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Fig.1 Schematic diagrams of an all-inorganic CsPbBr; PSC with
TMDC:s interlayer. Schematic diagrams of (a) device structure and

(b) energy levels of different layers in the PSC device
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202302192



s Gk A2

% 64

www.irla.cn

23

% 52 %

SR J5i #£ FTO/SnO,/TMDCs L Ji& i4: PbBr,/DMF ¥ i ,
FRI AL 5] 100 °C 4 Rk 30 ming HEHEE R
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B A I B 5 4544 L B2 TMDCs/CsPbBr; 10 1 48 5 5
SEF A K ALER, SCHh R TEM RAE T TMDCs 44K
FHIESR S 450 . an1El 2(a)~(d) BT, 385 R 1 25
153 2] =4 TMDCs B3 IR 19 2584 . MoS,. MoSe,.
WS, Fl WSe, 442K J 1) & 4> HF TEM(HRTEM) {5 #F
ST AR 14 5 R I TR R ) A 2R B (I 2(e)~
(D)), X #F W] S S i #% T i B i ) TMDCs 4
KW, A, WA HRTEM B4 0T LI H, MoS, .
MoSe,. WS, Fil WSe, 442K F (1 (100) i 1 1 & 18 7553
k270 A, 2.80 A, 2.79 AFi12.80 A(1 A=0.1 nm), X
5 LI 8 SCHR R S — Syl

2 TMDCs 44>k i) TEM il HRTEM ., (a). (e) MoS, #K A, (b). (f) MoSe, 44K, (c). (g) WS, @K A Al (d). (h)WSe, 49K A #Y (a)~(d)

TEM K5 (e)~(h) HRTEM K&

Fig.2 TEM and HRTEM image of TMDCs nanoflakes. (a)-(d) TEM pictures and (e)-(f) HRTEM pictures for (a), (¢) MoS, nanoflake, (b), (f) MoSe,

nanoflake, (c), (g) WS, nanoflake, (d), (h) WSe, nanoflake
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B 5 14 322 JE Xk 7 (49 SEM [ 15 K A6 i 1) 22 )i o 1
A LLF i, TMDCs 442K # F 18117 f 55 1% 2% 10 50 3
H TMDCs 43 1ii #9573 To & A I T A 1K 8 5 3 19 55
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Fig.3 Top-view SEM images of the SnO, films with TMDCs modification. Top-view SEM images of the films with different magnifications,

(a;)-(a3) bare SnO,, (b;)-(bs) SnO,/MoS,, (¢;)-(c3) SnO,/MoSe,, (d;)-(d3) SnO,/WS, and (e;)-(e;) SnO,/WSe,

80%
= 60%
2
E
Z2 40%
E Bare SnO,
SnO,/MoS,
o, | SnO,/MoSe,
20% SnO,/WS,
SnO,/WSe,
0%

200 400 600 800 1 000 1200
Wavelength/nm

4 A [6] TMDCs & Hi ity FTO/ETL 3 )i 76 7l W56 BL () 35 1of %
ihzk
Fig.4 Transmission curves of FTO/ETL substrates with different

TMDCs modification at visible wavelengths

3, W43 HT T CsPbBr; 854k i AE TMDCs
A RKALE . 4N 5(a) fif s, CsPbBry 577 fh A
(100) - Ifi 1 54 T 5 K 5.83 A(PDF # 54—0752)!7, %
3K TMDCs 1 (100) i T HE B B (5.4~5.6 A), Xk
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FURAMEA AR R, o 5 04 A A Y i Ae A
HAEH B A7 AE, CsPbBrs df kL 1 2E K 3 B Kt A2 21
P o A5 BRI UK K 7E i€ Uk B TMDCs R i J5, i1 F
Pb il S. Se Ji - Z [A] A AH BLAE H, 45 50 80 [ 4 e 2t
2. CsPbBr; Al TMDCs 2 [ fY) I PN 1l 7 4 1 #8 5 1
AL K TMDCs TG & 25 ## 1 (100) & 1fi 5 CsPbBry 7F
HE T AR A K AR T — A AR, R R
#F CsPbBry JE MK RS dfoki, IR AR 25 1Y

] 5(b)~(D) & AEA R LT b A= K 1% CsPbBrs £5%k
AR AL SEM IS, IR, it 2 A T™M-
DCs H1[1] )2, CsPbBr; 1 IR AR A8 25 b 7 35 1 H T 1
ETL, A ARl HfL . -4 S5 v] L& B, A5t T
XFHEZH, 7F TMDCs | A= K % CsPbBr; i 5 2 28 H BH
ETAIORTE AN I NGB S N '8 R B e S =
s L 22 [A) B 5 512, X 3¢ B TMIDCs Hf [7] J2 76 0 5
CsPbBr; % i 8l J1 % 77 1 B AT B AE . A CsPbBr3
WY XRD AT LA 1 (& 6), AN[A] TMDCs & 1
Ji RSB (4 (LTL) i T A AIF 0 it 32 2 W 348 o
F B TMDCs H [7] )2 (1% 5 10 o1 15 F2 0F 1 45 Bk ™ 3 S
(L1 b T A A, 0 JHL St 1 0 it 1 38 i o i
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CsPbBr, d0=5.83 A

TMDCs  2d,40=5.4~5.6 A
At SnO,/MoSe,

AT

At SnO,/MoS,

At Bare SnO,

” < \

2 um 2 pm

At SnO,/WS, At SnO,/WSe,

2 um

& 5 7F TMDCs &4 f5 B93L I [ 4= K 9 CsPbBr; F5EkH MR A: Kn B SEM B4 (a) CsPbBr; #5487 TMDCs [ AMEA KR &l ARIH]
FE AR AASEREER Y SEM El: (b) K A&HF TMDCs 1Y SnO, 2£JiE, (c) SnO,/MoS, 2£JiK, (d) SnOy/MoSe, g, () SnO/WS, ZEJFE AT (f)

SnO,/WSe, FLJiE

Fig.5 Schematic diagram and SEM images of CsPbBr; perovskite grown on TMDCs. (a) Schematic diagram of CsPbBr; perovskite grown on TMDCs;

Top-view SEM images of CsPbBr; perovskite films grown at the surface of (b) bare SnO,, (c) SnO,/MoS,, (d) SnO,/MoSe,, (¢) SnO,/WS, and (f)

SDOZ/WSGZ
CSPbBI‘3 ( 11 1)

) 100 110

£ 100y (1104 sno,/Wse,

§ \ At SnO,/WS, '

>

é N At SnO,/MoSe A
]

0 At SnO,/MoS,, \
, . At ba.re SnO.2 A . .
14 20 22 24 26 28 30 32

20/(°)

&l 6 TEAIREEIG A=K Y CsPbBry #5EkH i XRD [k
Fig.6 XRD patterns of the CsPbBr; perovskite films grown at different

surfaces

B T (10 Bt A Tt T DA AP R 2% o ) F T B
BF 25 2, DA T3 5 s R G AR PR RE

J&F T™MDCs Ak i ETL S, SCrb it — 2 974
T TMDCs 8] 2 %t 42 JEHL CsPbBry PSC Gk 1 RE )
. QN7 iR, SR 42 JEHL CsPbBr; PSC #5 1F
45 ¥ 4 FTO/SnO,/TMDCs/CsPbBr;/C, 1, & FTO JZ .
Sn0,/TMDCs JZ (JE %] 60 nm). CsPbBr; 5%k 7 2 (58
2 500 nm) i F AR JZ 45

Carbon

CsPbBr;,

Sn0O,/TMDC

FTO

500 nm

& 7 T TMDCs FfiJZ R4 TCHL CsPbBrs PSC #{4-HY# E SEM &l
Fig.7 Cross-sectional SEM image of an all-inorganic CsPbBr; PSC with

TMDC:s interlayer

Hi 7> TMDCs J2 i 371§ 19 A2 & 7E SnO, J2 FE
BRA 2 10 Al JEC 22 (8], BRI mT AR ) (R BE 2R, 9/
JE TR A BB G 2, DI $E /2 T 3t 1 P 1) R ORI R 1
SCHRTERELBE T (AML.5, 100 mW/em?) iR T T™-
DCs &4 i & i 4 Jo AL PSC MG MEfE . & 8(a) J2
ANTR] TMDCs 58 1 25 14 A6 1 BT 1) L 3 -F S (J-
N, & 1501 7 KR & 489 PCE. JF #% L &
(Vo) J5L 36 HLIAL %5 B (Jo) AL SE [H 1~ (FF) 55 G IR 2
o A LT A A R GG 2505, AR TMDCs &4 5
BRI A T, B b F] 10.02%(WS,), & m T
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& 8 AN[A TMDCs FRIHEEHG PSC SFCIRIERE . ARG (a) J-V ’HZE AN (b) B2 5E ThaR% 2R (c) JRIARSIFFT WS, M J5 20k (4 1E =
H J-V h4k; (d) FTO/SnOy/WS,/CsPbBry/C #447E 25 °C Fil 80% MR 54T iYIH—14k V,., J.., PCE and FF FasgE i<k

Fig.8 Photovoltaic performance of the PSCs with and without TMDCs modification. (a) J-V curves and (b) steady power output curves of different devices;

(c) J-V curves of the pristine device and the device with WS, modification under forward and reverse scan directions; (d) Normalized V., J,., PCE

and FF stability curves of FTO/SnO,/WS,/CsPbBr;/C device under 25 °C and 80% humidity condition

% 1 AE TMDCs REEHETHL PSCs B4H V,.. J..« PCE 1 FF £ R SH
Tab.1 Photovoltaic parameters(V,., Ji,, PCE and FF) for all-inorganic PSCs with and without TMDCs

modification
All-inorganic PSC devices Vo/V J/mA-cm ™ PCE FF
FTO/Sn0O,/CsPbBr;/C 1.474 7.01 7.94% 76.9%
FTO/Sn0O,/MoS,/CsPbBr;/C 1.525 7.13 8.26% 75.9%
FTO/Sn0,/MoSe,/CsPbBrs/C 1.562 751 9.26% 78.9%
FTO/Sn0O,/WS,/CsPbBr;/C 1.567 7.97 10.02% 80.2%
FTO/Sn0O,/WSe,/CsPbBr;/C 1.556 7.79 9.03% 74.5%

IR IEIR 7.94% ROR . asFRCR IS & T2 T
TMDCs FH 35 5 Jo F Vo, 0983548 8, 21409
MEA B R 7.01 mA/em? Fil 1.474 V42755 51 5L 1w 4
75 B 7.97 mA/em® F1 1.567 V., TMDCs &1 J5 25 1+
PEAE AR T 32 B T8 5 5 A A R A 42
T UL B S 4 22 B AR, w2 T SR R B A L AR

T HOR TR St . T LI E J-v I
B P REE, TEAS R B R T 2 S ' R 3R AE T
HEaED R . WK 8b) fin, SRR,
24 TMDCs f AL Ji5 (9 25 18 (9 3R 1A W) 1 345, 2%
W5 Ly i —3, AP, TMDCs/CsPbBrs ji {4 5
JBT 45 (AR 18RI ARG ARG 53 1 #4522, TR) B 5] A5 b A A
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Control of photoelectric properties in all-inorganic CsPbBr; thin films

with two-dimensional interface modification

Zhou Qingwei'?, Wu Fan'?, Luo Fang'?, Huang Xianyan'?, Guo Chucai'*", Zhu Zhihong'*

(1. College of Advanced Interdisciplinary Studies & Hunan Provincial Key Laboratory of Novel Nano-Optoelectronic Information Materials

and Devices, National University of Defense Technology, Changsha 410073, China;

2. Nanhu Laser Laboratory, National University of Defense Technology, Changsha 410073, China)

Abstract:
Objective

As a new generation photovoltaic technology, perovskite solar cells (PSCs) have achieved a

comparable efficiency to commercial silicon-based solar cells, demonstrating great application potential.

However, these photoactive layers based on organic-inorganic hybrid perovskites are very unstable, which

seriously hinders their commercial application. Therefore, all-inorganic CsPbBr; perovskite has attracted

enormous attention due to its outstanding environmental tolerance to heat, moisture, oxygen and UV light.

Unfortunately, the device efficiency based on CsPbBr; perovskite is relatively lower compared to that of the PSCs

device with organic-inorganic hybrid perovskites. The recombination of charge carriers at the interface between
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the charge transport layers and the perovskite layer in all-inorganic CsPbBr; PSCs is the key factor that restricts
the further improvement of its photoelectric conversion efficiency (PCE). In recent years, two-dimensional
transition metal dichalcogenides (TMDCs) materials represented by MoS,, MoSe,, WS, and WSe, have attracted
more and more attention due to their unique physical and chemical properties. With the advantages such as
adjustable band gap and band edge, high carrier mobility, stable chemical properties and matching energy level
with perovskite materials, two-dimensional TMDCs are regarded as effective interface modification materials to
promote interface charge extraction in all inorganic CsPbBr; PSCs. However, the current research on using two-
dimensional materials as interface modification layers and charge carrier transport layers in all-inorganic PSC is

still in its infancy.

Methods Through interface engineering, various two-dimensional TMDCs (MoS,, MoSe,, WS,, and WSe;)
materials are introduced at the interface between the perovskite layer and the electron transport layer of the all-
inorganic CsPbBr; PSCs with an FTO/SnO,/TMDCs/CsPbBr/C structure. The two-dimensional TMDCs here act
as both interface modification materials and carrier transport layers. Through interface level compensation and
barrier reduction with TMDCs interlayers, the carrier extraction and transport in all-inorganic CsPbBr; PSC
devices are promoted (Fig.1). Moreover, by constructing TMDCs/CsPbBr; van der Waals heterostructure, high-
quality CsPbBr; perovskite thin films with large and compact grains are grown via lattice matched van der Waals

epitaxy (Fig.5).

Results and Discussions The interface charge loss between the perovskite layer and the electron transport layer
is reduced, and the carrier extraction in the all-inorganic CsPbBr; PSC devices are enhanced, so that the PCE of
the devices is increased from the initial 7.94% to 10.02%, and the open-circuit voltage is increased from 1.474 V
to 1.567 V (Fig.8). In addition, Mott—Schottky curves are measured in the dark by performing capacitance-voltage
characterization, which demonstrates an enhanced built-in potential, indicating the enlarged driving force for
charge transportation with TMDCs/CsPbBr; heterostructure (Fig.9). Finally, the time-resolved photoluminescence
decay measurements are performed to investigate the photoluminescence decay lifetimes, which are closely
related to the electron extraction ability. Due to better energy level matching of TMDCs with perovskite layers,
CsPbBr; perovskite layers show shorter carrier lifetimes on TMDCs interlayer (Fig.10), which further confirms

the enhanced electron extraction ability from perovskite to the electron transport layer.

Conclusions A novel strategy is developed to prepare high-quality perovskite films by constructing
TMDCs/CsPbBr; van der Waals heterostructure and achieve high-performance photoelectric devices through
interfacial energy level matching, which provides a new way for the development of all-inorganic perovskite

optoelectronic devices based on two-dimensional TMDCs materials.

Key words: solar cells;  photoelectric property;  two-dimensional interface modification;  perovskite;

transition metal chalcogenides
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