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Preface to “Two-Dimensional Electronics and
Optoelectronics”

The discovery of monolayer graphene has led to a Nobel Prize in Physics in 2010. This has
stimulated research on a wide variety of two-dimensional (2D) layered materials. The coupling of metallic
graphene, semiconducting 2D transition metal dichalcogenides (TMDCs) and black phosphorus has
attracted tremendous amount of interest in new electronic and optoelectronic applications. Together with
other 2D materials such as the wide band gap boron nitride nanosheets (BNNSs), all these 2D materials
have led towards an emerging field of van der Waal 2D heterostructures. This book is originally
published in Electronics (MDPI) as a special issue of “Two-Dimensional Electronics and Optoelectronics”.
The book consists of a total of eight papers, including two review articles, covering important topics of 2D
materials. These papers represent some of the important topics on 2D materials and devices. Promises and
challenges of 2D materials are discussed herein, which provide a great recent guidance for future research
and development.

Yoke Khin Yap and Zhixian Zhou
Special Issue Editors

vii






electronics ﬁw\n\l’y

Editorial
Two-Dimensional Electronics and Optoelectronics:
Present and Future

Zhixian Zhou * and Yoke Khin Yap >*

1 Department of Physics & Astronomy, Wayne State University, Detroit, MI 48201, USA

2 Department of Physics, Michigan Technological University, Houghton, MI 49931, USA

*  Correspondence: zxzhou@wayne.edu (Z.Z.); ykyap@mtu.edu (Y.K.Y.); Tel.: +1-313-577-2751 (Z.Z.);
+1-906-487-2900 (Y.K.Y.)

Received: 18 July 2017; Accepted: 19 July 2017; Published: 22 July 2017

1. Introduction

Since the successful isolation of graphene a little over a decade ago, a wide variety of
two-dimensional (2D) layered materials have been studied. They cover a broad spectrum of electronic
properties, including metals, semimetals, semiconductors, and insulators. Many of these 2D materials
have demonstrated promising potential for electronic and optoelectronic applications.

Graphene has attracted a tremendous amount of attention from the scientific community largely
due to its combination of extremely high carrier mobility and thermal conductivity with mechanical
strength and flexibility as well as high thermal and chemical stability [1-4]. However, the lack of
a fundamental bandgap in graphene has significantly limited its applications in electronics and
optoelectronics. The research community is now turning its attention to 2D materials beyond graphene,
particularly 2D semiconductors with an appropriate bandgap such as transition metal dichalcogenides
(TMDCs) and black phosphorus [5-8]. The interlayer van der Waal bonding in 2D materials also offers
the opportunities to create a large number of heterostructures by artificially stacking different 2D
materials together without the constraints of atomic commensurability.

2. The Present Issue

This special issue consists of seven papers covering important topics in the field of 2D materials,
including two reviews focusing on electronic and optoelectronic devices based on 2D materials.
The contents of these papers are introduced here.

In Reference [9], micro-reflectance spectroscopy is used to investigate the differential reflectance
spectra of hundreds of MoS, flakes grown on a highly-polished sapphire substrate by chemical
vapor deposition. This fast and non-destructive characterization technique is able to measure a
large number of spectra in different sample locations and in a small amount of time. The growth of
smooth and continuous layers of y-InSe and Sb,Ses layered metal chalcogenide on SiO,-coated Si
and glass substrates by atomic layer deposition (ALD) is described in Reference [10]. This work
shows that ALD offers a viable path for producing large area films of metal chalcogenides for
future industrial-scale applications. A first-principles study of the structural, energetic, and electronic
properties of single-layer graphene doped with boron and nitrogen atoms with varying doping
concentrations and configurations is described in Reference [11]. The calculations in the paper indicate
that the bandgap can be adjusted as required based on the doping concentration and the doping
configuration. The modeling and design of a new flexible graphene-on-silicon Schottky junction solar
cell with a power conversion efficiency >10% is described in Reference [12]. Reference [13] proposes
asymmetric double-well potential on graphene as an electronic waveguide to confine the graphene
electrons. The guided modes in this graphene waveguide are investigated using a modified transfer
matrix method.

Electronics 2017, 6, 53 1 www.mdpi.com/journal/electronics
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An overview of recent advances in electronic and optoelectronic devices based on 2D TMDCs
is presented in Reference [14]. This review focuses on evaluating field-effect transistors (FETs),
photovoltaic cells, light-emitting diodes (LEDs), photodetectors, lasers, and integrated circuits (ICs)
using TMDCs. The review “Photonic Structure-Integrated Two-Dimensional Material Optoelectronics”
offers an overview and evaluation of state-of-the-art of hybrid systems, where 2D material
optoelectronics are integrated with photonic structures, especially plasmonic nanostructures, photonic
waveguides, and crystals [15].

3. Future

While the potential of 2D materials in future flexible electronics and optoelectronics has been
widely recognized by the scientific community, several major challenges still remain. The lack of
effective methods to p- and n-dope 2D semiconductors has seriously restricted their device applications.
The presence of a significant contact barrier between most 2D semiconductors and common electrode
materials has so far limited the performance of 2D electronics and prevented the ultimate downscaling
of the device dimensions. Techniques to grow high quality 2D materials with wafer-scale uniformity
need to be developed to scale up the production of 2D electronic and optoelectronic devices. The low
carrier mobility in 2D semiconductors appears to limit their advantages over the current technology.
Future innovations that overcome these bottlenecks will likely lead to breakthroughs in 2D electronics
and optoelectronics. New 2D materials with promising electronic and optoelectronic properties are
also likely to emerge in the future.
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Abstract: The rapid development and unique properties of two-dimensional (2D) materials, such as
graphene, phosphorene and transition metal dichalcogenides enable them to become intriguing
candidates for future optoelectronic applications. To maximize the potential of 2D material-based
optoelectronics, various photonic structures are integrated to form photonic structure/2D material
hybrid systems so that the device performance can be manipulated in controllable ways. Here, we first
introduce the photocurrent-generation mechanisms of 2D material-based optoelectronics and their
performance. We then offer an overview and evaluation of the state-of-the-art of hybrid systems,
where 2D material optoelectronics are integrated with photonic structures, especially plasmonic
nanostructures, photonic waveguides and crystals. By combining with those photonic structures,
the performance of 2D material optoelectronics can be further enhanced, and on the other
side, a high-performance modulator can be achieved by electrostatically tuning 2D materials.
Finally, 2D material-based photodetector can also become an efficient probe to learn the light-matter
interactions of photonic structures. Those hybrid systems combine the advantages of 2D materials
and photonic structures, providing further capacity for high-performance optoelectronics.

Keywords: two-dimensional materials; plasmonics; photonic crystals; optoelectronics

1. Introduction

Two-dimensional (2D) materials have attracted extensive attention since the last century due to
the wealth of novel physical properties when charge and heat transport are confined to the direction
perpendicular to a 2D plane. The isolation of graphene in 2004 by Geim and Novoselov first showed
the possibility to obtain stable, single-atom layer 2D materials from their van der Waals solids [1].
In the past decade, graphene has been demonstrated to possess many outstanding merits not only for
thermal and mechanical applications, but also for electronics and optoelectronics [2-10]. The great
success of graphene encourages researchers to rediscover and restudy other 2D materials [11-15].
One of the most well-studied 2D material families is transition metal dichalcogenide (TMDC). TMDCs
have a general chemical formula of MX;, where M is a transition metal atom from groups IV, V,
and VI (e.g., Mo, W), and X is a chalcogen atom (e.g., S, Se, Te) [16,17]. The variety of elements
and the layer-dependence enable TMDCs to present a wide range of electrical, optical, chemical,
thermal and mechanical properties [11,18-26]. Two distinctive features of TMDCs are strong excitonic
effects and valley/spin-dependent properties. TMDCs process indirect bandgap for bulk crystals,
while in the single layer limit, they become direct-bandgap semiconductors with gaps located at the
K and the K’ points [18,27-29]. Moreover, the broken in-plane inversion symmetry in monolayer
give rise to valley-dependent optical and electrical properties [24,30-32]. Graphene analogues are
another important type of 2D material, which includes hexagonal boron nitride (hBN) with a large

Electronics 2016, 5,93 4 www.mdpi.com/journal/electronics
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bandgap up to 6 eV [6,33], anisotropic black phosphorus (BP) [15,34-39], and the most recent addition,
boronphene [40]. The last category of 2D materials is transition metal oxide, including titania- and
perovskite-oxides. Those oxide nanosheets have exhibited great potential for new capacitors and
energy-storage devices [41].

Interestingly, 2D materials present several advantages over conventional three-dimensional (3D)
materials for optoelectronics. First, although the innate thinness renders these materials almost transparent,
their strong light-matter interactions enable decent single-pass absorption. For example, single-layer
graphene absorbs 2.3% of vertically incident white light [42]. Monolayer molybdenum disulfide (MoS;)
absorbs around 10% at excitonic resonances [43]. Moreover, 2D materials cover a wide response spectral
range from microwave to ultraviolet wavelengths. For instance, the zero bandgap makes graphene a
potential candidate for optical applications over a broad spectral range. However, its semi-metallic nature
prevents the realization of efficient optoelectronics due to a large dark current. TMDCs possess relatively
larger bandgaps, enabling excellent on/off ratio, but limiting their performance in telecom-wavelength.
BP has a layer-tunable direct bandgap ranging from 0.3 eV in bulk to 1.8-2.0 eV in monolayer [36],
which covers from visible to mid-infrared spectral regions. Finally, the absence of dangling bonds makes
2D materials easy to be integrated with photonic structures or stacked together to form vertical van der
Waals heterostructures [44].

Integrating external photonic structures with 2D material-based optoelectronics is a novel strategy
to broaden the horizon of applications for 2D materials. Those metallic and dielectric photonic or
nanophotonic structures can be precisely sculpted into various architectures so that light can be
scattered, confined, refracted and processed in controllable ways [45-47]. Patterning 2D materials into
arrays is a straightforward approach to form internal photonic structures. By sculpting 2D materials
into plasmonic nanostructures like resonators or nanocavities, enhanced light absorption can be
achieved [48-52]. Furthermore, external metallic plasmonic nanostructures enable light manipulation
beyond the diffraction limit of light by the excitation of surface plasmons, which confines the
electromagnetic field at the metal surface. Photonic waveguides provide another possibility to control
light flows. With the assistance of waveguides, light can be side coupled into 2D material devices,
leading to enhanced responsivity. The combination of photonic structures with 2D material-based
optoelectronic devices provides the possibility to enhance the overall performance since special
requirements at a certain location, polarization direction or wavelength can be achieved by choosing
different photonic structures or tuning their geometric parameters. On the other hand, combining 2D
material-based devices with classic photonic modulators offers an approach to tuning the modulator
performance by electrostatically manipulating 2D materials. Moreover, the 2D material /photonic
structures hybrid systems allow 2D material optoelectronics to become a probe to investigate
light-matter interactions of photonic structures.

In this review, we will first briefly overview 2D material-based optoelectronics,
especially photodetectors, and their physical mechanisms. For the purpose of this review, we broadly
define 2D materials to be thin-layered films and those atomically thin layers are held together only by
van der Waals force. Also, the total thicknesses of the thin films can vary from several angstroms to tens
of nanometers. In the following, we will give a general discussion about the structure and performance
of photonic structure/2D material hybrid systems, in which 2D optoelectronics are combined with
different photonic structures, including plasmonic nanostructures, photonic waveguides and crystals.
Next, we will present the possibility that 2D material optoelectronics can influence and even probe the
properties of photonic structures. Finally, we will summarize the main conclusions of the review and
describe the future opportunities in this promising field of research.

2. Two-Dimensional (2D) Material-Based Optoelectronics

In addition to the outstanding electronic properties of 2D materials, such as high mobility of
graphene devices and high on/off ratio of TMDC-based transistors, their unique optical properties
also attract researchers to learn their optoelectronic characterizations [10,17,53-59].
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2.1. Photocurrent-Generation Mechanisms

Generally, the photoresponses of 2D material-based devices can be attributed to more than one
mechanism when device structures vary or are investigated under different light illumination conditions.
Here, several widely studied mechanisms in typical 2D material-based optoelectronics will be described,
including photovoltaic effect, photo-thermoelectric effect, photo-bolometric effect, and hot electron
injection. Figure 1 summarizes these mechanisms in terms of a typical 2D material-based phototransistor,
in which a 2D material thin film bridges two metal electrodes. Here we plot semiconducting 2D material
channels rather than semimetal channels to show more comprehensive circumstances. Additionally,
photoconductive effect and photogating can also contribute to photocurrent generation [60].

a b
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E hv>E, E hvZ E,
AT
Co o e T o
Er ® hv ® Ep .
H 5 TR 2
I— AVpre —
c d
Bolometric Hot electron injection
2 2
E hvZ E, E hvZ E,
Q@ 5 e
e L l/e—2_ef gl o’e—2o
F . F
. ]
@ ® ] ® 0] ®
S S
L Y —3

Figure 1. Schematic representation of photocurrent-generation mechanisms in semiconducting 2D
materials. M and S indicate metal electrode contacts and 2D semiconductor channels, respectively.
(a) Photon-excited electron-hole pairs (EHPs) separated by internal electric fields at metal-semiconductor
Schottky barriers. Red shaded areas indicate an elevated temperature AT induced by laser heating,
leading to (b) a voltage difference AVprg or (c) overall conductance change AG across the channel;
(d) Carriers are injected from metal electrodes into a 2D material channel.

2.2. Photovoltaic Effect (PVE)

In early studies, the photocurrent generation in 2D materials is attributed to the separation of
photon-excited electron-hole pairs (EHPs), usually at PN junctions or metal-semiconductor Schottky
barriers, where internal electric fields force the photo-excited EHPs to be separated. This phenomenon
is known as photovoltaic effect (PVE), which has been elaborated in traditional 3D semiconductor
devices [61,62]. Here we note that photocurrent is defined to be Alyc = I intumination — lis dark-
As shown in Figure 1a, under illumination with photon energy larger than the bandgap of 2D materials,
electrons in the valence band can be excited to the conduction band, producing photo-excited EHPs.
With the assistance of internal electric fields, excess electrons and holes will be driven to opposite
directions, leading to a light-generated current (I). When the circuit is open, the accumulation of
carriers induces a voltage (open circuit voltage V), which lowers the potential barrier and generates a
forward bias diffusion current that balances the light-generated current. If the external bias is set to be
zero, the photo-excited EHPs will be collected, generating a photocurrent (short circuit current ).
For typical graphene or 2D material-based phototransistors, PVE is thought to be dominant since
Schottky barriers usually exist when 2D materials contact metal electrodes. By applying various
external gate voltages on an MoS, device, as illustrated in Figure 2a, the conduction/valence band
level of single-layer MoS, will be tuned accordingly [63]. Thus, the band alignment presents great
difference under various gate voltages. Since the band alignment will directly affect the direction and
value of the internal electric field, the sign and intensity of PVE-induced photocurrent will change
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significantly when the gate voltage is sweeping. The drain bias is also very important in terms of PVE
since it provides a way to tune the lateral band alignment.

2.3. Photo-Thermoelectric Effect and Photo-Bolometric Effect

The thermal mechanisms can also drive photocurrent generation. In those cases,
photo-thermoelectric effect (PTE) and photo-bolometric effect (PBE) can contribute to the photocurrent
generation by inducing non-uniform heat and an overall conductance change of the 2D material
channel under light illumination, respectively. Seebeck coefficient is defined as the ability to induce
thermoelectric voltage in response to a temperature difference across the material and can usually be
expressed through the Mott relation [64,65]:

2kg®T 1 dG
5= "3 GiE|, @

=Er

where kg is the Boltzmann constant, G is conductance, e is the electron charge, and Er is Fermi energy.
For a semiconductor channel that connected to two metal electrodes, the light-induced temperature
increase (AT) at the metal electrodes will generate a photo-thermoelectric voltage across the channel as
displayed in Figure 1b. PTE drives a current through the junction even without applying an external
bias, and the current value is directly related to the channel conductance and the photo-thermoelectric
voltage, which is determined by the Seebeck coefficient difference between the semiconductor channel
and the metal electrodes, and the temperature change:

AVprg = (Ssemicmzductor - Smetul)AT (2)

The Seebeck coefficients of pure metals are typically in the order of 1 uV /K. However, for 2D
materials (such as graphene, TMDCs and BP), the Seebeck coefficient ranges from several to
thousands puV/K [66-73]. On the other hand, as shown in Figure 1c, the local heat induced by
photon absorption can modify the resistance of the channel. This light-induced conductance will
lead to photocurrent under an external bias by PBE [74,75]. The PBE-induced photocurrent can be
presented by the following equation:

Ipge = AGVp 3)

where AG is the conductance change and Vp, is the external bias. From Equation (3), we find that the
PBE-induced photocurrent is predicted to present a linear relationship to the applied bias. In previous
investigations, PTE and PBE have been found to play indispensable roles in 2D material-based devices.
Although PTE-induced photocurrent is negligible in the case that the illumination is focused within a
uniform semiconducting channel, PTE effect can be observed for a nonuniformity doping, for instance,
a graphene junction consisting of bilayer and monolayer [66]. A report by Gabor et al. further
demonstrated the PTE in graphene by studying a dual-gated graphene PN junction, as presented in
Figure 2b [76]. By changing the biases that were applied to the top and bottom gates, the doping level of
the two sides of the junction can be precisely and independently controlled. The photoresponses exhibit
six-fold polarity variation, which is attributed to the changes of the Seebeck coefficient of graphene
when the gate bias varies. Additionally, PTE effect can be observed at 2D material /metal interface.
A study about monolayer MoS, transistors has reported that the photoresponse at MoS, /metal junction
is dominant by PTE and demonstrated large Seebeck coefficient for MoS; under an external electric
field [71]. On the other hand, PBE has been comprehensively studied for carbon nanotube devices,
in which photoresponse shows linear negative correlation to the external bias [75]. PBE-induced
photocurrents have also been observed by Freitag et al. when the graphene channel is heavily doped
(Figure 2¢) [77], in which overall current drops under light excitation since the temperature increase
leads to a reduction in carrier mobility. Similar phenomena have also been detected in heavily doped
BP devices [72].
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2.4. Hot Electron Injection

With further investigation of 2D material optoelectronics, hot electron injection has been
demonstrated as a novel photocurrent-generation mechanism [78]. It is well-known that photon-excited
hot electrons in metal electrodes can cross over the Schottky barrier and be injected into the
semiconductor channel. The injection yield of electrons Y follows the Fowler equation:

1 (hw — dp)?

Y ~ TP 4)
where Er is the Fermi energy, /i is the reduced plank constant, w is the incident light frequency, and ¢p
is the Schottky barrier. Hot electron injection has been reported to be indispensable in TMDC-based
devices, such as a MoS,-based phototransistor (Figure 2d) [78]. Anisotropic photocurrent response has
been detected under illumination with photon energy below the MoS; bandgap. More importantly,
the anisotropic ratios are found to be related to the shape of Au electrodes, indicating the hot
electron contribution from metal electrodes. Additionally, hot electron injection also plays an
important role when 2D materials directly contact with silicon photonic crystals and metal plasmonic
nanostructures [79].

For a practical device, the situation is more complex, usually present a combined effect of different
mechanisms [76]. Therefore, many strategies are adopted to learning the photocurrent-generation
mechanisms for various devices. Unlike graphene, TMDCs present slightly complicated scenarios
due to the existence of appreciable bandgaps. For the most well-known Mo- and W-based TMDCs,
bandgaps are typically ranged from 1 to 2 eV. Wavelength-dependence and polarization-dependence
measurements are conducted to further probe the underlying physical mechanisms. From those
studies, various photocurrent-generation mechanisms are reported under different illumination
conditions [21,78,80]. Taking MoS; as an example, when the photon energy is high enough to generate
photo-excited EHPs, large photocurrent signals can be observed at junction areas because of PVE.
However, measurable photocurrent signals can also be detected when incident photon energy is below
the bandgap of MoS,. In this case, PTE can explain the photocurrent generation at metal electrode areas.
Moreover, at metal-semiconductor junctions, photocurrent signals are detected to exhibit polarization
dependency perpendicular to the metal edge, which is attributed to the hot electron injection [78].

As the investigation of photocurrent-generation mechanisms in 2D optoelectronics goes deeper,
2D material-based devices have also been demonstrated to exhibit elevated performance. Over the
past decade, it has been shown that most graphene-based phototransistors exhibit photoresponsivity
around 10 mA /W [9,81]. By introducing electron trapping centres, high broadband photoresponse
is demonstrated to achieve 8.61 A/W [8]. Moreover, due to the high carrier mobility and high
carrier-saturation velocity, graphene-based optoelectronics are reported to operate at speed up
to tens of gigahertz [81]. First reported single-layer MoS, phototransistors reach responsivity to
7.5 mA/W with 50 V gate bias, and exhibit stable response time within 50 ms [63]. An ultrasensitive
monolayer MoS; photodetector was reported later to show a maximum external photoresponsivity of
880 A/W at 561 nm [21]. Other TMDCs, such as MoSe,, WS, and WSe;, have also been employed for
optoelectronics, and achieve photoresponsivities ranging from tens of A/Ws to hundreds [82]. It must
be mentioned that an electrostatically defined PN junction has been realized by locally gating the
WSe; thin film [19]. BP is a new addition to the 2D family, and it attracts tremendous attention
in the optoelectronic field due to its unique optical properties, especially its anisotropic nature
and layer-dependent bandgaps, which covers the visible to mid-infrared spectral range. BP-based
photodetectors are reported to reach photoresponsivity up to 4.8 mA /W [39]. Additionally, due to
the directional dependence of the interband transition strength in the anisotropic band structure of
BP, polarized photocurrent responses are observed in BP phototransistors via PVE [83]. On the other
hand, PTE and PBE-induced photocurrent generation is also considered to be important, especially in
metallic or doped multilayer BP phototransistors [72].
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In addition to the 2D material-based optoelectronics in the above discussions, 2D material-based
heterostructures have been reported to show excellent performance for optoelectronic applications in
the previous literatures [84-89]. By stacking different 2D semiconducting crystals on top of each other
with van der Waals-like forces, those heterostructures are expected to show combined functionality of
the individual layers and new phenomena at the interface. For example, a maximum photodetection
responsivity of 418 mA /W at the wavelength of 633 nm has been achieved by stacking p-type BP with
n-type MoS; to form ultrathin PN diodes [90]. The photocurrent signals at the PN junction are much
stronger than photoresponse at the metal-semiconductor contacts due to the large band mismatch at
the heterojunction. The polarization direction of the photoresponse at the junction is affected by either
BP or MoS, channel, depending on the illumination conditions [91]. Moreover, 2D material-based
heterostructures allow the possibility to obtain high quality devices by encapsulating a 2D material
thin film with 2D insulators such as hBN sheets to form a sandwich-like structure. The hBN sheets
provide an ultra-smooth surface for the inner graphene film and protect the graphene film from direct
exposure to air or contact with substrates. These devices exhibit room-temperature mobility up to
140,000 cm? / Vs which is near the theoretical phonon-scattering limit [6,92].

3. Photonic Structure-Integrated 2D Material Optoelectronics

The integration of conventional plasmonic nanostructures, waveguides and photonic crystals
with 2D material-based optoelectronics could be beneficial for both fields of investigation.
First, the introduction of photonic structures into 2D materials can significantly enhance their
photoresponsivity [93-106]. On the other hand, by electrostatically tuning the Fermi level of 2D
materials, with which photonic structures like waveguides, resonators and cavities are integrated,
their modulation performance can be improved [107-113]. Table 1 summarizes different photonic
structure-integrated 2D material optoelectronics.

Table 1. Photonic structure-integrated 2D material hybrids for optoelectronics.

Application Photonic Structures 2D Material Performance Ref.
. Photoresponsivity:
AuParticle MoS, 200%-300% enhancement 199]
Au Antenna Photoresponsivity: 5.2 A/W
Plasmonic Array MoS, Photogain: 10° (1001
Nanostructure Photoresponsivity:
Au Particle Graphene 1500% enhancement [101]
Ti/Au Photoresponsivity:
nanostructures Graphene 2000% enhancement [102]
Photodetector
. . Photoresponsivity: 657 mA /W
Si Waveguide BP response rate: ~3 GHz [103]
. . Photoresponsivity: 0.1 A/W
Si Waveguide Graphene response rate: 20 GHz [104]
Waveguide Response wavelength range:
Si Waveguide Graphene all optical communication [105]
band response rate: ~18 GHz
Suspended Graph Phot ivity: 0.13A/W  [106]
Waveguide raphene otoresponsivity: 0.
Modulation Depth: 3 dB
Si Waveguide Graphene operation speed: over 1 GHz [107]
Waveguide bandwidth: 1.35-1.6 pum
Modulator Si Microring Graphene Modulation Depth: 12.5 dB [108]
Resonator
Photonic 2D Photonic
Crystal Graphene Modulation Depth: 6 dB [110]
Crystal .
Nanocavity

10
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3.1. Photodetector

The 2D materials have remarkably high single-pass absorption. However, most light will
still transmit through the thin layers as the total thickness is below tens of nanometers.
Therefore, the light-matter interactions must be further enhanced before it can be used in practical
applications, especially for light detection. The combinations of plasmonic nanostructures with 2D
materials are first studied to enhance light-matter interactions. Placing metallic objects by an ordered
array with dimension and pitch in the order of the excitation wavelength is a classic way to form
plasmonic nanostructures. Either stacking 2D materials on top of those plasmonic nanostructures,
or patterning plasmonic nanostructures on top of 2D materials can increase the light absorption
at certain wavelengths [93-97]. A significant enhancement ~65% of photoluminescence intensity
are reported for a monolayer MoS,-coated gold nanoantennas system [98]. Similar phenomena are
observed for 2D material base optoelectronics. A large enhancement of photocurrent response can be
obtained by coupling few-layer MoS, with Au plasmonic nanostructure arrays [99]. Depositing 4 nm
thick Au nanoparticles sparsely onto few-layer MoS, phototransistors leads to a two-fold increase in
the photocurrent response. To further enhance the photocurrent response, well-defined periodic Au
nanoarrays are synthesized on few-layer MoS,. Under this circumstance, a three-fold enhancement
is achieved, which is attributed to the light trap near the Au nanoplates. On the other hand, a direct
contact between 2D materials and metals enables hot electron injection over Schottky barriers [100].
A bilayer MoS, film has been integrated with a plasmonic antenna array as shown in Figure 3a.
With the assistance of hot electron injection, a photoresponsivity of 5.2 A/W has been achieved under
1070 nm illumination, and a photogain is estimated to be ~10°. No noticeable photocurrent signals
are observed if an Al,O3 barrier exists between the MoS; film and Au array, suggesting that hot
electron injection indeed plays a dominant role in the photocurrent generation. Similar phenomena
are observed for graphene. In Figure 3b, gold nanoparticles are transferred onto pre-prepared
graphene transistors [101]. Here, the plasmonic nanostructures can be treated as subwavelength
scattering sources and nanoantennas to enhance the optical detection and photoresponse at selected
plasmon resonance frequencies. For this metallic plasmonic nanostructure-integrated graphene
photodetector, a huge enhancement of photocurrent and external quantum efficiency up to 1500%
has been achieved. By employing plasmonic nanostructures of different geometries, graphene
photodetectors present not only enhanced responsivity but also selectivity of polarization [102].
As shown in Figure 3¢, by combining graphene with plasmonic nanostructures, the efficiency of
graphene-based photodetectors can be increased by up to 20 times. Moreover, for the special finger
plasmonic nanostructure, the photocurrent signals show strong polarization dependency.

Photonic waveguides are another type of photonic structures that have been extensively studied
to be combined with 2D optoelectronics to achieve a high-performance photodetector. Instead of
top coupling, the incident light can be guided into the 2D photodetector by a waveguide through
side coupling in order to achieve high photoresponsivity and fast response rate. In a recent report,
a silicon waveguide-integrated BP photodetector has been demonstrated [103]. In comparison with
graphene, the narrow bandgap nature allows BP to operate in the near-infrared band and, at the
same time, preserve low dark current. As shown in Figure 4a, a silicon waveguide is planarized
by SiO; to accept an exfoliated BP thin layer. A graphene gate is then fabricated to control the
doping of BP to optimize the device performance. The 11.5 nm thick BP device has obtained an
intrinsic responsivity up to 135 mA/W, and an even higher responsivity up to 657 mA/W has
been observed for 100 nm thick BP. Also, a high response speed ~3 GHz has been achieved while
the dark current is limited to 220 nA. Graphene/silicon waveguide hybrid systems have also been
demonstrated to present high performance. As shown in Figure 4b [104], a silicon waveguide is
backfilled with SiO, and then planarized. A 10 nm SiO, layer is subsequently deposited on the
planarized surface to electrically isolate the graphene layer from the underlying silicon structure.
Two metal electrodes are placed asymmetrically to the waveguide to maximize the photocurrent
collection. Without waveguide coupling, photocurrent signals are observed at the position of the
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waveguide at a level of 2.6 x 107 A/W under normal light incidence. However, when the optical
waveguide mode couples to the graphene layer through the evanescent field to enhance the optical
absorption, the detector achieves a photoresponsivity exceeding 0.1 A/W with a nearly uniform
response between 1450 and 1590 nm. Moreover, response rates exceeding 20 GHz are observed under
zero bias operation. A similar silicon waveguide-integrated graphene photodetector (Figure 4c) is
reported by Pospischil et al. to present ultra-wideband response covering all optical communication
band with a high speed ~18 GHz [105]. In order to improve the performance of the graphene/silicon
waveguide hybrids, suspended membrane silicon waveguides have been combined with graphene
to form heterojunctions as displayed in Figure 4d [106]. The waveguide enables absorption of the
evanescent light that propagates parallel to the graphene sheet, resulting in a responsivity as high
as 0.13 A/W at a 1.5 V bias for 2.75 um light at room temperature. Additionally, to explain the
photocurrent dependence on bias polarity, direct transitions in graphene are proposed when photon
energy is larger than the two-fold energy difference between the Fermi level and Dirac point. On the
other hand, when the photon energy goes below this energy difference, indirect transitions will
become dominant.

Enhancement (%)
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Figure 3. Plasmonic nanostructure-integrated 2D material photodetectors. (a) Schematic diagram
(left-top) and optical image (right-top) of a device, in which MoS; is in direct contact with Au
on the left side, while a 10 nm thick Al,O3 film is placed between MoS, and Au on the right
side. Photocurrent measured from the left (upper panel) and the right (lower panel) subdevice
(bottom), reproduced with permission from [100], ACS, 2015; (b) 3D schematic of a graphene transistor
underneath gold nanoparticles (left) and photoresponse enhancement as a function of wavelength
(right), reproduced with permission from [101], Nature Publishing Group, 2011; (c) Optical image of
graphene phototransistors with different plasmonic nanostructures (left) and photovoltages at various
gate biases (right), reproduced with permission from [102], Nature Publishing Group, 2011.

12



Electronics 2016, 5,93

‘€10z “dnoxny Sunystqng amyeN ‘[901] woij uorssrurad
M paonpoidar ‘(wonoq) adewr NFS pue (doj) 1030939pojoyd apmBasem amionisoralay uodpis-suayderd e jo onewayds (¢ (p) ‘€10g ‘dnoxny Surysian g
amyeN ‘[Go1] woxy uorsstuad yym paonpoidar ‘(wopoq) uondairp [erdyel ay Suofe weiderp pueq pue (doy) 1030939pojoyd susyderd pajerdajur-wesqoueu
uoor[Is € jo afewr (NHS) yderSomoru uonoae Suruuedg (9) ‘£10z ‘dnorn Sumysiqng aamjeN ‘[F07] woiy uorsstuzod yjrm paonpordar (wo3joq) swstreydaur
uonersuag-juarmoojoyd smoys jeyy weiderp pueq pue (doy) 1030939pojoyd susyders pejerdajur-opmS8aem uodIIs € Jo opewayds (q) ‘€10z ‘dnorny Surysiqng
amjeN ‘[¢01] woiy uorssturrad ym paonpoidar ‘(wopoq) Surdop y3ry 10 Moy ypim 1030939pojoyd Jg a3 jo asuodsar Louanbaiy pueqpeoiq pue (doy) a3e8-doy
auayderd 1ae[-may e Jurmieas “1030939pojoyd Jg pajerdajur-apma3asem UODI[IS e Jo uonensny (¢ (e) s1030939pojoyd [erajews (Jg pajerdajur-opmsaane) f 23y

(21 Rouanbaiy
§OLXO0L GOLxl 50L<00L30Lx0L 0Ll (01x00L OLx0L OlxL 00l Ol

A8 =7 BudopySiy — |
A8- =9 Buidop moy — |

(@p) 3suodsas paziiewion

BpINSSABAN

/ o |

auaydels

auaydesg

13



Electronics 2016, 5,93

3.2. Electro-Optic Modulator

The combination of photonic structures like waveguides, resonators or cavities with 2D
materials enables the achievement of electro-optic modulator by electrostatically tuning 2D materials.
A graphene-based broadband optical modulator is fabricated by placing a 250 nm-thick Si bus waveguide
underneath a graphene sheet as illustrated in Figure 5a [107]. A 7 nm-thick Al,O3 spacer is placed between
Si and graphene. The integration introduces several performance improvements: graphene provides
strong light-matter interactions and broadband response covering telecommunication bandwidth, as well
as mid- and far-infrared spectral regions. Furthermore, modulation of the guided light at frequencies
over 1 GHz is demonstrated by electrically tuning the Fermi level of the graphene. Ring-shaped silicon
microring resonators have also been reported to be combined with the graphene transistor as displayed
in Figure 5b [108]. By tuning coverage lengths and electrostatic biases of graphene, a high extinction ratio
of 12.8 dB is achieved. Photonic crystals are another extensively studied field to form various optical
modulators such as resonators and cavities as the flow of light can be precisely molded. Photonic crystals
are analogous to crystals where the unit structure is periodically duplicated [44—46]. When the periodicity
in these structures approaches the wavelength of light, a photonic bandgap, in which the light propagation
is forbidden, will appear. Under this circumstance, a pre-designed break in periodicity will introduce
confinement of light. Photonic crystal/2D material hybrid systems are also reported in previous
literatures [108-113]. Gan et al. have employed linear three-hole defect cavities in air-suspended 2D
photonic crystals with graphene thin films transferred to the top [109]. The reflection attenuation and the
increase of Raman signal intensity have demonstrated the local enhancement of light-matter interactions.
Photonic crystals have also been reported to be integrated with 2D material phototransistors [110,111].
As shown in Figure 5c¢, optical cavities are fabricated by introducing point defects into 2D silicon photonic
crystals [110]. The electrostatic properties of graphene are tuned by either source-drain biases or an ion-gel
gate; as a result, a ~2 nm change in the cavity resonance line width and almost 400% (6 dB) modulation in
resonance reflectivity are observed. Similar phenomena are reported for line defect photonic crystals [111].

In addition to the above discussions, the 2D optoelectronics also offer the possibilities to
investigate the light modulation properties of photonic crystals considering the direct interaction
between them [79]. Even photonic crystals have been extensively learned; their light manipulation
manners can only be simulated by finite-difference time-domain (FDTD) simulations and detected by
near-field scanning optical microscopy [114-117]. As described in Figure 4b, a graphene photodetector
successfully detects a photocurrent strip on top of a silicon waveguide, which is attributed to the
enhanced photocarrier density controlled by the waveguide. As a result, the photocurrent signals
collected through the graphene photodetector directly visualize the light manipulation manners of the
underneath silicon waveguide [104]. Recently, by directly contacting a featured silicon nanobeam with
a BP photodetector, the spatially resolved photocurrent measurement is demonstrated to be an efficient
approach to learn light-scattering properties of the silicon waveguide [79]. The direct contact between
BP and the silicon waveguide enable photocarriers generated in the silicon to be injected into the
BP. Since the density of photocarriers is related to the light distribution controlled by the waveguide,
the spatial photocurrent signals detected by the BP photodetector reflect the light-scattering properties
of the silicon waveguide, which shows strong dependence on both wavelength and polarization
direction which are in good agreement with the prediction of FDTD.
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4. Summary and Outlook

In this review, we summarize the current state-of-the-art in two-dimensional (2D) material-based
optoelectronics, especially their integration with photonic structures. Several photocurrent-generation
mechanisms, which have been reported in 2D material-based optoelectronics, are first introduced.
Photonic structures, such as plasmonic nanostructures, photonic waveguides and crystals are
subsequently described. For plasmonic nanostructures in 2D devices, metallic objects are placed
on top of 2D materials as an ordered array with dimension and pitch in the order of the excitation
wavelength. Those plasmonic nanostructures enable enhanced light absorption at certain wavelength
ranges. Photonic waveguides are another type of nanoarchitectures to manipulate light flows. With the
assistance of photonic crystals, those 2D material-based devices can achieve response with a high rate
and efficiency. Besides, those combinations also make it possible to improve the performance of optical
modulators by electrostatically manipulating 2D materials and to probe light-matter interactions
of photonic crystals by scanning photocurrent measurements of 2D material-based optoelectronics.
The study of photonic structure-integrated 2D material optoelectronics opens the avenues to engineer
optoelectronics to meet versatile requirements for future applications.
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Abstract: Two-dimensional transition metal dichalcogenides (2D TMDCs) offer several attractive
features for use in next-generation electronic and optoelectronic devices. Device applications of
TMDCs have gained much research interest, and significant advancement has been recorded. In this
review, the overall research advancement in electronic and optoelectronic devices based on TMDCs
are summarized and discussed. In particular, we focus on evaluating field effect transistors (FETs),
photovoltaic cells, light-emitting diodes (LEDs), photodetectors, lasers, and integrated circuits (ICs)
using TMDCs.

Keywords: two-dimensional materials; transition metal dichalcogenides; heterostructures;
heterojunctions; field effect transistors; photovoltaic cells; light-emitting diodes; photodetectors;
lasers; integrated circuits; MoSy; WSy; MoSey; WSe,; MoTey; ReSy; ReSep

1. Introduction

The miniaturization of silicon-based transistors has led to unprecedented progress in smaller
and faster electronic devices including smartphones and tablet computers. Further miniaturization of
transistors is hindered by some fundamental limits including high contact resistance, short channel
effects, and high leakage currents [1-3]. Tremendous efforts have been attempted to overcoming these
limitations using novel device architecture [4,5]. In addition, silicon-based devices are not applicable
for flexible electronics. All the shortcomings of silicon-based transistors have led to the motivation
for the search of new device concepts and alternative materials. For example, “transistors without
using semiconductors” have been proposed using boron nitride nanotubes functionalized with gold
quantum-dots (QDs-BNNTs) [6,7] and graphene-BNNT heterojunctions [8]. All these materials are
applicable for flexible electronics. On the other hand, two-dimensional transition metal dichalcogenides
(2D TMDCs) offer several attractive features for next-generation transistors, including high electron
mobility (up to ~1000 cm? V=171 for MoS,), atomically thin and flexible. In addition, TMDCs can
be free of dangling bonds on their surfaces, and offer many interesting optical properties for their
potential application in optoelectronic devices.

Although research publication on TMDCs was started around the 1960s, publication activity has
increased significantly since 2014. According to our analysis in Web of Science™, a total of 3829 journal
articles were published up to 2016, with 33.8%, 21.5%, 12.5%, and 5.5% of these articles were published
in 2016, 2015, 2014, and 2013, respectively. Based on these recent publications, we will discuss the
application of 2D TMDCs in field effect transistors (FETs), optoelectronic devices (photovoltaic cells,
light-emitting diodes, and lasers), and integrated circuits (ICs). Interested readers may refer to a recent
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review on the same topics [9]. For the convenience of the readers, we summarize a series of TMDCs
along with the nature of their band gaps in Table 1.

Table 1. Summary of semiconductor TMDCs materials (MXj;) and the nature of their band gaps for
monolayer (1L) to bulk samples. The direct (D) and indirect (I) bandgaps are as denoted. These values
are extracted from both theoretical (T) and experimental (E) study. All data are referring to optical
bandgaps at room temperature without considering quasiparticle (e.g., excitons) effects.

M or X S Se Te
1L:134eV (D)(T) [11]  1L: 1.07 eV (D)(T) [15]
M 1L: ~1.8-1.9 eV (D) 1L: 158 eV (D)(E) [12]  1L: 1.1V (D)(E) [16]
0 Bulk: 1.2 eV (I) [10] Bulk: 1.1eV (I)(E) [13]  Bulk: 1.0 eV (I)(E) [17]
Bulk: 1.1 eV (I)(T) [14] 0.82 eV (IN(T) [18]
] 1L: 1.74 eV (D)(T) [19]
W }i ;?i ez (g)g) [;g] 1L:1.65eV (D)(E) [22]  1L:1.14 eV (D)(T) [19]
:214eV (D)E) 201 g ey (D) 23] Bulk: 0.7 eV (I(T) [23]
Bulk: 1.35eVNE) 211 g1 12 6V (1)(E) [21]
1L: 1.34 eV (I)(T) [26]
1L: 1.239 eV (D)(T) [27]
1L: 143 eV (D)(T) [24]  1L: 1.47 eV (I)(E) [28]
Re 1L:1.55eV (D)(E) [24]  2L:1.165 eV (D)(T) [27]

Bulk: 1.35 eV (D)(T) [24]
Bulk: 1.47 eV (D)(E) [25]

2L: 1.32 eV (I)(E) [29]
4L:1.092 eV (D)(T) [27]

Bulk: 1.06 eV (I)(T) [26]
Bulk: 1.18 (I)(E) [30]

2. Field Effect Transistors

Field-effect transistors (FETs) are among the basic devices for modern electronic circuits. A typical
FET modulates the conductivity of the semiconductor channel between the source (S) and the drain (D)
terminals by controlling the applied voltage on the gate (G) electrode. Some of the important figures of
merit for FETs are defined here. First, a good FET should have a low subthreshold swing/slope:

_ (d(log Ips) -1
$S = (70%

which is defined as the gate voltage (V) required to change the source-drain current (Ips) by one order
of magnitude (in the unit of volt per decade). FETs are treated as switches that offer a high conductivity
of the channel (ON state), and vice versa (OFF state). Hence, the on/off ratio is another crucial factor
in measuring the performance of FETs. In addition, mobility is important for high-performance FETs.
In 2D TMDCs, the transport of charge carriers is confined to the plane of the materials. The mobility of

carriers is related to the scattering by
et

m*

where 7 is the scattering time, and m" is the effective mass of in-plane electron. There are
following scattering mechanisms: (1) electron-phonon scattering, including longitudinal acoustic (LA),
transverse acoustic (TA) [31,32], polar (longitudinal) optical (LO), and homopolar optical phonons [33];
(2) electron—electron (Coulomb) scattering [34] and charged impurities scattering [35]; (3) surface
(interface) roughness Coulomb scattering [34] and phonon scattering [36]; and (4) short-range
scattering, which is from the defect and dislocation of the lattice [35,37,38]. The degree to which
these mechanics affect the mobility can be evaluated by Matthiessen’s rule:

1 1 1 1 1
+

Boop M2 W3 M4
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Finally, Flicker noise is a factor that limits the performance of the FETs. This is a type of electronic
noise with a frequency spectrum such that the power density spectrum is inversely proportional
to frequency, f, and is therefore referred as 1/f noise. Flicker noise occurs in almost all electronic
devices and often shows up as the resistance fluctuation. It is generally related to the impurities in
the conductive channel and generation/recombination noise in transistors due to memory of the base
current [39].

2.1. Transistors with Multilayered TMDCs

Although the electrical properties and electronic structures of TMDCs were studied in the
1960s [33], their device applications have been limited until 2004. One of the earliest works
in which TMDCs were used for FETs was reported by comparing WSe, with single-crystal Si
metal oxide FETs. A p-type conductivity as high as 500 cm?-V~!.s~! was demonstrated at room
temperature with a 10* on/off ratio at 60 K [40]. Thus, a further study based on multilayer MoS,
FETs with back-gate configuration was conducted, but a rather low mobility (0.1-40 cm?-V—1.s71)
was demonstrated [41-43]. Apparently, the reported mobility from multilayered MoS, was quite
lower as compared to those reported for bulk MoS;, where mobility is often ranged from 100 to
260 cm?-V—1.s71 [33]. Table 2 summarizes the performances of FETs constructed by various TMDCs.
It is noted that the mobility of graphene was much higher, up to 10,000 cm?-V~1.s71, even when using
SiO; as the gate materials [44].

Table 2. Performance of FETs based on multilayer TMDCs prepared by mechanical exfoliation and by
chemical vapor deposition (as noted with CVD). Electron mobility is compiled here (or denoted by e).
The hole mobility is denoted by h.

Configuration Mobility Subthreshold Swing  Temperature

Materials (Method) (em2-V—1.5~1) On/Off Ratio (mV-dec—1) © Reference
Back-gated 3 300 [41]
Back-gated 40 10° 1000 300 [42]
Ba(cé‘;,g]g;ed 2% 1072 10* 300 [45]
Back-gated 100 100 80 300 [46]
Back-gated 24 107 300 [47]
MoS Dual-gated 517 108 140 300 [48]
052
Back-gated 700 300 [49]
Back-gated 4 x 108(bi-)
(CVD) 7 10*(multi-) 300 1501
Four-terminal 6
Back-gated 306.5 10¢ 300 [51]
Four-terminal
Top-gated 470(e)/480(h) 300 [52]
ZrO; & CNT 6
Back-gated 10 3 1531
Back-gated 50 106 300 [54]
Four-terminal .
Back-gatedon 40 zg(slgne-C) 105(e) 103(h) 295/100 [55]
SiO, /parylene-C P 53’0
MoSe; (CVD)
Four-terminal
Back-gated 200(e)/150(h) 100 275 [56]
(CVD)
Ba(cé‘;%;;“ 10 10° 300 [57]
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Table 2. Cont.

: Configuration Mobility . Subthreshold Swing  Temperature
Materials (Method) (cm2-V—1.5-1) On/Off Ratio (mV-dec—1) (K) Reference
Back-gated 0.03(e)/0.3(h) 2 % 10° 300 [58]
Four-terminal 5
Back-gated 20(h) 10 140 300 [59]
Tonic Liquid 30(e)/10(h) 140(e)/125(h) 300 [60]
Top-gated € €
MoTe, Back-gated 6(h) 10° 300 [61]
Solid Polymer
Electrolyte 7(e)/26(h) 10° 90 300 [62]
Back-gated
) 2.1 x 105(e)/
Back-gated 25.2(e)/1.5(h) 5.7 x 104(h) 280 [63]
Back-gated 2.04(h) 300 [64]
Todine-transport
Back-gated 10° 300 [65]
(PVD)
I‘}‘(‘:C_L;Ctl:éd 20(e)/90(h) 90 300 6]
WS, P-g
Tonic Liquid 6
Top-gated 19(e)/12(h) 10 63(e)/67(h) 300 [20]
Back-gated 234 108 300 [67]
Four-terminal 5
Back-gated 20 10 70 300 [68]
Four-terminal
Top-gated 500(h) 300 [40]
Tonic Liquid 200(e/h)
Top-gated 330(e)/270(h) 10 170/160/77 1691
Back-gated s
WSe, (VD) 350(h) 10 300 [70]
Back-gated 6
(VD) 650(h) 10 250/140 150/300/105 71]
Back-gated "
VD) 10(h) 10 300 [72]
Back-gated 92(h) ~10 300 [73]
Dual-gated 12/26 10° 148 300/77 [74]
Dual-gated 1/5 10° 750 300/120 [75]
Back-gated 154 107 100 300 [76]
ReS, Back-gated 15 10° 300 [77)
Back-gated 11 3 x 10° 300 [78]
Back-gated 2 3
(VD) 72 x10 10 300 [79]
Top-gated 0.1 300 [27]
- 5
ReSe, Back-gated 6.7 10 1300 300 [80]
Back-gated 3
(VD) 1.36 x 10~3(h) 300 [81]

Later, by using high-k dielectrics (50-nm-thick Al,O3), FETs with a back-gate configuration
were reported with relatively high mobility (>100 cm?-V~1.s71) and on/off ratio (>10°) based on
multilayer MoS, (Figure 1a). The width and length of the device were 4 um and 7 pm, respectively.
Thirty-nanometer-thick multilayer MoS, was deposited on a silicon substrate that was coated with
a 50-nm-thick Al,O3 layer. As shown in Figure 1b,c, the near-ideal subthreshold slope/swing
of 80 mV/dec and robust current saturation over a large voltage window are demonstrated [46].
Accumulation mode occurred at a positive gate bias, and the window of depletion mode occurred at
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negative gate bias. At large negative gate biases, the drain current recovers and forms an inversion
mode. Furthermore, FETs with Schottky contacts and Al,O3 gate oxide (15-nm-thick) on the top of
MoS, channel with back-gated configuration was shown to have mobility as high as 700 cm?-V~1-s~ ! at
room temperature [49]. Liu et al. have further demonstrated that the field effect mobility of multilayer
(20 layers) MoS, FETs exceeds 500 cm?-V~1-s~! due to the smaller bandgap (thus a smaller Schottky
barrier) [48], compared with monolayer MoS, FET within the same top-gated configuration [82].

The dependence of carrier mobility on temperature in multilayer MoS;-based FETs is due to
different scattering mechanisms as shown in Figure 2. At low temperature, the carrier mobility is
limited by charged impurity scattering. The mobility is determined by the combined effect of the
homopolar phonon and the polar-optical phonon scatterings at room temperature [46]. Although
the high-k dielectric materials (e.g., Al,O3 and HfO,) may screen Coulomb scattering from charged
impurities [49], the complete recovery of the intrinsic phonon-limited mobility has not been observed
in high-k dielectrics encapsulated TMDCs devices at room temperature.

Another limiting factor of mobility is the substrates. It was shown that trapped charges in
the interface of M05,-5i0; would lead to carrier localization in the bilayer and trilayer MoS,
channel [83]. Considerable mobility improvement was reported in multilayer MoS, on PMMA
dielectric in comparison with MoS, on SiO,, which was attributed to the reduced short-range
disorder or long-range disorder at the MoS;/PMMA interface [52]. Other phenomena, such as
thickness-independent SS and hysteresis as the gate swept, have been attributed to the interface
traps between the bottom layer of WS, /MoTe; and SiO; substrate [64,68]. Besides, the presence of
a low-energy optical phonon mode in SiO, (~60 meV) may also cause non-negligible surface polar
optical scattering. A two to three times mobility improvement is consistently observed in MoSe, FETs
on parylene-C substrates compared to SiO, [55]. WSe, FETs with parylene top-gate dielectric have
demonstrated high room-temperature mobility up to 500 cm?-V~1.s~1 [40].

(a)

x 1.230 nm
@

Vgs=0.6V10-27V
Wgs=-0.3V

o Experiment s

= Model

Vos=02V J

Ip (Amp)

6 -4 -2 0 2 4 6 0 1 2 3 4
Vgs (Volt) Vos (V)

Figure 1. (a) A MoS, thin film transistor and its transport properties. (b) Drain current (Ip) versus
back-gate bias (Vgs) with different drain bias (Vpg). (¢) Drain current (Ip) versus drain bias (Vpsg)
showing current saturation, including a long-channel model (red lines) showing excellent agreement
with measured device behavior. Reproduced with permission from [46], Nature Publishing Group, 2012.
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Figure 2. Charge transport properties of the multilayer MoS; channel. Measured temperature-

dependent mobility of MoS, field effect transistors (FETs). Reproduced with permission from [46],
Nature Publishing Group, 2012.

Low carrier mobility in TMDC devices might be due to the shortcomings of two-terminal
measurements. A mobility of 306.5 cm?-V~1.s~! was extracted from the same multilayer MoS, device
when using a four-terminal configuration, which is considerably greater than 91 cm?-V~!-s~! measured
by a two-terminal configuration [51]. This results indicated that the intrinsic carrier mobility on the SiO,
substrate is significantly greater than the values previously reported in MoS; FETs [42]. The analogous
configuration also applied to FETs based on MoS; [52], MoSe; [55], MoTe; [59], WS, [68], and WSe; [40].
Therefore, future studies of TMDCs devices should use the four-terminal measurement.

Table 2 summarizes the performances of FETs constructed by various multilayered TMDCs.
By comparing the carrier mobility, the on/off ratio, and the subthreshold swing of these devices,
we found that devices constructed by CVD MoS, [45], ReS; [79], and ReSe; [81] exhibited very low
mobility, which are two or three orders of magnitudes less than those based on exfoliated TMDCs.
The relatively low mobility reported in these earlier literatures is likely due to structural defects,
such as grain boundary [84]; these grain boundaries act as short-range scattering centers to suppress
the carrier transport [85]. After the CVD synthesis conditions were optimized to reduce the grain
boundary, the mobility increased to a level similar to that based on exfoliated TMDCs [50,55,70,71].
It was reported that the threshold voltage for devices with exfoliated MoS, was higher than that based
on CVD MoS; [86]. The possible reasons could be the density of unintentional doping and the Scotch
tape residue-induced charges in the exfoliated samples.

Furthermore, as compared to the low-resistance ohmic contacts, the Schottky contacts between the
TMDCs and gates are one of the reasons for low carrier mobility. It is believed that the nature of contact
is more important than the properties of the TMDCs [87]. By using a non-contact method based on
THz-probe spectroscopy, an intrinsic mobility of MoS, was found to be approaching 4200 cm?-V—1.s~1
at 30 K, which is an order of magnitude greater than any other previously reported values in multilayer
TMDCs devices [88].

The intrinsic current distribution in FETs based on multilayer MoS, has been investigated.
Here, the 13-layer MoS; FETs (8 nm in total thickness) were treated as consecutive resistors in a
resistor network model that is based on the Thomas—Fermi charge screening and interlayer coupling
effects. The authors map the current distribution among the individual layers of the multilayer 2D
systems. Result suggests the existence of a centroid of current distribution or the so-called “HOT-SPOT”
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in multilayer MoS; FETs [89]. Figure 3 shows the current distribution in the multilayer MoS, FETs at
different gate bias conditions. As shown, the current mainly travels through the upper layer that is
closer to the source and the drain electrodes. The “HOT-SPOT” still moved toward the top layers even
when the gate bias was increased. Hence, the large effective interlayer resistance and charge screening
effect will limit the carrier concentration of multilayer FETs.

Recently, FETs based on multilayer MoS, with an intrinsic gain over 30, an intrinsic cut-off
frequency up to 42 GHz (F;), and a maximum oscillation frequency up to 50 GHz (Fmax) were fabricated
based on optimum contacts and device geometry [90]. These performances are better than those
reported so far for MoS; transistors [91]. Multilayer MoS, FETs with a 1 nm physical gate length using
a single-walled carbon nanotube (SWCNT) as the gate electrode were demonstrated. These ultrashort
devices exhibit excellent switching characteristics with a near-ideal subthreshold swing of 65 mV/dec
and an on/off current ratio of 10°. Simulations show an effective channel length of ~3.9 nm in the off
state and ~1 nm in the on state [53].

“HOT-SPOT™

Ty (1A /um)

Figure 3. Current distribution among the individual layers of a 13-layer thick MoS, FET at different
gate bias conditions derived using the resistor network model. The illustrations show the location
of the “THOT-SPOT” and the associated current spread schematically corresponding to two different
gate bias conditions. The red and blue colors representing the highest and lowest current, respectively.
Reproduced with permission from [89], American Chemical Society, 2013.

Finally, while MoS; FETs are one of the most studied TMDCs, MoSe, FETs have been reported
to have a low noise characteristic with a Hooge parameter of 3.75 x 102 [92], which is similar or
lower than MoS, FETs [93,94]. On the other hand, WS, was once predicted to offer the best transistor
performance (the highest on-state current density and mobility) among all TMDCs [95]. However, only
a few WS, FETs have been reported to have a performance comparable to that of MoS, [62]. In addition,
MoTe; offers a favorable bandgap (Table 1) in the near-infrared range. Therefore, MoTe, FETs are an
appropriate candidate to substitute Si and has great potential for high-performance optoelectronic
devices [59,63,64]. Finally, ReS, and ReSe; are TMDCs with a direct bandgap in monolayer, multilayer,
and bulk forms, as summarized in Tables 1 and 2. They have recently attracted much interest and have
been applied to optoelectronic devices.

2.2. Transistors with Monolayer TMDCs

Table 3 summarizes performances of FETs based on monolayer of TMDCs in various gate
configurations. As shown, the electron mobility is highest for devices based on exfoliated MoS,.
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Apparently, other TMDCs offer much lower mobility. In addition, the mobility of CVD MoS; is also
significantly lower.

Table 3. Performance of FETs based on monolayer, exfoliated TMDCs, and CVD TMDCs. Electron
mobility is compiled here (or denoted by e). The hole mobility is denoted by h.

Configuration Mobility Subthreshold Swing  Temperature

Materials (Method) (em2-V—1.5-1) On/Off Ratio (mV-dec—1) () Reference
Top-gated 217 108 74 300 [82]
%‘;‘1;1‘:; 350 1010 60 300 [96]
Back-gated 12 300 [83]
Top-gated 320 10° 300 [97]
Ba(cé‘;;gg;ed 0.04 300 [98]
Back-gated 10 100 300 [99]
Polymer
Electrolyte 10 106 60 300 [100]
Top-gated
Ferro-electric
polymer 220 105 300 300 [101]
Top-gated
MoS, Top-gated 380 100 500 300 [102]
Top-gated 1090 108 178 300 [103]
Ba(cg%;ed 8 107 300 184]
Multi-terminal 6
Back-gated 1000 10 4 [104]
Ba(cé‘;;g];;ec‘ 6 108 300 [105]
Top-gated On .
Si0, /SisNy 55(5i3Na) 107(Si0,) 300 [106]
24(Si0,)
(CVD) 2
T‘:lé'ég)ed 03 100 300 [107]
Djélg;ég;w 190 108 170 300 [108]
Ba(cé‘;/ggged 0.02(e)/0.01(h) 102 300 [109]
MoSe, Ba(cg%;ed 50 106 300 [110]
Ba(cé‘;/g];;ed 23(e)/17(h) 10° 300 [111]
Tonic Liquid 5
Top-gated 44(e)/43(h) 10 52(e)/57(h) 300 [20]
ws Back-gated 50/140 106 300/83 [12]
2
Ba(cé‘;;g];;ed 41 105 300 [113]
Back-gated 83/337 300/25 [114]
Top-gated 250(h) 100 60 300 [115]
Tonic Liquid 10%(e)
Top-gated 90(e) /7(h) 1050) 300 [116]
WSe, Polymer
electrolyte 30(e)/180(h) 300 [117]
Back-gated
Ba(cé‘;/g]g;ed 100(h) 108 300 [70]
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Theoretical simulation was applied to predict the performance limits of transistors based on
monolayer MoS,. It is known that optical phonon scattering is the intrinsic scattering mechanism
that dominates at room temperature. On the other hand, acoustic scattering is dominated at lower
temperature (T < 100 K) [118,119]. Figure 4 shows the temperature dependence of electron mobility in
freestanding monolayer MoS, as predicted by first principle calculations. As reported, the mobility
(u) is expected to follow the T~Y temperature (T) dependence with y = 1.69. It was predicted that the
mobility of monolayer MoS, can reach 410 cm?-V~1-s~! at room temperature [120]. This theoretical
limit has become the reference for experimental efforts. Indeed, among the TMDCs, the mobilities of
MoTe; (2526 cm?-V~1.s71), WS, (1103 cm?-V~1.s71), and WSe, (705 cm?-V~1.5s~1) were predicted to
be greater than the room-temperature phonon-limited electron mobility in the monolayer [121], as a
result of low effective mass. However, as shown in Table 3, the reported experimental mobility to date
is much lower than that found via theoretical prediction.

-P
n=10" c¢m™2

10* —
— Acoustic
— — Total
- — Quenched
L
£10°
2
E
(=]
s
2 " A . .
10700 200 300 400 500

Temperature (K)

Figure 4. The temperature dependence of the mobility at carrier density 7 = 10! cm~2 calculated with
the full collision integral. For comparison, the mobility in the presence of only acoustic deformation
potential scattering with the temperature dependence is shown by blue line. The (gray) shaded area
shows the variation in the mobility associated with a 10% uncertainty in the calculated deformation
potentials. Reproduced with permission from [120], American Physical Society, 2012.

The pioneer work on FETs based on monolayer MoS, was demonstrated by Radisavljevic et al.
in 2011, as shown in Figure 5 [82]. The reported performance includes an excellent on/off current ratio
(~108), greater mobility (>200 cm?-V~1.s71), an ideal low subthreshold swing (74 mV/dec), and smaller
off-state currents (25 fA/um). Here, a mechanical exfoliated monolayer MoS; (0.65 nm) was used as
the transport channel and was covered by 30-nm-thick HfO,, which served as the top-gated dielectric
layer. The same configuration was also used in FETs with channels made of monolayer WSe; covered
by ZrO, dielectrics. These FETs also exhibited high room-temperature mobility (~250 cm?-V~—1.s71),
a good subthreshold swing of ~60 mV/dec, and a high on/off ratio of 10° [115].

It is believed that the encapsulation of 2D-TMDCs by using high dielectric materials (e.g., Al,O3
and HfO,) is critical for achieving high mobility. Authors have suggested that the introduction of
high-k dielectrics would strongly dampen the Coulombic scattering in 2D materials due to the dielectric
screen [122]. This mobility increase in conjunction with dielectric deposition was also observed in
multilayer MoS; [46] and monolayer MoS, with polymer electrolytes [100]. The scattering rate is related
to the scattering mean free path and the impurity density (i.e., the impurity spacing). Therefore, the
charge impurity must be appropriate such that the scattering mean free path is on the same or small
order of the phonon mean free path. Therefore, a minimum impurity concentration of 5 x 10! cm=2 is
need to dominate phonon scattering [120], which corresponded to the heavy doping by using top-gated
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dielectric materials. The similar mobility improvement due to such dielectric engineering has been

reported earlier for graphene [123-125].

(a) (b) 10 VooV e
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Figure 5. (a) Three-dimensional schematic view of the monolayer MoS, transistors. Top gate width
and length are 4 um and 500 nm, respectively. (b) I3s—Vig curve recorded for V4, ranging from 10
to 500 mV. Measurements were performed at room temperature with the back-gate grounded. The
device can be completely turned off by changing the top gate bias from —2 to —4 V. For V45 = 10 mV,
the Ion/Iog is > 1 x 10°. For Vgs = 500 mV, the Ion/Iog is > 1 x 10 while the subthreshold swing
74 mV /dec. Inset: L3s—Vig for values of ng =—-10, =5, 0, 5, and 10 V. Reproduced with permission
from [82], Nature Publishing Group, 2011.

On the other hand, the effects of gate configuration on charge mobility were also studied for FETs
based on monolayer MoS,. Top-gated geometry allows for a lower turn-on voltage, and the integration
of multiple devices on the same substrate. Top gate configuration also had the effect of quenching
the homopolar phonon mode, which has contributed to a mobility enhancement of 70 cm?-V-s~! at
room temperature [120]. However, the measured exponent y factors in the temperature dependence
mobility, p = T™Y, are between 0.3 and 0.78 for top-gated devices [126]. These values are much
smaller than the theoretically predicted value of 1.52 for monolayer MoS, [120] or 2.6 for TMDC bulk
crystals [33]. These results suggest that other mechanisms, rather than the quenching of the homopolar
phonon, such as the surface roughness scattering created during synthesis, exfoliation, and transferring
processes, are affecting the mobility of monolayer MoS; in the top-gated devices [127].

In addition, the Schottky barrier height between the electrodes and 2D TMDCs is known to affect
carrier mobility of devices. The metals used for electrodes are claimed to define the height of the
Schottky barrier associated with their work function. However, Theoretical calculations have shown
2D-TMDCs tend to form high Schottky barriers (0.03 eV to 0.8 eV) with common metals [128-131].
Several experimental practical attempts by inserting 2D layers (Graphene [132,133], hBN [134], Nb

doped TMDCs [135], MoOj3 [136]) or thin film (MgO [137], TiO, [138]) between TMDCs and metals
have been made to reduce Schottky contacts. Besides the handling of TMDC/metal junctions,
chemical/electostatic-doping [69,115] and phase-patterning [139-142] are two successful methods of
modifying the electrical properties of channel by reducing contact resistance. It was also reported
that in situ annealing at 120 °C for 20 h in vacuum (~10~% mbar) could increase the mobility due to
the reduction of Schottky barrier. By this approach, an intrinsic mobility of 1000 cm?-V~1.s~! were
observed for both monolayer and bilayer devices based on MoS; [104].

Theoretical simulation has been investigated for the performance limits of an FET with a
15-nm-long MoS, gate length [96]. It has been reported that FETs based on MoS, can offer a subthreshold
swing as low as 60 mV/dec and a current on/off ratio as high as 10%0. The ballistic regime of this device
can be as high as 1.6 mA /um, and the drain-induced barrier lowering (DIBL) is as small as 10 mV/V
even with a very short channel length [96]. Thus, TMDCs transistors have the potential to overcome the
short-channel effects because of the enhanced gate effect due to their atomic-scale thickness. A similar
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simulation was reported based on a two-gate MOSFET model with 2D-Silicon and different 2D-TMDCs.
Among them, only the monolayer WS, transistor outperform the 2D silicon and other monolayer TMDC
devices in terms of ON-current by about 28.3% [95]. However, these predictions did not consider the
effects of edges on the transport properties and therefore require experimental verification.

It should be noted that high transconductance FETs based on monolayer MoS, with full-channel
gates were demonstrated experimentally [103]. As shown in Figure 6a, at low bias V4 =1V,
the drain-source conductance is close to 0 (g4s < 2 uS/pum, g45 = g‘%), which means the channel

current saturation occur. As shown in Figure 6b, these FETs offer high transconductance g, = 5‘1;1;
(maximum transconductance gm = 34 uS/pm for Vs = 4 V). Furthermore, it was demonstrated that
the electrical breakdown of the monolayer MoS, was recorded at a current density of 5 x 107 A/cm?,
exceeding the current-carrying capacity of Cu by 50 times.

(@) 200 (b) E
® Vg =500mV e,
g 30F e V=1V 2 .
.
100 ,73 a5l ® Vg =4V - '”
g I . G
E 8 20F o e -
$ 0 E e ...N '
1 3 151 A . o
g 2 . "o o0
3 8 «%0a, e
100 2 101 ...- g, -m:-
£ o eone, sges oo
St o0 *%0eee,  tese of
%
k. 0 I 1 1 1 1
200- -6 -4 -2 0 2 4 6
Drain Voltage Vg (V) Top-gate Voltage Vi, (V)

Figure 6. Performance of a high-transconductance MoS; FET. (a) I4s—V 45 characteristics measured for
different top-gate voltages Vig from 0 to 6 V. Inset: Three-dimensional representation of the monolayer
MoS, FET (b) Transconductance derived from I3,—Vg4s characteristics at Vg = 0.5V, 1V, and 4 V.
Reproduced with permission from [103], American Chemical Society, 2012.

The performance of monolayer TMDCs are also sensitive to random perturbations in the local
environment. Current hysteresis under different ambient condition and light illumination was reported
for FETs based on monolayer MoS,. It was reported that current hysteresis increase steadily with
the increase in humidity (RH), as shown in Figure 7a. It was proposed that such a hysteresis is
due to the trapping states induced by the adsorption of water molecules on the surface of MoS,.
Similar hysteresis was observed when the device was under white light illumination, as shown in
Figure 7b. This is attributed to the improvement of carrier concentration in the conduction channel
due to photosensitivity [99]. This work indicates that controllable hysteretic behavior in MoS, FETs
has the potential for humidity sensors and non-volatile memory devices.

The sensitivity of 2D TMDCs to the local environment has also contributed to flicker noise. The 1/f
noise from un-encapsulated FETs based on monolayer MoS, was explained by the Hooge parameter
ranging between 0.005 and 2 in vacuum (<10~° Torr) [143]. The noise amplitude was reported to
reduce by an order of magnitude after annealing, revealing the significant influence of atmospheric
adsorbates on the charge transport [144]. On the other hand, high-k dielectric for top gate configuration
is known to reduce the drain current noise in both monolayer and multilayer MoS, FETs [94,145].
Additionally, the observation of low frequency generation-recombination noise at low temperature
could be due to charge traps in the underlying SiO; substrate or mid-gap states in the monolayer
MoS; [143,146]. On the other hand, FETs based on layered 2H-MoTe, flakes were investigated for their
low frequency noise in both vacuum and air [147]. Similar experiments were also performed using
as-fabricated and aged MoS, transistors [148]. The measurements demonstrate that the flicker noise is
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determined by an intrinsic TMDCs conducting channel rather than the contact barriers. As a result,
these noise metrics are expected to provide a unique diagnostic tool for researchers as they develop
high-performance sensing applications.
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Figure 7. (a) Hysteresis in the monolayer MoS; transistor with controlled humidity under the sweeping
rate of gate voltage at 0.5 V/s and V45 = 0.5 V. (b) Hysteresis with different illumination conditions in
a monolayer MoS, transistor. Blue dots are under global white illumination (0.7 mW /cm?), and red
dots are in the dark. The intersections between the dashed lines, and y = 0 show the threshold voltages.
Reproduced with permission from [99], American Chemical Society, 2012.

The effects of substrates on the performance of FETs constructed by monolayer CVD TMDCs
were investigated [70,106,108]. Results suggest that these FETs offer similar electrical performance
to devices based on exfoliated TMDCs. This may imply that FETs based on CVD TMDCs can be
fabricated on flexible substrates, enable their applications in flexible, transparent, 2D electronic devices.
The development of CVD synthesis methods for obtaining large areas of TMDCs has become important
for wafer-scale device fabrication.

Finally, FETs based on monolayer TMDC alloys were also investigated. These FETs were based
on an MoWSe; monolayer (Mo;.xWxSep, 0 < x < 1), mechanically exfoliated by Scotch tape. It was
demonstrated that these FETs exhibit n-type transport behavior with on/off ratios >10° [149].

2.3. Ambipolar Transistors with TMDCs

Ambipolar transport was demonstrated in electric double-layer transistors (EDLTs) based on
thin-flake MoS, (10 nm) using an ionic liquid as the gate to reach extremely high carrier densities of
1 x 10" cm~2 [150]. The charge transfer curves of such ambipolar devices are shown in Figure 8b.
For EDLTs using bulk and thin MoS,, the Ips was increased with positive Vg, corresponding to the
behavior of an n-type semiconductor transistor. In contrast to its commonly known property as an
n-type semiconductor in Table 2, when the V¢ turn to negative bias, an obvious p-type transport was
observed to start at —1 V in the EDLT made of thin flake MoS,. There was no significant change in
current in the EDLT made of bulk MoS,. This phenomenon indicates that hole transport is comparable
to electron transport in thin-flake MoS,. Hall effect measurements also revealed the mobility of 44
and 86 cm ™! /V~1s~! for electron and hole, respectively. The hole mobility is even twice the value of
the electron mobility. However, the on/off ratio in this device was just >100, much lower than those
reported for FETs based on monolayer MoS; [82], mainly because of the finite off-current passing
through the thin flakes. The greater hysteresis at lower temperature (220 K) in Figure 8a was attributed
to the slow motion of ions. A stable p—n junction was also found in the MoS, EDLTs [151].
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Figure 8. Transfer curve of bulk (1000 pm x 500 pm x 10 pm) and thin-flake (20 um x 20 pm x 15 nm)
MoS; EDLTs. (a) Change in the channel current (Ipg) as a function of gate voltage (V). (b) Change
of sheet conductivity (o2p) as a function of gate voltage (V). Channel voltage (Vpg) is 0.2 V for both
devices. Reproduced with permission from [150], American Chemical Society, 2012.

The electrical double layers (EDLs) consist of a narrow spatial charge doublet that simulates a
capacitor to accumulate carriers. The use of EDLTs help to investigate the ambipolar transport in
TMDCs, such as WS, [20,66], MoSe; [152], WSe; [69,116,117], and MoTe; [62]. In addition, the EDLT
channel was shown to form at the interface of TMDC /ionic liquid, where the trapping state between
the TMDCs and the substrates was reduced. As a result, the similar ambipolar behavior were also
reported in conventional FETs based on TMDCs on dielectric materials (e.g., MoS, on PMMA [52],
WS, on Al,O3 [65], and WSe; on hexagonal boron nitride (h-BN) [153]).

Ambipolar EDLTs based on multilayer WSe, with a high on/off ratio >107 at 170 K and large
carrier mobility (electron mobility to 330 cm?-V~!-s~! and hole mobility to 270 cm?-V~1.s71) at 77 K
were reported [69]. As shown in Figure 9, it was obtained by using a low-resistance ionic liquid gate
with hBN encapsulation and graphene contacts on the WSe;. It was suggested that a drastic reduction
of the Schottky barriers between the channel and the graphene contact electrodes by ionic liquid
gating is needed in order to observe the intrinsic, phonon-limited conduction in both the electron and
hole channels. However, the EDLTs still require much effort in atomic 2D-TMDC devices due to the
integration, reliability, and low operating speed.

Si Back Gate

Figure 9. Schematic illustration of the structure and working principle of a hexagonal boron nitride
(h-BN)/WSe;, FET with ionic-liquid-gated graphene contacts. Reproduced with permission from [69],
American Chemical Society, 2014.
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In the case of conventional FETs, another method is using electrode metals with different work
functions to control the transistor polarity. If the Fermi level of the electrode is close to the conduction
band of the semiconductor, the electron injection becomes predominant. While the Fermi level is
close to the valence band of the semiconductor, it translates into a hole injection. For example, due to
the Fermi level of most metals close to the conduction band of MoS,, the carrier of MoS, FETs were
dominated by electrons [49]. With the exception of Pd [154] and Pt [131], which acted as both source
and drain electrodes, MoS; transistors show p-type behavior. Furthermore, WSe, was found to exhibit
ambipolar behavior by using different metals as the source and drain electrodes [155]. Alternatively,
chemical doping on the surface of TMDCs (e.g., NO, on WSe; [115], K on WSe; [156]) by thinning the
Schottky barrier width for carrier injection was also performed to study ambipolar behavior. However,
the polarity of FETs was fixed after device fabrication.

The ambipolar transport were also discovered in MoSe; [56], MoTe; [58], and WSe; [153,157-159]
under different electrostatic fields. This phenomenon was attributed to the formation of two
back-to-back Schottky barriers rather than only the channel conductance. Thus, transistors can function
as ambipolar transistors, and the transistor polarity can be reversed by an electric signal. A doping-free
ambipolar transistor made of multilayer MoTe; is proposed in which the transistor polarity (p-type
and n-type) is electrostatically controlled by dual top gates as shown in Figure 10. One of the gates
was used to determine the transistor polarity, while the other gate was used to modulate the drain
current [160].
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Figure 10. (a) Schematic of the MoTe; ambipolar transistor structure. The gap between the two top
gates is 100 nm. (b) Experimental results for on/off operation in the p-FET mode (Vg5 = -5 V). The inset
is a logarithmic plot. (c) Experimental results of an on/off operation in the n-FET mode (Vigs =5 V),
with a logarithmic plot provided in the inset. Reproduced with permission from [160], American
Chemical Society, 2015.

Overall, the demonstration of both n-type and p-type transport will be useful for applications
that are more complicated such as CMOS logic circuits and p—n junction optoelectronic devices.

2.4. Transistors with Vertical Hetero-Structures

Due to the relatively weak van der Waals bonding between layers of TMDCs, and the absence
of surface dangling bonds, the stacking of TMDCs layers and other 2D materials multilayers
can energetically form heterostructures or heterojunctions [161,162]. Actual devices have been
demonstrated as summarized in Table 4. For example, vertical heterojunction devices consisting
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of graphene (Gr) and 2D-TMDCs with appropriate bandgaps were suggested to resolve the low
on/off-current ratio of graphene FETs and to achieve a high on—current density at extremely
low operating voltage, which is difficult to accomplish in TMDC FETs. The use of graphene in
vertically stacked devices was demonstrated as allowing electric field to penetrate through the
heterostructures [163]. These vertical heterojunctions created Schottky barriers at the interfaces,
where the TMDCs functioned as semiconductor instead of insulator (e.g., hBN) tunneling [164],
which achieved a greater channel current while retaining a high on/off ratio [165-168].

As summarized in Table 4, vertical Gr/TMDCs heterostructures have been fabricated since
2012 [165-181]. For example, vertical Gr/MoS; FETs can achieve a high on/off ratio above 10° with
on—current density as high as 5 x 10* A/cm? [171]. In addition, a similar vertical FET based on
Gr/WS, /Gr structure was reported with an on/off ratio as high as 10° even at room temperature [166].
At lower temperature (180 K), an extremely high on/off ratio of 5 x 107 was obtained in Gr/WSe,
FETs [175].

Unlike n-type semiconductors, MoS,, MoTe,, and WSe; show p-type behavior, as summarized
in Tables 2 and 3. Hence, multiple MoS, /WSe, vertical heterostructures have been reported as p—n
junctions [182-184]. A heterojunction based on p-type black phosphorus (BP) and n-type monolayer
MoS; has also been demonstrated [185].

Although the study of transistors with vertical heterojunctions is still in its infancy, unique electrical
and optical junction properties are expected to be found by combining various 2D materials with
different work functions, bandgaps, and electron affinities. In fact, in addition to FETs, various TMDCs
and other 2D materials heterojunction-based devices have recently been reported, including solar cells,
photodetectors, LEDs, and memory devices, which will be discussed in following chapters.

Table 4. Summary of transistor performances with different vertical heterostructures. Graphene and boron
nitride nanosheets are represented as Gr and hBN, respectively. APTES: (3-aminopropyl) triethoxysilane.

On-Current Off-Current Source-Drain

Materials and Structure On/Off Ratio Density (A/em?) Density (Alcm?) Voltage (V) Reference
) 60 (290 K)
Gr/MoS,/Ti 104 (150 K) 60 0.5 0.1 [165]
hBN/Gr/WS,/Gr/Au 10° 200 0.001 0.2 [166]
Gr/MoS,/Ti/Au 102 150 <1 0.01 [169]
Gr/MoS,/Ti/Au 10° 5000 12.5 7 [170]
Gr/MoS, /Ti/Au 10° 5 x 10* 0.1 0.5 [171]
Gr/MoS,/Ti/Au 3 50 1.5 0.05 [172]
Gr/MoSe, /Ti/Au 105 1000 0.05 0.5 [167]
Au/Gr/MoS, 100 1000 0.0014 0.5 [173]
Gr/WSe, /Provskite/Gr 100 <1 <1075 -1 [174]
4
Gr/MoS,/Au 10 3000 0.3 0.5 [168]
Gr/WSe;/Au 10* 3100 0.31 0.5
4

APTES/Gr/WSe, /Pt 3 x 107(300K) 11 0.001 0.1 [175]

5 x 107 (180 K)

3. Optoelectronic Devices

Optoelectronic devices are important to generate, detect, and control light, including photovoltaic
devices (solar cells), light-emitting diodes (LEDs), photodetectors, and lasers. The electronic band
structures of semiconductors decide for their possibility to absorb and emit light. For indirect bandgap
semiconductors, additional phonons must be absorbed or emitted to conserve the momentum, which is
much less efficient. Almost all MoX; and WX;, TMDCs (X is a chalcogen atom) are expected to follow a
similar indirect to direct bandgap transformation with decreasing layer thickness. The bandgap of these
TMDCs covering an energy range of 1-2.1 eV, as shown in Table 1, are therefore especially suitable for
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optoelectronic applications [186]. Because of their atomically thin and strong stiffness [187], TMDCs are
promising for flexible and transparent optoelectronics. As summarized in Figure 11, TMDCs offer
good mobility in between those of organic materials and III-V semiconductors. A band gap near
the Shockley-Quessier limit (~1.3 eV) and high mobilities are expected to lead to high-efficiency
photovoltaic devices [188].
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Figure 11. Bandgap vs. field-effect mobility of some important semiconductors used in optoelectronic
devices. The dashed line is the band gap at ~1.34 eV while efficiency reach the Shockley-Quessier limit
(~33.7%). Reproduced with permission from [188], American Chemical Society, 2014.

When irradiated with photons with an energy greater than that of the band gap, free electron/hole
or bound electron-hole pairs (excitons) will be generated in the depletion region of semiconductors.
The applied voltage or built-in electrical field could separate the bound excitons to generate flows of
charge carriers that are called photocurrents. Hence, the p—n junction is the functional element of many
optoelectronic devices, including solar cells, LEDs, and photodetectors. Devices with a combination of
p-type Si and n-type MoS; were studied [189,190]. A p—n junction diode has been realized in MoS,
EDLTs [151]. Similarly, the p—n junctions based on monolayer WSe; by electrostatic tuning were also
reported [153,157-159].

3.1. Solar Cells

In Figure 12, TMDCs (MoS;, MoSe;, and WS;) can absorb up to 5-10% incident sunlight in
monolayer (thickness less than 1 nm). The sunlight absorption is one order of magnitude greater than
general semiconductors such as GaAs and Si [176]. Early to 1997, Gourmelon et al. first reported
the use of M0S, and WS,—nanostructure absorbers in solar cells [191]. Photosensitization of TiO,
were sensitized with WS, nanosheets (5 nm thick), which act as a stable absorber material [192].
Similarly, a bulk heterojunction (BHJ) solar cell made of TiO, nanoparticles and composites of
monolayer/multilayer MoS; nanosheets with poly(3hexylthiophene) (P3HT) was demonstrated with
1.3% photo conversion efficiency [193]. The asymmetric Schottky junctions were demonstrated in a
metal/MoS; /metal structure, which resulted in photovoltaic devices with 0.7~2.5% power conversion
efficiency (PCE) [154,194]. A greater work function difference between metals and n-type MoS, would
generate a greater electric field in the depletion region of MoS, Recently, the p—n junction diodes
based on TMDCs themselves were fabricated and achieved a light PCE of ~0.5%. When the device was
operated as a photodiode (Figure 13), a photocurrent of 29 pA was obtained, which translates into
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a photo-responsivity of 16 mA /W [157]. Furthermore, the monolayer MoS; on p-type Si substrates
formed a p—n junction and operated in tandem mode with an external quantum efficiency of 4.4% [189].
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Figure 12. Bandgap absorbance of three TMD monolayers and graphene, overlapped to the incident
AMI1.5G solar flux. Reproduced with permission from [176], American Chemical Society, 2013.
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Figure 13. I-V characteristics of monolayer WSe, photodiode under a halogen lamp with 1400 W/m?.
The biasing conditions are p—n (solid green line; Vg1 = —40 V, Vg, = 40 V), n—p (solid blue line;
Vg1 =40V, Vg = —40 V), and p—p (dash blue line; Vi1 = Vgp = 40 V). The red dashed rectangle in the
main panel shows the maximum power conversion efficiency area (P)). Top inset: Schematic of WSe,
monolayer device with split gate electrodes. Lower inset: electrical power (Pg;) versus voltage under
incident illumination. Reproduced with permission from [157], Nature Publishing Group, 2014.

Highly efficient photocurrent generation was also demonstrated in vertical heterostructures.
Studies on Schottky junction solar cells consisting of a graphene-MoS, stack suggested a power
conversion efficiency of 0.1-1% [176], while p—n junctions of MoS, /WS, [176] and MoS, /WSe; [182]
were 0.4-1.5% and 0.2%, respectively. In addition, a special vertical p-njunction made of p-type MoS,
(CHF; plasma treated) and n-type MoS; was fabricated successfully. This MoS; heterostructure-based
solar cell achieved up to 2.8% PCE under AM1.5G illumination [195].

However, the efficiency of solar cells based on ultrathin TMDCs is limited by the loss of absorption
under the thickness limitation [196]. Calculations suggest that a monolayer of TMDCs could absorb
as much sunlight as 50 nm of Si and generate electrical currents as high as 4.5 mA/ cm? [176].
To improve the absorption of light, plasmonic enhancement technics were introduced by decorating
Au nanoparticles on MoS; nanosheets [197]. The Au nanoparticles can produce an enhanced local
optical field on an MoS, phototransistor device. A similar phenomenon was also investigated in the
WS, /graphene and WSe; / graphene heterostructures, leading to enhanced photon absorption [177,178].
Alternatively, multi-junction solar cells with different bandgaps can convert different portions of the
solar spectrum to reduce absorption loss [196,198]. On the other hand, a continuous bandgap tuning by
strain was demonstrated [199]. A photovoltaic device made from a strain engineered MoS, monolayer
will capture a broad range of the solar spectrum and concentrate charge carriers. These structures can
also potentially be constructed using different TMDCs with varying bandgaps, which range from the
visible to the near-infrared (NIR).
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3.2. Light-Emitting Diodes

Light-emitting diodes (LEDs) is another type of application based on p-n junctions. Electrons and
holes are separated by doping material into a p—n junction. They recombine to release energy as
photons in response to electrical bias voltages. This effect is called electroluminescence (EL). Table 5
summarizes performances of LEDs constructed by various TMDCs. As direct bandgap materials
(1-2 eV), monolayer 2D-TMDCs are ideal for ultrathin and flexible light-emitting layers. One of the
earliest light emission studies on TMDCs was one in which MoS;/ Au nano-contacts were stimulated
by scanning tunneling microscopy (STM) [200]. EL behavior was also found from exfoliated SnS,
incorporated into a composite polymer semiconductor, but MoS; resulted in no light emission [201].

Table 5. Performance of light-emitting diodes (LEDs) with various transition metal dichalcogenide

(TMDC) structures.
Materials and Structure Type EL Peak (nm) EL Efficiency = Reference

Au/Cr/MoS,/Cr/Au Schottky junction 685 0.001% [202]
Ti/WSe, /Ti p—i—n junction 740 0.06% [203]
Au/Pd/WSe; /Ti/Au p—n junction 800 0.1% [157]
Au/WSe, /Pt p—njunction 752 0.2% [158]
Au/WSey/Au p—njunction 750 0.1% [159]
Ni/MoS,/WSe,/Au p—n junction 800 12% [184]

Gr/hBN/MoS, /hBN/Gr 678 8.4%
Gr/hBN/WS,/hBN/Gr  Tunneljunction 620 1.32% (204]

Gr/hBN/WSe, /hBN/Gr 738 5.4%

The result of EL in MoS, was reconfirmed by a monolayer MoS, FET, shown in Figure 14.
A Schottky barrier between MoS; and Cr/Au was formed with a height of 100 to 400 meV.
By comparing the absorption, photoluminescence (PL) and EL of the same MoS, monolayer, they all
involved the same energy state at 1.8 eV (685 nm) [202]. WS, were also used to fabricate light-emitting
transistors based on similar Schottky barrier between TMDCs and metals [20].

MoS; .
(a) (b) a7 A 10 3
016 \ [TA W 5
\ T a 08
o 015 o, 1]\ \ S
£ \ // \\ 05 >
E 014 1
iy (/RN W z
w 013 &' Lk 04 5
o / A o
< 012 LV =
ot \\ |22
- ~ -
== X w

0.1 e .0
280 600 620 640 660 680 700 720 748
Wavelength (nm)

Figure 14. (a) Schematic of a top-gated MoS; FET and the optical setup. (b) Absorption (Abs), EL, and
PL spectra on the same 1L-MoS,. Reproduced with permission from [202], American Chemical
Society, 2013.

More LEDs based on p—n junctions have been shown to have a high light emission efficiency (~1%).
Homojunction-based LEDs formed by electrostatic doping of monolayer WSe; resulted in a maximum
EL efficiency of 1% [157-159]. However, the difficulty in doping has prevented the fabrication of LEDs
by monolayer TMDCs. Moreover, based on the type II heterojunction design as previous mentioned in
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Section 3.1, excitonic EL was observed via a n-type monolayer MoS, and p-type Si heterojunction [189].
In addition, an EL spectrum in a vertically stacked MoS, /WSe; heterojunction (n-type for MoS, and
p-type for WSe,) was also obtained with a 12% external quantum efficiency [184].

Furthermore, a new design of LEDs was introduced by stacking graphene (electrode),
hexagonal boron nitride (hBN) (tunneling junction), and various semiconducting monolayers
(light emitter) into complex sequences. These devices have 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 TMDCs [204,205]. However, as compared to the commercial organic LEDs with
an emission efficiency (external quantum efficiency) of 15-40% [206] and of ~50% in LED light bulbs,
there are significant needs to further improve the performance TMDC-based LEDs. For example,
more investigation on doping and surface engineering, encapsulation, and device design for band
structure engineering are desired to further improve the efficiency of these LEDs [188].

Recently, LEDs have combined vertical tunnel junctions, and lateral p—n junctions have also been
exploited. Such lateral LED devices were constructed by two graphene transparent electrodes, two hBN
tunnel barriers, and one monolayer WSe;. Two separated back-gates were utilized to electrostatically
define the p—i—n junction in WSe; [203,207]. A single photon emitter in a WSe, LED based on a p—i-n
junction was reported; a narrow EL peak (width < 300 peV) at 1.704 eV (728 nm) under low current
(~100 nA) and low temperature (~5 K) was observed [207].

3.3. Photodetectors

Photodetectors are light sensors with p—n junctions that convert photons into electrical current.
The junction is usually covered by a window with anti-reflective coatings. The absorption of photons
will create electron-hole pairs in the depletion region. Photodiodes and phototransistors are two major
examples of such photodetectors. In terms of frequency response, photodiodes are much faster than
phototransistors (ns vs. us) and not sensitive to temperature fluctuation. Therefore, photodiodes
usually work as solar cells and photoconductors. Phototransistors are transistors with the base terminal
exposed instead of sending photocurrent into the base. Compared to photodiodes, phototransistors
have a greater gain.

The application of TMDCs in photodetectors has been widely demonstrated. Basically, the
metal-semiconductor-metal (M-S-M) structured photodetector is made of MoS, and amorphous
silicon with response times of about 0.3 ms and a photoresponsivity of 210 mA /W when irradiated
with green light [190]. By using a two-pulse photo-voltage correlation technique, an ultrafast response
of 3 ps was recorded in photodetectors constructed with monolayer MoS, [208]. A phototransistor
made from mechanical exfoliated monolayer MoS, has also exhibited high photo-responsivity of
7.5 mA/W. By improved mobility and contact quality, an ultrasensitive monolayer MoS, photodetector
was also fabricated [209]. The maximum external photo-responsivity was able to attain up to 880 A/W.
As shown in Figure 15a, the drain current I35 can increase upon light illumination. This device also
showed a uniform increase in photo-responsivity as the illumination wavelength was reduced from
680 to 400 nm (Figure 15b). This suggests that monolayer MoS, photodetectors can be used for
a broad range of wavelengths, between 400 and 650 nm. Phototransistors based on CVD-grown
monolayer MoS, and multilayer WS, have also been demonstrated [210,211]. Photodetectors with
high photo-responsivity (2.5 x 107 A/W) and external quantum efficiency (3168%) were fabricated by
multilayer ReS; [75,78].

As it is a classic structure of TMDC-based photodetectors, the M-S-M configuration has
been systematically studied. Schottky barrier modulation between 2D-TMDCs and electrodes
is one of the promising methods of improving performance [212-214]. Phase transformation of
MoS, (2H-1T) will also reduce the native Schottky barrier and increase photo-responsivity by
more than one order of magnitude [215]. Self-assembled doping is another method of improving
mobility and photo-responsivity [216]. After all, the photo-responsivity of the TMDC photodetectors
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(~880 mA /W) [209] is much greater than that of graphene photodetectors (15.7 mA /W) [217], and the
general response speed (~3 ps on MoS,) [208] is relatively high (~50 ps on graphene) [218].

{a)

Figure 15. Performance of a monolayer MoS, phototransistor. (a) I3s—Vgs characteristic of the device in
the dark and under different illumination intensities. (b) Photoresponsivity of a similar monolayer
MoS, device as a function of illumination wavelength. Inset: Three-dimensional schematic view of the
monolayer MoS, photodetector and the focused laser beam used to probe the device. Reproduced with
permission from [209], Nature Publishing Group, 2013.

The photothermoelectric effect also plays a considerable role in photo-responsivity [219]. In addition
to photo-excited electron—hole pairs across the Schottky barriers at the TMDC/electrode interface,
the carrier is also excited by light illumination based on temperature difference. The photovoltaic effect
interface dominates in the accumulation regime, whereas the hot-carrier-assisted photothermoelectric
effect prevails in the depletion regime for the multilayer MoS, photodetector [220]. Meanwhile,
the photocurrent generation in monolayer MoS, is dominated by the photothermoelectric effect [221].
The photothermoelectric effect has also been studied in other TMDC-based photodetectors [153,222].

By using MoS, layers of different thicknesses, phototransistors can be tuned to absorb lights at
different wavelengths, as shown in Figure 16 [198]. Furthermore, multilayer MoS, phototransistors
have been demonstrated to response spectra range from ultraviolet (UV) to near-infrared (NIR) [223].
Similar bandgap tuning, by varying the number of TMDC layers, has also been applied for WS, [224].
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Figure 16. (a) The schematic band diagrams of ITO (gate)/Al,O3 (dielectric)/single-, double-, and
triple-layer MoS; (n-channel) under the gate bias for carrier (electron-hole) accumulation. (b) Photon
energy-dependent (AQ.) plots indicate the approximate optical energy gaps to be 1.35 eV, 1.65 eV,
and 1.82 eV for trilayer, bilayer, and monolayer MoS, nanosheets, respectively. Reproduced with
permission from [198], American Chemical Society, 2012.

Heterojunction fabrication can be performed to optimize the performance of 2D-TMDC
photodetectors. Highly efficient photocurrent generation has been demonstrated in vertical
heterostructures of Gr/TMDCs and Gr/hBN/TMDCs [177,225], where a maximum external quantum
efficiency was 55%, internal quantum efficiency was up to 85%, and the response speed was

41



Electronics 2017, 6, 43

down to 53.6 ps [179]. The hBN/Gr/WSe, vertical heterostructure photodetectors have a superfast
photo-response time of 5.5 ps [180]. Then, a photodetector with a WSe, /Gr/MoS; heterostructure,
which extends the absorption spectral range from 400 to 2400 nm [181].

In addition, atomically 2D-TMDC:s still have physical limitations with light absorption, so the use
of an absorption layer (e.g., R6G/PbS/perovskite) was applied on 2D-TMDC photodetectors [226-228].

3.4. Lasers

In photoluminescence (PL) devices, light emission will occur after absorbing photons
at greater energy. The enhancement of PL quantum yield has been demonstrated in TMDC
monolayers [16,229-232], although the yield difference between bulk and monolayer MoS, was
relatively modest. The absolute PL intensity of the WS, and WSe, monolayers was 2040 times
greater than that of monolayer MoS, exfoliated from a natural crystal [22,231]. Compared to MoS,,
WS, and WSe; are better candidates for light emission devices.

However, the spontaneous emission efficiency of monolayer TMDCs is still low because the
non-radiative recombination rate exceeds the spontaneous emission rate [233]. For monolayer MoS;
on SiO; substrates, the non-radiative decay time is ~70 ps and the spontaneous emission lifetime is
~10 ns, as estimated at room temperature [234,235].

The enhancement of spontaneous emission could be achieved by two major strategies as
shown in Figure 17a,b. One is to couple the TMDCs with a low Q-factor (~300) planar photonic
crystal (PPC) [236,237]. The other one is to integrate TMDCs with distributed Bragg reflector (DBR)
micro-cavities [238,239]. Recently, device performance based on monolayer WSe, was improved by
using the former strategy. The as-fabricated PCCs had Q-factors of about 10*. This led to a significant
improvement of the Purcell factor, which is crucial for lasing. The optical pumping threshold was as
low as 27 nW at 130 K [240].

Besides the Purcell enhancement of spontaneous emission, there are several critical challenges for
achieving lasing using 2D TMDCs. For example, the large effective masses of charge carriers in MoS;
result in high densities of states in both valence and conduction bands. MoS, with 1.8 eV bandgap
requires carrier concentrations to push the quasi-Fermi levels into the corresponding bands to achieve
population inversion [235]. The transition between the valence band and the conduction band-edge
has a strong excitonic feature in such a monolayer TMDC system, including neutral and red-shifted
charged excitons, allowing for the long-lived population inversion required, which has been studied
in MoS, [241], WS, [242], and WSe; [243].

In addition, the limited gains and the lack of optical confinement and feedback within the
monolayer TMDCs will hinder coherent light emission. There have been demonstrations that a strong
optical confinement and an enhanced modal gain can be achieved by embedding 2D TMDCs at the
interface between a free-standing microsphere and a microdisk [235,244], as shown in Figure 17¢c,d.
The devices exhibited multiple resonant lasing peaks in the wavelength range of ~575-775 nm.
In Figure 17d, the structure of an S;3N4/WS,/HSQ microdisk with a diameter of 3.3 um has two
advantages: enhanced optical mode overlap and material protection. The lasing performance did not
decay even after one year, as the sandwich structure protects the monolayer from direct exposure to
air [244].

It was noted that the key to the lasing lies in the monolayer of the gain medium, which confines
direct-gap excitons to within micro- or even nano-structures. The configuration allows for gain properties
via external controls such as electrostatic gating and current injection, enabling optically or electrically
pumped operation. These results show that the possibilities of these fabrication methods are scalable or
designable, and compatible with integrated electronic circuits technologies. However, the performance of
the device might be further improved by exploring surface passivation, doping, and strain engineering.
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Figure 17. (a) Illustration of PPC architecture, where the electric-field profile (in-plane, x-y) of
the fundamental cavity mode (pristine cavity before WSe; transfer) is embedded as the color plot.
Reproduced with permission from [240], Nature Publishing Group, 2015. (b) Schematic of the DBR
microcavity structure, a monolayer of MoS,, sandwiched between two SiO, layers to form the cavity
layer. Reproduced with permission from [239], Nature Publishing Group, 2014. (c) PL spectrum of the
laser device with an excitation power of 30 mW at room temperature. Inset: Schematic configuration
of the coupled SiO, microsphere/microdisk optical cavity with the incorporation of MoS, flake.
Reproduced with permission from [235], American Chemical Society, 2015. (d) PL spectrum taken at
10 K when the pump intensity is above lasing threshold, showing whispering gallery modes (WGMs)
at 612.2 nm, 633.7 nm, 657.6 nm, and 683.7 nm. Inset: Schematic image of the Si3zN4 /WS, /HSQ micro
sphere sandwich structure. Reproduced with permission from [244], Nature Publishing Group, 2015.

4. Integrated Circuits

4.1. Amplifiers and Inverters

An amplifier is a basic FET device that utilizes power from the supply to amplify the input
signals to greater amplitudes. The operation of an analog small signal amplifier was demonstrated
based on monolayer MoS; [102]. As shown in Figure 18a, the device consisted of two transistors that
were integrated on a single monolayer MoS,. The gate of one transistor (the switch) acted to provide
input, while the gate of the other transistor (the load) was connected to the central lead and acted as
the output/amplifier. The power supply of the amplifier Vpp was set to 2 V. The switch and load
transistors connected in series are represented in Figure 18b. The switch transistor was first biased at
a certain DC voltage to establish a desired drain current, shown as the Q-point (quiescent point) in
Figure 18c. When a small sinusoidal AC signal Vi,_ac of amplitude AVi, /2 was superimposed on the
DC signal at the input, the output voltage AV, oscillated synchronously with a phase difference of
180° with respect to Vin-ac. The slope of the red straight line in Figure 18c represented the gain

o AVout

C= v,

>4

of the amplifier at room temperature. By increasing the frequency of the AC signal, the gain was
reduced to 1 at 2000 Hz, as shown in Figure 18d.
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Figure 18. (a) Vertical cross section of the MoS, amplifier device. (b) Schematic drawing of integrated
amplifier in common-source configuration. (c) Transfer characteristic of the integrated amplifier
realized with two transistors on the same MoS, flake. (d) Voltage gain dependence on frequency of the
small input signal. Reproduced with permission from [102], American Institute of Physics, 2012.

An important application of amplifiers is logic gate inverters (NOT gates). A NOT gate is designed
to convert Logical 0 (low input voltage) to Logical 1 (high output voltage), and vice versa. The first
monolayer MoS, inverter was reported in 2011 [97]. Up to six independently switchable transistors
were fabricated on a single monolayer MoS; flake by lithographically patterning. As shown in Figure 19,
an NOR-gate logic operation was also demonstrated, making them suitable for incorporation into
digital circuits. A NOR gate is a universal gate that can be built in combinations to form all other
logic operations.

On the other hand, radio frequency (RF) amplifiers and a logic inverter can be formed by
integrating multiple MoS, transistors on quartz or flexible substrates. These devices have been
demonstrated with an intrinsic gain over 30 and work in the GHz regime [90]. Several reports on
amplifiers or inverters based on TMDCs were also reported with a voltage gain ranging from 1.45 to
27 [58,91,97,116,165,245-248]. Low-power consumption complementary inverters were also fabricated
in the sub-nanowatt range [248], which is the most important advantage of CMOS inverters over single
FET-type inverters.
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Figure 19. Demonstration of an NOR-gate logic circuit based on monolayer MoS, transistors.
The output voltage Voyut is shown for four different combinations of input states (1,0), (1,1), (0,1),
and (0,0). The output is in the high state only if both inputs are in the low state. Left inset: The circuit is
formed by connecting two monolayer MoS; transistors in parallel and using an external 1 MQ) resistor
as a load. Reproduced with permission from [97], American Chemical Society, 2011.
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4.2. Logic Circuits

Besides amplifier and inverters, more complicated devices of logic circuits have also been
investigated. Wang et al. demonstrated complex integrated circuits based on bilayer MoS,. These ICs
consist of inverters, logical NAND gates, a static random access memory (SRAM), and a five-stage ring
oscillator [249]. It is noted that an NAND gate is another basic logic gate with universal functionality.
Any other type of logic gate can then be constructed with a combination of NAND gates. The schematic
design and the optical micrograph of an NAND gate and SRAM circuit fabricated on the bilayer MoS,
is shown in Figure 20. The SRAM was constructed from a pair of cross-coupled inverters as shown.
This storage cell had two stable states (0 and 1) at the output. The flip-flop cell could be set to Logic
State 1 (or 0) by applying a low (or high) voltage to the input.

The five-stage ring oscillator (Figure 21A,B) was constructed to assess the high frequency
switching capability and for evaluating MoS, ultimate compatibility with conventional circuit
architecture. The positive feedback loop in the ring oscillator resulted in a statically unstable system,
and the voltage at the output of each inverter stage oscillated as a function of time as shown in
Figure 21C. The output signal of the ring oscillator can also be measured in terms of its frequency
power spectrum. As shown in Figure 21D, the fundamental oscillation frequency was at 1.6 MHz at
Vaq =2V, corresponding to a propagation delay of 62.5 ns per stage [249].
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Figure 20. Demonstration of an integrated NAND logic gate and a static random-access memory
(SRAM) cell on bilayer MoS;. (A) Optical micrograph of the NAND gate and the SRAM fabricated on
the same bilayer MoS, thin film. The corresponding schematics of the electronic circuits for the NAND
gate and SRAM are also shown. (B) Output voltage of the flip-flop memory cell (SRAM). A Logic State 1
(or 0) at the input voltage can set the output voltage to Logic State 0 (or 1). In addition, the output logic
state stays at 0 or 1 after the switch to the input has been opened. (C) Output voltage of the NAND gate
for four different input states: (0,0), (0,1), (1,0), and (1,1). A low voltage below 0.5 V represents Logic
State 0 and a voltage close to 2 V represents Logic State 1. Reproduced with permission from [249],
American Chemical Society, 2012.
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Figure 21. A five-stage ring oscillator based on bilayer MoS,. (A) Optical micrograph of the ring
oscillator constructed on a bilayer MoS; thin film. (B) Schematic of the electronic circuit of the
five-stage ring oscillator. The first five inverter stages form the positive feedback loop, which leads to
the oscillation in the circuit. The last inverter serves as the synthesis stage. (C) Output voltage as a
function of time for the ring oscillator at V44 = 2 V. (D) The power spectrum of the output signal as a
function of V44. From left to right, V4q = 1.15 V and 1.2 to 2.0 V in steps of 0.1 V. The corresponding
fundamental oscillation frequency increases from 0.52 to 1.6 MHz. Reproduced with permission
from [249], American Chemical Society, 2012.

4.3. Memory Devices

Memory cells are more basic building blocks of integrated digital electronics. In fact,
graphene-based nonvolatile memory devices were studied earlier because of the high carrier mobility.
However, graphene memory devices typically exhibited very low program/erase (P/E) current ratios
up to 5.5 due to the absence of an energy bandgap. To overcome this limitation in graphene-based
memory devices, TMDCs with a sufficient bandgap was proposed as a channel material for nonvolatile
memory devices. The TMDC FETs showed a high on/off-current ratio and have the potential to
enhance the P/E ratio in nonvolatile memory systems. The first nonvolatile memory cell based on
TMDCs was demonstrated in 2012 with monolayer MoS; [101]. The P/E ratio can reach 5 x 10%at1V,
as shown in Table 6.

Table 6. Performance of memory devices based on TMDCs and other materials.

Endurance Operating

Materials P/E Ratio (Cycles) Retention (s) Voltage(V) Reference
5 x 10° 103 1 [101]
MoS, (with PZT) 104 500 10* 0.1 [250]
10* 120 2 x 103 0.05 [251]
Graphene/MoS, 10* 120 2 x 10° 0.05 [252]
10° 120 1.4 % 10° 0.05 [253]
Graphene/hBN/MoS, 105 105 10% s [254]
MoS, /hBN/BP 50 40 103 0.05 [113]

Furthermore, nonvolatile memory devices that combine graphene with monolayer MoS,,
which reduced the operation voltage (V4s) to 0.05 V, have been demonstrated [252]. As shown in
Figure 22a, monolayer MoS; is used as the semiconducting channel with graphene stripes as the
electrodes in FET geometry. A piece of multilayer graphene (MLG), separated by a 6-nm-thick tunneling

46



Electronics 2017, 6, 43

HfO; layer from the monolayer MoS; channel was used as the floating gate. The conductivity of the
MoS, channel was modulated by the voltage Vg applied on the top Cr/Au control gate electrode (CG).
When a positive V¢ is applied to the device, electrons will tunnel from the MoS; channel through the
HfO, and accumulate on the MLG floating gate. The application of a negative Vg will deplete the
floating gate and reset the device, as shown in Figure 22b. The MLG has a work function of 4.6 eV,
which is not sensitive to the number of layers and results in a deep potential well for charge trapping,
thus improving the charge retention. Monolayer MoS, was highly sensitive to the presence of charges
in the floating gate MLG, resulting in a 10* difference between memory program and erase states in
Figure 22c.

In addition, a new type of the memory device was fabricated with graphene (G) as the FET channel,
hBN (B) as the tunnel barrier, and MoS; (M) as the charge trapping layer (denoted as GBM) [253,254].
This result confirmed that the MoS, layer could act as an effective charge-trapping layer. These GBM
devices also showed different hysteresis characteristics, depending on the thicknesses of MoS, and
hBN. When a thicker Mo$S; layer and thinner hBN were employed, unipolar conductance and greater
hysteresis were observed due to effective electron tunneling and electric-field screening. In addition,
the reversed stacking structure (MBG) was also investigated, with a high on/off current ratio and a
large memory window [253]. Due to the time-dependent PL, the MoS,-graphene heterostructure can
also function as a rewritable optoelectronic switch or memory, where the persistent state shows almost
no relaxation or decay within experimental timescales, indicating near-perfect charge retention [255].
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Figure 22. MoS, / graphene heterostructure memory device layout. (a) Three-dimensional schematic
view of the memory device based on single-layer MoS,. Lower is the schematics of a heterostructure
memory cell with a single-layer MoS; semiconducting channel, graphene contacts and MLG floating
gate. The MLG floating gate is separated from the channel by a thin tunneling oxide (1 nm Al,O3
+ 6 nm HfO;) and from the control gate by a thicker blocking oxide (1 nm Al,O3 + 30 nm HfO,).
(b) Simplified band di+agram of the Cr/HfO, /Gr/HfO, /MoS; heterostructure in program and erase
operation. (c) Temporal evolution of drain-source currents (I3) in the erase (ON) and program (OFF)
states. The curves are acquired independently for the program (10~3-10~7 A) and erase (10~ 12-1010 A)
current states and plotted on a common time scale. The drain—source bias voltage (V4s) is 50 mV, and
the duration of the control-gate voltage (Vg) pulse is 3s. Reproduced with permission from [252],
American Chemical Society, 2013.
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The combination of TMDCs with ferroelectric materials was also used for nonvolatile memory
devices as schematically drawn in Figure 23 [101]. FETs based on monolayer or multilayer MoS, were
fabricated on a lead zirconium titanate (Pb(Zr,Ti)O3, PZT) substrates. The PZT substrate can be used
as the alternative to the optoelectronic switching, to write and erase the data as shown in Figure 23.
When the MoS; layer was illuminated by visible light, the photo-generated carrier would create an
internal electric field to affect the polarization of PZT beneath the MoS,. Only after 5 min illumination,
the ON and OFF states became indistinguishable, and data was erased [250].
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Figure 23. “Optical erase-electrical write” and “electrical erase-optical write” operation of MoS,-PZT
memories. Reproduced with permission from [250], American Chemical Society, 2015.

A type-switching memory device formed with a BP/hBN/MoS; heterostructure was developed
based on the ambipolar property of BP memory devices [256], and the memory device operated
under p-type and n-type modes according to the polarity of a gate voltage pulse, but the P/E ratio
was only up to 50 [113], which is not comparable to the Gr/MoS;-based devices. These MoS,-based
memory devices exhibited high-performance in terms of P/E ratio (10°), long endurance, and retention
(10° cycles) and have a low operating voltage (0.05 V). It is expected that TMDCs can be used for
non-volatile, portable, and power saving memory devices.

5. Summary

In this review, we have critically evaluated the progress of electronic and optoelectronic devices
based on 2D TMDCs. Apparently, the application of TMDCs for field effect transistors (FETs) has been
very popular. Most efforts have focused on improving the device mobility by various approaches,
including encapsulation with dielectric films, gate configurations, managing the contact barriers,
and using “defect-free” substrates such as BN nanosheets. The progress in electronic devices has
now involved the development of complex integrated circuits (ICs) and logic gates. Many of these
are based on the layout design of the circuit on a same piece of 2D TMDC, fully demonstrating the
advantage of “large-area” 2D materials for device integration. On the other hand, many advances
have been demonstrated for optoelectronic devices, including solar cells, light-emitting diodes
(LEDs), photodetectors, and even lasers. Overall, the efficiency of the TMDC-based optoelectronics
is still low. Some of the major issues have been the difficulty in p-type and n-type doping on 2D
TMDCs. Other issues are due to the atomically thin nature of the materials, which prevent sufficient
light absorption, in spite of their high absorption coefficient (~10” m~! in the visible range) [257].
“Stacked heterostructures” appear to be a potential solution, either by stacking multiple 2D TMDCs or
other 2D materials (graphene and BN nanosheets), or stacking on other functional “substrates” such as
photonic structures, among others. However, most of the 2D heterostructure devices were fabricated
by mechanical exfoliation and transference, which is complicated and inefficient for opto-electro
applications. The improvement of 2D heterostructure synthesis on a large scale is critical for developing
the 2D materials.
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It is noted that TMDCs are among the very few semiconducting 2D materials that are stable
for device applications. The semiconducting properties in TMDCs are the important features that
supplement the gapless graphene and the electrically insulating hBN for 2D devices. The emergence of
TMDCs has enabled meaningful applications of vertically stacked heterostructures for novel electronics
and optoelectronics devices with tailorable properties. Overall, the progress on 2D TMDC devices is
still in its infancy and requires further development. The biggest issue of the TMDCs is the relatively
low performance of their electronic and optoelectronic devices, as compared to those constructed by
other state-of-the-art semiconductors. The major advantages of TMDC-based devices are the use of
very few materials (atomically thin) and the capability of being fabricated as flexible and wearable
devices. TMDCs enable energy/materials saving fabrication of highly portable devices, which meet
the desired features of nanotechnology.
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Abstract: The growth of single-layer MoS, with chemical vapor deposition is an established method that
can produce large-area and high quality samples. In this article, we investigate the geometrical and
optical properties of hundreds of individual single-layer MoS; crystallites grown on a highly-polished
sapphire substrate. Most of the crystallites are oriented along the terraces of the sapphire substrate
and have an area comprised between 10 pum? and 60 um?2. Differential reflectance measurements
performed on these crystallites show that the area of the MoS, crystallites has an influence on the
position and broadening of the B exciton while the orientation does not influence the A and B
excitons of MoS,. These measurements demonstrate that differential reflectance measurements have
the potential to be used to characterize the homogeneity of large-area chemical vapor deposition
(CVD)-grown samples.

Keywords: two dimensional materials; chemical vapor deposition; MoS,; reflectance; exciton

1. Introduction

Rapidly after the first works on mechanically exfoliated MoS,, part of the efforts of the scientific
community working on two-dimensional (2D) materials focused on developing synthesis methods
that could provide large-area single-layer MoS; [1-6]. Chemical vapor deposition (CVD)-based
growth methods, which were already successfully used in the growth of graphene, are nowadays
standard techniques to grow large-area samples of single-layer MoS; and other transition metal
dichalcogenides [7-12]. In fact, CVD samples have shown remarkable electronic and optical properties
approaching those of mechanically exfoliated material [13-16].

Although some techniques such as Raman spectroscopy and photoluminescence (PL) mapping
have been used to investigate the structural and electronic properties of 2D layers based CVD
growth [17-21], a thorough statistical study of the uniformity of the as-grown samples is still
somewhat lacking. In this work we use micro-reflectance spectroscopy measurements to investigate
the differential reflectance spectra of hundreds of CVD-grown MoS, flakes grown on a highly-polished
sapphire substrate. This technique is a very fast and non-destructive characterization tool that allows
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us to measure a large number of spectra in different sample locations and in a small amount of time.
This can provide useful statistical information about the homogeneity of the optical properties of
the samples.

2. Materials and Methods

The CVD growth of MoS; is based on the gas-phase reaction between MoOjz (>99.998% Alfa Aesar)
and high-pure sulfur evaporated from the solid phase (>99.99% purity, Sigma Aldrich), for detailed
information about the growth see reference [22]. Figure 1a shows an optical microscopy image
(epi-illumination mode) of a 60 x 60 pum region of the sample containing single-layer MoS, crystallites
grown onto the sapphire surface. Most of the crystallites have approximately an equilateral triangular
shape and they appear to be oriented following preferential orientation with respect to the sapphire
lattice as previously reported [22,23]. As can be seen in the right part of the picture, some of the
crystallites can coalesce and merge. In this article we focus only on the isolated triangular MoS,
crystallites for our analysis. To extract statistical information about the geometry of the MoS; crystallites,
we collected 50 optical images (108 x 86 pum) of the sample surface, taken in different regions.
From each image we extract the area and the orientation of the single-layer MoS, triangular crystallites.

The optical characterization of the single-layer MoS, crystallites has been carried out with
differential reflectance spectroscopy. More details on the technique and about the experimental setup
can be found in Reference [24] but briefly we illuminate a 60 um spot on the sample surface with white
light and we collect the light reflected from an area of the sample of 2 um in diameter. Subtracting
the intensity reflected by the bare substrate from the intensity of the light reflected by the MoS; flake,
and normalizing the result by the intensity reflected by the MoS,, one can extract a differential reflectance
spectrum, which in the case of a thin film is proportional to the absorption of the thin film [25,26].

a)

40 80 120 20 40 60
Orientation (°) Area (um?)

Figure 1. (a) Optical image of the grown single layer MoS; with triangle shape (the dash-line highlights
single crystallites) on sapphire; (b) Orientation histogram of 550 MoS, crystallites. The black line is a fit
to four Gaussian peaks. Inset: orientation of four crystallites corresponding respectively to an angle
of 0%, 30°, 60° and 90°; (c) Area histogram of 550 MoS; flakes. The black line is a fit to two Gaussian
peaks. Inset: optical pictures of two different regions of the sample showing respectively small-area
crystallites and large-area ones. The scale bar is in both cases 10 um.

3. Results and Discussions

We analyzed 550 MoS; triangular flakes and we built histograms of the area and the orientation.
Figure 1b shows a histogram of the triangle orientation with the orientation angle defined as in the
pictures in the inset. The histogram presents two main peaks located at 0° and 60° and two secondary
peaks centered at 30° and 90°. We fit the histogram to four Gaussian peaks and we find that 380 flakes
(69% of the total population) are oriented around 0° or around 60° while 170 (31%) flakes have an angle
around 30° or 90°. The presence of clear peaks in the orientation histogram indicates the presence
of preferential orientation populations of MoS, triangles on the surface of the sample. Since the
single-crystal sapphire substrate has a two-fold symmetry (it is invariant for a rotation of 180°),
the populations with orientation of 0° and 60° are physically equivalent and are the most probable
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ones (as well as two other orientations at 30° and 90°). The presence of these two different populations
can be explained by the growth dynamic of CVD MoS, onto sapphire [23,27] with the most probable
configuration, the 0°/60°, being the one where MoS; islands and the sapphire lattice are commensurate.

Similarly to the previous analysis, we extracted the area of 550 MoS, islands and we built
a histogram of the triangles area, which is shown in Figure 1c. The histogram exhibits two peaks,
one centered at 20 um? and the other at 47 um?. We fitted two Gaussian peaks to the histogram
and from the peaks areas we find that 118 flakes (22% of the total population) have a small area
(around 20 um?) while 431 flakes (78%) have a large area (around 47 um?). We attribute this difference
in the triangle size distribution to be originated by spatial variations of the temperature and/or
precursors flow during the growth process over the sapphire.

We further characterize the homogeneity of the sample by means of micro-reflectance spectroscopy.
Figure 2a shows a differential reflectance spectrum of an MoS; island. The spectrum increases for
increasing energy and is characterized by two prominent peaks centered at 1.877 eV and 2.016 eV which
correspond to excitonic resonances originating from direct valence to conduction band transitions at
the K point [26,28,29], as schematically depicted in the inset of Figure 2. The presence of two features
is due to the spin-orbit splitting mostly of the valance band and thus the difference in energy between
these peaks gives a good estimation of the spin-orbit interaction in MoSj.
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Figure 2. Differential reflectance spectrum of a single-layer MoS, triangle showing A and B exciton peaks.
Inset: schematic drawing of the band diagram of single-layer MoS, indicating the A and B excitons at
the K point.

For each one of the 550 MoS, crystallites previously identified, we carried out differential reflectance
measurements. From each spectrum, we extracted the energy and the full-width-at-half-maximum
(FWHM) values of the A and B excitons by fitting Gaussian curves on the obtained spectra.
Figure 3 shows the histograms built up with those values. The energy of the A and B
exciton and their broadening have variations across the CVD sample as evidenced by the finite
width of all four histograms. The shape of the histograms, which is not that of a simple
Gaussian curve, suggests that random fluctuations alone cannot explain the origin of the exciton
variability. Possibly additional mechanisms, like the interaction with the substrate, may play a role in
the spectrum-to-spectrum variability. We extract the maximum of each histogram and we find that the
average A and B excitons energy is respectively 1.876 eV and 2.016 eV, while the FWHM of the A and B
excitons is in average 71 meV and 124 meV respectively. Comparing these values with values that we
found previously for mechanical exfoliated single-layer MoS; [24] (A 1.90 eV, B 2.04 eV) we see that
an overall blueshift of 24 meV is present in both the A and B exciton position of CVD-grown MoS;.
The difference between the A and B mean energy is 140 meV, which is comparable with previous
studies of single-layer MoS; [26,28].
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Figure 3. Extracted data from Differential reflectance measurement: (a,b) Histograms of the A and B
exciton energy for 550 flakes. (c,d) Histograms of the full width at half maximum of the A and B
excitons peaks.

In order to get a deeper insight in this spectrum-to-spectrum fluctuations observed in CVD MoS,
sample, we investigate the correlations between the A and B exciton energy and FWHM and the
geometrical parameters of the MoS; islands such as the area and the orientation. Figure 4a shows the
correlation between the A exciton energy with the triangle orientation. The bottom plot represents
a scatter plot of the A exciton energy as a function of the island orientation (black dots) on top of
a color map which depends on the data points density [30]. The scatter plot shows two clouds of
data points corresponding to the most probable orientation (0° or equivalently 60°) and the least
probable orientation (30° or 90°). Both clouds appear to be centered at the same A energy suggesting
that the orientation does not affect the excitons in CVD MoS;. In the top panel we have included
two one-dimensional conditional histograms of the A exciton energy, each constructed only from
the islands belonging to one of the two orientation populations. The conditional histograms of the
two populations appear similar and by fitting each histogram to a Gaussian peak we find that the
difference in energy of the A exciton between the 0° and 30° orientation is (0.1 == 0.1) meV, which can be
considered zero within the experimental uncertainty. The uncertainty is calculated by propagating the
standard errors of the peaks center. Similar conclusions hold for the energy of exciton B, presented in
Figure 4b, the difference in the energy of the B exciton between triangles with 0° and 30° orientation
is (0.4 & 0.3) meV. We performed the same correlation analysis for the broadening (FWHM) of the A
and B peaks. Figure 4c,d report similar plots for the excitons peak FWHM. Again we do not observe
a correlation between the broadening of the excitons and the orientation of the MoS; islands and
finding a negligible difference between the two distributions, (0.4 £ 0.5) meV in the case of exciton A
and (1.5 &+ 0.9) meV in the case of B. This small difference in average excitons energy for the different
MoS; orientations might be due to the different MoS, /sapphire interaction that could induce a different
strain in the MoS, layers with the 0° and 30° orientations [11,31].

Finally, we perform the same correlation analysis discussed in Figure 4 to the MoS; islands area
instead of the orientation. Figure 5a,b show the correlation between the A and B exciton energy with
the triangle area. The scatter plot shows two clouds of data points corresponding to the smallest
triangle area (=20 pm?) and to the largest area (47 um?). Interestingly, while for exciton A both
clouds appear to be centered at the same energy, in the case of exciton B the points related to the smaller
area are shifted toward smaller energy. In the top panel we have included one-dimensional conditional
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histograms of the A (B) exciton energy, which are constructed only from the islands belonging to one of
the two area populations. The conditional histograms of the two populations appear similar for the A
exciton energy, and by fitting each histogram to a Gaussian peak we find that the difference in energy
of the A exciton, between the small and the large area populations, is (0.4 & 0.1) meV. In the case of
the B exciton instead we find that the smaller area islands have an energy (3.0 &= 0.2) meV smaller
than the large area ones. We performed the same correlation analysis for the broadening (FWHM)
of the A and B peaks and Figure 5c,d report similar plots for the excitons peak FWHM. We do not
observe a correlation between the broadening of the A exciton and the area of the MoS; islands finding
a negligible difference of (0.5 & 0.5) meV between the two distributions. The B exciton FWHM shows
instead a marked difference of (7.5 & 1.0) meV between large and small areas.
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Figure 4. (a) Density plot of the triangle orientation as a function of the A exciton energy. (top) Conditional
histograms of the A exciton energy for triangles with orientation 0° £ 10° (light blue) and triangles
with orientation 30° £ 10° (dark blue); (b) Same as panel (a) for exciton B; (c) Density plot of the
triangle orientation as a function of the A exciton peak FWHM. (top) Conditional histograms of the A
exciton peak FWHM for triangles with orientation 0° 4= 10° (light blue) and triangles with orientation
30° £ 10° (dark blue); (d) Same as panel (c) for exciton B.
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Figure 5. (a) Density plot of the triangle orientation as a function of the A exciton energy. (top) Conditional
histograms of the A exciton energy for triangles with area between 15 um? and 25 um? (light blue)
and triangles with area between 35 um? and 55 um? (dark blue); (b) Same as panel (a) for exciton B;
(c) Density plot of the triangle orientation as a function of the A exciton peak FWHM. (top) Conditional
histograms of the A exciton peak FWHM for triangles with area between 15 um? and 25 um? (light blue)
and triangles with area between 35 um? and 55 pm? (dark blue); (d) Same as panel (c) for exciton B.

4. Discussions

The results of the previous section indicate that the orientation of the MoS; crystallites in respect to
the sapphire substrate does not affect the A and B excitons energy or broadening. Conversely, the area
of the crystal shows a correlation with the position and broadening of the B exciton. From literature it is
known that CVD-grown MoS, can show non-homogeneous strain [21,32,33]. One of the possible
scenarios is that in our sample the CVD growth method introduces strain in the MoS, lattice,
thus modifying the bands of MoS, and the excitons. The area of the MoS, crystallite can determine the
amount of strain transfer with the substrate and thus influence the band structure. A full understanding
of this effect is still missing, but it deserves further investigation in future works.

To conclude, we employed micro-reflectance spectroscopy to statistically study the variation
in the optical properties of single-layer MoS; triangular crystallites grown by CVD on a sapphire
substrate. We measured the spectra at 550 positions in the sample and we found the distributions
of the A and B exciton energies and broadening. Interestingly, we found a correlation between the B
exciton energy and broadening and the MoS, crystallite area. We thus demonstrate that this technique
has the potential to be used to characterize the homogeneity of large area CVD grown samples.
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Abstract: The structural, energetic, and electronic properties of single-layer graphene doped with
boron and nitrogen atoms with varying doping concentrations and configurations have been
investigated here via first-principles density functional theory calculations. It was found that the band
gap increases with an increase in doping concentration, whereas the energetic stability of the doped
systems decreases with an increase in doping concentration. It was observed that both the band gaps
and the cohesive energies also depend on the atomic configurations considered for the substitutional
dopants. Stability was found to be higher in N-doped graphene systems as compared to B-doped
graphene systems. The electronic structures of B- and N-doped graphene systems were also found to
be strongly influenced by the positioning of the dopant atoms in the graphene lattice. The systems
with dopant atoms at alternate sublattices have been found to have the lowest cohesive energies and
therefore form the most stable structures. These results indicate an ability to adjust the band gap as
required using B and N atoms according to the choice of the supercell, i.e., the doping density and
substitutional dopant sites, which could be useful in the design of graphene-based electronic and
optical devices.

Keywords: structural; energetic; electronic; density functional theory; band gap; stability; doped
graphene; cohesive energies

1. Introduction

Graphene, a single atomic layer of graphite which exhibits exceptional structural, mechanical,
electrical, optical, and chemical properties, has applications in numerous fields [1]. Graphene has
attracted the attention of researchers from both experimental and theoretical points of view after its
successful isolation in 2004 [2], especially for electronics owing to its exceptional properties [3] such as
ballistic electron transport at room temperature [4], high charge carrier mobility [5], room-temperature
fractional quantum Hall effect [6], and finite electrical conductivity at zero charge carrier density [7].
These features of graphene that make it a potential candidate for future nanoelectronics [8,9] arise from
its unique zero energy band gap with linear energy-momentum relation around the Dirac point [10,11].
However, the absence of a band gap in graphene limits its applications in various nanoelectronic
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devices, such as p-n junction diodes and transistors, and in other energy-related devices such as
supercapacitors, solar cells, and fuel cells.

In order to exploit the potential of graphene for electronics, a sizeable band gap should open
up in graphene. Until now, various approaches such as application of an external electric field [12],
chemical functionalization [13], use of graphene nanoribbons [14], and doping with heteroatoms [15]
have been proposed for opening a band gap in graphene. Among these, substitutional doping is
suggested to be the most effective method for modifying the electronic properties of graphene, due to
the strong dependency of the material properties on the structure. Doping of graphene with other
elements would not result in significant degradation of other favorable features of graphene that
makes it suitable for enabling nano-sized electronics. The introduction of dopants into the graphene
lattice could also lead to important modifications of physical and chemical properties that could
be tailored for developing various graphene-based devices with applications in sensing [16-22],
energy storage [23-26], gas storage [27-29], etc. Among various dopant atoms, boron (B) and nitrogen
(N) atoms have gained significant research attention being the nearest neighbors to carbon (C) that
provide a strong probability of entering the graphene lattice and due to the electron acceptor and donor
nature of B and N atoms that produces p-type and n-type graphene, respectively [30-33]. The p-type
and n-type graphene sheets produced by B- and N-doping could be employed for the fabrication of
complementary devices in future graphene-based electronic circuits.

There have been many reports on band gap engineering of graphene using substitutional
doping [15,30,34-47]. For instance, Wu et al. [37] investigated the geometry, electronic structure,
and magnetic properties of graphene doped with light non-metallic atoms such as B, N, O, and E.
An ab initio study on the band gap opening in graphene by single B- and N-atom doping in 8, 18, 32,
and 50 host C atoms has also been reported [42]. All these works on doped graphene systems have
shown that dopant atoms modify the electronic band structure of graphene by introducing an energy
gap so that the behavior of graphene changes from semi-metallic to semiconducting. However, one B-
and N-atom doping in 3N x 3N (where N is an integer) graphene supercells have shown zero
band gap at the Dirac point [38,42,44], whereas, in the case of the one B- and N-atom doping in the
(BN — 1) x BN — 1) and (3N + 1) x (3N + 1) supercells of pristine graphene, there is a band gap which
can be tunable by the doping concentration. Zhou et al. [44] discovered an interesting 3N rule for
periodically doped graphene sheets, which suggests that when the primitive cell is 3N x 3N, the doped
graphene has a zero gap or negligible gap, and the properties of doped graphene can be predicted by
their primitive cell sizes.

The effect of doping graphene with B and N concentrations varying from 2% to 12% (simulated by
varying the number of dopants from one to six in 50 host atoms) on the geometry and electronic
structure of single-layer graphene has been systematically analyzed by Rani and Jindal [30].
They observed a dependence of the band gap not only on the concentration of dopants, but also
on the position of the dopant atom in the graphene sheet. The results showed a maximum band gap
upon placing the dopants at the same sublattice locations and a minimum band gap upon placing
the dopants at alternate sublattice locations of the graphene. Another study presented the electronic
and magnetic properties of single-layer graphene doped with N atoms and analyzed the dependence
of magnetic moments and band gaps in graphene on N-substitutional doping configurations by
considering two N atoms in graphene supercells containing 8, 18, and 32 host C atoms [43].

A systematic analysis of the structural and electronic properties of N-doped graphene with
two N-substitutional dopants in 3N x 3N graphene supercells by considering different doping
configurations has not been reported. To the best of our knowledge, a similar study on B-doped
graphene with more than one dopant in 3N x 3N graphene supercells has also still not appeared in
the literature. In this paper, we investigate the atomic structures, the stabilities, and the electronic
properties—specifically the band structures of graphene doped with B and N atoms in 8, 18, 32 and
72 host C atoms. As B and N atoms can be placed at C sites of the crystal lattice in many different
configurations, several substitutional dopant sites in the graphene sheet are analyzed. The effect of
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B- and N-doping on the structural and electronic properties of graphene is analyzed by varying the
doping concentrations from 1.39% to 25% and by considering different configurations for the same
doping concentration. The dependence of the cohesive energy per atom on the doping concentration
and the different doping configurations are also studied to understand the stabilities and to compare
the energetics of the B- and N-doped systems. Fourteen doping concentrations between 1.39% and
25% are considered for the study.

2. Computational Method

All calculations are performed within the framework of density functional theory (DFT) as
implemented in ABINIT code [48]. The generalized gradient approximation (GGA) exchange-correlation
(XC) functional in the Perdew-Burke-Ernzerhof (PBE) form [49] is adopted in the structural
optimization and electronic structure calculations of both pristine graphene and different doped
graphenes. Norm-conserving Troullier-Martins type pseudopotentials [50] are used to describe
the electron—ion interactions. The energy convergence criterion is chosen to be ~10 meV/atom.
A plane-wave basis set with converged cutoff energy of 816 eV is used (see Supplementary
Figure S1). The sampling of the Brillouin zone is performed using the k-point mesh generated
by the Monkhorst-Pack scheme [51]. Converged k-point grids corresponding to a 24 x 24 x 1 grid for
a graphene unit cell are used for different graphene supercells (see Supplementary Figure S2). For all
systems, the relaxation of basis vectors and atomic coordinates are performed by minimizing the total
energy. Structural optimization has been conducted using the Broyden—Fletcher-Goldfard—-Shanno
(BFGS) minimization until the residual forces on atoms are lower than 0.0025 eV /A.

A single-layer graphene sheet is modeled using four different supercell sizes, i.e.,, a 2 x 2
(BN — 1) x (3N — 1), where N = 1) supercell with 8 C atoms, a 3 x 3 (3N x 3N, where N = 1)
supercell with 18 C atoms, a4 x 4 (3N + 1) x (3N + 1), where N = 1) supercell with 32 C atoms, and
a6 x 6 (3N x 3N, where N = 2) supercell with 72 C atoms, where the distance between the adjacent
graphene layers along the perpendicular direction is taken as 10 A to avoid interlayer interactions
due to periodic boundary conditions. B- and N-doped graphenes are simulated by replacing the C
atom in the supercell structure by a B or N atom and by choosing the corresponding pseudopotentials.
B- and N-doping concentrations from 1.39% to 25% are modeled through the substitution of one
and two C atoms in the 2 x 2 supercell by dopant atoms, which corresponds to 12.5% and 25%
doping concentrations, respectively; the substitution of one, two, three, and four C atoms in the
3 x 3 supercell by dopant atoms, which corresponds to 5.56% 11.11%, 16.67%, and 22.22% doping
concentrations, respectively; the substitution of one and two C atoms in the 6 x 6 supercell by dopant
atoms, which corresponds to 1.39% and 2.78% doping concentrations, respectively; the substitution of
one, two, three, four, five, and six C atoms in the 4 x 4 supercell by dopant atoms, which corresponds
to 3.13%, 6.25%, 9.38%, 12.5%, 15.63%, and 18.75% doping concentrations, respectively.

In all cases, we first optimize the geometry of the B- and N-doped systems. The cohesive energy
per atom, E_, is calculated as [30]

Ecah = ,i=C,B,N

(Etot — niE;)
n
where Ei; and E; represent the total energies of the considered doped system and of the individual
elements present within the doped system. The total energies of the individual elements (C, B, or N)
are calculated by defining a large supercell and adding the element (C, B, or N) at (0, 0, 0). # is the
total number of atoms present in the system, and #; is the total number of species i present in the
configuration. The values of E,, indicate the energetic stability of the systems. The lesser the value,
the more stable the system is. Finally, the electronic band structures are computed for the optimized
doped systems from which the widths of the band gap are determined. We elucidate the dependence of
the band gap and the cohesive energy per atom on the concentration and position of the dopant atoms.
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3. Results

3.1. Pristine Graphene

Upon structural optimization of pristine graphene (PG), the lattice constant and the C-C bond
length were observed to be 2.458 A and 1.42 A. The calculated lattice constant is in good agreement
with the experimental value of 2.46 A [52], and the calculated C—C bond length of 1.42 A as seen in
Figure 1a-d is very close to the experimental value of 1.421 A [3,52]. The relaxed geometries and band
structures of 2 x 2,3 x 3,4 x 4, and 6 x 6 graphene supercells obtained from the calculations are
shown in Figures la—d and 2a-d, respectively.

<E-i

Figure 1. Optimized structures of (a) 2 x 2; (b) 3 x 3; (c) 4 x 4; (d) 6 x 6 supercells of pristine graphene
(PG), the carbon atoms are shown in gray.
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Figure 2. Band structures of (a) 2 x 2; (b) 3 x 3; (¢) 4 x 4; (d) 6 x 6 supercells of PG.
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The band structures of the PG sheets (Figure 2a—d) along the high symmetry points (I'-K-M-T') of
the hexagonal Brillouin zone of graphene, which exhibit zero energy band gap and linear in-plane
dispersion around the Fermi level, are found to be in good agreement with the reported literature [7],
which presents the reliability of the employed calculation method. In the band structures of 2 x 2
and 4 x 4 graphene supercells, the top of the valence band and the bottom of the conduction band
degenerate at the K-point as seen in Figure 2a,c, whereas, in 3 x 3 and 6 x 6 supercells, the degeneracy
is observed at the I'-point, as presented in Figure 2b,d. This is in accordance with the previous reports
that the Dirac point moves into the I'-point, when the supercells are dimensions of three (3 x 3,6 x 6,
9 x 9 supercells, etc.) [44].

After successful reproduction of the structural and the electronic band structures of PG, PG is
doped with 14 different concentrations of B and N atoms. The study of the change in the geometries
and the electronic structures of graphene upon doping with varying B- and N-atom concentrations
and the analysis of the band gap for each doping concentration and for different dopant sites for the
same doping concentration are carried out as described below.

3.2. B-Doped Graphene

3.2.1. B-Doped Graphene System with One B Atom per Supercell

Here, we consider one B substitutional dopantin2 x 2,3 x 3,4 x 4, and 6 x 6 graphene supercells.
Upon structural optimization of all graphene supercells doped with one B atom, it was observed
that the planar geometry of PG remains undisturbed (Figure 3a-d) even after the introduction of
B atom, as B also undergoes sp? hybridization like the other C atoms in the crystal lattice, which is
in accordance with earlier results [30,37]. The optimized lattice constant increases from 2.458 Ato
2464 A, 2471 A,2.482 A, and 2.514 A for 6 x 6,4 x 4,3 x 3, and 2 x 2 supercells doped with one
B atom (1.39%, 3.13%, 5.56%, 12.5% B concentrations), respectively. Since the atomic radius of B is
larger than that of C, the lattice constant increases with the increase in the B-doping concentration,
showing agreement with previous reports [30].

Figure 3. Optimized structures of various graphene systems doped with one B atom, the B atoms are
shown in a rose color; (a) 2 x 2 graphene supercell with 12.5% B concentration; (b) 3 x 3 graphene
supercell with 5.56% B concentration; (c) 4 x 4 graphene supercell with 3.13% B concentration; (d) 6 x 6
graphene supercell with 1.39% B concentration.

Figure 3a—d depict the optimized geometries of 2 x 2,3 x 3,4 x 4, and 6 x 6 graphene supercells
doped with one B atom. The large covalent radius of B compared to that of C results in the expansion
of the C-B bond length [30,37] to 1.5 A for one B doping in 2 x 2 and 3 x 3 supercells (Figure 3a,b),
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whereas, in 4 X 4 and 6 x 6 supercells, the C-B bond length was extended to 1.49 A (Figure 3c,d) [30,37]
from the ideal C-C bond length of 1.42 A. The C-C bond lengths adjacent to the B atom were reduced
from 1.42 A to 1.41 A for3 x 3and 4 x 4 graphene supercells (Figure 3b,c), whereas, in the case of
the 6 x 6 graphene supercell, it was reduced to 1.4 A (Figure 3d) in order to compensate for the long
C-B bond in the crystal structure so as to retain the planar geometry. The observed reduction in the
C—C bond length in the close proximity to the B atom is in agreement with the results reported in [30].
The calculated cohesive energies per atom of the relaxed geometries of graphene systems doped with
one B atom are presented in Table 1.

Figure 4a-d present the band structures computed for the optimized structures of different
graphene systems doped with one B atom shown in Figure 3a—d. Since the planar geometry of
graphene is well preserved even after one B doping, the linear energy dispersion remains unaltered
along the high symmetry points of the Brillouin zone as seen in Figure 4a—d, similar to the reported
literature [30,37]. Due to the symmetry breaking of the graphene sublattices by the introduction of
the B atom, the band structures of 2 x 2 and 4 x 4 graphene supercells show a band gap of ~0.66 eV
(Figure 4a) and ~0.19 eV (Figure 4c) at the Dirac point for one B-atom doping (corresponding to 12.5%
and 3.13% B concentrations), respectively. The present results are slightly greater that the values
reported in [42], probably due to the variation in the employed computational method. The 3 x 3 and
6 x 6 graphene supercells doped with one B atom (corresponding to 5.56% and 1.39% B concentrations)
do not show any band gap (Figure 4b,d), which is found to be in agreement with the reported zero
band gap phenomenon in 3N x 3N graphene supercells [38,42,44]. In general, the energy gap increases
from ~0.19 eV to ~0.66 eV for 4 x 4 and 2 x 2 supercells doped with one B atom (3.13% and 12.5%
B concentrations), respectively (Table 1).
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Figure 4. Band structures of graphene systems doped with one B atom corresponding to the optimized
structures shown in Figure 3a—d; (a) 2 x 2 graphene supercell with 12.5% B concentration; (b) 3 x 3
graphene supercell with 5.56% B concentration; (c) 4 x 4 graphene supercell with 3.13% B concentration;
(d) 6 x 6 graphene supercell with 1.39% B concentration.

Both 2 x 2 and 4 x 4 graphene supercells doped with one B atom exhibit p-type doping electronic
properties with band gaps, whereas the 3 x 3 and 6 x 6 graphene supercells doped with one B atom

show p-type doping properties with zero band gap.
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Table 1. The B concentrations, cohesive energies, and the band gap introduced for various supercells
doped with one B atom.

Model B Concentration (%) E.,, (eV/atom) Band Gap (eV)

2x2 12.5 —8.795 0.658
3x3 5.56 —9.088 0
4 x4 3.13 —9.197 0.190
6x6 1.39 —9.270 0

3.2.2. B-Doped Graphene System with Two B Atoms per Supercell

As graphene’s honeycomb lattice consists of two interpenetrating triangular sublattices as shown
in Figure 5, several isomers of the same doping concentration are possible. A few isomers with
configurations of three doping sites, i.e., when all the dopant atoms are adjacent, when they are at same
sublattice positions (all in either sublattice “A” or in sublattice “B”), and when they are at different
sublattice positions (in sublattice “A” and “B”), are only presented here for simplicity, as all possible
doping configurations of any atomic doping concentration will fall under these three categories
only. Hence, the cohesive energies and the band structures of the above-mentioned geometries
corresponding to the same doping concentration are calculated to analyze the influence of the dopant
sites on the stabilities and the band gap values.

Figure 5. Schematic illustration of the honeycomb lattice of graphene. Atoms in sublattices A and B
points are shown in gray and blue color respectively.

Here we consider the substitution of two C atoms by two Batomsin2 x 2,3 x 3,4 x 4,and 6 X 6
graphene supercells (Figure 6a-1). Similar to graphene systems doped with one B atom, the graphene
systems doped with two B atoms also retain the planar geometry of PG as seen in Figure 6a-l1.
The optimized lattice constant increases from 2.458 A t02.469 A, 2.484 A, 2.504 A, and 2.576 A for
6 x6,4x4,3 x 3,and 2 x 2 supercells doped with two B atoms (2.78%, 6.25%, 11.11%, and 25% B
concentrations), respectively, which also shows an increase in lattice constant with increasing B-doping
concentration similar to that observed for graphene systems doped with one B atom.

Figure 6a-1 depict the optimized geometries of the 2 x 2,3 x 3,4 X 4, and 6 X 6 graphene
supercells doped with two B atoms. Three doping configurations of the 2 x 2,3 x 3,4 x 4,and 6 x 6
supercells doped with two B atoms (corresponding to 25%, 11.11%, 6.25%, and 2.78% B concentrations,
respectively) are considered with the dopant atoms at adjacent, (Figure 6a,d,g,j), same (Figure 6b,e,h k),
and alternate sublattice points (Figure 6c¢,f,il). The C-B bond length was expanded significantly
(Figure 6a-1) as compared to graphene systems doped with one B atom, due to the presence of the
two B atoms, which have a bigger size compared to the other C atoms in the lattice, whereas the C-C
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bond length in close proximity of the dopant was shortened from 1.42 A to 1.41 A or 1.4 A, or even to
1.39 A, in most of the optimized structures, based on the position of the B dopants, in an attempt to
the preserve the planar lattice structure. After obtaining stable geometries, the cohesive energies were
calculated for all the considered graphene systems doped with two B atoms and are listed in Table 2.

Figure 6. Cont.
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Figure 6. Optimized structures of various graphene systems doped with two B atoms with different

doping configurations; (a—c) 2 x 2 graphene supercell with 25% B concentration; (d-f) 3 x 3 graphene
supercell with 11.11% B concentration; (g-i) 4 x 4 graphene supercell with 6.25% B concentration;
(j-1) 6 x 6 graphene supercell with 2.78% B concentration.

Table 2. The B concentrations, doping configurations with considered sublattice, cohesive energy, and
the band gap introduced for various supercells doped with two B atoms.

Model B Concentration (%)  Configuration  Considered Sublattices for Dopants  E,,j, (eV/atom) Band Gap (eV)

Figure 6a “B” and “A” (adjacent) —8.284 0.492
2x2 25 Figure 6b Both in “B” (same) —8.353 1.282
Figure 6¢ “B” and “A” (alternate) —8.493 0
Figure 6d “B” and “A” (adjacent) —8.842 0.265
3x3 11.11 Figure 6e Both in “B” (same) —8.874 0.274
Figure 6f “B” and “A” (alternate) —8.921 0.046
Figure 6g “B” and “A” (adjacent) —9.058 0.130
4x4 6.25 Figure 6h Both in “B” (same) —9.079 0.375
Figure 6i “B” and “A” (alternate) —9.095 0.047
Figure 6j “B” and “A” (adjacent) —9.202 0.100
6x6 278 Figure 6k Both in “B” (same) —9.212 0.114
Figure 61 “B” and “A” (alternate) —9.219 0.008

Figure 7a-1 present the band structures computed for the optimized structures of different B-doped
graphene systems shown in Figure 6a-1. As seen in Figure 7a-], the linear dispersion around the Dirac
point is not completely destroyed, but an energy band gap opens in all cases except for graphene
doped with two B atoms into the 2 x 2 graphene supercell with dopant atoms at the alternate sublattice
points (Figure 7c). The 2 x 2 graphene supercell doped with two B atoms (corresponding to 25%
B concentration) shows band gaps of ~0.49 eV (Figure 7a) and ~1.28 eV (Figure 7b) upon placing
the B atoms at adjacent and same sublattice positions, respectively, in graphene. B-doped graphene
with 25% B concentration has a zero gap (Figure 7c) when the B atoms are at alternate sublattice
positions due to the symmetry formed by the B atoms situated in two graphene sublattices (“A” and
“B”). At a 6.25% B concentration, band gaps of 0.13 eV (Figure 7g), 0.375 eV (Figure 7h), and ~0.05 eV
(Figure 7i) open up in graphene when the B atoms are placed at the adjacent, same, and alternate
sublattice positions in graphene, respectively.

The band structures of 3 x 3 and 6 x 6 graphene supercells doped with two B atoms are
characterized by a non-zero band gap (Figure 7d—f,j-1), which is different from the zero band gap
behavior observed for the 3 x 3 and 6 x 6 graphene supercells doped with one B atom. The 3 x 3
graphene supercells doped with two B atoms (corresponding to 11.11% B concentration) exhibit band
gaps of 0.265 eV (Figure 7d), 0.274 eV (Figure 7e), and ~0.05 eV (Figure 7f) for the configurations with
dopants at adjacent, same, and alternate sublattices in graphene, respectively. Doping of graphene
with 2.78% concentration of B results in a band gap opening of 0.10 eV (Figure 7j), ~0.11 eV (Figure 7k),
and 0.008 eV (Figure 71), respectively, in graphene upon placing the B atoms at adjacent, same, and
alternate sublattice sites in graphene.
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The2 x 2,3 x 3,4 x 4,and 6 x 6 graphene supercells doped with two B atoms exhibited p-type
semiconducting behaviors. The 2 x 2 graphene supercell doped with two B atoms also exhibit p-type
electronic behavior, but does not show any band gap when the dopants are at alternate sublattice
sites (Figure 7c). The considered B concentrations, the doping configurations along with the selected
sublattices, the calculated cohesive energies, and the band gaps observed for all considered graphene
systems doped with two B atoms are summarized in Table 2.
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Figure 7. Band structures of graphene systems doped with two B atoms corresponding to the
optimized structures shown in Figure 6a-1; (a—c) for 2 x 2 graphene supercell with 25% B concentration;
(d—f) 3 x 3 graphene supercell with 11.11% B concentration; (g-i) 4 x 4 graphene supercell with 6.25%
B concentration; (j-1) 6 x 6 graphene supercell with 2.78% B concentration.

3.2.3. B-Doped Graphene System with Three B Atoms per Supercell

Here we consider the substitution of three C atoms by three B atoms in 3 x 3 and 4 x 4 graphene
supercells. Similar to graphene systems doped with one and two B atoms, the planar lattice structure
of graphene remains the same (Figure 8a—f) even after the introduction of three B atoms. The optimized
lattice constant increases from 2.458 A to 2.475 A and 2.528 A for 4 x 4 and 3 x 3 supercells doped with
three B atoms (9.38% and 16.67% B concentrations), respectively, which indicates increase in lattice constant
with doping concentration similar to that seen in graphene systems doped with one and two B atoms.

Figure 8a—f present the relaxed geometries of 3 x 3 and 4 x 4 graphene supercells doped with
three B atoms at adjacent, same, and alternate sublattices, respectively. After structural optimization,
it was found that graphene structures doped with three B atoms at adjacent locations experience
significant geometrical distortion (Figure 8a,d) due to the positioning of three B atoms in the same
six-membered carbon ring, as compared to the other graphene systems doped with three B atoms.
However, the three adjacent B atoms are still seen to lie within the plane with large adjustments in the
adjoining bond lengths (Figure 8a,d).

Figure 8. Cont.
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Figure 8. Optimized structures of various graphene systems doped with three B atoms with different
doping configurations; (a—c) 3 x 3 graphene supercell with 16.67% B concentration; (d—f) 4 x 4 graphene
supercell with 9.38% B concentration.

Figure 9a—f present the band structures computed for the optimized structures of different
graphene systems doped with three B atoms shown in Figure 8a—f. The band structures of both 3 x 3
and 4 x 4 graphene supercells doped with three B atoms show non-zero band gaps as seen in Figure 9.
The linear energy dispersion at the Dirac point in the band structures of graphene systems doped
with three B atoms is found to be greatly affected (Figure 9a,d) for those structures in which the
B-substitutional dopants are placed at the adjacent positions (Figure 8a,d), which could be attributed
to their highly distorted geometries. The observation of highly deformed band structures of B-doped
graphene with an odd number of dopants in adjacent positions is consistent with that reported in [30].

At a 16.67% B concentration, the observed band gaps are ~0.03 eV (Figure 9a) and ~0.11 eV
(Figure 9c), when the dopant atoms are placed at the adjacent and alternate sublattices, respectively.
The positioning of the three B atoms at the same sublattices leads to a large band gap opening of
~0.90 eV (Figure 9b) at a 16.67% B concentration. Graphene with a 9.38% B concentration shows
band gaps of 0.235 eV (Figure 9d), ~0.57 eV (Figure 9e), and ~0.16 eV (Figure 9f), for the doping
configurations of adjacent, same, and alternate sublattices, respectively.

Graphene with three B-doping atoms in 3 x 3 and 4 x 4 graphene supercells exhibit p-type
semiconducting behaviors. Table 3 presents the models used, the B concentrations, the considered
doping configurations with sublattices, the calculated cohesive energies, and the band gaps introduced
for all graphene systems doped with three B atoms.
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Figure 9. Band structures of graphene systems doped with three B atoms corresponding to the
optimized structures shown in Figure 8a—f; (a—c) for 3 x 3 graphene supercell with 16.67% B
concentration; (d—f) 4 x 4 graphene supercell with 9.38% B concentration.

Table 3. The B concentrations, doping configurations with considered sublattice, cohesive energies,
and the band gaps introduced for various supercells doped with three B atoms.

Model B Concentration (%)  Configuration  Considered Sublattices for Dopants  E,,, (eV/atom) Band Gap (eV)

Figure 8a “B”,“A” and “B” (adjacent) —8.587 0.032
3x3 16.67 Figure 8b Allin “B” (same) —8.658 0.900
Figure 8c “B”,“B” and “A” (alternate) —8.688 0.107
Figure 8d “B”,”A” and “B” (adjacent) —8.914 0.235
4 x4 9.38 Figure 8e All in “B” (same) —8.952 0.568
Figure 8f “B”,“B” and “A” (alternate) —8.966 0.156

3.2.4. B-Doped Graphene System with Four B Atoms per Supercell

Here we consider the substitution of four C atoms by four B atoms in 3 x 3 and 4 x 4 graphene
supercells. After structural relaxation, all graphene systems doped with four B atoms appear to have the
same planar configuration of PG by adjusting the associated bond lengths (Figure 10a—f). The relaxed
lattice constant increases from 2.458 A to 2.512 A and 2.557 A for 4 x 4 and 3 x 3 supercells doped
with four B atoms (corresponding to 12.5% and 22.22% B concentrations), respectively, similar to that
observed in other B-doped graphene systems.

Figure 10a—f present the relaxed structures of 3 x 3 and 4 x 4 supercells doped with four B atoms
at adjacent, same, and alternate sublattices, respectively. As compared with graphene systems doped
with three B atoms, graphene systems doped with four B atoms experience much less structural
distortion when the B atoms are placed at adjacent positions in the lattice (Figure 10a,d).
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Figure 10. Optimized structures of various graphene systems doped with four B atoms with different
doping configurations; (a—c) 3 x 3 graphene supercell with 22.22% B concentration; (d—f) 4 x 4 graphene
supercell with 12.5% B concentration.

Figure 11a—f present the band structures computed for the optimized structures of different
graphene systems doped with four B atoms shown in Figure 10a—f. The band structures of both 3 x 3
and 4 x 4 graphene supercells doped with four B atoms depicted in Figure 11a—f show non-zero
band gap values. At a 22.22% B concentration, the doped graphene exhibits band gaps of 0.096 eV
(Figure 11a), ~0.73 eV (Figure 11b), and ~0.06 eV (Figure 11c) when B atoms are at adjacent, same,
and alternate sublattices, respectively. Graphene with 12.5% B concentration shows band gaps of
~0.12 eV (Figure 11d) and ~0.05 eV (Figure 11f) for the doping configurations of adjacent and alternate
sublattices, respectively. A maximum band gap of ~0.66 eV (Figure 11e) opens up in graphene at
a 12.5% B concentration, when the dopant atoms are at the same sublattice.

All graphene structures doped with four B atoms exhibit p-type semiconducting behaviors. Table 4
presents the models used, the doping concentrations with selected sublattices, calculated cohesive
energies, and the band gaps introduced for all graphene systems doped with four B atoms.
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Figure 11. Band structures of graphene systems doped with four B atoms corresponding to
the optimized structures shown in Figure 10a—f; (a—c) for 3 x 3 graphene supercell with 22.22%
B concentration; (d—f) 4 x 4 graphene supercell with 12.5% B concentration.

Table 4. The B concentrations, doping configurations with considered sublattice, cohesive energies,
and the band gaps introduced for various supercells doped with four B atoms.

Model B Concentration (%)  Configuration = Considered Sublattices for Dopants  E,; (eV/atom) Band Gap (eV)

Figure 10a “B”,“A”,“B” and “A” (adjacent) —8.364 0.096
3x3 22.22 Figure 10b All'in “B” (same) —8.455 0.728
Figure 10c “B”,“B”,“A” and “A” (alternate) —8.508 0.062
Figure 10d “B”,”“A”,”B” and “A” (adjacent) —8.773 0.118
4x4 12.5 Figure 10e Allin “A” (same) —8.829 0.662
Figure 10f “B”,“B”,”A” and “A” (alternate) —8.856 0.050

3.2.5. B-Doped Graphene System with Five B Atoms per Supercell

Here we consider the substitution of five C atoms by five B atoms in a 4 x 4 graphene supercell.
After structural relaxation, it was observed that all graphene systems doped with five B atoms exhibit
planar geometry (Figure 12a—c), similar to other B-doped graphene systems. The relaxed lattice
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constant increases from 2.458 A to 2.527 A for the 4 x 4 graphene supercell doped with five B atoms
(corresponding to 15.63% B concentration), as observed in other B-doped graphene systems. Similar to
graphene systems doped with three B atoms, graphene systems doped with five B atoms at adjacent
positions experience significant structural distortion, but the planar configuration is maintained by
adjusting the C-B and adjacent C—C bond lengths (Figure 12a). The observed structural distortion is
larger than that observed in systems doped with four B atoms.

The band structures computed for the optimized structures of different graphene systems doped
with five B atoms shown in Figure 13a—c, show p-type semiconducting nature. The observations of
disturbed linear energy dispersion at the Dirac point and highly deformed band structure (Figure 13a),
for the doping configuration with five dopants at adjacent positions, is in agreement with similar
previous reports [30].

Table 5 summarizes the observed band gaps and the calculated cohesive energies for different
doping configurations corresponding to 15.63% B concentration in graphene. At a 15.63% B concentration,
B atoms located at adjacent, same, and alternate sublattices open band gaps of 0.245 eV (Figure 13a),
~0.76 eV (Figure 13b), and ~0.13 eV (Figure 13c), respectively, in graphene.

Figure 12. (a—c) Optimized structures of the 4 x 4 graphene supercell doped with five B atoms (15.63%
B concentration) with different doping configurations.
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Figure 13. (a—c) Band structures of the 4 x 4 graphene supercell doped with five B atoms (15.63%
B concentration) corresponding to the optimized structures shown in Figure 12a—c.

Table 5. The B concentration, doping configurations with considered sublattice, cohesive energies, and
the band gaps introduced for 4 x 4 supercell doped with five B atoms.

Model B Concentration (%)  Configuration  Considered Sublattices for Dopants  E,,, (eV/atom) Band Gap (eV)

Figure 12a “B”,”A”,”B”,”A” and “B” (adjacent) —8.643 0.245
4 x4 15.63 Figure 12b All in “B” (same) —8.714 0.756
Figure 12¢ “B”,“A”,“B”,”A” and “B” (alternate) —8.746 0.133

3.2.6. B-Doped Graphene System with Six B Atoms per Supercell

Here we consider the substitution of six C atoms in a 4 x 4 graphene supercell by six B atoms
in which the dopant positions at adjacent, same, and alternate sublattices are considered. The planar
structure is preserved even after the introduction of six B atoms in the lattice (Figure 14a—c). The relaxed
lattice constant increases from 2.458 A to 2.543 A for the 4 x 4 graphene supercell doped with six
B atoms (corresponding to 18.75% B concentration), as observed in other B-doped graphene systems.
Similar to graphene systems doped with four B atoms, the considered 4 x 4 graphene supercell doped
with six B atoms at adjacent positions experience less structural distortion (Figure 14a) compared to
systems doped with three and five B atoms.

Figure 14. (a—c) Optimized structures of the 4 x 4 graphene supercell doped with six B atoms (18.75%
B concentration) with different doping configurations.
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The band structures of all graphene systems doped with six B atoms shown in Figure 15a—c
indicate p-type semiconducting behaviors. At a 18.75% concentration, B-doped graphene does not
show a band gap (Figure 15a,c) when the B atoms are located at adjacent and alternate sublattice
sites, whereas a band gap of ~0.99 eV opens up in graphene (Figure 15b) when the six B dopants are
located at the same sublattice sites of graphene, as summarized in Table 6. The observed closed band
gap in graphene doped with six B atoms (Figure 15a,c) upon placing the dopants at adjacent and
alternate sublattices could be attributed to the symmetry formed by the B dopants in two triangular
sublattices [30].
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Figure 15. (a—c) Band structures of the 4 x 4 graphene supercell doped with six B atoms (18.75%
B concentration) corresponding to the optimized structures shown in Figure 14a—c.

Table 6. The B concentration, doping configurations with considered sublattices, cohesive energies,
and the band gaps introduced for 4 x 4 supercell doped with six B atoms.

Model B Concentration (%)  Configuration Considered Sublattices for Dopants E.op (€V/atom)  Band Gap (eV)
Figure 14a “B”,“A”,”B”,”A”,“B” and “A” (adjacent) —8.478 0

4 x4 18.75 Figure 14b Allin “B” (same) —8.593 0.988
Figure 14c “A”,“B”,“B”,“A”,“A” and “B” (alternate) —8.661 0

3.3. N-Doped Graphene

3.3.1. N-Doped Graphene System with One N Atom per Supercell

Here we consider one N-substitutional dopantin2 x 2,3 x 3,4 x 4, and 6 x 6 graphene supercells.
Similar to that of graphene systems doped with one B atom, all relaxed graphene systems doped with
one N atom remain planar (Figure 16a—d) due to the similar size of the C and introduced N atom,
showing good accordance with both theoretical [30,37] and experimental results [53]. Similar to the
B atom, as the N atom also undergoes sp? hybridization and strongly binds with the three neighboring
C atoms through o-bonds, there is no distortion in the graphene lattice after N doping. The optimized
lattice constant decreases from 2.458 A to 2.456 A, 2.454 A, 2.450 A, and 2.441 A for 6 x 6,4 x 4,
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3 x 3, and 2 x 2 graphene supercells doped with one N atom (1.39%, 3.13%, 5.56%, and 12.5% N
concentrations), respectively. This decrease in the optimized lattice constant with the increase in
the N-doping concentration is due to the smaller covalent radius of N compared to C, which is in
agreement with previous reports [30].

Figure 16a—d depict the optimized geometries of 2 x 2,3 x 3,4 x 4, and 6 x 6 graphene supercells
doped with one N atom. The small covalent radius of N compared to that of C results in the reduction
of the C-N bond length to 1.41 A for 2 x 2,3 x 3,4 x 4, and 6 x 6 graphene supercells doped with
one N atom (Figure 16a—d), consistent with that reported in [37]. The adjoining C-C bond length was
reduced from 1.42 A to 1.41 A in graphene systems doped with one N atom (Figure 16a—d) to preserve
the planar geometry.

(a)

Figure 16. Optimized structures of various graphene systems doped with one N atom, dark blue

represents N atoms; (a) 2 x 2 graphene supercell with 12.5% N concentration; (b) 3 x 3 graphene
supercell with 5.56% N concentration; (c) 4 x 4 graphene supercell with 3.13% N concentration;
(d) 6 x 6 graphene supercell with 1.39% N concentration.

Figure 17a-d depict the band structures computed for the relaxed geometries of different graphene
systems doped with one N atom shown in Figure 16a—d, in which the linear energy dispersion at the
Dirac point is seen unaffected. The observation of the preserved linear energy dispersion near the Dirac
point is in good agreement with previous theoretical results [37]. The obtained band structures are
compared with those reported in earlier works [30,37,43] and are found to be in excellent agreement.

The 2 x 2 and 4 x 4 graphene supercells doped with one N atom (corresponding to 12.5%
and 3.13% N concentrations) show band gaps of ~0.67 eV and ~0.20 eV, respectively, as evident
from Figure 17a,c, due to the symmetry breaking of graphene sublattices similar to that observed
in corresponding B-doped graphene systems. The band gap value observed for a 2 x 2 graphene
supercell doped with one N atom is in agreement with the existing value of 0.67 eV [44]. Similar
to 3 x 3 and 6 x 6 supercells doped with one B atom, there is no band gap opening for 3 x 3 and
6 x 6 supercells doped with one N atom (Figure 17b,d). The observed zero band gap in 3 x 3 and
6 x 6 graphene supercells doped with one N atom is consistent with similar theoretical reports [42,44].
For other supercells, the energy gap increases from ~0.20 eV to ~0.67 eV for 4 x 4 and 2 x 2 supercells
doped with one N atom (corresponding to N concentrations of 3.13% and 12.5%), respectively (Table 7).

All these graphene systems doped with one N atom exhibit n—type metallic nature as evident from
the band structures in Figure 17, which is consistent with that reported by Wang et al. [43]. Both 2 x 2
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and 4 x 4 graphene supercells doped with one N atom exhibit n-type metallic character with band gap
values listed in Table 7.
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Figure 17. Band structures of graphene systems doped with one N atom corresponding to the
optimized structures shown in Figure 16a—d: (a) 2 x 2 graphene supercell with 12.5% N concentration;
(b) 3 x 3 graphene supercell with 5.56% N concentration; (c) 4 x 4 graphene supercell with 3.13% N
concentration; (d) 6 x 6 graphene supercell with 1.39% N concentration.

Table 7. The N concentrations, cohesive energies, and the band gaps introduced for various supercells
doped with one N atom.

Model N Concentration (%) E.,, (eV/atom) Band Gap (eV)

2x2 12.5 —9.029 0.668
3x3 5.56 —9.193 0
4 x4 3.13 —9.254 0.202
6 X6 1.39 —9.291 0

3.3.2. N-Doped Graphene System with Two N Atoms per Supercell

Here the substitution of two C atoms by two N atoms in 2 x 2,3 x 3,4 x 4, and 6 x 6
graphene supercells (Figure 18a-1) are considered. Similar to graphene systems doped with one N atom,
the optimized structures of graphene systems doped with two N atoms preserve the planar geometry of
PG (Figure 18a-1) even after the introduction of two N atoms. The relaxed lattice constant decreases from
2458 At02.454 A,2.449 A, 2441 A, and 2.422 A for 6 x 6,4 x 4,3 x 3,and 2 x 2 graphene supercells
doped with two N atoms (2.78%, 6.25%, 11.11%, 25% N concentrations), respectively, which shows
a decrease in lattice constant with increasing N-doping concentration, similar to that observed for
graphene systems doped with one N atom.

Figure 18a-1 present the optimized geometries of the 2 x 2,3 x 3,4 x 4, and 6 X 6 graphene
supercells doped with two N atoms, in which the same configurations taken for graphene systems
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doped with two B atoms are considered. Three doping configurations of 2 x 2,3 x 3,4 x 4,and 6 x 6
supercells doped with two N atoms (corresponding to 25%, 11.11%, 6.25%, and 2.78% B concentrations,
respectively) are selected, with dopant atoms at adjacent, (Figure 18a,d,g,j), same (Figure 18b,e,h, k),
and alternate sublattice points (Figure 18¢,f,i,1). In graphene systems doped with two N atoms, the C-N
and C-C bond lengths were reduced significantly (Figure 18a-1) as compared to graphene systems
doped with one N atom for retaining the structure. After obtaining the stable geometries, the cohesive
energies were calculated for all considered graphene systems doped with two N atoms and are listed
in Table 8.

(@) (b)

Figure 18. Cont.
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Figure 18. Optimized structures of various graphene systems doped with two N atoms with different
doping configurations; (a—c) 2 x 2 graphene supercell with 25% N concentration; (d—f) 3 x 3 graphene
supercell with 11.11% N concentration; (g-i) 4 x 4 graphene supercell with 6.25% N concentration;
(j-1) 6 x 6 graphene supercell with 2.78% N concentration.

Table 8. The N concentrations, doping configurations with considered sublattice, cohesive energies,
and the band gaps introduced for various supercells doped with two N atoms.

Model N Concentration (%) Configuration ~ Considered Sublattices for Dopants  E,, (eV/atom) Band Gap (eV)

Figure 18a “B” and “A” (adjacent) —8.717 0.400
2x2 25 Figure 18b Both in “B” (same) —8.780 1.324
Figure 18¢ “B” and “A” (alternate) —8.875 0
Figure 18d “B” and “A” (adjacent) —9.048 0.252
3x3 1111 Figure 18e Both in “B” (same) —9.079 0.271
Figure 18f “B” and “A” (alternate) —-9.112 0.039
Figure 18g “B” and “A” (adjacent) —9.172 0.174
4x4 6.25 Figure 18h Both in “B” (same) —9.191 0.403
Figure 181 “B” and “A” (alternate) —9.203 0.012
Figure 18j “B” and “A” (adjacent) —9.253 0.085
6x6 2.78 Figure 18k Both in “B” (same) —9.262 0.110
Figure 181 “B” and “A” (alternate) —9.268 0.023

Figure 19a-1 present the band structures computed for the optimized structures of different
graphene systems doped with two N atoms shown in Figure 18a-1. The band structures of 2 x 2,
3 x 3, and 4 x 4 graphene supercells doped with two N atoms are found to be in good agreement
with those reported in [43]. Similar to systems doped with two B atoms, the linear dispersion near
the Dirac point is not completely destroyed (Figure 19a-1), but an energy band gap opens in all cases
except for the 2 x 2 graphene supercell doped with two N atoms at the alternate sublattice points
(Figure 19¢). At a 25% N concentration, N-doped graphene has band gaps of 0.40 eV (Figure 19a) and
~1.32 eV (Figure 19b) upon placing the N atoms at adjacent and same sublattice positions in graphene,
respectively. However, the band gap is found to be closed (Figure 19¢) for the configuration in which
the N atoms are at alternate sublattices of a 2 x 2 graphene supercell, even though it corresponds to
a high N-doping concentration of 25%.

In 4 x 4 graphene supercells doped with two N atoms (corresponding to 6.25% N concentration),
band gaps of ~0.17 eV (Figure 19g), ~0.40 eV (Figure 19h), and ~0.01 eV (Figure 19i) are observed for the
configurations with N atoms at adjacent, same, and alternate sublattices, respectively. The large band
gap opening in 2 x 2 and 4 x 4 graphene supercells doped with two N atoms, with the positioning
of the dopant atoms at the same sublattice, is due to the combined effect of the symmetry breaking
of sublattices, similar to that observed for graphene systems doped with two B atoms and are in
accordance with that reported in [30].

Similar to the 3 x 3 and 6 x 6 graphene supercells doped with two B atoms, the band structures of
3 x 3and 6 x 6 graphene supercells doped with two N atoms are characterized by non-zero band gaps
as shown in Figure 19d-f,j-1. The 3 x 3 graphene supercell doped with two N atoms (corresponding to
11.11% N concentration) exhibit band gaps of ~0.25 eV (Figure 19d), ~0.27 eV (Figure 19e) and ~0.04 eV
(Figure 19f) for the configuration with N atoms at adjacent, same, and alternate sublattices, respectively.
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In N-doped graphene with 2.78% N concentration, band gaps of 0.085 eV (Figure 19j), ~0.11 eV
(Figure 19k), and ~0.02 eV (Figure 191) appear when the dopants are at adjacent, same, and alternate
sublattice sites in graphene.

All these systems doped with two N atoms in2 x 2,3 x 3,4 x 4, and 6 x 6 graphene supercells
exhibit n-type metallic behavior. Our analysis of the electronic properties of the 2 x 2 and 4 x 4
graphene sheets doped with two N atoms are contrary to that of [43]. Table 8 presents a summary of
the considered N-doping concentrations with the doping configurations, the sublattices selected for
the N atoms, the calculated cohesive energies, and the band gaps observed in each of these cases.
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Figure 19. Band structures of graphene systems doped with two N atoms corresponding to the
optimized structures shown in Figure 18a-1; (a—c) 2 x 2 graphene supercell with 25% N concentration;
(d—£) 3 x 3 graphene supercell with 11.11% N concentration; (g-i) 4 x 4 graphene supercell with 6.25%
N concentration; (j-1) 6 x 6 graphene supercell with 2.78% N concentration.

3.3.3. N-Doped Graphene System with Three N Atoms per Supercell

Here the substitutions of three C atoms by three N atoms are considered in 3 x 3 and 4 x 4
graphene supercells. All graphene systems doped with three N atoms have planar hexagonal structures
as seen in Figure 20a—f. The relaxed lattice constant decreases from 2.458 A to 2.445 A and 2.434 A
for4 x 4 and 3 x 3 graphene supercells doped with three N atoms, (9.38% and 16.67% N concentrations),
respectively, similar to that observed in graphene systems doped with one or two N atoms.

Figure 20a—f present the relaxed geometries of 3 x 3 and 4 x 4 graphene supercells doped with
three N atoms, with N atoms at adjacent, same, and alternate sublattices, respectively. Compared with
their B counterparts, graphene systems doped with three N atoms are found to have significantly
less structural distortion, even when the three N atoms are placed at adjacent locations (Figure 20a,d)
due to the comparable size of C and N atoms.
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Figure 20. Optimized structures of various graphene systems doped with three N atoms with different
doping configurations; (a—c) 3 x 3 graphene supercell with 16.67% N concentration; (d-f) 4 x 4
graphene supercell with 9.38% N concentration.

Figure 21a—f present the band structures computed for the optimized structures of different
graphene systems doped with three N atoms shown in Figure 20a—f. Graphene systems doped with
three N atoms in 3 x 3 and 4 x 4 graphene supercells exhibit n-type metallic behavior with band gaps
indicated in Table 9. Similar to graphene systems doped with three B atoms, with dopants at adjacent
positions, deformed band structures were obtained (Figure 21a,d) for those structures in which the
N-substitutional dopants are placed at the adjacent positions (Figure 20a,d).

Table 9. The N concentrations, doping configurations with considered sublattice, cohesive energies,
and the band gaps introduced for various supercells doped with three N atoms.

Model N Concentration (%) Configuration ~ Considered Sublattices for Dopants  E,, (eV/atom) Band Gap (eV)

Figure 20a “B”,”A” and “B” (adjacent) —8.876 0.294
3x3 16.67 Figure 20b Allin “B” (same) —8.957 0.930
Figure 20c “B”,“B” and “A” (alternate) —8.984 0.160
Figure 20d “B”,”A” and “B” (adjacent) —9.072 0.270
4 x4 9.38 Figure 20e All'in “B” (same) —9.120 0.608
Figure 20f “B”,“B” and “A” (alternate) —9.132 0.176

In 3 x 3 graphene systems doped with three N atoms (corresponding to 16.67% N concentration),
a band gap of 0.93 eV (Figure 21b) appears when the dopant atoms are placed at the same sublattices,
whereas band gap values of ~0.29 eV (Figure 21a) and 0.16 eV (Figure 21c) appear when the dopant
atoms are placed at the adjacent and alternate sublattice positions, respectively. The 4 x 4 graphene
supercell doped with three N atoms (corresponding to 9.38% N concentration) induce band gaps

94



Electronics 2016, 5, 91

of 0.27 eV (Figure 21d), ~0.61 eV (Figure 21e), and ~0.18 eV (Figure 21f),for the configuration with
N atoms at adjacent, same, and alternate sublattices, respectively.

Table 9 presents the doping concentrations, considered doping concentrations with sublattices,
cohesive energies, and the band gaps introduced for all graphene systems doped with three N atoms.
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Figure 21. Band structures of graphene systems doped with three N atoms corresponding to the

configurations shown in Figure 20a—f; (a—c) 3 x 3 graphene supercell with 16.67% N concentration;
(d—f) 4 x 4 graphene supercell with 9.38% N concentration.

3.3.4. N-Doped Graphene System with Four N Atoms per Supercell

Here we consider the substitution of four C atoms by four N atoms in 3 x 3 and 4 x 4 graphene
supercells. After structural relaxation, all graphene systems doped with four N atoms appear to be
planar by adjusting the adjoining bond lengths (Figure 22a—f). The relaxed lattice constant decreases
from 2.458 A to 2.441 A and 2.427 A for 4 x 4 and 3 x 3 graphene supercells doped with four N atoms
(corresponding to 12.5% and 22.22% N concentrations), respectively, which also indicates a decrease

in lattice constant with the increase in N-doping concentration, as observed with other B-doped
graphene systems.
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Figure 22a—f present the relaxed structures of 3 x 3 and 4 x 4 supercells doped with four N atoms
at adjacent, same, and alternate sublattices, respectively. As compared to graphene systems doped
with four B atoms, graphene systems doped with four N atoms experience almost negligible structural
distortion even upon placing the N atoms at the adjacent positions in the lattice (Figure 22a,d).

Figure 22. Optimized structures of various graphene systems doped with four N atoms with different
doping configurations; (a—c) 3 x 3 graphene supercell with 22.22% N concentration; (d-f) 4 x 4
graphene supercell with 12.5% N concentration.

Figure 23a—f present the band structures computed for the optimized structures of different
graphene systems doped with four N atoms shown in Figure 22a—f. Similar to graphene systems doped
with three N atoms, all four N-doped graphene structures exhibit n-type metallic properties with band
gaps as seen in Figure 23a—f. In 3 x 3 graphene systems doped with four N atoms (corresponding to
22.22%), the highest band gap value of ~0.80 eV (Figure 23b) appears when the dopant atoms are placed
at the same sublattices, whereas band gaps of 0.20 eV (Figure 23a) and ~0.11 eV (Figure 23c) are induced
in graphene when the dopant atoms are placed at the adjacent positions and alternate sublattices,
respectively. Ata 12.5% N concentration, a maximum band gap of 0.70 eV (Figure 23e) opens up when
the dopant atoms are at the same sublattice, and a minimum band gap value of ~0.004 eV (Figure 23f)
appears when the dopant atoms are at alternate sublattice positions. The observed very small band
gap for the doping configuration with N atoms at adjacent locations (Figure 23d) corresponding to
12.5% N-doping concentration could be ascribed to the symmetry formed by the N dopants in the two
triangular sublattices.

Table 10 presents the doping concentrations with selected sublattices, the cohesive energies,
and the band gaps introduced for all graphene systems doped with four N atoms.
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Figure 23. Band structures of graphene systems doped with four N atoms corresponding to the
optimized structures shown in Figure 22a—f; (a—¢) 3 x 3 graphene supercell with 22.22% N concentration;
(d—£) 4 x 4 graphene supercell with 12.5% N concentration.

Table 10. The N concentrations, doping configurations with considered sublattice, cohesive energies,
and the band gaps introduced for various supercells doped with four N atoms.

Model N Concentration (%) Configuration ~ Considered Sublattices for Dopants  E.,, (eV/atom) Band Gap (eV)

Figure 22a “B”,”A”,“B” and “A” (adjacent) —8.741 0.200
3x3 2222 Figure 22b Allin “B” (same) —8.844 0.804
Figure 22¢ “B”,“B”,“A” and “A” (alternate) —8.894 0.106
Figure 22d “B”,“A”,“B” and “A” (adjacent) —8.987 0.020
4x4 12.5 Figure 22e Allin “A” (same) —9.052 0.700
Figure 22f “B”,“B”,”A” and “A” (alternate) —9.077 0.004

3.3.5. N-Doped Graphene System with Five N Atoms per Supercell

Here the substitution of five C atoms by five N atoms in a 4 x 4 graphene supercell are
considered, with the dopant atoms at adjacent, same, and alternate sublattice positions. After structural

97



Electronics 2016, 5, 91

relaxation, it was observed that all graphene systems doped with five N atoms exhibit planar geometry
(Figure 24a—c), similar to other N-doped graphene systems. The relaxed lattice constant decreases
from 2.458 A to 2.435 A for the 4 x 4 graphene supercell doped with five N atoms (corresponding
to 15.63% N concentration), as observed in other N-doped graphene systems. Similar to graphene
systems doped with three N atoms, there is no structural distortion in the considered structures of
graphene systems doped with five N atoms. The planar configuration is maintained by adjusting the
associated bond lengths.

Figure 24. (a—c) Optimized structures of the 4 x 4 graphene supercell doped with five N atoms (15.63%

N concentration) with different doping configurations.

The band structures presented in Figure 25a—c indicate that all graphene structures doped with five
N atoms show an n-type metallic character. Ata 15.63% N concentration, N atoms located at adjacent,
same, and alternate sublattices induce band gaps of ~0.36 eV (Figure 25a), ~0.79 eV (Figure 25b),
and ~0.14 eV (Figure 25c¢), respectively, in graphene as summarized in Table 11. Table 11 summarizes
the observed band gaps and the calculated cohesive energies for different doping configurations
corresponding to the 15.63% N concentration in graphene.
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Figure 25. Cont.
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Figure 25. (a—c) Band structures of 4 x 4 graphene supercell doped with five N atoms (15.63%
N concentration) corresponding to the optimized structures shown in Figure 24a—c.

Table 11. The N concentrations, doping configurations with considered sublattice, cohesive energies,
and the band gaps introduced for 4 x 4 supercell doped with five N atoms.

Model N Concentration (%) Configuration ~ Considered Sublattices for Dopants  E,;, (¢eV/atom) Band Gap (eV)

Figure 24a “B”,“A”,”B”,”A” and “B” (adjacent) —8.884 0.357
4 x4 15.63 Figure 24b Allin “B” (same) —8.988 0.792
Figure 24c “B”,“A”,”“B”,”A” and “B” (alternate) —9.017 0.141

3.3.6. N-Doped Graphene System with Six N Atoms per Supercell

Here the substitutions of six C atoms by six N atoms are considered in the 4 x 4 graphene supercell
with the dopant atoms at adjacent, same, and alternate sublattice positions. The planar structure is
preserved even after the introduction of six N atoms in the lattice (Figure 26a—c). The relaxed lattice
constant decreases from 2.458 A to 2.431 A for 4 x 4 graphene supercell doped with six N atoms
(corresponding to 18.75% N concentration), as observed in other N-doped graphene systems. Similar to

other N-doped graphene systems, there is no geometrical distortion in the graphene systems doped
with six N atoms.

Figure 26. (a—c) Optimized structures of the 4 x 4 graphene supercell doped with six nitrogen atoms
(18.75% N concentration) with different doping configurations.
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All these 4 x 4 graphene systems doped with six N atoms show n-type metallic behavior.
Atan 18.75% N concentration, a band gap of ~1.04 eV (Figure 27b) opens up in graphene, when the six
N atoms are located at the same sublattice sites of graphene. Upon placing the N atoms at adjacent
and alternate sublattices, there is no band gap opening as evident from Figure 27a,c, similar to that
observed in graphene systems doped with six B atoms. Table 12 summarizes the observed band gaps
and the calculated cohesive energies for different doping configurations corresponding to the 18.75%
N concentration in graphene.
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Figure 27. (a—c) Band structures of the 4 x 4 graphene supercell doped with six N atoms (18.75%
N concentration) corresponding to the optimized structures shown in Figure 26a—c.

Table 12. The N concentrations, doping configurations with considered sublattice, cohesive energies,
and the band gaps introduced for 4 x 4 supercell doped with six N atoms.

Model N Concentration (%)  Configuration Considered Sublattices for Dopants E.on (eV/atom)  Band Gap (eV)
Figure 26a “B”,”A”,”B”,”A”,”B” and “A” (adjacent) —8.753 0

4 x4 18.75 Figure 26b All'in “B” (same) —8.920 1.042
Figure 26¢ “A”,“B”,“B”,”A”,”A” and “B” (alternate) —8.976 0

4. Discussions

The changes in the bond lengths after B-doping can be read from the optimized structures shown
in Figures 3, 6, 8, 10, 12, and 14. In all B-doped graphene systems, the bond lengths are adjusted to
retain the planar geometry, i.e., with long C-B bonds and relatively short adjacent C-C bonds based
on the number and location of B atoms in graphene supercells. The placement of B atoms at adjacent
locations results in large B-B bond lengths in B-doped graphene systems. The large B-B bond lengths
observed for the configurations with B atoms at adjacent locations (Figures 6a,d,g,j, 8a,d, 10a,d, 12a,
and 14a could be ascribed to the large covalent radius of B compared to the host C atoms. The changes
in the bond lengths after N-doping can be read from the optimized structures shown in Figures 16, 18,
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20, 22, 24, and 26. The planar configuration is also maintained in all N-doped graphene systems by
adjusting the associated bond lengths, i.e., with short C-N and C-C bond lengths.

The obtained negative values of cohesive energies presented in Tables 1-12 indicate that all
considered B- and N-doped graphene systems are energetically stable. It was also observed that the
cohesive energy increases with increase in B- and N-doping concentration (Tables 1-12), which shows
that energetic stability decreases with increasing B- and N-doping concentration. For the same doping
concentration, the cohesive energy was found to be lowest for the doping configuration with dopants
at an alternate sublattice and highest for the doping configuration with dopants at adjacent positions.
These results show that B- and N-doped graphene with dopants placed at alternate sublattices are
more stable than that with dopants placed at adjacent and same sublattice positions.

Tables 1-12 show that the band gap in general increases with the increase in the B- and N-doping
concentration for the doping configuration with the highest band gap, which is in agreement with
previous reports [30]. Exceptin 3 x 3 and 6 x 6 graphene supercells doped with two B atoms, the band
gap was found to be at a maximum when the B atoms were at the same sublattice and at a minimum
when they were at adjacent or alternate sublattice positions, which is in agreement with report by
Rani et al. [30]. Even though 3 x 3 and 6 x 6 graphene supercells doped with two B atoms show a band
gap between the valence and conduction bands, no specific dependence of the band gap on the B-atom
positioning could be highlighted. Apart from the presented isomers of 3 x 3 and 6 x 6 graphene
supercells doped with two B atoms (corresponding to 11.11% and 2.78% B concentrations), the band
structures of several other isomers for the doping configurations of adjacent, same, and alternate
sublattices are also calculated (which are not presented here) to check for the observed variation of
band gap dependency on dopant positioning from that found in other B-doped graphene systems.
The calculated band gaps in all cases of 3 x 3 and 6 x 6 graphene supercells doped with two B atoms
do not follow any specific dependency on the B-doping configurations. The nature of this anomaly
is still being investigated. On the other hand, 3 x 3 graphene supercells doped with three and four
B or N atoms showed the highest band gap for the doping configurations with dopant atoms at same
sublattices and the lowest band gap for the doping configuration with dopant atoms at alternate
sublattices or adjacent positions. The trend of the band gap dependency on the doping configurations
in all N-doped graphene systems was observed to be similar to that observed in corresponding B-doped
graphene systems. Similar to the exception observed in the case of the 3 x 3 and 6 x 6 graphene
supercells doped with two B atoms, no specific correlation between the band gap and the doping
configuration could be determined for 3 x 3 and 6 x 6 graphene supercells doped with two N atoms
(corresponding to 11.11% and 2.78% N concentrations). The band gaps of 2 x 2 graphene supercell
doped with two N atoms (1.323 eV at a 25% N concentration) and 4 x 4 graphene supercell doped
with six N atoms (1.042 eV at an 18.75% N concentration) are found to be very close to the band gap of
silicon (1.1 eV).

The observed band gaps for the considered B or N concentrations corresponding to the most
stable configurations are summarized in Table 13. For the most probable configuration corresponding
to the doping concentrations ranging from 2.78% to 22.22%, the observed band gaps lie within the
range of 0.008-0.190 eV and 0.004-0.202 eV in B- and N-doped systems, respectively, while the most
stable configuration corresponding to B or N concentrations of 1.39%, 5.56%, 18.75%, and 25% do not
show a band gap. Thus, the band gap of graphene could be tailored from 0.008 eV to 0.190 eV by
B-doping and from 0.004 eV to 0.202 eV by N-doping, within the concentration range of 2.78%-22.22%,
excluding 5.56% and 18.75% concentrations.

101



Electronics 2016, 5, 91

Table 13. The doping concentrations, the most stable doping configuration, and the observed band gaps.

Concentration (%) Most Stable Band Gap (eV) Most Stable Band Gap (eV)
Configuration (B-Doped) (B-Doped) Configuration (N-Doped) (N-Doped)

1.39 Figure 3d 0 Figure 16d 0
2.78 Figure 61 0.008 Figure 181 0.023
3.13 Figure 3¢ 0.190 Figure 16c 0.202
5.56 Figure 3b 0 Figure 16b 0
6.25 Figure 6i 0.047 Figure 18i 0.012
9.38 Figure 8f 0.156 Figure 20f 0.176
11.11 Figure 6f 0.046 Figure 18f 0.039
12.5 Figure 10f 0.050 Figure 22f 0.004
15.63 Figure 12¢c 0.133 Figure 24c 0.141
16.67 Figure 8c 0.107 Figure 20c 0.160
18.75 Figure 14c 0 Figure 26c 0
2222 Figure 10c 0.062 Figure 22c 0.106

25 Figure 6¢ 0 Figure 18c 0

As 2 x 2 graphene supercells doped with one B atom or one N atom and 4 x 4 graphene supercells
doped with four B atoms or four N atoms correspond to the same doping concentration of 12.5%,
the cohesive energies and electronic band structures of three different configurations of the 4 x 4
graphene sheet doped with four B atoms or four N atoms were compared with those of the 2 x 2
graphene sheet doped with one B atom or one N atom. The widths of the band gaps for a 12.5% doping
concentration simulated by a 2 x 2 graphene supercell doped with one B atom or one N atom and
a4 x 4 graphene supercell doped with four B atoms or four N atoms were found to be almost the same
only for the configuration of a 4 x 4 graphene supercell doped with four B atoms or four N atoms at
the same sublattice. The band gaps introduced for other configurations of the 4 x 4 graphene supercell
doped with four B atoms or four N atoms (adjacent and alternate sublattice positions) were observed
to be comparatively small. However, the comparison of the cohesive energies of the 2 x 2 graphene
sheet doped with one B atom or one N atom (—8.795 eV /atom and —9.029 eV /atom, respectively)
and the 4 x 4 graphene supercell doped with four B atoms or four N atoms at the same sublattice
(—8.829 eV/atom and —9.052 eV /atom, respectively) indicate that the cohesive energy is strongly
dependent on the supercell size considered for the doping concentration. Thus, to achieve a 12.5% B or
N doping concentration, the 4 x 4 graphene supercell doped with four B atoms or four N atoms is
more stable than the 2 x 2 graphene supercell doped with one B atom or one N atom.

5. Conclusions

We have here calculated the energetic stabilities and the structural and electronic properties of
B- and N-doped graphene with varying doping concentrations and several doping configurations in
different graphene supercell sizes, using first-principles density functional theory calculations. It was
observed that both B- and N-doped graphene maintain the planar geometry of pristine graphene
with a slight distortion with longer C-B bonds and shorter C-N bonds compared to the C—C bond
length, which is in agreement with previous reports. The doped structures with dopant atoms placed
at adjacent locations have been found to be highly distorted, with less distortion in N-doped graphene
systems compared to that of the corresponding B-doped graphene systems.

The stability was found to be decreasing with increases in B- and N-doping concentrations.
For a particular doping concentration, stability was found to be higher for the atomic configuration
with dopant atoms at alternate sublattice positions than other configurations and decreases in the order
of alternate > same > adjacent. The cohesive energies of the N-doped graphene systems were found
to be lower than that of similar B-doped graphene systems; hence, N-doped graphene structures are
considered to be more stable than their B-doped counterparts. As the doping concentration decreases,
the cohesive energy difference between similar N- and B-doped graphene structures also decrease,
which indicates that graphene structures with a light doping of B and N atoms are highly stable.
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All B-doped graphene systems exhibit p-type doping electronic properties as the Fermi level
moves into the valence band, whereas all N-doped graphene systems exhibit n-type doping electronic
properties as the Fermi level moves into the conduction band. The results also show that graphene with
one B- and N-atom doping in any size of supercell exhibits p-type semiconducting and n-type metallic
characters, respectively, with or without band gaps based on the doping concentration. The analysis
of the electronic structures of 3 x 3 and 6 x 6 graphene supercells with more than one B or N atoms
have shown non-zero band gaps around the Dirac point, different from the zero band gap observed for
3 x 3and 6 x 6 graphene supercells doped with one B atom or one N atom. It was also observed that,
for the same B- and N-doping concentration, the distribution of the dopant atoms in the crystal lattice
determines the width of the introduced band gap around the Dirac point and affects the electronic
band structures. The calculations show that B- and N-doped graphene systems with more than one
dopant atom exhibit p-type semiconducting and n-type metallic behavior, respectively, with or without
band gaps based on the doping concentrations and doping configurations.

Except in 3 x 3 and 6 x 6 graphene supercells with two B and N dopants (corresponding to
11.11% and 2.87% B and N doping concentrations, respectively), the band gap dependency on the
dopant sites was observed to be the same, where a maximum band gap opens up when the dopant
atoms are at the same sublattice and a minimum band gap opens up when the dopants are at alternate
sublattices. No conceivable correlation between the band gap and the doping configurations could be
deduced from the band structures of graphene doped with two B atoms and two N atoms in 3 x 3 and
6 x 6 graphene supercells. The 3 x 3 graphene supercells doped with three B atoms, three N atoms,
four B atoms, or four N atoms show similar band gap dependency on the dopant locations that has
been observed with other supercells which are not multiples of three.

Our calculations indicate that band gap can be adjusted as required based on the doping
concentration and the doping configuration, which is of great significance in designing graphene-based
semiconductor devices.
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Abstract: The analogy between the electron wave nature in graphene electronics and the
electromagnetic waves in dielectrics has suggested a series of optical-like phenomena, which is
of great importance for graphene-based electronic devices. In this paper, we propose an asymmetric
double-well potential on graphene as an electronic waveguide to confine the graphene electrons.
The guided modes in this graphene waveguide are investigated using a modified transfer matrix
method. It is found that there are two types of guided modes. The first kind is confined in one
well, which is similar to the asymmetric quantum well graphene waveguide. The second kind can
appear in two potential wells with double-degeneracy. Characteristics of all the possible guide modes
are presented.

Keywords: guided modes; graphene; electronic waveguide

1. Introduction

A two-dimensional layer of carbon atoms known as graphene [1] has been investigated widely
both theoretically and experimentally. Graphene has a unique band structure for which the electron and
hole bands meet at two inequivalent points in the Brillouin zone. At these Dirac points, the electrons
behave like quasi-particles according to the massless Dirac equation, which leads to a linear dispersion
relation. The analogy between the electron wave nature in graphene electronics and the electromagnetic
waves in dielectrics has suggested a series of optical-like phenomena, such as the Goos-Hanchen
effect [2,3], negative refraction [4], collimation [5], birefringence [6], and the Bragg reflection [7]
reported in recent papers.

Another analogy is the graphene-based electron waveguides [8-18], which will be useful
for various graphene-based devices, such as electronic fiber [19]. The crux of such an electronic
waveguide is the confinement of Dirac fermions in graphene. There are many schemes to confine
electrons in graphene, e.g., electric confinement [20,21], magnetic confinement [22] and strain-induced
confinement [16-18]. By having a quantum well in graphene to confine massless Dirac fermions,
the guided modes in graphene-based waveguides with quantum well structure induced by an external
electrical field have been investigated in detail [8-10]. Experimentally, gate-controlled electron
guiding in graphene by tuning the carrier type and its density using local electrostatic fields has
been achieved [12]. However, the confinement of the quasi-particles is not strong enough due to the
Klein tunneling.

Another effective way to confine the electrons in graphene is by applying a uniform magnetic
field [22] and the characteristics of magnetic waveguides in graphene have also been studied [13,14].
Recently, the strain-induced graphene waveguides has also attracted much attention [16-18].
Contrary to the electric or magnetic waveguide in graphene, the strain-induced waveguide confines
electrons without any external fields. It confines the quasi-particles with the pseudo-magnetic
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field [23], which arises from the applied mechanical strain. The bound states of the strain-induced
waveguides are dependent on the valleys, which is different from the electric and magnetic waveguides
(valley independent). Furthermore, smooth one-dimensional potential [15,24-26] and velocity
barriers [27] have been proposed to confine the Dirac fermions in graphene. Electrons can also
be guided in nano-structured graphene, such as graphene nano-ribbons [28] and antidot lattice [29].
Recently, Allen et al. demonstrated the confinement of electron waves in graphene with the use of
superconducting interferometry in a graphene Josephson junction [30].

For a given graphene waveguide with quantum well structures, the dispersion equation for its
guided modes is normally determined by applying the continuity of wave function at the interfaces
of the quantum well. This method is easy for one quantum well structure, but not for multiple or
more complicated quantum well structures, e.g., a double-well potential. In this paper, we will apply a
transfer matrix method [31-33] to deduce the dispersion equation for guided modes in a double-well
potential structure. From the calculation, we will present the characteristics of the guided modes in
detail, and report its novel properties as compared to other graphene-based waveguides.

In the present work, we focus on the properties of guided modes in a double-well asymmetric
potential that acts as a slab waveguide for electron waves (based on Dirac solution) in a form similar
to that in integrated optics. However, it should be noted that the optical properties or optical waves in
graphene have also been investigated [34—41]. This work shows an analogy between the electron wave
nature in graphene electronics and the electromagnetic waves in dielectrics.

2. Guided Mode and Dispersion Equation for a Double-Well Potential

In the presence of an electrostatic potential V(x), electrons inside a monolayer graphene can be
described by the Dirac-like equation:

[—ihvpd -V + V(x)]¥(x,y) = E¥(x,y), (1)

where & = (0, 0y) are the Pauli matrices, and v = 10° m/s is the Fermi velocity. ¥ = (¥ 4, ¥5)7 is
a two-component pseudo-spinor wave function, and ¥ 4 p are the smooth enveloping functions for
two triangular sublattices in graphene, which can be expressed as ¥ 4 5(x,y) = ¥ 4 p(x)e’¥ due to its
translation invariance in the direction. In terms of ¥ 4 5, Equation (1) is written as

d\PA,B
dx

E%V(X)TB,A (2)
F

FhkyYap=1 3

By using the transfer matrix method [31-33], we obtain a matrix M to connect the wave functions
Y 4,5(x) at the two boundaries at x = 0 and x = d:

wad) | [ ¥a0)
(%(d) ) ‘M< ¥5(0) ) ©

cos(kyd — 0) isin(kyd)

cos 6 cos 0
M= p 4
isin(kyd)  cos(kyd +6)
s
cos 0 cos 0

where s = sgn(E — V), k = |E = V|/hvp, (ky, ky) = k(cos8,sin8). By solving Equation (3), one can
immediately obtain the dispersion equation of a graphene waveguide (see below).
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Here, we consider a double-well asymmetric potential for graphene waveguide as plotted in
Figure 1a, where its potential distribution V(x) is denoted by

Vi x<0
% h

V(x): h 0<x<mh . 5)
V3 h] <x < (hl +h2)

Vi x> (hy+hy)

(b) () 1Y \
(a) 1V (x)
v, v, Region 1 Region 3 | Region 4  Region 1| Region 2 [Repion 3 | Region 4
Vs
V2
0 hy hy+h, x 0 hi+hy, x 0 hi+h, x

Figure 1. Schematic diagram of (a) a double-well potential on graphene; (b) guided modes in the
region (0, 111); (c) guided modes in the region (0, h1 + hy).

The proposed waveguide configuration can be realized by applying four gate-tunable potential
barriers on single-layer graphene [42]. By tuning the applied voltage on the gate, a double-well
asymmetric potential can be formed on graphene. For simplicity, we have V; = Vj unless it is specified
elsewhere. In this model, we have neglected the microscopic details of the interaction effects such as
the inter-valley coupling [43,44] and inter-valley scattering in the potential steps [44,45]. The electron
wave incident into the quantum well (region 2) with an angle 6 respect to the x-axis, and the guided
modes are propagating in the y-direction. The critical angle of the incident electron waves from region
i to region j is defined by

0;j = arcsin(|E — Vj|/|E = V;), (6)

where i,j = 1,2,3,4(i # j), E is the energy of incident electron and Vi( ) is the electrostatic potential
in the respective region i(j). The critical angle 6;; is shown in Figure 2 as a function of the incidence
energy E for Vi = V4, =100 meV, V, = 0meV, V3 = 60 meV, h; = 100 nm, and /1 = 80 nm.

For a given guided mode, there will be total internal reflection of electron waves at both the two
interfaces of a waveguide. For example, at large incidence angles 6 > max (621, 623), total reflection
occurs in a specific range (marked with “slanted lines”) as plotted in Figure 2. In this range, the electron
waves will be reflected at the interfaces back and forth with an angle of in region 2 (0 < x < k1) with a
guided wave propagating in the axis as shown in Figure 1b.

For the angle within 63 > 0 > 6 in region 2 and the angle 3 > 634 in region 3, which lies in a
range marked with “vertical lines” in Figure 2, the electron waves will refract into region 3, and total
internal reflection occurs at the interface x = hy + hy. The electron wave will oscillate in the region of
0 < x < hy + hp as shown in Figure 1c. It is important to note that there are no guided modes within
h1 < x < hy + hy, as there is no angle 6 to fulfill the condition 63 > max (63, 634). Thus, there are only
two types of guided modes in a double-well potential. The first one is the guided modesin 0 < x < h,
and the other is the guided modes in 0 < x < Iy + hy.
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Figure 2. The critical angle 6;; as a function of the incidence energy E. The physical parameters are:
Vi = V4 =100 meV, V, = 0 meV, V3 = 60 meV, iy = 100 nm, /1, = 80 nm.

To derive the dispersion equation, the electron wave function ¥ 45 (x) in the double-well potential

can be written as:

Aqet* x <0
_ Agetkan(x=I1) o B, p—ikax(x=M1) 0<x<y

Ya(x) = Aneltax—li—ls) 4 Boo=iksn(x-m=h2) p < x < (hy + hy) )

A4€7'X4(Xih17h2) x> (hl + ]’lz)

c1AeM* x<0

- CzAinkz-"(xihl) — dszEiikZX(xihl) 0<x<In

‘YB(X) B C3A3Eik3’f(x7h17h2) — d3B3€7ik3’((7(7P117}12> h<x< (h] +h2) ’ ®
x> (hy + hy)

C4A467“4(x7h17hz)
Here, we have k; = |E — V;|/hvr, s; = sgn(E — V;)(i = 1,2,3,4), ky = kysin®, ko, = | /k% — k;,

kax = k%—k;, 8 = ay = k; —k3. And ¢1 = —isi(a; —ky)/k1, co = —isp(ikox — ky)/ko,
= 71'53(17(37( — ky)/kg, Cy = iS4(D¢4 + ky)/k4, dy = *Z'Sz(l'kzx + ky)/k2, d3 = *i53(ik3x + ky)/k3

c3
Based on the transfer matrix method, we have:
1 Ya(hy +ha) Y 4(0) 1
Ay = = M3zM = M3M; Ay, 9
< o ) 4 ( Wy (g + ha) M2 gp0) Mo | 1 C)]
cos (k2x(3x)h1(2) - 92(3)) isin (k2x(3x)h1(2)>
cos 6 %2(3) 0
2(3) COS Uy (3)

where M2<3) = ’ and sin 92(3) = ky/k2(3)
isin (k2x(3x)hl(2)> cos <k2x(3x)h1(2) + 92(3))

cos 053

%203 cos bly3)
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By multiplying Equation (9) with matrix (—cg4, 1), we obtain

( e 1 >M3M2 ( c11 ) —0. (10)

From Equation (10), we obtain the dispersion equation for the guided modes in a double-well
potential, which is

(kaxlt) tan(ksyha) fo — s1s3 tan(kaxha) f3 + (koxhi) (kaxlt) f1
s152f4 — (kaxha) f2 — tan(kaxha) fi f2 + s283(kahy ) (kshy ) tan(kaxhz) f1

and fi = /(kan)? = (kaxh1)? = (kih)?, fo = (kal)? = (kaxh1)?, f3 = (ki) (kachi) (kaha),
f1 = (kihy) (kohy) (kaxhy), and kaehy = /(kshy)? — (kah1)2 + (koxh1)%hy /hy. The dispersion equation
for the guided modes obtained with the transfer matrix method is more convenient than the usual
method that solving the Dirac equations from the continuity of wave function at the interfaces of
quantum wells. The dispersion equation (Equation (11)) obtained for the double-well asymmetric
potential can be recovered to that of the symmetric quantum well-based graphene waveguide by
setting V3 = V4 = V4 and hp = 0 nm. Thus, we have

tan(kahl) =

= F(kaxh1), (11)

513/ (kal)? = (koxh1)? = (kih1)?(koxh1) F(kaslty) (12)

tan (kb)) = sp(kihy) (kahy) — s1 ((koh1)? — (koxh1)?)

which is the dispersion equation for a symmetric quantum well, as reported in Ref. [8]. Equation (12)
can also be directly obtained by using the transfer matrix method:

Ya(h) ¥ 4(0)
=M . 13
(%(m) >\ 500 19
3. Characteristics of the Guided Modes in a Double-Well Potential

For the guided mode in the region 0 < x < hy, the electron waves are evanescent in the other
three regions, namely kf > k3, where ks, = /K3 — k5 is an imaginary number, and ko, a1 = ay are
real. Thus, we have the following conditions:

ke < (/K2 — K2 1)
ke < (/K2 — K3

which is used to determine the range of k.

There are three energy ranges for a guided mode in this region: (i) E < V3; (ii)) V3 < E < Vj;
and (iii) E > Vj, as shown Figure 2 (marked with oblique lines). To show the values of ky.hi,
Equation (11) (LHS: tan(ko.hq ) and RHS: F(koyh)) are plotted in Figure 3 as a function of kp.hy for
three energy levels: E = 56, 94 and 110 meV. The intersections of tan(kyh1) and F(kayhy) give the
specific values for the guided modes.

For the E < V3 case, we have s; = s3 = s4, = —1 and s, = 1, which corresponds to the regime of
Klein tunneling. Here, we set E = 56 meV, and there is only one intersection (ko /1y = 2.9257), as shown
in Figure 3a. The corresponding wave function distribution is plotted in Figure 4a. Similar to the optical
waveguide, the guided modes is defined by the number of the nodes of the spinor wave function
(¥4, —i¥p)T. The spinor components ¥ 4 and —i'¥ represent electron and hole states, respectively.
It is clearly seen from Figure 4a that there is no fundamental mode in this case since only Klein
tunneling occurs in the double-well potential. The probability current density of the guided mode is
plotted in Figure 4b, which can be calculated by the definition in the Dirac equation, ], = op¥ T o},¥
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Figure 3. Graphical determination of kp,/i; for guided modes in (0,/). The red and blue curves
correspond to tan(kpyhy) and F(kayhy ), respectively. The energy of incident electron is (a) E = 56 meV;
(b) E = 94 meV; and (c) E = 110 meV. The other parameters are the same as those in Figure 2.

For the V3 < E < Vj case, we have s; = s4 = —1, s, = s3 = 1. Both Klein tunneling and
classical motion are present in the double-well potential. Here, we choose E = 94 meV, and there
are four intersections, as shown in Figure 3b. The corresponding wave functions of the four guided
modes are presented in Figure 5: (a) ko hy = 2.8959; (b) koxhy = 5.7775; (c) koxhh = 8.6220; and (d)
koxhi = 11.3661. The figure shows different mode structures and characteristics between ¥ 4 and —i¥p.
For Y 4, the double-well potential can support the fundamental mode, first-order mode, second-order
mode, and third-order mode. However, there is no fundamental mode in the waveguide for —i¥p
(see Figure 5a, a small peak appears in wave functions for —i'¥ 5 on the left interface of the waveguide),
and it only supports first-order mode, second-order mode, third-order mode, and fourth-order mode.
This finding suggests that the electrons and holes have different behaviors under the same conditions,
which is similar to the mixing case of classical motion and Klein tunneling that appeared in an
asymmetric quantum well graphene waveguide [9,10].
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Figure 4. (a) the wave function of guided modes as a function of distance corresponding to the
intersection (kpyh; = 2.9257,6 = 69.8694°) in Figure 3a. The solid curve and the dashed lines
corresponds to ¥ 4 and —i¥ g, respectively. The vertical lines represent the boundaries of the waveguide;

and (b) the corresponding probability current density within the graphene waveguide for the guided
mode. The solid black lines represent boundaries of the waveguide.
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Figure 5. The wave function ¥ 4 (solid) and —i¥ 5 (dashed) of guided modes as a function of distance
corresponding to the intersections in Figure 3b: (a) kp /1y = 2.8959, 0 = 78.2908°; (b) koxhy = 5.7775,
0 = 66.1160°; (c) kp 1 = 8.6220, 0 = 52.8267°; and (d) kp /1y = 11.3661, 6 = 37.1996°.

For large electron energy E = 110 meV in the E > Vj case, we have 51 = s = 53 = 54 = 1.
The dependencies of tan(kpyh1) and F(kpyhy) on koxhy are shown in Figure 3c. In this case, it is clearly
seen from Figure 6 that the wave functions ¥ 4 and —i¥ of guided modes for the five intersection
points: (a) koyn = 2.9025; (b) koxhy = 5.7934; (c) koyhy = 8.6556; (d) koxhy = 11.4531; and (e)
koyhy = 14.0545 have very similar characteristics. The waveguide can support the fundamental mode,
first-order mode, second-order mode, third-order mode, and fourth-order mode for the electrons and

112



Electronics 2016, 5, 87

the holes. It must be pointed out that the guided modes in region 2 have similar characteristics with
those in asymmetric quantum well graphene waveguide [9,10].
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Figure 6. The wave function ¥, (solid) and —i¥p (dashed) of guided modes as a function
of distance corresponding to the intersections in Figure 3c: (a) kpyhy = 2.9025, 6 = 79.9900°;
(b) kpxhy = 5.7934, 6 = 69.6994°; () ko 1 = 8.6556, 0 = 58.7782°; (d) kp 1 = 11.4531, 6 = 46.6948°;
and (e) kpyhp = 14.0545, 6 = 32.6828°.

For the guided modes in the region of 0 < x < hy + hy, kox = |/k3 — K2, kax = [k3 — k2 and
&1 = oy should be real. The transverse wavenumber k», in region 2 must fulfills the following condition:

K3 — K5 < kox < \/KE — k3. (15)

For the incident electrons with low energy E = 56 meV, the double-well potential cannot support
a guided mode. Thus, only a dispersion equation at higher energy E = 94 meV and E = 110 meV
are plotted in Figure 7a,b, respectively. Each of them has three intersection points. For E = 94 meV
(from Figure 7a), the intersections are (a) koyh1y = 13.4848; (b) koyhy = 14.0965; and (c) kpyhy = 14.2552,
which are plotted in Figure 8. For E = 110 meV (from Figure 7b), we have (a) koyy = 15.2567;
(b) koxhy = 16.0201; and (c) ko, h; = 16.6082, which are plotted in Figure 9.

From the figure, we see that the electrons and holes have similar mode structure and motion
characteristics. For the E = 94 meV case, the double-well potential is able to support a higher
order mode, such as the sixth-order mode (Figure 8b,c). This is known as mode double-degeneracy,
which is similar to the oscillating guided modes in a symmetric five-layer left-handed waveguide [46].
For E = 110 meV, we have fifth-order mode, sixth-order mode, and seventh-order mode, as shown in
Figure 9. For completeness, the probability current density of some specific guided modes is plotted in
Figure 10, which shows good confinement.
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Figure 10. Probability current density within the graphene waveguide for the guided modes:
(a) E=94meV, koyhy = 5.7775; (b) E = 94 meV, kpyhy = 14.0965; (c) E = 110 meV, koyhy = 5.7934;
and (d) E = 110 meV, ko iy = 16.0201.
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In general, for the electrons in this graphene waveguide with E = 94 meV, the double-well
potential supports the fundamental mode, first-order mode, second-order mode, third-order
mode, fifth-order mode and sixth-order mode for ¥4, while it supports the first-order mode,
second-order mode, third-order mode, fourth-order mode, fifth-order mode and sixth-order mode
for —i¥p. The fourth-order mode is absent for ¥ 4, while the fundamental mode is absent for —i¥ 5.
Mode double-degeneracy appears for the sixth-order mode for both ¥ 4 and —i¥. The order of the
guided modes is dependent on the incident energy and incidence angle for a given quantum well
electron waveguide. The reason for the absence of some guided modes is that the incident energy is
not sufficiently large with respect to the critical angle for the certain guided mode [8]. The absence
of guided modes is similar to the situations in negative-refractive-index waveguides [46,47]. For the
E =110 meV case, the guided modes for ¥ 4 and —i¥ 3 have similar mode structure. The waveguide
can support the fundamental mode, first-order mode, second-order mode, and up to the seventh-order
mode for the electrons and the holes. There is no mode absent in this condition.

For many applications, it is desired to have mode tuning either by potential, the incident energy,
or the well width. In Figure 11, the solutions to the guided modes at different values of well width
hy = 0,40, 100, 160 nm are presented. For the guided modes in 0 < x < hjy, the results (see Figure 11a)
show that changing /1, has no effect on the number of guided modes. However, for the guided modes
in0 < x < hy + hy, we have more guide modes at higher &, as shown in Figure 11b. For example,
at /1p = 160 nm, we have three guided modes in the region 0 < x < hy + hy, which is higher than two
modes for /i = 100 nm, and only one mode for &, = 40 nm. Obviously, there are no intersections for
guided modes in the region 0 < x < hy + hy with iy = 0 nm. In comparison with the quantum well
graphene waveguide, the double-well graphene waveguide can support some higher order guided
modes in a wider range.
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Figure 11. Graphical determination of tan(kayh1) and F(kpyhy) for guided modes in (a) (0,/4) and

(b) (0, 11 + hy) with different values of 1. Here, the incident energy of electrons is fixed at E = 94 meV.
The other parameters are the same as those in Figure 2.
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4. Conclusions

We have determined the guided modes in a double-well asymmetry potential with a transfer
matrix method over a wide range of parameters. Two types of guide modes were found in the proposed
structures, one of which was similar to the characteristics with those in the graphene waveguide
with asymmetric quantum well structure. It was found that the proposed graphene based electron
waveguides can support some higher order nodes (up to the 7th order). Mode double-degeneracy
appeared under some conditions. For some given incident energy of electrons, some modes are
absent. Furthermore, the tuning of the number of guided modes by the well width was also studied.
These novel properties of the guided modes in the double-well potential may provide potential
applications for various graphene-based electronic devices. Electron waveguides are examples of
various graphene-based electronic devices; however, the transfer matrix method may not be suitable
for simulating other graphene-based electronic devices, such as graphene-based field effect transistors.
Hence, we will seek other methods to solve the Dirac equation in graphene in order to simulate
graphene-based electronic devices in our future research work.
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Abstract: A new graphene-based flexible solar cell with a power conversion efficiency >10% has been
designed. The environmental stability and the low complexity of the fabrication process are the two
main advantages of the proposed device with respect to other flexible solar cells. The designed solar
cell is a graphene/silicon Schottky junction whose performance has been enhanced by a graphene
oxide layer deposited on the graphene sheet. The effect of the graphene oxide is to dope the graphene
and to act as anti-reflection coating. A silicon dioxide ultrathin layer interposed between the n-Si
and the graphene increases the open-circuit voltage of the cell. The solar cell optimization has been
achieved through a mathematical model, which has been validated by using experimental data
reported in literature. The new flexible photovoltaic device can be integrated in a wide range of
microsystems powered by solar energy.

Keywords: optoelectronic devices; solar cell; Schottky junction; flexible electronics; graphene

1. Introduction

Graphene, which is one of the most promising two-dimensional (2D) materials, is composed of
carbon atoms arranged in a hexagonal lattice [1]. It can be synthetized in the form of ultrathin sheets
consisting of one or a few atomic layers via several techniques, such as chemical vapor deposition,
and it can be easily transferred on different substrates [2].

Graphene has several unique electronic, optoelectronic, mechanical, and thermal properties
that make it very attractive in many scientific areas, including nanoelectronics, optoelectronics,
and photonics [3].

The research interest on graphene optoelectronics and photonics [4] is quickly growing
with the demonstration of high-performing devices such as modulators [5], photodetectors [6],
saturable absorbers [7], absorbers in the terahertz regime [8,9], polarization controllers [10],
delay lines [11,12], phase shifters [13], and solar cells [14]. In particular, the large mechanical flexibility
of graphene, its high conductivity (10° S/cm), and transparency (97.7% for graphene monolayer in
visible wavelengths) make the use of this material very attractive in the field of photovoltaics [15].

Several enabling operative functions have been envisaged for graphene sheets in photovoltaics
technology. Graphene can serve as a transparent conductive electrode in organic or inorganic solar
cells [16,17], as an intermediate layer in tandem solar cells [18], and as a barrier layer in perovskite
solar cells [19]. Perovskite solar cells in which the electron collection layers are implemented through
especially synthetized graphene/TiO, nanocomposites have been demonstrated [20], while graphene
quantum dots have been used as active layer in a solar cell [21].

By transferring a graphene sheet on a semiconducting substrate of Si or GaAs, a Shottky junction
acting as a solar cell under illumination can be manufactured via simple fabrication processes.
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The first graphene/n-Si Shottky junction solar cell exhibited a quite low efficiency (~1.5%) [22].
By properly optimizing the cell configuration, the efficiency has been improved up to 15.6% [23].
A more expensive graphene/GaAs Shottky junction solar cell with an efficiency of >18% has been
reported [24]. These values of efficiency are the best ones for graphene-based solar cells.

One of the key advantages of the graphene/n-Si Shottky junction solar cells is that they can
be made flexible by thinning the substrate [25,26]. In this way, flexible solar cells with an efficiency
potentially higher than 10% and an excellent environmental stability can be fabricated via a simple
and low cost technological process. This feature of the graphene/n-Si Shottky junction solar cells is
extremely attractive because flexible solar cells [27] are in demand for a wide range of applications,
such as wearable and implantable microsystems and wireless sensor networks for Internet of
Things (IoT).

High-efficiency flexible solar cells with good environmental stability, low complexity, and a low
manufacturing have not yet been proposed. The state of the art of the efficiency for flexible solar cells
is around 30% for GaAs cells manufactured via epitaxial lift-off [28]. However, the only solar cells
with an efficiency >10% that can be easily fabricated via a low cost process are the perovskite-based
cells [29] (record efficiency = 16.47%), even if at the expense of poor environmental stability [30].

In this paper, we report on the design of a new flexible solar cell based on a Schottky junction
consisting of an ultrathin layer of graphene oxide (GO) deposited on a few graphene atomic layers,
which are transferred on an n-doped silicon layer (see Figure 1).

Photon
flux GO/graphene/SiO,
Top contact —— : : : : /
Si0, — N
w Depletion region
n-Si
H
f
Back contact

Figure 1. Cross section of the designed Schottky junction solar cell. GO: graphene oxide.

Aiming at maximizing the cell performance, the presence of a silicon oxide layer (thickness <2 nm)
between the silicon layer and the graphene sheet has been considered, and the influence of a graphene
oxide film (thickness <100 nm) on the top of the graphene sheet has been studied.

The silicon dioxide, with an optimized thickness, increases the open-circuit voltage and
consequently the efficiency of the solar cell. The carrier transport across the silicon dioxide ultrathin
layer is enabled by the tunnel effect.

The graphene oxide film induces the p-doping of the graphene [31] with a consequent increase of
both the work function and the conductivity of the graphene sheet. In addition, the GO film acts as an
anti-reflection coating layer, as explained in Section 3.

We assume that the graphene sheet, synthetized by chemical vapor deposition, is transferred
on the top of a square Si window patterned in a Si/SiO, wafer that is properly thinned to guarantee
the desired flexibility. In addition, we assume that, before the graphene transfer, a metal contact
(top contact) with a square shape is deposited on the SiO; layer around the Si window and another
metal contact (back contact) is deposited on the back side of the n-Si. The ultrathin SiO; layer can be
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grown on the n-Si immediately before the graphene transfer by exposing the wafer to clean room air at
room temperature and controlled humidity (average humidity = 42%). In this way, the thickness of the
Si0O; layer slowly increases as the exposure time increases [32]. Alternatively, the ultrathin SiO, layer
can be grown by immersing the sample in ultrapure water with dissolved oxygen concentration of
9 ppm. For example, by using this technique, a SiO; layer with a thickness of 1.5 nm can be grown
of an n-doped silicon wafer (donor dopant concentration = 10'% cm~3) after an exposure time of
2 x 10* min [32]. After the graphene transfer, a GO solution can be spin-coated on the cell forming a
uniform GO layer.

The solar cell design is based on a mathematical model taking into account all physical effects
occurring within the Schottky junction when it is illuminated via solar radiation. The model is
validated using data from the literature. The device performance has been calculated assuming
AM (air mass) 1.5 illumination (power density = 100 mW/cm?), which is the standard terrestrial
spectrum of solar radiation.

2. Solar Cell Model

The complete mathematical model was developed for the design of the solar cell shown in Figure 1.
Simpler structures without the GO and the SiO; layers can be also studied with the same model.

As is well known, a depletion layer is created in the n-5Si in close proximity to the junction.
Photons arriving within the silicon layer generate electron-hole pairs both in the depletion layer and
outside of it. All of these pairs can contribute to the photo-generated current density /.

Jpn originates from two contributions—the drift current density J;, and the hole current density .
Jar is due to electrons and holes that are generated in the depletion layer by the shorter wavelength light
and then accelerated by the built-in electric field towards the metal contacts before they recombine.
Jp is due to the holes generated outside the depletion layer by the longer wavelength light. The holes
diffuse in the n-Si towards the top contact.

According to [33], the wavelength dependent expressions of J; and ], are given by

Jar () = gF (A) Tr (A) {1 - e*“WW] , and 1)
SLy H_o=aMH | sinh B 1 (A Lye=*MH
_ FFNTRA &ALy ()W _ Dy leoshgy eV Jsinhg; + (M) Lype
]P (}‘) ocz(?\)L%—l e OC()\) LP Sﬁ—:sinh%Jrcoshf—; ’ (2)

where A is the wavelength, g is the electron charge, F is the photon flux, « is the silicon absorption
coefficient, W is the width of the depletion layer, S is the recombination velocity at the back contact,
and H’ is equal to H-W where H is the thickness of the n-Si layer. L, is the hole diffusion length given
by (Dp Tp)% where Dy, is the hole diffusion coefficient and T, is the hole lifetime.

Tr(A) is given by Ty (M)[1-RA)]; Tar(M) is the transmittance of the GO/graphene/SiO;
multi-layer, and R is the reflectance of the GO-coated graphene/silicon junction. When the cell
structure does not include the GO and SiO; layers, Ty (A) denotes the transmittance of the graphene
sheet, and R the silicon reflectance.

The width W of the depletion layer can be written as [33]

W:{2£5 {(di'c—x)—w_kl}}l/z,

3)
gNp q q

where ¢; is the silicon dielectric constant, Np is the donor impurity concentration, ®g is the graphene
work function, x is the silicon electron affinity, k is the Boltzmann constant, T is the absolute
temperature, and N is the effective density of states in the conduction band.

For each value of A, [,;5(A) = J4,(A) + J,(A). Since silicon absorbs light in the wavelength range from
A1 =0.28 um to Ay = 1.2 um, the total photo-generated current is given by the following integral:
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o= J U + 1, 0)]. @

The external quantum efficiency of the cell (EQE), i.e., the number of electron-hole pairs generated
for each absorbed photon, is given by

o J ph ()‘)

S AFMN TRV
Assuming that the shunt resistance is infinite (see, for example, the experimental data in [22]) and,

consequently, its effect on the performance of the cell is negligible, the equivalent electric circuit in

Figure 2a models the solar cell.

EQE (A) ©®)

Rs
Viax_Jvoe v

Q) h 4 v | 2R
Iph

\

Max power
Solar cell lsc operating point

(a) (b)

Figure 2. (a) Equivalent circuit of the solar cell. (b) Qualitative plot of the I-V characteristics of the
solar cell.

The current generator represents the photocurrent generation and I, = J,; A, where A is the area
of the solar cell. The resistance Rg is the series resistance of the solar cell. The diode corresponds to the
cell behavior when it is not illuminated by the solar radiation (under this condition I, = 0). The current
flowing in the diode is the dark current I, equal to

(V-IRg)
Ipark = Is (eq W 1>, (6)

where 7 is the ideality factor, and Is is the saturation current. Is can be written as [33,34]

Is = AA*T2e 35 o~8VapT, @)

where A" is the effective Richardson constant, ¢r (in eV) is the average height of the energy barrier
due to the SiO; layer, and 6 is the thickness of the SiO; layer (5 = 0 when there is not a SiO; layer
interposed between the graphene sheet and the n-5i).

The I-V characteristics (see Figure 2b) of the solar cell is

(V-IRg)
[=1s <eanS - 1) — Ly (8)

Voc denotes the open-circuit voltage, which is the voltage across the cell terminals when the load
resistance R; is an open circuit and, consequently, I = 0, and Isc denotes the short-circuit current, i.e.,
the value of I when R}, = 0 and, consequently, V = 0.

The fill factor FF of the solar cell, which is a measure of the “squareness” of the I-V characteristics,
is given by:

Vmax ]max
FF = ———, 9
Voc Jsc ©)
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where Vinax and Jmax are the voltage and the current density at the maximum-power operating point,
respectively, i.e., the point of the I-V characteristics of the solar cell where the generated electric power
P =V Iis maximum.

The power conversion efficiency (PCE; sometimes called simply efficiency) is the main
performance parameter for any solar cell:

PCE — Vmax ]max, (10)
Pin

where Pj;, is the incident optical power density.

The model physical parameters used in the simulations are summarized in Table 1.
The wavelength-dependent silicon absorption coefficient was derived from experimental data [35]
and is shown in Figure 3. The empirical relation reported in [36] was used to take into account the
Tp dependence on Np. D, was expressed as kT (,/q), and the analytical expression in [37] was
used for the hole mobility p,. Data in [31] were used to estimate Rg, the reflectivity R(}), and the
wavelength-dependent transmittance of graphene, GO, and SiO,.

Table 1. Model parameters.

Parameter Symbol Value Reference
Temperature T 300 K [34]
Electron affinity of silicon X 4.05eV [34]
Electron charge q 1.6 x 10719 C [34]
Effective density of states in conduction band N¢ 2.8 x 10" ecm—3 [34]
Ideality factor n 1.42 (with GO layer)/1.65 (without GO layer) [31]
Graphene work function (o] 4.92 eV (with GO layer)/4.84 eV (without GO layer) [31]
Effective Richardson constant A 112 A-em~2.K 2 [31]
Silicon dielectric constant &s 11.7 [34]
Recombination velocity at the back contact S 10'° em/s [38]
Boltzmann constant k 8.62eV/K [34]
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Figure 3. Wavelength-dependent silicon absorption coefficient.

The model was used to calculate the main performance parameters of two graphene-based Schottky
junction solar cells reported in the literature. The calculated performance parameters were then compared
to the experimental values in the literature, showing a very good model/experiment agreement.

The first device considered for the validation of our model is a solar cell made by a monolayer
graphene/ultrathin silicon Schottky junction [25]. The silicon layer is n-doped with Np = 2 x 10 cm =3
and its thickness is only 10.6 um. We calculated the J-V curve and the EQE dependence on the
wavelength. By comparing the plot obtained by the model with the experimental curves, we noticed a
very good agreement, as described below.
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Table 2 compares the calculated and measured values of the four key performance parameters,
Vos, Jsc, FE, and PCE. For the PCE, the difference between calculated and measured values is about
0.3%. For Vs, Jsc, and FF the differences are 0.03 V, 1.11 mA/cm?, and 3.3%, respectively.

Table 2. Calculated vs. measured performance parameters of the solar cell reported in [25].

Measured/Calculated Voc (V) Jsc (mA/ecm?)  FF (%) PCE (%)

Measured values [25] 0.416 12.40 25.2 1.30
Calculated values 0.419 13.51 28.5 1.61

The second solar cell simulated by our model is that reported in [31]. It is a cell based on a
monolayer graphene/n-Si Schottky junction that has been experimentally studied with and without
a GO layer with a thickness of 100 nm on the graphene sheet. The thickness of the silicon layer is
300 um, and the dopant atoms concentration in this layer is Np = 5 x 10> cm 3. Using our model,
we simulated the two cells with and without the GO layer. For example, Figure 4a shows the calculated
J-V curve for the two cells. Again, the agreement between the calculated (Figure 4a) and the measured
curves (Figure 4b) is very good. The same agreement can be observed for the performance parameters
(see Table 3) with a difference between calculated and measured values of the PCE less than 0.3%.
For Vg, Jsc, and FF the differences are <0.015 V, <5 mA /cm?2, and <5%, respectively.

o

J (n:nA/cmz)

Bare Gr/Si

J (mAlcm®)
&

&
S

GO coated GriSi

0 0.2 0.4 0.6 0.0 0.2 04 06
Voltage (V) Voltage (V)
(a) {b)

Figure 4. ]-V curve for the solar cell in [31]. Black curves refer to the cell w/o graphene oxide (GO).
Red curves refer to the cell with GO. (a) Calculated data. (b) Measured data that are adapted from [31],
with the permission of The Royal Society of Chemistry.

Table 3. Calculated vs. measured performance parameters of the solar cell reported in [31].

Measured/Calculated Voc (V) Jsc (mA/em?)  FF (%) PCE (%)
Measured values (w/o GO) [31] 0.440 27.20 29 3.6
Calculated values (w/o GO) 0.453 22.49 33.14 3.38
Measured values (with GO) [31] 0.512 38.40 53 10.6
Calculated values (with GO) 0.518 34.10 58 10.33

3. Solar Cell Design

Aiming to investigate the influence of silicon doping on solar cell performance, we considered a
simple monolayer graphene/n-Si junction with a thickness H = 10 um. This H value assures a very
good flexibility of the cell. We varied Np from 10'® to 10!° cm~3, and we calculated the relevant
values of the PCE (see Figure 5a). As expected, the PCE increases as Np decreases because both
the photo-generated current density J, and, consequently, the EQE increases when Np decreases.
Due to this PCE dependence on Np, we chose a light doping of the n-Si layer with Np = 10'> cm .
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The number of atomic layers forming the graphene sheet has to be optimized because the graphene
sheet resistance and, consequently, Rg decrease as the number of atomic layers increases. When Rg
decrease, an improvement of the efficiency results, but the graphene optical transmittance and thus Jp,
are reduced when the number of atomic layers is too high. Considering a graphene/n-Si solar cell
with silicon doping Np = 10'® cm =2 and H = 10 um, we evaluated the PCE dependence on the number
of atomic layers when this parameter varies from 1 to 5 (see Figure 5b). The best PCE value (=3.02%)
was obtained when the number of atomic layers was 3. This result is consistent with experimental
results reported in [26].

2.6- 1 3.0
2.5}
29~
- 2.4 -
£ E3
W 23 W 2.8
® \ R
2.2 \ 1 27 /
\ /
2.1} \\ 1
. 2.6-
10%5 10 107 10 10%° 1 2 3 4 5
Np (cm?) Number of atomic layers

(a) (b)

Figure 5. (a) Power conversion efficiency (PCE) dependence on Np, for the monolayer graphene/n-Si
junction with H = 10 um. (b) PCE dependence on the number of graphene atomic layers forming the

graphene sheet, H = 10 pm and Np = 10'% em 3.

To further increase the PCE of the cell, a quarter-wave anti-reflection coating (ARC) layer can
be deposited on the trilayer-graphene. The optimum refractive index of the ARC layer nsgrc is
the geometric mean of the refractive index of silicon and air [39]. Since the solar energy intensity
is maximum at about 0.55 um [40] and the silicon refractive index at that wavelength is 4.1 [35],
the optimum value of nsrc is 2.0, which is very close to the refractive index of a GO layer with a
thickness of <100 nm [31]. Thus, a GO layer can be used as ARC. As already mentioned, that layer
dopes the graphene sheet, with a further beneficial effect on the cell performance. The optimum
thickness of the ARC layer is A/4n4rc = 69 nm at A = 0.55 um. Table 4 summarizes the solar cell
performance with and without the GO layer and shows that the PCE improves up to 5.31% when
the GO is deposited. Vg, Jsc, and FF increase due to the deposition of the GO layer of 0.071 V,
5.35 mA/cm?, and 3.86%, respectively.

Table 4. Performance of the solar cell with and without the GO quarter-wave anti-reflection
coating (ARC).

Solar Cell Description Voc (V) Jsc (mA/ecm?)  FF (%) PCE (%)

Solar cell w/0 GO ARC 0.431 13.27 52.86 3.02
Solar cell with GO ARC
(thickness = 69 nm) 0.502 18.62 56.72 5.31

To increase the junction built-in voltage and the open-circuit voltage of the solar cell, one suitable
approach is the oxidation of the n-Si surface before the graphene transfer. Figure 6a shows the
PCE dependence on the thickness § of the SiO; layer grown by the Si surface oxidation. The PCE
monotonically increases as § increases, but a & value exceeding 1.5 nm should be avoided because
it could prevent the carrier transport through the oxide layer. Therefore, we have chosen 6 = 1.5 nm.
Figure 6b shows the V¢ vs. 6 plot. Our simulation confirms that, as 5 increases, V¢ also increases.
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In particular, V¢ increases from 0.50 to 0.65 V by growing a SiO; layer with a thickness in the range
from 0 nm to 1.5 nm. In addition, the SiO, layer, as expected, does not degrade the photo-generated
current density due to its nanometer thickness and, consequently, the cell short-circuit current.
The effect of the SiO; layer with a thickness of 1.5 nm on the fill factor is an increase in this performance
parameter from 56.7% to 64.0%.

0.65- s
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—_ i =
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6.0 . 7 oss
5.5+
0.50- 1
0 0.5 1.0 1.5 0 0.5 1.0 15
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(a) (b)

Figure 6. (a) PCE dependence on the thickness of the silicon oxide layer. (b) Open-circuit voltage
vs. 5. Number of atomic layers forming the graphene sheet = 3, solar cell with GO ARC, H = 10 um,
and Np = 10" cm 3,

Several experimental results [26] have confirmed that silicon/graphene solar cells with a thickness
of <50 pm are very flexible and do not alter their performance after tens of bending cycles. Thus, we
investigated the possibility of increasing the thickness H of the n-Si layer to improve the cell PCE. Figure 7a
shows the PCE dependence on H. We can observe that the H increase induces a PCE improvement up to
10.04% for H = 50 um, mainly due to the increase of the EQE. This physical interpretation is confirmed by
the Jsc dependence on H (see Figure 7b). The short-circuit current density, which is approximately equal
to the photo-generated current density, increases as H also increases. In particular, Jsc varies from 18.6
mA/cm? to 25.7 mA /cm? when H increases from 10 pm to 50 um.
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Figure 7. (a) PCE dependence on H. (b) Short-circuit current density vs. H. Number of atomic layer
forming the graphene sheet = 3, solar cell with GO ARC, § =1.5nm, and Np = 105 cm 3.

The features of the optimized solar cell and its performance are summarized in Table 5.

The envisaged fabrication process of the optimized solar cell includes the patterning of the
properly thinned oxidized n-Si substrate by photolithography and wet etching of SiO,, the deposition
of the metal contacts by sputtering, the immersion of the sample in ultrapure water with dissolved
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oxygen to grow the ultrathin SiO; layer, the graphene transfer on that layer, and the deposition of the
GO layer by spin coating.

The achieved PCE improves by about 1.6% compared with the state-of-the-art flexible
silicon/graphene Schottky junction solar cells, which is 8.42% [26]. To our knowledge, PCE values
>10% are achievable in flexible photovoltaic devices on GaAs [41], crystalline silicon (c-Si) [42],
copper indium gallium (di)selenide (CIGS) [43], and perovskite solar cells [44]. GaAs, CIGS, and c-Si
cells are very stable, but their fabrication is complex, expensive, or both, while, as already mentioned,
the environmental stability of perovskite solar cells is usually lower with respect to competing
technologies. The values assumed for the thickness of the graphene sheet and of the SiO, layer
have been already demonstrated as technologically feasible [23]. The designed flexible solar cell has a
fabrication process simpler and cheaper than GaAs, CIGS, and c¢-Si cells; based on several experimental
data [25,26], we expect that it is more stable than perovskite cells. In fact, experiments reported in [25]
show that the performance of graphene/silicon Schottky junction flexible solar cells is degraded by
only 0.4% after they are exposed to air for 20 days. In addition, cells based on the same technology are
quite insensitive to tens (up to 50) of bending cycles (PCE degradation <0.1%) [26].

Table 5. Features and performance of the optimized solar cell.

Parameter Symbol Value
Doping of the n-Si layer Np 101 cm 3
Number of atomic layer forming the Graphene sheet - 3

Thickness of the GO ARC - 69 nm

Thickness of the SiO, layer 5 1.5 nm

Thickness of the n-Si layer H 50 pm
Short-circuit current density Jsc 25.71 mA/cm?

Open-circuit voltage Voc 0.66 V

Fill factor FF 59%
Power conversion efficiency PCE 10.04%

4. Conclusions

A new flexible graphene-on-silicon Schottky junction solar cell with a PCE of about 10% has
been modeled and designed. This efficiency value improves the state of the art by more than 1.6%.
The device has been optimized using a complete mathematical model we have developed. To enhance
the solar cell performance, a graphene oxide layer has been used to p-dope the graphene sheet and to
reduce the light reflection at the silicon/graphene interface. The open-circuit voltage and consequently
the PCE of the solar cell have been increased by an ultrathin silicon oxide layer between the graphene
sheet and the n-Si layer, whose thickness has been optimized through a compromise between two
opposite needs, i.e., the cell efficiency and its flexibility. The designed cell can be easily manufactured
by standard technological processes, and its environmental stability is better with respect to the
low-cost competing technologies, such as those based on perovskites. These features of the proposed
device enable its potential application in the field of IoT and wearable technology.
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Abstract: Metal chalcogenides based on the C~-M-M-C (C = chalcogen, M = metal) structure possess
several attractive properties that can be utilized in both electrical and optical devices. We have
shown that specular, large area films of y-InSe and Sb,Se3 can be grown via atomic layer deposition
(ALD) at relatively low temperatures. Optical (absorption, Raman), crystalline (X-ray diffraction),
and composition (XPS) properties of these films have been measured and compared to those reported
for exfoliated films and have been found to be similar. Heterostructures composed of a layer of
v-InSe (intrinsically n-type) followed by a layer of Sb,Se; (intrinsically p-type) that display diode
characteristics were also grown.

Keywords: atomic layer deposition; heterostructure; pn diode

1. Introduction

The unique properties of graphene have drawn attention to other 2-dimensional (2D) materials,
in particular metal chalcogenides, which can behave as metals, insulators, or semiconductors [1-3].
These semiconductors are of particular interest for the fabrication of the future generation of field
effect transistors (FETs) and optoelectronic devices. These layered materials can be used as single
or a few atomic layer thick films, absent of dangling bonds which allows for better electrostatic
control of carrier transport; hence, they are ideal for downscaling of FETs. The ability to tune the
direct band gap of many of these materials, by controlling their thickness, allows further flexibility
for the design and fabrication of optoelectronic devices. However, to date, most attention has been
focused on 2D transition metal dichalcogenides of structure C-M-C (C = chalcogen, M = metal),
where one metal atom is sandwiched between two chalcogen atoms [4-7]. There are other forms
of metal chalcogenides that are equally intriguing. Among these is the C-M-M-C family, which
has been drawing more attention [8,9]. These materials have been used to produce photocatalysts,
photo-detectors, image sensors, and transistors with high electron mobility [10-13]. We are currently
investigating 2D semiconductor layers of this family of chalcogenide material that are composed of
two metal and two Se atoms, Se-M-M-Se (M = In, Sb) grown via atomic layer deposition (ALD).
Our objective is to demonstrate the growth of uniform, large area films that may in the future be
utilized for the fabrication of electronic and optical devices. Our objective in this communication is
to demonstrate that uniform and smooth films of InSe and Sb,Ses, both belonging to the C-M-M-C
family of metal chalcogenides, can be grown over large areas using ALD. The properties of thin films
grown using this approach, and their heterostructure are presented below.

InSe has several polytypes, however the (3 -phase and y -phase are the two common forms of its
crystal structure [14]. In this work, only the y-InSe phase is considered which crystallizes into stacked
hexagonal layers. The vertical stacking of this material is composed of Se-In-In-Se sheets, where each
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sheet is weakly bound to its neighboring sheets by the van der Waals force [14]. It is interesting to note
that while bulk InSe has a direct band gap (1.2 eV), reduction of its thickness first leads to a wider
band gap due to quantum confinement, however further reduction of the thickness to a few layers
results in a strong decrease of the photoluminescence. One of the reasons for this attenuation has
been attributed to direct-to-indirect bandgap crossover, while another explanation has been attributed
to the enhancement of non-radiative recombination processes in the thin flakes [15,16]. To date,
InSe films have been produced mostly via chemical vapor deposition (CVD), sputtering, exfoliation,
and electrodeposition [15,17-20]. In these cases, the films are either small, on the order of a few tens of
micrometers per side (exfoliation) or are composed of flakes or platelets.

Unlike InSe, Sb,ySe3 is a narrow band gap, layered metal chalcogenide (Se-Sb-Sb—Se) that has
a single phase [21]. It is a direct band gap semiconductor with a layered structure and an orthorhombic
structure [22]. The films consist of staggered, parallel layers of 1D (Sb4Seg), ribbons that are composed
of strong Sb—Se bonds along the [001] direction. In the [100] and [010] directions, the ribbons are
held in the stack by the weak van der Waals forces [23]. It has received attention as a thermoelectric
material, and recently as a light sensitizer in photovoltaic devices because of its narrow band gap of
about 1.1 eV-1.3 eV, which approaches the ideal Shockley —Queisser value [24-26]. These films have
been produced via a number of methods, including thermal evaporation, chemical bath deposition,
spray pyrolysis, pulsed laser deposition and electrochemical deposition [25,27-30].

2. Materials and Methods

InSe and Sb,Se; films were grown in a Microchemistry F-120 ALD reactor (Microchemistry,
Helsinki, Finland) that can handle two 50 mm x 50 mm substrates per run. The substrates for these
films consisted of either p-or n-type Si wafers coated with a 320 nm thick film of thermal silicon oxide.
Besides Si, plain glass slides and fluorinated tin oxide (FTO) coated glass plates were also used as
substrates. The precursors for InSe growth were InCl; and H,Se (8%, balance Ar). The In source
temperature was set at 110 °C and the carrier gas was nitrogen. The pulse sequence per cycle was as
follows; InCl3 pulse width of 1 s; Ny purge of 1.0 s; HySe pulse width of 1.5 s; followed by 1.0 s N,
purge. Uniform film growth occurred over a temperature range of 310 °C to 380 °C. The films reported
here were grown at 350 °C, where the growth rate was 0.05 nm per cycle. The pulse sequence for
Sb,Ses films was SbClj (1's), Np (1.5's), HySe (1.5 s), and N (1.5 s). Uniform films were produced over
a temperature range of 270 °C to 320 °C. From this range, 300 °C was selected to grow the films, where
the growth rate was 0.22 nm/cycle. Optimization of growth conditions was done mostly based on
Raman analysis, which offered a quick turn-around. Besides Raman, the crystalline structure of these
films was examined with X-ray diffraction (XRD) (Rigaku Corp., Tokyo, Japan), their composition
with X-ray photoelectron spectroscopy (XPS) (Northrop-Grumman, Falls Church, VA, USA) and their
band gaps with optical absorption. The surfaces of these films were examined with a scanning electron
microscope (SEM) (FEI Corp, Hillsboro, OR, USA) and found to be featureless. Finally, InSe/Sb,Se3
heterostructures were grown and their current-voltage (I-V) profiles were examined.

3. Results

The surface morphology of the films was first checked with a Nomarski microscope and then
with an SEM. When the growth process was optimized, the surfaces of both InSe and Sb,Se; were
smooth and featureless, as shown in Figure 1a,b. This is a major difference between films grown via
ALD and other methods. Although we expect there to be grain boundaries, we were unable to detect
them with the SEM. Also, no grain boundaries were visible with the electron backscatter diffraction
(EBSD) method.
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(b)

Figure 1. Scanning electron microscope (SEM) view of the surface of (a) InSe and (b) Sb,Se;.

The crystalline properties of the films were characterized using grazing-angle (0.5°) XRD. The XRD
spectrum of a 17 nm thick InSe film is shown in Figure 2a. The spectrum is dominated by the [006] peak,
followed by minor peaks, which are characteristic of the hexagonal structure of y-InSe (JCPDS 40-1407).
Also, the deposition of an orange film on the walls of the reactor is indicative of this phase of the
InSe [31].
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Figure 2. X-ray diffraction (XRD) spectrum of (a) InSe (b) Sb,Se3.
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The XRD spectrum of our antimonselite (Sb,Se3) film is shown in Figure 2b, where all of the
diffraction peaks agree well with its orthorhombic crystal structure (JCPDS 15-0861). Major peaks
are indexed to the diffraction planes. The crystal lattice parameters were calculated as a = 1.159 nm,
b =1.175 nm, and ¢ = 0.3949 nm, that are consistent with the values reported in literature [32]. No peaks
of any other phases were detected, which indicates that these films are of single phase and high purity.

Optical characterization involved Raman spectroscopy and absorption spectra of these films.
The Raman spectrum of a 17 nm thick InSe film is shown in Figure 3a, where the excitation wavelength
was 532 nm. It shows the signature peaks corresponding to both the in-plane (E) and out-of-plane (A)
modes that are consistent with those reported for flakes of y-InSe [15,18,33,34]. Comparing the InSe
data in Figure 3a with published results for the bulk and thin films, we can identify the peaks at about
117 em ™1, 175 em ™!, and 205 cm ! with A’y E/ 2, and A’1(LO) Raman modes, respectively. The peak
at 205 cm™! is strongest in films that are at about 6 nm to 9 nm thick layers and then attenuates with
increase in thickness. The peak at around 155 cm ™! is distinctive for the y phase of InSe and is related
to the zone center mode of the crystal [35,36].
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Figure 3. Raman spectrograph of (a) y-InSe (b) Sb,Ses.

The Raman spectrum of the 15 nm thick Sb,Ses thin film is shown in Figure 3b. It agrees well with
previously reported data, where the main peak at 189 cm ™! (Azlg) is the characteristic Sb-Se stretching
mode of the SbSes /» pyramids. The two other peaks, at about 151 cm ! (A%,,) and at about 125 cm ™!
(Eag) are associated with the Sb-Sb bonds and Se-Se bonds, respectively [37-39].

Band gaps of these films were determined from their respective absorption spectra obtained from
the films deposited on glass substrates. The absorbance of these films was recorded over a spectral
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range of 300 to 1100 nm. Plots of the wavelength (in terms of energy E in eV) versus the absorbance InSe
and Sb,Sej films are plotted in Figure 4a,b, respectively. The intercept on the x-axis of the extrapolation
of the linear portion of the slope corresponds to the band gap of the material. For the 17 nm thick
InSe film, the intercept occurs at about 2.35 eV. This value is in good agreement with the band gap of
Y-InSe, which is defined as the transition between the px and py, orbital to the bottom of the conduction
band that corresponds to an energy gap of 2.4 eV [15,18]. The band gap of y-InSe is higher than
the other phases, therefore this parameter can be used to discriminate it from the other phases [35].
From Figure 4b, a band gap value of 1.3 eV was determined for a 15 nm thick Sb,Se; film. This value is
within the range of 1.1 to 1.3 eV previously reported [21,40].

0.7
17 )
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§ § 0.5
s 12 S04
< 07 <02
0.1 ’
0.2 o/
1 2 3
E (eV)

Figure 4. Absorbance spectrum of (a) InSe (b) Sb,Se3.

The chemical composition of both of these films was examined by X-ray photoelectron
spectroscopy (XPS). The signature binding energies of In 3d5/, and In 3dj3,,, shown in Figure 5a,
correspond to 452.47 eV and 444.88 eV, respectively. The Se 3d profile is deconvoluted to show the two,
closely spaced binding profiles of the Se ds/, and d3,, of binding energies of 53.88 eV and 54.88 eV
(Figure 5b). These values are in agreement with pure In;Se; films [41]. The dip between the two peaks
is an indication of oxidation of the films, which is not surprising since the samples were exposed to air
for a short period of time before XPS analysis.

The XPS binding energy of Sb,Se3 is shown in Figure 6. The binding energies of Sb 3d5,, and
3d3,, are 529.83 eV and 539.03 eV as shown in Figure 6a. Detailed spectral deconvolution of the Se 3d
high resolution XPS spectrum revealed that the binding energy of Se 3ds,, and 3dj,, are 54.43 eV and
55.23 eV, respectively, which is in good agreement with the expected binding energy of Sb,Ses [25].
These binding energies were corrected by referencing the C 1s peak to 284.70 eV.
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Figure 5. Cont.

135



Electronics 2017, 6, 27

(b)
Se 3ds,

Se 3d,,

Counts (a.u)

52 53 54 55 56 57 58
Binding Energy (eV)

Figure 5. X-ray photoelectron spectroscopy (XPS) profile of (a) In (b) Se.
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Figure 6. XPS profile of (a) Sb (b) Se.

4. Discussion

In an ALD process, the choice of the precursors and substrates is important in order to produce
a saturated chemisorbed layer of the first species during the initial phase of the growth [42].
Moreover, the deposition parameters such as the pulse widths and temperature must be optimized to
produce this condition. Then, the growth will proceed layer by layer, which is ideal for growth of a
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2D film. We have found that organometallic or chloride-based metal precursors (with sufficient vapor
pressure) work well on SiO; covered substrates, as we have previously demonstrated with other metal
chalcogenides [5,43,44].

The 2D materials, as described above, are composed of individual layers that are held together
by the weak van der Waals force. Within each layer, the atoms are strongly bonded to each other in
2D via either valence or ionic bonds, and in the absence of dangling bonds. This allows stacking of
two different 2D materials with different physical properties, crystalline parameters and crystal
symmetry to grow heterojunctions and superlattices held together by the van der Waals force.
This approach to grow 2D heterojunctions has been referred to as van der Waals epitaxy [45]. We have
grown heterostructures composed of 5 nm—-10 nm thick InSe and 5 nm—-7 nm thick Sb,Se3 layers by
sequentially growing each layer on Si/SiO, substrates and FTO-coated glass substrates. While detailed
electrical characterization of these films is underway, Hall effect was used to determine the intrinsic
doping properties of each of these two films. The InSe films were found to be intrinsically n-type and
Sb,Se; were intrinsically p-type. On the FTO substrates, the first film deposited was InSe, followed
by Sb,Ses, while keeping one part of the FTO surface covered to avoid any deposition. Small Au
contacts were sputtered on top of the Sb,Se; layer and Al on the FTO portion. The current-voltage
(I-V) profiles of these samples were then examined.

A typical example of one of these samples is shown in Figure 7, which shows the characteristic
profile of a pn diode. The leakage current with a reverse bias is shown (in log scale) in the inset.
A maximum leakage current of 1077 A was measured at —1 V bias. Since each precursor was
introduced separately into the reactor for a surface reaction for a layer-by-layer growth, and we were
working at a relatively low temperature, we do not expect significant intermixing at the interface.
This heterojunction was grown at 310 °C, which overlaps the optimum range of both the materials.
A one minute purge was introduced before starting the SbySes layer to ensure a sharp interface.
In our previous work on SnS/WS; heterojunctions that were grown at a slightly higher temperature,
there were no obvious signs of intermixing at the interface [5].

1.0E-03
5.76-03

1.0E-05

1.0E-07
4.7€-03
ToeQo

1.0E-11
-1 08 06 04 02
E(V)

log Id (A)

37603

1d (A)

2.76-03

1.7€-03

7.0E-04

09 0.7 05 03 01 01 03 05 0.7 0.9
3.0E-04
E(V)

Figure 7. Current-voltage (I-V) profile of the InSe/Sb,Se3 pn junction.

137



Electronics 2017, 6, 27

5. Conclusions

In summary, ALD has been utilized to grow smooth and continuous layers of y-InSe and

Sb,Ses layered metal chalcogenide on SiO;-coated Si and glass substrates. Crystalline and optical
properties, as well as the composition of these films are comparable to those produced by other
means, especially exfoliation. The InSe and Sb,Se; films show intrinsic n-type and p-type behaviors,
respectively. A combination of these two films shows pn diode characteristics. These results show that
ALD offers a viable path for producing large area films of metal chalcogenides for future industrial
scale applications.

Author Contributions: Robert Browning, Neal Kuperman, Bill Moon and Raj Solanki all contributed equally.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chhowalla, M; Shin, H.S.; Eda, G.; Li, L.J.; Loh, K.P.; Zhang, H. The chemistry of two-dimensional layered
transition metal dichalcogenide nanosheets. Nat. Chem. 2013, 5, 263-275. [CrossRef] [PubMed]

2. Xu, M,; Liang, T,; Shi, M.; Chen, H. Graphene-like two-dimensional materials. Chem. Rev. 2013, 113,
3766-3798. [CrossRef] [PubMed]

3. Geim, AK,; Grigorieva, I.V. Van der waals heterostructures. Nature 2013, 499, 419-425. [CrossRef] [PubMed]

4. Wang, Q.H.; Kalantar-Zadeh, K ; Kis, A.; Coleman, J.N.; Strano, M.S. Electronics and optoelectronics of
two-dimensional transition metal dichalcogenides. Nat. Nanotechnol. 2012, 7, 699-712. [CrossRef] [PubMed]

5. Browning, R.; Plachinda, P; Padigi, P; Solanki, R.; Rouvimov, S. Growth of multiple ws2/sns layered
semiconductor heterojunctions. Nanoscale 2016, 8, 2143-2148. [CrossRef] [PubMed]

6. Das, S.; Chen, HY;; Penumatcha, A.V.; Appenzeller, ]. High performance multilayer mos2 transistors with
scandium contacts. Nano Lett. 2013, 13, 100-105. [CrossRef] [PubMed]

7. Radisavljevic, B.; Radenovic, A, Brivio, J.; Giacometti, V.; Kis, A. Single-layer mos2 transistors.
Nat. Nanotechnol. 2011, 6, 147-150. [CrossRef] [PubMed]

8. Li, X, Lin, M.W,; Puretzky, A.A.; Idrobo, ].C.; Ma, C.; Chi, M.; Yoon, M.; Rouleau, C.M.; Kravchenko, L.L;
Geohegan, D.B.; et al. Controlled vapor phase growth of single crystalline, two-dimensional gase crystals
with high photoresponse. Sci. Rep. 2014, 4, 5497. [PubMed]

9. Luxa,].; Wang, Y.; Sofer, Z.; Pumera, M. Layered post-transition-metal dichalcogenides (x-m-m-x) and their
properties. Chemistry 2016, 22, 18810-18816. [CrossRef] [PubMed]

10. Feng, W.; Zheng, W.; Cao, W.; Hu, P. Back gated multilayer inse transistors with enhanced carrier mobilities
via the suppression of carrier scattering from a dielectric interface. Adv. Mater. 2014, 26, 6587-6593. [CrossRef]
[PubMed]

11. Lei, S;; Wen, E; Li, B., Wang, Q.; Huang, Y.; Gong, Y.; He, Y.,; Dong, P.; Bellah, J.; George, A.; et al.
Optoelectronic memory using two-dimensional materials. Nano Lett. 2015, 15, 259-265. [CrossRef] [PubMed]

12.  Harvey, A ; Backes, C.; Gholamvand, Z.; Hanlon, D.; McAteer, D.; Nerl, H.C.; McGuire, E.; Seral-Ascaso, A.;
Ramasse, Q.M.; McEvoy, N.; et al. Preparation of gallium sulfide nanosheets by liquid exfoliation and their
application as hydrogen evolution catalysts. Chem. Mater. 2015, 27, 3483-3493. [CrossRef]

13. Hu, P; Wen, Z.; Wang, L.; Tan, P; Xiao, K. Synthesis of few-layer gase nanosheets for high performance
photodetectors. ACS Nano 2012, 6, 5988-5994. [CrossRef] [PubMed]

14.  Amory, C.; Bernede, J.C.; Marsillac, S. Study of a growth instability of y-in2se3. . Appl. Phys. 2003, 94,
6945-6948. [CrossRef]

15.  Sanchez-Royo, J.E; Mufioz-Matutano, G.; Brotons-Gisbert, M.; Martinez-Pastor, ].P.; Segura, A.; Cantarero, A_;
Mata, R.; Canet-Ferrer, J.; Tobias, G.; Canadell, E.; et al. Electronic structure, optical properties, and lattice
dynamics in atomically thin indium selenide flakes. Nano Res. 2014, 7, 1556-1568. [CrossRef]

16. Mudd, G.W,; Svatek, S.A.; Ren, T.; Patane, A.; Makarovsky, O.; Eaves, L.; Beton, PH.; Kovalyuk, Z.D.;
Lashkarev, G.V,; Kudrynskyi, Z.R.; et al. Tuning the bandgap of exfoliated inse nanosheets by quantum
confinement. Adv. Mater. 2013, 25, 5714-5718. [CrossRef] [PubMed]

17.  Shigeru, S.; Tesuo, L. Crystalline inse films prepared by rf-sputtering technique. Jpn. J. Appl. Phys. 1991,

30, L.2127.

138



Electronics 2017, 6, 27

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Lei, S.; Ge, L.; Najmaei, S.; George, A.; Kappera, R.; Lou, J.; Chhowalla, M.; Yamaguchi, H.; Gupta, G.;
Vajtai, R.; et al. Evolution of the electronic band structure and efficient photo-detection in atomic layers of
inse. ACS Nano 2014, 8, 1263-1272. [CrossRef] [PubMed]

Stoll, S.L.; Barron, A.R. Metal— organic chemical vapor deposition of indium selenide thin films. Chem. Mater.
1998, 10, 650-657. [CrossRef]

Ho, C.H,; Lin, C.H.; Wang, Y.P,; Chen, Y.C.; Chen, S.H.; Huang, Y.S. Surface oxide effect on optical sensing
and photoelectric conversion of alpha-in2se3 hexagonal microplates. ACS Appl. Mater. Interfaces 2013, 5,
2269-2277. [CrossRef] [PubMed]

Ghosh, G. The sb-se (antimony-selenium) system. J. Phase Equilibria 1993, 14, 753-763. [CrossRef]

Chang, H.-W.; Sarkar, B.; Liu, C.W. Synthesis of sb2se3 nanowires via a solvothermal route from the single
source precursor sb[se2p(oipr)2]3. Cryst. Growth Des. 2007, 7, 2691-2695. [CrossRef]

Zhou, Y.; Wang, L.; Chen, S.; Qin, S; Liu, X.; Chen, J.; Xue, D.-].; Luo, M.; Cao, Y.; Cheng, Y.; et al. Thin-film
sb2se3 photovoltaics with oriented one-dimensional ribbons and benign grain boundaries. Nat. Photonics
2015, 9, 409-415. [CrossRef]

Kutasov, V.A. Shifting the maximum figure-of-merit of (bi, sb)2(te, se)3 thermoelectrics to lower temperatures.
In Thermoelectrics Handbook; CRC Press: Boca Raton, FL, USA, 2005; pp. 37-18-37-31.

Liu, X.; Chen, J.; Luo, M.; Leng, M.; Xia, Z.; Zhou, Y.; Qin, S.; Xue, D.J.; Lv, L.; Huang, H.; et al. Thermal
evaporation and characterization of sb2se3 thin film for substrate sb2se3/cds solar cells. ACS Appl.
Mater. Interfaces 2014, 6, 10687-10695. [CrossRef] [PubMed]

Shockley, W.; Queisser, H.]. Detailed balance limit of efficiency of p-n junction solar cells. ]. Appl. Phys. 1961,
32,510-519. [CrossRef]

Rajpure, K.; Bhosale, C. Effect of se source on properties of spray deposited sb 2 se 3 thin films. Mater. Chem. Phys.
2000, 62, 169-174. [CrossRef]

Rodriguez-Lazcano, Y.; Pefia, Y.; Nair, M.; Nair, P. Polycrystalline thin films of antimony selenide via chemical
bath deposition and post deposition treatments. Thin Solid Films 2005, 493, 77-82. [CrossRef]

Fernandez, A.; Merino, M. Preparation and characterization of sb 2 se 3 thin films prepared by
electrodeposition for photovoltaic applications. Thin Solid Films 2000, 366, 202—-206. [CrossRef]

Xue, M.-Z; Fu, Z.-W. Pulsed laser deposited sb 2 se 3 anode for lithium-ion batteries. J. Alloys Compd. 2008,
458, 351-356. [CrossRef]

Tabernor, J.; Christian, P.; O'Brien, P. A general route to nanodimensional powders of indium chalcogenides.
J. Mater. Chem. 2006, 16, 2082. [CrossRef]

Tideswell, N.-W.; Kruse, EH.; McCullough, J.D. The crystal structure of antimony selenide, sb2se3.
Acta Crystallogr. 1957, 10, 99-102. [CrossRef]

Chen, Z.; Gacem, K., Boukhicha, M.; Biscaras, J.; Shukla, A. Anodic bonded 2d semiconductors:
From synthesis to device fabrication. Nanotechnology 2013, 24, 415708. [CrossRef] [PubMed]

Kumazaki, K.; Imai, K. Far-infrared reflection and raman scattering spectra in y-inse. Phys. Status Solidi 1988,
149, K183-K186. [CrossRef]

Marsillac, S.; Combot-Marie, A.M.; Bernede, ].C.; Conan, A. Experimental evidence of the low-temperature
formation of y-in2se3 thin films obtained by a solid-state reaction. Thin Solid Films 1996, 288, 14-20. [CrossRef]
Weszka, J.; Daniel, P.; Burian, A.; Burian, A.M.; Nguyen, A.T. Raman scattering in in2se3 and inse2 amorphous
films. J. Non-Cryst. Solids 2000, 265, 98-104. [CrossRef]

Bera, A.; Pal, K.; Muthu, D.V.S; Sen, S.; Guptasarma, P.; Waghmare, U.V.; Sood, A K. Sharp raman anomalies
and broken adiabaticity at a pressure induced transition from band to topological insulator in sb2se3.
Phys. Rev. Lett. 2013, 110, 107401. [CrossRef] [PubMed]

Ivanova, Z.G.; Cernoskova, E.; Vassilev, V.S.; Boycheva, S.V. Thermomechanical and structural
characterization of gese2-sb2se3-znse glasses. Mater. Lett. 2003, 57, 1025-1028. [CrossRef]

Wang, J.; Deng, Z.; Li, Y. Synthesis and characterization of sb2se3 nanorods. Mater. Res. Bull. 2002, 37,
495-502. [CrossRef]

Filip, M.R; Patrick, C.E.; Giustino, F. Gw quasiparticle band structures of stibnite, antimonselite, bismuthinite,
and guanajuatite. Phys. Rev. B 2013, 87, 2450-2458. [CrossRef]

Beck, K.M.; Wiley, WR.; Venkatasubramanian, E.; Ohuchi, F. Vacancies ordered in screw form (vosf) and
layered indium selenide thin film deposition by laser back ablation. Appl. Surf. Sci. 2009, 255, 9707-9711.
[CrossRef]

139



Electronics 2017, 6, 27

42.  Suntola, T. Atomic layer epitaxy. Mater. Sci. Rep. 1989, 4, 261-312. [CrossRef]

43. Browning, R.; Padigi, P; Solanki, R.; Tweet, D.J.; Schuele, P; Evans, D. Atomic layer deposition of mos2 thin
films. Mater. Res. Express 2015, 2, 035006. [CrossRef]

44. Browning, R.; Kuperman, N.; Solanki, R.; Kanzyuba, V.; Rouvimov, S. Large area growth of layered wse2
films. Semicond. Sci. Technol. 2016, 31, 095002. [CrossRef]

45. Saiki, K.; Ueno, K.; Shimada, T.; Koma, A. Application of van der waals epitaxy to highly heterogeneous
systems. |. Cryst. Growth 1989, 95, 603-606. [CrossRef]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

140






MDPI AG
St. Alban-Anlage 66
4052 Basel, Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

http://www.mdpi.com

Electronics Editorial Office
E-mail: electronics@mdpi.com

http://www.mdpi.com/journal/electronics







MDPI AG

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +4161 683 77 34

Z
Fax: +41 61302 89 18 rM\D\Py
F

www.mdpi.com ISBN 978-3-03842-493-2



	Blank Page
	Blank Page
	Blank Page



