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DOI: 10.1039/x0xx00000x Engineering electronic structure of atomically thin two-dimensional (2D) materials is of great importance to their potential
applications. In comparison to many other approaches such as strain and chemical functionization, alloying can
www.rsc.org/ contineously tune the bandgaps in a wide energy range. Atomically thin 2D alloys have been prepared and studied recently
motivated by their potentials in electronic and optoelectronic applications. Here in this review, we first summerize the
preparation of 2D alloys (mainly on transition-metal dichalcogenide (TMD) monoalyer alloys), including mechanical
exfoliation, physical vapor deposition (PVD), chemical vapor depostion (CVD) and chalcogen exchange. Then atomic-
resolution imaging, Raman and photoluminescence (PL) spectroscopic characterization of 2D alloys are reviewed, in which
bandgap tuning is discussed in details based on the PL experiments and theoretical calculations. At last, applications of 2D
alloys in field-effect transistors (FETs), photocurrent generation and hydrogen evolution catalysis are reviewed.

materials (especially semiconductors) offers vast space for tuning
Introduction the electronic structure as well as the lattice parameterszs. Bulk
semiconductor alloys have been intensively studied®. In the last
few years, much work has been done on 2D semiconductor alloys
(mainly TMD monolayer alloys). In this review, we summarize
recent work on 2D semiconductor alloys, including the synthesis,
structure characterization, Raman and photoluminescence (PL)
spectroscopic properties, electronic structure, and potential
applications.

Since the discovery of graphene in 20041, atomically thin materials
(i.e., two-dimensional (2D) materials) have attracted broad
interest’® because of their unique structures and physical
properties. Towards potential applications in electronics and
optoelectronics, 2D materials with sizable bandgaps and high
carrier mobilities are needed®. Graphene has extremely high
carrier mobility”? (>10° cm?®/Vs) but with zero bandgap. Many
efforts have been made to open a bandgap in graphene, such as
asymmetric grating13/doping of bilayer graphene“,
hydrogenationls’/fluorinationm/chIorination17 of graphene.
However, so far, the bandgap opening for graphene is either too
small or too large (<0.4 eV for asymmetric gating” and 3.5-3.7 eV
for graphanels). Meanwhile, many other 2D materials, especially 2D
semiconducting materials, are emerging (Figure 1 and Table 1) and
have already shown excellent electronic™ ' ?° and optoelectronic
properties (such as high power/mass light harvestingu' 2
extremely-high sensitive photon detection”® and low-threshold
lasing®®).

The large family of 2D materials includes (1) transition-metal
dichalcogenides (TMDs) (such as MoS,, MoSe,, WS,, WSe,, ZrS,,
ReS,), (2) hexagonal BN (h-BN), (3) X-ene (graphene, silicene and
germanene), (4) black phosphorus (b-P, ie., phosphorene), (5)
group llIA chalcogenides (such as GaS, GaSe) and (6) group IVA
dichalcogenides (such as SnS,) and so on.

Fine tuning the bandgap as well as valence band (VB) and Figure 1. Selected 2D materials in the periodic table.
conduction band (CB) positions are of great importance to engineer

the performance of 2D-material based devices. Alloying different

Choices of the end materials for 2D TMD alloys

- Bandgaps of 2D materials ranges from zero to UV region (Figure 2).
"Key Laboratory of Standardization and Measurement for Nanotechnology of

Chinese Academy of Sciences, National Center for Nanoscience and Technology, For example, X-ene, TiX, (X? 2§827and Te), group VB TMDs, WTe,,
Beijing 100190, P. R. China ZrTe, and HfTe, are metallic” ™ “’. TiS, has calculated bandgaps of
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~0.02 eV?’. ZrSe, and HfSe, have a bandgap in the IR rangeU. Other 0.235
2D materials (such as GaX, SnX,, ReX,, black phosphorus, ZrS,, HfS,, a=0.660nm 0.238 )
group VIB TMDs except WTe,) have bandgaps in the visible and NIR ReSe, b=0.672m;n 0.260 13 1.32
range7’ 27 0=118.9 0.261
0.262
Table 1. Lattice parameters and bandgaps of selected 2D materials SnS, a=be=_01.§?)5°nm 0.256 1.6 -
a=b=0.381nm
Lattice Band- | Band- SnSe, Ao 0.268 0.8 -
Monolayer parameters Bond gap gap 6120
material (from the bulk Ie(:i:?s (cal., (exp., GaS a=be=_01.3390nm 0.233 2.6 -
material) ineV) | inev) -
a=b=0.246nm Gase a=b=0.374nm | 047 | 23 -
Graphene o= 1'200 0.142 0 - (2H phase) 06=120° ) )
) a=b=0.341nm
h-BN a—be—_()l.iggnm 0.144 | 47 ; TS 8=120° 0.243 | 0.2 ;
a=b=0.387nm Tise, a=b=0.334nm | oo 0 ;
8-120° ] , 0=120
sili ) 0.234 0 - . =b=0.
ficene (Bulking of TiTe, a=b=0 37inm 0.277 0 -
0.068 nm)’ 9=120
a=b=0.406nm NDS, a=b=0.331nm | 542 0 -
9-120° (ht phase) 0=120
- a a
Germanene (Bulking of 0.244 0 NbSe, a—b—0.345°nm 0.261 0 i
0.046 nm)* (3R phase) 06=120
Tas, a=b=0.335nm
Black 2=0331nm (a phase) 5120° 0243 | o© .
phosphorus b=0.438nm 0.222 5 0° 1.39 T2 bo0.351
Phosphore - 0.224° : ‘ ase, a=b=0.3>1nm )
( nZ) 6=90°" (1T phase) 6=120° 0.256 0
TaTe
MoS, a=b=0.315nm e 2 a=b=0.364nm
(2H phase) 0=120° 0.239 16 1.85 (mon 0=120° 0.268 0 .
phase)
MoSe, a=b=0.329nm £
(2H phase) 8=120° 0.249 1.4 1.55 Note: All unspecified lattice parameters and bond lengths are from
MoTe, a=b=0.352nm . www.springermaterials.com. All unspecified bandgaps are from ref.
(rt phase) 0=120° 0.268 115 11 ? In cases of multi-phases for the corresponding bulk materials,
a=b=0.316nm " lattice parameters for a certain phase are shown in the table.
WS, ° 0.240 1.8 1.99 ref.2% Pref. % “ref??; Yref0; Cref.’; Tref 3 32 Bref. B, Mref 3 lref ¥,
82120 Tref®®; ¥ref.®®
a=b=0.329nm i T o
WSe, 8-120° 0.250 1.5 1.65
0.270 Graphene and h-BN have a similar crystal structure with only ~1.5%
0.271 lattice mismatch. Theoretical calculations have predicted that
WTe Ezgzgz:m 0.272 0 hexagonal ordered and disordered BCN can have a sizable
2 _9.—90° 0.280 bandgapamg, However, graphene and h-BN are not soluble in each
0.281 other and, so far, BCN films with separated BN and graphene
0.286 domains have been obtained™.
zrs, a=b=0.365:)nm 0.256 1.1 _ For most TMDs, depending on d orbital filling, transition-metal
6=120 atoms can be coordinated by six chalcogen atoms in a configuration
ZrSe, a=b9=_01.i;7onm 0.266 0.4 - of triangular prism (for example, 2H-MoS,), octahedron (for
a-b-_O 3957 example, ZrS,) or distorted octahedron (for example, ReS,). From
ZrTe, - 9__1'200 0.282 0 - the structure point, alloying TMDs within the same transition group
2=b=0.363nm is usually feasible because of same lattice symmetry as well as small
HfS, 8-120° 0.255 13 - lattice mismatches. For example, MoX, and WX, (X=S, Se and Te),
2=b=0.379nm ZrX, and HfX, (X=S and Se) have lattice mismatches less than 1%
HfSe, 0=120° 0.267 0.6 : (Table 1 and Figure 2a). Alloying TMDs between different transition
T a=b=0.395nm groups is rather challenging because of possibly different chalcogen
HfTe, 0=120° 0.231 0 . coordination configurations and larger lattice mismatches. For
2=0.642nm 0.234 example, MoX, and ZrX, (X=S, Se and Te) have chalcogen
ReS, b=0:651nm 0.240 14 155 coordinations of triangular prism and octahedron, respectively, and
0=106.5° 0.247 a lattice mismatch of ~5-7% (Table 1 and Figure 2a). In case of
0.250 alloying materials with different crystal structures, the bond lengths
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(Figure 2b) can be used to estimate the lattice mismatches.
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Figure 2. Plots of (a) calculated bandgaps against lattice parameters
and (b) calculated bandgaps against bond lengths for selected 2D
materials. Note: the corresponding numeral data and references
are in Table 1. In panel a, both lattice parameters a and b are shown
for black phosphorus, WTe,, ReS, and ReSe,. In panel b, average
bond lengths for black phosphorus, WTe,, ReS, and ReSe, are used.
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Figure 3. Calculated formation enthalpies for (a) MoSy(;.4Se,, and
(b) WS;(1.9Se,, monolayers. (c) Structures of ordered MoS(;.»Sey,
monolayers. Reproduced with permission from ref. o, Copyright
2013, AIP Publishing LLC.

Many TMD bulk alloys were synthesized in the last century, such as
22 43 24 45 46
Moy, W,S;™", Moy, W,Se; , TaSy1.95€a , ZrSaxSea » HfSya.5€ax
and ReSZ(l_X)Se2X47. For TMD monolayer alloys, theoretical
calculations have shown that ordered phases have a lower energy

This journal is © The Royal Society of Chemistry 20xx
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of a few meV than the random phases41‘ 8 (Figure 3). Since
synthesis of TMD monolayer alloys is usually done at high
temperatures of a few hundreds of degrees, the random phases are
more preferred due to the large entropy. So far MoSz(l_X)Ser49'54,

55 34, 56, 57 31, 58 .
WS;i.95€2, Mo, W,S, , Mo, \W,Se, monolayers with
random structures have been obtained.

Synthesis of 2D TMD alloys

Mechanical exfoliation of bulk alloys

All reported TMD bulk alloys can be mechanically exfoliated into
monolayers. The first exfoliated TMD monolayers alloy are Mo,.
WS, monolayers34 (Figure 4). The composition of Mo, W,S, bulk
alloys was tuned by changing the loading ratio of MoS, and MoSe,
powders in the chemical vapor transport (CVT) synthesis. After
mechanical exfoliation, Mo, ,W,S, monolayers show a red contrast
of ~10% under optical microscope, which can be used to
discriminate and locate the monolayers. AFM imaging can be used
to confirm the monolayer thickness (~0.7nm). Mo, ,W,Se,

. . s 31,58
monolayers have also been prepared by mechanical exfoliation .

(a) L

Figure 4. (a) Illustration of CVT method (Reproduced with
permission from ref. 59). Optical images of (b) single crystals of TMD
bulk alloys and (c) exfoliated TMD alloy flakes on a tape. (d) Optical
image of a Mo,,W,S, monolayer flake on SiO,/Si (oxide thickness of
300 nm). Panel b and d are reproduced with permission from ref. 3
and ref. 34, respectively. Copyright © American Chemical Society.

Physical vapor deposition (PVD)

For end materials such as MoS, and MoSe,, which have significant
vapor pressures at moderate growth temperatures, the
corresponding monolayer alloys can be prepared by direct
vaporization of the powders of the end materials and then
deposition on substrates at a lower temperature (Figure 5). In the
PVD synthesis of MoS,(1.4Se,, monolayers, continuous films and
large triangle domains (~20 um) can be obtained®”**, in which the
system pressure, H, flow rate, deposition temperature, deposition
temperature gradient and growth time play key roles in the
synthesis. The composition of MoS,(;.4Se,, can be controlled by
changing the evaporation temperatures of MoS, and MoSe,
powders.

J. Name., 2013, 00, 1-3 | 3
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Figure 5. (a) lllustration of three-zone low-pressure furnace system
for PVD synthesis of MoS,;.Se,, monolayers. (b) Optical image of
as-grown MoS,(;.ySe,, films on Si0,/Si substrates. (c) Optical image
and (d) AFM image of MoS,(;.4Se,, monolayers. Reproduced with
permission from ref. 33, Copyright 2014, John Wiley and Sons.

Chemical vapor deposition (CVD)

The widely used approach for synthesis of TMD monolayer alloys is
sulfurization and selenization of transition-metal oxides (such as
MoO; and WO3)49'51' 54 57,60.61 The evaporation temperatures of S
and Se were tuned to control the S and Se vapor pressures and
hence control S/Se ratio in the as-prepared MoS;(.4Se;,
monolayers (Figure 6). The reaction was usually done at ~700 °C.
Additionally, sulfurization and selenization of transition metals
(such as Mo and W)62 can also be used to prepare the
corresponding 2D alloys.

Figure 6. (a) lllustration of synthesis of MoS,.Se,, monolayers
using MoO; and S/Se as precursors. (b)-(d) Optical images of as-
prepared MoS,(;.»Se,, monolayers. Reproduced with permission
from ref. . Copyright © American Chemical Society.

For ZrX, (X=S, Se) synthesis, ZrCl, can be used as a precursor.
Further, h-BN template is needed to grow ZrX, monolayers on
substrates®. By using both S and Se as precursors and changing the
S/Se evaporation temperatures, ZrSy;.»Se,, monolayer alloys can
also be synthesized (unpublished data).

Chalcogen exchange

At high temperatures, chalcogen atoms in TMD monolayers can be
64, 65 .
replaced by hetero-chalcogen atoms . For example, S atoms in

4| J. Name., 2012, 00, 1-3
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MoS, monolayers can be replaced by Se atoms at a temperature of
700-900 °C and then MoS,(;-ySe,x monolayers can be obtained.

Preparation of 2D-alloy based hetero-structures

In the CVD synthesis of MoS,.Se,, monolayers, lateral hetero-
structures can be prepared by changing the S/Se ratio during the
depositioneo. In the experiments, the evaporation temperatures of S
and Se changed continuously and MoS;(;.4Se,, monolayers with
increasing Se content from the center to edges were obtained
(Figure 7a).

2D-alloy based vertical hetero-structures can also be prepared57.
Atomic layer deposition (ALD) is used to prepared WO,/Mo;.
«W,0,/Mo0, vertical structure and then followed by sulfurization to
form MoS,/Mo,  W,S,/WS, vertical hetero-structure (Figure 7b).
This vertical hetero-structure has shown promising photoelectrical
response.

Sequential super-cycle
n-m = 3-0/3-1/2-4/1-6/0-20

(a) oo

1200
3

1000
800
600
400
200

Intensity

N S B |
640 660 680 700 720 740 760 780
Wavelength (nm)

Figure 7. (a) CVD-grown MoS,(;.Se,, lateral hetero-structure with
continuous Se gradient from the center to the edge. Reproduced
with permission from ref. 50, Copyright © American Chemical
Society. (b) Structure illustration of prepared MoS,/Mo;,W,S,/WS,
vertical hetero-structure. Reproduced with permission from ref. 7,

Copyright 2015, Nature Publishing Group.

Characterization of 2D TMD alloys

Scanning transmission electron microscopic (STEM) imaging

Atom arrangement in 2D TMD alloys (i.e., ordered, disordered or
clustered) determines the electronic structure. One direct way to
image the atom arrangement is to use high-angle-annual-dark-field
(HAADF) STEM imaging which has atomic resolution and Z-contrast
capability (contrast proportional to ~ 21'4'1'6)66. HAADF STEM
imaging has been conducted on Mol_XWX5234‘ 37 67, MoSz(l_X)SeZXSO’ >3
and WS;(;.Sex, monolayersss.

Since Mo and W have different atomic numbers (46 and 56,
respectively), HAADF STEM can discriminate individual Mo and W
atoms in Mo, ,W,S, monolayers (Figure 8a,b). Calculation of short
range order parameters by counting average Mo atoms around W
atoms revealed random distributions of Mo and W atoms in Mo;.
W,S, monolayers®*®.

For MoS,(;.4Se,, monolayers, Mo sites should have a similar HAADF
STEM contrast while X, sites should have different STEM contrasts
because of several possible atom combinations (S,, SSe and Se,) for
the X, sites. Experimental results®> have shown that S,, SSe and Se,
sites can be discriminated by quantitative analysis of STEM intensity
(Figure 8c,d). Different coordinations of X, around Mo atoms have

This journal is © The Royal Society of Chemistry 20xx
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been observed (white triangles in Figure 8d). Distribution of the
different X, configurations matches well with the binominal
distribution calculated from the Se content (Figure 8e), indicating
random distributions of S and Se atoms.

(b} WO, 1
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e 2
E | Mow
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Figure 8. (a) HAADF STEM image of a Mo;.,W,S, monolayer and (b)
electron energy loss spectra (EELS) from two individual atoms
assigned to W and Mo atoms. Reproduced with permission from ref.
*, Copyright © American Chemical Society. (c) HAADF STEM image
of a MoS;(;.4Se;, monolayer, (d) the structure schematic and (e) the
coordination statistics. Reproduced with permission from ref. 3,
Copyright 2014, John Wiley and Sons.

PL spectroscopic characterization

Group VIB TMD monolayers have direct bandgaps and the
corresponding monolayer alloys are also direct bandgap
semiconductors with strong PL emissions. As the composition
changes, group VIB TMD monolayer alloys show continuous shift of
PL emission wavelengths (Figure 9). For example, the emission
wavelengths of MoSz(l_X,SeZX49'53, Mol_XWXSZ34 and Mol_XWXSe231‘ 8
monolayers can be continuously tuned in the range of 670-800 nm,
620-680 nm and 760-780 nm, respectively. Note that the shoulder
emission at higher energy side (called B exciton emission) and the
main peak (called A exciton emission) are due to spin-orbit splitting
of VB at the K points.
Emission energy against composition for MoS,(;.4Se;,, Mo W,S, ,
Mo, W,Se, and WS,(;.,4Se,, monolayers is plotted in Figure 10. The
emission energy shows a bowing as the composition changes, which
is called bandgap bowingzs. Bandgap bowing can be descripted by
quadratic equation

Ega,_yBex, = 1- x)Eg,AX2 + xEgpx, — bx(1 —x)

M

This journal is © The Royal Society of Chemistry 20xx

where Eg 4, p x,, Egax, and Eg px, are the bandgaps of the alloy

and the corresponding end materials, b is the bowing parameter.
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Figure 9. Composition-dependent PL spectra of (a) MoSy;.qSex
monolayers, (b) Mo, W,S, monolayers and (c) Mo, W,Se,
monolayers in the whole composition range (x=0-1). Data are
adopted from refs. 31,34,52.33 3nd replotted.

Mo, ,W,S, monolayer shows a large bandgap bowing (b=0.25 eV34)
compared to the bulk material (b~0.05 eV42), which results in a
minimum emission energy reached at x=0.2-0.3 for Mo, ,W,S,
monolayer. While MoS;(;.4Se,, monolayer has a small bandgap
bowing (b~0.05 eVSZ). The origin of bandgap bowing can be lattice
mismatch, orbital hybridization and so on®. For Mo, ,W,S,
monolayers, density functional theory (DFT) calculation have shown
that the bowing is from the lowest unoccupied molecular orbital
(LUMO), which is due to different LUMO compositions for MoS, and
WS, monolayersaA.

WS MosS, MoSe WSe, WS
24— 2 z
O Aexciton
o O B exciton { 550
PR —e—Cal. ®
D
= 600 £
86 2. =
5 650 B0
5 g
= 700 E
= 750 =
Z 800 B
S {850
14 4900
950
MOI_XWXSZ MoSm_x)Seb( Mol_XW xSez WSZ(]-x)Ser
Composition x 02

Figure 10. Composition-dependent experimental and calculated
emission energies (in eV and nm) for Mo, ,\W,S, , M0S;(1.Se,,, Mo,.

<W,Se, and WS;(14Se,, monolayers. Experimental data are adopted
from refs 31, 34,52,53,55 34,41,

69

. Calculated data are adopted from refs.
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Raman spectroscopic characterization

Raman spectroscopy is a sensitive, non-destructive and convenient
tool to characterize structures of alloys. There are one-mode
behavior and two-mode behavior for different Raman modes in the
aIonsm. For one-mode behavior, the same Raman modes in the two
end materials merge into one branch as the composition changes.
For two-mode behavior, the Raman modes with same symmetry in
the two end materials show two different branches instead of
merging into one branch. Many models have been proposed to
explain Raman behaviors in alloys, including cIustering”, spatial
correlation’ and random element isodisplacement (REI)70.

(a) (b) MoShSez(}_x)
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100 150 200 250 300 3&0‘450 450
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Figure 11. Composition-dependent Raman spectra of (a) Mo,_,W,S,
monolayers, (b) MoS;;Se,, monolayers and (c) Mo, ,W,Se,
monolayers. Panel a is reproduced with permission from ref. 3
Copyright 2014, the Royal Society of Chemistry. Panel b is
reproduced with permission from ref. . Copyright 2014, John
Wiley and Sons. Panel c is reproduced with permission from ref.3.
Copyright © American Chemical Society.

Modified REI (MREI)74 is based on two assumptions: one is random
arrangement of alloy elements and the other is same vibrational
phase and amplitude for the same kind of atoms. MREI can be well
applied to 2D alloys. In Mo, ,W,S, and Mo,.,W,Se, monolayers, A’;
mode (corresponding to A;; mode in the bulk materials) showed
one-mode behavior and E’ mode (corresponding to Ezg1 mode in the
bulk materials) showed two-mode behavior (Figure 11a,c)31‘ Al
second-order Raman modes in Mo, ,W,S, and Mo, W,Se,
monolayers showed two-mode behavior (Figure 11a,c). The
composition-dependent A’; and E’ frequencies can be well fitted by
MREI model, yielding force parameters and composition depending
frequency shift. For Mo, ,W,S, monolayers73,

wy, = 401.6(1 + 0.080x + 0.002x2)1/2 (2)
and for Mo,_,W,Se, monolayers?’l,

Wy, = 204.1(1 +0.057x — 0.023x%) /2 (3)

6 | J. Name., 2012, 00, 1-3
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The composition-dependent Raman shift can be used to quantify
alloy compositions.
For MoS;(;.4Se,, monolayers, both A’; and E' modes showed two-
mode behavior (Figure 11b)49. Splitting of A’; mode has also been
observed, which is assigned to the different S/Se configurations
around Mo atoms”>.

Applications of 2D TMD alloys

Field-effect transistors (FETs)

FETs with high on/off ratios are expected for semiconducting 2D
alloys. For Mo,,\W,Se, and MoS,(;.4Se,, monolayers, n-type devices
with 10° on/off ratio have been obtained (Figure 12). The on-
current (at Vg=1 V) is around 0.1-1 pA/um for back-gate devices. As
the composition changes, the positions of VB and CB change“. So
the shift of onset gate voltage is also expected. At the composition
of around 0.3 for MoS,;.,Se,, monolayers, ambipolar transport has
been observed (Figure 12c).
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Figure 12. Electrical measurements of FETs fabricated on CVD-
grown MoS;(;.Se,, monolayers. Reproduced with permission from
ref. %, Copyright 2014, John Wiley and Sons.

Carrier scattering is expected in 2D alloys considering different
electron potentials for different alloying atoms. Additionally,
calculations have shown that the effective mass of electrons in Mo,
W,S, alloys is slightly heavier than that in MoS, and WS,
monolayers76. So far, limited work has been done on electrical
transport of 2D alloys. One experimental result has shown that
field-effect mobility is around 0.1-1 cmz/Vs for MoS;(1.95€xx
monolayers, at the same level as CVD-grown MoS, monolayers77

Optoelectronic devices

This journal is © The Royal Society of Chemistry 20xx
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MoS, monolayer based photodetecting devices have already shown
high sensitivity up to 800 A/W and response time of a few
seconds”®. TMD monolayer alloys can also have the same potential
for high photodetecting sensitivity. In addition, TMD monolayer
alloys with tunable bandgaps can offer arbitrary cut-off detection
wavelength in visible and NIR region. So far, one work on photon
detection using MoS;(;.4Se;, monolayer aIons78 has revealed

superlinear photocurrent generation with increasing the
illumination power.

Recent study has also shown that atomically thick 2D
semiconductors can have ultralow lasing threshold®. 2D

semiconductor alloys hold the potential for micro-lasers in the
visible and NIR ranges.

Hydrogen evolution catalysis

Hydrogen evolution reaction (HER) desires a catalyst with H,

adsorption free energy near zero’®. Pt is so far the best HER catalyst.

MoS, also has high HER activity. Alloying of MoS, with other
materials (such as MoSe,, WS,) offers the possibility to engineer H,
affinity and hence improve the HER performance54’ 35,80, 81 MoS; 1
x5€2 few layers have shown a better HER performance, such as an
over potential reduce of 50-60 mV compared to MoS, and a Tafei
slop of 45-55 mV (close to the theoretical value of 40 mV/dec)gO.
WS,(1.9S€, (x=0.43) monolayers also have shown an over potential
of 80 mV and a Tafei slope of 85 mV/dec, which is significantly
lower than WS, and WSe, monolayers (over potential of 100 and
150 mV, Tafei slopes of 100 mV/dec and 95 mV/dec, respectively,
Figure 13)55.
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Figure 13. HER performance of WS,;.,Se,, monolayers. Reproduced

with permission from ref. >, Copyright 2015, John Wiley and Sons.

Other 2D semiconductor alloys

Recently, layered black AsP with a similar structure as black
phosphorus has been reported (Figure 14)82. The bandgap of black
AsP few-layers can be tuned from 0.15-0.35 eV (wavelength of
around 3.5-8.2 um), which is suitable for IR detection. IR adsorption
experiments show that black AsP have a large anisotropic

This journal is © The Royal Society of Chemistry 20xx
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adsorption in the IR range. The FETs on black AsP have shown a
current density up to 0.1 pA/um and an on/off ratio larger than 10°.
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Figure 14. (a) Structure, (b) AFM image, (c) FET performance and (d)
IR extinction of balck AsP few-layers. Reproduced with permission
from ref. 5. Copyright 2015, John Wiley and Sons.
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Conclusions

Though there are many publications on 2D alloys, the challenge
remains. The first challenge is the structure control (ordered or
random) in material synthesis, in which thermodynamics and
kinetics need be considered. The second challenge is structure
characterization. Currently, STEM is a direct tool but it is time-
consuming. Another challenge is the stability of 2D materials. 2D
materials are usually more reactive than the corresponding bulk
materials. For example, silicene, black phosphorus, TiS,, HfSe, and
even MoSe, are not stable in air. Then the related alloys may be
unstable in air.

At last, current 2D semiconducting alloys are mainly on group VIB
TMD monolayer alloys. Further exploring alloys between different
groups of TMDs with different d electrons is promising for
electronic structure engineering beyond bandgap engineering,
which can lead to doping, metal-insulator transition (MIT) and so
on. Besides TMD alloys, alloys from other 2D materials, such as
black AsP and ordered BCN compound, offers the possibility for
high-mobility semiconducting materials.
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