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ABSTRACT: Two-dimensional (2D) layered transition metal
dichalcogenides (TMDs) have recently emerged as a new class
of atomically thin semiconductors for diverse electronic,
optoelectronic, and valleytronic applications. To explore the
full potential of these 2D semiconductors requires a precise
control of their band gap and electronic properties, which
represents a significant challenge in 2D material systems. Here
we demonstrate a systematic control of the electronic
properties of 2D-TMDs by creating mixed alloys of the
intrinsically p-type WSe, and intrinsically n-type WS, with
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variable alloy compositions. We show that a series of WS,,Se,_,. alloy nanosheets can be synthesized with fully tunable chemical
compositions and optical properties. Electrical transport studies using back-gated field effect transistors demonstrate that charge
carrier types and threshold voltages of the alloy nanosheet transistors can be systematically tuned by adjusting the alloy
composition. A highly p-type behavior is observed in selenium-rich alloy, which gradually shifts to lightly p-type, and then
switches to lightly n-type characteristics with the increasing sulfur atomic ratio, and eventually evolves into highly n-doped
semiconductors in sulfur-rich alloys. The synthesis of WS,,Se, ,, nanosheets with tunable optical and electronic properties
represents a critical step toward rational design of 2D electronics with tailored spectral responses and device characteristics.

KEYWORDS: Layered materials, transition metal dichalcogenide, semiconductor alloy, band gap engineering, field effect transistor,

threshold voltage

wo-dimensional (2D) layered materials are emerging as

an exciting class of material system that has the potential
to enable breakthroughs in fundamental materials science and
create totally new technologies.' ™" In general, a large family of
layered materials (e.g, MoS,, WS,, NbSe,, and Bi,Te;) in
which the atomic layers are weakly bonded together by van der
Waals interactions can be isolated into single- or few-layer
nanosheets, allowing access to a wide range of physical
properties at the atomic scale, such as metallic, semimetallic,
semiconducting, insulating, topological insulating, supercon-
ducting, and thermoelectric properties.>'*"*° In particular,
the layered transition metal dichalcogenides (TMDs) (e.g.,
MoS,, WSe,) represent a large family of layered materials,
many of which exhibit a tunable band gap that transits from an
indirect band gap in bulk crystals to a direct band gap in
monolayer nanosheets.'”~'”*"** These 2D nanosheets typically
have well-defined crystalline structure with few surface dangling
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bonds that traditionally plague conventional semiconductor
nanostructures. These 2D-TMDs have thus emerged as an
exciting class of atomically thin semiconductors for a new
generation of electronic, optoelectronic, and valleytronic
devices, as well as ultrasensitive sensors.'>7*3~%3

Recent studies have demonstrated the exciting potentials of
these 2D semiconductors, including the creation of atomically
thin transistors that function in the gigahertz regime and
entirely new types of heterostructure devi-
ces. 2728313236374 H yever, the studies to date are largely
based on small flakes obtained from mechanical exfoliation.
Rational chemical synthesis of 2D-TMDs and their hetero-
structures represents a significant challenge and has motivated
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Figure 1. Bandgap engineering of WS, W.
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Se,_,. nanosheets. (a) Optical microscopy image of typical WS,,Se,_,, nanosheets (x = 0.454; scale bar =

20 pm. (b) Photoluminescence spectra of a series of composition tunable WS,,Se,_,. monolayer nanosheets. (c) Photoluminescence peak position
mapping of one typical WS,,Se,_,, nanosheets (x = 0.522; scale bar = 10 ym). (d) Photoluminescence intensity mapping of the same WS,,Se,_,.
nanosheets (x = 0.522; mapping peak = 687.5 nm; scale bar = 10 ym). (e) Optical bandgap vs sulfur ratio in WS,,Se,_,, nanosheets.

considerable efforts worldwide,">'*'%>5>%%375% T explore the
full potential of 2D-TMDs requires a precise control of their
chemical compositions, physical dimensions, and hence the
electronic and optical properties. For example, to design
optoelectronic devices with desired spectral responses requires
semiconductors with tunable band gaps.”**”%*' Creating
semiconductor alloys with variable chemical compositions is
an effective strategy for the band gap engineering of bulk or
thin film semiconductors. Using a similar strategy, a series of
2D-TMD alloy nanosheets have been recently prepared with
tunable band gaps and optical properties.”>**>*7°° The
electronic properties of such alloy nanosheets are, however,
rarely systematically explored to date.

In addition to band gap engineering, intentionally introduc-
ing a controllable number of impurity elements (~10'°—10"/
cm?) into the bulk semiconductor lattice represents another key
strategy to control the electronic properties of semiconductors.
The impurity doping largely dictates the charge carrier type and
carrier concentration in traditional semiconductors, and is
central for creating functional electronic and optoelectronic
devices. However, the controllable impurity doping in atomi-
cally thin 2D-TMD crystals represents a considerable challenge,
and the systematic control of charge carrier type and
concentration has not been achieved to date.””~”' Recent
studies indicate that the naturally grown WS, nanosheets on
SiO,/Si substrate mainly exhibit n-type semiconductor
characteristics, while naturally grown WSe, nanosheets on
SiO,/Si substrate are mostly p-type semiconductors.'®*>”*
Therefore, it offers a plausible pathway to control the carrier
type and electronic properties of such 2D nanosheets by
creating a mixing alloy of WS, and WSe, with tunable chemical
compositions. Here we report the synthesis of WS,,Se,_,. alloy
nanosheets with composition tunable optical and electronic
properties.

The chemical vapor deposition (CVD) process has been
recently developed for the growth of atomically thin 2D-TMDs
on different substrate including SiO,/Si, in which the target
TMD vapor is igenerated by thermally evaporating the selected
solid source."*'®*° This approach is rather versatile and has
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been applied for the synthesis of diverse 2D-TMD nanosheets
(e.g, MoS,, WS,, MoSe,, WSe,) by simply switching the solid
source. Additionally, it is also possible to produce the TMD
alloy nanosheets by introducing multiple solid sources and
mixing different TMD vapor-phase reactants in the afore-
mentioned process.””**~" In this study, to synthesize
WS, Se,_,, nanosheets, the WS, and WSe, vapor-phase
reactants are created by placing the respective solid material
at different temperature in a home-built CVD system (Figure
S1). The resulting vapor-phase reactants are mixed and
transported downstream in argon carrier gas to produce
WS,,Se,_,, nanosheets on the SiO,/Si substrates placed at
the downstream end of the CVD system. The equilibrium
partial pressure of WS, and WSe, and their ratio can be
precisely controlled by systematically varying the temperature
of the WS, and WSe, source to produce WS,,Se,_,, nanosheets
with fully tunable chemical compositions. (See Supporting
Information for further experimental details.)

By systematically varying the growth parameters (see
Supporting Information for details), we have produced a series
of WS,,Se, ,, nanosheets with continuously tunable alloy
compositions on the 300 nm SiO,/Si substrate. The resulting
alloy nanosheets are typically monolayers with a well-defined
triangular shape, as identified by optical contrast and atomic
force microscopy studies (Figure la and Figure S2). To
investigate the band gap modulation in the resulting alloy
nanosheets, micro-photoluminescence (u-PL) spectra were
taken using a micro-Raman microscope and spectrometer
excited by a 488 nm argon ion laser (power = S uW) in
ambient condition. Photoluminescence studies demonstrate
that all the monolayer samples display prominent emission with
a single sharp peak with full width at half-maximum (fwhm)
about 25 nm. The PL spectral peak positions are continuously
tunable from 626.6 nm (nearly pure WS,) to 751.9 nm (nearly
pure WSe,) depending on the exact synthetic conditions
(Figure 1b). A spatially resolved mapping of the PL peak
positions of an alloy nanosheet shows a rather small variation of
the peak positions (<3 nm) across the entire triangular domain
(Figure 1c), suggesting the spatially uniform chemical
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Figure 2. Evolution of Raman spectra in the WS,,Se,_,, monolayer nanosheets as a function of chemical composition: (a) Full-range Raman spectra;
(b) EZg(S—W)'LA(s-w)+A1g(se-w)'LA(se-w) mode of the WS,,Se,_,. nanosheets; (c) Ay, of Se—W mode; and (d) Ey; of S—W mode, A, of S—W—Se
mode, and A, of S—W. (e) Raman spectra peak position shifts with increasing S atomic ratio for the five Raman modes.

Figure 3. Composition and crystal structure analysis of the alloy nanosheet by TEM. (a) HAADF image of a small WS,,Se,_,, domain (x = 0.573;
scale bar = 500 nm). EDS mapping of the same triangular domain for S-K line (b), Se-K line (c), and W-L line (d). (e) High-resolution TEM image
of a typical WS,,Se,_,, nanosheet (x = 0.796; scale bar = 1 nm). (f) SAED pattern of a WS,,Se,_,, nanosheet along the zone axis of [0001].

composition in the resulting nanosheets. Furthermore, the
spatially resolved mapping of the PL intensity also shows a
highly uniform contrast (Figure 1d), demonstrating highly
uniform optical properties and crystalline quality. To correlate
the band gap energy with the composition of the alloy
nanosheets, we have approximated the band gap (E,) using the
PL emission peak position (E; = hc/A, where h is Planck’s
constant, ¢ is the speed of light, and 4 is the wavelength of PL
peak) and determined the composition using energy dispersive
X-ray spectroscopy (EDS) elemental analysis. The plot of the
band gap vs composition shows an apparent linear relationship
(Figure le), as expected for the ternary semiconductor alloys:
Eg(x) = xEgysy + 1 - x)EgWSez, where x is the S/(S+Se)
ratio.”" These studies clearly demonstrate that the band gap of
the alloy nanosheets can be fully tuned all the way from pure
WSe, to pure WS, by systematically controlling the growth
conditions. This band gap tunability in the WS,,Se,_,, alloy
system can greatly enrich 2D material family and enable
spectral tunability for selected optoelectronic applications.

To further investigate the structural evolution in the
WS,,Se,_,, alloy nanosheets, we have collected the Raman
spectra from the same sample series used for PL studies. In
general, the Raman spectra display five main modes for most
WS,,Se,_,, nanosheets (Figure 2a), which can be assigned to
Ajgswy mode (401.9—419.7 cm™), Ajys.w) mode (251.6—
264.7 em™), Ajgs_w-se) mode (379.5-3852 cm™), Epys.w)
mode (~354.7-3559 cm™'), and Epg(sw) LA s:w)+A1g(se-w)
LA(sew) mode (1352-172.5 ecm™"). The normalized Raman
spectra of the WS,,Se, ,, nanosheets with modulated
compositions show a clear peak position shift and relative
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intensity evolution for the A;, mode (Figure 2e). The Ag(sw)
mode shows a strong resonance at 401.9 cm™' for WSe,-rich
phase, that systematically shifts to the higher frequency (up to
419.7 cm™') with increasing intensity as the sulfur ratio
increases; Similarly, the Ajy(s..w) mode follows the same trend
and changes from a strong resonance at 251.6 cm™' in pure
WSe, phase to 264.7 cm™' in WS,-rich phase. The Ejg(sw)
LA(sw)*Aigsew)LAsew) mode, ie., the superposition of
Epg(s-w)-LAs.w) and Ayg(sew)-LA(sew), also showed a systematic
shift from 135.2 cm™" in the WSe,-rich phase to 172.5 cm™" in
the WS,-rich phase, which matches well with the individual
peak evolution of Ejygw) and Ajysew) and is unique for
WS, Se,_,, alloy nanosheets. Additionally, another extra alloy
peak, the A w_s) mode, can also be observed in the
WS,,Se,_,, alloy nanosheets, with the resonance frequency
shifting from 379.5 cm™ in WSe,-rich phase to 385.2 cm™ in
WS,-rich phase. It is also interesting to note that Eyy(s) mode
remains at nearly the same frequency, with less than 1.2 cm™
difference across the entire composition modulation range.
There appears to be little contribution from the Eyy(s..\y) mode,
which could be attributed to very weak E,q(s..w) mode and its
weak coupling with the strong E,,sy) mode. The systematic
Raman shifts further confirm the expected structural and
compositional evolution in the WS, Se,_,, alloy nanosheets.
To further probe the microstructure of WS, WSe,_,, alloy
nanosheets, transmission electron microscopy (TEM) studies,
including energy-dispersive X-ray spectroscopy (EDS), high-
resolution TEM (HRTEM) imaging, and selected area electron
diffraction (SAED) (Figure 3), were employed for crystal
structure and composition analyses. Figure 3a shows a low-
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Figure 4. Electrical transport properties of WS,,Se,_,, alloy nanosheets. (a) Optical microscopy image of a typical back-gated field effect transistor
made of a WS,,Se,_,, nanosheet (scale bar = S ym). (b) Output characteristics of a WS,,Se,_,, nanosheet transistor (x = 0.813; gate voltage
changing from 0 to 80 V in 20 V steps). (c) Transfer characteristics of the same transistor (source—drain bias changing from 0.5 to 3.0 Vin 0.5 V

steps); inset, log plot of 14—V, curve. (d) Transfer characteristics (I;'/2—
from nearly pure WSe, (brown curve) to nearly pure WS, (black curve). (e

)

V, plot) of WS,,Se,_,, nanosheet transistors with different S atomic ratios

Alloy nanosheet transistor threshold voltage (V) vs S atomic ratio, with

the blue dots highlighting the p-type behavior in WSe,-rich alloys and red dots highlighting n-type behavior in WS,-rich alloys. (f) Field effect
mobility vs S atomic ratio relationship in WS, Se,_,. alloy nanosheets, with the blue dots representing the hole mobility in WSe,-rich alloys and red

dots representing electron mobility in WS,-rich alloys.

magnification high-angle annular dark-field (HAADF) image of
a WS,,Se,_,, nanosheet. The spatially resolved EDS elemental
mapping of the S, Se, and W elements shows relatively uniform
distribution across a triangular domain, indicating composition
uniformity throughout the entire domain (Figure 3b—d). The
HRTEM image showed the well-resolved lattice fringe along
(100) plane with no obvious defects, confirming the highly
crystalline quality of the alloy nanosheets (Figure 3e). The
selected-area electron diffraction (SAED) taken along the
[0001] zone axis displays a single set of diffraction spots with 6-
fold symmetry, further confirming the single-crystal quality of
the alloy nanosheets (Figure 3f). A systematic analysis of a
series of SAED patterns of a series of selected alloy samples
shows that the lattice constant can be continuously tuned from
2.84 A in nearly pure WSe, to 2.72 A in nearly pure WS,
(Figure S3), further confirming the successful alloy formation.

To probe the composition modulation of the electronic
properties of the WS,,Se,_,, alloy nanosheets, we have studied
the electrical transport properties of WS,.Se, ,. nanosheets
using the back-gated field effect transistors (FETs). The back-
gated nanohseet FETs are fabricated on 300 nm SiO,/Si
substrate (Figure 4a). In general, a single triangular domain is
used as the transistor channel with a channel length around $§
um. The source and drain electrodes are defined by using
electron beam lithography and metallized by using electron
beam evaporation (10 nm Ti/50 nm Au for S-rich alloys, and
50 nm Au for Se-rich alloys). The SiO,/Si substrate is used as
the back gate with the 300 nm SiO, as the gate dielectrics. The
standard transistor measurements were conducted under
ambient condition to derive the conductivity, on—off ratio,
threshold voltage, and carrier type and mobility. To ensure
consistency, 5—10 devices are fabricated from each sample to
evaluate their electrical properties.

The output characteristics (the source—drain current (I4) vs
source—drain voltage (V,4) at varying back gate voltages) of a
typical WS,,Se,_,, nanosheet (x = 0.813) FET show nearly
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linear relationship (Figure 4b), indicating an Ohmic contact
was achieved at the source—drain contacts. The current
amplitude increases with increasingly positive gate voltage,
suggesting an n-type semiconductor behavior. The transfer
characteristics (L4 vs gate voltage (V,)) show that an on—off
ratio of 10°—10% can be achieved for most devices (Figure 4c
and inset, and Figure S4). The electrical transport studies of the
nanosheet devices with different alloy compositions show a
systematic shift in carrier type, from p-type behavior in the
WSe,-rich phase to n-type semiconductors in the WS,-rich
phase, and a consistent shift of the threshold voltages as the
composition is changed (Figure SS).

The evolution of electrical properties and FET threshold
voltages can be more clearly seen from an 4" 2—Vg plot under
a source—drain bias of 3 V for the nanosheets with increasing
sulfur atomic ratio from nearly pure WSe, (brown curve) to
nearly pure WS, (black curve, Figure 4d). For the WSe,-rich
alloys (~0—0.55 S atomic ratio), the FETs predominantly
display p-type semiconductor properties, whereas for the WS,-
rich alloys (~0.55—1 S atomic ratio), the n-type semiconductor
properties are mainly observed. Additionally, it is noted that, for
the intermediate alloy region (0.40—0.65 S atomic ratio),
several devices showed weak ambipolar behavior (Figure S4).
For WSe,-rich alloys, the devices are normally “on” with a
highest threshold voltage (V;) of +33 V observed in the nearly
pure WSe, nanosheets, suggesting relatively high hole-
concentration. The extracted average positive threshold voltage
of the alloy samples decreases with the decreasing selenium
ratio, suggesting a reducing number of holes in the nanosheet
transistors; Similarly for the WS,-rich alloys, V, = =50 V is
observed for the nearly pure WS, sample, indicating the
intrinsically n-type doping behavior. The negative threshold
voltage also decreases with the decreasing sulfur ratio, signifying
the decreasing electron carriers in the nanosheets with lower S
ratio (Figure 4e). Overall, the WSe,-rich alloys show highly p-
type behavior, that gradually shifts to the lightly doped p-type
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semiconductors as the Se ratio is decreased, and then switches
to an n-type semiconductor character as the Se ratio is further
decreased in the WS,-rich alloys. The derived hole mobility
dropped from 682 to 5.3 cm® V7' s7! as the Seratio is
decreased in the Se-rich side. The electron mobility in S-rich
alloys shows a similar trend, starting from a relatively high value
of 11.8 cm® V™' s7! in the nearly pure WS,, and decreasing to
0.9 cm® V' s7' in the increasingly alloying samples. The
mobility values achieved in the Se-rich and S-rich end samples
are comparable to the best-reported mobility values for pure
WSe, and WS, samples. The relative low mobility for
intermediate alloyed WS,,Se, ,. nanosheets (0.30 < x <
0.80) may be attributed partly to higher contact resistance due
to lower doping concentration, and partly to the increased
ionized impurity scattering and alloy scattering in the alloy
sample, which is commonly observed in group III-V alloy
semiconductors.”” Our electrical transport studies clearly
demonstrate that the carrier type and threshold voltages of
the alloy nanohseet transistors can be systematically tuned by
varying the alloy composition. We recognize that both the
intrinsic doping (dominated by impurities, vacancies) and
contact doping (dominated by band alignments) could affect
the electrical transport characteristics of the alloy nanosheet
transistors, and complete decoupling of these two doping
effects is difficult. Further investigation of the electronic
property evolution in the alloy nanosheets would be an
interesting topic in future studies.

In summary, we have shown that WS, Se, ,, alloy
nanosheets with fully tunable chemical compositions can be
successfully grown on SiO,/Si substrate by controlling the
relative ratio of WS, and WSe, vapor in a home-built CVD
system. Micro-photoluminescence and micro-Raman studies
showed a systematic shift of PL peak position and the Raman
resonance frequencies, indicating successful chemical and
structural modulation and band gap engineering. TEM studies
confirm single-crystalline structure with uniform alloy. Elec-
trical transport studies further reveal a systematic modulation of
the electronic properties, including the carrier type, threshold
voltage, and mobility, as the alloy composition is changed. The
successful growth of WS, Se, ,, nanosheets with tunable band
gaps and electrical properties will greatly enrich the TMD
material family, and could empower a great deal of flexibility in
designing atomically thin electronics and optoelectronics with
tailored device characteristics.
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