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Table 1. Research progress of major CIGS re-

search institutions at home and abroad.
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Fig. 1. Schematic diagram of CIGS solar cell structure and low-temperature layer structure.
#* 2  CIGS KFHAL i PRAnLs %
Table 2. Detailed structure of CIGS solar cells.
CIGS4its IS il J= EZ Gz Iz
CIGS-ref Mo/Mo CIGS CIGS Cds i-ZnO
CIGS-top Mo/Mo CIGS/CGS CIGS CdS i-ZnO
CIGS-mid Mo/Mo CIGS/CGS/CIGS CIGS Cds i-ZnO
CIGS-bot Mo/Mo CGS/CIGS CIGS CdS i-ZnO
CIGS-max Mo/Mo CGS CIGS CdS i-ZnO
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Fig. 2. (a) Cross-sectional SEM images of CIGS films prepared for low-temperature layers with different structures; (b) Ga gradient
bandgap plot plotted by EDS line scan plots of CIGS-ref and CIGS-mid.
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3 CIGS-ref fil CIGS-mid #K Y AFM [&l
Fig. 3. AFM images of CIGS-ref and CIGS-mid films.
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Fig. 4. (a) XRD of CIGS absorber layer under different structures of low temperature layers; (b) half-peak width plot of peak (112);

(¢) Raman results of CIGS absorber layers under different structural low-temperature layer conditions and CIGS peak positions on
the depth of the absorber layer; (d) GGI data plots of CIGS-ref and CIGS-mid obtained by XPS.
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Fig. 5. Box plots of performance parameters of CIGS solar cells prepared under different Ga gradient structure conditions: (a) Voc;

(b) Jsc; (¢) FF; (d) PCE.

A PR R 546 mV #2553 614 mV, %
HLL A 28.22 mA -cm 2 #2755 34.81 mA-cm 2,
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AMER R T HA R TTERBUZHIE I Ga B
HEBRZER .

%3 TR GaBh R 45H 508 il 4 19 19

CIGS KM PERESHER

Table 3.  Performance parameters of CIGS solar

cells prepared under different Ga gradient structure

conditions.

FESY Voc/mV  PCE/% FF/% Jso/(mA-cm?)
CIGS-ref 546 10.79 70.14 28.22
CIGS-top 580 13.39 72.80 31.71
CIGS-mid 614 15.04 70.21 34.81
CIGS-bot 556 12.92 72.12 32.22

CIGS-max 482 10.62 63.39 34.73
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Fig. 6. (a) JV curves and (b) EQE curves of CIGS solar

cells prepared under different Ga gradient structure condi-
tions and (c) its bandgap diagram.

Jg T 2 ESY CIGS K BH H b RE 2 v 110
JE P, X% CIGS-ref 1 CIGS-mid #F 17 i JEE 4K #
) R Y- LR 2 B (- V) T, SR e il B T LI
T 2 G0 A& R R BH A b D ih 2k R 5, ¢
80—300 K Ay T it I 1 Rl A 0T 't BECFI IS 25 R 1Y
J-V AT e, g5 R E 7(a), (b) FiR.
CIGS-ref B 7E 160 K HEL T BIE 0 LV il 250
i CIGS-mid A 5t By J- Vil £ Bl 5% 0 4 7R AI%
T 120 K i B, CIGS-mid B WEaE. N THiE
CIGS FEf IR AL e, 385 7 FE G 25 L -

JEZ B (J-V-T) M2k b SR EGEOR 7 =2 A0
fig (E,), &R 7(c) B, X T CIGS-ref # i,
E, 4 0.976 eV FL MWAMTE TR0F (EQE) H 21
4 E, /M3Z, X CIGS-mid i, 1.09 eV (1 E,
HH LN EQE 4l 2 U E,, BRM E, (%
W SUE &2 A Az 2] 03, RO Al B b
AT RIS J- VR, A5 T 75 5 fh 2
20, A 7(d) FEE TR, RS R R
P ap
P

Rs = Ry + (%)exp(W), (2)
Horb Ry AA T S e B H SR TG 6, A
A B BRE R, R NBR =W, TRIR
JE, op NE . 2 HNRE KT 80 K i
(i In(Rs - T)/T Mk, (i T g, 534 CIGS-ref Fil
CIGS-mid ¥ & (%) 15 2 fih $8 22 &5 & & 50 5l 0
157.04 F1 56.08 meV, CGS 48 A 23 % CIGS
5 Mo FHIRIAL )75 2 fl 35 22 5 T

3.4 SR{FERBAYHMHE

FH AR (CV) &7 k0 T il &
CIGS B fh SR 45 (p-n &) &, WA 8(a) fr
7, CIGS K PHHL LR 2000 %5 B (Ney) FIFE
RIZTERE (W) 7T LA & B R 0 By Bl
o EAGE . 76 CIGS KFHH b, p A4S 7k
FEEERAZENL (Vi) SIEEPL CGS B AT RES
i H—28 Vi, X AT RE SRR p B Vi, BB 1,
B CGS JZHE i % BE /N, Hir CIGS-
mid £ i i) Ney B/ R 2.056x 10" cm >, Ney B
TRERTRE S R Z BB A G, T E BT i
RN FL 7 (R T HL AR ISUZ ) n BB 1%
iy 101, CIGS-ref HE5HIY Wy HH 0.329 pm 3% CIGS-
mid 1Y 0.492 pm, BRI Wy B H T8 11)
WERE. 1/C S5 EwE VIR A 8(b)
B, WEEELE (V) A CIGS-ref £ &Y 462 mV
W% CIGS-mid #E5L Y 575 mV, B KK Vi, A LA
TE BCHE iR ) PN LA, DTl S Jo 45 Ak 114 F, i
Z R Vo

KT T CGS AT CIGS A BH H b ik i
JT AR SR, R TR 2 B A I 520, 78 80—300 K
B 1 T BE Y R X 3 R ARE R EAT T S 4N (AS
) Wi & 9(a), (b) B T HEM CIGS-ref FIEES
CIGS-mid [ AS . 76 AS i Elrh, B MEE T

178801-7


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

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 17 (2024) 178801
60 60
(a) | CIGS-ref (b) | CIGS-mid
5 40t = 40
© ©
< <
300 K
E/ 20 F é 20
< <
> >
+ +
o) 0 A~ ) 0
el el
+ ///'// +
; 7 4 ;
3 80 K 3
E —20 £ —20
O O
40 . . . . . 40
—-0.2 0 0.2 0.4 0.6 0.8 1.0 1.2 —-0.2 0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage/V Voltage/V
1.2 , 4000
(c) ® CIGS-mid (d)g ® CIGS-mid ® CIGS-ref
® CIGS-ref & - 13 ® CIGS-mid
|E 3000 L 12 ® CIGS-ref
3} 11
& o " £ 10
< . £ 9
> € 2000 " R
~ =] 7
z - 5
3 °
9 1000 F . 2 4 6 8 10 12 14
3 ° (1000/T) /K~
0.4F g =
3 [
ok ®eolsmcnncnnennance
0.2 1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 50 100 150 200 250 300 350
Temperature/K Temperature/K

[l 7

KR (d) B LVF R 5 THXFRIME B R In(R,T) 5 1000/ T & & M1 £R)

T£ 80—300 K AY i FE i Bl Y, (a) CIGS-ref Hil (b) CIGS-mid A & A HL I %5 BE- L (V) FEMES (o) BEANEES Y Voo 5 THY

Fig. 7. (a), (b) Current density-voltage (J-V) characteristics of CIGS-ref and CIGS-mid samples over a temperature range of 80 to
300 K; (c¢) Voo/T curves of the two samples; (d) relationship between R and T under dark J-V (Insert is relationship curve
between In (R, -T) and 1000/ 7).
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Abstract

Thin-film solar cells provide an opportunity to reduce the cost of converting solar energy into electricity by

replacing expensive and thick silicon wafers, which account for more than 50% of the total cost of photovoltaic
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(PV) modules. However, many thin-film solar cell materials result in low PV performance due to enhanced
recombination through defect states. Cu(In,Ga)Se, (CIGS) is a promising thin-film solar cell material due to its
direct tunable bandgap, high absorption coefficient, low effective electron and hole mass, and abundant
constituent elements. Among them, magnetron sputtering or selenization technology is widely used to catch up
with the development of preparing large-area CIGS thin-film solar cells because of its uniform film composition
and simple process. However, the use of toxic gases such as H,Se and H,S and the difficulty in forming gradient
bandgaps limit their development. In this work, the “V” Ga gradient classification of the absorbing layer of
CIGS solar cells is realized by sputtering CuGaSe, (CGS) thin layers of different thickness values in the room
temperature layer by sputtering and selenium-free methods of quaternary target sputtering. Firstly, the
microstructure of the film is characterized by scanning electron microscope, X-ray diffraction, Raman and X-ray
photoelectron spectroscopy, and when the CGS layer is located in the middle of the low-temperature layer, the
grain size of the film is the largest, the crystallinity is the best, forming a “V-shaped” structure of CGI on the
back of the absorbing layer. Subsequently, IV and external quantum efficiency (EQE) tests show that the
optimized cell efficiency is as high as 15.04%, and the light response intensity is enhanced in the 300 —1200 nm
band. Finally, the admittance spectrum(AS) test shows that the defect energy level of the solar cell changes
from Ing, defect to Vi, defect of lower energy level, and the defect density decreases from 7.04x10 cm3 to
5.51x10% cm 3. This is comparable to the recording efficiency of the current single-target magnetron sputtering

CIGS solar cells, demonstrating good application prospects.

45

— CIGS-ref T
CIGS-top 0.68 F —0— CIGS-ref :
2 CIGS-bot —0— CIGS-mid |
g 35k —— CIGS-mid X
= —— CIGS-max |
. 0.64 1
"E /o\ I/ J
3 S (c]
B 4 —0—0—
> 25 g ° * X
g 6 0.6045 _—0—_ 0/0/0\0/@<8§0 ?/
5}
< 0] e
< 15 1
g 0.56 ,
g
= |
C:)’ Mo 1
l
5 — 0.52f !
L L L L L L |
0 0.2 0.4 0.6 0.8 0 400 800 1200 1600 2000
Voltage/V Etching depth/nm
4000 - 1018 _
. ® CIGS-mid * CIGS-mid
— 8 CIGS-ref » CIGS-ref
b " Pyee Ny = 7.04x 1015
£ 3000 Sloanr ' .
<3 o " & o N; =5.51x 105
< >
€ 2000 ‘- £ 107
g ° . g s
7] . ~ A b
5 ° > % -y
& 1000} . = 3
2 ° 2 4 6 8 10 12 14
‘T . (1000/T) /K~
A ° - 16
ok ®eolsncncnnsnsnnnoe 10 ¢
1 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 0 0.1 0.2 0.3 0.4
Temperature/K E—E,/eV

Keywords: Cu(In,Ga)Se, solar cells, magnetron sputtering, V-band gap, defect characteristics

PACS: 88.40.jn, 81.15.Cd, 88.40.hj, 72.40.4+w DOI: 10.7498 /aps.73.20240732

1 Corresponding author. E-mail: congrd@hbu.edu.cn

1 Corresponding author. E-mail: yuwei@hbu.edu.cn

178801-11


http://doi.org/10.7498/aps.73.20240732
mailto:congrd@hbu.edu.cn
mailto:congrd@hbu.edu.cn
mailto:yuwei@hbu.edu.cn
mailto:yuwei@hbu.edu.cn
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

FELREEIRSTCu (Tn,  Ga) Se, A FH M IR & 57 Th) B+
WHY Btk &FHR ERRE ABER TR
Design of back—contact interface of Cu(In,Ga)Se, solar cells by single—target magnetron sputtering

Tian Shan-Shan  Gao Qian  Gao Ze-Ran  Xiong Yu-Chen  Cong Ri-Dong  Yu Wei

5| {5 B, Citation: Acta Physica Sinica, 73, 178801 (2024) DOI: 10.7498/aps.73.20240732
TEZL I View online: https:/doi.org/10.7498/aps.73.20240732
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

LT RIS HA S FE

Articles you may be interested in

FEFHLA 2T RSP BLLAS Cu(In,Ga)Se, H it H Ga 5 1B HE (1 A AL 5347

Optimization of Ga content gradient in Cu(In,Ga)Se, solar cells through machine learning and device simulation

WAL 2021, 70(23): 238802 https://doi.ore/10.7498/aps.70.20211234

FIAKEZ BT BRI L K Ga, O SME AT
Characteristics of Ga, 0, epitaxial films on seed layer grown by magnetron sputtering

WAL 2020, 69(22): 228103 https://doi.org/10.7498/aps.69.202008 10

AN SRR B F Yt T e kL 1

Back contact optimization for Sh,Se, solar cells

YrEE2EdE. 2023, 72(3): 036401  https:/doi.org/10.7498/aps.72.20221929
Vo AL AT T VKA B e e ) 8 BE R 2 A

Bandgap grading of Sb,(S,Se); for high—efficiency thin—film solar cells
YrEE2EdE. 2021, 70(12): 128802  hitps://doi.org/10.7498/aps.70.20202016

AN RV BR AR KO I ST AR Zn STHERE P RE A 52 1)

Effect of different sulfur pressure annealing on properties of sputtering—deposited ZnS thin films

YIBR2FA. 2023, 72(3): 034207  hitps://doi.org/10.7498/aps.72.20221737

XU A SR 25 R A v A B B Pl b ) S TR PR AL AL

Optimization of interfacial characteristics of antimony sulfide selenide solar cells with double electron transport layer structure

yFEEEAR. 2022, 71(3): 038802  https:/doi.org/10.7498/aps.71.20211525


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.73.20240732
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20211234
https://doi.org/10.7498/aps.69.20200810
https://doi.org/10.7498/aps.72.20221929
https://doi.org/10.7498/aps.70.20202016
https://doi.org/10.7498/aps.72.20221737
https://doi.org/10.7498/aps.71.20211525

	1 引　言
	2 实　验
	2.1 样品制备
	2.1.1 磁控溅射背电极及处理背电极
	2.1.2 CIGS吸收层薄膜的制备
	2.1.3 CIGS太阳电池的组装

	2.2 样品表征
	2.2.1 形貌表征
	2.2.2 电学表征


	3 结果与讨论
	3.1 表面形貌
	3.2 表面微观结构分析
	3.3 器件光伏性能
	3.4 器件缺陷特性

	4 结　论
	参考文献

