Chin. Phys. B Vol. 26, No. 3 (2017) 034208
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Atomically thin two-dimensional (2D) layered materials have potential applications in nanoelectronics, nanophoton-
ics, and integrated optoelectronics. Band gap engineering of these 2D semiconductors is critical for their broad applications
in high-performance integrated devices, such as broad-band photodetectors, multi-color light emitting diodes (LEDs), and
high-efficiency photovoltaic devices. In this review, we will summarize the recent progress on the controlled growth of
composition modulated atomically thin 2D semiconductor alloys with band gaps tuned in a wide range, as well as their
induced applications in broadly tunable optoelectronic components. The band gap engineered 2D semiconductors could
open up an exciting opportunity for probing their fundamental physical properties in 2D systems and may find diverse

applications in functional electronic/optoelectronic devices.
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1. Introduction

Since the in 2004, two-

dimensional (2D) layered materials have attracted consider-

discovery of graphene

able attention in the past decade.!'=>] Atomically thin 2D ma-
terials, e.g., MoS;, WS,, ReS,, and SnS,, are burgeoning 2D
semiconductor materials for their unique electronic and op-
tical properties.[®°] Unlike graphene with a zero band gap,
these atomically thin 2D materials possess direct band gaps
and could give light emission at room temperature, which is
important for both electronic and optoelectronic applications.
These atomically thin 2D nanosheets derived from the lay-
ered materials share many interesting characteristics of the
well-known graphene, such as excellent electronic properties,
exceptional mechanical flexibility, and partial optical trans-
parency. Furthermore, these 2D nanosheets typically have a
well-defined crystalline structure with few surface dangling
bonds that traditionally plague most semiconductor nanostruc-
tures, and therefore can exhibit excellent electronic properties
that are not readily achievable in other semiconductor nanos-
tructures.

Since the application of semiconductor materials is
closely related to their band gaps, a vital task in atomically
thin 2D semiconductor research is to realize the growth of
new 2D materials with tunable band gaps for potential appli-

cations in functional electronic/optoelectronic devices.!!%-1°]
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Since different atomically thin 2D materials have different
band gaps, alloying semiconductors with different band gap
variations can be synthesized by controlling the composi-
tional proportions of two or more 2D materials. Thus, the
range of band gaps of alloying semiconductors would vary be-
tween the minimum and maximum values of the band gaps
of all the components. Alloying semiconductors with differ-
ent band gaps have been widely used in the band gap engi-
neering of bulk semiconductors. For applications in nano-
electronics and nanophotonics, it is very important to achieve
semiconductor nanostructures with continuously tuned band
gaps.[20-201 Recent advances in OD and 1D ternary semicon-
ductor structures have shown that their band gaps and light
emissions can be tuned gradually by changing their constituent
stoichiometries, 2’91 and based on these achieved compo-
sition modulated nanostructures, multi-wavelength lasers, ]
wavelength converters,>?! optical diodes,!**! and nanoscale
photodetectors3®381 were realized. For the broad applications
in integrated devices and systems, direct growth of these band
gap engineered 2D structures should be very important. In
this review, we will summarize the recent progress on the band
gap engineering of atomically thin two-dimensional semicon-
ductor alloys. Considering from different 2D atomically thin
alloys, various research progress will be reviewed systemati-

cally.
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2. MoS,Se;(; ) alloys

As two of the most important transition-metal dichalco-
genides (TMDs), atomic layered MoS, and MoSe; have been
extensively studied, due to their atomically thin geometry,
unique electronic and optical properties, and potential ap-
plication integrated nanosystems. For monolayer MoS, and
MoSe;,, the direct band gaps are 1.856 and 1.557 eV, respec-
tively. To precisely control the band gap of these 2D TMDs is
of central importance for creating optoelectronic devices with
tunable spectral responses. Theoretical studies suggested that
mixed Mo(S, Se, Te), alloys are thermodynamically stable,
and thus it is possible to continuously tune their compositions
between the constituent limits.[***3 A cartoon illustrating the
atomic structure of a mixed 2D TMDs, along with the con-
stituent parent materials is shown in Fig. 1.140! In practice, the
alloys are modeled by 55 supercells. Biplab et al. have stud-
ied in detail the electronic structure of atomically thin uniform
2D MoS;(; _x)Sezy, and nanosheets to have an understanding of
composition dependent tunability of the electronic and optical
properties of these nanosheets.!*!! Fatih er al. performed DFT
calculations to examine the lithium adsorption and diffusion
on the hexagonal MoS;(; _,)Sez, monolayers with variation of
x for 0.00, 0.33, 0.50, 0.66, and 1.00.1*?! In this regard, band
gap engineering of 2D alloy MoS;(;_,)Se, has recently been
achieved by using slightly different precursors with different
band gaps: (i) mechanically exfoliated MoSy(;_,)Sep, bulk

(b)

Ar+H.
R R T
T1

[ 71 ] Growth zone

alloy,!*# (ii) creating a composition of mixed alloys by con-
trolling the ratio of the S and Se.[*>~%?1 For example, by using
MoS; and MoSe, as precursors, Feng et al. have success-
fully synthesized MoSy(;_,)Ses, nanosheets (Fig. 1(b)).1*!
A typical scanning electron microscopy (SEM) image of a
representative sample shows that the achieved structures are
triangular nanosheets with the edge lengths of 30-80 pum
(Fig. 1(c)).1*6! With Se dopants, some S2 sites become much
brighter and display intensities close to or even higher than
the Mo sites (Fig. 1(d)), while the intensities of the Mo sites
remain unchanged.!*”! Figure 1(e) plots x-ray photo-electron
spectra of all the synthesized MoS;(;_,)Seax monolayers. 4]
Figure 1(f) shows the normalized Raman spectra of the as-
grown MoSy,Se, (| ) nanosheets with composition x decreas-
ing gradually from 1 (down-most, pure MoS,) to 0 (up-
most, pure MoSe;) excited with a 488 nm argon ion laser,
respectively.[*) From the curves a to 1, the intensity of the
S—Mo related modes [Esg(s Mo), Arg(s—Mo)l gradually de-
creases until they completely disappear, while the Se-Mo re-
lated modes [Ajg(se—Mo)> E2g(se—Mo)] are absent or very weak
at the initial stage and gradually come into appearance with the
corresponding intensity increased. Lateral composition graded
atomic layered 2D MoS;(;_,)Sez, nanosheets have also been
successfully synthesized using a simple moving source ther-

mal evaporation method by an improved CVD route. >!!
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Fig. 1. (color online) (a) Top and side views of the atomic structures of MoS2 (left), MoSz,Sey(; ) alloy (middle), and MoSe; (right) 2D TMDs. Note
that the systems consist of three layers of atoms.[*’! (b) Illustration of three-zone furnace for the growth of the MoS;(;—x)Sey monolayer. (431 (¢) Typical

SEM morphology of the obtained ternary MoSz,Sep(j_y) nanosheets.**! (d) ADF image of Se-doped MoS, with ~ 12% local Se concentration.™*”! (e)

XPS of all as-grown MoS;(;_,) Seax monolayers.[*! (f) Raman spectrum of the MoS,,Sey(1—y) nanosheets excited with a 488 nm argon ion laser. !
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Figure 2(a) shows the normalized photolumines-
cence (PL) spectra of the obtained composition modulated
MoS2,Sey(1—,) nanosheets excited with a 488 nm argon ion
laser.®! All the samples show single emission bands, with
the spectral peaks continuously shifted from 668 nm (for pure
MoS;) to 795 nm (for pure MoSe; ), which is consistent with
the band edge transitions of ternary MoSa, Sey(; ) thin films.
FETs were also fabricated on MoS;(;_,)Sea, monolayers. 4]
The MoS;(; ) Ser monolayer device exhibited n-type trans-
port behavior with high on/off ratios, and the field-effect mo-
bility upg was also calculated. These electrical measure-

ments confirmed semiconductive behavior for all as-grown

MoS;(; ) Sea monolayers. As a further characterization of
the monolayer alloy, the temperature dependence of the PL
was also measured. The MoSg 42Se; s monolayer of Fig. 2(d)
exhibits typical behavior, with the optical gap E; decreas-

1361 Figure 2(e) gives the wavelength-

ing with temperature.
selected PL emission mapping of an examined composition
graded nanosheet alloy in the spectral regions of 680-690,
710-720, 750-760 nm, respectively.’>!l Obviously, the short
wavelength region (680—690 nm) is mainly located at the
center of the nanosheet, while the long wavelength region

(750-760 nm) is mostly located around the edge of sheet.
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Fig. 2. (color online) (a) PL spectrum of the complete composition MoS,Se;(; ) nanosheets and a typical PL mapping of a single ternary nanosheet

(the inset, scale bar, 7 wm) excited with a 488 argon ion laser.!*] (b), (c) Source—drain current to the gate voltage (Igs—Vgs) and the source—drain current
to the source—drain voltage (/3s—Vgs) for FETs containing the MoSz(l,,C)Sez)C monolayer for x = 0.30. 145] The inset shows the SEM image of the device

channel. Scale bar is 5 um. (d) The exciton emission energy as a function of the temperature of the monolayer alloy.>®! () Wavelength-dependent PL
mapping of a single composition graded nanosheet alloy in the spectral regions of 680-690, 710-720, 750-760 nm, respectively (scale bars, 5 wm).3!!

3. WS;(1_y)Sey, alloys

thin 2D
WSacSey(1—y) alloy has also attracted wide range of inter-

Except for MoSySey(;_y), atomically
est. The schematic illustration in Fig. 3(a) shows the trans-
formation from WO3 (monoclinic crystal) to WSz(l,x)Sezx
(hexagonal crystal) through simultaneous sulfurization and
selenization.[®?! Figure 3(b) illustrates a single-zone furnace
utilized in the growth of the monolayer WSey(;_,)So.. Be-
cause of the much higher chemical activity of S atoms than
Se atoms, it is possible to tune the contents in the mono-
layer WSej(;_,)Sa2y by only varying the precursor weight
of sulfur powder. The resulting alloy nanosheets are typ-
ically monolayers with a well-defined triangular shape, as
identified by optical contrast and atomic force microscopy
studies (Fig. 3(c)).[¥ HRSTEM was utilized to character-
ize the monolayer WSy(;_,)Seyy, which shows the Z-contrast
(Z is the atomic number) as images with atomic-scale reso-
lution, as observed in Fig. 3(d).[®?! The hexagonal rings of

the alternative W and S/Se atoms in each unit. There are
three levels of brightness in Fig. 3(d). The dimmest spots
represent the S + S atoms, which are encircled in red; the
relatively bright spots are the S + Se atoms, which are en-
circled in yellow; and the even brighter spots are the Se+Se
atoms, which are encircled in blue. Figure 3(e) shows the
spatially resolved EDS elemental mapping of the S, Se, and
W elements of a typical WSy ,)Sey, alloy, all elements
show relatively uniform distribution across a triangular do-
main, indicating composition uniformity throughout the entire
domain.[®* To further investigate the structural evolution in
the WS,,Se,_», alloy nanosheets, the Raman spectra from
the same sample series were collected.[®* The Raman spectra
display five main modes for most WSy, Se>_», nanosheets,
which can be assigned to Ag(sw) mode (401.9-419.7 em™ 1),
Ajg(sew) mode (251.6-264.7 cm™'), Ajys_w_se) mode
(379.5-385.2 cm ™), Esg(sw) mode (~ 354.7-355.9 em™ 1),

mode (135.2-

and  Eygsw)—LA(sw) + Agsew)—LA(sew)
172.5cm™1).
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Fig. 3. (color online) (a) Schematic illustration of the transformation from WO3 (monoclinic crystal) to WS,
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through simultaneous sulfurization and selenization processes. 1021 (p) Optical microscopy image of typical WS, Se;_», nanosheets (x = 0.454;
scale bar =20 um.[*¥ (c) HRSTEM image of the as-grown monolayer WS2(1, x)Sezx (x = 0.43).1421 (d) HAADF image of a small WS, Se,_oy
domain (x = 0.573; scale bar = 500 nm) and EDS mapping of the same triangular domain for S—K line, Se—K line, and W-L line, respectively. (64
(e) Evolution of Raman spectra in the WS;,Se,_», monolayer nanosheets as a function of chemical composition: full-range Raman spectra,
Eag(s—w)—LA(sw) + Arg(sew)~LA(sewymode, Ajg of Se-W mode, and Eyg of S-W mode, A, of S-W-Se mode, and Ajg of S-W mode. (64!
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Fig. 4. (color online) (a) Photoluminescence spectra of a series of composition tunable WS,,Se;_», monolayer nanosheets. Inset: photoluminescence

intensity mapping of the same WS, Se,_», nanosheets (x = 0.522; mapping peak is 687.5 nm; scale bar is 10 pm). [64] (b) Transfer characteristics (1;/ 2z

Vg plot) of WS>,Se; 5, nanosheet transistors with different S atomic ratios from nearly pure WSe, (brown curve) to nearly pure WS, (black curve).[64]
(c) Polarization curves after iR correction obtained at a voltage sweeping rate of 5 mV-s~! in the monolayer WS;(1_x)Sez (x = 0.43), monolayer WS,,

monolayer WSe;, Pt and GC electrode. 162]

To investigate the band gap modulation in the resulting al-
loy nanosheets, (t-PL spectra were taken using a micro-Raman
microscope and spectrometer excited by a 488 nm argon ion
laser (power is 5 uW) in ambient condition. Photolumines-
cence studies demonstrate that all the monolayer samples dis-
play prominent emission with a single sharp peak with full
width at half maximum (fwhm) about 25 nm. The PL spec-
tral peak positions are continuously tunable from 626.6 nm
(nearly pure WS3) to 751.9 nm (nearly pure WSe;) depending

(64] Furthermore,

on the exact synthetic conditions (Fig. 4(a)).
the spatially resolved mapping of the PL intensity also shows a
highly uniform contrast (inset), demonstrating highly uniform
optical properties and crystalline quality. To probe the elec-
tronic properties of the as-grown monolayer WSe;(;_,)Sa, al-
loy, gated-FET devices based on the monolayer WSej(; _,)Say
alloy by the EBL was fabricated by Yang et al.!®3] The typi-

cal current-voltage (/3—Vys) plots of the FET devices indicates

the increase of the drain current by decreasing the back-gate
voltage. The band gap tuning capability is ~ 120 meV by
varying the S content in the monolayer WSey(; Sz, alloy.
The top-gated FET configuration improves the carrier mobil-
ity with two orders larger than that in the back-gated FET de-
vice. The evolution of electrical properties and FET thresh-
old voltages can be more clearly seen from an Isld/ 2—Vg plot
under a source-drain bias of 3 V for the nanosheets with in-
creasing sulfur atomic ratio from nearly pure WSe, (brown
curve) to nearly pure WS, (black curve, Fig. 4(b)).1%4 For
the WSe;-rich alloys (~ 0-0.55 S atomic ratio), the FETS pre-
dominantly 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. The polariza-
tion curves (Fig. 4(c)) after internal resistance (iR) compen-
sation obtained at a scan rate of 5 mV-s~! show the normal-
ized current density as a function of the voltage versus RHE in
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the monolayer WSZ(I,X)Segx (x=0.43), WS,, WSe,, Pt, and
bare GC electrode. Impressively, the monolayer WS;(; _,)Sea
electrode exhibits the significant HER catalytic activity with
the lowest onset overpotential of ~ 80 mV compared to WS,
(100 mV) and WSe; (150 mV).

4. WMoS, alloys

2D MoS; and WS; can alloy to form atomically thin 2D
WMoS; alloy.[-75] Similar to MoS; and WS>, Mo;_W,S,
alloy has a layered structure, and each layer consists of two
hexagonal S atom layers and a sandwiched Mo/W atom layer.
The Mo or W atom sits in the center of a trigonal prismatic
cage formed by six S atoms (Fig. 5(a)).[%] The two metal
species form homo-nuclear chains along the edges of the trian-
gular W, Mo _,S; alloys. Hydrostatic pressure up to 40 GPa
was applied to MogsWqs5S, layered ternary compound to
study the vibrational modes and understand the phonon and
lattice distortion for high compressive forces.[”!) With in-
creasing pressure, the in-plane E;; modes and out-of-plane
A}z modes follow closely to that of pristine MoS; or WS;.
The band gap of Mo;_,W,S; monolayers could be tuned
by MoS, or WS, composition, which was evidenced by PL
measurements. %] As W composition x increases, the A ex-

citon emission (~ 1.8-2.0 eV) red shifts and then blue shifts
(Fig. 5(b)). For Mo;_,W,S, monolayer alloys, the PL spectra
show one strong PL peak, i.e. A-exciton emission (low-energy
one), with a weak shoulder B-exciton emission peak at the
higher energy side.!®’! The PL intensities of the Mo;_ W, S,
monolayer alloys first decrease (due to electron—phonon inter-
action) and then increase with temperature increasing. Fig-
ure 5(c) presents a schematic diagram of the Moy sW(.5S>
photoresistor that was constructed from a PLD-grown film
using the wire-masking technique.[%®! There are no sampling
points at the rise and decay edges from the temporal switch-
ing cycle, indicating that the response time of the device is
shorter than 150 ms, which is the sampling limit of the mea-
surement system. While alloy scattering was found to be im-
portant for alloy compositions 0.5 < x < 0.7, the mobility is
found to be limited by LO phonon scattering across the en-
tire range of compositions except for the combination of Mo-
rich alloys with very low 2D carrier densities (10'2 cm™2),

(991 The morphology,

where the impurity scattering dominates.
elemental composition, bonding information, and electrocat-
alytic properties toward hydrogen evolution reaction (HER) of
3D electrodes coated with Mo, W_,S, alloys with different

Mo/W ratios were also studied.[”>]

4
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Fig. 5. (color online) (a) Top view of Mo;_,W,S, monolayer and a side view of a unit cell.[%] (b) PL spectra of Moj_,W,S,
monolayers with different W compositions x.1951 (¢) Schematic diagram of a Moo sWq 5S> photoresistor and a temporal switching

cycle of the Moy s W sS, photodetector under a 635 nm illumination.

5. Mo;_,W,Se; alloys

Triangular Mo;_,W,Se> monolayers!’®7! with tens of
microns in size were successfully grown on Si0,/Si substrates
at 780 °C by a low pressure CVD method. According to the
simulation, the dimmed Se sites correspond to Se vacancies
(VSe) where one Se atom at the site is missing (Fig. 6(a)).[”%!
Figure 6(b) shows the atomic force micro-scopy (AFM) im-
age of Moge7Wo335ey sheets, meaning the height of the
monolayer alloy is about 1.3 nm.[”®! Figure 6(c) shows an

HAADF STEM image of Mog47Wy 535¢e;, flakes. An atom-

[68]

ically resolved image revealed its honeycomb atom arrange-
ment, as shown in the inset of Fig. 6(c).!”®! PL measurements
on Mo;_,W,Se, monolayers with different W compositions
showed tunable band gap exciton emissions (Fig. 6(d)).78 As
W composition x increases, the PL emission shows a bow-
ing effect, in which emission energy first red shifts to a mini-
mum value at around x = 0.2-0.3 and then monotonically blue
shifts. Therefore, the band gap emission of the Mo;_,W,Se,
monolayers can be continuously tuned from 1.56 eV (reached
x=0.21)to 1.65 eV (reached x = 1). Figure 6(e) shows unpo-
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larized Raman spectra of Mo;_,W,Se, monolayers with dif-
ferent W composition x and the corresponding composition-
dependent Raman frequencies.!”8! The MoSe;-like Eo, shifts
to lower frequency as the W composition increases. In addi-
tion, the second order Raman peaks also shift and showed two-
Figure 6(f)
shows the dynamics of excitons in MoSe;, Mog.9sWo.02Se>,

mode behaviors as the W composition changes.

and Moy 3o Wy.18Se, acquired by exciting the monolayers with

a =~ 300 fs pump pulse having a central wavelength of 620 nm
and an energy fluence of ~ 0.9 pJ-cm~2.17®! The room tem-
perature PL intensity from Moo g, Wy 13Se; monolayers is
~ 10 times stronger than that from MoSe;, accompanied by
a longer exciton lifetime, indicating the decrease of defect-
mediated nonradiative recombination. The calculated mobil-

ity of Moj_W,Se, monolayer FETs with x = 0.39 was about
7.8 x 10

2 cm2.v—1.g—1 [78]
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Fig. 6. (color online) (a) Top view of the atomic model corresponding to the Mog g» W, 13Se; monolayer.[7! (b) AFM image of Moy ¢7 W 33Ses sheets. 8] (c)
HAADF STEM image of Moy 47Wq s3Se; flakes. Inset in panel (c) is a high-resolution STEM image, and the scale bar is 3 nm. 781 (d) Composition-dependent
PL spectra of Mo;_, W,Se, monolayer alloys. [78] (¢) Raman spectra of Mo;_,W,Se, monolayers with different W composition x. [78] (f) Differential reflection
signal (scattered dots) measured from MoSe;, Mog.9s W 02Se2, and Moy g2 W 13Se; monolayers with a 620 nm pump and a 800 nm probe pulse.[76] Solid
curves are biexponential decay fits.[70] (g) Output curves (I35—Vys) under different bottom gate voltages of Mo;_,W,Se, monolayer FETs for x = 0.39. [78]

6. TMDs alloys with Te

Unlike other TMDs, MoTe; and WTe, are distinguished
by the existence of a semimetallic distorted octahedral T’
phase with a very small energy barrier from the semiconduct-
ing H phase.
showed that
MoS;(10.5)Te(0.5) has a direct band gap structure, both the

The calculations by Rajbanshi et al.

highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) are approaching toward
the Fermi level with the increase of doping percentage.*!]
The formation energy diagram in Fig. 7(a) shows that the

T’ phase of pristine monolayer WTe; is thermodynamically

more favorable, while monolayer MoTe, is more stable
in the H structure due to different contributions from lig-
and field splitting stabilization and CDW stabilization. 8]
It is found that in monolayer W,Mo;_,Te, alloy, the en-
ergy difference between the T’ phase and the H phase is
reduced when x approaches the transition point indicating
the potential that a smaller amount of charge modulation
than that in pristine MoTe, can render the T’ phase more
stable than the H phase of monolayer W,Mo;_,Te, when
x is closer to 0.333. At some chosen temperature 7, the

two phases’ Gibbs or Helmholtz free energies form a free
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Fig. 7. (color online) (a) Formation energy of W,Mo;_,Te; in both T’ structure (blue) and H structure (red) at various W concentration X180 (b), (¢)
Free energy landscape at fixed temperature. 8! (d) Positive (pink) and negative (blue) voltage required to switch the relative stability of H-MoTe, and

T'-MoTe,. 801 (e), (f) The photoluminescence (PL) spectra of monolayer WSey(; _ ) Tesy (x =0-1.0) alloys.[

energy landscape that allows determination of which phase or
phase mixture minimizes total free energy as a function of W
content. Panel (Fig. 7(b)) follows the thermodynamically sta-
ble convex hull: the monolayer minimizes its total free energy
by existing in the H phase on the left-hand side of point 1, as
single phase T’ on the right-hand side of point 3, and as a two-
phase coexistence of a W-depleted H phase and a W-rich T
phase between points 1 and 3. Panel (Fig. 7(c)) applies when
long-ranged W diffusion across phases is quenched. Point 2
then marks the transition between metastable single-phase H
and metastable single-phase T’.[°!] The converted critical volt-
ages required to trigger the phase transition between the H and
the T’ phase of monolayer W,Mo;_,Te, alloy with different
compositions are shown in Fig. 7(d).[81 A fast switching de-
vice structure is proposed and reasonable critical gate voltages
required to induce the phase transition are estimated by a sim-
ple capacitor model. The PL spectra of 2H WSey(; ) Teox
(x = 0-0.6) monolayer samples excited with a 532 nm laser
are collected and shown in Fig. 7(e).[®?! All monolayer 2H
WSe; (1) Teox show the emission bands, and the spectral peak
continuously shifts from 744 nm (pure WSe;) to 857 nm (near
infrared). For 1Td sample, as expected, no PL signal is de-
tected when x > 0.6. Figure 7(f) plots the optical gap ver-
sus mole fraction of Te for monolayer WSe;(; _ ) Tey. (821 The
band gaps are continuously shifted from 1.67 eV (pure WSe;)
to 1.44 eV.

82]

7. 2D alloys with Ga

The band gap for GaS, GaSe and and GaTe mono-
layers as 2.5, 2.1, and 1.7 eV (on average), respectively.
In Fig. 8(a), wafer-scale GaTe,Se|_, films are successfully
grown by MBE.®] Ga, Te, and Se elements distribute uni-
formly over a large range of 0.16 mmx0.16 mm. GaS;_,Se,
multilayers with tunable compositions over the entire range
have been successfully synthesized by CVT (Fig. 8(b)).34
Figure 8(c) displays the UV-visible diffuse reflectance spec-
trum measured for various compositions of GaS;_,Se, mul-
tilayered nanosheets.!®* The onset of the absorption band,
the indirect band gap obtained from the K-M plots, and the
PL peak position (at 8 K) all show a linear dependence on
the composition, with similar band gap (E) values for any
given value of x (Fig. 8(d)).[®*! Figure 8(e) shows a schematic
view of the fabricated GaSe s Tey s nanoflake device.[®! The
GaSe 5Teg 5 nanoflake photodetectors show extended light re-
sponse wavelength compared to GaSe (Fig. 8(f)). Also, with
increasing Te composition the photocurrent of GaTe,Se;_ al-

loys has a rising trend.®3]

8. 2D alloys with Re

Re dichalcogenides are promising candidates for the
study of anisotropy. ReS; forms a distorted 1T structure
with triclinic symmetry (Fig. 9(a)).[3¢! Figure 9(b) shows the
absorption spectra of ReS,, ReSSe and ReSe,, respectively.
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(c), (d) UV visible diffuse reflectance spectrum (in absorption) and PL spectrum (at 8 K) of the GaS;_,Se, nanosheets with various values of
x.184] () Three-dimensional schematic view and the cross section view of the GaSeg 5Teg 5 nanoflake device. 89 (f) Composition-dependent

photocurrent of GaTe,Se_y alloys under different laser intensities. 3]
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4
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Fig. 9. (color online) (a) Crystal structure of the ReX, compound.[%] (b) Absorption spectrum of ReS,, ReSSe, and ReSe,.180 (¢) Typical
optical image of a ReSSe flake with regions of different thicknesses. Scale bar: 10 um. !0 (d) I;—V; curve of a ReSSe thin-flake transistor with
a thickness of about 3 nm.[3®! (e) Band structures of NbyRe|_,S> systems (x = 0.5).1371 () Derived absorbance along in-plane directions. 1871

Figure 9(c) shows a typical optical image of ReSSe flakes,
with thicknesses ranging from monolayer to four layers. A
field-effect transistor based on a ReSSe thin flake with a thick-
ness of about 3 nm was fabricated and studied (Fig. 9(d)). The
13-Vy data exhibit a slight super linear behaviour at low drain
bias, which suggests that the electrons are injected through a
Schottky barrier at the metal-semiconductor interface. Pho-
tosensitive devices based on few-layer ReSSe exhibit a very

high photoresponsivity, up to 8 A-W~!.

With xge = 0.5, the concentrations of groups 5 and 7
transition metals are equal and thus Nbg sRe 5S; is valence
isoelectronic to MoS;. Mirroring MoS;, NbgsReq5S; is a
semiconductor albeit with a smaller band gap and has com-
peting CB minima and VB maxima at the I" and K points
(Fig. 9(e)).[®"] Figure 9(f) shows the absorbance of the TMDs
overlaid onto the solar spectrum.®”) From first principle cal-
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culations, these alloy TMDs possess significantly smaller band
gaps, which are close to the optimal value of 1.3 eV for effi-
cient solar absorption and show enhanced solar absorption in

the visible range of the solar spectrum.

9. Other 2D alloys

Dopping is another effective method to tune the band
gap of semiconductor materials. A number of experimen-
tal and theoretical studies have been committed to the atom-
ically thin 2D alloys by dopping in recent years. 3821 Fig-
ure 10(a) is the hexagonal bilayer Cog 1sMo0g.34S2 nanosheet
synthesized by the CVD method.!8] The Aj, mode and Ep,
modes show one-mode and two-mode behaviors, respectively.
The Co,Mo_,S; nanosheet devices demonstrated FET char-
acteristics of a n-type semiconductor (Fig. 10(b)), with a mo-
bility as high as 0.52 cm?/(V-s), the on/off ratio (about 10)
is lower than the reported bilayer MoS, flakes.[®8] Mean-
while, good quality Sn;_,Mn,Se, films with relatively high
Mn concentrations have been successfully grown by MBE
on GaAs (111)B substrates.®) The XRD patterns for the
Sn;_,Mn,Se; films are shown in Fig. 10(c). The samples
show only (001) peaks of the SnSe; structure, illustrating ex-
cellent c-axis-oriented epitaxial growth. Figure 10(d) shows
the Mn concentration as a function of Mn effusion cell tem-
perature Ty;p. One can see that the Mn concentration in-
creases linearly from about 42% to 66% as Ty, increases
from 670 °C to 760 °C. The electronic and magnetic prop-
erties of Mn-doped monolayer WS, were also investigated
by Zhao et al.[®”! According to their simulation calculations,
a significant portion of the alloy’s spin density is localized
on the Mn atom. For each considered Mn-doped WS, con-
figuration, the formation energy is lower under S-rich con-
ditions, which indicates that it is energy favorable and rel-
atively easier to incorporate Mn atom into WS, nanosheet
under S-rich experimental conditions. In addition, Deniz et
al. investigated the electronic and magnetic properties of a
ReS; monolayer substitutionally doped with transition metal
and nonmetal atoms.!! The mixed-metal fere crystal com-
pounds, [(SnSe);.16—1.09]1 [(NbyMo;_y)Sez]; with x =0, 0.26,
0.49, 0.83, and 1, were successfully produced via adaptation
of the modulated elemental reactant method.[”3l Template-
based sputtering method is used first to fabricate Au nanoan-
tenna (NA)/MoS2 heterostructures with an enhanced exciton
energy. !> The PL spectrum red-shifting and intensity attenu-
ation happen in the n-type doping of GQD/MoS; heterostruc-

ture configuration based on optical doping mechanism.[*®!

(a) (b)
20 V‘:V) 20 40
(d) >C< 0.7 r .d
3 2 06} |
© = 7/
: & 0.5} 7 J
= o 0
7] 8 0 0
§ : (é 4 0, . . 4
£ e\ b/ 1 S 650 700 750
10 20 30 40 50 60 Ty (C)

20 (deg.)

Fig. 10. (color online) (a) Optical image of the Cogp16Mo0p.84S2
nanosheets on the substrate. 3 (b) Room-temperature characteristics of the
CoxMoj_,S> nanosheet FET devices with 2 V applied bias voltage. The
inset shows the optical image of a FET device.[®¥ (c) XRD spectra of
Snj_,Mn,Se; films grown with different values of TMn.lggJ (d) Mn effusion
cell temperature dependences of the Mn concentration. (3]

In conclusion, great progress has been made in recent
years in search for the band gap engineering of atomically
thin 2D semiconductor alloys. Up to now, almost all kinds
of 2D semiconductor alloys have been obtained, and recent
studies have shown exciting potential of these atomically thin
semiconductor alloys, including the demonstration of atom-
ically thin transistors, a new design of vertical transistors,
as well as new types of optoelectronic devices such as tun-
able photovoltaic devices and light emitting devices. In addi-
tion to the growth and corresponding device applications, it is
equally important to pursue the novel physical properties of
the band gap engineered 2D nanosheets and use them in new
2D semiconductor-based functional device designs.

Although the progress achieved in band gap engineering
of atomically thin 2D semiconductor nanosheets represents
only an initial success in this new field of material science re-
search. Many new opportunities and challenges remain in the
coming years, such as the instability of 2D semiconductor al-
loys in the air, which is still the key problem when things come
to related material applications. Is there any way to make the
raw materials more harmless in order to fit with the require-
ments of the environment? We are looking for the answers.

Above all, through the tireless efforts of researchers and
the development of research technology, alloys from other 2D
materials, such as 2D metal halide, and 2D black phosphorus
which attracts great attention lately will gradually enter the
people’s vision in the near future.
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