◦ layer [63]. Due to these features, the top of the graphene valence

band (shaded area in Figure 14a) looks like a hole quantum well, and the quantum confinement of the
electrons normal to graphene plane is expected. As can been seen from Figure 14b, three distinguished
peaks near the Fermi level at energies of E1 = 0.3 eV, E2 = 1.2 eV and E3 = 2.6 eV are present on the
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valence band density of states. These singularities were attributed to the quantum well bound states.
Taking into account the fact that these peaks are absent on the valence band spectra of graphite and
SiC substrate, they have a graphene-like nature. In addition, the authors reasonably assumed that the
observed valence band features (E1, E2 and E3) cannot be assigned to the buffer layer because previous
studies showed that the (6

√
3 × 6

√
3) R30◦ buffer layer is only responsible for the appearance of two

additional peaks g1 and g2 at binding energies of 0.5 and 1.6 eV [1,64], which do not coincide with the
E1, E2 and E3 peaks.

Figure 13. Dependences of the current-voltage characteristics on the illumination wavelength for
different devices: n-type epitaxial graphene/p-type SiC (a) and p-type epitaxial graphene/p-type
SiC (b) junctions [61]. Reprinted from Anderson et al. [61]. Copyright (2015) with permission from
The Japan Society of Applied Physics.

Figure 14. (a) Energetic diagram of the hole quantum well formed by graphene on SiC with the
carbon-rich buffer layer; (b) Inverse second derivatives of the valence band photoemission spectra of
epitaxial graphene collected from different sample areas (1–3) [24]. ED is the Dirac point energy; EF

is the Fermi energy; CB is the bottom of the conduction band; and VB is the top of the valence band,
receptively. Reprinted from Mikoushkin et al. [24]. Copyright (2015) with permission from Elsevier.

Table 1 summarizes potential barrier heights for different vertical structures composed of graphene
and SiC substrates by different methods.
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Table 1. Barrier heights for current transport through vertical graphene/SiC structures depending
on the preparation technique. ML: the monolayer; CVD: chemical vapour deposition; HOPG:
highly-oriented pyrolytic graphite.

Junction Growth Method Thickness Barrier Height, eV Reference

Gr/n-4H-SiC Si sublimation 1–8 ML 0.36 ± 0.1 [15]
Gr/n-4H-SiC Exfoliation Few ML 0.85 ± 0.06 [15]

Gr/n-Si-6H-SiC Thermal decomposition 2 ML 0.9 [21]
Gr/n-Si-4H-SiC Si sublimation 1 ML 0.487 ± 0.013 [22]

Gr/p-4H-SiC Si sublimation 1 ML 2.53 [23]
Gr/n-Si-6H-SiC Si sublimation 1.6 ML 2.90 [24]
p-Gr/p-4H-SiC Si sublimation 3 ML 1.5 [45]
Gr/n-Si-4H-SiC Low energy e-beam irradiation 1 ML 0.556 ± 0.05 [45]
Gr/n-Si-4H-SiC CVD 1 ML 1.16 ± 0.16 [49]
Gr/n-C-4H-SiC CVD 1 ML 1.306 ± 0.18 [49]

Gr/n-SiC Exfoliation Few ML 0.28 ± 0.02 [50]
Gr/n-Si-6H-SiC CVD 1 ML 0.35 ± 0.05 [51]
Gr/n-C-4H-SiC CVD 1 ML 0.39 ± 0.04 [51]

Graphite/p-4H-SiC Solid state graphitization Multilayer 2.7 ± 0.1 [52]
Graphite/n-4H-SiC Solid state graphitization Multilayer 0.3 ± 0.1 [52]

Gr/n-Si-4H-SiC Thermal decomposition Few ML 1.066 ± 0.12 [53]
Gr/n-4H-SiC Exfoliation of HOPG Multilayer 0.8 ± 0.1 [54]

n-Gr/p-4H-SiC Si sublimation 3 ML 2.7 [61]
Gr/n-4H-SiC Si sublimation Few ML 0.08 [65]

Gr/n-Si-4H-SiC Electron-beam irradiation 2 ML 0.58 [66]
Gr/n-4H-SiC CVD 1 ML 0.91 [67]

Gr/n-Si-6H-SiC Thermal decomposition 2 ML 1.15–1.45 [68]

HOPG/n-SiC Van der Waals adherence of
cleaved HOPG Multilayer 1.15 [69]

From our previous work [70], we know that the quality of graphene (thickness, uniformity) and
its physical properties are highly sensitive to the status of the SiC substrate, including the miscut angle,
kind of polytype and face polarity. Therefore, the reliable control of the barrier height requires a clear
understanding of the fundamental relation between the properties of the SiC substrate and the quality
of the graphene layers.

5. Concluding Remarks

The electrical properties of the graphene/silicon carbide heterointerface have been discussed in
order to illustrate the buffer layer role in carrier transport via the heterointerface and the fundamental
reasons underlying the barrier height modulation. Although the theoretical value of the barrier height
was estimated to be 0.5 eV, it could not be achieved in most experiments, and large deviations from the
ideal value, as well as barrier height inhomogeneity have been frequently observed. Such behavior
can be understood in terms of structural imperfections (high sp2/sp3 hybridization ratio, thickness
nonuniformity, domains with different doping levels, ripples, etc.) unintentionally appearing during
the graphenization process. In this regard, a reliable and precise control of the barrier height is
imperative for further implementation of the epitaxial graphene technology into realistic Schottky
diode-based electronic devices. Possible ways to achieve such control might involve the complete
decoupling of the carbon-rich buffer layer from the substrate. Indeed, the buffer layer-free samples
always offer an enhanced value of the barrier height and a more pronounced Schottky-type rectifying
behavior with current transport governed by the thermionic emission mechanism. In the case of
the strong interaction between the buffer layer and SiC, deviations from theoretical predictions are
observed towards reduced barrier heights. Furthermore, fine tuning of the interfacial chemistry
(mainly the sp2/sp3 hybridization ratio) makes possible the transition from the Schottky-like contact
to the ohmic-like one. An analysis of the literature data led us to deduce that the rarely observed
high potential barrier (>2 eV) at the interface seems to be a key factor, which primarily determines the
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dominant role of the drift-diffusion mechanism in charge transport via the heterostructure. We believe
that the barrier height modulation is a good strategy for the development of a monolithic electronic
platform comprising the different kinds of graphene behaviors (ohmic contact, Schottky contact, gate
dielectric, electrically-active counterpart in p-n junction and quantum well) by the most promising and
controllable graphitization technique: high-temperature thermal decomposition of the SiC substrate in
an argon ambient environment.

Future work should aim at deeper investigations of the relationship “carrier density in
graphene-thickness of graphene-barrier height at the interface” to provide more complete physical
insights into the current transport via the graphene/SiC interface and facilitate further applications.
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