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Abstract: Two-dimensional  transition metal
dichalcogenides (TMDs) possess the potential to be
widely applied in optoelectronic devices, sensors,
photocatalysis, and many other fields because of their
intrinsic  physical, chemical, and mechanical
properties. Generally, the van der Waals (vdW)
heterostructures fabricated from these TMDs exhibit
excellent electronic properties. However, the spectral Ch* 4 h* ¢ ..
responses of most vdW heterostructures are limited by WX,(X=Se. Te. S)
the inherent band gaps; it is thus essential to tune the

band gaps for specific applications. In this paper, we

performed a first-principles theoretical study on the structures and properties of WXz (X = S, Se, Te), as well as the vdW
heterostructures WS2/WSe2, WS2/WTez, and WSe2/WTe2. The impacts of the number of layers on the properties of WXz
and the strain on the band gaps of vdW heterostructures were demonstrated. We found that every monolayer WXz (X = S,
Se, Te) is a direct gap semiconductor, and as the number of layers increases, their band gaps decrease and they become
indirect bandgap semiconductors. The spin-orbit coupling (SOC) effect on their band structures is significant and can
decrease the band gap by approximately 300 meV compared with those that do no incorporate SOC effects. The properties
of WXz can be accurately described by the HSE06 + SOC approach. WS2/WSe2, WS2/WTe2, and WSe2/WTe2
heterostructures are direct gap semiconductors with band gaps of 1.10, 0.32, and 0.61 eV, respectively. These three
heterostructures exhibit type-Il band alignments, which facilitate photo-induced electron-hole separation. In addition, they
have quite small electron and hole effective masses, indicating that the separated electrons and holes can move very
quickly to reduce the recombination rate of electrons and holes. There is an explicit red-shift of the optical absorption
spectra of the three heterostructures compared with those of the monolayer components, and the most obvious redshift
occurs in WSe2/WTe2. Both uniaxial and biaxial strains can alter the band gaps of these vdW heterostructures. Once the
strain exceeds 4%, a transition from semiconductor to metal characteristics occurs. This work provides a way to tune the
electronic properties and band gaps of vdW heterostructures for incorporation in high-performance optoelectronic devices.

(}IVXZ(X=S\ Se. Te) uniaxial or biaxial strain
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Table 1 Calculated bandgaps of monolayer, bilayer, and bulk of WSz, WSe: and WTe: by the first-principles

approach with different exchange-correlation (xc¢) functionals and with/without SOC effect involved.

Monolayer Bilayer Bulk
PBE PBE + SOC HSEO06 HSE06 + SOC Theor. HSE06 + SOC HSE06 + SOC Expt. ¥
WS, 1.94 1.62 2.39 2.09 2.1% 1.84 1.45 1.4
WSe; 1.59 1.28 2.08 1.69 1.7% 1.57 1.33 1.2
WTe, / / / 1.12 1% 1.02 0.84 /
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Fig. 1 Calculated band structures of monolayer, bilayer, and bulk WSz, WSe2 and WTez by HSE06 + SOC.
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Table 2 Optimized interlayer distances lattice constants
(in unit of nm), mismatch and of three monolayers, and

WS2/WSe2, WSe2/WTez and WSe2/WTe; heterostructures,

respectively.
dnm  a/nm b/nm  ¢/nm Mismatch
WS, \ 0.32 0.32 2 \
WSe \ 0.33 0.33 2 \
WTe, \ 0.35 0.35 2 \
WS,/WSe> 031 032 0.32 3 5%
WS2/WTez 031 033 0.33 3 2%
WSe2/WTe, 032 034 0.34 3 3%

7 T
B2 WSo/WSe: 5T 4514 O VU s34y B4 ) TE AR S A AL

Fig.2 The top and front views of optimized WS2/WSe: heterostructure with four packing ways.

Blue, yellow and brown balls donate W, S and Se atoms, respectively. Color online.
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Fig.3 DOSs and band structures of heterostructrues (a, b) WSz2/WSe, (¢, d) WS2/WTe: and
(e, f) WSe2/WTez, respectively.
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VBM

CBM

B4 (a) WS2/WSez2+ (b) WS2/WTez. () WSez/WTez 7/ G514 BN 5 TH(VBM) A1 S5 B (CBM) [ JR 38 B 7 25 B
Fig. 4 Partial charge densities of valence band maximum (VBM) and conduction band minimum (CBM) of (a) WS2/WSe,
(b) WSez2/WTez, (c) WSe2/WTez vdW heterostructures.
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Fig.5 Absorption spectra of heterostructures (a)
WS2/WSe:z, (b) WS2/WTe: and (c) WSe2/WTez, respectively.
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Table 3 Effective mass of WS2/WSez2, WS2/WTe: and

WSe2/WTe: heterostructures at K point.
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3.3 SMINRL A% WS2/WSe2. WS2/WTe2 Al

WSe2/WTe2 B8 45 ¥4 1) 5 1)

N 73 I 75 A T 4 E T 4 R M TR T B
Z . B, K& RG MR T BN AR T
WSz/WSeb WSz/WTez *D WSCz/WTez Eﬂ:‘ 7@?@%
O 45 A () e 2 R RS o N R R T3 KN )
ARALFE B N —10%38 0 E+10% o 5 T 87 7 (8 5 ) A
SCRAT 3 B, o BEEYE S a T T
AR E A (ICAE strain-a%) W& g b 7
B E4EGCAE strain-b%)F1 ab XU 3 [FfH 45 (C
E biaxial-ab%).

ASCH SARIT T M SIRAERT WSo/WSer 5
SER PR R o SCFE SR IO [R] R 77 R AR )
5t i 0 PR A e EL G N7 1) B8 4% A7 B A [F) S ik AT
YEIE, ik 6 . WSy/WSes 7t i 45 M US# a 8]
H b J7 AR R N, AR S B B S,
H 7 B b A AR B 3 K T A W . 52 M R
HIRE a B b MR hEYE, o MEEA B
AR AR, EEAEM K B T A ERIE,
() B 7 B 2 S 3G K98/ o 25X ab 77 0] [A) B 3R AT
KUHHHLAFES, MR JI RS> 4% MR, Hek
AN SRR S B MR R B AR . LR T 6% A



doi: 10.3866/PKU.WHXB201805291 391

No. 4
WS,/WSe,
0.6 [ S —m— CBM
0.3 _/'7./ r 7T T /(\-\.\_\—:IVBM
00 T K K K g
KKK
0.3 KK &8
% K K K- ‘
0.6 M K e °
208 -6 4 2 0 2 4 6 8& 10 12
i 06 Strains-a(%)
= .6 _"—m—u —m— CBM
2 03] T K K 5" e vBM
) - T
c o0 " T K K g
w T K K K K K
g 0.3 K K o o0 9 —®
5 061 4 /.( K oo
-u -0-9- I./V/J T T T T T T T T T T
§ -2 10 8 6 -4 -2 0 2 4 6 8 10 12
1.2
0.8
0.4
0.0
0.4
-0.8 1

Biaxial%

Bl 6 WS2/WSe: IS RAN T TR BB R AL BAE Bl o T
6 HA b J5 AN ab 75 1 L BEE N AR B
Fig. 6 Schematic diagram of the energy levels of
CBM and VBM of WS2/WSe: varied with the strains along

with uniaxial-a, uniaxial-b and biaxial-ab directions.
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Fig. 7 The band structure of WS2/WSez under 6% and

8% strains along with biaxial-ab direction.
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Fig. 8 Schematic diagram of the energy levels of

CBM and VBM of WS2/WTe; varied with the strains

along with uniaxial-a ,uniaxial-b and biaxial-ab directions.
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