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Research Progress in Degradation Mechanism of Organic Solar Cells
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Abstract During the last several years, with the emergence of non-fullerene Y-series star molecular acceptors, the power
conversion efficiency of single-junction organic solar cells has exceeded 19%. However, the relatively poor stability of the
devices under different operating conditions seriously restricts its commercialization. Therefore, more and more researches
are focused on the causes of devices degradation of organic solar cells and how to improve the stability of organic solar cells
(OSCs). OSCs have complex active layer materials and different device structure. It is still not clear about the performance
and decay process of organic solar cells. Most of the previous reviews on OSC stability are based on external factors such as
moisture, oxygen, light and heat, and lack of explanation of device degradation process. In this review, the literatures of
OSCs device degradation in recent years are reviewed and several factors that cause performance degradation in OSCs de-
vices are summarized. Firstly, the device performance attenuation caused by the change of active layer, the photooxidation
reaction caused by chemical molecule changes, photochemical reaction, and device aging process, and the morphological
changes in active layers caused by photothermal stresses and their effects on device performance are reviewed. Then, the
influence of the changes at the interface and transporting layer degradation is introduced. Finally, the multi-directional strate-
gies for improving the stability of OSCs are stated and how to improve the stability of organic solar cells is suggested.
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Figure 2 Schematic diagram of inverted device structure for OSCs and typical modes of device degradation

(I) Molecular photo-oxidation; (II) aggregation and fullerene dimerization under photothermal conditions; (III) interfacial reaction; (IV) water oxygen erosion and
electrode diffusion
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Figure 3 Current density-voltage (J-¥) characteristic of PCDTBT:PCs BM based devices of (a) different degradation times under simulated AM 1.5G
illumination in air and (b) made with different fractions of degraded PCs;BM¥, (c) MALDI of pristine (blue) and aged (red) P3HT: PCsBM blends and
(d) energy of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) from density functional theory (DFT)
of PC¢;BM versus the number of oxygens!**

Ref. [23] Copyright 2018, The Royal Society of Chemistry; Ref. [24] Copyright 2010, WILEY-VCH
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Figure 4 (a) Photobleaching rates of different acceptor materials, (b) UV-visible absorption spectra of ITIC and PCs;BM upon different time illumina-
tion, (c) oxidation sites of ITIC and PC;;BMP* and (d) UV-visible absorption spectra of different endcap materials upon different time illumination!*?!
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Figure 8 (a) Schematic of [2+2] cycloaddition and radical dominated photocrosslinking of conjugated molecules demonstrated using acetylene oligomers
as a model system!™), (b) J-¥ curves of the LBL-PM6 exposed, LBL-blend exposed, LBL-unexposed, and BHJ-unexposed devices and (c) the solution of
PM6-only exposed, blend exposed, Y6-only exposed, and unexposed BHJ devices!’"!
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Figure 10 (a) Color changes of PTB7-Th and PTB7-Th:PC;BM films with and without DIO illuminated in airl®”), (b) process of DIO cracking under
light formation of HI and alkene, Hc is the vinylic proton of the alkene radical present by the '"H NMR splitting pattern®*! and MALDI-TOF based mass
spectrometry of isolated species of (c) PC7;BM and (d) ITIC films with DIO (inset indicates the adduct peaks of the CgH,4I* radical and the acceptor)!*®)
Ref. [87] Copyright 2016, American Chemical Society; Ref. [85] Copyright 2019, Springer Nature; Ref. [86] Copyright 2019, WILEY-VCH.
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Figure 11 (a) Optical microscopy images of P3HT:PC61BM blend
films with different annealing time®¥, (b) optical microscopy images of
ITIC-2F and ITIC-2Cl films annealed at 180 ‘C for different times!*®)
and (c) evolution of the N;s/S,p ratios on bottom and top surfaces of the
PBDB-T:ITIC blend as function of the aging time (Inset: the vertical
stratification of a BHJ)!*”!

Ref. [94] Copyright 2009, WILEY-VCH; Ref. [98] Copyright 2020,
WILEY-VCH,; Ref. [99] Copyright 2019, WILEY-VCH
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Figure 12 (a) Chemical structures of the investigated amorphous and crystalline polymers, PCE losses of the polymers with PC;,BM devices under light
60 hours in N,!'%), (b) curves of different polymers absorption peak strength when exposed to light and pure oxygen environments!'® and (c) thin film

density plotted against the photo bleach rate for the materials investigated*’!

Ref. [105] Copyright 2014, The Royal Society of Chemistry; Ref. [106] Copyright 2013, WILEY-VCH; Ref. [43] Copyright 2015, American Chemical Society
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PCqiBM ANt5)%2) 43 4ii . Hermenau 251041 77 1 Fih it 26 2
(RIZK B AL, KB B H il 8k, 320 BPhen/Al 51
KA A, K BB ZnPc:Cyo /2, 1 il ZnPc # 48
1&. Norrman H1 Rafique AT 78 2 7K 85 H AR 3 N T
R/ AR, X — PGk, 1E AR s Y
J_V HEE?%[]I],]I'”‘

42 FERK:

INCN A e~ v S 8 Az 4544 5 S 7 P HR
Tar i ¥, FEASEIR TSI A 18 {H2: INCN i 2557
PR JE S 535 7 H L i) Knoevenagel 464 < N.(KCR)
Hil g 1), HAE P AAERINESS R AT R AR 20 L
ST TS PR AT AR U719-1200 5] i 9 R B HH A SR A R
SE. IO R (PEDAE N L 4% i |2 FIAE M [ 12 & )
IR R T RIFRIVEA, (22 Hu 2RI
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H N FIFE NFAs % PBDB-T:ITIC #4484 Fhinf, #4440 8oR
W ZERITERE, RIEHT PEL SR HISERMERER T %24k
A-D-A S5RELATH%, & 13a J9 PEL AT ITIC 22 Ja] ) H
MM RER. Bi5 Kyeong U258 T PEI 5 INCN
5E NFAs [, FFEE SN RS 2 AR 0 se Al — g%
REAEIRINMR)IE S EATZ R A T Michael fNARR B,
I DA~ e LA S A AR T A E (B 13b), 5Tk
TER T —RFIDRe PELATAEY), L3l @ ROk £ 523
T, Eon R R E .

AL B A B R i ek S 350 454, d s i AR
FIE RN TR E, FAE =P RKER —E
PIRERRAE A, Bom th B rfe e i, (HU2 R — L i
[FAF AR 52 38 S A0 A I R 1 BE 2208 W] 14, Voroshazi
LOBVE I MoOs/Ag/Al KA BHM 8] B b/ 24kt
RS RA Jse B, RIS AR R, H
JRR R H T ALFEE R R MoOs/Ag/AlL S R BRI,
PR LS S T B & A e R i THE Y
U, 75 Al 5 MoO; i}, MoOs #38 JiF 29 MoO, (x<
3), [l Al A AR PR AT R L. Gu ZEU24NHIE Y
OSCs JEMEZ S T 55 HE R MY, @it 1 3 e
FEPREGTEFN X 20 FE T RENEIESE TGRS R P3HT 5
MoOs KA T FHIAM IR M. [ ML FEF P3HT
B E AL AL T, Mo(VD)ER 53 IE8JE N Mo(V), HAEH i
MoOs/Al HLIK G Z AL Voc 3R, 1ESL T FtiH
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Figure 13 (a) Schematic diagram of charge transfer between PEI and INCN end groups!'?!, (b) '"H-'H COSY NMR spectrum of the product at —50 C

and (c) 'H-""N HMBC NMR spectrum of the product at room temperature!'!

Ref. [121] Copyright 2018, The Royal Society of Chemistry; Ref. [122] Copyright 2021, The Royal Society of Chemistry.
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B 14 PGB KJEHETIZF A MoOs; 1 FAE i MoO, (x<<3)fid R
=7

EEU

Figure 14 Al migration and MoO; reduced to MoO, (x<<3) after an-
nealing!'?!)

Copyright 2015, American Chemical Society

PSR Voo TN EE R, (Ha1f Jsc FHFEHE,
X5 E R AR, A IRIE MoO; S5iETEEAH
HAEFRes P mfa e v, Zheng ZEU2BIE I MoO, 5% #
BIRZH, EAZ 8 BA EAE A 2 g 5L, e R i
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I, b i S 5] R A RCR A R, T 53R
FARVERE I .

ARl B E SR TR E, (H2RA
BRI B RAF M A ig 020127 2 nide 2%
P3P 128), Park POV ILE T 264 T OB RR, ITIC B a3
BN PCoiBM 2 5 ZE A2 € 14, PTB7:PCoiBM 4%
6 4000 h DL EAUS R FFAE 60% ¥ 45 PCE, i
PBDB-T:ITIC JE #5472 G R T 1247 1000 h J&5, #84FR0%
FEIREIWIUE PCE 111 25% AR . AZHEFI LT AP IR B 5K
HIZEIE T ITIC ZARLE ZnO _FA3 R S8, ITIC
W) 0 B 25 M Re % 5 B R R R R oz BL, fE
MALDI-TOF # s R T K& 555 [ B
[M+OH] W& RIXU 5 F I [2M +H] U, X 6 fE fif 7=
YI'FE ZnO FINEVEZ S AT AR f 2 PH, SRR A
n, &AM Voc PR,

5 REREMRE

S BB RE A i O A2 58 1 BRI R kAL I A AR
KEEES, (HR AATVSESR i A e P T i 1 VF 2 55
73, B TR EE R RR. ERES AN T R
oA WA s AR E PRI — e 07 . el AR
B BEME AT L2 OSCs IFENL, il BAT ER&
J S 2 AT R B8R AR A% S AR BOT R R, IR HLR
UK 232 AR 2R P o R A I P VE AT IR e
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PREO29-1301 ) Liju S35 LY T A% 24K 1T-4F PR 2 4k
HF-PCIC AEHEMZ 2R PTIC [faE £ 5, KastEirss
RPHESEIE 500 h, &I PBDB-TF:PTIC & 83 -475 1%
FEVIAE BRI 72%, T AEAR A% 52 AR P A% 52 A 2 A
RE 20%~30%. — B 2K BRI (BDF) 2 R &
Mgk L2 Bon i macR, 3T L2: TTPT-T-4F JE 851+ &
7~ 14%M PCE, [RIN7E2 S 47 1800 h PR B 92%
FIHI4E PCE, @on i B AT (A7 F e PR3, I s g 1Y
R8T BRI 7L s 2R 8 OSCs e BH 18T 5 ).

INGT PR ARUB2 34 BEG W) S2 AR DA R B A 43 TSSIZR A
BB RIFRIRCE, RN EIR R G R e pE 1361391,
Xu ZFOURGE T R AV Z R [0 R AFPirE, 18
0~80% AT Nl %) PBDB-T:N2200 #5414/t
JUFAAR, 78 80 CiELLM#A 300 h FAHXIEE 20%~
30%2 1 N A7 300 h 5, %A% PBDB-T:N2200 #%
4 PCE TFF4%1/NT 10%, 1fii PBDB-T:PCBM #44 PCE
FARIEE] 48%F1 33%. Li FEU4HE T PTzBI-oF:PFAL
ERGEAM R e, 2T 100 CHAFE14E
{5 98%MIWIUA PCEfH, Bon T &R AW RIFHIAE M
PR IS 5 R AN S A S B S I B A 2 MR SCP3,
FEJEHRAT 90 CHEAE T LT A ek, H 2
160 C T fi#if# 400 h JaEfe JL-FORFFAE R —/K-FU35) 4
A4 T W 421931 DL T AN o R A 441451552 B A% 52 1) 11
WNTIT 038 71 HEAR, TE4& o A PR R AN AR e 14 7 Th it
R AP A Xin 201 5T TTIC E A [ 47 & it
AT FIARHIE T T BT 5 1 J2 A 1 s i, [ sC
RAZAK mF-ITIC 7E 150 “CiB-K 96 h Ja{fEWIE R )
92%, T ABALEAR ) oF-ITIC A ITIC {X A4 84 82%F1 67%,
F W EE LT B RE AL A RL S SR PE, T RS R AR
EVEMIZE 5. Zhang SEU4OV 5 G FIAKTFR I TB-4C1 A
WO, £T PM6:TB-4C1 8 EA B K ERT
14.6%[1 R AP35, 100 “CiB/K 110 h IR B 75%M1w146
R, T PM6:Y6 24151 60% 4 B {H.

TNNEE =20 75 Re % ¥ e SRR B Wi, ks T2 30,
REEB R, RS SSFaE b Bon i RIFW
YEFU4T148 PCoi BM H A KA I IR A = TR 2R,
IS R AR R B S = Vo A1 PCEISO-1SU iy By
& PCeiBM IEREMS FRRIGIE 2, K H A, fEfE
PEJT T s RAFE RS2, Bk 4 PCBM iE A 7Y
A 5 B R 0521 T A A AR B TE PO (R i3 & S AT
FRBTIO0ISSIZEAE B, 7E ST 38 4 R A fe e My TH = AR
— SEF . Gasparini ZEUSUAE PM6:Y6 & R im A
O-IDFBR E N5 =243, 75 AM 1.5G KPHYE T 5 225
h, = JC#R MR LA N, T oo de P AR AR 2%
HEIT 60%. &G INF DIO e Y6 T AFaE, AFT
A PERR R M AR , TENE PR 0 A SR AR E A TR DA 2
IINFa S 7 S50 2 B8 s e M 1 R AT SR [ R 71
SA-111551 A7 B h156] 1 ot — G5 5 (DFB) S TVEE R A AE R R
SEAEARE T A BB PR, 4k BBEAK s n 7|
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BoRH RUFRE SRR 2 RIS, OSC fE 6] FizfT, H
P R B 2R A R AT 2 1 R R R, R A YRS A AL
HUOPE K R, > S AR T AE AR R R
B9 7R 5 M 2 N 5 A e W U 7 — 2R R BT LA
ROR /S B, 7E 150 min J6IRJE, M 2R
] FTAZ:ITIC-Th ##F R H FE AR MAA N DIO H#s
PR 4 AR s D00, sz U102 S N 3 K HATAE
V) RE S A M 2 BR B R R R B 2R S A U, TR
PTB7:PCBM Z:23 4 iIN p-#HES MR (CB)MEHE h &
fTEY) AXcPDMS J&, #HTEAE il SR ih K R
BEEETE 6 £ F 140%L164109),

fE551f) PEDOT:PSS 7E M fE 77 T & 7n K AP I RCR,
AFEM R AR E PE IR L, V2 SClkiaE 1 b
PEDOT:PSS P& 520 F1-F-48 25 A% i i F e 11001981 T
& B E AL W E AL A AR S S B S AR D bR |
S5 RIFIULEME:, AL L2 /E 0SCs
I FH B 8% 18 A 1 7 THD S H B R R AR A 01001701 A AL
BELERAMEEOR N 38 A MM kLo i, B RZ e SsSlAL
ZnO RN, TRFHEAF R E MDY, ¥ Al B4
A LaZ AZO NHTEIE BB &2,
Ee T LR 2 B T a i T R U7 s
FFIRE R R X ZnO SREEIIEIALAEF, $Rm T 8k m
A7 AR B PEDT3, Li S0 FHEE S LSR5 9 PDIEIE A
Zn0 E%ERN FHAE PTB7-Th:IEICO-4F 3512 g,
M. H PDIEIE &4 =48 £ 2SR Ot Bt 200 h (1)
T80 i, /& ZnO fEHZ41F1 2.3 5. Xu 2@ H
Y% 2 I (Coo-SAM)IE M ZnO 21, A# A& 5 i
TAEHZH) 4 1) PTB7-Th:IEICO-4F JE 2344 87 1
20 EHIE LT A

6 BEESRE

X UL L EEARIE ) OSCs 1 RE LI I RE (1 B R HEAT B
45, e T X OSCs FEIIE R IR AA IR, ARG IR
FAET, LA BERIC AR E MIkfHE OSCs &+
SRV AR AR R, X MR HLR R fE
bt DA MY A F) SR R S g e 5 A S 2k T AR A S
MUK IS BIRER, SR S AR S T I8 4T T DL
T, REERRAR T T, OSCs o kA s )
W) 2R REMEIRUL KA 22 G5 AL 55 S B P RE
FI. VR AR S S 2GR T 3 B 2 1k
A8, BLAET IR 45 Sl A0 2 B2 70 A1k, B TR,
IEREE I H 1 PEDOT:PSS fE41)2 3 B 5 IR M A1
MBI e AR E I, G S B 2 X g A
SR T G EACAE . X R B[R] 2 T OSCs
(R RE VE i R, RIS i B I 4R A RRUE AR AT AR AE
TR EFAT, T0HF KB o rb A — 5
AREK.

25 5 R SO A LK FH BE R i 8 o 72 1 23 B AL
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g5, VLRI BRs e PEIR T — e S 45 IR, AT
LK BH g B AR E HEAR R K i AT R . 4524k r A
REREEZHEN TR, ERRZEAMUER
AR FRERAA RIEFFDCEAGUE, BREGH IR
GYERH SRR EW A, B BEA RIFMEEE
PEFIVE B AR E I, RIFE R — AN EERW T . A
PRV E R EIA SIS, BT R E RN
A& BRI AR A=, R s R B B AR
PE, AR Rl S0 2 A 7T, AL Z A T AL
e R AERE YA B RIILE, B T2 & 77147
(o e - B2 F NN ES) IS BV K L 5 EE L Ao ol
P TCH UL 2 1T DL o iR S R, T R TEHL
&4 2 I N H.

ZR EFTIR, AR OSCs a3 Jakact F2 A 11 B A i)
REHEAT 25 00 M, ARJ2 T SR g AT B B A A
VP2 i) LR B2 R DLANAR U, R R T30 X 1 e R e A
REEPE R T TAR A, 7T RE X SR H I
(RN TR)ANE 55 B (8] R 58 U 7. B Ja, XFT OSCs
T PRI R R [, Ak 22 S50 %5 IEAE N UL 85 0, MG
FEANIZE ) AR 5T LA WA LK BH R H v 72 AR 35 Hh )
B

1REBN

N FH, RMNKFHFEEE 2019 BHAEHFRE, AR
RO RBEF SRR, T2 R 5 @ AKA M KEREE-
AL IR AT AR AR .

B&w, MEAFH, BRARMEPSHER. FTHX
REFFF EFmMEF s, BRARPF P ORFE LR,
Z G NFe W K G FHE 34 Heeger 235 3R A 40 347 1
LEFR. 2015 FANLFAKEATR B wANE R EFFEF
35,2019 FHRBEARARAZAEE “REFERAEEL K
B B TR E AR BGR, £A NS4 KT8k
BT A EFEOEE. AL EXFHGE. B
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