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Since the first report in 2004 on the electronic properties of graphene exfoliated
from graphite [1], the research on two-dimensional materials (2DMs) has grown steadily.
To date, hundreds of 2DMs have been investigated experimentally, whereas a database
of up to 6000 monolayer structures has recently been compiled through computational
studies [2]. Interestingly, the 2DM family covers the entire range of electronic properties,
from semimetallic graphene and semiconducting transition metal dichalcogenides (TMDs)
to insulating hexagonal boron nitride. Furthermore, van der Waals (vdW) heterostructures
with engineered bandgaps have been realized by stacking different layers [3], enabling the
demonstration of novel device concepts for electronics/optoelectronic, sensing, quantum,
and energy applications.

In this context, this Special Issue, entitled “2D Layered Nanomaterials and Heterostruc-
tures for Electronics, Optoelectronics and Sensing”, features insightful contributions on
the scalable growth of 2DMs, fabrication approaches of vdW heterostructures, advanced
characterization methods (optical, vibrational, chemical, electrical), and the theoretical
modeling of these heterostructures. Furthermore, it aims to address challenges involved in
2DM integration and device fabrication.

Specifically, the Special Issue includes 10 high-quality, original research papers cover-
ing the following topics:

i.  Scalable synthesis of molybdenum disulfide (MoS,) through an advanced chemical
vapor deposition (CVD) approach based on liquid Mo precursors [4], as well as by
pulsed laser deposition (PLD) on substrates of interest for microelectronics (sapphire,
gallium nitride) [5];

ii.  First-principles calculations of electronic and optical properties of graphene, borophene,
and boron carbide 2D heterostructures [6];

iii. Advanced optical and electronic transport characterization of novel vdW heterostruc-
tures (TapNiSs/CrOCI) [7];

iv.  Electronic and optoelectronic devices based on 2DM heterostructures, i.e., novel
2D field effect transistors with a tungsten diselenide (WSe;) channel and multi-
layer palladium diselenide (PdSe;) vdW contacts [8]; bipolar transistors based on a
MoS;/WSe, /MoS, heterostructure [9]; photo-transistors and self-powered photode-
tectors based on graphene/Si [10]; NiO/graphene/Si junctions [11]; photovoltaic
devices [12]; and biosensors based on MoS, /WTe; Schottky barriers [13].

Nanomaterials 2025, 15, 851 https://doi.org/10.3390/nano15110851
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This Special Issue spotlights relevant examples of ongoing research directions in
the continuously expanding field of 2D materials and aims to serve as inspiration for
researchers working in these areas.
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Abstract: Atomically thin molybdenum disulfide (MoS;) is a two-dimensional semiconductor with
versatile applications. The recent adoption of liquid molybdenum precursors in chemical vapor
deposition has contributed significantly to the reproducible wafer-scale synthesis of MoS, monolayer
and few-layer films. In this work, we study the effects of the carrier gas flow rate on the properties of
two-dimensional molybdenum disulfide grown by liquid-precursor-intermediate chemical vapor
deposition on SiO, /Si substrates. We characterized the samples using Optical Microscopy, Scanning
Electron Microscopy, Raman spectroscopy, and Photoluminescence spectroscopy. We analyzed
samples grown with different nitrogen carrier flows, ranging from 150 to 300 sccm, and discussed the
effect of carrier gas flows on their properties. We found a correlation between MoS; flake lateral size,
shape, and number of layers, and we present a qualitative growth model based on changes in sulfur
provision caused by different carrier flows. We show how the use of liquid precursors can allow
for the synthesis of homogeneous, single-layer flakes up to 100 um in lateral size by optimizing the
gas flow rate. These results are essential for gaining a deeper understanding of the growth process
of MOSz.

Keywords: molybdenum disulfide; liquid molybdenum precursors; chemical vapor deposition;
carrier gas; Raman spectroscopy; photoluminescence spectroscopy

1. Introduction

The synthesis of a 2D material is a crucial step because different preparation processes
can determine its fundamental material properties [1-6]. Among the various techniques to
obtain atomically thin structures from a bottom-up approach, Chemical Vapor Deposition
(CVD) has established itself as the most successful, with the recent demonstration that
CVD based on metalorganic sources (MOCVD) is the most promising option for wafer-
scale synthesis [7-11]. Among 2D materials, molybdenum disulfide (MoS,) has attracted
significant attention due to its unique optical and electrical properties, including a direct
bandgap, strong light-matter interaction, and high quantum yield [12]. Various applications
for this 2D material in the photonics field have been proposed, such as photodetectors, 2D
LEDs, single photon sources, and components of nanophotonic circuits. We refer the reader
to several excellent reviews dedicated to this topic [13-15].

Nanomaterials 2024, 14, 1749. https:/ /doi.org/10.3390 /nano14211749 3 https:/ /www.mdpi.com/journal /nanomaterials
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The CVD growth of transition metal dichalcogenides is highly sensitive to reaction
parameters such as precursor concentration and temperature. Therefore, any modification
or uncontrolled fluctuation can significantly influence the reaction kinetics and material
quality, leading to poor reproducibility in the synthesis [16]. Liquid molybdenum pre-
cursors have been introduced as a viable option to grow 2D MoS, by CVD with large
flake sizes, proving to be much more reliable than previously used powder precursors,
which, despite initial promising results and the simplicity of the process, suffer from se-
rious reproducibility issues [17-21]. This method relies on the sulfurization of a solution
containing molybdenum precursors that is deposited by spin-coating on the substrate
which is then loaded into the CVD reactor [22,23]. The typical solution is composed of three
different components: (i) the water-soluble Mo precursor, (ii) the growth promoter, and
(iii) the density gradient medium, which improves adhesion to the substrate surface during
spinning. The first two components are mixed in ratios ranging from 1:1 to 8:1 [24,25].

The use of a molybdenum liquid precursor represents a significant modification to
the paradigm of the CVD synthesis of two-dimensional materials. With solid precursors,
both molybdenum and sulfur are provided to the growth substrate in vapor form, while
in the liquid-precursor-intermediate CVD process (LPI-CVD), the solution containing the
molybdenum precursor is already present on the growth substrate and undergoes oxidation
and solidification during the temperature ramp [25]. This process is somewhat similar to
the early work on the sulfurization of the molybdenum layer deposited on the growth
substrates, where the primary drawback was that the MoS, domains were limited by
the initial size of the molybdenum grains in the deposited layer [26]. Although highly
efficient outcomes in terms of reproducibility of the process have been obtained with Mo
liquid precursors, the dynamic of the growth process has been somewhat overlooked,
despite the complexity of the physical and chemical mechanisms involved. For instance,
the issue of six-fold defective domains has been noted in the case of WS; obtained by
LPI-CVD [27]. Similarly, the synthesis of highly tensile-strained MoS, monolayers has
been demonstrated within a specific temperature range using liquid precursors [28]. Only
recently have the different results in terms of material quality using different density
gradient media been highlighted [29]. Likewise, Senkic et al. [30] reported variations
in the morphology of MoS; structures grown with different S:Mo ratios using liquid
precursors. Nevertheless, the LPI-CVD has proven to be a successful approach for growing
more complex two-dimensional structures, such as patterned MoSe; [31], highly oriented
MoS; mono and bilayer structures [17], metal-doped monolayers [32], and van der Waals
heterostructures [33]. Since the sulfurization process of liquid precursors spun on the
substrate still relies on sulfur vapors being transported to the growth substrate, the flow
rate of the inert carrier gas plays a crucial role as it affects both vapor concentration and
sulfur precursor transportation. While several studies have focused on the effect of carrier
gas in CVD growth using Mo solid precursors [33-35], very few have investigated the effect
of carrier gas flow when using liquid precursors.

In this work, we demonstrate that the flow rate of the carrier gas is a critical parameter
for the CVD growth of MoS, structures, even when using Mo liquid precursors. Unlike the
case of the Mo solid precursor, this parameter drastically affects the number of layers and
flake sizes but has a lesser impact on the flake shape. At the lowest flow rate, structures
with an inhomogeneous number of layers are obtained, featuring a bulk-like center (often
pyramidal in shape) and bilayer structures along certain crystallographic directions. At the
highest flow rate, the synthesis yields a 100 um large triangular monolayer with concave
edges. Notably, increasing the flow rate decreases the number of layers, reaching the
monolayer limit.

2. Materials and Methods

The solution deposited on the substrate consists of a mixture of (i) 1 mL of ammonium
heptamolybdate tetrahydrate (NH4)sMo070,4-4H,O (AHT, Sigma-Aldrich (St. Louis, MO,
USA), 99.98%) 0.030 mol/L, (ii) 4 mL of NaOH 0.060 mol/L, which acts as a growth
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promoter, and (iii) 0.5 mL of OptiPrep™, a density gradient medium containing 60%
iodixanol and 40% water. In total, 10 uL of this mixture is then used for spin-coating on
a1l x 1 .cm? SiO,/Si substrate (3000 rpm, 30 s) which has been previously treated with
O; plasma (25 W, 3 min) to improve wettability. The substrate is placed 20 cm away from
an alumina boat containing 275 mg of a sulfur solid precursor (Sigma-Aldrich, 99.98%).
The growth process is carried out at a temperature of 820 °C (heating rate of 40 °C/min),
providing optimal growth conditions, while the low zone containing sulfur powders is
independently heated to 180 °C (heating rate of 60 °C/min). The nitrogen carrier gas flow
rate, selected for its inert nature and low cost, is kept constant within the range of 150 to
300 sccm during the growth process. Further details on the CVD growth system can be
found in [34,35].

The morphology of the MoS; flakes is analyzed by scanning electron microscopy
(SEM) using a Zeiss Auriga Compact system equipped with a GEMINI Field-Emission
column. A statistical analysis of the lateral dimensions of the flakes is performed using SEM
images. For each sample, approximately one hundred flakes distributed across different
areas of the substrate are considered.

Raman and photoluminescence measurements are carried out with a Renishaw In-
Via system, equipped with a confocal microscope, a 532 nm excitation laser, and an
1800 line/mm grating (spectral resolution < 2 cm~!). All the analyses are performed
with a 100X objective (NA = 0.85), excitation laser power 500 uW, and an acquisition time
of 4 s. The Raman mapping is carried out with a pixel size between 800 nm and 1 pm.

3. Results

We observed that the density and the size of the flakes can be reproducibly controlled
by adjusting the carrier gas flow rate. In Figure 1, optical microscopy (OM) and scanning
electron microscopy (SEM) images are shown for samples grown under different carrier
flows, ranging from 150 to 300 sccm. Lower and higher gas flow rates were also explored,
resulting in very small flakes at values below 150 sccm and low-quality 3D structures at
higher values.

The concavity of the flakes and thus their shape is directly influenced by the Mo:S ratio.
A perfect triangular shape is typically reported in studies using solid precursors, achieved
by increasing the sulfur content and growth temperature, whereas greater concavity (multi-
apex triangles) is observed when the growth occurs under Mo excess [36]. Statistical
measurements of flake concavity show values ranging from 7.5° to 10.2° for carrier flows
between 150 and 250 sccm (Figure 2). A higher concavity, reaching 12.5°, was found for the
sample with a flow rate of 300 sccm. This analysis suggests that the growth behavior using
liquid precursors differs significantly from that observed with solid precursors (such as
MoO3 powders), where carrier gas flow, gas velocity, MoO3 and S transport, and gas phase
pre-reactions greatly influence the growth outcome [37-39]. As shown in Figure 2e, flake
concavity remains almost constant for flows up to 250 sccm but increases significantly at
300 sccm.

Figure 3 presents the statistical analysis based on SEM images and the average lateral
size of the flakes. By fitting the histograms in Figure 3a—d with Gaussian functions, the
average flake sizes were found to be 5.6 £ 0.7 um, 19.8 £ 2.9 um, 12.0 £ 3.5 pm, and
76.7 £ 9.1 um for flows rates of 150 sccm, 200 scem, 250 scem, and 300 scem, respectively.
As shown in Figure 3e, data indicate a nonlinear increase in flake size as the flow rate
increases from 150 to 300 sccm.

In Figure 4, we present maps of the separation between Raman modes (Ak), a well-
established method for determining the number of MoS; layers. Monolayer structures
exhibit Ak < 19 cm !, while bulk structures show Ak > 24 cm ™1 [40,41]. Optical reference
images of the analyzed flakes, as well as representative Raman spectra, are shown in
Figures S51-53.
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Figure 1. (a) Optical microscopy images of flakes at different nitrogen flows. (b) SEM image of the
sample with at a flow rate of 150 sccm. (c) Schematic of the synthesis procedure.

The flakes obtained with a flow of 150 sccm consist of a bulk-like central region and
three bilayer lateral structures, as evidenced by the separation of the Raman modes: 26 cm ™!
in the central region (bulk-like) and 20 cm~! in the lateral areas. The flakes grown with a
carrier gas flow rate of 200 sccm and 250 sccm exhibit a homogeneous spatial distribution
of Ak. Specifically, Ak is equal to 23 cm~! and 21 cm~! in the case of the 200 sccm and
250 sccm specimens, respectively. These values indicate the presence of few-layer structures.
The flakes obtained with a flow of 300 sccm are large, corner-shaped triangular monolayers
with Ak =19 cm~!. As recently reported [28], the separation of the Raman modes at the
corner of the triangular structure is influenced by tensile strain.
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Figure 2. (a-d) SEM images and flake concavity for flow rates of 150, 200, 250, 300 sccm, respectively.
(e) Concavity values plotted as a function of flow rate, with the dashed line as a guide for the eye.
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Figure 3. (a—d) Statistical analysis of the lateral dimensions of MoS; flakes at different flow rates (150,
200, 250, 300 sccm). (e) Average lateral size of flakes as a function of the carrier flow rate.

Photoluminescence (PL) characterization was performed to analyze the effect of vary-
ing carrier gas flow rates on the optical properties [37,38,42].

Figure 5 presents the PL spectra of the triangular structures obtained at different carrier
gas flows. For the sample grown at 150 sccm, we report the PL spectrum obtained from the
lateral part of the flakes, as the central bulk-like area does not exhibit any light emission.
The PL spectra reveal two distinct light emissions, corresponding to the A and B excitonic
recombinations of MoS; [43-46]. In the samples grown at 150 sccm and 300 sccm, the A
exciton peaks at 1.83 eV, whereas the samples obtained at 200 sccm and 250 sccm show a
redshift to 1.78 eV. The B exciton consistently peaks at 1.95 eV. Notably, the intensity ratio
of A to B varies significantly: it is 2.1 for the 200 sccm and 250 sccm samples, increasing
to 8 and 10.2 for the 150 sccm and 300 sccm samples, respectively. The PL intensity ratios
and peak positions (Figure 5) confirm the findings from the Raman spectroscopic mapping
(Figure 4), indicating that the number of layers varies with the carrier gas flow during the
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growth process. As the distance between the two Raman peaks decreases—an indication
of there being few layers—the integrated area of the exciton A peak in the PL spectrum
increases [45]. Both these features suggest the presence of an unstrained MoS; monolayer.
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Figure 4. (a—d) Raman mode separation maps of MoS, at flow rates 150-200-250-300 sccm. Yellow
areas indicate monolayer and bilayer MoS,, while pink and purple areas indicate few-layer MoS;.
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Figure 5. PL spectra for samples at flow rates of 150-200-250-300 sccm.

4. Discussion

Most of the literature on MoS, synthesis focuses on solid precursors, which is not
directly applicable to our case. Liu et al. [47] demonstrated that increasing the carrier gas
flow rate enhances the rate of precursor transport along the growth tube. Furthermore,

PL Intensity (a.u.)
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Cao et al. [48] revealed that the carrier gas flow rate strongly influences the structural
and morphological properties of MoS; flakes during CVD growth, which subsequently
affects their optical properties. In particular, they observed dendritic structures at higher
carrier flow rates, while lower carrier flows resulted in triangular shapes. Additionally, it
was shown [49] that the concentration of sulfur vapor determines the size and shape of
CVD-grown MoS; flakes, with the flake shape changing from triangle to hexagon and back
to triangle as the sulfur concentration decreased.

The growth process with liquid precursors differs markedly from the typical synthesis
of MoS; flakes using solid sources in terms of species transport and the reactions involved.
Unlike solid Mo powders, the molybdenum available for MoS; synthesis with liquid
precursors is controlled in a highly reproducible manner by applying a solution spun on
the substrate. This method avoids the transport processes of MoO3; powder in the gas
phase, the heterogeneous gas phase reactions between Mo and S, and the uncontrolled
MoOy sub-oxidation processes that usually occur in the gas phase prior to the nucleation
on the substrate. All these processes, which occur with solid sources, create a complex
relationship between the carrier flow and the concentration of the precursors in both the gas
phase and on the substrate surface, potentially leading to reproducibility issues [50,51]. By
eliminating the role of gas phase reactions, we hypothesize that all the sulfur evaporating
from the source will reach the substrate for the synthesis reactions: no sulfur is lost due
to heterogeneous gas phase reactions, as in the case with solid precursors, and no sulfur
deposition is experimentally observed in the hot zone of the furnace, between the sulfur
boat and the substrate. We highlight that the temperature profile along the tube was
measured prior to deposition, and no significant gradients were found in the zone relevant
to the deposition. Moreover, uniform gas mixing between sulfur and nitrogen is expected
due to the gas flow rate, the high temperature, and the significant distance between the
sulfur source and the growth substrate.

The quantity of sulfur available for growth is defined by the solid source temperature
and by its dilution in the transport carrier gas. The local concentration of sulfur in the
gas stream depends on the flow dynamics of the system, which are influenced by the
diameter of the reaction tube, the carrier gas flow rate, the evaporated sulfur, and the
temperature profile of the system. The distance between the sulfur source and the substrate
may also influence how sulfur is distributed in the gas stream and its local concentration
over the liquid precursor. The sulfur available for growth is determined by the number
of atoms reaching the substrate surface from the gas phase, primarily defined by the flow
dynamics. The sulfur vapor pressure is set by the temperature of the sulfur powder: being
in an open tube, the system is in a dynamic equilibrium, and we can assume that the
sulfur vapor will never reach its equilibrium pressure. Consequently, the quantity of sulfur
evaporating is constant at a given temperature, but its dilution and partial pressure in the
gas phase depend on the total amount of the carrier gas: a higher gas flow in standard
cubic centimeters per minute results in greater sulfur dilution in the growth tube because
the same quantity of sulfur is evaporated and diluted in a larger volume of gas. Thus, we
can express the sulfur partial pressure P.P.(S) as inversely proportional to the total flow Fiot:

1

Under our experimental conditions, the flow is laminar (the Reynolds number with
a Ny flow of 300 sccm is approximately 14). The carrier gas flow affects the thickness of
the boundary layer between the nutrient gas phase and the substrate surface, influencing
sulfur diffusion from the nutrient gas phase to the surface and the diffusion of the reaction
byproducts from the surface to the gas phase. The velocity of sulfur diffusion towards
the surface is inversely proportional to the boundary layer thickness, which depends on
\/% [52,53]. It has also been observed that, in the sulfurization of a molybdenum thin

layer deposited by sputtering, the rate-limiting step is the diffusion of sulfur to the surface,
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highlighting the pivotal role of sulfur diffusion in a system similar to ours and supporting
the relevance of the boundary layer model [54,55].

Combining these two dependencies, we can estimate that the sulfur concentration at
the substrate surface is proportional to the following:

1 1 1
surface § concentration (5) boundary layer thickness F~ vF F

We therefore expect a higher sulfur concentration at the substrate surface at low carrier
gas flows, and conversely, a lower sulfur surface concentration at higher flows.

In the model proposed here, we make several assumptions derived from previous
works using solid molybdenum precursors, particularly regarding the effect of sulfur
supply on flake growth. It is important to emphasize that the change in flow rate affects the
growth of flakes using solid and liquid precursors in entirely different ways. The transport
of molybdenum vapor from solid sources and reactions between MoOj3 and S occurring in
the gas phase prior to the synthesis on the flakes do not occur in our system [10,56,57]. By
using liquid molybdenum precursors deposited by spin-coating on the growth substrate,
the quantity of the molybdenum precursor can be considered constant, independent of
other growth parameters. Following the seminal work of Kim et al. [25], during the
temperature ramp, the AHT reacts with the residual oxygen in the chamber, creating a
mixture of MoO3; and Na;MoQOy.

The orientation of the MoS; structures may also be affected, as changes in the S:Mo
ratio can lead to the synthesis of vertically aligned MoS, microscale structures [58]. Addi-
tionally, variations in the S:Mo can alter the CVD process, favoring a more layer-by-layer
growth mechanism and reducing the desired two-dimensional in-plane enlargement [59].

In Figure 6, we illustrate the effect of the different sulfur provisions on the number
of layers and the shape of the obtained MoS; structures, based on total carrier flow. Con-
sidering the flow dynamic model described above, lower carrier flows result in higher
sulfur supply (left panel), leading to MoS, structures composed of a central layer-by-layer
pyramidal structure with lateral bilayer features [60,61]. A medium sulfur supply (central
panel) results in the growth of few-layer structures. Finally, increasing the flow decreases
the sulfur provision, resulting in monolayer large-area structures.

The change in sulfur supply transitions the growth regime from kinetic driven (at low
flow /high sulfur concentration at the surface) to thermodynamically driven (at higher
flow /lower sulfur concentration), which may explain the observed changes in flake shape:
at lower flows, the higher concentration of sulfur adatoms arriving at the substrate inhibits
the enlargement of existing flakes, as it becomes more favorable to nucleate a new MoS;
seed rather than enlarging an existing one, thus explaining the formation of pyramid
structures and the aggregation of flakes. As the carrier flow increases, the supersaturation
of sulfur at the surface decreases and the growth becomes more thermodynamically driven;
enlarging existing seeds becomes favorable compared to nucleating new ones, resulting in
larger and more regular flakes.

By eliminating the gas phase heterogeneous reactions present when using solid pre-
cursors, which depend on many parameters (temperature, distance between the Mo and S
powders, position of the substrate, etc.), the growth process with liquid precursors is more
controlled and reliable. This may enhance our understanding of MoS, growth mechanisms.
It should also be noted that, for this reason, results obtained with solid precursors cannot
be directly explained by this model.

We also discuss the modifications in the shape of the MoS; structures obtained with
different sulfur provisions. It is generally observed that concavity increases, and multi-apex
triangles are formed if the growth occurs in molybdenum excess [41]. In the case of a
lower provision of sulfur, the shape indicates that the CVD process is carried out in a
molybdenum-rich environment, as the structures exhibit undergrowth along the sulfur in
zig-zag directions [62]. Increasing the sulfur supply leads to a sulfur-rich environment,
resulting in concave triangular structures [63].
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Figure 6. A sketch illustrating the influence of the carrier gas flow rate on sulfur supply, as well as on

the shape, size, and number of layers of the flakes, with side and top views of the MoS, structures.

The increased concavity in the specimen obtained with a 300 sccm flow rate can be
related to a slight decrease in the S:Mo ratio under these conditions, which also induces
an increase in the lateral size. Therefore, at higher flows, the increased concavity of flakes
suggests that the growth occurs with a slightly lower sulfur supply, corroborating the
proposed model regarding sulfur provision. This finding contrasts with what is generally
observed with solid precursors, where a higher gas flow rate is reported to increase the
provision of sulfur atoms, leading to flakes with reduced concavity and a more regular
triangular shape. This discrepancy, as mentioned in the previous section, may be attributed
to the very different growth dynamics in the two systems and the absence of gas phase
pre-reactions between MoOs3 and S when using solid precursors.

The use of liquid precursors simplifies the growth mechanism of MoS, flakes by
separating the sulfur supply, which is controlled solely by flow dynamics, from the surface
reactions governed by kinetic and thermodynamic processes. This approach also clarifies
the influence of sulfur supply on the shape and size of MoS; flakes, as it depends only on the
total carrier flow, which is proportional to ﬁ Our model demonstrates that the S:Mo ratio
in the case of liquid precursor CVD simultaneously affects both the number of layers and
the size of the MoS; structures. At a high sulfur supply (carrier flow = 150 sccm), we obtain
small structures characterized by a bulk central region with lateral overgrowth. Conversely,
as the sulfur supply decreases, few-layer structures form. When the sulfur reaching the
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substrate is lower (carrier flow = 300 sccm), monolayer MoS; flakes are produced with an
average lateral size that is 3.5 times larger than those grown under higher sulfur supply
conditions (carrier flow = 200-250 sccm). While our method allows for the growth of large
flakes, obtaining a uniform continuous film with our CVD system configuration remains a
challenge. To date, this has only been achieved using vertical substrate positioning [64].

To summarize the progress in 2D MoS; growth using different approaches, we provide
Table 1, where we highlight some relevant parameters from representative articles. Due to
the vast number of scientific publications on this material, this table should be considered
only as a guideline for standard values commonly found in the literature.

Table 1. Overview of recent studies on 2D-MoS, growth, summarizing key parameters from selected
publications to provide standard reference values for different growth approaches.

Flake Size Mo No. of .
(um) Precursor Temperature Substrate Layers Applications Ref.
. MoOQOj3 thin 5 . . Electronics
continuous ., 1000 °C c-sapphire  Trilayers (FET) [65]
10-50 MoOs 750 °C SiO, /Si Monoand — p \nics  [34]
powders Bilayers
10-100 MoOs 700-720 °C  SiO,/Si Monolayers n.a. [36]
powders
10-20 Liquid 850 °C c-sapphire  Monolayers gECTt)mmCS [17]
Lo o . . Mono and  Electronics
100-250 Liquid 725 °C SiO, /Si Bilayers (FET) [19]
100-200 Liquid 820 °C SiO, /Si Monolayers n.a. This work

5. Conclusions

We investigated the influence of the carrier gas flow rate on the synthesis of two-
dimensional MoS; structures using Mo liquid precursors by analyzing the properties
of samples grown under identical conditions with varying carrier flows. Our results
demonstrate that adjusting the carrier gas flow allows control over the nucleation density,
morphology, lateral size, and the number of layers in the MoS, flakes. At the lowest
flow rate, the resulting structures exhibit an inhomogeneous number of layers, featuring a
bulk-like center (predominantly pyramidal) with bilayer structures extending along the Mo
zig-zag crystallographic directions. At the highest flow rate, the synthesis yields 100 pm
large triangular monolayers with concave edges. These findings are in stark contrast to the
results commonly reported for MoS; 2D structures grown using solid Mo precursors.

We propose a model to explain the effect of different carrier flows on the properties of
the flakes, based on changes in sulfur provision: low flows create sulfur-rich conditions,
leading to small, layer-by-layer pyramidal structures with lateral bilayers, whereas high
flows reduce the S:Mo ratio, resulting in larger, monolayer flakes with greater concavity.
This discussion highlights the key differences in the growth process between solid and
liquid Mo precursors, emphasizing that carrier gas flow is a critical parameter in the
CVD growth of MoS; structures. Our study shows that, by optimizing the CVD growth
parameters, it is possible to reproducibly achieve monolayer flakes with an average lateral
size of about 100 pm.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano14211749/s1, Figure S1: OM images of the flakes analyzed
by Raman maps; Figure S2: Representative Raman spectra of MoS, for 150-200-250-300 sccm growth
processes; Figure S3: Representative Raman spectrum of MoS, for 150 sccm growth process.
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Abstract: In this paper, we present the preparation of few-layer MoS; films on single-crystal sapphire,
as well as on heteroepitaxial GaN templates on sapphire substrates, using the pulsed laser deposition
(PLD) technique. Detailed structural and chemical characterization of the films were performed
using Raman spectroscopy, X-ray photoelectron spectroscopy, X-ray diffraction measurements, and
high-resolution transmission electron microscopy. According to X-ray diffraction studies, the films
exhibit epitaxial growth, indicating a good in-plane alignment. Furthermore, the films demonstrate
uniform thickness on large areas, as confirmed by Raman spectroscopy. The lateral electrical current
transport of the MoS, grown on sapphire was investigated by temperature (T)-dependent sheet
resistance and Hall effect measurements, showing a high n-type doping of the semiconducting films
(ns from ~1 x 1013 to ~3.4 x 1013 cm~2 from T = 300 K to 500 K), with a donor ionization energy of
E; =93 £+ 8 meV and a mobility decreasing with T. Finally, the vertical current injection across the
MoS, /GaN heterojunction was investigated by means of conductive atomic force microscopy, show-
ing the rectifying behavior of the I-V characteristics with a Schottky barrier height of ¢ ~ 0.36 eV.
The obtained results pave the way for the scalable application of PLD-grown MoS, on GaN in
electronics/optoelectronics.

Keywords: MoS;; GaN; sapphire substrates; pulsed laser deposition; structural properties; electri-
cal properties

1. Introduction

Two-dimensional layered (2D) transition metal dichalcogenides (TMDs), especially
molybdenum disulfide (MoS,), have attracted widespread attention due to their unique
electronic, mechanical, and optical properties. Layered Mo$S, consists of a vertical stack
of single layers 0.65 nm thick which are held together by van der Waals interactions.
Depending on the number of MoS; monolayers, it can be possible to tune the bandgap
of MoS;. Monolayer MoS, exhibits a large direct bandgap of about 1.8 eV [1], resulting
in enhancement in the carrier mobility, which can be utilized for potential applications
in next-generation electronic and optoelectronic [2-5] devices. Conventional approaches,
such as Scotch-tape-assisted micromechanical exfoliation [6,7] or chemical exfoliation [8],
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are not suitable for large-area device applications. The chemical vapor deposition (CVD)
technique is considered one of the promising techniques for the growth of thin MoS;
films [9,10]. However, it has some limitations, such as the precise control of the thickness
uniformity, the substrate temperature, and the use of multiple precursors [11]. One of the
typical physical vapor deposition methods for the fabrication of 2D layered materials is
pulsed laser deposition (PLD), which offers several advantages—the capability to produce
large-area, few-monolayer-thick, highly crystalline MoS, films at relatively low substrate
temperatures (the typical substrate temperature for PLD growth is 700 °C), as well as the
stoichiometric transfer of the ablated material from the target to the substrate [12-14]. In
these studies, 2D MoS; thin films have been grown on Al,O3, GaN, and SiC-6H substrates.
C-plane sapphire (Al,O3 (0001)) wafers are the most commonly employed substrates for
growth of MoS,-based 2D materials. This material is a chemically stable hexagonal single
crystal, with 60°-rotation symmetry about its c-axis. GaN is a wide bandgap semiconductor
and the ideal material of choice for high-frequency transistors (GaN HEMTs technology)
and power-switching devices [15-17], as well as for optoelectronic devices (LEDs and laser
diodes). MoS, and GaN are suitable candidates for 2D /3D heterostructures, as low lattice
parameter mismatch between these two materials (<1%) and similar thermal expansion
coefficients promise high-quality epitaxial alignment between the materials [18-21].

In this article, we demonstrate the large-area PLD growth of highly uniform, few-
monolayer-thick MoS, films on c-plane sapphire and heteroepitaxial GaN /sapphire sub-
strates. The films are of excellent crystalline quality and thickness homogeneity, and we
were able to prepare them on large-area surfaces, increasing the possibility of using these
films for a wide range of applications. Noteworthily, and differently than in previous
works [12] where S-enriched MoS; targets were used to deposit MoS, films with the highest
degree of crystallinity but with excess S content, we succeeded in depositing stoichiometric
MoS, films from a target with a Mo:S ratio of 1:2. Furthermore, thanks to the absence of
MoOj; components in the as-deposited MoS; films, no need for additional post-deposition
annealing in S is necessary to restore MoS; stoichiometry, in contrast to a finding reported
in an earlier study [14]. We employed various characterization techniques to investigate
the structural and electrical properties of the prepared films. In particular, we provided a
detailed analysis of the orientation relationship between the MoS, film and the c-sapphire
and GaN substrates, for which few results are available in the literature. Furthermore, we
provided a detailed electrical investigation of the in-plane transport properties of PLD-
grown MoS; films on insulating sapphire substrates, extracting key physical parameters
like the ionization energy of donors and providing insight into the limiting mechanisms
of carrier mobility. To the best of our knowledge, this type of investigation has been not
reported so far in PLD-grown MoS,. The results are useful for benchmarking the electronic
quality of the material produced by this approach compared to that of MoS, produced by
alternative methods.

2. Materials and Methods

Two types of wafers, i.e., single-polished 10 x 10 mm? and 0.5 mm thick c-oriented
((0001) plane) sapphire and GaN (0001)/c-sapphire substrates, were used for the MoS;
growth. The epitaxial GaN films with thicknesses of 4 um were grown by means of
metal-organic chemical vapor deposition on c-sapphire substrates [22].

Few-monolayer (ML)-thick MoS; films were prepared via PLD (MBE/PLD-2000 sys-
tem). The setup consists of a KrF excimer laser with a 248 nm wavelength, mirrors, and
a focusing lens. An energy laser pulse of 70 m], with a repetition rate of 4 Hz and a laser
spot size of 2 mm?, was applied during the growth process. As a target, a commercially
purchased stoichiometric MoS, two inches in diameter was used. The target was rotated at
a speed of 6 rpm and rastered to avoid pit formation. The distance from the target to the
substrate was optimized at 10 cm. The substrate was heated by irradiation from the SiC
heater, eliminating the need for direct contact between the heater and the substrate. This is
a definite advantage as it allows us to rotate the substrates, enhancing the homogeneity of
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the deposited films, and the samples do not require any clamping or silver paste. The film
growth was carried out at a deposition temperature of 860 °C under 2 x 10~® Torr back-
ground pressure. The 860 °C was the temperature of the thermocouple, which was placed
close to the SiC heater so it would show the actual temperature Tg for a non-transparent Si
substrate. In the case of a transparent sapphire substrate, this temperature was about 160 °C
lower, i.e., in our case, Ts~700 °C. After the film growth, the samples were cooled down to
200 °C at a rate of 50 °C/min before allowing for natural cooling. The final thickness of the
MoS; films was controlled by the number of pulses; typically, it was in the range between
400 and 800 pulses.

Raman spectroscopy was performed using an Alpha 300R micro-Raman system with
a 532 nm excitation laser. The laser beam was focused by a 50x objective lens with a
numerical aperture of 0.8. The acquisition time was 5 s, and the laser power was kept below
2 mW for all measurements. All of the spectra were acquired in ambient conditions.

X-ray photoelectron spectroscopy (XPS—Omicron multiprobe system with hemispher-
ical analyzer, Scienta Omicron, Taunusstein, Germany) was performed using monochro-
matic Al K-alpha X-rays (1486.6 eV). All spectra were measured at an ambient temperature,
with photoemission of 45° from the surface.

A Bruker D8 DISCOVER diffractometer equipped with a rotating Cu anode operating
at 12 kW was used to determine the crystallographic orientation perpendicular to the film’s
surface (symmetric 26 /w configuration). To specify the in-plane orientation of the MoS,
with respect to the substrate, ¢p-scans were carried out. All X-ray measurements were
performed in parallel-beam geometry with a Goebel mirror in the primary beam.

High-resolution transmission electron microscopy (HR TEM) analyses were carried
out with an aberration-corrected Thermofisher Themis 200 microscope (Thermo Fisher
Scientific Inc., Waltham, MA, USA). Cross-sectional TEM specimens of MoS, /sapphire and
MoS,/GaN/sapphire were prepared by a Ga FIB (focused ion beam) and finished at 2 kV.
During the FIB process, a platinum coating was deposited in order to defend the lamella
from the energetic gallium ions. We also evaporated an amorphous carbon layer, as we
wanted to avoid close contact between the MoS, and platinum particles.

The sheet resistance, carrier density, and mobility of the MoS, grown on the sapphire
substrate were evaluated by four-point probe and Hall effect measurements in the van der
Pauw configuration. For this purpose, Ni(20 nm)/Au(80 nm) contacts were deposited by
sputtering at the four corners of square-shaped (1 cm X 1 cm) MoS, /sapphire samples.
Ohmic contacts on MoS, were obtained with as-deposited Ni/Au stacks. The vertical
current injection at the MoS, /GaN interface was probed at the nanoscale by conductive
atomic force microscopy (C-AFM) with a DI3100 system by Bruker with Nanoscope V
electronics, using Pt-coated conductive tips.

3. Results

We performed characterization using Raman spectroscopy in order to verify the
thicknesses and properties of our MoS; films (Figure 1a,b). Raman spectroscopy serves
as a strong tool to determine the vibrational modes of TMDs. The characteristic Raman
modes Elzg and Ajg are the most intense signals for the 2H-MoS, phase and can be used
to determine the number of MoS, layers. This number depends on the difference Aw
between the Elzg and Ajg peak wavenumbers. We obtained values of Aw~22.5-22.7 em~!
and ~24.2 cm~! for the MoS; films shown in Figure 1a,b, corresponding to two to three
monolayers (prepared by 400 laser pulses) and five monolayers (prepared by 800 laser
pulses) of MoS;, respectively. The thickness uniformity of the MoS, films was determined
from arrays of 40 x 40 Raman spectra collected from an area measuring 10 x 10 um.
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Figure 1. Normalized Raman spectra of MoS, deposited on sapphire (a) and on GaN/sapphire (b),

with various pulse numbers. The two characteristic in-plane (Elzg) and out-of-plane (A1g) vibrational
modes are labeled.

Figure 2a,c show two representative color maps of the Aw values extracted from
the arrays of spectra measured on MoS; /sapphire and MoS, /GaN surfaces, respectively.
Figure 2b,d are the histograms of the Aw values in the two maps, from which a very narrow
distribution can be observed. The same results were obtained at different positions of
the samples’ surfaces, demonstrating a high degree of thickness uniformity over a large
area. Raman analyses demonstrated that MoS, films with nearly identical thicknesses were
obtained by PLD on the sapphire and GaN/sapphire substrates.
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Ajg peaks collected on 10 pm X 10 pm scan areas on the MoS; 2-3 ML in thickness and grown on
c-sapphire (a,b) and (¢, d) GaN/c-sapphire substrates.
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High-resolution images taken in TEM mode and based on the lattice spacings show 2-3
monolayers of MoS, grown on c-sapphire, as well as on GaN/c-sapphire (Figures 3a and 4a).
Figures 3b and 4b show cross-sectional scanning transmission electron microscopy (STEM)
images taken with a high-angle annular dark field (HAADF) detector, called Z contrast. In
the HAADF STEM image mode, Mo atoms, possessing a higher atomic number Z, exhibit
significantly enhanced brightness, allowing for the detection of MoS; layers. The image in
Figure 4b shows 2-3 ML of MoS, in close contact to GaN; there is no oxide or amorphous
layer on the top of GaN.

4 (b)

sapphire

Figure 3. (a) HREM image in TEM mode shows 2-3 ML of the MoS, grown on c-sapphire. (b) In the
HAADF STEM image mode, the Mo appears very bright (b).

(b)

carbon carbon

Figure 4. HREM TEM (a) and HAADEF STEM (b) images of the MoS; 2-3 ML in thickness and grown
on GaN/c-sapphire. Locally, there are other small GaN islands on the surface of the perfect GaN
covered by the MoS,. The observed periodic dark spots, denoted by arrows, indicate empty voids
between the islands.

However, the periodic darker regions observed inside the GaN suggest the presence
of potential damage or structural imperfections.

XPS was used to measure the chemical composition and stoichiometry of the MoS;
samples. The evaluated atomic concentrations obtained from the survey spectrum con-
firmed the ideal stoichiometry of the MoS, films grown on both types of substrates, and
we registered carbon on the top of the surface originating from elements of the atmosphere
and substrate (Figure 5). The Shirley background subtraction procedure was applied on the
high-resolution spectra taken from the samples, and peak fitting was carried out through
the selection of Gaussian-Lorentzian functions (Figure 6).

Peak deconvolutions of the spectra revealed binding energies at 228.72 eV and 231.98 eV,
corresponding to Mo** 3ds/, and 3d3,, orbitals of 2H-MoS,, respectively. The peak at
226.14 eV was assigned to the S 2s orbital. Additional peaks were observed from the
doublet peak of MoS,, S 2p3/,, and S 2pq /» detected at 161.2 eV and 163.2 eV, respectively.
The presence of the Mo 3d and S 2p states confirmed the formation of 2H MoS, [23].
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Figure 6. Deconvolutions of XPS Mo 3d (a) and S 2p (b) spectra of a 3-monolayer-thick MoS, grown
on c-sapphire.

XRD analyses confirmed the preferential growth (with the c-axis perpendicular to
the substrate plane) of the MoS, films grown on c-sapphire as well as on GaN/c-sapphire
substrates (Figure 7a). The standard 26/ w diffraction pattern presented in Figure 7a reveals
an extremely wide diffraction, 0002, of MoS,. However, the rocking curves (Figure 7b)
recorded at different values of 20 around the tabulated value 14.378° were surprisingly
narrow; the values of the full width at half maximum (FWHM) varied between 0.3° and
0.4°. This indicates a very strange shape of the 0002 diffraction spot, which was elongated
in reciprocal space (RS) along the direction perpendicular to the sample’s surface. This
was confirmed by an RS map of the diffraction 0002, as shown in Figure 8. The map is
presented with the dimensionless linear coordinates & and /, introduced in RS in parallel and
perpendicular directions with respect to the sample’s surface. They have the units 1/d5,
and 1/dggo1, respectively, where dyy; is the interplanar distance of the corresponding lattice
planes hkil of the GaN. The advantage of the parameters & and ! is that they acquire integer
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values at the diffraction spots of the substrate and make the interpretation and evaluation of
the measurements quite easy. Note that, for greater clarity and better insight, the horizontal
dimension of the map was 15 times enlarged with respect to its actual value.

400 . : .
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~ 3
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Figure 7. 20/ w diffraction pattern of a 5-monolayer-thick MoS, film deposited on GaN/c-sapphire
(a). Rocking curves taken from the 0002 diffraction of the MoS; at different 20 values (b). The FWHM
of the rocking curves reached a value of about 0.3-0.4°. (FWHM 0002 GaN = 0.11 °).

Figure 8. Reciprocal space maps around 0002 Bragg diffraction of the MoS; on GaN/ c-sapphire for
¢ =0°.

The in-plane orientation relationship between the film and the substrate was examined
through ¢-scans of the strongest diffraction, 1013, of the hexagonal MoS, (Figure 9a,b).
A d-scan of the 1014 diffraction of the sapphire was also recorded. Six maxima of MoS,
were detected, indicating the presence of a biaxial texture. The hexagonal MoS, lattice
was rotated by an angle of 30° to the sapphire lattice (Figure 9a), and the crystallographic
orientation can be described as MoS, (0001) [1010] || sapphire (0001) [2110]. A similar
situation occurred in the case of MoS, grown on the GaN/c-sapphire substrate. To reveal
the orientation relationship of the in-plane ordered MoS, with respect to the GaN/c-
sapphire, the ¢-scan from the 1011 diffraction of the GaN layer was measured beside
the ¢-scan of the 1014 diffraction of the sapphire (Figure 9b). In this case, the in-plane
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relationship between the MoS, and the GaN/c-sapphire substrate (Figure 9c) was MoS;
(0001) [1010] || GaN (0001) [1010] || sapphire (0001) [2110]. To evaluate the “perfection”
of the in-plane ordering, the FWHM values of the ¢-scans of the 1013 MoS; diffraction
were estimated for the sapphire and the GaN/sapphire substrates. The obtained FWHM
values were 9° and 8°, respectively, indicating the similar quality of the MoS, films grown
on different substrates. For reference, the FWHMs of the ¢-scans for the 1014 sapphire and
the 1011 GaN diffractions were approximately 0.2° and 0.3°, respectively.

4 T m m T m
(a) Mo, (1013) (b) —— MoS, (1073)
c-sapph (1014) 124 —— GaN (1071)
~ 3 o~ —— c-sapph (1074)
=} 3
8 S
2 2 > 8-
g 2
E ] 2 ,
LA
Y sl Y Ol L
0 60 120 180 240 300 360 0 60 120 180 240 300 360
¢ (%) o)
(c)
sapphire as
@ GaN + MoS,
az
as
az’
ai

Figure 9. ¢ -scans of the (lOTS) MoS; planes. In-plane ordering observed in cases of MoS; films
grown on both c-sapphire (a) and GaN/c-sapphire (b) substrates. Schematic representation of the
orientation relationship between c-plane sapphire, GaN, and MoS,. Vectors ay, a, and a3 represent
crystallographic axes in the (0001) plane of the sapphire, the GaN and MoS, lattice (c).

Electrical characterizations were finally carried out on the MoS, films grown on the
sapphire and GaN/sapphire substrates. Firstly, the sheet resistance, carrier density, and
mobility of PLD-grown MoS; on the insulating sapphire substrate were evaluated by
four-point probe and Hall effect measurements in the van der Pauw configuration (see
the schematic in Figure 10a). After preliminarily checking that the as-deposited Ni/Au
pads provided Ohmic contacts onto MoS; (see the insert in Figure 10b), the temperature
dependence of the sheet resistance (Rq,) was evaluated in a range from T = 300 to 500 K. As
illustrated in Figure 10b, a monotonic decrease in Rqy, from ~375 k()/sq to ~150 kQ)/sq was
observed with the increase in temperature in this range, as is consistent with the expected
semiconducting behavior of the MoS; film. Furthermore, the Hall effect measurements,
with an applied magnetic field B = 1000 G, showed an increase in the sheet electron density
fromng ~ 1 x 1013 ecm 2 to ng ~ 3.4 x 1013 cm 2. This was in the same temperature range
(Figure 10c, left axis) that was ascribed to the ionization of shallow donors with energy
levels located below the MoS, conduction band. To evaluate the ionization energy E; of
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these donor levels (i.e., their energy distance from the bottom of the conduction band
E; = E. — Ep), we employed the neutrality equation for the approximation of a highly
n-type doped semiconductor with a low level of acceptor compensation (Np >> Ny ) [24]:

~ NDNC Ei 3 Ei
Ng ~ 4/ 5 exp( T >o<T4exp( ZkBT) (1)
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Figure 10. Schematic of the van der Pauw structure used for sheet resistance and Hall effect mea-
surement on the PLD-grown MoS, film on a sapphire substrate (a). Temperature-dependent sheet
resistance Ry, measurement. The ohmic behavior of the as-deposited Ni/Au contacts at the four
corners of the MoS, film is shown in the insert (b). Sheet electron density ng as a function of the
temperature T evaluated by Hall effect measurements, with a magnetic field B = 1000 G. Red symbols
show the Arrhenius plot of In[ns/ T3/4] (right scale) vs. 1000/ T (upper scale). The linear fit (red line)
from which the ionization energy E; = 93 & 3 meV of the donor levels responsible for n-type doping
in PLD-grown MoS, was evaluated (c). Hall electron mobility is represented by p as a function of
temperature T, and fits with the relation p = pgTY, from which y ~ —0.34 was evaluated (d).

Here, kg is the Boltzmann constant, Np is the donor density, and Nc is the effective
electron density in the MoS; conduction band, which depends on the temperature as
NcxT3/2, Such an approximation of a negligible compensation is justified, in part, by the
nearly ideal stoichiometry of the PLD-grown MoS,, without any MoOs3 contributions, as
was deduced from the XPS analyses shown in Figures 5 and 6. In fact, MoOs residues in the
deposited films have recently been demonstrated to act with p-type doping levels, causing a
significant compensation for the natural n-type doping of MoS, [25]. Based on Equation (1),
an Arrhenius plot of In[nsT~3/4] vs. 1000/T is provided in right and top axis of Figure 10c,
and the ionization energy E; = 93 & 8 meV was obtained from the slope of the linear fit.
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Finally, the temperature dependence of the electron mobility u was evaluated from the
combination of the Ry, and ng results, according to the relation 1 = 1/(qnsRgp). A slight
decrease in pt from ~1.5 cm?V1s71 to ~1.25 cm?V~1s~1 was observed by increasing T
from 300 to 500 K, as illustrated in Figure 10d. To obtain a deeper insight into the scattering
mechanisms responsible for this decreasing trend in mobility, a fitting of the experimental
data with the power function:

= poTY 2

was also carried out (red line in Figure 10d), from which a value of the exponent y = —0.34
=+ 0.04 was deduced. According to the literature results, the electron mobility in MoS,
films is limited by two main scattering mechanisms depending on the sample temperature,
i.e., the charged impurity scattering (which dominates at lower temperatures) and phonon
scattering (which dominates at higher temperatures). Both the charged-impurities-limited
mobility (ucr) and phonon-limited mobility (p,p) contributions are typically described by
a power function of the temperature T (see Equation (2)), with positive and negative y
values, respectively [26]. In particular, the theoretically predicted values of y for optical-
phonon-limited mobility could range from y = —1.69 for monolayer MoS, to y = —2.6
for bulk crystals [27]. Clearly, the negative value of y= —0.34, obtained by fitting of the
experimental results, was significantly lower than these theoretical expectations. This
indicates that, although phonon scattering played an important role, other competitive
mechanisms contributed to limiting the electron mobility of our PLD-grown MoS;. These
may include not only charged impurity scattering, but also scattering by defects (such
as grain boundaries of MoS; domains), which can account for this lower temperature
dependence of electron mobility.

After investigating the lateral current transport in the thin MoS, films supported
by the insulating sapphire substrate, we evaluated the vertical current injection across
the 2D /3D semiconductor heterojunction formed by n-type MoS; with n-type GaN. To
this aim, local current-voltage (I-Vy;,) characteristics were acquired by applying a dc bias
ramp between a nanometric-sized (ryp = 5nm) Pt-coated AFM tip in contact with MoS,
and a large metal contact, consisting of a Ni(20 nm)/Au(80 nm) stack, deposited on the
bare GaN surface, as is schematically illustrated in the inset of Figure 11a. This Ni/Au
stack was not subjected to any thermal annealing in order to avoid the eventual structural
modification of MoS,. In this configuration, for geometric reasons, the I-V characteristics
were sensitive to local current injection through the Pt/MoS, /GaN vertical heterojunction,
whereas current flow in the GaN layer and through the large metal contact introduced a
series resistance contribution. Figure 11a shows a set of four I-V characteristics collected
at different positions on the deposited MoS; film. All of the curves exhibited rectifying
behavior, with negligible current under negative polarization and current onset at the
same forward bias. These characteristics are very reproducible under negative and small
positive bias (Vi < 1V), indicating the high uniformity of the MoS; /GaN heterostructure.
The main difference can be observed at a higher positive bias, which is related to series
resistance contributions. A representative I-V curve is presented on a semi-log scale at a
low forward bias in Figure 11b, from which a linear increase in the current over two orders
of magnitude can be observed from V = 0 to 0.25 V. This is followed by a bending, which
is associated with series resistance. In this low-bias regime, we can assume that current
injection from the Pt tip to MoS; can be ruled by direct tunneling (assumption justified by
the high doping of MoS, deduced in Figure 10c), whereas the MoS, heterojunction with
n-GaN can be described as a Schottky junction using the thermionic emission equation:

N qQV
B
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Figure 11. (a) Local I-Vy;, characteristics collected by C-AFM at different positions on the MoS, /GaN
heterostructures. Insert: schematic of the C-AFM setup for local current measurements. (b) Semi-log
scale plot of a representative I-Vy, characteristic in the low-forward-bias regime, and fitting with the
thermionic emission equation. Insert: schematic band diagram of the MoS, /GaN heterojunction.

In this equation, Ay, is the tip contact area, A* =269 A cm~2 K~2 is the Richardson
constant of GaN, kg is the Boltzmann constant, ¢p is the Schottky barrier height at the
MoS,/GaN interface, and n is the ideality factor. In particular, a value of n = 2.2 was
extracted from the slope of the linear fit in Figure 11b, and a barrier height of ¢ = 0.36 eV
was evaluated from the intercept with the current axis. This ¢p value corresponds to a
small conduction band discontinuity between n-type MoS; and n-GaN, as is consistent
with the results reported in several recent investigations of this heterostructure [28,29]. The
deviation of the ideality factor from n = 1 indicates the presence of non-idealities at the
heterojunction.

4. Conclusions

In summary, we grew large-area epitaxial MoS, films from 2 to 5 monolayers thick on
c-sapphire and on GaN/c-sapphire substrates by means of pulsed laser deposition. The
high thickness uniformity of the MoS; was demonstrated by Raman intensity mapping.
The atomic concentrations determined from the XPS survey spectrum confirmed the ideal
stoichiometry of the films. The 20/w diffraction revealed the growth of the MoS, with
the c-axis perpendicular to the substrate plane, and the FWHM values measured on the
0002 MoS, diffraction were in the range of 0.3-0.4°. The ¢-scan measurements showed
a high degree of in-plane ordering in both the MoS, films grown on c-sapphire as well
as on GaN/c-sapphire substrates. Temperature-dependent characterization of the sheet
resistance, carrier density, and mobility on MoS; deposited on the sapphire substrate
provided insights into the current transport mechanisms in these ultra-thin films, such
as the ionization energy of the donors and the scattering phenomena limiting carrier
mobility. Finally, we used C-AFM to measure the vertical current across the MoS, /GaN
heterojunctions and observed a rectifying I-V behavior, with a low Schottky barrier of
¢p = 0.36 eV, which was estimated by fitting these curves under forward polarization of
the tip. Current-voltage characteristics collected at different positions on the film indicated
the high uniformity of the MoS;/GaN heterostructure. The obtained results represent
significant progress in the advancement of large-area device fabrication and application.
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Abstract: In the present work the atomic, electronic and optical properties of two-dimensional
graphene, borophene, and boron carbide heterojunction bilayer systems (Graphene-BC3, Graphene—
Borophene and Graphene-B4C3) as well as their constituent monolayers are investigated on the basis
of first-principles calculations using the HSE06 hybrid functional. Our calculations show that while
borophene is metallic, both monolayer BC3 and B4Cj3 are indirect semiconductors, with band-gaps
of 1.822 eV and 2.381 eV as obtained using HSE06. The Graphene-BC3 and Graphene-B4Cj3 bilayer
heterojunction systems maintain the Dirac point-like character of graphene at the K-point with the
opening of a very small gap (20-50 meV) and are essentially semi-metals, while Graphene-Borophene
is metallic. All bilayer heterostructure systems possess absorbance in the visible region where the
resonance frequency and resonance absorption peak intensity vary between structures. Remarkably,
all heterojunctions support plasmons within the range 16.5-18.5 eV, while Graphene-B4C3 and
Graphene-Borophene exhibit a 7-type plasmon within the region 4-6 eV, with the latter possessing
an additional plasmon at the lower energy of 1.5-3 eV. The dielectric tensor for Graphene-B4C3
exhibits complex off-diagonal elements due to the lower P3 space group symmetry indicating it has
anisotropic dielectric properties and could exhibit optically active (chiral) effects. Our study shows
that the two-dimensional heterostructures have desirable optical properties broadening the potential
applications of the constituent monolayers.

Keywords: graphene; borophene; BC3; B4C3; two-dimensional; heterostructure; van der Waals; DFT;
optical; dielectric

1. Introduction

Graphene is well-known to have excellent electrical conductivity, desirable mechanical
and thermal properties, and high light transmittance in the visible light-infrared region. It
also has an extremely high quantum efficiency for light-matter interactions and is strongly
optically nonlinear. It has therefore found applications in e.g., electronics, energy storage,
biomedical and other fields [1]. Relative to conventional plasmonic materials, graphene
possesses highly confined plasmons with much longer lifetimes. Also, graphene plasmons
are active in an extended wavelength range, namely, the mid-infrared and terahertz regime.
This wavelength range overlaps with the feature signals of most organic and biomolecules,
which has broadened graphene’s applications towards plasmonic biological and chemical
sensors [2] in addition to plasmonic waveguides, and infrared photodetectors. Moreover,
the properties can be tuned by forming graphene-hybrid materials, finding applications in
biosensors, chemical sensors, optical sensors, and other types of sensors [3].

In other areas, however, the use of graphene has been limited due to its zero-value
band gap. One of the methods used to expand the application of graphene is to form
heterostructures. Stacking different two-dimensional (2D) materials together can form
double-layer or even multi-layer artificial materials that are maintained by van der Waals

Nanomaterials 2024, 14, 1659. https:/ /doi.org/10.3390 /nano14201659 30 https:/ /www.mdpi.com/journal /nanomaterials



Nanomaterials 2024, 14, 1659

interactions [4]. Such materials are known as van der Waals heterojunctions. A wide range
of physical properties can be obtained by such stacking, making van der Waals hetero-
junctions even more important than the 2D material itself. There are vast numbers of 2D
materials, and with forming heterostructures thereof, a diverse range of electrical, photonic,
plasmonic, mechanical, and chemical properties can be theoretically predicted through
ab initio calculations and machine learning [5,6], and experimentally engineered [7,8].

Recently, the prospect of developing plasmonic devices employing 2D semiconductors
has attracted considerable attention [9,10]. Plasmonic modes in each class of van der Waals
semiconductors have their own peculiarities, along with potential technological capabilities.
Recently, graphene-like BC3 has been synthesized experimentally [11-13] and is found to
be semiconducting with an indirect band gap. Calculations have shown that nanostructures
of graphene-like BC3 possess desirable absorbance in the visible region and by changing
the size of the nanostructure, the resonance peak position of the absorption spectrum can
be effectively regulated [14]. Recent studies have also predicted a stable B4C3 monolayer
which is even more stable than the previously synthesized BC3 monolayer [15]. Boron
carbides are known for their exceptional hardness, thermal stability, and chemical inertness.
The emergence of 2D boron carbides adds a new dimension to the study of these materials,
offering novel properties and opportunities for technological innovation [16,17].

Borophene is another 2D material of high current interest. This monolayer allotrope
of boron forms several structures and is characterized by its unique atomic structure and
exceptional electronic properties, which has opened new avenues for innovation in the areas
of electronics, energy storage, catalysis, plasmonics, superconductivity, and sensors [11].
One particularly intriguing aspect of borophene’s versatility lies in its ability to form
heterojunctions—interfaces between different borophene structures or between borophene
and other materials. Borophene-graphene heterostructures have been realized [18] where
they have shown good stability and ability to function as a humidity sensor, exhibiting a
sensitivity about 700 times higher than that of pristine graphene, and 27 times higher than
that of borophene. Also, recently both lateral and vertical integration of borophene with
graphene has been achieved [19], as has the formation of bi-layer (x-phase) borophene on
the Ag(111) surface [20].

The synergistic combination of graphene’s exceptional electrical conductivity, mechan-
ical strength, and flexibility with boron carbide’s high hardness, thermal stability, and chem-
ical resistance, and with borophene’s attractive electronic properties, hold tremendous
potential for a wide range of applications spanning from electronics and optoelectronics to
energy storage and sensing. As research in this field continues to advance, the development
of scalable synthesis methods, the elucidation of structure-property relationships, and the
exploration of novel applications will be key focal points. To date, there is little known
about the physical properties of graphene-based bilayer heterojunctions with borophene
and boron-carbide materials. This motivates the present work to gain an understanding
of these heterojunctions, through the study of their electronic and optical properties on
the basis of first-principles calculations. Such understanding is crucial for their future
technological application, where the unique properties of these materials can be harnessed.

The paper is organised as follows: in Section 2 the calculation method is described,
followed by the Results and Discussion in Section 3. Herein we describe the physical
properties of the monolayers and heterostructures, including band structure, density of
states, electron density difference distributions, Schottky barriers and the optical properties.
This is followed by the Conclusions in Section 4.

2. Calculation Method

We perform first-principle calculations using density functional theory (DFT) as im-
plemented in the Vienna Ab initio Simulation Package (VASP) [21-23]. The projector
augmented wave (PAW) method pseudopotentials are used to account for the electron-ion
interactions [24]. For the structural optimization calculations, we use the generalized gradi-
ent approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) as the exchange-correlation
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functional [25]. The Becke-Johnson damped D3(BJ) dispersion correction is also included
to account for long-range van der Waals (vdW) interactions [26-28]. A I'-centered k-point
sampling mesh of 11 x 11 x 1 (23 x 23 x 1 for the smaller graphene unit cell, see Figure
S1) and a plane wave energy cutoff of 450 eV are used. Electronic convergence criteria are
set to 107 eV and systems are allowed to relax until all forces on each atom are below
0.01 eV/A. For smearing of the electronic states we used the Gaussian smearing method
implemented in VASP.

For the calculation of electronic properties, the PBE exchange-correlation functional is
known to underestimate band-gap energies so we also use the screened hybrid exchange-
correlation functional of Heyd, Scuseria, and Ernzerhof (HSE06) which gives more accurate
band-gap energies [29-31]. All density of states (DOS) calculations use a I'-centered k-
point sampling mesh of 33 x 33 x 1 and Gaussian smearing of the electronic states with a
broadening value of 0.1 eV. The HSE06 exchange-correlation functional is also used for the
calculation of optical properties, in particular, the frequency-dependent dielectric function
with a I'-centered k-point sampling mesh of 17 x 17 x 1 and 65 x 65 x 1. The complex
frequency-dependent dielectric function, €(w), is given by Equation (1), where €1 (w) and
€2(w) are the real and imaginary parts, respectively, and w is the frequency in eV:

é(w) = e (w) +iex(w) )

In Equation (1) the imaginary part of the dielectric function, €;(w), is given by:

4r%e? 1
lim — ) 2wi0(Eck — Eoke — @) X (Melctenq|Hok) (Hok|Mekctepq)

ex(w) = Imeuple) = 5 lim 5

where k is the electron wavevector, wy is the k-point weight, g is the Bloch vector for the
incident wave and Q) is the unit cell volume [32,33]. Here v and ¢ are the valence and
conduction bands indices, respectively. The i,y /q terms are the cell periodic parts of the
orbitals and e,g are the unit vectors for the three Cartesian directions. Lastly, Ey is the cth
conduction band energy and E is the o' valence band energy.

The real part of the dielectric function is obtained by applying the Kramers-Kronig
transformation to the imaginary part of the dielectric function in Equation (2):

2 0 w'er (W'
€1 (w) =Re eaﬁ(w) = 5a,[3 + EP/O d(,()/ o 2( ) (3)

2 —w?+iy
where P is the principal value and 7 (here # = 0.1) is the complex shift.
Using the dielectric function we also calculate the absorption coefficient, a(w), given
in Equation (4), where c is the speed of light.
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The loss function, L(w), is calculated using the expression:

e2(w)
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For the calculation of the refractive index n(w), extinction coefficient k(w) and reflec-
tivity R(w) we use Equations (6), (7) and (8), respectively. In Equation (8), n is the refractive

index and k is the extinction coefficient.
\ €T+ €3+ e

n(w) = 5

(6)
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We note that the dielectric tensor contains the combined dielectric response of the
2D material and the vacuum so that the magnitude of €; and e, depend linearly on the
thickness of the vacuum [34,35]. In the present work, for all systems, the vacuum region is
11 A.

The interlayer binding energies (E,) of the bilayer heterostructures are calculated
using Equation (9), where Eyj is the total energy of the heterostructure, Egc/p is the total
energy of the isolated boron-carbide (/borophene) monolayer and Eg is the total energy of
the Graphene monolayer.

Ey, = En — Epc/ — Eg )

The charge density difference (Ap(r)) for the heterostructure systems is calculated
using Equation (10). The pag(r) term is the total charge density of the heterostructure
system and pa /p(r) are the total charge densities of the isolated monolayers making up the
heterostructure.

Ap(r) = pa(r) — pa(r) — pp(1) (10)

3. Results and Discussion
3.1. Monolayer Properties

We start by investigating the structural and electronic properties of the three mono-
layers, namely BC3, B4C3 and borophene. The graphene monolayer is also investigated
as it always forms one layer of the heterostructure systems. The optimized structures
of BC3, B4C3, borophene and graphene are shown in Figure 1. The monolayer allotrope
of borophene has been predicted to have various low-energy structures with the B12, x3
and &’ structures having been synthesised experimentally [36]. For this study we chose
to investigate the a’ structure of borophene, not only because it has been synthesised
experimentally, but also because it has been shown to have the most favourable cohesive
energy from GGA level ab initio calculations [37].

The structural properties and band gap energies of the monolayer systems are shown
in Table 1. For graphene the lattice constant is calculated to be a = 2.467 A, while those of
borophene, BC3 and B4Cj3 are 5.051 A, 5.169 A and 4.690 A, respectively. In agreement with
previous calculations, graphene is a semi-metal, borophene is metallic, while BC3 and B4C3
are indirect semiconductors [38,39] with calculated indirect band-gaps of 1.822 eV (0.634 V)
and 2.381 eV (1.647 eV) as obtained by the HSE06 (PBE), respectively. In Figure S2 the
optimisation of the lattice constants for the monolayers are shown and the band structures
of the four monolayer systems are shown in Figure 2.

Table 1. Optimized lattice constants, inter-atomic distances, and band gaps of monolayer BCs,
borophene, B4C3, and graphene. Here, 7 is the lattice parameter with a = b for all systems, B-B, C-C,
and B-C are the boron-boron, carbon-carbon, and boron-carbon bond lengths. Borophene and B4C3
have B-B and B-C bonds of different lengths, these are identified by labels [; ... I7 in Figure 1. The band
gap Eg is calculated using the PBE and HSE06 exchange-correlation functionals, values in brackets
are from previous theoretical studies. “Nature” indicates the electronic character of the system with
“indirect” referring to an indirect semiconductor.

System

a(a=0b)@A) B-B(A) C-C (A) B-C (A) Eg_pgE (V) Eg_nsEos (€V)

Nature

BCs

0.634
5.169 - 1.421 1.563 (0.62-0.66) [38,40,41] 1.822 (1.83) [41]

indirect
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Table 1. Cont.

System  a(a=b)(A) B-B(A) C-C(A) B-C (A) Eg_pBE (eV) Eg_mskos (€V) Nature
1.689 (I1)
Borophene 5.051 1.672 (Ip) - - - - metallic
1.707 (I3)
1.592 (I5)
B4C3 4.690 1.689 (14) - 1.517 (lg) 1.647 2.381 (2.39) [42] indirect
1.548 (1)
Graphene 2.467 - 1.424 - - - semimetal
BG: © O

N/

{/ //
BaCs L (.SIraphene

Figure 1. Optimized atomic structures of BC3, borophene, B4C3 and graphene. Boron and carbon
atoms are denoted by the green and brown spheres, respectively. Borophene has three unique bonds
indicated by 1, I and I3, while B4C3 has four unique bonds indicated by l4, I5, I and I7. The unit

cells are highlighted in orange.
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Figure 2. Band structure of the four monolayer systems, BC3, B4C3, borophene and graphene as
calculated using the PBE (blue) and HSE06 (orange) functionals. The Fermi level is indicated by the

purple dashed line.
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3.2. Heterostructures
3.2.1. Structural Properties

We now turn to determining the structure of the bilayer heterojunctions, which are
composed of monolayer graphene stacked with monolayer BC3, borophene, and B4C3
(namely, Graphene-BC3, Graphene-Borophene and Graphene-B4C3), respectively. To cre-
ate the heterostructues we use a (2 x 2) cell. For each system, we considered various
lateral coordinations (positions) of these layers. Specifically, “Hollow”, “Bridge” and “Top”
coordinations for the Graphene-BCj3 bilayer systems, and “Hollow 1”7, “Hollow 2”, “Bridge”
and “Top” coordinations for the Graphene-Borohene and Graphene-B4C3 bilayer systems.
We studied the relative energies, optimized lattice constants, and inter-planar distances for
all structures. Details about this procedure are given in Figures S3-S6. Due to the weak van
der Waals interaction between the layers, the difference in energies of the lateral positions
is very small, with the values given in Table S1.

The results show that the energetically most favourable lateral position for the Graphene—
BC3 system is the “Hollow” coordination stacking configuration. This means that each
atom in BCj3 is projected onto the center of a hexagon in graphene as shown in Figure 3.
The bilayer system Graphene-Borophene and Graphene-B4C3 have the “Top” coordination
stacking configuration as the energetically most favourable one. In this arrangement, each
hexagon without an atom in the bottom layer is projected onto the center of a hexagon in
graphene, but not every hexagon center in graphene aligns with a hexagon without an
atom from the bottom layer (see Figure 3).

-/=-=\°:'\$:'/"|[ TN
\-ﬁA\?” Yy ¥
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Figure 3. Top view of the optimized atomic structures of Graphene-BC3, Graphene—Borophene,
and Graphene-B4C3. Boron and carbon atoms are denoted by the green and brown spheres, respec-
tively. The unit cell is indicated by the orange parallelogram.

It can be seen from Table 2 that Graphene-Borophene is metallic, while Graphene-BC3
and Graphene-B4C3 are semi-metals. Out of all the heterostructure systems, a maxi-
mum (tensile) strain of 3.33% is present for B4C3. For the bilayer system Graphene-BCs,
graphene is under tensile strain and BC3 is under compressive strain. For the bilayer system
Graphene-Borophene, a slight tensile strain is present for Graphene, while borophene ex-
periences compressive strain. For the bilayer system Graphene-B4C3, there is compressive
strain in Graphene, while B4C3 is under a larger tensile strain. Generally, tensile strain
tends to narrow the band gap, reducing it and increasing conductivity [43]. Conversely,
compressive strain tends to widen the band gap, thereby decreasing conductivity [44].

Table 2. Optimized structural properties for each bilayer heterojunction system. Namely, the lowest
energy lateral coordination (or position) of the stacking relative to graphene, the optimized lattice
constant 4, strain relative to the respective monolayer, Sg and Sgc,p, inter-planar distance dj;, and
electronic nature. A negative and positive value of the percentage strain corresponds to a compressive
and tensile strain, respectively.

System Coordination  a (a = b) (A) Sg Sgc/B di. (A) Nature
Graphene-BC3 Hollow 5.044 2.23% —2.42% 3.372 semi-metal

Graphene-Borophene Top 4.979 0.91% —1.43% 3.505 metallic
Graphene-B4C3 Top 4.846 —1.78% 3.33% 3.514 semi-metal
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3.2.2. Charge Density Difference

The charge density difference distributions for the heterostructure systems are shown
in Figure 4 as calculated using Equation (10) by subtracting the charge density of the
monolayers from the charge density of the heterostructure system. It is clear from the
side view (middle panels) in Figure 4 that in all cases there is charge depletion from
the graphene layer (top layer) and accumulation in the alternate monolayer. The largest
charge redistribution is found for Graphene-BC3. This is consistent with the smaller
interlayer distance, due to the hollow site relative coordination rather than the top site,
as for the Graphene-Bororphene and Graphene-B4C3 heterostructures. We also observe
that atoms in the lower layers which directly coordinate with a carbon atom in the graphene
layer have the largest charge accumulation regions. In contrast, the carbon atoms in
the graphene layer with bridge or hollow coordination to the atoms of the lower layer
show the largest regions of charge depletion. This gives rise to the patterns in the charge
accumulation/depletion regions shown in the top and bottom views of Figure 4. Therefore,
we find the relative coordination between the bilayer heterostructures has a direct impact
on their electronic properties. For the Graphene-B4Cs heterostructure, quite striking is the
3-fold rotational symmetry as seen from the top and bottom views (upper and lower plots
of the rightmost panel).

In the next sections the band structure and density of states are investigated to further
characterise the electronic structure of these heterostructure systems.

.7 N =
Graphene-Borophene (side v1ew) Graphene-B4Cs (side view)
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Figure 4. Charge density difference (Ap(r), calculated using Equation (10)) between the monolayers
and the heterostructures. Regions of charge accumulation are shown in yellow and regions of
charge depletion are shown in blue. The isosurface level is 1.5 x 107 a5 3 and the top layer is
always graphene. The unit cell is indicated by the orange parallelogram.

3.2.3. Band Structure and Density of States

For the bilayer systems, the band structures and total density of states (DOS) are shown
in Figures 5-7 as calculated using the HSE06 and PBE functionals. The corresponding
atom-projected (or partial) PDOS are presented in Figures S9-5S11. The band structures for
the other lateral positions considered for the Graphene-Borophene and Graphene-B4C3
systems are shown in Figures S7 and S8, where there is a small difference between them.

The Graphene-Borophene system exhibits metallic behaviour due to the small occu-
pancy of states at the K-point which are mainly carbon related as seen from the PDOS in
Figure S9. Graphene-B4Cj3 appears to have kept the character of the respective monolayers,
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displaying essentially semi-metal behaviour with the B4C3 states located away from the
Fermi level (i.e. above ~1.2 eV and below ~—0.8 eV) as seen from the PDOS in Figure S10.
It is notable that the Graphene-BCj3 heterojunction exhibits a sizeable density-of-states just
above the Fermi level (see Figure S11) which is related to the relatively flat band near the
M-point and along K to I in the Brillouin zone. For these bilayer systems, the main differ-
ence between the PBE and HSE06 appears to be the raising and lowering of conduction and
valence bands of the HSE06, respectively, relative to those obtained by the PBE functional.
At the K-point the graphene bands exhibit a very small band-gap opening of 20 meV and
50 meV for Graphene-B4C3 and Graphene-BCs, respectively.

Bandstructure DOS (a.u.)
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Figure 5. Band structure and total DOS for Graphene-BC3 as calculated using the PBE (blue) and
HSEO06 (orange) functionals. The Fermi level is indicated by the purple dashed line.
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Figure 6. Band structure and total DOS for Graphene-Borophene as calculated using the PBE (blue)
and HSEQ6 (orange) functionals. The Fermi level is indicated by the purple dashed line.
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Figure 7. Band structure and total DOS for Graphene-B4C3 as calculated using the PBE (blue) and
HSEO06 (orange) functionals. The Fermi level is indicated by the purple dashed line.
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3.2.4. Schottky Barrier Height

The graphene/boron-carbide bilayer structures can function as a Schottky diode.
A high Schottky barrier will block the reverse (metal-to-semiconductor) current, realizing
the rectification effect of a diode. Based on the Schottky-Mott model (shown in Figure 8,
left), at the metal-semiconductor interface [45] in n-type materials the Schottky barrier ($,,)
is defined as the energy difference between the Fermi level (Er) and the conduction band
minimum (E¢), that is, ®, = E¢c — Ep. Similarly, in p-type materials the Schottky barrier
(®p) is defined as the energy difference between the Fermi level (Er) and the VBM (Ey), that
is, ®, = Er — Ey [46,47]. The sum of two types of Schottky barriers is approximately equal
to the band gap value (Eg) of the semiconductor, that is, &, + ®, = Eg. For the Graphene-
B4C3 system as illustrated in Figure 8, right, we find ®,, = 1.42 eV (1.07 eV) for the HSE06
(PBE) and ®, = 0.87 eV (0.55 eV) for the HSE06 (PBE) signifying the heterojunction forms a
p-type Schottky barrier since ®, < ®,,. For the Graphene-BCj3 heterostructure bilayer, we
find @, = 0.19 eV (0.003 eV) for the HSE06 (PBE) and ®, = 1.42 eV (0.39 eV) for the HSE06
(PBE) signifying an n-type Schottky barrier. For device applications a smaller Schottky
barrier height or even an Ohmic contact is preferred to reduce contact resistance.

3
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Figure 8. Left: schematic of the Schottky-Mott model showing the valence and conduction band
energies, the Fermi energy, and n-type and p-type Schottky barriers labelled Ey, Ec, EF, @y, and @y,
respectively. Right: Example for the HSE06 calculated Graphene-B4C3 heterojunction showing the
determined Schottky barrier height from the band structure.

3.3. Optical Properties

Having determined the atomic and electronic properties of the bilayer systems, the op-
tical properties are now investigated. In particular, the real part (¢1) and imaginary part
(€2) of the dielectric function are calculated, and from them the other optical properties
can be determined (cf. Equations (4)—(8)). €; is a measure of the strength of the dynamical
screening effects arising from charge excitations, while €, is a measure of light absorption
as a consequence of neutral and plasmonic charge excitations. A negative value of the real
part of the dielectric function indicates metallic character for the corresponding ranges of
the electromagnetic spectrum.

It is first important to establish the appropriate k-point set to yield converged results.
For graphene, we tested a number of k-point meshes, and found that 129 x 129 x 1 yielded
converged results as shown in Figure 512, in good agreement with previous results [48].
We therefore used this k-point sampling density for the other single monolayers (whose
unit cells are (2 x 2) relative to graphene), namely a 65 x 65 x 1 k-point set. The dielectric
function for all the monolayers is shown in Figure 513 where the results are consistent with
previous calculations, namely: graphene [48], BC3 [14,49], B4C3 [42] and borophene [50,51].
The response of the structures to light is highly dependent on the polarisation direction of
incoming light, as seen by the anisotropic character of the in- and out-of-plane directions
of the dielectric function. For in-plane, the well-known 7 plasmon of graphene can be
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seen emerging around 4 eV and the 77 — ¢ plasmon emerges at around 14 eV. The other
monolayer systems also have a 7-like plasmon which emerges for B4C3 around 3 eV,
for BC3 around 2 eV and borophene around 1 eV. It can furthermore be seen from Figure
S13 for the real part of the dielectric function in the out-of-plane direction for borophene,
that a plasmon emerges at 9.8 eV as evidenced by the negative value which becomes
positive around 10.5 eV.

As previously reported, the latter three monolayers, remarkably, exhibit visible light
absorption which is also indicated by the in-plane imaginary part of the dielectric function
seen in Figure S13. The static dielectric constants (real part of the dielectric constant at zero
energy) for BC3 are 4.0 eV for in-plane polarization and 1.4 eV for out-of-plane polarization
as obtained by the PBE. These values can be compared to 4.86 eV for in-plane polarization
and 1.59 eV for out of plane polarization as obtained by Ref. [49] using the PBE functional.
For B4C3 the in-plane static dielectric constant is 3.9 eV and the out-of-plane is calculated to
be 1.5 eV. We note these values reflect the combined monolayer-vacuum system. In Figure
514 the corresponding optical properties are shown for the monolayer systems.

Before we present the results for the three heterostructure bilayer systems, we first
perform a convergence check for the number of unoccupied bands to include in the cal-
culation of the dielectric function. Figure S15 shows the results for the representative
system Graphene-B4C3. It can be seen that 128 bands yield well-converged results and
we hereafter use this value for all the bilayer calculations. Further tests of the energy
convergence criteria are reported in Figure S16.

The results for the dielectric function of the Graphene-Borophene heterojunction are
shown in Figure 9 as obtained using both the PBE and HSE06 functionals. It can firstly be
seen that, in comparison to the PBE results, the HSE06 yields a blue shift of the features to
higher energies. The real part exhibits characteristics of both graphene and borophene with
the presence of plasmons emerging around the same energies of the respective monolayers
(i.e, 5eV (4eV),2eV (1eV) for HSE06 (PBE) respectively). There is, however, a significant
difference in the out-of-plane dielectric function compared to the monolayer systems.
Firstly, it can be noticed that the borophene related plasmon that emerges at around 9.8 eV
in the monolayer, has shifted to higher energies and now appears at around 17 eV (HSE06)
14 eV (PBE) with a plasmon resonance frequency at about 18 eV (HSE06) 15 eV (PBE),
as determined by the energy at which the real part of the dielectric function changes from
negative to positive. Also, a new feature with two peaks occurs around 2-5 eV (1-4 eV) for
the HSEO6 (PBE) for both the real and imaginary parts of the dielectric function. This feature
in the imaginary part is attributed to interband transitions involving B- and G-derived
states about the K-point and along the direction towards the M- and I'-points—a similar
feature appears for the other bilayer heterojunctions, albeit showing just one main peak.
For in-plane polarization, the first main peak of €, happens in the visible range, and is
related to 7r — 77" transitions. The main peaks along the out-of-plane direction are broad
and occur in the energy range between 9-18.5 eV (8-17.5 eV) for the HSE06 (PBE), being
related to 7t — ¢* and 7* — ¢ transitions.

In Figure 10 the results for the dielectric function of the Graphene-BCj3 heterostructure
are shown, as obtained using both the PBE and HSE(06. In contrast to the Graphene—
Borophene system, the real part of the dielectric function is positive for all the energy range
considered. There are however energies at which it goes to zero, namely in the region
2.5-5 eV and from 13 eV (15 eV) onwards for the PBE (HSE06). When €7 is zero but not
negative, it suggests the system is close to the resonance but has not fully entered the
regime where strong optical reflection or plasmonic modes are dominant, as those would
typically require €; < 0. Also different to the Graphene-Borophene system is the sizeable
in-plane value of both €; and €3 in the region 10-15 eV. Similar to the Graphene-Borophene
system, however, is the negative out-of-plane real part of the dielectric function at around
16-17 eV (14-15 eV) from HSEQ6 (PBE) indicating the presence of a plasmon. Interestingly,
monolayer BC3 does not exhibit this feature (unlike borophene), and it is thus presumably
related to the 7 — o-type plasmon present for graphene at ~15 eV but which involves
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transitions between states involving both monolayers. For in-plane polarization, the first
main peaks of €3 occur in the visible range, and are related to 7t — 7r* transitions. The main
peaks along the out-of-plane direction are broad and are in the energy range between
11-17 eV (9-16 eV) for the HSE06 (PBE), being related to 1 — ¢* and 77* — ¢ transitions.
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Figure 9. The real and imaginary parts of the in-plane and out-of-plane dielectric function as a
function of photon energy as calculated using the PBE and HSE06 functionals for the Graphene—

Borophene heterostructure.
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Figure 10. The real and imaginary parts of the in-plane and out-of-plane dielectric function as a
function of photon energy as calculated using the PBE and HSE(6 functionals for the Graphene-BC3

heterostructure.

Interestingly, and in contrast to Graphene—-Borophene, the dielectric tensor for this
system contains complex non-zero off-diagonal components, as seen in Figure 10 for the
xy component. Figure S17 shows all of the components, in which it is observed that
components xy = —yx, xz = —zx,yz = —zy. The dielectric tensor describes the response
of a material to an external electric field, that is, it characterizes how the polarization of
the material changes in response to the applied electric field. For an incident photon,
the dielectric tensor components describe the response of the material to the photon’s
electric field component along different directions, e.g., the element €, and € describe the
response to an electric field applied along the x-direction, resulting in polarization along
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the y-direction and vice versa. It is clear that the components are however non-zero only at
very low energy and are small in value.

In Figure 11 the results for the dielectric function of the Graphene-B4C3 heterostructure
are shown, as obtained using both the PBE and HSEQ6. It can be seen that the real part
of the dielectric function for the in-plane component is negative in the region 5-6 eV
HSEQ6 (4-5 eV PBE) and 17-18 eV HSE06 (15-16 PBE) thus hosting plasmons in the
ultraviolet. The out-of-plane component also displays negative values about 17-18 eV
HSE06 (14.5-15.5 eV PBE). Similarly to Graphene-B4C3 for in-plane polarization, the first
main peaks of €; are also in the visible range, and the main peaks along the out-of-plane
direction are broad and occur in the energy range between 10-18 eV (9-17 eV) for the
HSEO06 (PBE).
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" Real port °BE) " Real port (°BE) 04 . " Real port (°BE)
Real part (HSE06 17 k points) Real part (HSE0G 17 k points) | Real part (HSE0S 17 kpoints)
0.2]
3
‘ - \ A
-0.2| |
A A 5

A | \w,ﬁu 1)

8

o

Dielectric function
s
!
o
S

0 5 10 15 20 2 0 5 10 15 2 0 5 10 15 20 2!

Imaginary part for in-plane Imaginary part for out-of-plane Imaginary part for xy-component

—— Imaginary part (PBE) | — Imaginary part (PBE) 0 —— Imaginary part (PBE)
| Imaginary part (HSE06 17 k-points) Imaginary part (HSE06 17 k-points) Imaginary part (HSE06 17 k-points)

Dielectric function
s o ®
!
o
S

I
°
&

0 5 20 2! 0 5 20 2 0 5 20 2!

10 5 10 5 10 15
Photon energy (eV) Photon energy (eV) Photon energy (eV)

Figure 11. The real and imaginary parts of the in-plane and out-of-plane dielectric function as a
function of photon energy as calculated using the PBE and HSE06 functionals for the Graphene-B4C3
heterostructure.

Similar to Graphene-BC3, the dielectric tensor for this system contains complex non-
zero off-diagonal components, as seen in Figure 11. Figure 518 shows all of the components
where xy = —yx,xz = —zx,yz = —zy. In this case the dielectric function is non-zero
for a considerable range of energies, i.e., from 0-5 eV and from 10-15 eV. The Graphene-
B4C3 system has a P3 space group which has 3-fold rotational symmetry along the ¢
(z-coordiante)-axis and it lacks mirror symmetry planes perpendicular to this axis or within
the a, b (x, y plane). This lower symmetry allows for the presence of off-diagonal elements in
the dielectric tensor. This means that the dielectric response of the material with this space
group can exhibit anisotropic coupling between different crystallographic directions. The
presence of complex off-diagonal elements in the dielectric tensor of a material with the P3
space group indicates that the material has anisotropic and possibly chiral optical properties,
which could lead to effects like optical activity. It furthermore indicates Graphene-B4+Cs
dissipates energy differently depending on the direction of the electric field.

In order to further explore the optical properties of the heterostructure bilayers, the ab-
sorption coefficient, loss function, reflectivity, refractive index, and extinction coefficient
are calculated. Figure 12 shows the absorbance and loss function for the three systems
for in-plane and out-of-plane polarizations. In Figures S19-523 all the components are
shown. The absorbance threshold corresponds to where the imaginary part of the dielectric
function, €3 (w), shows its first peak. For all systems the adsorption coefficient starts very
low and increases with energy, consistent with the lowest direct transition energies in the
band structure. It is clear that there is absorption in the visible region of the spectrum
(1.7-3.3 eV). Itis noticeable that the Graphene-Borophene heterostructure has a significantly
greater absorbance than the other two systems where it rises sharply around 1 eV. This can
be attributed to transitions between the flat region of valence band about the I" point and
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the low lying conduction band in the same region of the Brillouin zone. The Graphene—
BC3 heterostructure exhibits a similar sharp rise beginning at a slightly higher energy of
around 2.5 eV, followed by Graphene-B4C3 at around 3.5 eV due to transitions between
the relatively flat valence and conduction bands along the I'-M direction.
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Figure 12. The in-plane and out-of-plane adsorption coefficient (upper) and energy loss spectrum
(lower) as a function of photon energy as calculated using the HSE06 functional.

The loss function in Figure 12 presents a sharp feature at low energy, related to Dirac-
like plasmons, for the Graphene-BC3 and Graphene-B4Cj structures which is absent for
the Graphene-Borophene bilayer. The broader features from 3-8 eV can be attributed to
rt-like plasmons. We note that individual interband transitions presumably coexist with
the plasmons forming a broad background. The coexistence of individual transitions and
plasmons in the same energy range lead to a coupling of the two types of excitations,
and hence finite plasmon lifetimes as well as interband transitions [52]. The features in the
loss function for energies around 15 eV where there is onset of a sharp increase may be
associated with 7t — o-type plasmons, where for all three bilayer heterostructures there is
a plasmon supported at around this energy (as indicated by the negative real part of the
out-of-plane component of the dielectric function).

In Figure 13 the reflectivity and refractive index are shown for the three heterostruc-
tures, as obtained using the HSE06, for polarization in the in-plane and out-of-plane
directions. All of the components for each heterostructure are shown in Figures 525-527.
The refractive index is related to the real and imaginary parts of the dielectric constant. It
can be seen that the trends in refractive index are similar to €1, which indicates that the
effect of the real part of the dielectric function on the refractive index plays the leading role.
The refractive index determines how much the path of light is bent, or refracted, when
entering a material. For visible light, most transparent materials have refractive indices
between 1 and 2. The absolute refractive index of an optical medium is defined as the
ratio of the speed of light in vacuum and the phase velocity (speed at which the crests
of the wave move) of light in a material. Given that it is possible for the phase velocity
to travel faster than the speed of light in vacuum, the refractive index can be less than 1.
For frequencies near the plasmon resonance in 2D materials, the refractive index can drop
below one due to the strong interaction between light and the plasmonic oscillations.
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Figure 13. The in-plane and out-of-plane reflectivity (upper) and refractive index (lower) as a function
of photon energy as calculated using the HSE06 functional.

It can be seen that the refractive index for in-plane polarization is close to, and less
than one for energies in the range of ~5-7 eV and greater than ~17 eV for all three systems,
while the out-of-plane refractive index is close to or less than one for energies greater than
about 14 eV. This means that in these ranges of the electromagnetic spectrum, the structures
are highly transparent, and it is in the region of where the plasmons occur.

The extinction coefficient (see Figure 523) for out-of-plane polarization displays a
broad maximum from zero up to around 13 eV, while the in-plane polarization exhibits a
maximum value in the region from 0-2, 0-2.5 and 0-3 eV, for the Graphene-Borophene,
Graphene-BC3 and Graphene-B4C3 heterostructures, respectively. There is also a broad
peak in the region of around 7-15 eV. This means that in these energy regions, photons will
be absorbed very fast.

4. Conclusions

In the present work, the atomic, electronic, and optical properties of Graphene-
Borophene, Graphene-BC3 and Graphene-B4C3 bilayer heterostructure systems have been
investigated using first-principles calculations employing the HSE06 and PBE functionals.
We find all systems have a small binding energy between the layers showing that graphene
interacts weakly with the monolayers via the van der Waals interaction. The Graphene—
Borophene bilayer is found to be metallic, while Graphene-BC3 and Graphene-B4Cs struc-
tures maintain the characteristic linear bands of Graphene about the K-point with only very
small band gap opening (20-50 meV). The calculated optical properties show absorbance
in the visible region of the spectrum for all heterostructures with Graphene-Borophene
exhibiting the strongest absorption. All heterostructures support plasmons with Graphene-
Borophene exhibiting two at low energy, one emerging at 2 eV and the other around 5 eV.
The Graphene-B4C3 bilayer heterostructure is found to have non-negligible off-diagonal
elements in the dielectric tensor over a range of energies which suggests it could exhibit
interesting optically active (chiral) effects.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano14201659/s1, Figure S1: k-point convergence; Figure S2:
Monolayer lattice parameters; Figure S3: Heterostructure lattice paramaters; Table S1: Heterostructure
lateral position tests; Figure S4: Graphene-BC3 interlayer distance; Figure S5: Graphene-Borophene
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interlayer distance; Figure S6: Graphene-B4Cj3 interlayer distance; Figure S7: Graphene-Borophene
PBE band structure; Figure S8: Graphene-B4C3 PBE band structure; Figure S9: Graphene-Borophene
projected density of states; Figure S10: Graphene-B4C3 projected density of states; Figure S11:
Graphene-BC3 projected density of states; Figure S12: Dielectric function k-point convergence for
graphene; Figure S13: Monolayer dielectric functions; Figure S14: Monolayer optical properties;
Figure S15: Dielectric function band convergence; Figure S16: Dielectric function energy criteria
convergence; Figure S17: Graphene-BC3 dielectric tensor components; Figure S18: Graphene-B4C3
dielectric tensor components; Figure S19: Heterostructure adsorption coefficient; Figure S20: Het-
erostructure loss function; Figure S21: Heterostructure reflectivity; Figure 522: Heterostructure
refractive index; Figure S23: Heterostructure extinction coefficient.
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Abstract: Van der Waals (vdW) interfaces can be formed via layer stacking regardless of the lattice
constant or symmetry of the individual building blocks. Herein, we constructed a vdW interface of
layered TapNiSs and CrOCl, which exhibited remarkably enhanced in-plane anisotropy via polarized
Raman spectroscopy and electrical transport measurements. Compared with pristine Ta;NiSs, the
anisotropy ratio of the Raman intensities for the Bog, 2Ag, and 3Ag modes increased in the heterostruc-
ture. More importantly, the anisotropy ratios of conductivity and mobility in the heterostructure
increased by one order of magnitude. Specifically speaking, the conductivity ratio changed from
~2.1 (TapNiSs) to ~15 (TapNiSs/CrOCl), while the mobility ratio changed from ~2.7 (Ta;NiSs) to
~32 (TagNiS5 /CrOCl). Such prominent enhancement may be attributed to the symmetry reduction
caused by lattice mismatch at the heterostructure interface and the introduction of strain into the
TapNiSs. Our research provides a new perspective for enhancing artificial anisotropy physics and
offers feasible guidance for future functionalized electronic devices.

Keywords: Ta;NiSs5/CrOCl; symmetry engineering; van der Waals heterostructure; enhanced
anisotropy; angle-dependent Raman spectrum; electrical transport

1. Introduction

Low-symmetry two-dimensional (2D) materials exhibit significant anisotropy in op-
tical, electrical, and thermal properties due to their asymmetric lattice structures, which
has attracted widespread attention in the past decade [1-4]. Phosphorus (BP), one of the
most famous low-symmetry materials, has been widely used in polarization optoelectron-
ics, sensing, and energy storage [5-7]. Moreover, symmetry engineering and artificial
anisotropy offer a new degree of freedom to modulate the original physical properties
of 2D materials toward improved functional performance. Recently, a study reported a
novel symmetry reduction method that employs van der Waals (vdW) interfaces to achieve
artificial anisotropy enhancement in ReS, [8]. In this sense, vdW heterostructures can offer
a simple and effective approach to reduce the symmetry of 2D materials.

VdW heterostructure interfaces serve as a platform for studying exotic physical prop-
erties, which can be easily prepared via the combination and stacking process of diverse
layered materials [9]. When lattice mismatch in a heterostructure occurs at a specific angle,
moiré patterns can be observed at the interface, which triggers novel physical phenomena
that are absent in the parent materials [10,11]. For instance, in a WSe, /BP heterostructure,
WSe, and BP form periodic moiré patterns via vdW forces, resulting in the in-plane po-
larization of isotropic WSe,. In addition, lattice mismatch at the heterostructure interface
introduces strain within the material. By applying uniaxial tensile strain, the structural
symmetry of MoS; can be altered, enabling it to successfully exhibit anisotropic charac-
teristics [12]. However, introducing in-plane polarization in highly symmetrical materials
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results in a lower anisotropy ratio. Therefore, we enhance the anisotropic differences in
low-symmetry materials via symmetry engineering.

Ta;NiSs, alow-symmetry ternary transition metal chalcogenide, has attracted widespread
attention due to its applications in electronics, optoelectronics, and biosensing [13-17]. Un-
like single-element or binary anisotropic materials such as BP, PtSe;, and WTe,, ternary
chalcogenides consist of three elements and can adjust their physical properties via stoi-
chiometric variation [18-20]. However, the anisotropy ratio of TapNiSs makes it difficult to
reach the requirements of practical applications. Therefore, we chose to further enhance
the anisotropy of Ta,NiSs via symmetry engineering. CrOCl is a low-symmetry antifer-
romagnetic insulator with inherent ferromagnetism, large spin polarization, a high Curie
temperature, and an ultralow exfoliation energy [21-23]. As a means of achieving polarized
electronic devices, using an insulating substrate for modulation can simplify the model
and avoid the influence of interlayer charge transfer on the electrical properties of the
device. Researchers have successfully used CrOCl as a substrate and introduced artificial
anisotropy into isotropic materials via symmetry engineering including MoS, /CrOCI and
WSe, /CrOCl heterostructures [12,24]. Therefore, utilizing CrOCl as a substrate to reduce
the symmetry of 2D materials is a recognized and viable approach.

In this work, we report a noteworthy enhancement effect on the in-plane anisotropy
of TapNiSs via vdW symmetry engineering. The experimental results of angle-resolved
Raman spectroscopy demonstrated that the anisotropy enhancement occurred in the By,
2Ag, and 3Ag modes of the Ta;NiS5 /CrOCI heterostructure. The angle-dependent electrical
transport results indicate that the anisotropy ratio of conductivity and mobility in the
heterostructure increased compared with that in pristine TapNiSs. The Tap;NiSs/CrOCl
heterostructure possesses strong anisotropic electrical properties, which can be utilized
for direction-sensitive electronic devices. Our research provides a new sight for symmetry
engineering in nanoelectronics.

2. Materials and Methods

We prepared TapNiSs and CrOCl flakes (Figure S1) from bulk crystals (Onway Technol-
ogy Co., Ltd., Shanghai, China) via mechanical exfoliation and constructed TapNiSs/CrOCl
vdW heterostructures using dry transfer via transfer equipment with a 2D location adjust-
ment platform and optical microscope. Due to the anisotropic properties of both Ta;NiSs
and CrOCl, we aligned the a-axis of Ta;NiSs with the a-axis of CrOCl when constructing
the heterostructure. We used polarization Raman spectroscopy to determine the lattice
orientation of the material (Figures S2 and S3). Simultaneously, we combined the literature
findings to confirm that the long-axis of Ta;NiSs was the a-axis, while the long-axis of
CrOCl was referred to as the a-axis [22,25]. In order to enhance the interlayer coupling
of the heterostructure and remove the residual adhesive on the heterostructure surface,
we annealed the heterostructure at 325 °C for 1 h. Six pairs of electrodes with Cr/Au
(10/70 nm) were fabricated using electron-beam lithography (Raith, Pittsburgh, Germany)
and PVD75 e-beam evaporation (Kurt J. Lesker, Pittsburgh, Jefferson Hills, UT, USA). For
the Raman spectroscopy (WITEC, Ulm, Germany), we employed a 532 nm laser source and
a 100 x microscope objective. In the parallel configuration, the incident light polarization
(e;) was parallel to the scattered light polarization (es), while in the vertical configuration, e;
was vertical to e;. We defined the direction as 0° when the a-axis of Ta;NiS5 was parallel to
the incident light direction. The laser spot size was less than 500 nm. To avoid sample dam-
age, the laser power was adjusted to less than 1 mw. The electrical characterization of the
TapNiSs and TapNiSs/CrOCI heterostructures was carried out with a probe station (Lake
Shore, Westerville, OH, USA) equipped with a semiconductor analyzer system (Keithley,
Cleveland, OH, USA).

3. Results

We chose a ternary transition-metal chalcogenide, Ta,NiSs, and an insulator, CrOCl,
as the building blocks of the interface because the compounds have similar rotational and
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mirror symmetries. The TayNiSs and CrOCI crystal structures are illustrated in Figure 1a,b,
both belonging to an orthorhombic structure [23]. When Tap;NiSs and CrOCl are stacked
to form a heterostructure, stripe moiré patterns occur at the TapNiSs/CrOCI interface
(Figure 1c). The generation of moiré patterns further alters the electrical and optical
properties of the heterostructure [26]. Unlike the moiré patterns in twisted graphene, the
stripe moiré patterns originate from the lattice mismatch at the Ta;NiSs/CrOCl interface,
and it may induce in-plane polarization at this interface via strain [27,28]. In a MoS; /CrOCl
heterostructure, this stripe moiré pattern is ascribed to the lattice mismatch between MoS,
and CrOC], resulting in the strain in the MoS, [9,12].
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Figure 1. Characterizations of TayNiSs /CrOCl heterostructure. Schematic illustrations of the crystal
lattice structure for (a) TapNiSs and (b) CrOCl. (c) Stripe moiré pattern simulation diagram of het-
erointerface. The scale bar is 1 nm. (d) Optical image and (e) AFM of TayNiSs /CrOCI heterostructure.
The thickness of TapNiSs is 9.2 nm, and the thicknesses of the Tq, T, and T3 of CrOCl are approxi-
mately 61, 27.5, and 17 nm. The inset shows the KPFM image of Ta;NiS5 /CrOCI heterostructure. The
scale bars in (d,e) are both 10 pm.

Figure 1d shows the optical image of the Ta;NiS5/CrOCI heterostructure. The red-
marked region indicates TayNiSs, and the yellow-marked region represents multiple thick-
nesses of CrOCl. Figure 1e corresponds to the atomic force microscope (AFM) image, which
provides a higher-resolution view. It can be observed that the surface of the heterostructure
is smooth. No crack or fold exists in the overlapping area, indicating the high quality
of the interface. The inset is the Kelvin probe force microscopy (KPFM) image of the
TapNiS5 /CrOCl heterostructure. The KPFM image exhibits a highly uniform potential
distribution in the overlapping regions, and a significant potential discrepancy can be seen.

We employed angular-resolved polarized Raman spectroscopy to investigate the
symmetry of the Ta;NiSs and TapNiSs/CrOCI heterostructures, aiming to uncover the
influence of symmetry engineering on the in-plane polarization intensity. For Ta,;NiSs, it
has a By and three Ag vibration modes. The force vectors correspond to a twisting motion
for the Bog mode and stretching motions for the 2Ag and 3Ag modes [13]. The polarization
plots of each Raman mode are shown in Figure 2a,b. The BZg/ 2Ag, and 3Ag modes of
pristine TapNiSs and the Tap;NiSs /CrOCl heterostructure exhibit four-lobed shapes. Under
the parallel polarization configuration, the By; mode intensity of pristine Ta;NiSs had a
90° variation period, while its intensities achieved the maxima at o« ~ 40°, 130°, 220°, and
310°. The Byg mode intensities achieved the maxima in the Ta;NiSs5/CrOCI heterostructure
at o = 40° and 220° with the sub-maxima at o« =~ 30° and 310°. The anisotropy ratio of
By intensity increased from 4.6 (TapNiSs) to 9 (TapNiS5/CrOCI). Similar behavior was
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observed in the 3Ag mode, where the maximum intensities occurred at o« =~ 170°, and 350°
for both pristine Ta;NiSs and the heterostructure, with sub-maxima at o« =~ 80°, and 260° in
the heterostructure. The anisotropy ratio of the 3Ag intensities increased from 2 (Tap;NiSs)
to 3.3 (TapNiSs /CrOCl). Meanwhile, the 2Ag mode reached its maximum intensities at
o ~ 165° and 345° in both pristine Ta;NiSs and the TapNiS5 /CrOCI heterostructure, with
sub-maxima at o ~ 45° and 135°. The anisotropy ratio increased from 3.8 (Ta;NiSs) to
5.9 (TapNiS5 /CrOCl). By comparing the Raman spectroscopy results of TapNiS5 and the
TayNiSs /CrOCl heterostructure, it can be clearly observed that the asymmetry of TayNiSs
was enhanced by constructing the heterostructure.
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Figure 2. Polarized Raman spectra of TapNiS5/CrOCI heterostructure under parallel-polarized
configuration. The polar plots of (a) TazNiSs and (b) Ta;NiSs5 /CrOCI heterostructure for By, 2Ag,
and 3Ag intensities in a rotation period. Raman spectra for different polarized angles of (c) Ta;NiSs
and (d) TapNiS5/CrOCI heterostructure. Contour maps of angular-dependent Raman spectra of
(e) TapNiS5 and (f) TapNiSg/CrOCI heterostructure.

As shown in Figure 2c¢, the Bog, 2Ag, and 3Ag of pristine TayNiSs along the a-axis are lo-
cated at 61.6,123.7, and 146.1 cm~!. The Raman frequencies of TapNiSs and Ta,NiSs/CrOCI
along the a- and c-axes are exhibited in Figure 2d and Table S1, wherein all the Raman
frequencies of the heterostructure shift along both the a-axis and c-axis compared with
those of the TayNiSs. Figure 2e,f shows the contour maps of the Raman intensity varying
with the angle for Ta;NiS5 and the heterostructure, respectively. By comparing the Raman
spectra of TapNiSs and Tap;NiSs/CrOC], it can be observed that the Raman frequency shift
occurred in the heterostructure. The Raman frequency is influenced by temperature, dop-
ing, material thickness, and strain [18,29-31]. In our comparative experiments, the same
TapNiSs thickness and test temperature were used, and CrOCI was used as an insulator,
eliminating the influence of doping. Therefore, we suspect that the Raman shift was mainly
caused by strain. When Ta;NiSs and CrOCl form a vdW heterostructure, the mismatch of
their lattice constants leads to lattice reconstruction, reducing the symmetry of Ta;NiSs
and enhancing the polarization. Meanwhile, the lattice mismatch may also cause strain
within TapNiSs, further affecting the symmetry of the observed Raman modes in it. The
Bog, 2Ag, and 3Ag modes represent the distortion and stretching movements of the Raman
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force vector. When Ta;NiSs is strained, the Raman frequencies and symmetries of these
modes change accordingly, consistent with the experimental phenomena we observed.

In order to further compare the enhancement effect of anisotropy on Ta;NiSs, we
characterized the TayNiSs /CrOCl heterostructure via angle-dependent electrical transport
measurements. Figure 3a shows a schematic diagram of the TapNiS5/CrOCI device, where
we define 0° as the angle when the electrode E1 is parallel to the a-axis of TayNiSs. The
side view of the device structure is shown in Figure S4. The electrode was deposited
on TapNiSs. The channel length was 15 um, and the angle between adjacent electrodes
was 30°. Figure 3b,d displays the optical microscope image, AFM image, and height
map image of the TayNiS5/CrOCl device. The prepared heterostructure exhibits uniform
quality distribution, free of wrinkles and residue, showcasing a high-quality vdW interface.
The thicknesses of Ta;NiSs and CrOCI were 5.8 nm and 37.2 nm, respectively. The I-V
curves were measured between distinct diagonal contacts at various temperatures. We
tested the temperature-dependent resistance curves of TapNiSs and the Ta;NiS5 /CrOCl
heterostructure along the a-axis (Figure 3e). With the increase in temperature, the resistance
of the a-axis decreased, showing typical semiconductor characteristics, which were similar
to those of the pristine Ta;NiSs. Figure 3f presents the I3,-V 45 curves of the Ta;NiSs /CrOCl
heterostructure at different angles at room temperature. The currents at different angles
show significant anisotropy:.
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Figure 3. Characterization of TapNiSs/CrOCl device. (a) Schematic view of device structure. The
(b) optical image and (c) AFM image of Ta;NiSs /CrOCI device. (d) Height map of Ta;NiSs/CrOCl
device that scanned along the white area in (c). (e) Temperature-dependent resistance curves of
TapNiSs and TapNiSs5/CrOCI heterostructure along a-axis. (f) I3—Vgs curves of TayNiSs/CrOCl
heterostructure with different angles at room temperature.

To further describe the electrical anisotropy of the heterostructure, we characterized
the conductivity and mobility of the TapNiSs and TapNiS5/CrOCI devices. At a certain
angle 6, the conductivity of anisotropic materials can be expressed as [32]:

og = 0.5in%0 + 0,050 1
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where 0y represents the conductivity of the sample in the 6 direction, 0; and o denote the
conductivity along the a- and c-axes, respectively. We measured the electrical conductivity
at 80-300 K, as shown in Figure 4a and Table S2. The pristine TapNiSs exhibited mirror
symmetry, so its electrical transport properties exhibited two-fold rotational symmetry
along the a-axis and c-axis [13]. The electrical conductivity reached its maximum along the
a-axis and achieved its minimum along the c-axis. The anisotropy ratio of pristine TapNiSs
was approximately 2.1 (Figure 4c), which is similar to the reported value of 1.78-1.41
(80-300 K) in the literature [13]. Figure 4b displays a polar plot of the electrical conductivity
of TapNiS5/CrOCl at 80-200 K, indicating clear anisotropy in conductance. The angle-
dependent conductance exhibits typical two-fold symmetry. The ¢.x occur at 6 = 52°
and 232°, while the c,;, are present at § = 142° and 322°. The deviation of the polar axis
might be attributed to lattice mismatch at the interface of the heterostructure, leading
to a change in the periodic symmetry of the lattice. Similar phenomena have also been
observed in other heterostructures [8,33]. Figure 4c shows the comparison of the anisotropy
ratio (0pax/omin) of the electrical conductivity of Tap;NiSs and TapNiS5/CrOCl at different
temperatures. The anisotropic ratio is approximately 15, which is one order higher than
that of the pristine Ta,NiSs5 (~2.1).
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Figure 4. Electrical anisotropy of TapNiSs and Tap;NiS5/CrOCI devices. Angle-dependent DC
conductance of (a) Ta;NiSs and (b)TapNiS5/CrOCI heterostructure at different temperatures. Angle-
dependent electron mobility of (d) TapNiSs and (e) TapNiSs/CrOCl heterostructure at different
temperatures. (¢) Conductivity o and (f) mobility p ratio of TayNiSs and TayNiSs/CrOCI heterostruc-
ture at different temperatures.

The corresponding angle-resolved transfer characteristics for TayNiS;/CrOCl are
shown in Figure S5. The transfer curves at different temperatures and angles demon-
strate considerable discrepancies. The anisotropic carrier mobility of TapNiS5/CrOCl was
estimated according to the equation [34]:

 (dlg L
"= (dVg) (WCins> @

where L and W represent the length and width of the channel. C; = ¢p¢,/d is the gate
capacitance, ¢ is the vacuum dielectric constant, ¢, is the relative dielectric constant of
SiO, (for TapNiSg) and CrOCI (for Tap,NiS5/CrOCI), and d is the thickness of SiO, (for
TayNiSs) and CrOCl (for TapNiSs/CrOCl). dl;,/dV, represents the maximum slope of the
linear region in the transfer curve. The carrier mobility of pristine Ta,NiSs exhibits a
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similar dependence on angles to conductivity (Figure 4d). The anisotropy ratio (a/c-axis) of
the mobility is approximately 2.7 (Figure 4f, red). The angle-resolved field-effect carrier
mobilities are shown in Figure 4e. The maximum mobility occurs at 53° (233°), whereas the
minimum is at 143° (323°), giving an anisotropic mobility ratio ({yax/Mmin) of approximately
32 at 80 K. The anisotropic ratio of mobility decreases with the increase in temperature. At
200 K, the mobilities anisotropic ratio is approximately 25 (Figure 4f, black). The anisotropic
ratio of mobilities in the heterostructure is enhanced by one order of magnitude compared
with that of the pristine TapNiSs. The experimental results of electrical transport once
again demonstrate that via symmetry engineering, we successfully enhanced the in-plane
anisotropy in Ta;NiSs.

Based on the above experimental results, we conclude that the in-plane anisotropy
enhancement of TapNiSs /CrOCI might be attributed to the following reasons. The cause
of enhanced anisotropy may be attributed to the reduction in lattice symmetry induced
by the vdW interface constructed via symmetry engineering. Recent studies also indicate
that constructing a vdW interface can reduce lattice symmetry [35,36]. By utilizing the
symmetric engineering of functionalized heterointerfaces with anisotropic vdW dielectric
SiPy, in-plane polarization was induced within the isotropic single-layer MoS,, resulting in
anisotropic conductivity and photoluminescence [37]. Hangyel et al. studied the in-plane
anisotropy of graphene induced by strong interlayer interactions with vdW epitaxially
grown on MoQOj layers [38]. The in-plane conductivity anisotropy of graphene is 1.43. By
constructing a BP/BiySe; heterostructure, anisotropic optical properties were generated
within the isotropic BiySes, with the anisotropic ratio of polarization Raman intensity reach-
ing up to 12 [39]. The stripe moiré patterns simulated at the TapNiS5/CrOCl interface also
reveal that the lattice mismatch led to a decrease in the symmetry of the heterostructure.
Furthermore, all the Raman frequencies shifted in the heterostructure compared with those
of pristine TayNiSs, and the Raman frequency shift could be related to strain, excluding
the effects of temperature, doping, and thickness. We speculate that the anisotropy en-
hancement of Ta;NiSs may be caused by the strain induced by lattice mismatch at the vdW
interface. It has been confirmed in MoS, /CrOCI heterostructures that lattice mismatch
between MoS, and CrOClI results in uniaxial strain in the MoS, [12]. In addition, Ni et al.
predicted that under smaller in-plane strain, anisotropy can be observed in SnSe/GeSe [40].
Thus, we infer that the enhancement of anisotropy in TapNiSs /CrOCl might be attributed
to the vdW-interface-induced symmetry reduction and the strain.

4. Conclusions

In conclusion, by constructing vdW heterostructures via symmetric engineering, we
demonstrated the enhancement of anisotropy in the Ta;NiSs/CrOCI heterostructure via
polarized Raman spectroscopy and electrical transport measurements. Angle-resolved
polarized Raman spectroscopy revealed that the polarized intensities of the By, 2Ag,
and 3Ag modes in the heterostructure were enhanced. The anisotropy ratios for the Bzg,
2Ag, and 3Ag modes increase from 4.6, 3.8, and 2 in the pristine Ta;NiSs to 9, 5.9, and
3.3 in the TayNiSs/CrOCI heterostructure, respectively. The angle-dependent electrical
transport measurements prove that the anisotropic ratio of conductivity and mobility in the
heterostructure increased by one order of magnitude compared with those of the pristine
Ta,;NiSs. The anisotropy ratio of conductivity was enhanced from ~2.1 (Ta;NiSs) to ~15
(TapNiSs /CrOCl), and the anisotropy ratio of mobility was enhanced from ~2.7 (Ta;NiSs) to
~32 (TapNiSs /CrOCI). The reason for this anisotropic enhancement may have contributed to
the lattice mismatch and strain. This study provides inspiration to study symmetry-related
van der Waals heterostructures and pave the way to novel nano-electronic devices.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/nano13233050/s1. Figure S1: Photograph of Ta;NiSs and CrOCL;
Figure S2: The angle-dependent Raman spectra of CrOCl flake in parallel configuration;
Figure S3: The angle-dependent Raman spectra of CrOCI flake in perpendicular configuration;
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Figure S4: Schematic diagram of TayNiSs /CrOCI device in side view; Figure S5: Transfer character-
istic curves of TayNiSs/CrOCI device; Table S1: Comparison of Raman frequencies of Ta;NiSs
and TayNiSs/CrOCl; Table S2: Comparison of the anisotropy ratios of Ta;NiSs and Ta;NiSs/
CrOCl heterostructure.
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Abstract: Tungsten diselenide (WSe;) has emerged as a promising ambipolar semiconductor material
for field-effect transistors (FETs) due to its unique electronic properties, including a sizeable band
gap, high carrier mobility, and remarkable on-off ratio. However, engineering the contacts to WSe,
remains an issue, and high contact barriers prevent the utilization of the full performance in electronic
applications. Furthermore, it could be possible to tune the contacts to WSe, for effective electron or
hole injection and consequently pin the threshold voltage to either conduction or valence band. This
would be the way to achieve complementary metal-oxide—semiconductor devices without doping
of the channel material. This study investigates the behaviour of two-dimensional WSe; field-effect
transistors with multi-layer palladium diselenide (PdSe;) as a contact material. We demonstrate that
PdSe; contacts favour hole injection while preserving the ambipolar nature of the channel material.
This consequently yields high-performance p-type WSe, devices with PdSe, van der Waals contacts.
Further, we explore the tunability of the contact interface by selective laser alteration of the WSe,
under the contacts, enabling pinning of the threshold voltage to the valence band of WSe;, yielding
pure p-type operation of the devices.

Keywords: palladium diselenide; tungsten diselenide; tungsten selenium oxide; semi-metal; laser
treatment; contact engineering; field-effect transistor; pMOS; van der Waals electronics; 2D materials

1. Introduction

Two-dimensional (2D) materials, and especially 2D semiconductors, are emerging
as ever-more promising platforms to be added into very-large-scale integration (VLSI)
technologies [1,2]. This is driven by the shrinking pitch sizes required to achieve higher
integration density, energy efficiency, and speed of electronic circuits [3,4]. To achieve
this feat, comprehensive studies have been undertaken to offer 2D channel materials and
insulators [5,6] with performance parameters comparable to those of silicon-based tech-
nologies. Both traditional (Al,O3/HfO;) and 2D insulators have shown promising results
in developing complex architectures [7,8]. Similarly, a huge library of 2D semiconductors is
available for the purpose of choosing p-type, n-type, or ambipolar channel materials [9,10].
In this regard, ambipolar WSe; has garnered keen interest in the scientific community due
to its potential applications towards complementary metal-oxide-semiconductor (CMOS)
technology, solar cells, water splitting, light emitting, and gas sensing [11-15]. Moreover,
patterned nanoribbons of WSe; have been shown to offer high electrical performance and

Nanomaterials 2024, 14, 481. https:/ /doi.org/10.3390/nano14050481 56 https:/ /www.mdpi.com/journal /nanomaterials



Nanomaterials 2024, 14, 481

the possibility to be coupled with metallic nanoparticles, which offers exciting possibilities
in optoelectronic applications and tunable catalysis [16,17]. Like other 2D materials, the
properties of WSe; can be tuned via thickness [18], plasma treatment [19], strain [20], and
choice of contacts [21,22].

However, the development of technology-relevant metal-semiconductor interfaces
remains a significant bottleneck for the integration of 2D semiconductors into VLSI [1,23].
This is also true for achieving high-quality contacts to ambipolar WSe;. The existing
metal electrode deposition technologies cause the degradation of the 2D materials at
the contact interface by the formation of metal-induced gap states (MIGS) and defect-
induced gap states. In turn, these gap states result in the formation of large barriers
at the junctions, consequently lowering the device performance and increasing energy
consumption [24,25]. In addition to the creation of potential barriers, MIGS also alter
transport fundamentally by changing transmission around the transport gap. An example
of this can be seen in metallization-induced change of the quantum limits of contact
resistance in one-dimensional contacts to semiconducting graphene nanoribbons [26].
There have been several efforts to find suitable contact materials and contact deposition
methods to realise the full potential of 2D material-based circuits. These include the use of
edge contacts [27,28], low-work-function metals [29], ultra-high vacuum evaporation [30],
buffer layers [31], self-assembled dipolar monolayers [32], and dry stamping of metal
electrodes [33,34]. In particular, metallised edge contacts are commonly the best-performing
technology in large-area 2D material-based devices [27,28]. However, this is not the case
for one-dimensional (1D) or quasi-1D nanostructures of 2D materials such as nanoribbons
and nanowires, as phosphorene nanodevices with edge contacts [35,36].

More recently, semi-metallic contacts such as bismuth, antimony, and graphene have
shown promising results [37-39]. However, semi-metal depositions involve heating of the
substrate up to 100 °C to achieve a particular orientation of the metal (Sb 0112 on MoS,),
which tends to introduce defects into heat-sensitive 2D semiconductors with ambipolar
functionality, such as WSe; [40,41] and black phosphorus [42]. In case of graphene contacts,
the growth of graphene films as top electrodes would require very high temperatures [43],
hindering direct growth as the incorporation path to the back-end-of-line (BEoL) processes.
However, ambipolar 2D materials are critical for CMOS electronic applications. It is
essential to develop contacts which preserve the ambipolar behaviour while providing
sufficient on-state currents and Ion/Iorpp ratios relevant for technological aspects. To
address this challenge, significant efforts have been made, including the use of In and Pd
contacts to WSe, [44,45].

The use of PdSe; as a contact material was first demonstrated by Oyedele et al.,
who employed defective Pd;;Se;s5 as contacts with PdSe; to demonstrate a low Schottky
barrier [46] and later by Seo et al. for the realization of PdSe;-based CMOS devices [47].
PdSe; has also been used to contact MoS; in a junction field-effect transistor as a top gate
due to its promising optoelectronic properties which include long-wavelength infrared
photo responsivity [48-51]. With a layer-dependent bandgap in the infrared region, PdSe;
itself is a unique member of the transition metal dichalcogenide family with potential uses
in optoelectronic devices [52]. It behaves as a semi-metal for thicknesses above 20 nm
and transforms to a semi-conducting state for thinner layers [53,54]. Large-area PdSe; can
be grown at temperatures as low as 250 °C [55], unlike graphite, which makes it critical
for BEoL integration as a van der Waals electrode material. Moreover, graphite contacts
dope the WSe; towards a dominant n-type electrical response, therefore disrupting the
ambipolar nature of WSe; [56].

In this work, we propose PdSe; contacts to WSe, which demonstrate high Ion/ Iorr
ratio and high on-state currents while maintaining the intrinsic ambipolar behaviour of the
channel material. To further tune the behaviour of our devices, we propose localised laser
treatment of WSe; at the contact regions to demonstrate dominant p-type FETs with high
threshold voltage stability. This can allow for the co-integration of p-type and ambipolar
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devices in a circuit without the need to change the contact material nor the need to introduce
any dopants into the channel.

2. Materials and Methods
2.1. PdSey Crystal Growth

PdSe, crystals were synthesised by direct reaction of elements in a quartz glass am-
poule. Powder palladium (99.99%, —100 mesh, Safina, Prague-Vestec, Czech Repub-
lic) and selenium granules (99.9999%, 2-4 mm granules, Wuhan Xinrong New Mate-
rial Co., Wuhan, China) corresponding to 3 g of PdSe, were placed in a quartz ampoule
(25 x 100 mm) with additional selenium corresponding to 1% in excess. The ampoule
was melt sealed under a high vacuum (1 x 1072 Pa) using an oxygen-hydrogen torch
and placed in muffle furnace. The ampoule was heated at 850 °C using a heating rate of
1 °C/min, and after 12 h it was cooled to room temperature at a cooling rate of 0.1 °C/min.
The ampoule with formed PdSe; crystals was opened in an argon-filled glove box.

2.2. Device Fabrication

Using laser lithography (DaLi, Cerklje, Slovenia) and thermal evaporation, 45 nm/5 nm
stripe-like Au/Cr electrodes were patterned onto a 300 nm SiO, /Si substrate. hBN flakes
were used as a bottom gate oxide on top of one the Au pads. Multi-layer PdSe; or crystal
(kish) graphite flakes were placed on top of the WSe, flakes as source and drain elec-
trodes. Flakes of 2D materials were mechanically exfoliated from bulk single crystals using
commercially available Nitto tape and polydimethylsiloxane (PDMS) Gel-Pak-DGL-X4.
The flakes were selected based on optical contrast and transferred one by one to build
up the devices. The thickness of the hBN used for the devices was approximately 20 nm,
considering a value for the relative dielectric constant of e, = 3.5 [57]. Further, optical
microscopy, atomic force microscopy (AFM), and Raman spectroscopy measurements were
performed to confirm the layer thickness, uniformity, and exact device geometries.

2.3. Electrical Characterization

Room temperature (RT) and low-temperature (78 K) electrical characterizations were
performed using a Keithley 2636A Source Meter (Tektronix GmbH, Koeln, Germany)
attached to an Instec probe station (Boulder, CO, USA). The samples were contacted via
Au-coated Ti electrical cantilever microprobes. The Instec’s mK2000 temperature controller
was used to monitor the temperature with a resolution of 0.01 K. The cooling and heating
rates were 20 °C/min and 10 °C/min, respectively.

2.4. FET Figures of Merit (FOM) Extraction and Device Modelling

The off-state current (Iopg) was defined as the minimum in Ip (V) curves, while the
on-state current (Ion) was defined as the maximum obtained in Ip (V) for the electron
or hole branch. The maximum current is limited by the amount of the electrostatic field
that can be applied through the back gate, and Ion was estimated 5 to 8 V away from the
threshold voltage (Vi1). The threshold voltage was estimated by extrapolation of the linear
fit to the point of intersection of the Ip = 0 A line. The linear fit was performed in the Vg
region shifted by 2 V from the onset voltage point (Von) and by 4 V to 5 V from the V. The
onset voltage point was defined as the V; point from which the Ip continuously increases
from the gate leakage levels (usually 0.5-2 x 10711 A). The middle of the region between
Von and Vi, was used to estimate the sub-threshold swing (SS) values.

Modelling of the FET output curves was performed using the ideal transistor operating
in the linear regime, shifted by the V};, via a capacitor at the gate. To model the non-ideal
and non-linear behaviour of the contacts, a linear resistor and a Schottky diode were
added in series to the ideal transistor. The current through the transistor was described as:
Ip = (MCoxW/L) - (Vg — Vi) - Vier + (ViZep/2)). Here, Vigr corresponds to the fraction
of the total Vp bias that is experienced by the ideal transistor, Coy is the area-specific gate
dielectric capacitance, and y is the intrinsic mobility. Upon reaching the limit of the linear
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regime — defined as the maximum Ip(Vggpr) value of the model — the maximum current
level was kept independent of the Vrpt, describing the saturation of the device. The ohmic
component of the contact resistance is defined by a linear resistor, with its corresponding
potential drop described as Vopmic = Rohmic - Ip- The non-linear component of the contact
resistance is described by: Viunction = Vihermalln(1+ Ip/ Ip)). Here, Vinermal = kT /e and kg
stands for the Boltzmann’s constant, T is fixed to the set temperature of the experiment, and
e is the unit charge. Iy represents the reverse current of the Schottky diode. Considering that
Vb = VEET + Vohmic T Vjunction the system is solved in a self-consistent manner using three
fitting parameters: y, Rohmic, and Ip. In the first fitting iteration, the parameters are assumed
to be independent of V5 and are fitted to the sequence of the electrical output curves for the
hole or the electron branch. In the second iteration, for each Vg the parameters are allowed
to vary by £20% from the previously determined values. The contact resistance is further
expressed as a device width-scaled (W) value: WRc = W((Vohmic + Viunction)/ ID)-

2.5. Laser Treatment of WSep

The freshly exfoliated channel WSe; was laser-treated (532 nm, 100x objective) under
ambient conditions using a motorised sample stage. The laser modification of WSe; was
performed prior to the transfer of PdSe; contacts. The laser power was set to 50 mW. A
point-to-point scan was carried out with a resolution of 0.2 pm, and a fixed exposure time
of 0.1 s for each point.

2.6. AFM and In Operando KPFM Measurements

Horiba/AIST-NT Omegascope (Lille, France) AFM system was used for the AFM to-
pography measurements, with Nunano SPARK 350 Pt probes (spring constant of 42 Nm ™!,
resonant frequency 330 kHz, and tip radius of 30 nm). Topography images were processed
in the open-source software Gwyddion v2.56 [58], applying zero-order line correction and
three-point plane averaging.

In operando Kelvin Probe Force Microscopy (KPFM) measurements were carried out
on PdSe;-contacted devices under the ambient conditions. To prevent device degradation
during prolonged ambient operation, the devices for the KPFM experiments were top
capped by an additional 10 nm thick hBN flake. For the device biasing during the KPFM
measurements, a Keithley 2636A Source Meter was used, and the device ground (source)
was connected to the ground of the KPFM feedback loop. KPFM was operated in a
frequency-modulated two-pass regime with a second-pass lift height of 8§ nm, yielding a
total of about 18 nm distance between the probe and the hBN capped channel. To extract
electrostatic potential drops across the channel of an operating device, a single line in
the middle of the device was repeatedly scanned while the external bias was applied.
To compensate for the work function and stray field differences, each potential drop is
normalised to the cross-sections recorded with Vp = 0V, following the procedure detailed
in Ref. [32].

2.7. Raman Spectroscopy

Raman spectroscopy measurements were performed using a Horiba LabRam HR
Evolution confocal Raman spectrometer (Lille, France) with 1800 lines/mm gratings. A
532 nm laser was used with an excitation power in the range of 0.1-3.2 mW. The laser spot
was focused by a 100 x, 0.9 NA objective.

3. Results and Discussions
3.1. Electrical Characteristics of WSep FETs with Graphite and PdSey Electrodes

Figure 1a depicts a schematic representation of the 2D layer stacks along with optical
images of the typical devices with graphite (Gr) and PdSe; contacts. Figure 1b,c present in
a semi-log scale the device width-scaled electrical transfer curves, source-drain current as
a function of the applied local back gate bias Ip(V;), comparing the two different types
of van der Waals contacts (Gr and PdSe;) to multilayered WSe;. For each transfer curve,

59



Nanomaterials 2024, 14, 481

five subsequent forward and backward Vg sweeps were carried out at 2 V/s. In both cases,
a small hysteresis of 200 mV was observed. The measurements were carried out at 78 K
to minimise charge-trap-related effects and unintentional doping effects from the trapped
water and air at the interfaces [16,59,60]. Graphite-contacted devices showed a dominant
n-type behaviour which was previously reported and attributed to the band alignment
that favours electron injection from the graphite towards the channel material [56,61]. In
Figure 1b, the second device (Device 2) also exhibits notably high current in the hole branch,
however, the threshold voltage remains closer to the electron branch, as expected for the
efficient electron injection from graphite electrodes [56].
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Figure 1. Electrical characteristics of graphite- and PdSe,-contacted WSe, FETs: (a) Schematic
representation of device configuration with optical images of WSe, FETs (scale bar: 10 pm). (b,c) Semi-
log electrical transfer curves of devices with graphite (Gr) and PdSe; contacts, respectively. The Ip
in (b,c) is scaled by the mean width of the channels to allow for better comparison of the current
values between the different devices. The horizontal dashed lines that interconnect (b,c) serve as
a guide to see the reached on- and off-state current levels. The red arrow in (c) indicates over an
order of magnitude larger current of the hole branch in the case of PdSe; contacts. (d) Comparison
of the device width-scaled electrical transfer curves (PdSe; contacted device) measured at 300 K
(orange) and 78 K (purple), presented in linear scale. The arrows indicate the direction of the Vs
sweep, highlighting an increase in the hysteresis observed at 300 K. (e) Output curves for the hole
and electron branches at 78 K (2 x 10~2 mbar) of a device with PdSe, contacts. Note that the current
values for the n-branch are approximately one order of magnitude lower than for the p-branch.
The different colored lines in (e) represent the curves at the different values of Vg, as indicated in
the figure.

The main difference in the electrical transfer curves between Gr and PdSe,-contacted
devices occurs at the negative V; values, i.e., in the hole branch. In contrast to graphite-
contacted devices, when PdSe; is used as a contact, the FETs were found to exhibit dominant
p-type behaviour and an increased device performance for both electron and hole branches.
This is explained by the favoured level alignment of the PdSe;, with the hole branch of the
WSe; due to the higher work function of PdSe; in comparison to graphite. The Ion / Iopr
ratio for PdSe, (~4 x 10%) was one order of magnitude better than that of graphite contacts.
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Horizontal dashed lines that interconnect Figure 1b,c serve as a guide to help compare the
current levels. For the WSe; devices reported in the literature, the Ion/ Iopr ratio varies
over several orders of magnitude [11]: from 102 (e.g., NbSe; contacts to the n-branch [56])
up to 10? with more elaborate device architectures and high-k dielectrics [18]. With respect
to the electrode engineering to access the p-branch, NbSe;- and Pt-contacted WSe; were
reported to reach the values in the range 10*-107 [18,56].

Furthermore, PdSe;,-contacted devices maintained an intrinsic behaviour which is
evident by an almost equidistant V,,, for both electron and hole branches with reference
to Vg = 0 V. This was not the case for graphite-contacted devices where larger V5 was
required to reach the on state of the p-branch compared to the n-branch, therefore indicating
a disruption in the intrinsic doping levels. On average, we observe a V,, for the hole
branch to be at (—4.5 £ 0.9) V and at (—1.9 £ 1.3) V respectively for the Gr and PdSe;
contacts; similar values for the V,, were observed for the electron branch: (2.5 + 1.7) V and
(3.0 & 0.8) V respectively for the Gr and PdSe; contacts.

A comparison between 300 K and 78 K width-scaled transfer curves of a PdSe;-
contacted device is presented in Figure 1d. The temperature primarily impacts the phonon-
related carrier scattering in the channel, the Schottky junction-related potential drop, and
gate dielectric interface charge trap states. Consequently, at lower temperatures we observe
an overall increase in the drain currents and mobilities for both branches (by a factor of
~2 comparing 78 K and 300 K), quenching of the hysteresis with respect to the forward
and backward V; sweeping, and a minor reduction in the Vj, values.

Figure le represents the electrical output curves for the PdSe;-contacted channel; the
source—drain current as a function of the applied source—drain bias is Ip(Vp). Especially
at more negative Vg values (on state of the p-branch), the electrical output curves of the
p-branch exhibit linear behaviour. For the n-branch, the overall Ip values are about one
order of magnitude lower than that of the p-branch and show significant deviation from the
linear behaviour at lower Vp values regardless of the applied V. All of these observations
indicate that a significantly larger barrier exists for the electron than for the hole injection
from PdSe; into WSe,. At low temperatures, within the applied Vp range and for Vg more
than 0.5 V away from the V};,, we did not observe the current saturation. However, within
the same bias range at room temperature, saturation can be achieved (see Figure 2).

3.2. Contact Resistance of the PdSey/WSe, Interface

The contact resistance of the interface between PdSe, and WSe, was evaluated in-
dependently by two approaches: parameter extraction via device modelling and direct
measurements by in operando KPFM. In the first approach, we have modelled the sequence
of the electrical output data by applying an equivalent electrical scheme as shown in Figure 2a
(see also Section 2). The system was solved in a self-consistent manner and fitted to the set
of output curves either for the hole or for the electron branch, as presented in Figure 2b,c.
Parameters of the ohmic (Rohmic) and non-linear Schottky component (Iy) of the contact
resistance were extracted, and width-scaled contact resistance (WRc) was expressed consid-
ering specific points of operation (fixed Vp, Vs, and, consequently, I values). We obtain
WRc = (2.84 + 0.53) x 10° Qum for the hole branch and WR¢ = (3.72 + 0.69) x 108 Qum for
the electron branch. The values are reported for the operation at 300 K, with V5 set5V
away from the Vj, in both cases of the hole and the electron branches, and under 1.5 V of
source—drain bias. In particular, the need to include the non-linear Schottky element in
the model is evident in a strong downward bending of the output curves at lower Vp, as
pointed out by the red arrows in Figure 2c. Especially in the electron branch case, at lower
Ip the contact resistance and the entire device operation is Schottky junction-dominated,
and almost all of the applied Vp is taken by this junction as the most resistive element in
the circuit. At higher Ip, the Vjunction still dominates over Vimic by a factor of 5 to 10.
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Figure 2. Contact resistance of the PdSe, /WSe; interface: (a) Equivalent electrical scheme used for the
self-consistent modelling of the output curves. (b,c) Electrical output curves of a PdSep /WSe; /PdSe,
device measured at 300 K for the hole and electron branches, respectively. Different colored circles
represent the measured I values at set different V as indicated in the right corner of the sub-panels
(b,c). The dashed lines are a model for the entire data set. Red arrows in (c) indicate a severe
downward bending of the output curves at lower V5. Contact resistance values (WRc) extracted by
modelling the curves from (b,c) are indicated in each sub-panel. (d—f) In operando KPFM potential
profiles recorded as single lines across the channel, measured under ambient conditions. Solid lines
present the work function difference corrected potential drops, and the dashed lines are linear fits
to the experimental curves. (d) A sequence of the potential drops with varied Vp. (e) Alternating
the source and drain contacts, which demonstrates that the steep potential drop is related to the
grounded electrode. (f) Comparison of the potential drops at Vp = 1.5 V, with V setting the device
in an on state of the hole and electron branches, labelled with (1) and (2), respectively. Insets in
(f) provide the operation points and the extracted WR¢ values from the KPFM measurements.

In the second approach to evaluating the contact resistance of the PdSe;/WSe; in-
terface, we have used in operando KPFM. This technique measures the electric potential
several nanometres above the channel during device operation. Therefore, it resolves
the potential drops between the electrodes, and allows independent distinguishing of the
potential drops that correspond to the drain (not observed in our case), the channel, and
the source [16,32]. An example of the potential drop profiles is presented in Figure 2d in
the hole branch on state and for varied Vp between 0.5V and 1.5 V. Four regions are clearly
distinguishable in the potential drop profiles: flat potential values corresponding to the
source and drain regions of the scan, a monotone drop of the potential along the channel,
and a much steeper drop at the contact to the source electrode. Linear fits to these elements
are presented by dashed black lines. The steeper drop connected to the transition between
the channel-related potential drop and the source contact region is directly related to the
Viunction T Vohmic in the device model. Knowing the Ip values during the potential drop
profile measurements and the width of the device, it is possible to express the observed
junction-related potential drop as the width-scaled contact resistance.

Figure 2e presents the potential drop profiles when the connections between the source
and the drain are exchanged, effectively reversing the current flow direction. We observe
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that the contact resistance associated potential drop is connected to the grounded source
electrode, i.e., that the PdSe, /WSe, interface is rectifying. This proves the predominant
Schottky nature of the contact resistance, as also suggested by the model.

Lastly, when biased under very similar operation points as in the case of the con-
tact resistance extraction from the electrical output data sets (Figure 2f), we obtain the fol-
lowing device width-scaled contact resistance values obtained from in operando KPFM:
WRc =2.78 x 10° Qum for the hole-branch and WR¢ =3.44 x 108 Qum for the electron branch.

The obtained WR¢ values imply that PdSe; is an effective hole injector. This is seen
from the two orders of magnitude larger contact resistance of the electron branch under
similar operation conditions. Furthermore, the contact resistance of the PdSe,/WSe;
interface for p-type operation performs similar to the commonly employed evaporated
metallic contacts [62,63] while preserving the intrinsic doping levels and the ambipolar
nature of the WSe,. Reported values for WSe, contact resistance range from 10® Q) pm to
10° O pm with electrostatic gating and down to 10* Q) pm for electrolyte gating that can
induce very high density states in WSe; [45,56,62]. Some of the lowest values reported
for the contact resistance (1.1 x 10° Q) um) are with Pt electrodes, where MIGS cannot be
excluded at the electrode interface [45].

3.3. Optimizing Contact Interface via Laser-Driven Oxidation of WSe,

Recent work has shown that the application of mild oxygen plasma can be an effective
way to reduce the Schottky barrier in multilayer WSe, FETs [64-66]. The plasma treatment
causes the formation of a conductive tungsten selenium oxide (WSe,Oy). The oxide was
found to form in a layer-by-layer manner [64,65], effectively generating a WSe, O, /WSe;
heterostructure that acts as a facilitator for the hole injection [66,67]. However, it is im-
portant to protect the channel active area during the plasma treatment to avoid device
degradation. We wanted to investigate if a laser-based approach could open a way to
achieve similar modification of WSe,, as with the mild plasma treatment. An advantage of
the laser-driven oxidation approach is straightforward patterning by laser scanning. Using
laser irradiation (532 nm, 50 mW) under ambient conditions, we have observed a similar
oxidation process of WSe;.

To explore the influence of the WSe, O, layer on the contact properties between WSe;
and PdSe;, we have irradiated an area of the WSe; flake that is slightly larger than the
contact area with PdSe,. After the laser treatment, PdSe, flakes were transferred and used
as contacts. Figure 3a(i—iii) show the schematic representation of the laser treatment and
the device assembly process for the WSe,O-modified contacts. Figure 3b(i-iii) represent
the corresponding optical images of the flake and the final device, where only one side
of the flake was treated by the laser. Figure 3¢ presents a zoomed-in region of the inter-
face to highlight the parts of the ablated layers, oxidised layers, and remaining pristine
WSe; layers.

AFM was performed to observe the morphological and height changes due to laser
treatment. The results are presented in Figure 4a,b. AFM image before laser treatment shows
large bubbles formed at the interface between WSe, and hBN, as well as between hBN and
SiO; interface. This is expected for 2D material heterostructures assembled under ambient
conditions and using PDMS stamps due to the entrapment of air and water [68-70]. Such
interfaces result in localised charge-trap and scattering centres, and a flat interface is desired
to achieve better performance [71,72]. Interestingly, laser treatment resulted in the removal
and migration of these bubbles from the scan area, even at the regions not directly exposed
to the laser irradiation. This is illustrated in Figure 4b. Such behaviour can be attributed to
the self-cleaning property of 2D materials under a systematic sweep of the laser spot which
allows local heating and migration of the trapped water/air bubbles at the interfaces [71,72].
The arrows in Figure 4b represent the direction of laser sweeping, and the dashed rectangle
indicates the laser-exposed area. Figure 4a,b (bottom) show the change in height of the flake
before and after the treatment. The resultant height corresponds to a thickness of 3.9 nm. This
indicates the ablation of about five mono-layers of WSe,, and the remaining flake effectively
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forms a WSe,, O, / WSe; heterostructure. Combined with Raman spectroscopy data (Figure 4c)
we estimate that after the laser treatment, about three layers of WSe, remain, with about 2 nm
of WSe, O, formed on top [64-66]. Raman spectroscopy was also performed to verify the
crystal quality of the laser-modified flakes. Figure 4c presents the Raman spectra before and
after the laser treatment of a WSe; flake. The increase in the Raman intensity of the A;g mode
(shown in the inset) after the treatment validates the thinning of WSe, with the oxidation of
top layers. Such an increase in the intensity of the peaks is related to the thinning of WSe;
and an increase in the phonon lifetime [45,73]. An increase in phonon lifetime should be
also observed in the according change in the device-apparent field-effect mobility. However,
for both treated and the untreated devices, the apparent hole mobilities were within the
sample-to-sample variation.
(a) @ (i) (i)
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Figure 3. Laser treatment of WSe;: ((a) i—iii) Schematic cross-section of the laser-treated devices (not to
scale), presenting the laser treatment process of the electrode interface step by step. ((b) i—iii) Optical
micrographs (scale 5 pm) of a representative device corresponding to each fabrication step in ((a) i-ii7).
((a,b) i) The heterostack of WSe; /hBN on a local gate electrode prior to the laser treatment, and
((a,b) ii) after the top part of the WSe; flake was scanned by the laser (exposed part of the WSe, flake
is indicated by the dashed lines). ((a,b) iii) The same device after stamping of PdSe, contacts. In the
presented case, only one side of the channel-electrode interface was laser-treated. (c) A zoom in on
the schematic in ((a) iii) highlighting the part of the ablated WSe; layer, part of the oxidised WSe; Oy
layer, and the unmodified part of the WSe, layer.

3.4. Electrical Characteristics of WSey FETs with WSea/WSe, Ox/PdSe; Electrode Interface

Figure 5a represents the electrical transfer curves for the WSe, device with both
source and drain electrode interfaces modified by the laser treatment. The device showed
a notable decrease in Ipy. However, highly stable p-type devices were realised with
respect to Vy, variations between subsequent sweeps at room temperature operation and
also under varied Vi sweeping rates. Vy, for the hole branch of the WSe,O,-modified
contacts was found to be at (—0.42 4+ 0.06) V, which is about four times lower than the
PdSe;/WSe, interface. More importantly, the sample-to-sample-, forward/backward
sweep-, and multiple sweep-related variations in the Vy, value are almost completely
reduced. The dominant p-type behaviour with the quenching of the electron branch
can be associated with WSe, O, which acts as an efficient hole injection layer [66,67].
The WSe, O, /WSe; layer also extends beyond the contact regions into the channel (for
about 1 pm) to ensure that the contact is not made directly with the unmodified WSe;,.
Consequently, WSeyOx could also introduce interface traps in the channel active area. To
test this, we have probed the stability of the devices by examining the hysteresis voltage
(V1) as a difference in the Vy, between the forward and backward sweeping electrical
transfer curves. Vi values for the varied Vg sweep rates are shown in Figure 5b. The
device remained stable at high sweeping rates (up to 15 V/s) with a negligible hysteresis of
55 mV. An increase in the hysteresis of up to 150 mV was noted at low sweeping rates. The
hysteresis values correspond well to the pristine PdSe, /WSe; /PdSe, devices, indicating
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that the WSe, O, layers did not affect device stability. The observed hysteresis is likely
related to the interface between hBN and WSe; or is inherent to the WSe; layers.
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Figure 4. Topography changes and Raman investigation of laser-treated WSe,: (a) Atomic force
microscopy (AFM) image of a WSe; flake on hBN before laser exposure with the corresponding line
profile (height) of the flake. The predominant morphological features are water/air bubbles trapped
at the WSe, /hBN and hBN/SiO, interfaces. (b) The same area as in (a) treated with a 50 mW 532 nm
laser beam. The exposed region is marked with a dashed rectangle, and the laser scanning direction
is indicated with an arrow. The corresponding height profiles are presented at the bottom of the
topography images. (a,b) Lateral scale bar 2 um, z-scale 25 nm. (c) Raman spectrum before and
after laser irradiation, recorded with 5 mW, 532 nm, and 5 x 10 s acquisition parameters. The main
WSe, peaks are preserved and enhanced in intensity after the laser treatment. Inset (b) presents a
zoomed-in region of the main E! 2g and Aqg modes.

Two-dimensional semiconductors commonly show large variations in the Vy, at vary-
ing drain voltages which also impacts the device stability [6,74,75]. To test this, we subjected
our device to a Vp ranging from 0.5 V to 2.0 V. The device maintained the same Vy, for for-
ward and backward sweeps with a Vp-independent hysteresis of 98 mV. The subthreshold
swing (SS) values were also significantly improved from 200 mV/dec for the non-treated
to 100 mV /dec for the treated devices. It is worth mentioning that these devices operated
without a top encapsulation and therefore, a high-k dielectric encapsulation, optimization
of the hBN thickness, and integration into dual-gate geometries can further improve WSe;
FET performance. The obtained SS values, especially for the laser-treated devices, perform
better than commonly reported back-gate implemented FETs, where the SS values range
from 2500 mV /dec to 400 mV /dec [11,18,20]. Some of the lowest reported SS values for
WSe; devices (95 mV /dec) were achieved by utilizing 20 nm of HfO, as the gate insulator
and p-branch matching Pt contacts [45].

We have also fabricated asymmetric devices where only one side of the channel was
treated with the laser (as also shown in Figure 3). An example of the electrical transfer
curves observed for such devices is presented in Figure 5d. A large hysteresis window
was observed, which directly depends on the choice of the drain electrode, i.e., the device
exhibits rectifying behaviour with respect to the induced hysteresis. For the case where
the laser-treated region was used as a drain, a stable p-branch was realised with negligible
hysteresis, represented by a solid black curve in Figure 5d. A pronounced hysteresis of
2 V was only present for the n-branch. This was observed to be in stark contrast to the
behaviour of the same device when the non-treated region was used as the drain. In that
case, a p-branch hysteresis of 4 V was observed. In both cases, the hysteresis was stable
for multiple forward-backward sweeps as indicated by the arrows. Such behaviour can
be associated with large differences between the number of carriers available underneath
the contact regions. As one end of the channel is intentionally favouring hole injection
and prohibiting electron injection, the other stays in its original form. Such large and
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stable rectifying hysteretic behaviour could be employed in novel concepts as computing
in memory and self-reconfiguring electronics [76,77].
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Figure 5. Electrical response of WSe, /WSe, Oy /PdSe; electrode interface: (a) Semi-log scale electrical
transfer curves of a WSe, device with both source and drain electrode interfaces treated by a laser
prior to stamping PdSe; contacts measured at 298 K, 2 x 1072 mbar. (b) Vi plot as a function of a
scan speed (measured at 298 K, 2 x 1072 mbar). (c) Position of the Vy, for both forward and backward
Vi sweeping with varied Vp. The difference indicates the hysteresis (V) is independent of Vp.
(d) Semi-log scale electrical transfer curves for an asymmetric WSe, FET with only one contact pad
treated by the laser. The dotted lines represent the drain electrode connected to the non-treated PdSe;
contact side, while source and drain were swapped for the solid black line. The arrows indicate the
Vi sweeping direction.

4. Conclusions

In summary, we have introduced PdSe; contacts to WSe, FETs that enable effective
hole injection, enhanced p-type performance, and preserve the intrinsic ambipolar response
of WSej. PdSe; contacts allow essentially hysteresis-free electrical response while main-
taining high on-state currents and Ion/ Iopr ratio enhancement by one order of magnitude
in comparison to graphite-contacted devices. Considering the low temperatures required
for the PdSe; growth, it is a promising electrode candidate especially when considering
the potential that PdSe; brings for the upscaling of 2D-material-based electronics and the
incorporation of ambipolar WSe; to post-CMOS architectures.

We extended the study to also contact laser-treated WSe;, where the laser irradiation
induces the formation of a conductive WSe, Oy layer at the electrode interface. In this case,
we observed highly stable p-type behaviour of the devices with a two-fold improvement in
the subthreshold swing, stabilization of the V}, for the hole branch. Interestingly, if only
one electrode interface is modified by the laser treatment, asymmetric WSe, FETs were
achieved, which exhibited pronounced and stable hysteretic behaviour of only one (electron
or hole) branch. The hysteresis was dependent on the direction of applied drain voltage.
Such device response can be used to design in-memory computing and reconfigurable
electronic concepts based purely on 2D interfaces.
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Abstract: Two-dimensional layered materials, characterized by their atomically thin thicknesses and
surfaces that are free of dangling bonds, hold great promise for fabricating ultrathin, lightweight, and
flexible bipolar junction transistors (B]Ts). In this paper, a van der Waals (vdW) BJT was fabricated by
vertically stacking MoS,, WSe;, and MoS, flakes in sequence. The AC characteristics of the vdW BJT
were studied for the first time, in which a maximum common emitter voltage gain of around 3.5 was
observed. By investigating the time domain characteristics of the device under various operating
frequencies, the frequency response of the device was summarized, which experimentally proved
that the MoS, /WSe; /MoS, BJT has voltage amplification capability in the 0-200 Hz region. In
addition, the phase response of the device was also investigated. A phase inversion was observed in
the low-frequency range. As the operating frequency increases, the relative phase between the input
and output signals gradually shifts until it is in phase at frequencies exceeding 2.3 kHz. This work
demonstrates the signal amplification applications of the vdW BJTs for neuromorphic computing and
wearable healthcare devices.

Keywords: two-dimensional material; van der Waals; vertically stacked; bipolar junction transistor;
AC characteristics

1. Introduction

Bipolar junction transistors (BJTs), as some of the important semiconductor devices,
have attracted great attention in past decades. They contain three separately doped regions,
which are defined as the collector, base, and emitter. Two-dimensional (2D) materials
offer significant opportunities for the construction of high-performance B]Ts owing to their
unique interlayered van der Waals (vdW) bonding characteristics [1-3]. By employing
mechanical exfoliation or chemical vapor deposition (CVD), monolayer or multilayer 2D
materials, including hexagonal boron nitride (h-BN) [4,5], transition metal dichalcogenides
(TMDs) [6-9], and graphene [10-12], can be easily obtained. These ultrathin 2D materials
provide possibilities for fabricating vdW BJTs with base regions of atomic thicknesses.

In the past few years, several 2D-material-based BJTs, such as BP/MoS,/BP [13-16],
CuySs5/PtSy; /WSe; [17], and MoS; /WSep /MoS; [18-20], have been fabricated successively.
The static characteristics of these devices have been extensively studied, and they show
promising application potential in the fields of photodetection [21,22], gas sensing [23,24],
and biosensing [25]. However, the AC characteristics of vdW BJTs fabricated from 2D
materials have not been reported yet, which is crucial for determining a device’s ability to
process alternating signals.

In this paper, we report on a vdW BJT that was constructed by vertically stacking MoS,,
WSe,, and MoS; flakes in sequence. The static and AC characteristics of the device were
investigated in a common emitter configuration. A maximum voltage gain of around 3.5
was observed in the low-frequency range. As the operating frequency increased, the voltage
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gain gradually decreased to unity at 200 Hz, and the relative phase between input and
output signals gradually changed from 180° to 0° at 2.3 kHz. This systematic investigation
of vdW BJTs provides a direct understanding of the electrical behavior of such devices
under alternating current conditions, which could potentially aid in the utilization of the
vdW BJTs in wearable healthcare devices and future neuromorphic applications.

2. Materials and Methods
2.1. Device Fabrication

A controlled multistep dry transfer process was employed to fabricate the vdW
BJT [26]. Firstly, the WSe; and MoS; flakes were exfoliated from the bulk crystals supplied
by HQ Graphene Company (Groningen, The Netherlands). Then, using the dry transfer
technique, MoS;, WSe; and MoS; sheets were stacked onto a clean 300 nm SiO, /Si sub-
strate in sequence. In this case, the top and bottom MoS, sheets were separated by the
middle WSe; flake. Thirdly, maskless lithography was utilized to define the locations of
the metal electrodes and thermal evaporation was employed to deposit Cr/Ag metals with
thicknesses of 10 nm and 100 nm. Finally, the device underwent a two-hour annealing
process in an argon atmosphere at 300 °C to eliminate the photoresistant residues and
potentially facilitate Ag diffusion into the underlying MoS, flakes, thereby reducing the
contact resistance [27].

2.2. Characterization

AFM (NTEGRA Spectra, NT-MDT, Moscow, Russia) and Raman spectroscopy (In Via
Reflex, Renishaw, Wotton-under-Edge, Gloucestershire, UK) instruments were employed to
characterize the height profile and composition of the vdW BJT. A semiconductor parameter
analyzer (B1500A, Agilent Technologies, Santa Clara, CA, USA) was used to investigate the
static characteristics of the device. The AC performance of the vdW BJT was measured using
an oscilloscope (DPO 7354C, Tektronix, Portland, OR, USA) and an arbitrary waveform
generator (DG4062, RIGOL, Beijing, China).

3. Results and Discussion

Figure 1a,b show the schematic diagram and the optical image of the vertically stacked
MoS, /WSe; /MoS, BJT. Here, the top MoS, sheet acts as the collector (C) while the bottom
MoS; sheet serves as the emitter (E). The multilayer WSe; sheet was designed for the base
(B) region. Figure 1c shows the height profile of the device. Apparently, the thicknesses
of bottom MoS,, middle WSe;, and top MoS,are 13 nm, 3.5 nm, and 63.9 nm, respectively.
To analyze the composition of the device, Raman spectra were obtained for the individual
2D materials as well as their overlap regions, as shown in Figure 1d. From the bottom
MoS,, Raman peaks at 383.7 and 408.8 cm ! can be observed. The two Raman peaks have
a relatively large separation of 25.1 cm ™!, confirming the multilayer nature of the MoS,
material [28,29]. The peaks at 249.8 and 258.3 cm ! for the WSe, flake are ascribed to the
E%g mode and the Ajg mode [30]. In addition, the Raman spectra of the three flake overlap
region are the sum of the Raman peaks of the MoS, and WSe;, flakes, thereby confirming
the successful fabrication of the vertically stacked heterostructure [31].

The static performance of the vdW BJT in common base mode was initially investi-
gated. In this case, the base was grounded, whereas the base—collector and base—emitter
junctions were separately reverse-biased and forward-biased. The band diagram of the
vdW BJT operating in the forward-active operating mode is depicted in Figure 2a. Figure 2b
shows the relationship between the base—emitter voltage (Vgg) and the emitter current
(Ig) at various fixed collector—base voltages (Vcg). With the increase in Vgg, the depletion
region of the base—emitter junction narrows, facilitating an enhanced diffusion of electrons
from emitter to base. Hence, I increased with a larger Vgg. Figure 2c¢ illustrates the output
characteristic of the vdW BJT. The Vg can effectively affect the collector current (I¢), since
it can influence the electrons diffusing from the emitter. The electrons were transferred
into the collector, constituting the main component of the I¢c. The common base current
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gain () was determined to be around 1.01 at Vgg = 5 V by calculating the ratio of Ic and
Ig. Figure 2d shows the output performance of the vdW BJT operating in common emitter
mode. At low Vg values, the collector current shows an approximately linear increase
with the V¢, indicating the saturation region of the device [13]. Beyond the saturation
region, changes in Vg have minimal impact on the Ic. Instead, the I¢ is primarily in-
fluenced by variations in Vpg. This region is defined as the active region of the device.
A maximum current gain (3 = Ic/Ip) of approximately 9 can be obtained at Vgg = 0.4 V
under the common emitter configuration, as shown in Figure 2d. It is noteworthy that the
MoS,/WSe; /MoS; BJT has a relatively low on/off ratio, which may be attributed to the
ultrathin base region. The negatively biased base—collector junction introduces an extra
electric field perpendicular to the base—emitter junction, thereby diminishing the device’s
on/off ratio [19,23].
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Figure 1. (a) Schematic illustration of the vdW BJT. (b) Optical microscope image of the vdW BJT. The
inside of the dashed brown square represents the three flake overlapped region. (c) Height profile of
the device. The dashed lines indicate the horizontal position of the steps. The inset illustrates the
corresponding AFM image. (d) Raman spectra of the bottom MoS;, middle WSe,, top MoS,, and
MoS, /WSe, /MoS, three flake overlap regions.

Since the device showed excellent static performance, the AC characteristics of the
vdW BJT operating in common emitter mode were investigated. The schematic diagram of
the electrical connection is shown in Figure 3a. Here, a DC voltage (Vgg = 5.8 V) and a small
AC voltage (v;) were applied to the base—emitter junction. The base—collector junction was
reverse-biased by connecting the collector to another power supply (Vcg = 34 V) through
a load resistor (R, = 22 M(Q)). An oscilloscope was used to monitor the input and output
waveforms of the device in real time. Figure 3b illustrates the time domain characteristics of
the device operating at 1 Hz. Here, an AC voltage v; with an amplitude of 0.2 V is superim-
posed on the Vgg, which causes the voltage applied on the base-emitter junction to fluctuate
sinusoidally above and below its DC bias level. The resulting variation in Iz causes the
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output current change. Therefore, an output AC signal with an amplitude approximately
3.5 times higher than the input AC signal can be observed in the collector region.

(2) (b)
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Figure 2. (a) Band diagram of the vdW BJT operating in forward-active operating mode. The orange,
green, and blue areas indicate the emitter, base, and collector region of the device, respectively.
(b) The relationship between Ig and Vgg at various fixed Vg values. (c) The relationship between I¢
and Vg at various values of Vgg. Inset shows « as a function of V¢p at a fixed Vgg =5 V. (d) The
relationship between I and V¢ at various fixed Vg values. Inset shows 3 as a function of Vg at a
fixed Vgg =04 V.

The time domain characteristics of the vdW BJT operating at other frequencies were
also investigated. The representative results, such as for the device operating at 50 Hz and
1 kHz, are shown in Figure 3c,d. It is worth mentioning that the voltage in the collector
region was higher than that in the base region throughout the experiment, which indicates
that the BJT remained in forward-active operating mode at all times. Figure 4a summarizes
the common emitter voltage gain versus the operating frequency. With the increase in
operating frequency, the amplitude of the output voltage signal gradually decreases until
the voltage gain falls to unity at 200 Hz, indicating that the device has voltage amplification
capability in the 0-200 Hz region. Figure 4b illustrates the phase response of the device.
The output signal at the collector region is 180° out of phase with the input signal in the
low-frequency range. As the operating frequency increases, the relative phase between the
input and output signals begins to shift until the output signal is in phase with the input
signal at 2.3 kHz.

Further, the frequency response of the 3 value can be evaluated according to the
time domain characteristics of the device operating at different frequencies, as illustrated
in Figure 3b—d. Here, the output current (ic) of the device can be determined from the
output signal (u,) by applying the formula ic = (Vcg — uo)/Rp. As the operating fre-
quency continuously increases, the amplitude of ic is unchanged at first and then gradually
decreases when the operating frequency exceeds 1 Hz. However, the input current (i)
is almost unaffected by the operating frequency. Therefore, the 3 value changing with
the frequency is consistent with the trend of ic changing with the frequency; that is, it
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decreases as the operating frequency increases. In addition, to investigate the repeatability
of the AC performance of the device, several other vdW BJTs with similar configurations
were fabricated and investigated. All devices exhibited similar AC characteristics. The
typical test results are shown in Figure S1 of the Supplementary Materials. The perfor-
mance of the 2D-material-based n-p-n BJTs reported in the literature is summarized in
Table 1 [14,18-20,23,25].
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Figure 3. (a) Schematic diagram of the electric connection of the vdW BJT in common emitter mode.
(b—d) Time domain characteristics of the vdW BJT operating at 1 Hz, 50 Hz, and 1 kHz, respectively.
The yellow area demonstrates the relative phase between the input and output signals during one
cycle of the sinusoidal signal.
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Figure 4. (a) The frequency response of the device. The red star represents the frequency correspond-
ing to a voltage amplification of 1. (b) The phase response of the device. The red star represents the
frequency when the input and output signals are in phase. The green dots represent experimental

test results and are connected by orange lines.
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Table 1. Comparison of device performance results between this work and various previously
reported 2D-material-based n-p-n B Ts [14,18-20,23,25].

Materials Structure On (i LX; ent « (DQC) B (DO) Cutoff (l;;‘z)quency Vg;l:?fe Ref.
MoS, /WSe; /MoS, Vertical 0.67 1.01 9 ~200 3.5 This work
MoS, /WSe; /MoS; Vertical 0.001 0.97 12 / / [19]
MoS, /WSe, /MoS, Vertical 0.054 ~1 150 / / [18]

MoTe, /GeSe/MoTe, Vertical 0.014 0.95 29.3 / / [25]
WS, /GeSe/WS, Vertical 7.48 1.11 20.7 / / [23]
MoS, /WSe2/MoS, In-plane 0.001 / 3 / / [20]
MoS, /BP/MoS, Lateral 0.06 0.98 41 / / [14]

4. Conclusions

In summary, a vdW BJT was fabricated by vertically stacking MoS,, WSe,, and MoS;
flakes in sequence. The static characteristics of the device were investigated in common
emitter and common base modes, demonstrating excellent current modulation and satu-
ration characteristics. The AC performance of the device in common emitter mode was
also investigated. A phase inversion from output to input with a maximum voltage gain of
around 3.5 was obtained in the low-frequency range. As the operating frequency increases,
the voltage gain gradually decreases to unity at 200 Hz and the relative phase between the
input and output signals gradually changes to 0° at 2.3 kHz. This work demonstrates the
AC characteristics of the vdW BJT and experimentally proves the device’s ability to process
alternating signals. If the issues of device array fabrication and device-to-device variation
can be further addressed, this will significantly promote the application of vdW BJTs as
neuromorphic devices and wearable healthcare devices.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390 /nano14100851/s1: Figure S1. (a) Optical microscope image
of the MoS, /WSe; /MoS; BJT. (b—d) Time domain characteristics of the device operating at 1 Hz,
100 Hz, and 1 kHz, respectively. (e) The frequency response of the device. (f) The phase response of
the device.
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Abstract: The graphene adjustable-barriers phototransistor is an attractive novel device for potential
high speed and high responsivity dual-band photodetection. In this device, graphene is embedded
between the semiconductors silicon and germanium. Both n-type and p-type Schottky contacts
between graphene and the semiconductors are required for this device. While n-type Schottky
contacts are widely investigated, reports about p-type Schottky contacts between graphene and the
two involved semiconductors are scarce. In this study, we demonstrate a p-type Schottky contact
between graphene and p-germanium. A clear rectification with on—off ratios of close to 103 (£5 V)
and a distinct photoresponse at telecommunication wavelengths in the infrared are achieved. Further,
p-type silicon is transferred to or deposited on graphene, and we also observe rectification and
photoresponse in the visible range for some of these p-type Schottky junctions. These results are an
important step toward the realization of functional graphene adjustable-barrier phototransistors.

Keywords: phototransistor; GABT; graphene; p-type; silicon; germanium; high responsivity; high
speed; dual-band; photodetection

1. Introduction

High-speed photodetectors are a key building block in fiber optic communication
systems, which primarily operate in the wavelength range from 1.3 to 1.55 um [1]. Such
devices are the main components in several applications such as long-haul data transition,
local area networks, board-to-board, chip-to-chip, and intrachip interconnects. Photodiodes
currently dominate the field of high-speed photodetection in the infrared wavelength range
at telecommunication standards. Bandwidths of 170 GHz and responsivities of 0.27 A W~!
have been demonstrated with indium phosphide (InP) based photodiodes [2]. In 2021, the
ultimate and benchmark photodetector performance was achieved with a p-i-n photodiode
based on epitaxially grown germanium. A 3-dB bandwidth of 265 GHz and a responsivity
of 0.3 A W~! was verified [3]. Graphene (Gr) has also been employed for ultra-high speed
(500 GHz) and tunable photodetectors but with moderate responsivity [4]. Another special
feature of optical devices made of graphene is their potential absorption up to the THz
range through surface plasmon resonance [5]. Novel in-fiber graphene-based devices with
increased responsivities have also been reported [6]. Although today’s phototransistors
have higher sensitivity than photodiodes, their speed is lower. For example, a responsivity
of 107 A W~! has been demonstrated with a graphene-based phototransistor utilizing PbS
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quantum dots [7]. However, the bandwidth of this phototransistor is only 100 Hz. The
development of photodetectors with high responsivity and high speed in the visible and
short-wave infrared (SWIR) persists as a major challenge in optoelectronics. To tackle
this challenge, a novel device called a graphene adjustable-barriers transistor (GABT)
was proposed in 2022 [8]. The device can best be used as a high-performance dual-band
phototransistor (photo-GABT) with sensitivity in the infrared and visible spectral range [9].
In this application scenario, ultra-high responsivities above 108 A W~! and a high speed
with cutoff frequencies of more than 1 GHz are predicted [9]. Two device designs are
conceivable. The first is an n-Si/Gr/p-Ge structure, while the second is a p-Si/Gr/n-
Ge composition. As will be discussed later in this paper, the first design maximizes the
device’s speed at telecommunication wavelengths in the infrared and is, therefore, called
the IR configuration. In contrast, the second design allows for higher speeds at shorter
wavelengths in the visible range and is, therefore, termed the VIS configuration. Although
Gr/n-Ge [10,11] and n-Si/Gr junctions [12-15], which are part of the two photo-GABT
designs, are widely examined, this is not the case for Gr/p-Ge and p-5i/Gr. Nonetheless,
p-type Schottky junctions between Gr and p-Ge as well as Gr and p-Si are essential for
the device operation of the various photo-GABT designs. For the first IR configuration
with n-5i/Gr/p-Ge, the challenge is to fabricate a rectifying Gr/p-Ge junction. It is often
argued that there could be no rectification at such a junction due to the orientation of the
graphene and p-Ge work functions. This hypothesis seems to be confirmed by a study by
Song et al. [16]. On the contrary, a significant p-type Schottky junction behavior was found
even between n-Ge and graphene when Gr is grown directly on Ge [17]. This is attributed
to the n- to p-type conversion of the entire Ge substrate due to the formation of a large
density of acceptor defects during the graphene growth process. However, in this case,
the area of the junction was in the nanometer scale, which limits the current density and
application scenarios.

In the present study, we demonstrate for the first time a large area p-type Schottky
junction between Gr and p-Ge with Gr transferred to the semiconductor. Rectification
was observed for much larger device dimensions of up to 100 x 100 um?. For the VIS
configuration of the photo-GABT formed by a p-5i/Gr/n-Ge structure, a p-type Schottky
junction between Gr and p-Si is required. While such p-type Schottky diodes were fre-
quently implemented with Gr transferred on top of p-Si [18], investigations on devices
with p-Si transferred or deposited on top of Gr are missing. This is also addressed in
the present study. We will show I-V curves in the dark and under illumination for such
silicon-on-graphene Schottky diodes. A clear rectification and photoresponse are observed
for the selected p-Si/Gr devices. The Schottky barrier heights are deduced from I-V-T
measurements. These results are an important milestone in realizing the first graphene
adjustable-barrier phototransistor prototype devices.

2. Materials and Methods

Gallium-doped germanium wafers with a resistivity of 2-4 Ohm-cm (Siegert Wafer,
Aachen, Germany) were used as the substrate for the Gr/p-Ge devices. The thickness
of the p-Ge wafer is 500 pm. A cleaning procedure containing acetone, hydrogen per-
oxide, hydrofluoric acid, and RCA clean (Sigma Aldrich, Taufkirchen, Germany) was
applied to reduce organic and metallic impurities from the wafer surface. Silicon diox-
ide was deposited by chemical vapor deposition with a thickness of 100 nm. An area
of 50 x 50 um? was exposed from SiO, by photolithography and subsequent hydroflu-
oric acid treatment (5%, 3 min). The 100 nm thick tungsten metallization was realized
by photolithography, RF sputtering, and lift-off technique. Next, commercially available
monolayer graphene (Graphenea, San Sebastian, Spain) was transferred on top of p-Ge by
a poly(methyl methacrylate) (PMMA) assisted wet transfer approach. Another photolithog-
raphy was applied to pattern Gr using an oxygen plasma treatment. Finally, titanium and
aluminum were deposited on the backside of the substrate by electron beam evaporation.
A picture of the fabricated devices is shown in Appendix A (Figure A2).
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The p-5i/Gr test structure with the silicon transfer approach utilizes a silicon wafer
(Siegert Wafer, Aachen, Germany) and a thermally grown SiO, insulator. Tungsten and Gr
were produced and patterned with photolithography similar to the p-Ge/Gr devices. To
fabricate the transferred p-5i slice, a 500 um thick, single-side polished monocrystalline
silicon wafer (Siegert Wafer, Aachen, Germany) was covered with 10 nm of aluminum and
100 nm of ZnO:Al on the textured side of the wafer. The wafer was then annealed at 600 °C
for 5 min to form an Al back surface field. Afterward, the wafer was cut by wire sawing to a
size of 550 x 550 um? and transferred to the target location by means of micromanipulators.
Thereby, the polished side of the p-Si slice points toward the underlying graphene.

The p-5i/Gr devices with p-Si deposited on Gr utilize a similar base technology for
the framework (substrate + SiO, + W + Gr) as described above. However, p-5Si is sputter
deposited from a polysilicon target (5N, Boron, 0.5 Ohm-cm, FHR Anlagenbau, Ottendorf-
Okrilla, Germany). The fast annealing of p-5Si takes place in an RTP tool at 1273 K with a
heating rate of 2 K/s. The slow annealing is conducted in a furnace from ATV Technologie
GmbH (Vaterstetten, Germany) at 1273 K with a heating rate of 10 K/min. The top contact
consisted of Al/ZnO:Al and was brought up by photolithography.

The electrical characterization was conducted using a Keithley SCS 4200 semiconduc-
tor analyzer (Cleveland, Ohio, United States) connected to a vacuum probe station. To
illuminate the devices with a wavelength of 450 nm, a mounted GaN-LED with 23 mW/ cm?
maximum optical output power (Thorlabs GmbH, Bergkirchen, Germany) was used. The
input power at the device was monitored by a PM400K5 optical power meter from Thorlabs
GmbH. When illuminated with 1550 nm wavelength, a mounted LED with 260 mW/ cm?
maximum optical output power was used.

3. Results and Discussion
3.1. Design Considerations of the Proposed Photo-GABT and Its Potential Performance

Figure 1 shows the three-dimensional device architecture of the novel photo-GABT
device with the IR-(n-Si/Gr/p-Ge) and VIS configuration (p-Si/Gr/n-Ge). In the IR-design,
graphene is embedded between an n-type silicon top semiconductor with an increased
band gap of 1.1 eV and a p-type germanium bottom semiconductor with a low bandgap
of 0.67 eV. The illumination takes place through the transparent conductive front contact,
acting as drain electrode (D), and made of, e.g., ZnO:Al. A silicon dioxide layer is used to
isolate the square-shaped source metallization from bulk germanium.

o)

n-Si (p-Si) =220 Graphene

Figure 1. Structure of the photo-GABT’s IR configuration (VIS configuration) with a p-type (n-type)
germanium bottom semiconductor and an n-type (p-type) silicon top semiconductor. S—source,
D—drain, G—gate, hv—photon energy.

To explain the functionality of the new photo-GABT, we can look at the band diagram
of the device (Figure 2). In this configuration, an inverse band bending with a Schottky
barrier q®g at the valence band forms between the gate semiconductor p-Ge and graphene

80



Nanomaterials 2024, 14, 1140

(Figure 2a). Thus, this junction represents a p-type Schottky contact with barrier q®g,
while the n-Si/Gr junction is an n-type Schottky contact with barrier q®p. In the OFF-state
of the phototransistor, the large drain Schottky barrier q®p restricts the current across the
drain-source junction, as indicated by the small red arrow. Note that in this situation, the
drain-source voltage Vpg itself is not capable of modulating the graphene Fermi energy
level due to electrostatic screening by the thick depleted n-5i layer. This requires a drain
semiconductor thickness larger than 300 nm. The ON-state (Figure 2b) is triggered by
SWIR illumination. The light of, e.g., 1550 nm wavelength is transmitted through the n-Si
with a wider bandgap and then absorbed in the p-Ge gate semiconductor with a smaller
bandgap. Within the graphene/p-Ge space charge region, the absorbed light generates
electron-hole pairs, which are separated by the potential gradient of the Schottky junction.
Thus, electrons move toward and accumulate in graphene and also shift the graphene Fermi
energy level toward the conduction band Ec. This leads to a decreasing drain Schottky
barrier q®p, and the current across the drain-source junction increases (big red arrow,
Figure 2b). A similar shift of the Gr Fermi energy level and subsequent reduction in the
drain Schottky barrier height, triggered by a gate voltage instead of illumination, was
demonstrated for the barristor device [19]. Calculations indicate a potentially ultra-high
responsivity of 2.8 x 103 AW ! for the photo-GABT operation under SWIR illumination
(see Appendix A, Figure A1). Furthermore, the potential speed of the device is calculated to
be beyond 1 GHz (see Appendix A). Such a potentially high-speed and high-responsivity
device is unique amongst today’s photodetection technologies.

® Gr
—

(d)

Figure 2. Simplified band diagrams of the photo-GABT operation states for different cases/conditions
(a) SWIR operation in the OFF-state with the Schottky barriers ®g and ®p. (b) ON-state with infrared
illumination of 1550 nm wavelength. (c) VIS operation in the OFF-state with the Schottky barriers
@ and Pp. (d) ON-state with illumination at 450 nm wavelength.
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Apart from the outstanding responsivity and speed, another potential feature of
the photo-GABT is the possibility of dual-band operation independent of the configura-
tion. To be specific, the photo-GABT can also operate in the visible spectral range (VIS,
A =380-750 nm). For example, Figure 2c,d show the OFF- and ON-states of the photo-
GABT under 450 nm illumination, respectively. In this case, the roles of the semiconductors
are switched, and now n-Si acts as the gate, while p-Ge is the drain terminal. In the
OFF-state without illumination (Figure 2c), the negatively biased drain features only a
small hole current across the drain Schottky barrier ®p, as indicated by the thin blue
arrow. In the ON-state (Figure 2d), the blue light illumination of, e.g., 450 nm generates
electron-hole pairs within the n-Si gate semiconductor. These electron-hole pairs are then
separated in the n-Si/Gr space charge region, and the holes move toward graphene. The
accumulation of holes in Gr decreases the Fermi energy level toward the valence band,
and their drain Schottky barrier height q®p is also lowered. Thus, a large current across
this barrier is enabled, as indicated by the big blue arrow in Figure 2d. As the device
operation in the VIS range relies on hole transport, exhibiting lower mobility, the speed of
the photo-GABT might be slightly reduced compared to the operation in the SWIR range.
If the maximum speed is required in the VIS range, the device structure can be inverted
to the VIS configuration (p-Si/Gr/n-Ge), as already described in Ref. [9]. In this case, the
challenge is the fabrication of p-type Schottky contacts between p-Si on top of graphene,
while for the IR configuration (n-Si/Gr/p-Ge), p-type Schottky contacts for Gr on top of
p-Ge are required. In the following section, initial results on p-type Schottky contacts
between silicon, germanium, and graphene are presented.

3.2. p-Type Schottky Junctions for the Photo-GABT
3.2.1. Graphene on p-Germanium

The I-V plot of the Gr/p-Ge junction in the dark and under illumination with a
wavelength of 1550 nm is shown in Figure 3a. The black curve (dark I-V) reveals a clear
rectification with an on—off ratio at =5 V of approximately 5 x 10% (2.9 x 10%). The biasing
of the junction is illustrated in the inset of Figure 3a. Together with the measurement, this
verifies the p-type Schottky contact behavior. When illuminated with a wavelength of
1550 nm, a distinct photoresponse under the reverse bias of the Gr/p-Ge diode can be
observed. The responsivity of this non-optimized diode is approximately 1 x 10~4 A W—1.
The I-V curves were also measured as a function of temperature (see Figure 3b) in order to
extract the Schottky barrier height. Thereby, the diode current of a p-type Schottky diode is

described by [17]:
9(V—RsI)
I=—] (enkT — 1) 1)

where [ is the current, g is the elementary charge, V is the voltage applied to graphene, R
is the series resistance, n is the diode ideality factor, k is the Boltzmann constant, T is the
temperature, and Ij is given by the following equation:

Iy = AA*T?e~PBo/kT 2)

where A, A*, and Pp represent the junction area, the Richardson constant of the semi-
conductor, and the Schottky barrier height, respectively. A conventional Richardson plot
can be used to evaluate the Schottky barrier height by taking the natural logarithm of
Equation (2):

Ip\ « _ 9%PBo
l”(Tz) =In(AA") T 3)
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Figure 3. p-Type Schottky contact characterization of graphene on p-Ge (a) I-V curve of the Gr/p-Ge
Schottky junction in the dark (black curve) and under illumination with a wavelength of 1550 nm
(brown curve), dashed line represents the reference point for net photocurrent calculation, inset: bias-
ing of the junction. (b) I-V-T plot of the Gr/p-Ge junction measured in the dark. (c) Richardson plot
of the Gr/p-Ge junction with the extracted Schottky barrier height ®py and Richardson constant A*.

Figure 3c shows the Richardson plot of In(Iy/T?) versus 1000/ T. The barrier height
of the Gr/p-Ge junction is deduced from a linear fit to the data and represents 0.214 eV
(£0.02 V). This barrier height is comparable to Gr/n-Ge junctions where values between
0.2-0.3 eV have been reported [8,11]. The inset in Figure 3c illustrates the band bending
at the Gr/p-Ge junction with the Schottky barrier ®pj toward the valence band. The
Richardson constant is calculated to 4.85 x 10~* A-cm~2-K~2 which is consistent with
previous reports about Gr/n-Ge junctions [20]. The In(Iy/T?)—1000/T plot deviates from
linearity at very low temperatures which indicates a strong temperature dependence of
the barrier height. A decreased Schottky barrier at very low temperatures could also affect
the performance of the photo-GABT. However, as the targeted photo-GABT device should
perform well at increased temperatures (i.e., 293 K), the deviation from linearity at very
low temperatures can be neglected.

The net photocurrent of the Gr/p-Ge diode at a wavelength of 1550 nm is Inet = Ipnoto — laark

and represents 3.21 x 10~7 A at a voltage of +0.5 V (see dashed line in Figure 3a). This
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means that about 2 x 10° electrons are accumulating in Gr on the timescale of a millisecond.
This translates to a change in the Fermi energy level in Gr of 0.052 eV, and at the drain of the
GABT phototransistor with an n-Si top semiconductor, the current would increase by about
one order of magnitude. However, to fully turn on the photo-GABT, further improvements
are required to increase the photocurrent at the Gr/p-Ge junction. This could be achieved
by, e.g., passivation of the p-Ge surfaces and implementation of an aluminum-based back
surface field at the p-Ge back contact [21].

3.2.2. p-Silicon on Graphene

(A) Transfer method

As a first attempt to investigate the p-Si/Gr Schottky contact for the VIS configuration
of the photo-GABT, 550 um thick monocrystalline p-silicon is transferred onto Gr (see
methods section). Figure 4a shows the resulting test structure and biasing scheme with
p-Si illuminated through a transparent conductive oxide (TCO—here: ZnO:Al). Thereby,
graphene is insulated from the substrate through a SiO, layer. The I-V curves in the dark
and under illumination are illustrated in Figure 4b.

A distinctive rectification with an on—off ratio of 1.2 x 103 (mean 5.7 x 10 at +5 V)
could be observed for the p-type Schottky contact between p-5i and Gr. Unfortunately, the
current under illumination is the same as in the dark, which means that no significant pho-
toresponse could be verified for this device. To better understand the lack of a photocurrent
for the p-5i/Gr device, a reference p-Si/metal structure was fabricated and illuminated
from the front side and from the back side (see Appendix B, Figure A3). This reference
test structure reveals a much stronger photoresponse when illuminated from the back side.
When illuminated through the front side with a short wavelength of 450 nm, most of the
carriers are absorbed near the surface of the wafer. This indicates that there is a problem
with the diffusion of carriers from the front side to the back side of the wafer in case of
front side illumination. However, at least a slight photoresponse could be expected for the
p-Si/Gr junction under front side illumination as observed for the reference metal/p-Si
device (see Figure A3b). This slight photoresponse shown in Figure A3b also demonstrates
that the diffusion length in our p-Si wafers is higher than the wafer thickness of 500 um. It
can be speculated that an increased recombination at the wire-sawed surfaces of the trans-
ferred p-Si slice impedes any photoeffect for the p-Si/Gr device. The as-cut wafer’s front
side could also be a source of high recombination, especially when considering that most
of the blue light is absorbed near the surface. The boron-oxygen complex [22] could also
lead to high recombination in p-5i, which could substantially reduce photoresponse. Novel
p-Si transfer techniques based on silicon-on-insulator (SOI) wafers [11] with strongly re-
duced p-Si thicknesses and improved p-Si membrane surfaces might be suitable to strongly
increase the photoresponse of future devices.

The p-Si/Gr Schottky junction was also measured at different temperatures (Figure 4c)
to extract the Schottky barrier height from the Richardson plot (Figure 4d). A Schottky
barrier height of 0.37 eV (mean 0.3 eV) was drawn for the transferred p-Si/Gr junction. In
the literature, Schottky barrier heights between 0.18 eV and 0.47 eV for graphene transferred
on top of p-silicon have been reported [18,23,24]. Thus, with the present work, similar
barrier heights could be demonstrated for the first time for p-Si transferred on top of Gr.
The inset of Figure 4d shows the band bending at the p-Si/Gr junction which fulfills the
requirements for the photo-GABT.

(B) Deposition of p-Si

The second, more scalable approach to investigate the p-Si/Gr Schottky contact for
the VIS configuration (p-5i/Gr/n-Ge) of the photo-GABT is to deposit and crystallize
p-type amorphous silicon (p-a-Si) on top of graphene (see methods section). Thereby, p-a-Si
is deposited by RF-sputtering and crystallized through high temperature annealing at
1000 °C. Moreover, the annealing was either executed with a slow heating rate in a furnace
from ATV Technologie GmbH or with fast ramps in a rapid thermal processing (RTP) tool.
Figure 5 shows the I-V curves of p-5i deposited and crystallized on top of graphene. As
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can be seen, the I-V curves for the slow annealing process (Figure 5a) show a distinct
rectification with a p-type Schottky contact behavior between p-Si and Gr.
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Figure 4. Investigation of the p-Si/Gr junction utilized for the VIS configuration of the photo-GABT.
(a) Test structure for the evaluation of the p-Si/Gr p-type Schottky contact. (b) I-V curves of the
p-Si/Gr junction in the dark and under illumination. (c) I-V-T plot of the p-Si/Gr junction measured
in the dark. (d) Richardson plot of the p-Si/Gr junction with the extracted Schottky barrier height
®p( and Richardson constant A*.

However, a photoresponse in the reverse direction (blue vs. black curve in Figure 5a),
as required for the p-5i/Gr/n-Ge photo-GABT, could not be observed. Furthermore, even
if the reverse currently shows saturation, the I-V curve does not pass through the origin,
and the forward current is rather low. In contrast, the forward current for the fast RTP
anneal (Figure 5b) is much higher, and a distinct photoresponse in the reverse direction can
be observed. The shape of the curve also indicates a p-type Schottky contact between p-5i
and Gr. However, the reverse current of the RTP anneal curve shows no saturation so far.
The reason for the observed photoresponse in the case of the fast annealing could be an
increased crystalline volume fraction (see Raman spectra in Appendix B, Figure A4) for
the RTP material. It can be speculated that different crystallization dynamics lead to an
increased crystallinity for the material annealed with fast heating rates. Although currently,
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the fast annealing seems more promising toward a functional p-Si/Gr/n-Ge photo-GABT,
further optimizations are required to improve the p-Si/Gr junction.
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Figure 5. p-Si to Gr contact characterization for different p-Si deposition techniques (a) I-V curves of
the p-Si/Gr junction in the dark and under illumination for p-Si annealed with slow heating rates at
1000 °C in an ATV furnace. (b) I-V curves of the p-Si/Gr junction in the dark and under illumination
for p-Si annealed with fast heating rates at 1000 °C in an RTP furnace.

3.3. Comparison of Phototransistor Performances

Silicon bipolar phototransistors for the visible range are readily available on the market.
These Si npn phototransistors are comparable to those presented more than 20 years ago
by Dalla Betta et al., reaching responsivities close to 0.6 A/W at wavelengths of ~850 nm,
falling close to zero at ~1000 nm and showing a 3 dB bandwidth of 55 kHz [25]. In
the short-wavelength infrared, outstanding results have been shown recently for Si/Ge
waveguide phototransistors by Gao et al. [26], reaching responsivities at over 1000 A/W
and a 3 dB bandwidth of 1.5 GHz for a wavelength of 1550 nm. It can be noted that
even with such high responsivities, waveguide-based photodetection still requires light
to be coupled to the waveguide, with, e.g., a grating coupler, thus increasing the overall
insertion losses of this strategy. To improve the spectral range, responsivity, and bandwidth,
other materials have been investigated. Son Ko et al. [27] used InP Nanopillars directly
grown on Si, reporting a responsivity of 9.5 A/W and a bandwidth of 7 GHz for a 785 nm
wavelength. Han et al. [28] used a combination of organic semiconductor crystals and
nanoparticles to achieve a broadband responsivity over 1.2 x 10> A/W from 410 to 740 nm
in wavelength. Besides the CMOS incompatibility of organic semiconductors, the response
times are usually in the ms range. Thus, very low bandwidths are expected. 2D materials
have also been investigated as phototransistors. Xu et al. [29] reported a responsivity of
~2.5 x 10* A/W for dual gate phototransistors based on WSe,. Moudgil et al. [30] used
In,S3 on Si, achieving a responsivity of 12 A/W and 41 A/W for illumination at 405 nm and
800 nm wavelengths, respectively. Using black phosphorous (BP) on Si-doped Ga;03, Chen
et al. [31] reported a responsivity of 2390 A/W and 0.53 A/W under 254 nm and 808 nm
illumination, respectively. A p-WSe;/n-Ge heterojunction transistor was investigated
by Li et al. [32], which achieves responsivities of 55 A/W, 95 A/W, and 120 A/W at
illuminations of 405 nm, 1310 nm, and 1550 nm, respectively. The aforementioned 2D
approaches mainly used exfoliated sheets, which are known to lack upscaling fabrication
capabilities. Furthermore, the reported response times range from ps to s, and thus, limited
to very limited bandwidths are expected. Further information on photodetection based on
graphene transistors can be found elsewhere [33]. In the specific case of the dual barrier

86



Nanomaterials 2024, 14, 1140

Si/Gr/Ge phototransistor (photoGABT) approach, a plausible advantage is the possibility
of the direct growth of Gr on Ge reported by several research groups [34-36]. In addition,
analytical calculations (see Appendix A) show that bandwidths in the GHz range could be
expected. A comparative table of selected phototransistors is shown in Table 1.

Table 1. Comparison of phototransistor performances for various transistor architectures. Last row is
marked in grey and represents “proposed in this work”.

. Responsivity . CMOS

Ref. Phototransistor Type (AW-1) Spectral Range Bandwidth Compatibility
[25]  Sinpn 0.6 (at 850 nm) Broadband (400-1000 nm) 55 kHz High
[26]  SiGe waveguide 1032 IR (1550 nm) 1.5 GHz High
[27]  InP nanopillars on Si 9.5 Visible (785 nm) 7 GHz Medium
[28]  Organic semiconductors 1.2 x 10° Broadband (410-740 nm) Limited Low
[29] WSe; on hBN 2.5 x 10* Visible (532 nm) Limited Low
[30] InySesz on Si 41 (at 800 nm) Broadband (405-800 nm) Limited Low
[31] BPon Gay0Os3 2390 (at 254 nm) Broandband (254-808 nm) Limited Low
[32] WSe; on Ge 120 (at 1550 nm) Broadband (405-1550 nm)  Limited Low

Double barrier Si/Gr/Ge 2.8 x 108 Broadband (532-1550 nm) 25 GHz Medium

4. Conclusions

As a prerequisite for the novel, potentially high-performance graphene adjustable-
barrier phototransistor, p-type Schottky contacts between graphene and p-Ge or p-Si are
required. In this study, we demonstrate a rectifying p-Ge/Gr p-type Schottky junction
with a significant photoresponse at telecommunication wavelengths of 1550 nm, which
is against theoretical expectations. The Schottky barrier height for the Gr/p-Ge diode
is determined to be 0.214 eV. Furthermore, the transfer and deposition of p-5Si on top of
graphene have also been investigated. We found a rectifying behavior for all studied
p-Si/Gr test structures. The mean Schottky barrier height for the transferred p-Si on Gr
devices is 0.3 eV. A distinct photoresponse at a wavelength of 450 nm is observed for the
p-Si/Gr junction when p-Si is deposited and crystallized at 1000 °C in a rapid thermal
processing tool. These results pave the way for the realization of first functional graphene
adjustable-barrier phototransistor devices.

5. Patents
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Appendix A

Calculation of main photo-GABT device metrics
The calculated output currents of the new n-Si/Gr/p-Ge photo-GABT in the dark
and under 1550 nm illumination (50 uW) are shown in Figure Al. High output currents
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above 10* A/mm? are achieved under SWIR illumination. The high output current density
is derived from the following considerations. The number of photons from a SWIR laser
(1550 nm, 50 uW, 1 mm?, 1 ms) impinging on the phototransistor can be calculated as
3.9 x 10'!. Assuming a moderate external quantum efficiency of 37%, this results in about
1.4 x 10! electrons moving to the graphene. The charge carrier-induced increase in the
Fermi level in graphene can be calculated to 0.44 eV using the relationship
AEp = hvpy/7mn [19] with the Dirac constant £, the Fermi velocity of graphene vr and
the charge carrier density n. Furthermore, in the initial state the graphene/n-silicon Schot-
tky barrier height is 0.49 eV [12] and then decreases to 0.05 eV due to the SWIR illumination.
If one now takes the diode equation for the thermionic emission via the Schottky barrier
with q®p =0.05eV:

o pAkEk2 _@ qVDS _
J=A Texp( kT)[exp(nkT) 1] (A1)
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Figure Al. Calculated drain current density in the dark (grey curve) and with 50 pW illumination of
1550 nm (red curve).

With A** being the Richardson constant (120 A cm~2 K2), T being the tempera-
ture, and k being the Boltzmann constant. Then, a reverse saturation current density of
1.4 x 10* A/mm? is calculated. This corresponds to the illumination-induced ON-current
as observed in Figure Al (red curve). Currents of this magnitude are indeed predicted for
germanium-based GABTs [8]. This means that about 1 x 102 electrons per millisecond
flow across the drain Schottky barrier, and, based on the incoming photons, there is an
ultra-high gain of about 2.5 x 10® and a responsivity of 2.8 x 108 A W1 at this operating
point. This would be amongst the highest reported gains of photodetectors.

Moreover, the speed of such a Schottky barrier-based phototransistor is determined
by the transit time of the carriers through the depletion layer, the sheet resistances, the
resistance of the bulk material, and the capacitance of the junction. The electron transit
time 7, can be calculated from the relation [37]: 1, = d/vs, with d the thickness of
the space charge region, and v the saturation velocity. The latter is 1 x 107 cm/s and
0.6 x 10”7 cm/s for electrons in silicon and germanium, respectively. In order to absorb
about 40% of light in p-Ge (see required EQE), a minimum p-Ge thickness of about 1 um
can be derived from Lambert-Beer’s law. The calculated space charge region thickness
of a Gr/p-Ge junction is also about 1 um if a slightly negative voltage of about —0.5 V is
applied to the gate. In this case, the device operation only relies on a fast drift process as no
carriers must slowly diffuse toward the depletion region. In addition, as already discussed
above, the minimum n-Si thickness corresponds to 0.3 um. Thus, a good approximation
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for the minimum required space charge region thickness an electron must travel in total
through the device is d = 1.3 um. This yields a 7,; ~ 20 ps and a cutoff frequency of
51 GHz. Furthermore, based on the capacitance C per unit area and the sheet resistance Rs,
the frequency response of a Schottky detector can be calculated [37]:

3

= R.C12 (A2)

We

with w. being the 3-db cutoff frequency and b being the width of the device. With a
capacitance of about 7.5 x 1073 F/m? [38] (area 4 x 10~* cm?), a total resistance of 50 Ohm,
and a device width of 10 um, a cutoff frequency f. = w./27 ~ 25 GHz seems feasible. This
cutoff frequency is of the same order as the cutoff frequency obtained from transit time
considerations. Thus, the photo-GABT potentially offers a very high bandwidth.

Image of the Gr/p-Ge devices

In Figure A2, the top view of eight individual Gr/p-Ge devices is illustrated. We
use a 100 nm thick underlying SiO, layer to realize a good optical contrast in order to
visualize the graphene layer in the optical microscope. Thereby, Gr is patterned to islands
of 350 x 350 um? by O,-plasma.

Graphene
P P

Si0, \

50x50pum

Figure A2. Optical microscope image of eight 50 x 50 um? Gr/p-Ge devices.

Appendix B

A reference device that resembles the p-Si/Gr structure (see Figure 4a) was fabricated.
Figure A3 shows the design of this test structure. The 550 um thick p-type silicon wafer
is metalized from the back side through a shadow mask. The size of the metal contact
is of the same order as the transferred p-Si flake of the device shown in Figure 4a). It
can be assumed that the metal /p-Si contact (see Figure A3a) approximately resembles the
semi-metallic graphene/p-Si contact of the test structure in Figure 4a. The front contact
of the test structure consists of a full area Al/TCO deposit. Next, the p-Si/metal device is
illuminated from the front side and from the back side via a 450 nm LED. The I-V curves
of the p-Si/metal test structure are shown in Figure A3b. It can be seen that a strong
photoresponse is present under back side illumination even though the metal contact
is non-transparent. Thus, a strong lateral diffusion of photo-induced carriers must be
available. However, under front side illumination, only a very low photoresponse could be
observed. As most of the light of 455 nm wavelength is absorbed near the surface of the
wafer, this indicates an insufficient diffusion of carriers from the front to the back side of
the p-Si wafer.
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Figure A3. p-Si/metal reference device under front and backside illumination (a) Cross section of
a test structure and the measurement setup for the evaluation of front and back side illumination.
(b) I-V curves of the p-Si/metal test structure in the dark (black curve), under front illumination
(light blue curve), and under back side illumination (dark blue curve).

Raman measurement of sputter deposited and annealed p-Si

The Raman spectra of sputter deposited and crystallized p-Si were measured for mate-
rial annealed fast (RTP) and slowly (ATV) at 1000 °C. Figure A4 shows the corresponding
curves with a distinctive peak at 520 cm !, which can be attributed to the crystalline phase
of p-Si. The Raman spectra demonstrate that both the materials that were annealed with
fast (2 K/s) and slow (10 K/min) ramps were successfully crystallized. However, the
Raman intensity for the RTP material is almost double as high as for the ATV material.

We attribute the increased Raman intensity to an increased crystalline volume fraction
of the RTP material. This could be due to different crystallization dynamics when annealed
with fast ramps compared to slow ramps.
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Figure A4. Raman spectrum of sputter deposited p-Si annealed at 1000 °C with a rapid thermal
processing (RTP) treatment (red curve) or with a slow process in an ATV furnace (orange curve).
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Abstract: In this study, a self-powered broadband photodetector based on graphene/NiO/n-Si was
fabricated by the direct spin-coating of nanostructured NiO on the Si substrate. The current-voltage
measurement of the NiO/Si heterostructure exhibited rectifying characteristics with enhanced pho-
tocurrent under light illumination. Photodetection capability was measured in the range from 300 nm
to 800 nm, and a higher photoresponse in the UV region was observed due to the wide bandgap
of NiO. The presence of a top graphene transparent conducting electrode further enhanced the
responsivity in the whole measured wavelength region from 350 to 800 nm. The photoresponse of the
NiO/Si detector at 350 nm was found to increase from 0.0187 to 0.163 A/W at —1 V with the insertion
of the graphene top layer. A high photo-to-dark current ratio (~10%) at the zero bias indicates that the
device has advantageous application in energy-efficient high-performance broadband photodetectors.

Keywords: graphene/NiO/Si; nanostructure; heterojunction; self-powered; photodetector

1. Introduction

Photodetector devices have become a key component for environmental monitoring,
light wave communication, military applications such as missile plum detection, medical
treatment, and astronomical observation [1-8]. Instead of single-band detectors, broadband
photodetectors such as UV-visible, visible-infrared, and UV-visible-infrared photodetectors
are preferred in order to meet the ever-increasing multifunctional requirements. The forma-
tion of heterojunction between two materials is advantageous in terms of the suppression
of photocarrier recombination and can benefit from different materials” properties, thus re-
sulting in excellent stability, fast response/recovery time, high responsivity, and enhanced
external quantum efficiency [9-12]. Wide-bandgap metal oxides such as TiO,, NiO, WOs,
Gay03, Zn0O, InO, Iny O3, SnO,, and their heterostructures with existing semiconductors
are also promising for such a wide range of photodetection and sensing application [11-16].
The advances in theoretical studies with well-supported experimental results further im-
prove the extended application of metal oxide-based systems [14,15,17]. In addition, high
thermal and chemical stability, easy chemical modification, and the availability of both
the p-type and n-type lead to the stable operation of metal oxide-based heterojunction in
light harvesting, gas sensing, photovoltaics, and photodetection [18-20]. Among them,
NiO has a wide bandgap (3.4—4.3 eV) and can fulfill such requirements in combination
with Si, as reported previously [13,21,22]. Thermal/UV oxidation, e-beam evaporation,
RF-magnetron sputtering, pulsed laser deposition, and chemical processes are mainly used
to prepare the NiO [23-27]. It was reported that the NiO prepared by a cost-effective
sol-gel process has a high performance due to its damage-free construction compared to
RF sputtering and others. Parida et al. [27] demonstrated the rectifying characteristics
of the nanostructured NiO/p-Si diode showing a photoresponse at wavelengths of 385,
515, and 620 nm. The responsivity of the NiO/Si diode was subsequently enhanced by
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Zhang et al. using the P (NiO) and n-Si (111) structures, showing the broadband detection
from 350 to 600 nm [28]. In another study, Kuru et al. investigated the enhancement of the
graphene/Si solar cell using NiO doping [29]. On the other hand, Yang et al. enhanced
the power conversion efficiency of the dye-sensitized solar cell using the graphene/NiO
composite film and suggested that the loss of photogenerated holes in NiO is due to its low
intrinsic electric conductivity and hole diffusion coefficient [30]. Kim et al. reported the
high performance of perovskite solar cells by enhancing the electrical conductivity of NiO
via copper doping [31]. In this respect, the photoresponse of such a device fabricated using
NiO needs a good carrier collecting layer which can enhance the carrier separation and
extraction rate.

A 2-dimensional honeycomb array of a carbon atom, i.e., graphene, has been used as a
transparent conducting layer in various optoelectronic and photovoltaic devices, due to its
high conductivity, high optical transmittance, and low sheet resistance, thus replacing the
expensive transparent conducting metal oxide layer [32,33]. The broadband absorption,
ease of functionalization, controlled fabrication process, incorporation of nanomaterials,
and formation of heterostructures with existing semiconductors and 2D layers result in
the exciting performance of the graphene-based devices [34-37]. In this study, we have
used graphene as a transparent conducting electrode on a NiO/Si heterostructure. The
responsivity of the NiO/Si photodiode increased by more than one order by using graphene
for all the measured regions at wavelengths of 350-800 nm. The photodiode exhibited a high
response at the zero bias, clearly indicating the self-powered performance; furthermore,
with increasing bias voltage, the responsivity was increased significantly, which can be
attributed to the efficient carrier collection enabled by the graphene top layer.

2. Experiment

The NiO nanoparticles are prepared by a sol-gel process [27]; briefly, Ni(NO3),-6H,O
(0.5 mol) was dispersed in 100 mL of deionized (DI) water, and the PH was adjusted to 10
by adding a NaOH solution. When the obtained green solution had been stirred for 5 min,
Ni(OH), precipitated on the bottom of the flask and was thoroughly washed five times
with DI water. The collected green precipitate was dried at 80 °C overnight and ground
using a mortar and pestle. Finally, the product was calcinated in a hot tube furnace for 3 h.
A prepared nanopowder was mixed in water assisted by sonication for 20 min, and then
spin-coated in n-Si [100] with a resistivity of 1-10 () cm and annealed for 10 min at 200 °C.
The spin-coating process was repeated three times to obtain the desired thickness. Before
spin-coating, the Si samples were cleaned with acetone, methanol, IPA, and DI rinse water,
each for 5 min. The native SiO, was removed using a buffer oxide etchant, and finally,
inorganic particles were removed using a piranha solution (1:1, HySO4:H,0O5). Afterward,
the graphene was transferred to the NiO/Si sample using a PMMA sacrificial layer. In
brief, the PMMA was spin-coated on graphene which was grown on a copper foil and
annealed for 5 min at 200 °C. Further, the back-side graphene was removed using 1 M
nitric acid solution for 3 min. The copper foil was dissolved completely using ammonium
persulfate solution for ~7 h. Further, the PMMA /graphene stack was cleaned with DI
water three times, for 20 min each time. Later, the PMMA /graphene stack was transferred
to the NiO/Si and allowed to dry naturally; afterward, the sample was annealed for 30 min
at 200 °C. Finally, the PMMA was removed by dipping the sample in acetone at 60 °C
overnight. By completing the graphene transfer, the back and front contacts were made
by an InGa eutectic solution and silver paste, respectively. The schematic diagram of the
NiO/Si and graphene/NiO/Si diodes is shown in Figure 1a. Figure 1b shows the Raman
spectroscopic measurement of the graphene. Three graphene-related Raman peaks were
found around wavenumbers 1580, 2668, and 1340, corresponding to the in-plane vibrational
mode G peak, the double resonant 2D peak, and the defect-induced D peak. The calculated
intensity ratio of the 2D peaks shows a value higher than unity, implying the monolayer
nature of the graphene. The thickness of the NiO was confirmed to be 120 nm by SEM
measurements, as shown in Figure 1c.
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Figure 1. (a) Schematic diagram of the fabricated NiO/n-Si diode without (left) and with the
graphene layer (right); (b) Raman spectroscopic measurement of graphene; (c) SEM image of NiO on
the Si substrate for thickness measurement.

The current-voltage (I-V) under dark and illuminated conditions was measured using
a 2400 Keithley source meter (Tektronix, Seoul, Republic of Korea) in combination with
a Bentham SSM150Xe switching monochromator (Bentham, Seoul, Republic of Korea).
The transmittance/absorbance of NiO film was measured using a UV /VIS spectrometer
(model: JASCO ARSN-917) with the spin-coated NiO on both sides of the polished sapphire
substrate. An FESEM image was taken to confirm the nanostructure of the NiO on the
sapphire substrate. All electrical characteristics were measured at room temperature and
normal ambient conditions.

3. Results and Discussion

Figure 2a shows an FESEM image of the NiO nanoparticles spin-coated on both sides
of the polished sapphire substrate, illustrating that the NiO nanoparticles were uniformly
distributed across the substrate. The size of the NiO nanosheets being lower than 100 nm
was confirmed as in the previous study [27]. The 23 nm of RMS roughness of the spin-
cast NiO observed from the AFM image indicates that the NiO nanosheet has a mean
thickness higher than that of 23 nm, as shown in Figure 2b. The XPS spectra of the NiO
before and after graphene transfer, as presented in Figure 2¢, shows the two distinct Ni
2p®/2 and Ni 2p'/2 peaks observed at around 855 and 873.2 eV, respectively; in addition,
their corresponding satellite peaks observed at a slightly higher binding energy for the
NiO nanoparticles confirms that the NiO quality remains the same after the graphene
transfer process [38—40]. Figure 2d shows the transmittance spectra of the spin-coated
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NiO nanoparticles on both sides of the polished sapphire substrate from 300 to 800 nm
by considering both sides of the polished sapphire substrate as a reference baseline. The
transparency of NiO is much higher in the visible region and shows a gradual increase in
transmittance with increasing the wavelength towards the near-infrared region. However,
the transparency sharply dropped towards the lower value in the UV region, due to the
absorption of light from the higher energy level. Figure 2e shows the absorption spectra of
the NiO nanoparticles spin-coated on both sides of the polished sapphire substrate. The
absorption increases exponentially when it enters into the UV region (i.e., for lower than
350 nm). This drastic increase in absorption is due to the strong bandgap absorption from
the NiO layer, where the energy of the incident photon lies near or higher than the bandgap
of NiO [41]. In order to calculate the bandgap energy of NiO, we further plotted the (xhv)?
versus energy (eV) curve (Tauc plot) and fitted the linear region as shown in Figure 2f. This
confirms the corresponding bandgap energy of 3.57 eV that falls on the bandgap region of
the NiO (3.4-4.3 eV) reported by various previous studies [13,21,22].
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Figure 2. (a) FESEM image of the NiO nanoparticles coated on the Si surface; (b) AFM image of
the NiO nanoparticles; (c) XPS analysis of the NiO nanoparticles before and after the graphene
transfer; (d) transmittance spectra and (e) absorption spectra of the NiO coated on both sides of the
polished sapphire substrate as a baseline; and (f) Tauc plot of the NiO nanoparticles with linear fitting
(red line).

Figure 3 shows the current-voltage (I-V) characteristics measured from the NiO/Si (a)
and graphene/NiO/Si (b) diodes in the range of —5 to +5 V under dark conditions and
with the illumination of 350 nm. The I-V characteristics curve under dark and illuminated
conditions shows clear rectifying properties. Around four orders of the rectification ratio
were measured at the forward and reverse bias of 1 V. A low reverse leakage current
and a high rectification ratio were observed in comparison to the previous studies on the
NiO/Si diode, NiO fabricated by UV oxidation, and sputtering techniques [24,42]. A dark
current at 0 V was observed in the range of tens of nano-amperes and gradually increased
with increasing the reverse voltage. Further, the increase in the reverse current with the
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illumination of light at a wavelength 350 nm implies that the UV illumination-induced
current was added to the external circuit. The use of graphene on the top of the NiO/Si
diode shows a further increase in the total amount of photocurrent in comparison to the
device fabricated by using NiO/Si only. For the illumination of light at a wavelength
of 350 nm, the photocurrent typically increased from 14 pA to 73 pA in the diode with
graphene as the top electrode. The higher conductivity of graphene seems to be much
more supportive for the collection of the carrier generated by an incident photon before
the electron-hole pair recombination. Figure 3c represents the I-V characteristics of the
graphene/NiO/Si photodetector under dark and 300 to 800 nm of illumination with an
interval of 50 nm. The enhanced photocurrent under illumination confirms the broadband
photodetection characteristics of the fabricated device.

(b) (c)
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Figure 3. Current-voltage (I-V) characteristics of the (a) graphene/NiO/Si and (b) NiO/Si diodes
under dark and illuminated (350 nm) conditions; (c) I-V characteristics of the graphene/NiO/Si
photodetector under various illumination wavelengths.

Further, the responsivity of the photodiode was calculated by using the relation
R = (Lpnoto — Laark)/ Pinc where L, is the photocurrent, Iy is the dark current, and Py, is
the incident optical power. Here, in our measurement system, the incident optical power
was measured as 1.68, 2.31, 3.21, 3.84, 3.61, 3.2, 2.69, 2.1, 1.91, and 1.45 mW /cm? for 350,
400, 450, 500, 550, 600, 650, 700, 750, and 800 nm, respectively. Figures 4a and 4c show
the calculated photoresponse values from 350 nm to 800 nm with an interval of 50 nm
for the graphene/NiO/Si and NiO/Si photodetectors, respectively. The high responsivity
of the graphene/NiO/Si diode in comparison to the NiO/Si diode might be due to the
enhanced carrier separation and collection through a fully spanned top graphene elec-
trode [43,44]. The responsivity in terms of wavelength for the graphene/NiO/Si diode
shows a decrease in responsivity from higher to lower wavelength regions, which is a
similar trend observed by previous groups [27,45]. Different from those previous studies,
we observed some elevation in the responsivity curve when it enters the UV region. The
variation in the responsivity might be due to the band edge of the materials used. A
sharp elevation in responsivity for each measured wavelength was observed for the device
containing a graphene top electrode. The amount of responsivity gets reduced when the
wavelength reduces, according to the relation R = % where R is the responsivity, 7 is
the quantum efficiency (QE), and A is the wavelength in um. The modified form of the
previous equation was used to calculate the efficiency # = 1} ?ulrff of the photodetector.
Therefore, it seems that the plot of QE with respect to A might be valuable for the compara-
tive study. Figure 4b,d show the QE versus A plot of the graphene/NiO/Si and NiO/Si
photodetectors, respectively, which clearly shows an increase in the bias leading to the
higher QE. The higher QE of the NiO/Si photodetector in the UV region implied that the
NiO layer mainly contributed to the photocurrent generation. The insertion of the top
graphene layer further improved the QE of the device, as shown numerically in Figure 4b;
the graphene layer improved the QE from 1.18 to 19.5% at zero bias under the illumination
condition of 350 nm. The electron-hole pair produced during the illumination should be
collected before the recombination; in this sense, the graphene acted as the carrier transport
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layer and enhanced the device performance. The highest QE of about 20% at the zero
bias condition implies that the efficient self-operating device in the UV region was much
higher than previously mentioned. The single detector covering the broad spectral range is
promising for a low-cost optical communication system.
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Figure 4. The responsivity (a) and corresponding QE (b) of the graphene/NiO/Si diode, and the
responsivity (c) and QE (d) of the NiO/Si diode, at various reverse bias conditions.

Figure 5a shows the current on—off properties of both the NiO/Si and graphene /NiO/Si
diodes at zero volts from 350 to 600 nm with an interval of 50 nm. The photocurrent on—off
characteristics observed at 0 V refer to the self-operation of the device without applying any
external bias. The self-powered device responding to the broad spectral region has many
advantages in the field of energy-efficient optical communication, sensing, and detection.
Rapid electron-hole transport and a lower recombination rate were also essential to achieve
a high-performance photodetector. Here, by inserting the graphene as a transparent con-
ducting electrode, the value amount of collected photocurrent is increased for all measured
wavelengths. The stable switching response to various wavelengths was confirmed under
normal ambient conditions from 350 to 600 nm with repetitive on—off cycles. Furthermore,
the 50 repetitive on—off cycles were tested under 1 V of reverse bias with the illumination
condition of a 500 nm light source, as presented in Figure 5b. Consistent photoresponse
without any distortion was observed through all repeated cycles. Figure 5c shows the
on-off properties of diodes at the different biasing values of —1, —2, —3, and —5 V, where
the increase in photocurrent leads to an increase in the photoresponse value, although the
dark current also increased with respect to increasing the reverse bias voltage. Figure 5d
presents the current on—off ratio of the photodetector under the illumination of 350 nm
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and with a bias voltage ranging from 0 to —5 V. The current on—off ratio increases as the
applied reverse bias voltage is reduced. The highest on—-off ratio of ~10°% was observed at
0V, indicating the high switching ratio under self-powered conditions. The self-powered
operation of the NiO/Si photodetector can be understood clearly from the band diagram
presented in Figure 6. Once the p-type NiO comes in contact with n-5i, the band bending
occurs to meet the equilibrium position and fermi level aligned by the diffusion of the
majority of carriers to the lower concentration regions. The band bending at the interface
leads to the formation of a depletion region and a built-in electric field directed from the
Si to the NiO. Upon the illumination of light having an energy higher than the Si or NiO
bandgap energy, the electron and holes are generated and separated by the field present at
the interface. The photogenerated holes are moved toward the valence band of the NiO,
and the electrons are moved toward the conduction band of the Si and contribute to the
enhanced current in the external circuit. Under reverse bias conditions, the external electric
field is aligned with the built-in electric field and significantly increases the depletion
region, hence enhancing the carrier generation and increasing the photocurrent.
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Figure 5. Temporal current on—off characteristics measurement of the (a) NiO/Si and graphene/
NiO/Si diodes under a zero bias condition; (b) the 50 times-repeated cycle of the graphene/NiO/Si
diode at —2 V bias under 500 nm illumination; (c) the on-off response with various reverse bias
conditions from 350 to 600 nm; (d) the current on—off ratio under the illumination of 350 nm light at
various bias conditions.

Detectivity, one of the most important merits of photodetection, signifies the minimum
signal of a photon that can be detected by the photodetector and is given by the following

1
relation [46,47]: D = AziRl where A is the active area of PD, g is the unit electronic charge,
(29Ip)2

99



Nanomaterials 2024, 14, 551

and Ip is the dark current. Under 350 nm of illumination, the detectivity of 1.66 x 1012,
2.71 x 101, 2.23 x 101, 1.98 x 10, and 1.78 x 10! cmHz!/2W~! was observed at biases
of 0, —1, —2, —3, and —5V, respectively. The decrease in the detectivity of the photodetector
with increasing the reverse bias voltage corresponds to the effective increase in the dark
current in comparison to the photocurrent. Maximum detectivity of the photodetector at
0V signifies the efficient operation under self-powered conditions. The conductivity of
NiO nanoparticles by doping, or by optimizing the device structure for the performance of
the graphene/NiO/Si diode, can be improved further [47-52]. In our study, we discuss
fruitful information about the graphene conducting layer’s effects on the NiO/Si diode,
which provides essential information for future investigation. The photodetection charac-
teristics and parameters of the NiO/Si photodetectors along with the previous studies are
summarized in Table 1 [53-61].

e 2\
—ﬂ
1
1

E,=357eV |

- E =112V
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Figure 6. The energy band diagram of the NiO/Si heterojunction.

Table 1. Comparison of the NiO/Si photodetectors with previous studies.

Responsivity Dark Wavelength ) Detectivity Bias

PD (A/W) Current (A) (am) Photocurrent Trise () Tean (s) (cmHZ2W-1) W) Ref.
Al/NiO/Si/Al 0.7 NA 330 NA NA NA 63 x 1012 -3 [53]
NiO/n-Si Nz)o'l%@é%\\’/ NA 290 NA NA NA NA 0 [45]
Né{%;%g s 01561V 3.9 x 108 385 71 % 107 05 NA NA -3 27
Au/NiO/Si MSM ~6.5 2.32 pA 365 NA 0.1 NA NA 5 [54]
Au/NiO/Si MSM 45 ~5 1A 365 NA 226 ms 200 ms NA 5 [55]

Ag/Zn:NiO/p- ~13 pA cm~? Y 2.3 x 101 _
Si/Ag 0.249 1V) 350 79 wA cm 0.3 NA 1V) 4 [56]

: , 7 pA cm 2 5 1.5 x 100 _
Ag/NiO/n-Si/Ag 0.43 C02V) 600 25 %10 30 ms NA o) 2 [28]
NiO/n-Si 0.013 39 x 1077 365 NA 85 ms 85 ms 1.03 x 101 0 [57]
Al/NiO/SiMSM 91 uA/mW 59 pA 350 NA 750 ms 800 ms NA 0.2 [58]
NiO/n-Si PD 0.83 9.1 x 10712 365 28 x 1078 0.1 0.1 NA 0 [59]
NiO NW /n-Si(100) 93\]{“{* NA 350 NA 0.4 NA 1.8 x 10° 0 [60]
NiO/n-Si 1?2?}‘* NA 365 NA 15 NA NA 5 [61]
graphene/NiO/ 0.055 3.35 x 107° 29 %1075 1.66 x 10'? 0 This
n-Si 0.15 1.82 x 106 350 7.3 x 1075 <08 <08 1.78 x 1011 -5 work

4. Conclusions

In conclusion, we successfully employed graphene as a transparent electrode in the
NiO/Si broadband photodetector by using the CVD graphene, NiO nanoparticles, and
n-type Si. Both the NiO/Si and graphene/NiO/Si diodes show rectifying properties and
photoresponse towards the broad spectral region. I-V characteristics were measured with
different illumination conditions ranging from 350 to 800 nm, representing the enhanced
performance of the photodetector. The high conductivity of the graphene electrode en-
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hances the carrier collection efficiency before the recombination of induced carriers and
enhances the QE by up to 78%. The ~20% of QE at 0 V bias for a wavelength of 350 nm
illustrates the efficient self-powered performance of the graphene/NiO/Si heterojunction
photodetector.
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Abstract: A sequence of dye-sensitized solar cells is proposed, utilizing TiO,@Zn/ Al-layered dou-
ble hydroxide (LDH) as their starting materials, in which Ruthenizer N719 was used as a pho-
ton absorber. The anticipated system was turned into sheet-like TiO,@mixed metal oxide (MMO)
via post-processing treatment. The crystal quality indicated a relation to power conversion effi-
ciency (PCE); this was combined with a comparable morphology profile. In detail, the optimum
DSSC device exhibited average sheet-like thickness and a dye loading amount of 43.11 nm and
428 x1073 mM/cm 2, respectively. Concurrently, a considerable PCE enhancement of the optimum
DSSC device (TiO,@MMO-550°) was attained compared to pristine MMO (0.91%), which could
be due to boosted electron transfer efficiency. Of the fabricated devices, DSSC fabricated at 550°
exhibited the highest PCE (1.91%), with a 35.6% enhancement compared to that obtained at 450°, as
a result of its increased open-circuit voltage (3.29 mA /cm?) and short-circuit current (0.81 V). The
proposed work delivers an enhanced efficiency as compared to similar geometries.

Keywords: TiO,; dye-sensitized solar cell; layered double hydroxide; mixed metal oxide

1. Introduction

The increased demands for petroleum and fossil fuels as the main source of energy, as
well as the environmental awareness of their uses, are continuing to exert pressure on the
already-existing world energy infrastructure. Therefore, a suitable replacement for sunlight
conversion into electrical energy is of great need [1-3]. The technology of dye-sensitized so-
lar cells (DSSCs) has attracted substantial consideration among the research and industrial
societies because of its encouraging potential for relatively low production cost and high
outcome efficiency [4-8]. However, the need for easy production and cost-effectiveness
techniques of semiconductor photo-electrodes is of crucial significance when considering
DSSC fabrication [9]. Herein, the utilization of mixed metal oxide (MMO) acquired via
the calcination of layered double hydroxide (LDH) has demonstrated promising behavior
as a photo-anode material for DSSC application; this is mainly attributed to the tunable
composition, high stability, large surface area, and relatively low production cost as well
as forthright preparation approaches [10-12]. Herein, LDH is utilized in variety of ap-
plications, particularly in the optoelectronic field [13,14]. Interestingly, the calcination
of the addressed structure results in LDH’s interlayer collapse, after which a variety of
MMO structures can be attained, depending on the divalent and trivalent metal ions em-
ployed [15,16]. MMOs have revealed significant interest for a diverse field of applications,
such as super capacitors, gas sensors, photodetectors, ultraviolet and visible light photo-
catalysts, etc. For the fabrication of DSSCs, MMOs are used as an active photo-electrode
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material due to a high electron injection efficiency, a high specific area for dye loading, rapid
photo-response behavior, and a comparable energy band gap to TiO, and ZnO [17-20].
Several reports demonstrated the utilization of MMO-based Zn/Al-LDH as a pre-
cursor in DSSCs applications, through which a particular emphasis was placed on the
active part of ZnO in the MMO matrix [10,21-23]. Moreover, the addition of metal and
metal oxide nanoparticles, such as G, Cu, GO, CuO, and TiO,, to the MMO matrix, was
also investigated [24-28]. Herein, the proposed study delivers an investigation concerning
the addition of TiO; to the matrix of MMO-based Zn/Al-LDH. Furthermore, the effect of
post-processing temperature was also systematically deliberated, where an enhancement
of 35.6% was acquired in the PCE profile at 550° (1.91) compared to that at 450° (1.41). Fur-
thermore, an addition of TiO; to the utilized MMO anode materials with cautious control of
the post-processing temperature showed a 109.9% increase in the overall output efficiency.
The attained efficiency was found to be higher than other outcomes, in similar geometries.

2. Materials and Methods
2.1. Preparation of TiO; and TiO,@LDH

TiO, nanoparticles were synthesized via a typical hydrothermal process. Particularly,
titanium (IV) iso-propoxide, as a precursor, and ethanol were mixed with a ratio of 10/100
under a constant stirring rate of 800 rpm for 30 min. The resultant mixture was then
autoclaved under 200 °C for 18 h. The achieved mixture was multi-washed and dried
in an air oven at 65 °C. Hereinafter, the obtained powder was annealed at 450 °C for 1h
in a furnace. Concurrently, TiO,@Zn(Al)O-MMO utilizing Zn?*/AI**-LDH as a starting
material was produced using both a co-precipitation method as well as a thermal treatment
temperature approach. Typically, Zn(NO3),-6H,0 and Al(NO3);-9H,0O were mixed with a
ratio of 8:1 in 150 mL of distilled water at 27 °C, with a continuous stirring rate of 600 rpm
for 30 min; a precise homogenous growth was attained via the addition of NaOH (1.25 M),
wherein a pH of 7.5 was obtained. Subsequently, TiO, (0.1 gm) was added to the Zn/Al-
LDH solution and left to stir for 2 h, after which the resultant solution was multi-washed
and centrifuged to remove any undesired impurities. The resultant paste was diluted using
a few drops of EtOH and then transferred to a freshly washed fluorine-doped tin oxide
(FTO) substrate via a three-cycles spin coating technique, with an area of 1 cm?; the thin
film was annealed at 150° for 10 min after each deposition. The attained film/s were treated
at a post-processing temperature of 450 °C, 550 °C, and 650 °C for 1 h with a heating rate of
5 °C/min in a muffle furnace; the films were designated as TiO,@MMO-T, with T signposts
to indicate the employed post-processing temperatures.

2.2. Fabrication of DSSC

Herein, 5 mM of dye N719 (535-bisTBA Ruthenizer, Solaronix, Aubonne, Switzerland)
was adsorbed by the attained MMO-550° and TiO,@MMO-T layers via immersion for a
duration of 3 h at room temperature. Synchronously, the Pt electrode was acquired using
a DC sputtering technique on the FTO glass, and later sandwiched with the fabricated
photo-anode with polymer film (100 um) as a spacer. Next, Iodolyte (iodide/triiodide,
750, Solaronix, Aubonne, Switzerland) was inserted between the photo-anode and the Pt
electrode through capillarity.

2.3. Characterizations

The thermal properties of the LDH layer were investigated using thermogravimetric
and differential thermal approaches (SBTA851-Mettler Toledo, TGA /DTG, Columbus, OH,
USA), while the structural characteristics of the fabricated films were recorded using an
X-ray diffractometer (XRD, AXS D8, Bruker, Billerica, MA, USA) under CuK« radiation and
a 1.54 nm wavelength. Furthermore, the surface morphologies of the deposited films were
inspected using field emission scanning electron microscopy (SU8030, FE-SEM, HITACHI,
Tokyo, Japan). The optical analyses were conducted using two different approaches, namely,
photoluminescence (PL, LS-50B, PerkinElmer, Waltham, MA, USA, excitation wavelength

105



Nanomaterials 2024, 14, 920

of 350 nm) and ultraviolet visible light (UV-Vis, Shimadzu, Kyoto, Japan) spectroscopies.
The photovoltaic characteristics behavior of the fabricated DSSC was assessed using SMU
Keithley 2400 (Cleveland, OH, USA) with a 1.5 G sunlight stimulator as a light source.
Finally, an incident photon to current conversion efficiency (IPCE) test was performed
using a monochromatic set-up in conjunction with an Xe-lamp (Newport, Shah Alam,
Malaysia).

3. Results and Discussion

The thermal behavior of TiO,@LDH through the TGA /DTG technique is elucidated
in Figure 1, which revealed the three foremost stages of weight loss with an overall degra-
dation profile of Am ~ 37%. Specifically, the loss in Am, at around 100-150 °C, is mainly
because of the release of the bound water as well as moisture disappearance; this in turn
was substantiated with the peak of the DTG profile at 75 °C. Instinctively, a significant
weight loss (Amy = 23%) was perceived, ranging between 200 °C and 500 °C, which is
due to the structural collapse of the LDH interlayer as well as MMO formation [29]; this
was found to be in good accordance with the DTG peak at 191 °C. Thermal putrefaction,
attained at 500 °C and beyond, is attributed to the CO; release and possible recrystallization
of TiO, nanoparticles [24].
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Figure 1. TGA /DTG profile of TiO,@LDH.

The XRD patterns of the deposited layers are demonstrated in Figure 2. Pristine
LDH revealed the occurrence of three distinguished peaks at 26 =9.9°,19.8°, 33.8°, 37.86°,
and 51.7°, which correspond to the basal planes (003) and (006) and the non-basal planes
(101), (104), and (110), respectively; Additionally, the peaks attained between 30° and 37°
are attributed to the formation of ZnO nanoparticles within the LDH matrix [30,31]. The
XRD patterns of TiO,@LDH exhibited similar behavior to that of pristine LDH, with one
additional peak at around 26.5° due to the existence of the TiO, (101) plane [30]. The post-
processing treatment (annealing) of TiO,@LDH at 550 °C resulted in the collapse of LDH
geometry and MMO peaks formation. These peaks correspond to the crystal formation
of ZnO in accordance with PDF 89-1397; in particular, the peaks obtained at around 32°,
34.6°, and 36.5° correspond to planes of (100), (002), and (101). Moreover, patterns of
TiO,@MMO-T revealed the higher crystallinity of TiO; compared to that attained in the
TiO,@LDH spectrum (Table 1); this could be due to the effect of post-processing treatment
at relatively high temperatures. It was proven that FWHM, obtained using XRD analysis,
can be utilized as a crystal quality indicator, wherein FWHM is inversely proportional
to the crystallite size [32]. Herein, the results presented in Table 1, in accordance with
the (100) plane of ZnO hexagonal structure, indicate a higher crystal quality at relatively
higher post-processing temperatures. Such a singularity was not clearly observed in the
TiO; profile.
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Figure 2. XRD patterns of pristine LDH, TiO,@LDH, MMO-450°, and TiO,@MMO-T.

Table 1. XRD characteristics of the deposited films.

Material 20 (deg.) FWHM (deg.) Crystallite Size (nm)
=) MMO-550° 32.05° 0.201 41.29
= TiO,@MMO-450° 32.05° 0.333 24.89
o} TiO,@MMO-550° 32.10° 0.307 26.95
S TiO,@MMO-650° 32.08° 0.331 25.04
o~ TiO,@MMO-450° 26.48° 0.493 16.59
Q § TiO,@MMO-550° 26.35° 0.481 17.00
== TiO,@MMO-650° 26.51° 0.487 16.81

The FE-SEM features of the fabricated layers are illustrated in Figure 3a—d, through
which the topographies, in general, indicated the occurrence of an upright arrangement
sheet-like morphology; this can be clearly observed at a temperature of 450° (Figure 3b).
Moreover, the attained morphology showed a slight distortion at higher post-processing
temperatures, such as temperatures of 550° and above (Figure 3a,c,d). The thickness of
the attained sheet-like formation was found to be 48.7 nm, 52.75 nm, 43.11, and 38.71 nm,
respectively, for the MMO prepared at 550° as well as TiO,-MMO-T, where T represents
the post-processing temperatures (450°, 550°, and 650°).

Figure 4 depicts the optical performance of the attained MMO-550 as well as the
TiO,@MMO-T films. A clear cut-off phenomenon was noticed at around 390 nm, concerning
the optical behavior of ZnO attained within the MMO matrix (Figure 4a). The addition of
TiO; within the MMO matrix resulted in a hypso-chromic shift towards lower wavelength
(TiIO,@MMO-450°). Interestingly, the post-processing temperature resulted in a deeper
hypso-chromic shift; this in turn can be verified via the bandgap investigation (inset into
Figure 4a) which was estimated using Tauc relation [33,34]. A noticeable alteration in the
attained optical band gap was noticed as the post-processing temperature progressed. The
attained optical phenomenon was also investigated using PL spectroscopy (Figure 4b). A
similar trend was noticed, where higher post-processing temperatures showed blue-shift
behavior with respect to the optical bend gap values obtained.
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500 nm

Figure 3. Topographies of the deposited layers (a) MMO, (b) TiO,@MMO-450°, (c) TiO,@MMO-550°,
and (d) TiO,@MMO-650°.
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Figure 4. Optical characteristics of the deposited MMO-450° and TiO,@MMO-T layers; (a) UV-Vis
and (b) PL.

Figure 5a illustrates the band diagram geometry of the proposed work, wherein
stimulated sunlight is absorbed via N719 as the main absorption layer and consequently
excited electron/s, from HOMO to LUMO, are injected within the semiconductor layer,
leading to current circulation [24]. The current density-voltage (J-V) characteristics of the
proposed MMO-450° and TiO,@MMO-T DSSC devices are shown in Figure 5b, where T
represents the post-processing temperature. As presented in Table 2, the fabricated devices
exhibited a short circuit current ranging from 1.74 to 3.29 (mA/cm~2), while an almost
similar open circuit voltage of ~0.80 (V) was observed for all devices. Synchronously,
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the highest power conversion efficiency (PCE) was noticed, with the TiO,@MMO layer
post-processed at 550°, with a value of 1.91%. This indicates an enhancement of 109.9%
compared to MMO-550° DSSC (0.91%), which in turn reveals the active role of TiO; in
boosting the electron transportation efficiency within the MMO matrix [35]. The latter could
be explained through a superior surface area, which successively allows higher dye N719
absorption through the surface for TiO,@MMO-450° and TiO,@MMO-550°. The attained J-
V outcomes are in an uptight agreement with the XRD investigation and the FWHM profile,
as shown in Table 1; a higher crystal quality could lead to easier electron mobility through
which faster electron transfer is attained [36]. The dye loading amount (Figure 5d) reveals
a relatively up-right agreement with devices attained at 450 °C and 550 °C; however, such
an observation was not noticed for DSSC obtained at 650 °C; further details are presented
in the Supplementary Materials. Figure 5c depicts the incident photon-to-current efficiency
(IPCE) profile of the fabricated DSSC devices in which two foremost peaks were observed at
around 375 nm and 530 nm. The former can be attributed to the MMO and TiO,@MMO self-
excitation within the UV spectrum, while the latter is chiefly caused by incident photons
absorbed through dye N719 in the fabricated geometry. The quench in the IPCE curves at
around 450 nm and the wavelengths above 600 nm suggest the low absorption of incident
photons by the utilized dye N719. The proposed system, concerning the utilization of
metal doped MMO, demonstrated a comparable overall efficiency in comparison to similar
geometries (Table 3). It is worth mentioning that the demonstrated IPCE revealed slightly
different peak positions compared to that attained during UV-Vis analysis, which could be
due to the presence of dye N719 within the latter arrangement.
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Figure 5. (a) band diagram geometry, (b) ]-V characteristics, and (c) IPCE of the fabricated DSSCs,
while (d) demonstrates a variation in FWHM of ZnO and TiO; phases, PCE, and dye loading amount.
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Sample Jsc (mA/cm—2) Voc (V) FF PCE (%) Dye Load (mM/cm~2)
MMO-550° 1.74 0.76 0.69 0.91 371 x 1073
TiO,@MMO-450° 2.47 0.80 0.71 141 424 x 1073
TiO,@MMO-550° 3.29 0.81 0.72 191 428 x 1073
TiO,@MMO-650° 2.74 0.80 0.73 1.59 448 x 1073
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4. Conclusions

A series of sheet-like TiO,@Zn/ AI-MMO was efficaciously prepared via co-precipitation
and hydrothermal techniques, in which TiO,@Zn/Al-LDH was utilized as a precursor.
Simultaneously, the attained TiO,@Zn/Al-MMO sheets were used for DSSC application by
means of post-treatment. The microstructural and optical characteristics of the fabricated
sheets were systematically elaborated. Specifically, a sheet-like thickness of 43.11 nm deliv-
ered a considerable dye loading value of 4.28 x 103 mM/cm ™2 for the optimum device
(TiO,@MMO-550°), which in turn lead to a relatively efficient overall PCE. In detail, the
optimum device exhibited Js. and V. values of 0.81 V and 3.29 mA/ cm?, respectively; the
overall PEC was found to be 1.91%. This in turn resulted in a 35.6% enhancement for DSSC
fabricated at a post-processing temperature of 550° compared to that attained at 450°.
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Abstract: Field-effect transistor (FET) biosensors can be used to measure the charge information
carried by biomolecules. However, insurmountable hysteresis in the long-term and large-range
transfer characteristic curve exists and affects the measurements. Noise signal, caused by the in-
terference coefficient of external factors, may destroy the quantitative analysis of trace targets in
complex biological systems. In this report, a “rectified signal” in the output characteristic curve,
instead of the “absolute value signal” in the transfer characteristic curve, is obtained and analyzed
to solve these problems. The proposed asymmetric Schottky barrier-generated MoS, /WTe, FET
biosensor achieved a 10° rectified signal, sufficient reliability and stability (maintained for 60 days),
ultra-sensitive detection (10 aM) of the Down syndrome-related DYRK1A gene, and excellent speci-
ficity in base recognition. This biosensor with a response range of 10 aM-100 pM has significant
application potential in the screening and rapid diagnosis of Down syndrome.

Keywords: Schottky junction; field-effect transistor; biosensor; rectified signal; ultra-sensitive detection

1. Introduction

Low-dimensional materials-based field-effect transistor (FET) biosensors have the
advantages of high sensitivity, fast detection, miniaturization, low cost, and compatibility
with integrated circuits [1-3]. However, the commonly used signals in FET biosensors are
referred to as “absolute value signals”. These include Dirac voltage, threshold voltage
Vih, source-drain current Iy, and others [4-7]. These “absolute value signals” directly
collect and process the specific changes in biomolecules. Although these signals carry the
biomolecules’ charge information [8-10], they have the drawbacks of incomplete, unstable,
and unreliable detection. Kulkarni et al. reported that the detection range of FET-based
biosensors was limited by the Debye length due to the Debye screening effect. Conse-
quently, molecular charge information outside the Debye length cannot be detected [11].
Sadighbayan et al. reported that ions in water or an electrolyte solution affected the surface
potential or electric field of the sensor, causing fluctuations in the “absolute value signal”.
The fluctuations made the stable detection of the charge information of biomolecules chal-
lenging [12]. Xu et al. reported that non-target molecules on the sensor surface can generate
non-specific signals, affecting the charge density or potential on the sensor surface. This
non-specific signal makes the detected “absolute value signal” unreliable [13,14].

A series of signal optimization models and signal processing methods for the “abso-
lute value signals” have been proposed by researchers to accurately express the charge
information carried by biomolecules. Fathi-Hafshejani, Parvin and coworkers combined
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density functional theory (DFT) and the collected “absolute value signals”. They opti-
mized the calculation model of the interaction energy and charge transfer between MUA
(mercaptoundecanoic acid) and WSe;, achieving the rapid and sensitive detection of the
novel coronavirus (SARS-CoV-2) [15]. By adding a MoS, layer on graphene, Chen et al.
suppressed the interference caused by the Debye screening effect on charge information
detection. Consequently, they achieved the high integrity of charge information detection
under physiological environment conditions [16]. Hajian, Reza et al. used the double
exponential function and linear regression model to determine the relationship between
the signal change curve and DNA concentration, and then cross-checked the theoretical
results with the experimental “absolute value signals” to improve the detection stabil-
ity [17]. Sarah Balderston et al. identified an insurmountable hysteresis phenomenon in
measuring the transfer characteristic curve. They proposed a signal-processing model
based on the average transconductance of small-range scanning gate voltage to minimize
the interference of the hysteresis phenomenon on the measurement results, achieving
single-base mutation detection in the BRCA1 and KRAS genes [18]. These models and
strategies have significantly promoted signal accuracy. However, due to the inherent
defects of the sensing materials, measurements still suffer from the interference of the
hysteresis phenomenon while determining the influence of biomolecules on the intrinsic
electric field of the sensing materials.

This study, for the first time, reports a strategy of using a “rectified signal” in the output
characteristic curve instead of the “absolute value signal” in the transfer characteristic
curve. A Schottky barrier-based MoS,/WTe, FET biosensor was prepared to generate
a “rectified signal” in the output characteristic curve. The low work function semimetal
WTe, electrode replaced the Au electrode and formed a Schottky junction with MoS,,
reducing the Schottky barrier height at the WTe, /MoS, interface and increasing carrier
mobility. The Schottky barrier difference between the WTe, /MoS, electrode and MoS, /Au
electrode caused the rectification ratio. Furthermore, the MoS, /WTe, FET biosensor was
used as a sensing platform to detect the Down syndrome-related DYRK1A gene, achieving
a detection limit of 10 aM and high specificity. The linear response range was 10 aM-100
pM, indicating that the MoS, /WTe; FET biosensor has broad application potential in the
screening and rapid diagnosis of Down syndrome.

2. Materials and Methods
2.1. Materials

PBS (pH~7.0-7.2), 1-pyrenebutanoic acid succinimidyl ester (PBASE), DMSO, and
ethanolamine were procured from Aladdin Co., Ltd. (Shanghai, China). SiO,/Si substrates,
bulk MoS,, 1T’-WTe;y, blue film tape, and PDMS (polydimethylsiloxane) film were pur-
chased from Shanghai Onway Technology Co., Ltd. (Shanghai, China). Other reagents
were procured from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Deionized
water (DI water) was collected from a Millipore water purification system (Milli-Q Direct8).
The partial DNA /RNA sequences were purchased from Sangon Biotech (Shanghai) Co.,
Ltd. (Shanghai, China) (Table S1).

2.2. Device Fabrication

MoS; and 1T’-WTe; films were peeled off from their crystal blocks using blue film
tape and then transferred to the PDMS film using a two-dimensional material transfer
platform. Finally, MoS; and 1T’-WTe; films with the optimal thickness, size, and morphol-
ogy were transferred to the SiO, /Si substrates with pre-lithographed electrodes, forming
1T"-WTep /MoS; devices (Figure S1).

2.3. Device Functionalization and Immobilization

Before the detection of the target DNA molecule, the constructed MoS, /WTe, needed
to be functionalized and immobilized. PBASE was selected to functionalize MoS, and
immobilize the probe DNA as a linker between MoS, and probe DNA. PBASE, when
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dissolved in DMSO, stacks its pyrene group on the surface of MoS;, binds to MoS;, and
immobilizes the probe DNA via the coupling reaction between the amine of the probe DNA
and the amine-reactive succinimide group of PBASE (Figure S2). During functionalization,
the PBASE solution, placed in an Eppendorf tube (EP tube), reacted with the MoS, /WTe,
FET biosensor at 37 °C for 20 min in a constant temperature box to deposit the pyrene
groups in PBASE on the MoS, surface by m-7 stacking. After reaction completion, the
unreacted samples on the surface were washed off with DMSO solution. During the probe
DNA immobilization, the probe DNA solution (1 pM) was placed in an EP tube and reacted
with the MoS,/WTe; FET biosensor at 37 °C for 2 h in a constant temperature box to
immobilize the probe DNA via a conjugation reaction between the amine group of the
probe DNA and the amine-reactive succinimide group of PBASE. The shift of the Mo3d
peak and S2p peak positions confirmed that PBASE and the probe DNA were successfully
combined on the MoS, /WTe, surface (Figure S3). After reaction completion, the unreacted
gene samples on the surface were washed off with 1xPBS solution. In the target DNA
detection process, 200 uL of the DYRK1A gene sample was placed in an EP tube, followed
by a reaction with the MoS, /WTe, FET biosensor at 37 °C for 2 h in a constant temperature
box to allow more target DNA to diffuse to the MoS; surface and be captured by the probe
DNA on the surface. After completion, the unreacted gene samples on the surface were
washed off with 1xPBS solution, and the performance of the MoS, /WTe, FET biosensor
was tested after drying.

2.4. Characterization

The electrical properties of the MoS, /WTe, FET biosensor were determined using a
Keithley 4200-SCS semiconductor parameter analyzer at room temperature and in atmo-
spheric pressure, dry, dark, and well-ventilated conditions. A constant stride interval of
20 mV was applied to the Vpg—Ipg curve. The structure and morphologies of the prepared
samples were analyzed using SEM (Zeiss Gemini Ultra-55, 3.0 kV, Oberkochen, Germany)
and EDS. AFM was used to determine the roughness of the MoS, /WTe, surface. The
Raman spectrometer used in this study was a Horiba HR Evolution 800 with a 532 nm
excitation laser. The XPS characterization was conducted using a Thermo Fisher Scientific
Escalab 250Xi instrument (Waltham, MA, USA) with an Al K X-ray source at 150 W and
a spot size of 500. The spectra were acquired with an operating voltage of 12.5 kV and a
spectrometer pressure of 8 x 1071 mbar. The XPS spectra were calibrated by the peak of C
1 s at 282 eV, normalized by the baseline level, and curve-fitted by smart function.

3. Results and Discussion
3.1. The Advantages and Generation Mechanisms of the Rectified Signal

The rectified signal is a kind of response signal, which is composed of two currents
with opposite directions. It effectively reflects the specific changes in the biomolecules.
Taking the current variation (AI) and rectification ratio variation (AR) as examples, the
accuracy of the “absolute value signal” and “rectified signal” can be discussed in detail.

Figure 1A shows that, when the “absolute value signal” (such as source-drain current)
is used as the response signal, which can be expressed as [19]

Al=0L -1, 1
I; and I, are the measured source-drain currents at different biomolecular concentrations.
L = Cr-litrues T2 = Colomrues 2)

1. 1rue and Ip.ue are the accurate values of the source-drain current at different
biomolecular concentrations without interference from external factors. The constant
Ci (=1, 2) represents the interference coefficient of external factors at different biomolecu-
lar concentrations. Since I and I; are “absolute value signals” at different biomolecular
concentrations, each external factor affects them differently (C, # C;), which implies that
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the charge information carried by biomolecules cannot be accurately determined by using
an “absolute value signal” as a response signal.
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Figure 1. (A) Current—voltage images using the source-drain current, Dirac voltage, and other

absolute value signals as response signals. (B) Current-voltage image when the rectification ratio, a

rectified signal, is used as a response signal. (C) The band diagram of the structure generating the

rectification ratio signal. (D) The linear relationship between the rectification ratio signal and the

concentration of biomolecules. The inset shows a schematic diagram of the structure.

Figure 1B shows that, when the “rectified signal” is used as a response signal, the
rectification ratio can be expressed as [20]:

AR =R, Ry, 3)
where Ry and R, are the rectification ratios at different biomolecular concentrations.
R, = Iy Left _ Cl'Il~ Left-True 1. Left-True (Cl ~ C’) (4)
= = = ~C),
L. Right C/l -1Ih. Right-True L. Right-True
R, = L. Left __ CZ'IZ- Left-True L. Left-True Cy ~ C’ ) (5)
= = R ~C,),
12» Right Clz'Iz. Right-True 12» Right-True
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Litert (1 = 1,2) and Ij gign are the source-drain currents under the sweep negative
and positive voltages, respectively. Since I Left and Ij. gight are measured at the same
biomolecular concentration, they should be affected by external factors approximately
equally (C; = C;), which means that Ry and Ry values are approximately accurate. Thus,
the variation in the “rectified signal” (AR = Ry — R1) is approximately accurate. Using the
“rectified signal” as a response signal accurately reflects the charge information carried
by biomolecules.

A MoS, /WTe, FET biosensor with an asymmetric Schottky barrier was constructed
to measure the rectification ratio signal. Figure 1C shows the schematic diagram of its
energy band structure. High-quality n-type MoS, and low-work function semimetal 1T’-
WTe, were obtained by mechanical exfoliation and built into heterojunctions by a transfer
platform [21]. In the MoS, /WTe, FET biosensor, MoS; forms asymmetric Schottky junctions
with 1T’-WTe; and Au, with barrier heights of @;3 and ®p and barrier widths of W;g and
W, respectively. The Schottky barrier height can be obtained from the Schottky—Mott
relation [22]:

dp = Py —Xs, (6)

where ®j is the Schottky barrier height, @y is the work function of the metal electrodes,
and xg represents the electron affinity of the n-type semiconductor. The Schottky barrier
width can be obtained by the following formula [23]:

2€5Vy
W=, /T;Ab , @)

where Eg is the dielectric constant of the semiconductor; Vy,; = (®y — Ps)/q is the built-in
potential of the Schottky junction; q is the elementary charge; and Ny is the bulk charge
density of the channel material.

Because of the lower work function of WTe, compared to that of Au, the Schottky bar-
rier height and width of the MoS, /Au junction is larger than those of the MoS, /1T’-WTe,
junction in the WTe, /MoS, / Au FET biosensor. The asymmetric Schottky barrier height
between the two junctions leads to the generation of a rectification ratio signal in the
heterojunction FET. As we know, the smaller the barrier width, the larger the tunneling
current. In addition, the widths of the two junctions are different; thus, the smaller the
W, the larger the tunneling current. Then, the tunneling currents of the two junctions are
definitely not the same, which finally causes source-drain current changes at both ends,
resulting in rectification ratio changes, as shown in Figure 1D.

3.2. Schematic Diagram of the MoS,/WTe, FET Biosensor

The functionalization of the sensing surface, probe DNA immobilization, and target
DNA hybridization were performed using the MoS, /WTe, FET biosensor to generate a
more stable response signal. In Figure 2A, 1-pyrenebutyric acid succinimidyl ester (PBASE)
in the N,N-dimethylformamide solution was used as a linker between MoS, and the probe
DNA, ensuring that the probe DNA could effectively bind to MoS; [24]. The pyrene group
of PBASE was fixed on the MoS, surface by m-7t stacking. The succinimide part of PBASE
protruded from the MoS, surface and coupled with the amine group of the 5'-amine-
modified DNA probe, as shown in Figure 2B [25]. Next, the target DNA complementary
was added to the probe DNA. Consequently, the target DNA was hybridized with the
probe DNA by base complementary pairing, as shown in Figure 2C. Notably, the different
Schottky barrier widths of the MoS,/WTe, FET biosensors can be obtained with the
different steps, affecting the probability of tunneling current [26].
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Figure 2. Schematic diagram of the MoS,/WTe, FET biosensor. (A) Functionalization of the
MoS; /WTe, surface using the PBASE solution. (B) Immobilization of the probe DNA implied
an interaction between PBASE and the probe DNA, achieving the binding of the probe DNA and
the MoS, /WTe; FET biosensor. (C) Interaction between the probe DNA and target DNA to form a
double-stranded DNA. Schematic diagram of the band gap changes in the MoS, /WTe, FET biosensor
in the three processes: (D) functionalization of the sensing surface, (E) immobilization of the probe
DNA, and (F) binding of the target DNA, where the charge injection mode modulated by PBASE on
the surface is thermionic emission (TE), and the charge injection mode modulated by probe-PBASE
on the surface and by target & probe-PBASE on the surface is tunneling. Absolute value signal Ipg
(left) and rectified signal R (right) of the MoS, /WTe; FET biosensor in the (G) functionalization,
(H) immobilization of probe DNA, and (I) binding of target DNA.

In the functionalization process of MoS,, the pyrene groups in PBASE fixed on the
surface of MoS, by m-7 stacking add a small amount of holes to the MoS, /WTe; FET biosen-
sor. Hole doping also effectively widens the Schottky barrier width of the MoS,/WTe,
FET biosensor. At this time, thermionic emission (TE) is the main charge injection mode,
as shown in Figure 2D. That is to say, although the decrease in the forward bias current
dominated by the MoS; / Au junction is small, its relative decrease rate is larger, resulting
in the increase in the rectification ratio R, as shown in Figure 2G. In the process of probe
DNA immobilization, the succinimide part of the MoS, surface couples with the probe
DNA, which fixes the probe DNA on MoS, and adds a small amount of electrons to the
MoS, /WTe; FET biosensor. Electron doping also effectively reduces the Schottky barrier
width of the MoS, /WTe, FET biosensor. At this time, the charge injection mode is electron
tunneling and TE, as shown in Figure 2E. According to the conclusion, after fixing the probe
DNA, the barrier width of the MoS, /Au Schottky junction is reduced more and the relative
current growth rate is higher than that of the MoS, /1T’-WTe, Schottky junction. That is to
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say, although the increase in the forward bias current dominated by the MoS, / Au junction
is small, its current growth rate is larger, resulting in the decrease in the rectification rate R,
as shown in the right inset of Figure 2H. Similarly, target DNA hybridizes with probe DNA
through base complementary pairing, which also adds electron doping to the MoS, /WTe,
FET biosensor. It increases the current and reduces the Schottky barrier width at the same
time, and the barrier width of the MoS,/Au junction is reduced more and the relative
current growth rate is higher, resulting in the increase in the current and decrease in the
rectification ratio R, as shown in Figure 2F]I.

The equation of the Schottky barrier width was used to calculate the change in the
barrier width before and after doping. Their effects on the forward, reverse current, and
rectification ratio signal were analyzed using Equations (2)—(4) [22]. The rectification ratio
signal was found to effectively eliminate the interference of external factors on the molecular
signal because it depends only on the ratio of the forward and reverse currents rather than
the absolute value of the single-direction current. Therefore, the rectification ratio signal is
not affected significantly, and an accurate expression of the charge information carried by
biomolecules is obtained.

In addition, the rectification ratio signal not only reflects the changes in both Schottky
junctions but also avoids the interference of the hysteresis phenomenon (Figure 2G-I). Since
the forward and reverse source-drain currents are affected by the charge information on
DNA molecules, the rectification ratio signal can detect weak charge information under
the conditions of a low concentration DNA solution. In contrast, the forward or reverse
source-drain current, which is used as the response signal, is difficult to separate from the
noise signal [27], reducing the sensing sensitivity. Therefore, the rectification ratio signal as
a kind of “response signal” is a promising biosensing signal, which can play a key role in
biosensors and other sensing devices.

3.3. Structure and Characterization Analyses of the MoS,/WTe, FET Biosensor

Figure 3A shows an optical image of the fabricated MoS, /WTe; FET biosensor, con-
sisting of a MoS, /WTe, heterostructure and two electrodes on a SiO;/Si substrate; the
electrode spacing is 20 um. Figure 3B shows the SEM image and the optical image of the
area marked in Figure 3A. The corresponding EDS mapping of this area, showing the
uniform distribution of each element [28], is shown in Figure S4. The EDS mapping shows
that the atomic ratio of S to Mo in the MoS, /WTe, FET biosensor is 2:1, and the atomic
ratio of Te to W is 2:1, indicating the elements” uniform distribution. Figure 3C shows the
image of the MoS; /WTe, heterojunction measured by an atomic force microscope (AFM).
The line scan profile of the heterojunction height was extracted from the AFM image, while
the thicknesses of the MoS, and WTe, flakes were measured to be 5.72 nm and 20.41 nm.
The Raman spectrum of the heterojunction (Figure 3D) was measured using a 532 nm
laser. The Raman spectrum revealed the characteristic peak Ezgl representing the in-plane
vibration mode was located at 383 cm~! and the characteristic peak Ajg representing the
out-of-plane vibration mode was located at 407.79 cm™ !, consistent with the thickness
of the MoS, flake [29,30]. The characteristic peaks 3A,, %A1, 8A, and 1°A; of WTe, were
located near 116.4, 133.7, 163.9, and 211.8 cm ™!, respectively, consistent with the crystal
structure of WTe; [31].

The electrical properties of MoS; and WTe, were measured [32]. Figure 3E shows the
Schottky contact between the MoS; and Au electrodes and the Ohmic contact between the
WTe; and Au electrodes. Figure 3F depicts the transfer characteristic curves of the MoS,
and WTe, devices at a source-drain voltage Vpg = 0.5 V, where MoS; showed conventional
n-type semiconductor characteristics [33] and the current of WTe, was unaffected by gate
voltage, showing semimetal characteristics [34].
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Figure 3. (A) A typical MoS,/WTe, FET biosensor device. (B) SEM image of the MoS, /WTe, FET
biosensor, with its optical image in the inset. (C) AFM images of the MoS; and WTe; films. (D) Raman
spectra of the MoS; /WTe, heterojunction. (E,F) Ips-Vpg and Ips-Vgg characteristics of MoS, and
WTe, at room temperature. The inset in (E) is the whole Ipg-Vpg characteristics of WTe;. (G) Photolu-
minescence spectra with and without biomolecules. (H) X-ray photoelectron spectra before adding
the target DYRK1A. (I) Current output characteristics after adding different biomolecules.

Photoluminescence (PL) and X-ray photoelectron spectroscopy (XPS) were used to
verify that this biosensor can be successfully functionalized [35]. After functionalizing
with MoS,, the PL peak intensity increased, and the peak underwent a blue shift (See
Figure 3G). After immobilizing the probe DNA, its PL peak intensity decreased, and the
peak red-shifted. The peak intensity enhancement and the blue shift can be attributed to the
following: The functionalized MoS; was affected by PBASE, where the electrons, trions A,
and foreign holes combined to form several neutral excitons A, increasing the proportion
of neutral excitons A? and an enhancement in radiative transition. Consequently, the
dominant exciton in the A peak changed from trion A~ to neutral exciton A°, leading to a
PL peak intensity enhancement and the blue shift of the peak position. The peak intensity
reduction and red shift can be attributed to the following: The immobilized MoS, was
affected by the probe DNA, where foreign electrons and neutral excitons A” combined to
form trions A~. This was followed by the dominant exciton in the A peak changing from
neutral exciton A to trion A~, while the radiative transition weakened, reducing the PL
peak intensity and yielding the red shift of the peak position [36]. Figure 3H shows the N1s
peak of PBASE and the P2p peak of the probe DNA, confirming the functionalization and
immobilization of the probe DNA. The XPS measurements revealed that PBASE and the
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probe DNA were successively bound to the MoS, /WTe; surface. Furthermore, the change
in the source-drain current in Figure 3I can be explained by the following reasoning: The
adsorption of PBASE on the MoS; /WTe, surface caused p-doping, resulting in a decrease
in the overall source-drain current. The binding of the probe DNA with PBASE caused
n-doping, increasing the source-drain current. Similarly, the complementary pairing of
the target DNA with probe DNA caused n-doping, increasing the overall source-drain
current [37,38].

3.4. Sensing Performance of the MoS,/WTe, FET Biosensor

Down syndrome [39] is one of the most common chromosomal diseases and one
of the main causes of human intellectual disability. The DYRK1A gene on chromosome
21 was chosen as the target DNA to study the sensitivity of the MoS,/WTe, FET biosensor
(Figure 4A). The functionalized and immobilized MoS, /WTe, FET biosensor in different
concentrations of the target DNA solution was studied to obtain the relationship between
the target concentration and the response signal [40]. Figure 4B shows that the output
characteristic curve gradually shifted upward as the concentration of the target DNA
(DYRK1A) gradually increased from 10 aM to 100 pM. The current results of the different
concentrations of the target DNA (DYRK1A) under positive and negative bias voltages
are shown in Figure S5. Since the band gap width of MoS; was not zero [41], the noise
signal of the MoS,-based FET biosensor was much lower than that of the graphene FET
biosensor [42,43]. When the target DNA concentration was as low as 10 aM, the detected
source-drain current was much larger than that without adding the target DNA. Therefore,
it can be confirmed that the 10 aM target DNA was successfully detected. Figure 4C
shows the rectification ratio response with the increasing concentrations of the target DNA,
which is attributed to the change in the Schottky barrier width caused by charge doping.
Specifically, the change in the source-drain current dominated by the MoS; / Au junction
is larger than that dominated by the MoS,/WTe, junction. Figure 4D shows that the
rectification ratio gradually decreased as the concentration increased from 10 aM to 100 pM.
Furthermore, the rectification ratio signal had a linear relationship with the concentration
gradient (y = —1519.541gCrarget — 10,399.77). These results indicate that the rectification
ratio can serve as a kind of detection indicator in the MoS, /WTe; FET biosensors.

Four kinds of biomarkers (N1-Ny) diffused into the MoS, /WTe;, FET biosensor with
the immobilized probe DNA were chosen to demonstrate the specificity of the MoS, /WTe;
FET biosensors. Figure 4E,F show that there is no obvious current change after adding
1 fM N;-Nj samples, and the inset of Figure 4E is the current after local magnification.
The complete current diagram after adding the N;—-N4 samples is shown in Figure S6. In
addition, there is a higher response after adding the 10 aM target DNA than that after
adding 1 fM N;-Ny samples. Figure 4F shows a comparison of the response ratios between
the target DNA and non-target DNA samples, with Ny, Ny, N3, and Ny representing
non-target DNA samples and P representing the target DNA sample. Thus, the proposed
MoS, /WTe, FET biosensor has a good specificity. As shown in Figure 4G, the biosensing
performance of the MoS, /WTe;, FET biosensor did not decrease significantly after sixty days
and the peak to valley value (PV) was still within an acceptable error range (PV = 9.86%).
Thus, the MoS, /WTe; FET biosensor demonstrated excellent stability and durability.
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Figure 4. Sensing performance of the MoS, /WTe, FET biosensor. (A) Target site of Down syndrome
in chromosome 21 genome map. (B) Response of the output characteristic curve of the target DNA
(DYRKT1A gene). (C) Effect of the target DNA (DYRK1A gene) on the rectification ratio. (D) Statistics
of the rectification ratio response of the DYRK1A gene. (E) Specificity response of the MoS, /WTe, FET
biosensor. (F) A comparison of the target DNA and non-target DNA. (G) The rectification ratio signal
change values for the two concentrations during the sixty days; the peak to valley value is 9.87%.

3.5. Comparison of Similar Structures

The advantage of the “rectified signal” (rectification ratio) was demonstrated by construct-
ing three kinds of FETs: Au/MoS,/Au FET (Figure 5A), WTe; /MoS; / Au FET (Figure 5B), and
WTe, /MoS; /WTe, FET (Figure 5C). Except for the reported WTe, /MoS;/Au FET, the other
two FETs only showed “absolute value signal” (source-drain current) as the response signal.
Due to the presence of a large symmetric barrier in Au/MoS,/Au FET [44], the obtained
current was about 1 x 10710 A as shown in Figure 5D. In contrast, due to the presence of
an asymmetric barrier in WTep, /MoS, / Au FET, the forward source-drain current domi-
nated by MoS, /Au junction was about 1 x 10719 A, while the reverse source-drain current
dominated by WTe, /MoS; junction was about 1 x 107° A (See Figure 5E). Furthermore,
Figure 5F shows that, due to the presence of a symmetric small-barrier WTe, /MoS, /WTe;
FET, the source-drain current was about 1 x 10~° A. Figure S7 shows the changes in the
transfer characteristic curves after introducing biomolecules in three different structures.
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Figure 5. Comparison of similar structures. Schematic diagrams (A—C), output characteristic curves
(D-F), and band diagrams (G-I) of the Au/MoS,/Au, WTe; /MoS;/Au, and WTe, /MoS, /WTe,
structures, respectively.

The source-drain current signals of the three structures were very weak, but the
rectification ratio signal of the WTe, /MoS, /Au FET biosensor had significant variations.
This indicates that the rectification ratio signal effectively amplifies the molecular signal
variation and improves molecular signal sensitivity. Figure 5G-I shows the band diagram
of the three structures. When the target biomolecules modified the sensing materials, the
Schottky barrier widths were modulated. As shown in Figure 5G, when the target DNA
caused electron doping [22], the Schottky barrier width of the MoS; / Au junction decreased
and the source-drain current increased. As shown in Figure 5H, the asymmetric barrier
decreased after adding the target DNA, resulting in an increased current and a decreased
rectification ratio (Figure S8). Figure 51 shows that, when the target DNA was added
into WTe, /MoS, /WTe; FET, it caused electron doping and decreased the Schottky barrier
width, increasing the source-drain current.

Moreover, the rectification ratio signal of the WTe; /MoS, /Au FET biosensor is stable
for long periods of time (Figure S9), indicating that the “rectified signal” (the rectification
ratio) is not affected by the solution environment and is a promising biosensing signal in
FET biosensors.

4. Conclusions

This study developed a novel strategy using the “rectified signal” in the output char-
acteristic curve to detect biomolecules. The strategy effectively avoided the interference
of external factors and was suitable for the quantitative analysis of trace targets in com-
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plex biological systems. Based on this strategy, a highly reliable and stable MoS; /WTe,
FET biosensor with an asymmetric Schottky barrier was developed. The experiments
showed that the prepared biosensor achieved an ultra-sensitive and specific detection of
the DYRK1A gene in the range of 10 aM-100 pM, indicating that the MoS, /WTe, FET
biosensor has great application potential in the prenatal screening of Down syndrome.
This study demonstrated the importance of using a “rectified signal” in FET biosensors
and provided a novel perspective for designing and optimizing biosensors based on two-
dimensional materials.
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MoS, /WTe, FET biosensor; Figure S2: The functionalization and immobilization process of the device;
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ure 3B; Figure S5: The current results of different concentrations of the target DNA (DYRK1A) under
(A) positive and (B) negative bias voltages; Figure S6: The complete current diagram after adding the
N;-Ny4 samples; Figure S7: The transfer characteristic curves of the Au/MoS,/Au, WTe; /MoS, /Au,
and WTe, /MoS,/WTe; structures; Figure S8: Output characteristic curves measured at different
biomolecular concentrations in the MoS, /WTe, FET biosensor; Figure S9: Stability comparison of the
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