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Fig. 1. Schematic diagram of the solar cell structure used in this work.
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Fig. 2. (a) SEM image of SnO, electron transport layer; (b) SEM image of SnOy:DPEPO electron transport layer; (¢) XPS spectra
of SnO, ETL films with and without DPEPO treatment, Sn-3d signal; (d) XPS spectra of SnO, ETL films with and without
DPEPO treatment, O-1s signal; (e) conductivity data for devices with SnO, and SnO,:DPEPO as ETLS; (f) the ultraviolet-visible

(UV-Vis) transmittance spectra of SnO, and SnO,:DPEPO as ETLS.
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Fig. 3. (a) Top view SEM image of CsFAMA perovskite surface deposited on SnO, ETL; (b) top view image SEM of CsFAMA per-
ovskite surface deposited on SnOy:DPEPO ETL; (¢) XRD images of CsFAMA perovskite films prepared on SnO, and SnO,:DPEPO

ETLs.
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Fig. 4. (a) Steady-state PL measurements of pure perovskite thin films and SnO,/CsFAMA and SnO,:DPEPO/CsFAMA; (b) logar-
ithmic JV characteristic curves of SnO, and SnO,:DPEPO purely electronic devices; (¢) dark J-V analysis of SnO, and
SnO,:DPEPO ETL structured devices; (d) Mott-Schottky analysis of SnOs-based and SnO,:DPEPO ETL structured devices at

1 kHz frequency.
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Fig. 5. (a) J-V curves of PSCs based on SnO, and SnO,:
DPEPO as ETL; (b) IPCE curves based on SnO, and SnO,:
DPEPO as ETL; (c) stability test in ambient air based on
SnO, and SnO,:DPEPO as ETL PSCs.

198401-7


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. 19 (2024)

198401

FL iy BE BEA% i 2 -5 600 PR 2 5 ) 20 T AR AR A
HAWR. B X FANE ETL 8 4ASHET
F L TR AR (IPCE) MR ik — 0758 T
i ERE, AR IPCE J6i% (K1 5(b)), AR T
=T 90% i IPCE {8, IPCE {8 H S M 7O 754
ek HLF R RCR, = IPCE B FE G H i 3i0eR
B, RIGET- AT DU s sl e e e, T
FEERT fh AR B 142 5, 25T SnO,:DPEPO ETL
) 75 2 R 02 B 1 205 b 2 SRS FH Y v AN [) i B 1Y
HF. I ZGEat IPCE 1545 21 59 8145 FL I (B 4
A4 21.98 mA /em? (3T SnO, ETL A% 14) Al
22.64 mA /cm?(ZF Sn0,:DPEPO 14 ETL H#%
), xSt J- Ve 20 Jse WA BT,
WRETE 5% LA,

SnO, ETL 1E N5 I I, H S e 2
X TR BSR4t A o B A B S,
Kl 3 FiR, XA BT 52 = B Ak 4 i o
i, XS ER AT K FH AR L Tt ) e M AR R
). 7 JO P B KA T i ELAT B s A O
BEAR T AP AR R, 38Tt T ER IR %
otk AT SnO, # ETL IR Z5d DPEPO
WHIR G ETL il 45 1Y A 3 2%¢ PSC i E 72 AHXT
R (RH) 29 30% FUREE R 25 C MRS
g, MR R RE vE. WE 5(c) BiR, &T
SnO,:DPEPO {E4 ETL 1Y PSC 7E 85 23 S 17
fittiad 200 h J5BSA PR B T W46 6 LB 80R 1)
85.38%, IMi#ET SnO, B4 ETL i PSC AU T %)
WG HFEHSCR Y 77.43%. 459550, DPEPO &
Wil PSC A RAFMERERRUEME, REAS IR IR &
fig PSC Y= E =0

4 # #

i ¥ DPEPO 4553 SnO, hifil#iR & ETL,
Bk SnOy ASME BB 1Y [ i 38 35 55 BR A 45 i, DA T
$&5 1 PSC 1Yy PCE FIRRE . 456 S5k L &
G £ M, JRE ETL 50X T SnO, M454Ek
W E ARV E ] &, W] DA 2 s A ek
RS A, SRITES ETL SRR R8s i T
SR LN ETL MRS, SR B, st g
S G0 DL R SIS RS, /R PCE 153
21.53%, Vo i8I T 1.220 V. Jye 2 23.19 mA /cm?
LI FF 2l 76.11%. £56KF , IRG ETL KK AE

PSC HWFFE o BA S 2 AT, @ g ETL A1
BHSESHRILSBeT, AT LU B s 30 5 i
B R AR N A AR AR R A R,
RESEEAHER) PCE. {4 ETL KM N5 ETL
LA M- i A 200 T s 4R T — AT 2 A
R TT ik, JF ELRT LR RS BRAT 45 i, 4R =Dt g
1 PCE.

S 3k

[1] Kojima A, Teshima K, Shirai Y, Miyasaka T 2009 J. Am.
Chem. Soc 131 6050
[2] Liang Z, Zhang Y, Xu H F, Chen W J, Liu B Y, Zhang J Y,
Zhang H, Wang Z H, Kang D H, Zeng J R, Gao X Y, Wang
Q S, Hu H J, Zhou H M, Cai X B, Tian X Y, Reiss P, Xu B
M, Kirchartz T, Xiao Z G, Dai S Y, Park N G, Ye J J, Pan
X 2023 Nature 624 557
[3] Deng K M, Chen Q H, Li L 2020 Adv. Funct. Mater. 30
2004209
[4 LvJC,LiHX, Chen HY, Ke L L, Du W J, Xiong J, Zhou
C H, Liu G 2023 Appl. Phys. Lett. 122 233501
[5] Dahal B, Guo R, Pathak R, Rezaece M D, Elam J W, Mane A
U, Li W J 2023 J. Phys. Chem. Solids 181 111532
[6] Bai C, Dong W, Cai HY, Zu C P, Yue W, Li H X, Zhao /J,
Huang F Z, Cheng Y B, Zhong J 2023 Adv. Energy Mater. 13
2300491
[7] Khan U, Igbal T, Khan M, Wu R 2021 Sol. Energy 223 346
B Gan Y J, Qiu G X, Qin BY, Bi X G, Liu Y C, Nie G C,
Ning W L, Yang R Z 2023 Nanomaterials 13 1313
[9] Zhang Y H, Xu L, Sun J, Wu Y J, Kan Z T, Zhang H, Yang
L, Liu B, Dong B, Bai X, Song H W 2022 Adv. Energy
Mater. 12 2201269
[10) Zhou Y, Ren X G, Yan Y Q, Ren H, Du H M, Cai X Y,
Huang 7 X 2022 Acta Phys. Sin. 71 208802 [[H#, fE58, E
ik, AT5E, FLLLHG, 555, BREAE 2022 MBI 71 208802
[11] Jang H J, Lee J Y 2019 J. Phys. Chem. C 123 26856
[12] Zhang J, Ding D X, Wei Y, Xu H 2016 Chem. Sci. 7 2870
[13] Fan W L, Shen Y, Deng K M, Chen Q H, Bai Y, Li L 2022
Nano Energy 100 107518
[14] Zhao L C, Tang P Y, Luo D Y, Dar M I, Eickemeyer F T,
Arora N, Hu Q, Luo J S, Liu Y H, Zakeeruddin S M,
Hagfeldt A, Arbiol J, Huang W, Gong Q H, Russell T P,
Friend R H, Griitzel M, Zhu R 2022 Sci. Adv. 8 eabo3733
[15] Hu P, Zhou W B, Chen J L, Xie X, Zhu J W, Zheng Y X, Li
Y F,LiJ M, Wei M D 2024 Chem. Eng. J. 480 148249
[16) Wu J, Li M H, Fan J T, Li Z, Fan X H, Xue D J, Hu J S
2023 J. Am. Chem. Soc. 145 5872
[17) Li X D, Zhang W X, Guo X M, Lu C Y, Wei J Y, Fang J F
2022 Science 375 434
[18] Khan M T, Hemasiri N H, Kazim S, Ahmad S 2021 Sustain.
Energ. Fuels 5 6352
[19] Cha J, Kim M K, Lee W, Jin H, Na H, Cung Tien Nguyen D,
Lee S, Lim J, Kim M 2023 Chem. Eng. J. 451 138920
[20] Tan H R, Che F L, Wei M Y, Zhao Y C, Saidaminov M I,
Todorovi¢ P, Broberg D, Walters G, Tan F R, Zhuang T T,
Sun B, Liang Z Q, Yuan H F, Fron E, Kim J, Yang Z Y,
Voznyy O, Asta M, Sargent E H 2018 Nat. Commun. 9 3100

198401-8


https://doi.org/10.1021/ja809598r
https://doi.org/10.1021/ja809598r
https://doi.org/10.1021/ja809598r
https://doi.org/10.1021/ja809598r
https://doi.org/10.1021/ja809598r
https://doi.org/10.1021/ja809598r
https://doi.org/10.1021/ja809598r
https://doi.org/10.1021/ja809598r
https://doi.org/10.1038/s41586-023-06784-0
https://doi.org/10.1038/s41586-023-06784-0
https://doi.org/10.1038/s41586-023-06784-0
https://doi.org/10.1038/s41586-023-06784-0
https://doi.org/10.1038/s41586-023-06784-0
https://doi.org/10.1038/s41586-023-06784-0
https://doi.org/10.1038/s41586-023-06784-0
https://doi.org/10.1002/adfm.202004209
https://doi.org/10.1002/adfm.202004209
https://doi.org/10.1002/adfm.202004209
https://doi.org/10.1002/adfm.202004209
https://doi.org/10.1002/adfm.202004209
https://doi.org/10.1002/adfm.202004209
https://doi.org/10.1063/5.0151543
https://doi.org/10.1063/5.0151543
https://doi.org/10.1063/5.0151543
https://doi.org/10.1063/5.0151543
https://doi.org/10.1063/5.0151543
https://doi.org/10.1063/5.0151543
https://doi.org/10.1063/5.0151543
https://doi.org/10.1016/j.jpcs.2023.111532
https://doi.org/10.1016/j.jpcs.2023.111532
https://doi.org/10.1016/j.jpcs.2023.111532
https://doi.org/10.1016/j.jpcs.2023.111532
https://doi.org/10.1016/j.jpcs.2023.111532
https://doi.org/10.1016/j.jpcs.2023.111532
https://doi.org/10.1016/j.jpcs.2023.111532
https://doi.org/10.1002/aenm.202300491
https://doi.org/10.1002/aenm.202300491
https://doi.org/10.1002/aenm.202300491
https://doi.org/10.1002/aenm.202300491
https://doi.org/10.1002/aenm.202300491
https://doi.org/10.1002/aenm.202300491
https://doi.org/10.1016/j.solener.2021.05.059
https://doi.org/10.1016/j.solener.2021.05.059
https://doi.org/10.1016/j.solener.2021.05.059
https://doi.org/10.1016/j.solener.2021.05.059
https://doi.org/10.1016/j.solener.2021.05.059
https://doi.org/10.1016/j.solener.2021.05.059
https://doi.org/10.1016/j.solener.2021.05.059
https://doi.org/10.3390/nano13081313
https://doi.org/10.3390/nano13081313
https://doi.org/10.3390/nano13081313
https://doi.org/10.3390/nano13081313
https://doi.org/10.3390/nano13081313
https://doi.org/10.3390/nano13081313
https://doi.org/10.3390/nano13081313
https://doi.org/10.1002/aenm.202201269
https://doi.org/10.1002/aenm.202201269
https://doi.org/10.1002/aenm.202201269
https://doi.org/10.1002/aenm.202201269
https://doi.org/10.1002/aenm.202201269
https://doi.org/10.1002/aenm.202201269
https://doi.org/10.1002/aenm.202201269
https://doi.org/10.1002/aenm.202201269
https://doi.org/10.7498/aps.71.20220725
https://doi.org/10.7498/aps.71.20220725
https://doi.org/10.7498/aps.71.20220725
https://doi.org/10.7498/aps.71.20220725
https://doi.org/10.7498/aps.71.20220725
https://doi.org/10.7498/aps.71.20220725
https://doi.org/10.7498/aps.71.20220725
https://doi.org/10.7498/aps.71.20220725
https://doi.org/10.7498/aps.71.20220725
https://doi.org/10.7498/aps.71.20220725
https://doi.org/10.7498/aps.71.20220725
https://doi.org/10.7498/aps.71.20220725
https://doi.org/10.7498/aps.71.20220725
https://doi.org/10.7498/aps.71.20220725
https://doi.org/10.1021/acs.jpcc.9b08261
https://doi.org/10.1021/acs.jpcc.9b08261
https://doi.org/10.1021/acs.jpcc.9b08261
https://doi.org/10.1021/acs.jpcc.9b08261
https://doi.org/10.1021/acs.jpcc.9b08261
https://doi.org/10.1021/acs.jpcc.9b08261
https://doi.org/10.1021/acs.jpcc.9b08261
https://doi.org/10.1039/C5SC04848F
https://doi.org/10.1039/C5SC04848F
https://doi.org/10.1039/C5SC04848F
https://doi.org/10.1039/C5SC04848F
https://doi.org/10.1039/C5SC04848F
https://doi.org/10.1039/C5SC04848F
https://doi.org/10.1039/C5SC04848F
https://doi.org/10.1016/j.nanoen.2022.107518
https://doi.org/10.1016/j.nanoen.2022.107518
https://doi.org/10.1016/j.nanoen.2022.107518
https://doi.org/10.1016/j.nanoen.2022.107518
https://doi.org/10.1016/j.nanoen.2022.107518
https://doi.org/10.1016/j.nanoen.2022.107518
https://doi.org/10.1126/sciadv.abo3733
https://doi.org/10.1126/sciadv.abo3733
https://doi.org/10.1126/sciadv.abo3733
https://doi.org/10.1126/sciadv.abo3733
https://doi.org/10.1126/sciadv.abo3733
https://doi.org/10.1126/sciadv.abo3733
https://doi.org/10.1126/sciadv.abo3733
https://doi.org/10.1016/j.cej.2023.148249
https://doi.org/10.1016/j.cej.2023.148249
https://doi.org/10.1016/j.cej.2023.148249
https://doi.org/10.1016/j.cej.2023.148249
https://doi.org/10.1016/j.cej.2023.148249
https://doi.org/10.1016/j.cej.2023.148249
https://doi.org/10.1016/j.cej.2023.148249
https://doi.org/10.1021/jacs.2c13307
https://doi.org/10.1021/jacs.2c13307
https://doi.org/10.1021/jacs.2c13307
https://doi.org/10.1021/jacs.2c13307
https://doi.org/10.1021/jacs.2c13307
https://doi.org/10.1021/jacs.2c13307
https://doi.org/10.1021/jacs.2c13307
https://doi.org/10.1126/science.abl5676
https://doi.org/10.1126/science.abl5676
https://doi.org/10.1126/science.abl5676
https://doi.org/10.1126/science.abl5676
https://doi.org/10.1126/science.abl5676
https://doi.org/10.1126/science.abl5676
https://doi.org/10.1126/science.abl5676
https://doi.org/10.1039/D1SE01398J
https://doi.org/10.1039/D1SE01398J
https://doi.org/10.1039/D1SE01398J
https://doi.org/10.1039/D1SE01398J
https://doi.org/10.1039/D1SE01398J
https://doi.org/10.1039/D1SE01398J
https://doi.org/10.1039/D1SE01398J
https://doi.org/10.1039/D1SE01398J
https://doi.org/10.1016/j.cej.2022.138920
https://doi.org/10.1016/j.cej.2022.138920
https://doi.org/10.1016/j.cej.2022.138920
https://doi.org/10.1016/j.cej.2022.138920
https://doi.org/10.1016/j.cej.2022.138920
https://doi.org/10.1016/j.cej.2022.138920
https://doi.org/10.1016/j.cej.2022.138920
https://doi.org/10.1038/s41467-018-05531-8
https://doi.org/10.1038/s41467-018-05531-8
https://doi.org/10.1038/s41467-018-05531-8
https://doi.org/10.1038/s41467-018-05531-8
https://doi.org/10.1038/s41467-018-05531-8
https://doi.org/10.1038/s41467-018-05531-8
https://doi.org/10.1038/s41467-018-05531-8
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
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. 19 (2024) 198401

Performance of perovskite solar cells based on
Sn0,:DPEPO hybrid electron transport layer®
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Abstract

The electron transport layer is an important functional layer of perovskite solar cells, and its surface and
internal defects are critical parts of limiting the performance improvement of perovskite solar cells. The double
electron transport layer (double ETL) strategy can effectively passivate inherent defects in the electron
transport layer (such as SnO,) and improve electron extraction and transport between the functional layers,
providing an effective way for developing efficient and stable PSCs. However, due to the existence of
independent interfaces in the dual ETL, the cell mismatch in different ETL materials also leads to additional
carrier defects, hindering the continuous advancement of the dual ETL strategy. This work proposes a strategy
for introducing di[2-((oxo)diphenylphosphino)phenyljether (DPEPO) into SnO, ETL to design a hybrid electron
transport layer strategy. Using the hole-blocking effect of DPEPO, which has a higher HOMO energy level and
good ability to transfer electrons, the intrinsic defects in SnO, are successfully passivated, while significantly
improving the crystalline quality of the SnO, film surface. So, avoiding the direct contact between the
perovskite photoactive layer and the conductive substrate can effectively improve the extraction and transport
of electrons. Due to the preparation of high-quality electron transport layer, the crystallization regulation of
perovskite thin film is further achieved, thereby improving the performance of perovskite solar cells. Finally,
21.53% of the power conversion rate is obtained, the open-circuit voltage (V) reaches 1.220 V, the short-
circuit current (Jyc) is 23.19 mA /ecm?, and the fill factor (FF) is 76.11%. This efficiency is 1.39% higher than
that of the control one. It is shown that the hybrid electron transport layer strategy can not only optimize the
carrier transport dynamics efficiently and reduce the device performance affected by the defects in the
functional layer significantly, but also regulate the perovskite crystallization, which has the prospect for

preparing high-performance solar cells.

Keywords: perovskite, solar cell, electron transport layer, carrier composite, defect passivation
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