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Fig. 1. Top and side views of the atomic structures for the
(a) CssBisgly/InSe heterostructure, and (b) CszSbyly/InSe
heterostructure, where a and b are the lattice vectors and d
is the interlayer distance between the Cs3X,lq and InSe

layers.

1 4 CsyXoly/InSe 53 545 1 fb A% 3 4K (a,
b)JZEIAEEES (d) T4 RE (B,) . il B (Gap) F
FtERECEE ()

Table 1.
tances (d), exciton binding energy (FE,), band gap
(Gap) of 2D
Cs3XoIy/InSe heterostructures.

Lattice constants (a, b), interlayer dis-

and lattice mismatch ratio (g)

Heterostructure Lattice/A d/A  E,/eV Gap/eV ¢/%

a = 8.32

Cs;3Biyly/InSe 3.71  0.79 1.61 1.89
b =8.32
a = 8.30

Cs3Sbyly/InSe 3.77 073 119 161
b =8.30
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Fig. 2. Band structures of monolayer (a) Cs3Bisly, (b) Cs3Sbyly and (c) InSe.
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Fig. 3. Band structures of (a) Cs3Biyly/InSe heterostructure and (b) CssSbyly/InSe heterostructure; (c) carrier migration mechan-

isms in Cs3X,ly/InSe heterostructures, the red and blue lines represent the electronic orbital contributions for InSe and Cs3Xoly,

respectively.
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Fig. 4. Optical absorption coefficients of (a) 2D CssBiyly/
InSe heterostructure and (b) Cs3Sbholg/InSe heterostructure

and their respective layers in the visible spectrum.
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DAL AT T PT BB B o SR M FLAR TN 2.

3.3 HRFEHTF

BE T AR S BRI R B T B I AR AT E
(53T, 3T (3) 2, ¥ PBE Jy kA58 1) e i
W o My Jr mBEFT UG, THEAS B E DT E)
(L F RN ZS SO R ", 5T (4) 28, KRER Y
TR S A XTI B o Ay 5 ] 1Y) SRl 0 AR R A 7
LIS, 1152 DP HEE. BT (5) K, R
PE R ZR B RE R X 1y J5 1] 4 B A 17 22 F) i 40
G, PRSP & Cop WANTEM EHA S4, S5
(online). 4 Csy Xoly/InSe 57 5T 45 14 P A5 1 2
JA1 BT T A SR B R RN, 4k Csy Xolo/
InSe SR T o Fl y J7 0] A SR PR Cyp J2 45 [1]
[ Y. DP %40 By 3RAE T LTRSS H T2
R A SR B, HW o F1 y 7 a2 45 i [l R
H 4k Cs3Xolo/InSe 5 51 45 1Y HL + F1 25 70 2L
T AR S 1] [l PR Y, I DL RS T
R B YR M. R TR R 2 5.
R (2) IR R BA B T, Cs;Bisly/
InSe LT (%570) THRITE o My 710502
472.8(31.39) F1425.55(44.32) cm2-V Ls 1, CsyShyly/
InSe HYHL T (2570) LB RNTE o Fl y JI5 a4 2
619.99(23.04) Al 692.3(40.94) cm2V Ls 1. [ R4k
SRRW, X P S T2 2 LA i o L.

#2300 K PR FRZ 7 o My IR ART SR m (mg). DP %4 E, (eV). MR E Cp (N/m) MR T

T pop (cm2VLsT)
Table 2.
for electron and hole along and y directions at 300 K.

Effective masses m (my), DP E; (eV), 2D modulus of elasticity Cyp (N/m) and carrier mobility uyp (cm?V st)

Carrier type my my By, B, G o Cop Hop_ o Hap_y
Cs3Biyly/InSe 0.22 0.23 8.62 8.62 122.96 122.96 472.80 425.55
Electron
Cs3Shyly/InSe 0.24 0.22 7.13 7.13 125.76 123.22 619.99 692.30
Cs3Biyly/InSe 1.16 0.97 6.43 6.43 122.96 122.96 31.39 44.32
Hole
Cs3Shyly/InSe 1.01 0.75 8.68 8.68 125.76 123.22 23.04 40.94
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Abstract

Two-dimensional semiconductor heterostructures have excellent physical properties such as high light
absorption coefficients, large diffusion lengths, high carrier mobility rates, and tunable energy band structures,
which have great potential in the field of optoelectronic devices. Therefore, designing two-dimensional (2D)
semiconductor van der Waals heterostructures is an effective strategy for realizing multifunctional
microelectronic devices. In this work, the 2D van der Waals heterostructure Cs3X,1y/InSe of non-lead Perovskite
Cs3Xolg and indium-tin InSe is constructed to avoid the toxicity and stability problems of lead-based
Perovskites. The geometry, electronic structure, and optical properties are calculated based on the first-
principles approach of density-functional theory. It is shown that the 2D Cs3Bisly/InSe and Cs3Sbyly/InSe
heterostructures are of type-II energy band arrangement and have band gaps of 1.61 eV and 1.19 eV,
respectively, with high absorption coefficients in the visible range and UV range reaching to 5x10° cm . The
calculation results from the deformation potential theory and the hydrogen-like atom model show that the 2D
Cs3Xyly/InSe  heterostructure has a high exciton binding energy (~0.7 eV) and electron mobility rate
(~700 cm?/(V-s)). The higher light absorption coefficient, carrier mobility, and exciton energy make the 2D
Cs3X,l9/InSe heterostructures suitable for photoluminescent devices. However, the energy band structure based
on the Shockley-Queisser limit and type-II arrangement shows that the intrinsic photoelectric conversion
efficiency (PCE) of the 2D Cs3X,lo/InSe heterostructure is only about 1.4%, which is not suitable for
photovoltaic solar energy. In addition, the modulation and its effect of biaxial strain on the photovoltaic
properties of 2D Cs;X5lg/InSe heterostructures are further investigated. The results show that biaxial strain can
improve the visible absorption coefficient of 2D Cs;X,lq/InSe heterostructure, but cannot effectively improve its
energy band structure, and the PCE only increases to 3.3% at —5% biaxial strain. The above study provides a
theoretical basis for designing efficient 2D van der Waals optoelectronic devices in future.

Keywords: 2D heterostructures, photoelectric conversion efficiency, first-principles calculations, strain

engineering
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