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Research Progress on Electron Transport Layer of Inverted Perovskite
Solar Cells
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*Chongqing Key Laboratory of Optoelectronic Functional Materials, Chongqing 401331, China
Abstract Inverted perovskite solar cells (PSCs) have been attracted more and more attention thanks to its simple
architecture, negligible hysteresis, and low manufacturing cost. Electron transport layer is an important component of
perovskite solar cells, which is facilitate with electrons transfer and blocks holes. The modification of electron transport
layer can effectively improve the roughness for surface, energy level, and electron mobility, so as to improve the
photoelectric conversion efficiency. In this paper, the influence of ETL on the performance of inverted perovskite solar
cells is reviewed from the selection of electron transport layer materials, interface modification and doping of electron

transport layer and the modification, and the commercialization of inverted perovskite solar cells in the future is prospected.
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Fig. 1 Inverted perovskite solar cell. (a) Device structure; (b) crystal structure of perovskite!”
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Table 1 Performance of inverted perovskite solar cells with fullerene as electron transport layer

Device structure Stability PCE /% Reference
ITO/PEDOT:PSS/CH,NH,PbL,/PCBM/BCP/Al No mention 3.9 [60]
ITO/PEDOT:PSS/Perovskite/PC,,BM/Ca/Al No mention 16. 31 [61]
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*1 (%)
Device structure Stability PCE /%  Reference
FTO/NiO NCs/CH,NH,PbCl,_.I,/PCBM: PS/Al No mention 10. 68 [32]
ITO/PEDOT : PSS/CH,NH,PbCl,_I./Oleamide: _
. No mention 12.69 [62]
PCBM/Ag
ITO/PEDOT:PSS/Perovskite/PCBM :GD/C,,/ Al No mention 14.8 [33]
ITO/PEDOT :PSS/CH,NH,PbCl, .I/PCBM:PENOX , [63]
) No mention 14.0or 16. 2
or PENOXR&.PS/Ag
ITO/PEDOT:PSS/CH,NH,PbCl, I./C,-DPM-OE/Ag No mention 16.0 [64]
=>90% after 30 days storage in
FTO/NiO/MAPbL/C,,/SnO,NCs/Ag U/ aller oR cays storage 18.8 [65]
ambient with >70% relative humidity
ITO/FEDOT: PSS/CH,NH,PbL,/PCBM/Ag 82% after 7 days 12.6 [66]
FTO/NiO/Perovskite/CoSe-PCBM/Ag No mention 14.91 [67]
Retaining 83. 8% of its initial it 68
FTO/NiO,/Perovskite/s-PCBM/Au etaining 83. 87 of its initial performance 16.08 [65]
after 800 h in ambient conditions
80% after 200 h, in ambient air
ITO/NiO,/MAPbL/(2,6-Py)/PC,BM:2,6-Py/PEI/Ag . , 19. 41 [69]
without any encapsulation
ITO/PEDOT: PSS/CH,NH,PbL,(Cl)/PCBM/Alq,/Ag No mention 14. 22 [52]
ITO/P3CT-Na/MAPbL/ITCPTC-Th/C,,/BCP/Ag > 95% after 350 hin N, 17. 11 [70]
ITO/P3CT-Na/Perovskite/ TPE-DPP4/C,,/BCP/Ag = 85% after 600 h 18. 44 [71]
ITO/P3CT-K/MAPbL/PC,,BM/Sn0,/Al 85% after 30 days 19.7 [30]
ITO/CulnS,/ALO,/CH,NH,PbL,/PCBM/ZnO: TIPD/Ag > 60% after 200 h 13.7 [72]
FTO/NiO,/CH,NH,PbL,/PCBM/BCP/Ag No mention 17.2 [29]
ITO/P3CT-Na/MAPbL/PDI-C,,/BCP/Ag 75% after 500 h 18.6 [73]
80% after 45 days,
FTO/PEDOT : PSS/MAPbL/HBM/Ag P anerm dayE, 20. 6 [74]
exposed to the ambient air in dark
ITO/PEDOT: PSS/CH,NH,PbL,/PCBM/BCP/Ag =>80% after 48 h, N, environment 13. 06 [75]
) PC61 BM : BIZ maintain 95% after 400 h, )
ITO/PTAA/Perovskite/PCyBM:1ZorB1Z/BCP/Ag 15.620r16.47  [76]
under N, atmosphere
After thermal aging at 85 °C for 12 h,
ITO/NIiO,/MAPbL/C,,/Ag gime 18.12 [77]
no loss of PCE
=>80% after 500 h, Heat at 85 °C for
ITO/HTL/Perovskite/ PENDI/C,,/BCP/Ag 300 min, 18.25 (78]
=>75% after 300 h,at 20°C with 25% RH
Maintains its initial efficiency after 1000 h,
under the open circuit condition of nitrogen
ITO/NiO,/MAPbL/PCBM/Nb-TiO,/BCP/Ag P . & 18.5 [31]
atmosphere at 35 °C and continuous
illumination of one sun
90% after 240 h at
ETO/NIO,/MAPbL/PCBM/TBAOH-Sn0,/Ag . 18.77 [79]
85 °C, encapsulated
> 80% over 1100 h, )
ITO/PTAA/Perovskite/PC,,BM: Bi, Te,/Bi, Te,/BCP/Ag S OvEREE 19. 46 [35]
under continous 1 sun illumination
80% after 50 days, 25-30 °C, 45%-55%
ITO/NiO,/Perovskite/ PCBM-SnS,/Zn0/Ag v aer R s, 2o L 20.0 [80]
humidity
ITO/PTAA/Perovskite/C,,/BCP/Cu Service life exceeds 1000 h 23.0 [81]
FTO/PEDOT: PSS/CH,NH,PbL/PC,,BM: C,,/ the device kept 81% of initial PCE after 30 6 (82]
Rhodaminel01/Ag days '
FTO/NiO,/MAPbL/C,-tBu-I/PCBM/BCP/Ag 87% after 500 h 17. 69 [27]
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F1(4)
Device structure Stability PCE /% Reference
ITO/PTAA/CsFAMAPDBIBr/c-FPPS/PC,BM/BCP/Ag 80% after 300 h 17.82 [83]
FTO/PTAA/PEN/Perovskite/PCBM/TiO,-CILs/Cu 7754 after 300 h under continuous 19. 09 [84]
illumination without encapsulation
ITO/NIiO,/MAPbL/PC,BM: ITIC-4F /bis-C,,/Ag 87% after 120 min 19. 99 [85]
>93% after 500 h storage in air,under 35°
ITO/PTAA/Perovskite/ AHF-2/BCP/Au relative humidity, at room temperature, 20.21 [35]
without any anencapsulation
ITO/HTL/CH,NH,PbL,/PCBM: PNDI-2T/BCP/Ag 90% after 860 h, continuous LED light 21.13 [86]
illumination at 1 sun
ITO/PTAA/F-PEAl/Perovskite/F-PEAI/PCBM/BCP/Ag  90% after 2000 min, continuous illumination 23.72 [87]
FTO/PEDOT:PSS/CH,NH,Pbl,/PC;,BM(DL)/ 66 % for 80 h, the unencapsulated , under 18,06 [38]
Rhodaminel01/Ag continuous light illumination
2 WA R AR E WA AR Y ] R Bk K B 8 vtk AR
Table 2 Performance of inverted perovskite solar cells with non-fullerene electron transport layer
Device structure Stability PCE /%  Reference
ITO/PEDOT : PSS/CH,NH,PbL,/diPDI/TiO,/Al No mention 10. 0 [89]
ITO/PEDOT: PSS/CH,NH,PbL,/QCAPZ/LiF/Al No mention 10. 26 [90]
ITO/PEDOT: PSS/MAPbL/CdSe QDs/LiF/Ag Current density and conv.ersio.n effi}cier?cy is stable 151 [91]
after 5 s from light illuminatio
ITO/PEDOT: PSS/CH,NH,Pb, .Cl/DSlorDS2/Ag No mention 9.60r11.4  [92]
ITO/P3CT-Na/Perovskite/ TPE-PDI4/ Decrease 28% after 200 h, unencapsulated in air, 16, 2 (93]
Rhodaminel01/LiF/Ag 35%-40 % humidity
ITO/P3CT-Na/Perovskite/ TPE-PDI4/Cy,/BCP/Ag No mention 18.78 [93]
ITO/PEDOT:PSS/CH,NH,PbI,/N2200/PC,BM/ 59. 8% of initial value ,unencapsulated in room 16.26 [94]
Bphen/Ag temperaturein air, 30%-50% humidity
ITO/PEDOT:PSS/CH,NH,PbL,/P(NDI2DT- Decreases slower for 100 h ,25 °C .55% relative 17.0 [95]
TTCN)/Ag humidity, without Illumination
FTO/NiO/MAPbL/TPA-3CN/BCP/Al From 18, 476 10 15, 475 after 4800, 5035 Cand ) [96]
40% humidity, without encapsulation
ITO/PEDOT:PSS/FAPbI,_,Br,/NDI-ID/Ag 90% after 500 h at 100 °C 20. 2 [97]
ITO/NiO,/CH,NH,PbL, ,Cl/PN-F25%/Ag 73% after 300 h 17.5 [22]
ITO/P3CT-N/Perovskite/IT-4M/s-Bphen/Ag 63% after 336 h, humidity of 3076-40%, 17.65 [98]
in the dark, without encapsulation
FTO/NIO,/FAMAPbBL,/Q10/BCP/Ag 83% after 120 h,30 °C, 25% relatively humidity, 14. 34 [99]
PDTZTI :80 % after 120 days, in low humidity
ITO/PTAA/Perovskite/PBTI or PDT, TI/BCP/Ag  environment, ~>90% after 2600 min, in ambient 10. 6 or 20. 86 [15]
atmosphere with high humidity
ITO/NiO,/Perovskite/Sn: In,0,/In,0,/Ag 91.86 after 2000 h, under 12 h continuous 20. 65 [100]

1 sun illumination, 12 h interval in the dark
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Fig. 2 BCP devices were fabricated at different spin coating speeds. (a) Energy level matching diagram; (b) current density-voltage
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Table 3 Photoelectric parameters of inverted perovskite solar cells with Alq3 and C60 of different thicknesses

[52,77]

Material X /nm J./(mA-cm?) V./V Fill factor PCE /%
Alg; 0 16. 08 0.99 0.58 9.23
Alqs 0.5 16. 88 0.99 0.76 12.15
Alg, 1.5 (best) 19. 56 1.01 0.72 14.22
Alqs 2.5 10. 15 0.95 0.17 1.60
Alqs 3.5 5.39 0.95 0.14 0.71
Cyo 25 11.76£1. 10 0.921+0.015 0.610£0.013 7.21£2.23
Cyo 60 20.09+0.79 1.020£0. 021 0.790+£0.014 16.45+1.05
Cyo 80 (best) 20.85+0.76 1.02140.022 0.808=+0.015 17.16+£0. 94
Cso 100 19.4541.05 1.021£0.018 0.805+0.017 15.944-0.98
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Fig. 3 Interface performance of PCBM modified by different metal oxides. (a) J-V curves and (b) thermal stability measurement of Nb-
Ti0,"™; (¢) J-V curves and (d) thermal stability measurement of TBAOH-SnO,"*")
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Fig. 5 Correlation Diagram of ETL improvement by different polymers. (a) Molecular structure diagram of PS™, PEFNOX"", and
PNDI-2T*; (b) device ETL is the photoelectric voltage attenuation curves of PCBM: PS™; (¢) J-V curves of PNDI-2T with
different doping ratios; (d) stable photocurrent density and PCE of doped and undoped PNDI-2T PSCs at maximum
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Fig. 9 Performance of different polymers doped with ETL. (a) Mechanical stability diagram before and after doping P(NDI2DT-
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