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2002 4 Bhosale P14 7 2R FH 55 25 34 125 1l
£8 SbySes TR I A4 2 HH oA BH R L, FG L A B 50
FAVA 0.03%; 2013 4F Seok WL 16 F1| FHAA HLEA
a3 IR AT bk AR ) £ SboSey TERRE, J-F4
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4 O 7 BRI 5, TR SboSey v R K H HEL T 7E f 1T
JUEARERINE . 2014 4E9), E AR K
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th; ST A R ORI S b S | A 22
FR, TEWERRERPE T B 51 F s 2 M 7 T AN 5
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VLT — 5 (R D) RSO — B, TEAR Rl VI R P P,
I A R B A G SRR Y MoSe, TR IR g8
T T B A B B R 2 T R i 16T,
R R AR AR IR A 1) 233 25 B Al Mo
AT R A A, & B (20 nm) ) MoSe,
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FHEE R 70.3%. MK E T i T AR IR A 1)
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T 5 J0T 405 R PH L L 45 4, ELAR G Ao JEC 4 5 3%
B8 /Mo THIM /2% 2 MoO, I/ SETIUZ SbySes;
WS /G2 v 2 OdS B /% 11 )2 TTO J AR /10 H b
Ag TR, B4, ST RDIRIE I, A RIS AL &
BT KRTCK CEEXS S 2 cmmx 2 em [ Mo
JEHEAT 20 min BB FIEVEEHET. SR G )R
MoO, HEBE 2, K Mo 4o} IS B T H 2548 LU
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J&i, SboSes ISR BL [hk1] BRLE M A K, Qi 1(b)
B, 55 =W UZ SbySes MR £, SR ST
Tl s T S 45 5 A S SRR BT & 191 B 9678 Mo 4
JR_EVTRL S & @ AT Ik iA, e B & 1(c) iR, A
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FUEF ] R 10 min 1Y 5500 T AT AL BR, D4R
Sh,Se;/CdS S 25 P BE 19 5 o 2 R FH #4055
il 5 7 2 TTO AR, A& 1(f), TAERSRIEE N
0.4 Pa, MRS I% 120 W RS HTE] 4 25 min. 5
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TR BH HR 3t P FL B TR 0.16 cm?. AR SEERHE AT
J& MoO, 214 MoO, JZKIFE S 4 BlRic A WO-
MoO, Fl W-MoOs,.

K H X BT 41 (XRD, #1%5: Ultima-iv)
S3 AT B W A 45 SR O K O 532 nm
(HORIBA Jobin Yvon, LabRAM HR Evolution)
FAEHRL AP Z2 o0, RSB W5 (SEM,
RIS Zeiss SUPRA 55) FAF 2 M IR 4% H 30
K X SR AR RIS (EDS) 5 8 i Ak 24 B 43
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o \:\.'\o.\ E; \

»
>
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Bl 1 ShySes MK FHAEMBH ST (a) MoO, il &3 #2; (b) Mo/MoO,/Sb,Ses ¥ FEfh 25 FI P ; (c) M Fas ISl 4% Sb ¥, (d) %
FJGE AL T2 A& SbySey WEHR; (o) A=K A S % CdS MR (f) B4 Wit 1 45 ITO Wi (g) SboSes MR K FH Ha, L 25 14 5]

Fig. 1. Fabrication process of ShySe; solar cells: (a) MoO, preparation; (b) back contact structure of Mo/MoO,/Sb,Se;; (¢) sputter-
ing Sb thin film; (d) post-selenation for Sb,Se; thin film; (e) chemical bath deposition for CdS thin film; (f) sputtering ITO thin
film; (g) SbySe; solar cell sturcture.
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ley 2400 J5 23X Mo/SbySes 1542 fih I V il £k LA
FEAE LR AP 5 I BH HL 3t 9 A1 B T 3508 (EQE)
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JE 2 il 2 SR RAE S I8 T SR A -V EE
PEF Voc; BA-HLE (C- V) FR)ZHFHZS (DLCP)
NI A JANIS iG55 /%) Keithley 4200A-SCS
ARG T,

3 #X5it#h
3.1 EREYIHE SIS
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LA FR S Y Mo 4 JiS I H BE =ANRFEAT S, 43
I 26.7°, 37.2°H1 53.8°, X MoO, 1Y (011),
(211) 1 (022) /1 1200 2% &7 2 63 (E 2(b))
30T, ARSI Mo #HIEAE 200, 360, 500, 580 F
745 cm t AEHHELZAYE T MoO, WItH R, 1ii
it PAEHL S, MoO, A AE K AE Mo I 2122,
XT AR BT S Mo WEEER TR S, anlEl 2(c) Fl

2(d) 7, PR FRRT Mo 52 300 85 - iF B 50,
2 AL PR S Mo R R 18 H B — 2 BN AT

MoO, #iE; 454 HIHIE S E, nE 2(e) F1E 2(f)
s, A BEY MoO, MR Z) S8 50 nm, Z% 5 7
F Mo R I, XA R 5 SbySes B BUE AR
AT L. 768 B A E5 AL )2 MoO,
J, BRI MoO, AI {2 #E ShySes 1 I 14 51 1 7] 2
K, @i 3(a) iR, MoO, MBS AJG, ShySes 4/
SR BB —YIA H G2 oA A G FRAEAT S (211),
(221) H1 (002) 55 BE AA5 B 2 fnai , 2 B By B
A [RkL) BRI AR, 5T R I #5 SbySes
IR RE SIS TR AR K ([001) BEPLHUR A K), ¥
A I8 ST 2 A RO i AURE B
LU Z 50 (TC) K RAE SbySes 1R 1 2 #5 HL
AR KB IB I, 3 3%T (360), (211), (221) F1 (002)
TSP T, TC (EARYE L T A 29 31
Ini Inka)

s/ (FE ) o
Hrp Ty il Iochigy A SbySes SLEI - FBRIER
(JCPDS 15-0861) A XRD it 458 1, anf&l 3(b)
i, AT TC (BRI, W2 BH I e T
] BB A . 5 WO-MoO, AL, W-MoO,
[ SbySe WM (211) W TC EHE F, BEH] MoO, 2%
ZBIASESE SbySey T (211) BumAd: &K, KA
T 2800 09 7 A R AL . WLER SboSey WM Y%
HIES, WE 3(c) A& 3(d) i, J& MoO, 2% i

TChry =

(a) # MoO2
2 Mo ~ @
= =
=] =
el o
~ -
s &
= J\ WO-MoO, N
h=1 ~ = +
E g 5 5 z
g PO " g 2
= 4 5
W-MoO; W-MoO,
10 20 30 40 50 60 200 300 400 500 600 700 800
20/(°) Raman shift/cm~—!

1 pm

B 2 (a) W-MoO, Fl WO-MoO, ¥ i XRD E; (b) W-MoO, Fl WO-MoO, F i (147 8 [l 3 (c) WO-MoO, K i 1 22 T 51 ;
(d) W-MoO, ¥ i iR HTIE S5 (e) WO-MoO, #: it B HI T E 5 & 5 (F) W-MoO, # & i 3] 1ai JE 572 &

Fig. 2. (a) XRD patterns of W-MoO, and WO-MoO, sample; (b) Raman patterns of W-MoO, and WO-MoO, sample; (c) surface
morphology of WO-MoO, sample; (d) surface morphology of W-MoO, thin film; (e) cross sectional image of WO-MoO, sample;

(f) cross sectional image of W-MoO, sample.
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2.5

(b)
2.0

1.5}

1.0

0.5

Intensity/arb. units
Texture coefficient

0
(360)

(211)  (221)  (002)

Hl WO-MoO,
Bl W-MoO,

(Rkl)

ShaSes |

Mo

& 3 (a) W-MoO, Fl WO-MoO, F il 41K SbySe; #iE ¥ XRD [Eli; (b) XT (360), (211), (221) F1 (002) fiT U6 TC H; (c) WO-
MoO, B i 1Az & SbySes Wi A R T IE 55 (d) W-MoO, £ I 4 SbySes W A F 1 TE 55 (e) WO-MoO, £ & I AE 1 SbySey
HERE A BH R b 9 ) T 305 (F) W-Mo Oy B i 1 A & SbySey TR A FH H b 134 351 1 T 45 <]

Fig. 3. (a) XRD patterns of SbySes thin film prepared on W-MoO, and WO-MoO, samples; (b) TC value comparation of the dif-
fraction peaks (360), (211), (221) and (002); (c¢) morphology of SbySe; thin film prepared on WO-MoO, samples; (d) morphology of
Sb,Ses thin film prepared on W-MoO, samples; (e) cross sectional image of SbySes solar cells based on WO-MoO, sample; (f) cross

sectional image of SbhySe; solar cells based on W-MoO, sample.

JZA K SbySes 11K H BLBA AL, 30K 45 5 1
LA B, A ATOR B L i B AR PERE; 51 A MoO,
G225 SbySey WBER MR- RS T 1 pm,
[F] I 2035 B 5] oA 455 g AR a T 350 K e A
MoSe, {# % H ILAE B A 22 )2 MoO, 11K FH L
I (A 3(e)), R B MoSe, — T B4 = 1)
T A HA 4 161 [ 3(6) DR HS PR 5 1Y MoSe, R,
UG IA MoO, 2% i 22 AT A A ] MoSe, 15
MITE B, AT SbySe v R A AT R ST B8 K H 51 5
&R AL AR D fF S B RO TR
SbySes WAL K TR, 456 IR EL50HT, MoO,
VR HE A 92 1 )23 ] A S8 AR 4 i 32 22 LRI
S I U R P v SR, ATk 38 R BH P v 14 E 4 T
PEFHAIROCR . 4341 Mo #TIEIAAL BEFT 5 SbySe;
PR A2 B A (38 1), AEARTR) BG4k 2% 14 T il £ 1Y
SbySe; Wi MoO, #WiflEZE mZ 15 A, Sb/Se 1k

# 1 ShySey WilEHIIL Y

Table 1.  Composition in SbySes thin films.

Sampl Sb atomic Se atomic Sb/Se
AHDIes percentage /% percentage/% ratio
WO-

MoO, 36.35 63.65 0.57

W-MoO, 38.27 61.73 0.62

i 0.57 #2TFE 0.62, T SbySe; AR
WAL 2= o L HOHE R o R BLE Se, 30K — 2 2
JE B Vi, 8 Sbe, BRFE Y 2 1101 53074 i dif g
B B AR ARRN, A LR ) 28 R
By, 23 B R B H SR A P T

3.2 KFHEBEMERERIESHH

HT WO-MoO, Fil W-MoO, Y Sb,Se;
MR BH AL J-V 4, Qi 4(a) Fis, 4564 2
(K B E T RE SR HL#K, SbySey THEIE K BHHE B 7E
51 A MoO, ZZM 2T, TFHEHE Voe M 473 mV $2
T3 502 mV, FEEHURAE Jso M 22.71 mA /em?
£+ 24.98 mA /em?, ALK F FF M 46.90% $2
TH3 56.18%, f e GHIE I PCEEFEM 5.04%
PETF 2 7.06%. — M, JF i R EE TSt ok
S B P R I RARAR, TR TR I R S I R A K
T FL U 5 /D P ISAE A OG5 76 3R 31 8 AT i
ZIEMELLFHL R T, ASSCEET A MoO, WRsEAE R
T Bz fh g w22 5, K PH FL b 9% B P T 6B P O
2% A FE R T Rl 3R A 5 4R T, B EE MoO,
TS A R = DY A FR 3 1 R s R T A R
TR A, IIMHE R T 6 I r IR 3k 3124,
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Table 3. Solar cell performance in dark state.
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Fig. 5. (a) J-V curves of solar cell in dark state; (b) dJ/d V-V curves; (¢) dV/dJ-(J + J)! curves; (d) In(J + J,. GV)-(V-RJ) curves.
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Fig. 6. (a) V. T curves of solar cell in dark state; (b) C-V and DLCP curves; (¢) 1/C?V curves; (d) -V curves for back-contact in

dark state.

BIEIE (Nprep) VRS A H 800 T ARSI )
%1 ) FIRZARIE T Neoy 9825 Nppep 1T #5345
| SbySey/CdS 5 B4 FLm Bl b ik 22, A
T [250;

—2e.2Np
NC—V = : )
d(1/C?)
(dV qA%e0Ernerp + 261
Nprep = G z =eoerpA/Co,  (3)
2qA2€0€r,pcl ’ P ’

Hrpr Np s CdS BB 7% B, A J2& K I i i T AR
€0, Exn M £, 73 A N EHL 25 R A HL R B CdS
SbySey FIAHXTAHLEEL C) Fl OS2 C-V IS
WA ZIRBLAESELG o EAERZ TR, W 6(b)
TEEm AL, 11545 5] WO-MoO, il W-MoO, K
PH HH Yt () AL TAT R 26 B V; 43 312 2.10x 1016 em 3
F11.61x10' cm > (& 4 J& K FH AL b AL T HERE S 4K
XFTEG). S Bk oA, S VR A AR 2
PAEIA MoO, &2, SbySe, HiH AR K Fii 15
48, 5 CAS TR SR T s, = ss

B kAT 2 Bl Ak, AR BT A A A RE R R A
G/ i iy R R el N e S VRS P A = 3
FERI T4 B e AR BT, AR K P L it ' rL %
PR WA R TS, K 6(c) & 1/C%-V XA
2 S 3 WO-MoO, F1 W-MoO, K BHH,
A N R Vi 43 525 mV Al 550 mV. 4
ALV BT S TS A TR RE, T kA
REFDCI O R AR B 45 S i, NS 14, Y
HEINEWE R V,, B3, 754 LR X T K
PH L b ME BE A A3 M 245 1. i, 43 M MoO, 2% )2
FIAXF Mo/SbySes F # fith 45 #4) 1) KR 48 422 fish 52 1
WE 6(d) i, FERESIEE T T E Vil H
VTR AR Al IR 00, TT U0, VR M G R, B
B MoO, 2% 1)z 5| AT J& K BHHL L 7E Mo/Sb,Ses
S 187 A 34 0] TR B I R B e, LA 43 A il 2 R
Slop #1 Hi, B Resistance, @155 4 fiF %1, WO-MoO,
T BH A F B H2 ik Mo/MoSe, /SbySes KA 5
11 A 4 MoSe, TR, 5t 1 F BH A AH X 456 5, T
Mo/MoO,/Sb,Sey F 1 H BEAHXT A, 15605 42 i

036401-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B 3R Acta Phys. Sin. Vol. 72, No. 3 (2023)

036401

F4 KEIBR T EPERESEL

Table 4.  Solar cell interface performance.
Devices E,/eV N;/cm™? z/nm Viy/mV Slop/(A-V1) Resistance/Q
WO-MoO, 1.16 2.10x1016 272.18 525 0.072 13.89
W-MoO, 1.22 1.61x10'6 282.44 550 0.097 10.31
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Abstract

Antimony selenide (SbySes) has advantages of low-toxicity, abundant and excellent photoelectric properties.
It is widely considered as one of the most promising light-harvesting materials for thin-film solar cells. However,
the power conversion efficiency of the SbySes thin-film solar cell is still far inferior to that of cadmium telluride,
copper indium gallium selenium and perovskite solar cells. As is well known, the ShySe; solar cell performance is
closely related to the light absorber layer (crystallinity, composition, bulk defect density, etc.), PN
heterojunction quality (charge carrier concertation, energy band alignment, interface defect density, etc.) and
back-contact barrier formation, which determines the process of carrier generation, excitation, relaxation,
transfer and recombination. The low fill factor is one of the core problems that limit further efficiency
improvement of SbySe; solar cells, which can be attributed to the high potential barrier at the back contact
between the Mo electrode and SbySe; absorption layer. In this work, a heat treatment is applied to the Mo
electrode to generate a MoQO, buffer layer. It can be found that this buffer layer can inhibit MoSe, film growth,
exhibiting better Ohmic contact with Sb,Ses, and reducing the back contact barrier of the solar cell. The Sb,Se,
thin film is prepared by an effective combination reaction involving sputtered and selenized Sb precursor. After
introducing the MoO, buffer layer, it can also promote the formation of (hkl) (including (211), (221), (002),
etc.) preferentially oriented SbySes thin films with average grain size over 1 pm. And the ratio of Sb to Se is
optimized from 0.57 to 0.62, approaching to the stoichiometric ratio of Sb,Se; thin film and inhibiting the
formation of V, and Sbg, defects. Finally, it enhances the open-circuit voltage (V) of solar cells from 0.473 to
0.502 V, the short-circuit current density (Jyg) from 22.71 to 24.98 mA/cm? and the fill factor (FF) from
46.90% to 56.18%, thereby increasing the power conversion efficiency (PCE) from 5.04% to 7.05%. This work
proposes a facile strategy for interfacial treatment and elucidates the related carrier transport enhancement
mechanism, thus paving a bright avenue to breaking through the efficiency bottleneck of Sb,Ses thin film solar
cells.

Keywords: antimony selenide, thin-film solar cell, back contact, power conversion efficiency
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