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Abstract: The instability in performance testing of large-area perovskite solar cell modules originates from the
metastable state of internal interfacial charge distribution and transport. This study proposes the use of forward bias
voltage as an electrical activation method to regulate this metastability, and reveals its spatially heterogeneous evolu-
tion mechanism through in-situ electroluminescence imaging. It is found that applying a 10 V bias enables rapid and
stable activation within 30 min(efficiency recovery to 99%). The underlying mechanism is the optimization of charge
extraction and reduction of series resistance, which simultaneously enhances the fill factor and open-circuit voltage,

and significantly improves the spatial uniformity of module luminescence. However, excessive bias voltage (=12.5 V)
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induces localized heating accumulation, leading to irreversible quenching damage in the perovskite material or inter-

faces, manifested as dark spots originating from the positive electrode side in electroluminescence images. Starting

from the coupled relationship of photogeneration, recombination, and transport of charge carriers, this research clari-

fies the optimization pathway and failure threshold of electrical activation, providing a solution with both theoretical

and practical value for reliable testing and performance regulation of perovskite modules.
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Fig.1 Fabrication, structure, and performance characterization of large-area perovskite solar modules. (a) Schematic illustra-

tion of the fabrication and encapsulation process. (b) Energy level alignment of the functional layers. (¢)Module structure

with P1-P3 laser scribing for series interconnection. (d) Efficiency evolution under maximum power point tracking

(MPPT). (e) J-V characteristics under different testing histories, where FS denotes forward scan and RS denotes reverse

scan. (f)Stability performance including damp heat aging, continuous-illumination MPPT, and field operation results
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Fig.2 Electrical activation protocol and performance evolution of the perovskite solar modules under different forward biases.

(a)Schematic illustration of the electrical activation and measurement setup. (b) Efficiency evolution under different for-

ward bias voltages. (¢)—(f) Temporal evolution of the module efficiency (Eff), fill factor (FF), series resistance (R,) ,

and open-circuit voltage (V,,) under a forward-bias electrical activation of 10 V. (g) Evolution of the short-circuit current

density (J,.) and shunt resistance (R,,) during the electrical activation process
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Fig.3 Temperature evolution of the perovskite solar modules under continuous forward bias voltages. (a) Temperature evolution
of the modules under 5 V and 7.5 V forward bias during electrical activation. (b) Temperature evolution under 10 V for-
ward bias. (¢) Rapid temperature rise accompanied by device failure under 12.5 V forward bias. (d) Efficiency evolution
of perovskite solar modules during electrical activation under a forward bias of 10 V at different ambient temperatures
(100 ‘C, 75 °C, 25 ‘C and =4 C). (e) Normalized efficiency evolution of electrically activated modules during deactiva-

tion when stored at different ambient temperatures (100 C, 75 C, 25 C and -4 C)
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Fig.4 Electroluminescence (EL) characterization of the perovskite solar modules under different forward bias voltages. (a)Evo-

lution of EL images of the modules under 7.5 V forward bias during electrical activation at a constant current of 20 mA.

(b) EL image evolution under 10 V forward bias. (¢c) EL image evolution under intermittent 12.5 V forward bias activa-

tion. (d)EL image of the module after continuous 12.5 V forward bias activation for 10 min

{14 38 % 2 R R A DS L 2 10 min B 3EAR TS O, 4
PRk B B S Sk ) R G A o i Es R R
B AE 7.5 VTS, BTG 2 B 3F T AL R N B
AT - B R - K i UBT P28 VAN 7 S
SIS 1 Jmy 400 1 B i A B X Y e 4
FH2 10 VI, 88 4F EL17 o i — 22004k, an &l 4(b)
FER o G PEAE 2 min P B AT SE 8 52 42 35 50 1 5 ok
BE &, HoAE RS 05 2 10 min (1) 53 72 R W5
BT Ay 52 B D sl X7 A . B R EI3 T 10 VA&
PR R B TR g R, o] DL IR L R 2R
5 2 S 37 B e UL vy P 4 UK Bl 5 T g R B - Al
REFRR Tz SENE G BRARAN At
RUBE b [) 25 i3, DT 552 300 v 4650 L I 468 45 1 P 35
o MWZ T, 7853 & E M & (12.5 V) T LEL
RS R B AN ) AR AT o . i 4 () B
7R e B S 2 min B 20 PR R R A 2 L3 2

19 EL 43 A, A 30 AT D453 473 , 156 W o i o ) 4 1)
FERERS TR SRBIR FIHEA S E A R, 4
6 B A AE K 2 6 min J5 , JR) 3 G X 4 o 30, H 6
B 1 5 Hh IR B F b e R 0 2 LA — 0 Y
7 B o BEE 00 BB 2 10 min, B X GE D™

& AR 2T g A B AR Ak o R 4l
1 7 AR — 0] 74— FE b A 0 B Dy ™ ey S B X T
FRCL R Sk BT R L 1 — 25, X R B R ROCR T B

FIEH N2 85% ., X —25 (B A A1 iR fh B 4
HH 7 D 2 R B B 235 4w AN TR) - Fi b 7R 37
1 L3 5 R EOTT A — 3, AT K T JRi 8 2 &L
AR .

Sk E — 25 HE Bk ) B T eRL X 488 45 T 35 B S )
B 4(d) B T 12,5 Vi 2 A [0] Wi it il 10 min
ZUF T ELRAFGE R . v LA R, A b 4 F
FL L 199 45 1 247 R U 1 S 30 AR DE A — ), {HGR 1



555 1 5|

B, 5 I IRES T B BRI B RE 2H 1 14 AR T2 14 HL -3 O6RE 5 LR BT 5 773

FRIEAE 2 ) - 2 S AR 8 A o T 4Lk
HEREE 3,4, 5 F oMb L b M. KBS
FU O E R E R R AT O BB Az s M
AR . AR R G R T, 45 F R A2 A A
LB A EL I A A7 S A R BEL S B R R BR
il , A T30 Gk DX, A A v T R b R AT 2
B BT 5 7 A B B, AT B B3 e 1Y) J 3 I B
Fh e B T B E — 28 RS T R 5 A H A
N 175 R R A B AR R R A R R A R
R LR A TR Ak . PRIL, IR R A
R 2 s DX 3 R AR B T R A R A R
R, T S SR A R 2 H O S R
PE A SCEEFE o

g5 Lk B 4 09 BL 1% 45 S M\ 25 [R) 4 B
BbF 1t 8 75 T R ST Gk R Y i A T 1 ARAE - IR
i J (7. 5~10 V) BEAE 76 AR 51 A Jay & 28 L i $2 T
ETE U & N R e N TR =X | DS
(12.5 V) B A 75 50 B[R] Y 3G 58 EL 98 2, 4 25 i)
W5 & 25 B HER SR A IF S B AN AT el . X
— 2590 5 AR R R VR AR A (RL 3) AH B EE, 3t
[F) PR T R ST Ao R Y A B AR X [R]

Z F X #:

4 %

ARICRGEWEFE T IE [] ffi I FL 80 ) R T AL
PR HRL 3 ZH 1R BE Ak | IR R 1 % s Ta] B Ak
(52 M ML o A5 SRR, IE 1] J Hs % 55 R0 4H 1F
AR T, G B A B R 3 o H 3 R sl T R T S
HL il 73 A, DG AR RE A XS 5%, DTN B AR AR A 26 52
PR ER R o X EE R BN S N 1 5 T %
FL S P TR T o R B ' BB AT D O i 11 25 )
PR W TR, BOULIESE i s (10 V) R 4L
K JGHI ST E G Sk BN UE TR AR 5 5 T kI
A AL T R R (212.5 V)R, ™ 5 A 00
2 fiph A AN AT T f 5 A B RO, B SRR AR
o ik, IFAE KOG R v R B N i R 3 DX A
77 AR B SR BRI DX o AP E T — %4
o A5 P ST PR T T, A A AR O A o R T AR
B ERA O HL AR R B9 TR BEAS AR (R e it T BHe Ak
it A1 52 B4 3 o

RS G R B L R A A 0 S A BT R
http://cjl.lightpublishing.cn/thesisDetails#10.37188/
CJL.20260006

[ 1 ]LIUXA, ZHANG J H, WANG B C, et al. Perovskite solar modules with high efficiency exceeding 20% : From laborato-
ry to industrial community [J1. Joule, 2025, 9(9): 102056.

[ 2 ] PARK N G, ZHU K. Scalable fabrication and coating methods for perovskite solar cells and solar modules [J]. Nat.
Rev. Mater. , 2020, 5(5): 333-350.

(3] ##, 24K, a8, 5. 455k R AE R Ay B ST b [J]. + Bk %, 2021, 14(1): 100-116.
WEI J, WANG Q W, SUN X Y, et al. Research progress of quasi-two-dimensional perovskite solar cells [J]. Chin.
Opt. , 2021, 14(1): 100-116. (in Chinese)

[ 4] FA&, B3R, 2, F. BEETEHKRT OGO R g (1] &85 257, 2021, 36(1): 158-175.
YU C, CHEN C, WU D, et al. Research progress of inkjet printed perovskite optoelectronic devices [J]. Chin. J. Lig.
Cryst. Disp. , 2021, 36(1): 158-175. (in Chinese)

[ 5 ] RIETWYK K J, TAN B E, SURMIAK A, et al. Light intensity modulated photoluminescence for rapid series resistance
mapping of perovskite solar cells [J]. Nano Energy, 2020, 73: 104755.

[ 6 ] HENDERSON C, LUKE J, BICALHO I S, et al. Charge transfer complex formation between organic interlayers drives
light-soaking in large area perovskite solar cells [ J]. Energy Environ. Sci. , 2023, 16(12): 5891-5903.

[ 7 ] HISHIKAWA Y, AZUMA K, TAMURA K, et al. Effects of bias voltage application and light soaking on the performance
of flexible perovskite photovoltaic modules [J]. Sol. Energy, 2025, 302: 114009.

[ 8 ] Z#, B, B4, 5. FEH RFHAE R b A RL B B X S AR IERE SRS YERY 2 ma [J]. 428 $ 4R, 2024, 73(6):
063101.
WANG J, GAO S, DUAN X M, et al. Influence of defect in perovskite solar cell materials on device performance and sta-
bility [J]. Acta Phys. Sinica, 2024, 73(6): 063101. (in Chinese)

[ 9 ] HUJ G, GOTTESMAN R, GOUDA L, et al. Photovoltage behavior in perovskite solar cells under light-soaking showing


http://cjl.lightpublishing.cn/thesisDetails#10.37188/CJL.20260006

774 % Jt 2% Eivd %475

photoinduced interfacial changes [J]. ACS Energy Lett. , 2017, 2(5) : 950-956.

[ 10 ] KHENKIN M, KOBLER H, REMEC M, et al. Light cycling as a key to understanding the outdoor behaviour of
perovskite solar cells [J]. Energy Environ. Sci. , 2024, 17(2) : 602-610.

[11] SAMU G F, JANAKY C, KAMAT P V. A victim of halide ion segregation. How light soaking affects solar cell perfor-
mance of mixed halide lead perovskites [J]. ACS Energy Lett. , 2017, 2(8): 1860-1861.

[12] ZHAO C, CHEN B B, QIAO X F, et al. Revealing underlying processes involved in light soaking effects and hysteresis
phenomena in perovskite solar cells [J]. Adv. Energy Mater. , 2015, 5(14): 1500279.

[13] ALBERTI A, VALASTRO S, NONNI E, et al. Resilience to demixing and phase segregation in perovskite solar cells
under light-dark cycles and temperature [J]. ACS Energy Lett. , 2025, 10(5): 2259-2267.

[ 14 ] SAITO H, YOSHITA M, TOBITA H, et al. Round-robin inter-comparison of maximum power measurement for metasta-
ble perovskite solar cells [J]. ECS J. Solid State Sci. Technol. , 2022, 11(5): 055008.

[ 15] SONG T, FRIEDMAN D J, KOPIDAKIS N. Comprehensive performance calibration guidance for perovskites and other
emerging solar cells [J]. Adv. Energy Mater. , 2021, 11(23): 2100728.

[ 16 ] TVINGSTEDT K, DEIBEL C. Temperature dependence of ideality factors in organic solar cells and the relation to radia-
tive efficiency [J]. Adv. Energy Mater. , 2016, 6(9): 1502230.

[17] LIN X, SHI Z F, FEI C B, et al. Barrier reinforcement for enhanced perovskite solar cell stability under reverse bias
[J]. Nat. Energy, 2024, 9(10): 1264-1274.

[18] WU JH, LIYS, TAN S, et al. Enhanced perovskite solar cell efficiency via the electric-field-induced approach [J].
ACS Appl. Mater. Interfaces, 2020, 12(24): 27258-27267.

[19] XU P, WANG P F, WANG M H, et al. Grain boundaries contribute to the performance of perovskite solar cells by pro-
moting charge separations [J]. Nano-Micro Lett. , 2025, 17(1): 285.

[20] YANTARA N, MATHEWS N. Toolsets for assessing ionic migration in halide perovskites [J]. Joule, 2024, 8(5) : 1239-1273.

(21 ] & &, 24248, RV/, F. EM M E B ZW T KB PETE (1], Kt sk, 2024, 45(4): 59-64.
ZHENG Z J, WANG R J, HUANG S B, et al. Investigation of repairing perovskite solar cells via forward bias voltage
[1]. Acta Energ. Sol. Sinica, 2024, 45(4): 59-64. (in Chinese)

[22] HUANG K Q, FENG X X, LIH Y, et al. Manipulating the migration of iodine ions via reverse-biasing for boosting photo-
voltaic performance of perovskite solar cells [J]. Adv. Sci, 2022, 9(35): 2204163.

[23] ®EX, EPAT, 0, 5. 4807 KRR Rm AR &gk 1], =dex, 2025, 52(12): 35-40.
WEN H Y, KUANG Z F, ZENG P, et al. Research review on large-area preparation of perovskite solar cells [J]. Yun-
nan Chem. Technol. , 2025, 52(12): 35-40. (in Chinese)

[ 24 ] #3AR, A&, HUANG JINGSONG, 4 . K BUEG B A B AE AL o M7 S ] 45 T 2R 2ok (1], A6 5 4k, 2025,
46(1): 98-109.
XUZT, LINJ, HUANG J S, et al. Review of advances in large-area perovskite solar cell thin-film fabrication techniques
[J]. Chin. J. Lumin. , 2025, 46(1): 98-109. (in Chinese)

[25] WALI Q, RABBANI N A, AFRIN S, et al. Advances in thin layer deposition techniques in perovskite solar cells [J].
RSC Adv. , 2025, 15(48): 40286-40298.

[26] PENG C C, YAO HT, ALI O, et al. Weakly space-confined all-inorganic perovskites for light-emitting diodes [J].
Nature, 2025, 643(8070) : 96-103.

[ 27 ] AYDIN E. Raising the bar for breakdown [J]. Nat. Energy, 2024, 9(10): 1183-1184.

[ 28 ] ERDIL U, KHENKIN M, REMEC M, et al. Mimicking outdoor ion migration in perovskite solar cells: a forward bias,
no-light accelerated aging approach [J1. ACS Energy Lett. , 2025, 10(3): 1529-1537.

[29 ] WANG T, ZHANG Y, KONG W Y, et al. Transporting holes stably under iodide invasion in efficient perovskite solar
cells [J]. Science, 2022, 377(6611): 1227-1232,

[30] ZHAN C L, LUO C, GAO F, et al. Unraveling the operation degradation mechanism of positive bias interface in
perovskite solar cells [J]. Small, 2025, 21(29): 2502989.

[31] ZHAO JZ, CAO J P, DONG J ], et al. Impact of lithium dopants in hole-transporting layers on perovskite solar cell stability
under day-night cycling [J]. Nat. Energy, 2025, 10(10): 1226-1236.

[32] WU LY, HUS F, YANG F, et al. Resilience pathways for halide perovskite photovoltaics under temperature cycling



%55 Mo, A RIS T B R K B RE ZH 1 1 R AE 1 H - BAOHER A DL RIS 775

[J]. Nat. Rev. Mater. , 2025, 10(7): 536-549.

[33] LIG X, ZHANG Z H, AGYEI-TUFFOUR B, et al. Stabilizing high-efficiency perovskite solar cells via strategic interfa-
cial contact engineering [ J]. Nat. Photonics, 2026, 20(1): 55-62.

[34] ZHAO C Y, WANG F F, HU X D, et al. Ambient blade-coated perovskite solar cells with high reverse bias stability
enabled by polymeric hole transporter design [J]. Nat. Commun. , 2025, 16(1): 10355.

[35] KANG B C, YAN F. Emerging strategies for the large-scale fabrication of perovskite solar modules: from design to pro-
cess [J]. Energy Environ. Sci. , 2025, 18(9): 3917-3954.

[ 36 ] NJEMA G G, KIBET J K, NGARI S M. A review of interface engineering characteristics for high performance perovskite
solar cells [J]. Meas. Energy, 2024, 2: 100005.

[37] LIM J, LEE S, SHIM H, e al. Efficient charge separation at localized 2D ferroelectric domains in perovskite solar cells
[J]. Energy Environ. Sci. , 2025, 18(11): 5287-5297.

[38] DONG H, QU J S, WANG S Y, et al. Suppressing open-circuit voltage loss in perovskite solar cells via ligand-assisted
crystallization dynamics regulation strategy [ J]. Adv. Mater. , 2025, 37(43): el1111.

[39] DENG X F, WEN X M, ZHENG J H, et al. Dynamic study of the light soaking effect on perovskite solar cells by in-situ
photoluminescence microscopy [J]. Nano Energy, 2018, 46: 356-364.

[ 40 ] HENZEL J, BAKKER K, NAJAFI M, et al. Impact of the current on reverse bias degradation of perovskite solar cells
[J]. ACS Appl. Energy Mater. , 2023, 6(22): 11429-11432.

[41 ] LAN Z N, YANG Y Y, HUANG H, et al. Interfacial electrostatic repulsion inhibits iodide ion migration for enhancing
reverse-bias stability of perovskite solar cells [J]. Nat. Commun. , 2025, 16(1): 11407.

[42 ] LIW, ZHANG J J, ZENG L, et al. Efficient perovskite/Cu(In, Ga)Se, tandem solar cells with a composite intermediate
recombination layer [J]. Nat. Commun. , 2025, 17(1): 711.

[43 ] ZHAO Y C, MIAO P, ELIA J, et al. Strain-activated light-induced halide segregation in mixed-halide perovskite solids
[J]. Nat. Commun. , 2020, 11(1): 6328.

[ 44 ] REMEC M, TOMSIC S, KHENKIN M, et al. From sunrise to sunset: unraveling metastability in perovskite solar cells by
coupled outdoor testing and energy yield modelling [ J]. Adv. Energy Mater. , 2024, 14(29) : 2304452.

[45] XU H Y, XIAO Y, ELMESTEKAWY K A, et al. Metastable interphase induced pre-strain compensation enables effi-
cient and stable perovskite solar cells [ J]. Energy Environ. Sci. , 2025, 18(1): 246-255.

[46 ] PICA G, PANCINI L, PETOUKHOFF C E, et al. Photo-ferroelectric perovskite interfaces for boosting Vi in efficient
perovskite solar cells [J]. Nat. Commun. , 2024, 15(1): 8753.

[47 ] MOTTI S G, MEGGIOLARO D, BARKER A J, et al. Controlling competing photochemical reactions stabilizes
perovskite solar cells [J]. Nat. Photonics, 2019, 13(8): 532-539.

[ 48 ] LEIJTENS T, BUSH K, CHEACHAROEN R, et al. Towards enabling stable lead halide perovskite solar cells; interplay
between structural, environmental, and thermal stability [J]. J. Mater. Chem. A, 2017, 5(23): 11483-11500.

[ 49 ] TORMENA N, CARIA A, BUFFOLO M, et al. Recoverable degradation of FAPbBr; perovskite solar cells under reverse-
bias: a combined electro-optical investigation [J]. Sol. Energy Mater. Sol. Cells, 2025, 285: 113547.

[50 ] Ehn, A B, KM, . F5ER0 K BHAE ALt A BEAL Z X BRIE S A7 0 52 ()], A8 53R, 2021, 42(7) : 1029-1039.
WANG S, HOU Y Z, ZHANG F, et al. Effect of passivation layer on trap assisted recombination in inverted perovskite
solar cells [J]. Chin. J. Lumin. , 2021, 42(7): 1029-1039. (in Chinese)

[51] MRatsd, A%, R4¢, 5. RV R M AP E MR TR [T]. S5 4% T42, 2022, 30(19): 2332-2352.
CHEN J D, LI D D, ZHU X F, et al. Strategy of improving mechanical stability of flexible perovskite solar cells [J].
Opt. Precision Eng. , 2022, 30(19) : 2332-2352. (in Chinese)

BE(1999-) .5 )" KRR AL W+
WEIE A, 2022 4F T il 1l R 2 4K A5 2 1
g, F N AR 7 15 R AL A AR
K B i H 1B AR DG BIF Y o

E-mail: 3194770668@qq. com

EREO0976-) T, TR A B
o BB, W A R0, 2006 AF TR
TR A5 O SR AT 58 BT 345 1
EANE SN P Y R SR A AN
A R AT R BA L e ST Y

E-mail: yaohuamai@jnu. edu. cn




