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Fig. 1 Different structures of perovskite solar cells (pero-SCs): A. Liquid-state perovskite-sensitized solar cell; B. All-solid-state

perovskite-sensitized solar cell; C. Mesoscopic pero-SC; D. Meso-superstructured pero-SC; E. Planar n-i-p pero-SC; F. Pla-

nar p-i-n pero-SC"
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Fig. 2 A. Cross-sectional SEM image of the optimized planar p-i-n pero-SCs device configuration. Scale bar represents 250 nm.

The different layers have been tinted with the colour scheme of the device schematic shown in (B); C. Approximate ener-

gy band diagram of the fabricated planar p-i-n pero-SCs; D. Current density-voltage (J-V') curves for champion devices of

regular meso-superstructure (red circles) and p-i-n planar-heterojunction (blue triangles) pero-SCs; E. Picture of the first

flexible pero-SC and J-V curves for planar p-i-n pero-SCs fabricated both on ITO-covered glass and PET, measured un-

der-simulated AM 1.5 100 mW - cm? sunlight®®!
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min MARIRIR &, A 205 500 °C &R ki
i #E R TiO, CBL By~ p-i-n BIEGEKH™ K FH fig
HLM AR LR RR A ~ 1%, fEs [P &t K4 10
min A9 37 £2 5% B8 (Light Soaking, “J6 ¥ 7) J5 ,PCE
BEms) 7.5 ~10%. R T FE T 640 Tk
AB AR = A%, T B SR TR A A BT AR B i 4 A
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Tab. 1 Performance parameters of the planar p-i-n pero-SCs with different CBLs

Anode HTL Perovskite ETL CBL Je(mA-cm?) V. (V) FF (%) PCE (%) Ref.
FTO  PEDOT:PSS  CHNHPbL.Cl, PCBM  c-TiO, 15.8 094 660 98  [59]
ITO  PEDOT:PSS CHNHPbL.CI, PCBM  ZnONC 20.5 097 80.1 159  [60]
ITO  PEDOT:PSS  CHNHPbL.Cl, PCBM  ZnO 22.0 103 742 168  [61]
FTO  NiMgLiO CH:NH,Pbl, PCBM  Ti(Nb)O, 204 108 827 183  [63]
ITO  PEDOT:PSS  CH.NH,Pbl, PC,BM Ca 19.98 105 780 1631 [65]
ITO  PEDOT:PSS CHNHPbL.Cl, PCBM Ca 19.58 099 780 1512 [66]
ITO  PEDOT:PSS  CH.NH,PbI, PCBM  LiF 20.7 087 783 141 [16]
ITO  PEDOT:PSS CHNHPbL.ClL PCBM  LiF 21.67 096 705 1469 [67]
FTO  PEDOT:PSS  CHNHPbL.Cl, PCBM  Bis-Cy 17.5 092 730 118  [5]
ITO  PEDOT:PSS CHNHPbI.Cl, PCBM  PCBC 22.08 098 697 1508 [68]
ITO  PEDOT:PSS  CH.NH,Pbl, PCBM  PCBC 21.50 088 772 1460 [69]
ITO  PEDOT:PSS  CH,NH,PbL,.Cl, PCBM  PN,N 2061 100 725 150  [70]
ITO  PEDOT:PSS CHNHPbL.Cl, PCBM  PDINO 18.8 095 785 140 [71]
ITO  PEDOT:PSS  CHNHPbL.Cl, PCBM  ZnO 16.0 095 745 113 [71]
rro  PEPOTPSS: oy \Hpbl.Cl.  PCBM  sBphen 21.51 093 790 1575 [73]

Ag NPs
FTO  PEDOT:PSS  CH.NH,Pbl, PCBM  TIPD 2257 089 645 1295 [74]
ITO  PEDOT:PSS  CH.NH,PbI, PCBM ngOAB'dOPEd 21.02 099 762 1585 [76]
ITO  PEDOT:PSS  CH,NH.Pbl, PCBM  MUTAB 20.06 1.03 798 1650 [77]
ITO PEDOT:PSS  CHNH.PbL,.Cl, PCBM gzzzg“lr (MDQ) 5, g9 095 750 1587 [78]
ITO  PEDOT:PSS  CH.NH,PbI, ICBA  Cy/BCP 15.7 097 80.1 122 [47]
ITO  PEDOT:PSS  CH:.NH,PbL,Cl, PCBM  Cg/LiF 2221 093 692 1424 [67]
ITO  PEDOT:PSS  CH.NH,PbL.Cl,  Cg Bphen/Ca 20.89 102 722 154 [79]
ITO  PEDOT:PSS CHNHPbL.ClL PCBM  PCBC/LiF 21.54 100 725 1553 [80]
ITO  PEDOT:PSS  CHNH,PbL.Cl, PCBM lfélf/‘iig““e 17.72 101 73.0 132 [81]
ITO  PEDOT:PSS  CH,NHPbL,.Cl, PCBM  F-CyBis-Cy 212 097 754 155 [82]
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Fig. 4 A. Cross-sectional SEM image of a completed device with a slow-grown perovskite layer; B. J-V characteristics measured

under AM 1.5G illumination for three different devices. The device without the ZnO CBL was measured in the glove box,

and the devices with the ZnO CBL were measured in air; C. Evolution of the J-V curves, as a function of storage time in

ambient air, for the device without the ZnO CBL; D. Evolution of the J-V curves measured after fabrication, and storing in
ambient air for 5 and 60 days for the device with the ZnO CBL!!
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Fig. 5 A. Diagram of the pero-SC configuration highlighting the doped electrode buffer layers. The right panels show the com-
position of Ti(Nb)O, and the crystal structure of Li*-doped Ni,Mg,_ O, denoted as NiMg(Li)O; B. J-V curves of the pero-SCs
based on different combinations of electrode buffer layers with standard thicknesses [NiO, NiMg(Li)O, 20 nm; TiO, and
Ti(Nb)O,, 10 nm]; C. J-V curve of the best large area pero-SC; D. The stability of the pero-SCs without sealing, based
on different CBLs of Ca (4 nm), LiF (1.5 nm), and Ti(Nb)O, (10 nm). The pero-SCs were kept in a dry cabinet
(<20% humidity) in the dark and measured in ambient air; E. Stability of sealed pero-SCs kept in the dark or under simu-

lated solar light!®
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Fig. 6 A. Device structure of the p-i-n pero-SCs with CBLs; B. Energy level diagram of the materials used in the pero-SCs; C.
The J-V characteristics of the pero-SCs without and with ZnO or PDINO CBL measured under illumination of an AM

1.5G solar simulator (100 mW -cm?); D. Normalized cell efficiency plotted as a function of storage time for three different

devices stored in air”!
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Fig. 8 A. Device structure of the planar p-i-n pero-SCs with double CBLs; B. The J-V characteristics of the pero-SCs with dif-

ferent CBLs under an illumination of AM 1.5G, 100 mW -cm? C. Photovoltaic characteristics normalized by their initial

values, for the p-i-n PSCs with Cq/LiF double and LiF single CBLs, as a function of the storage time in the glovebox. As-

terisks denote the data points of air exposure for ~5 min®”
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Cathode Buffer Layer for Improving Photovoltaic Performance of
Planar p-i-n Perovskite Solar Cells

LIU Xiao-dong', LI Yong-fang'*
(1. Laboratory of Advanced Optoelectronic Materials, College of Chemistry, Chemical Engineering and
Materials Science, Soochow University, Suzhou 215123, Jiangsu, China; 2. Beijing National Laboratory for
Molecular Sciences, Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190, China)

Abstract: Organic/inorganic hybrid metal halide perovskite semiconductor materials have drawn great attention for the applica-
tion in solar cells in recent years because of their combined superior photoelectrical properties of inorganic semiconductors (with
high dielectric constant and high charge carriers mobility) and organic semiconductors (with good solution processability and high
absorbance). The power conversion efficiency (PCE) of the organometal halide perovskite solar cells (pero-SCs) based on CH;NH;Pbl;
has been increased dramatically in a few years from 3.8% to a certified 22.1%, primarily owing to the development of new interfa-
cial materials, careful optimization of morphology and perovskite crystallization processes of the active layers and the device archi-
tecture. Among the optimization strategies, interface engineering plays a vital role in improving photovoltaic performance of the
pero-SCs.

Organometal halide perovskite material CH;NH;Pbl; was first used in solar cells in 2009 as sensitizer in dye-sensitized solar
cells with a PCE of 3.81%, and then the PCE was improved to 6.54% in 2011. However, the stability of the solar cells with a liquid
electrolyte is very poor due to the easy decomposition of the perovskite in the liquid electrolyte. In 2012, spiro-MeOTAD was used
as a solid hole transporting layer on the perovskite layer instead of liquid electrolyte, and all solid state pero-SCs were fabricated.
The solid state pero-SCs based on mesoporous TiO, electrode showed higher PCE of 9.7% with much improved stability. Later, the
planar structured pero-SCs were developed with the dense planar electrode as a cathode. Now the planar structured pero-SCs can be
classified into planar n-i-p pero-SCs with a cathode buffer layer (CBL) on a transparent electrode and p-i-n pero-SCs with an anode
buffer layer on a transparent electrode.

In this review article, we summarized the latest development of CBLs for highly efficient and stable planar p-i-n pero-SCs. The
CBL materials can be divided into inorganic metal oxides, metals or metal salts, and n-type organic semiconductor materials ac-
cording to the types of materials. And the types of the CBLs can be classified into single CBL, double CBLs, and hybrid CBL ac-
cording to the CBL composition. The effects of the CBLs on the photovoltaic performance and device stability of the pero-SCs were
reviewed systematically. Finally, we summarized the effects of CBL on the improvements of device efficiency and stability as well
as the requirements for an ideal CBL. We hope that the properties and requirements of the ideal CBLs we summarized in this article
will provide guidance for the future molecular design of cathode interfacial materials.

Key words: planar p-i-n perovskite solar cells; cathode buffer layers; efficiency and stability; organic/inorganic hybrid metal

halide perovskite semiconductor materials
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