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Fig.1 The device structure of the polymer solar cell and the molecular structure of the donor and acceptor materials.
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Fig.3 Evolution of V¢, Jg¢, FF and PCE of inverted P3HT:PC¢BM cells aged at 80—110 °C.
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Fig.6 (a)J-Vcurves and (b) EQE spectra of P3BHT:PCyBM
solar cells before and after aging at different temperatures.
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Table 1 Device characteristics of P3HT:PC4;BM solar cells before and after aging at different temperatures.

Temperature (°C) Jsc (mA-cm?) Voc (V) FF PCE (%)
Pristine 9.04+0.18 0.607+0.004 0.60+0.02 3.30+0.10 (3.38)
50 7.40 0.58 0.60 2.59
60 7.39 0.57 0.58 2.46
70 7.38 0.58 0.57 2.44
80 8.33 0.61 0.66 3.35
90 8.30 0.60 0.64 3.19
100 8.25 0.58 0.57 2.73
110 7.64 0.58 0.57 2.53
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Fig. 7  Optical microscope images of the active layer of the P3HT:PC4 BM solar cells before (a) and after aging at
different temperatures (b, ¢, d and e correspond to devices after aging at 80, 90, 100 and 110 °C, respectively) and (f)

schematic diagram of the cell structure.
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Fig. 8 Optical microscope images of the active layers of P3HT:PCyBM solar cells after aging at different temperatures:

(a) 80 °C, (b) 90 °C, (c) 100 °C and (d) 110°C.
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Fig. 9 SEM image (left) and EDX analysis (right) of the active layers of P3HT:PCq;BM solar cells after aging at 110 °C.
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Fig. 10 LBIC maps of the active area of P3HT:PC¢;BM solar cells before (a) and after aging at 80 °C (b), 90 °C (c), 100 °C

(d) and 110 °C (e).
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Fig. 12 Mechanism diagram of abnormal thermal decay behavior of P3HT:PC4;BM solar cells.



X # EIOIMSAE: TG E B R AR ri e S R TR AR E T T 11

RN AE PCo BM SR R AR, M Ad
IR WS 58 T SR A IR S — PR T RS
FEIATLER AN
23 EZHE

gE LTI, ASCEE FAE T R S
AR B A FH A AH S T 4 4, AT B ARt
— RN T ENAAE R -GV K H B Fb o 4 2%
RIXP A, (HULA Bt yE M 2 S50 SRk —
P WARES, ARSI M T/ED RS,
A e 2= B A I 1) 9 S K S R AR S ) FE X
W, PEERIMANESLEH W, BEERA M
TR A AT WA R A G R I FGR K, AT RL
HANE M ZE AR RIRES, AMRTERE &
SRR E M Ty B PR E . BT R SRS R
GG CIRIRIE, & A AR AR BH BE FLt
()R AT NS I LB R (12): 2%
PAE mR AT, EAYTH B (A ) HLIh i M 2=
PCq BMH T il I B gyt g, SR 520t
IR R AR IPC g BM B FE(B A5, A HA v
R RT A2 SCRRARIE FIburn-in RS FE(10 h);
M5 & Wi — RS il T s, Btk
WYEREIZW K E(CR): BEEH T84 — B4 T

BB TARIRES, S B TR R A AT A SR
B, HA TR R IR, A
CFPEREREMAAN K, R it 5 46 T 25 2R
FEPERE.
3 Zig

AN ZA G %2 PIHT:PCy BMIL RS KA
RE I AEA I AGEE T2 f2, R
T i B (>80 °C)R I H —F e 5 I #G SAR E
PEFRFF LA . BT10 haf k1 Rl fia o b 2 32 vk,
SRIGPSEIE, 2 JE IRFEEE K I 23 1 i A e 1
WAL RERN, &80 TSR T Sl
BRI iR AR B R R B R R I R AR
EMEIRFHT N EERE. b, LI RIER
AR T FE AR 4 7 55 1T LA R PCo BM A7) 1) 5
R4 I HE, T AR T W A R
FLHIRGR JCA R TE B it AR, P2 m it
KIS M. AR SCWIIARE T & $aE R G
X PHBE HEIB IR R A S RE RIS IR 4A
MUERMRRE, NP m R AWK BH A b s e
FRAL T BT .

REFERENCES

1 Inganids O. Adv Mater, 2018, 30(35): 1800388

2 Liu Q, Jiang Y, Jin K, Qin J, Xu J, Li W, Xiong J, Liu J, Xiao Z, Sun K, Yang S, Zhang X, Ding L. Sci Bull, 2020, 65(4):
272-2175

3 Gevorgyan S A, Espinosa N, Ciammaruchi L, Roth B, Livi F, Tsopanidis S, Zufle S, Queiros S, Gregori A, Benatto G A
D, Corazza M, Madsen M V, Hosel M, Beliatis M J, Larsen-Olsen T T, Pastorelli F, Castro A, Mingorance A, Lenzi V,
Fluhr D, Roesch R, Ramos M M D, Savva A, Hoppe H, Marques L S A, Burgues I, Georgiou E, Serrano-Lujan L,
Krebs F C. Adv Energy Mater, 2016, 6(22): 1600910

4 Zhao J B, Li Y K, Yang, G F, Jiang K, Lin H R, Ade H, Ma W, Yan H. Nat Energy, 2016, 1: 15027

5 Huang J, Carpenter JH, Li C Z, YuJ S, Ade H, Jen A K'Y. Adv Mater, 2016, 28(5): 967-974

6 LiuY H, Zhao J B, Li Z K, Mu C, Ma W, Hu H W, Jiang K, Lin H R, Ade H, Yan H. Nat Commun, 2014, 5: 5293

7 Yan T, Song W, Huang J, Peng R, Huang L, Ge Z. Adv Mater, 2019, 31(39): 1902210

8 Lin Y, Adilbekova B, Firdaus Y, Yengel E, Faber H, Sajjad M, Zheng X, Yarali E, Seitkhan A, Bakr O M, El-Labban A,
Schwingenschlogl U, Tung V, McCulloch I, Laquai F, Anthopoulos T D. Adv Mater, 2019, 31(46): 1902965

9 Bertho S, Janssen G, Cleij T J, Conings B, Moons W, Gadisa A, D'Haen J, Goovaerts E, Lutsen L, Manca J,
Vanderzande D. Sol Energ Mat Sol C, 2008, 92(7): 753—760

10

11

Wang T, Pearson A J, Dunbar A D F, Staniec P A, Watters D C, Yi H N, Ryan A J, Jones R A L, Iraqi A, Lidzey D G.
Adv Funct Mater, 2012, 22(7): 1399-1408

Pearson A J, Wang T, Jones R A L, Lidzey D G, Staniec P A, Hopkinson P E, Donald A M. Macromolecules, 2012,
45(3): 1499-1508


http://dx.doi.org/10.1002/adma.201800388
http://dx.doi.org/10.1016/j.scib.2020.01.001
http://dx.doi.org/10.1002/aenm.201600910
http://dx.doi.org/10.1038/nenergy.2015.27
http://dx.doi.org/10.1002/adma.201504014
http://dx.doi.org/10.1038/ncomms6293
http://dx.doi.org/10.1002/adma.201902210
http://dx.doi.org/10.1002/adma.201902965
http://dx.doi.org/10.1016/j.solmat.2008.01.006
http://dx.doi.org/10.1002/adfm.201102510
http://dx.doi.org/10.1021/ma202063k

12 [T N S S 4 2021 4

12 Lee H, Park C, Sin D H, Park J H, Cho K. Adv Mater, 2018, 30(34): 1800453

13 Park S, Son HJ. J Mater Chem A, 2019, 7: 25830-25837

14  Rafique S, Abdullah S M, Sulaiman K, Iwamoto M. Renew Sust Energ Rev, 2018, 84: 43—53

15  Sachs-Quintana I T, Heumuller T, Mateker W R, Orozco D E, Cheacharoen R, Sweetnam S, Brabec C J, McGehee M D.
Adv Funct Mater, 2014, 24(25): 3978—3985

16  Conings B, Bertho S, Vandewal K, Senes A, D'Haen J, Manca J, Janssen R A J. Appl Phys Lett, 2010, 96(16): 163301

17  Peters C H, Sachs-Quintana I T, Kastrop J P, Beaupre S, Leclerc M, McGehee M D. Adv Energy Mater, 2011, 1(4):
491-494

18  Li N, Perea J D, Kassar T, Richter M, Heumueller T, Matt G J, Hou Y, Gueldal N S, Chen H W, Chen S, Langner S,
Berlinghof M, Unruh T, Brabec C J. Nat Commun, 2017, 8: 14541

19  KongJ, Song S, Yoo M, Lee G Y, Kwon O, Park J K, Back H, Kim G, Lee S H, Suh H, Lee K. Nat Commun, 2014, 5:
5688

20  Lindqvist C, Sanz-Velasco A, Wang E, Bécke O, Gustafsson S, Olsson E, Andersson M R, Miiller C. ] Mater Chem A,
2013, 1(24): 7174-7180

21 Zhao J, Swinnen A, Van Assche G, Manca J, Vanderzande D, Mele B V. J Phys Chem B, 2009, 113(6): 1587—-1591

22 Distler A, Sauermann T, Egelhaaf H-J, Rodman S, Waller D, Cheon K S, Lee M, Guldi D M. Adv Energy Mater, 2014,
4(1): 1300693

23 Heumueller T, Mateker W R, Distler A, Fritze U F, Cheacharoen R, Nguyen W H, Biele M, Salvador M, von Delius M,
Egelhaat H J, McGehee M D, Brabec C J. Energ Environ Sci, 2016, 9(1): 247-256

24 Yan L P, YiJ D, Chen Q, DouJ Y, Yang Y Z, Liu X G, Chen L W, Ma C Q. J Mater Chem A, 2017, 5(20):
10010—-10020

25 Wong H C, Li Z, Tan C H, Zhong H L, Huang Z G, Bronstein H, McCulloch I, Cabral J T, Durrant J R. ACS Nano,
2014, 8(2): 12971308

26 Cook S, Ohkita H, Kim Y, Benson-Smith J J, Bradley D D C, Durrant J R. Chem Phys Lett, 2007, 445(4-6): 276—280

27  Tregnago G, Wykes M, Paterno G M, Beljonne D, Cacialli F. J Phys Chem C, 2015, 119(21): 11846—11851

28  Piersimoni F, Degutis G, Bertho S, Vandewal K, Spoltore D, Vangerven T, Drijkoningen J, Van Bael M K, Hardy A,
D'Haen J, Maes W, Vanderzande D, Nesladek M, Manca J. J Polym Sci, Part B: Polym Phys, 2013, 51(16): 1209-1214

29  Campoy-Quiles M, Ferenczi T, Agostinelli T, Etchegoin P G, Kim Y, Anthopoulos T D, Stavrinou P N, Bradley D D C,
Nelson J. Nat Mater, 2008, 7(2): 158—164

30 Kohn P, Rong Z X, Scherer K H, Sepe A, Sommer M, Muller-Buschbaum P, Friend R H, Steiner U, Huttner S.
Macromolecules, 2013, 46(10): 4002—4013

31  Watts B, Belcher W J, Thomsen L, Ade H, Dastoor P C. Macromolecules, 2009, 42(21): 8392—-8397

32 Peters C H, Sachs-Quintana I T, Mateker W R, Heumueller T, Rivnay J, Noriega R, Beiley Z M, Hoke E T, Salleo A,
McGehee M D. Adv Mater, 2012, 24(5): 663—668

33 Meletov K P, Arvanitidis J, Christofilos D, Kourouklis G A, Davydov V A. Chem Phys Lett, 2016, 654: 81-85


http://dx.doi.org/10.1002/adma.201800453
http://dx.doi.org/10.1039/C9TA07417A
http://dx.doi.org/10.1016/j.rser.2017.12.008
http://dx.doi.org/10.1002/adfm.201304166
http://dx.doi.org/10.1063/1.3391669
http://dx.doi.org/10.1002/aenm.201100138
http://dx.doi.org/10.1038/ncomms14541
http://dx.doi.org/10.1038/ncomms6688
http://dx.doi.org/10.1039/c3ta11018d
http://dx.doi.org/10.1021/jp804151a
http://dx.doi.org/10.1002/aenm.201300693
http://dx.doi.org/10.1039/C5EE02912K
http://dx.doi.org/10.1039/C7TA02492D
http://dx.doi.org/10.1021/nn404687s
http://dx.doi.org/10.1016/j.cplett.2007.08.005
http://dx.doi.org/10.1021/acs.jpcc.5b02345
http://dx.doi.org/10.1002/polb.23330
http://dx.doi.org/10.1038/nmat2102
http://dx.doi.org/10.1021/ma400403c
http://dx.doi.org/10.1021/ma901444u
http://dx.doi.org/10.1002/adma.201103010
http://dx.doi.org/10.1016/j.cplett.2016.05.016

X # EIMGAE . RE RO Ok B it Y B R el VAR E PRI A 13

Study on the Abnormal High Temperature Thermal Stability of
Polymer:Fullerene Photovoltaic Cells

Ling-peng Yan'?*, Wen-sheng Zhao?, Yong-zhen Yang**, Hua Wang>*, Xu-guang Liu', Chang-qi Ma**
(MUnstitute of New Carbon Materials, Taiyuan University of Technology, Jinzhong 030600)
(*Key Laboratory of Interface Science and Engineering in Advanced Materials, Ministry of Education,
Taiyuan University of Technology, Taiyuan 030024) (*Printed Electronics Research Center,
Suzhou Institute of Nano-Tech and Nano-Bionics, Chinese Academy of Sciences (CAS), Suzhou 215123)
(*College of Textile Engineering, Taiyuan University of Technology, Jinzhong 030600)

Abstract The power conversion efficiency of polymer solar cells (PSCs) is approaching commercial
requirements, but its poor stability has become the next key challenge before the commercialization of PSCs. The
high temperature working environment is what PSCs must endure in actual work, so it is necessary to improve the
thermal stability of PSCs. Poly(3-hexylthiophene-2,5-diyl (P3HT):[6,6]-Phenyl-Cg;-butyric acid methyl ester
(PCs;BM)-based PSCs was used as a research model to investigate its degradation behavior at different annealing
temperatures (50—110 °C). The results show that the PSCs exhibit an abnormal thermally induced stability
enhancement behavior. During the high temperature aging process, the power conversion efficiency (PCE) of
PSCs abruptly decay 20%—25% within the first 10 h, and then quickly recovered within 200 h, and finally
remained stable for a long time (1000 h). Optical microscopy and laser beam induced current imaging
characterizations prove that the top electrode covering can effectively inhibit the aggregation and crystallization of
PC4BM in the active layer, so the abnormal aging behavior of the PSCs is not caused by the large amount of
aggregation of PCyBM. Ultraviolet-visible absorption and external quantum efficiency characterizations prove
that continuous high-temperature heating does not promote PCs;BM dimerization, but facilitates the dissociation
of PC¢;BM dimers. Based on all the above experimental results, it is speculated that the dimerization of PC¢BM
and the dissociation of its dimer at high temperature are the main reasons for the abnormal thermal stability
enhancement of PSCs. This study also reveal that the newly prepared PSCs are actually in a metastable state, and a
short-term thermal annealing of the device in the early stage is helpful to improve the stability of PSCs. This
research work not only explains the thermally induced abnormal stability enhancement mechanism of fullerene-
based PSCs, but also provides a new strategy to improve the stability of PSCs.
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