
2000065 (1 of 28) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-methods.com

Review

Effect of Interfacial Layers on the Device Lifetime 
of Perovskite Solar Cells

Kyung-Geun Lim, Su Geun Ji, Jin Young Kim,* and Tae-Woo Lee*

Dr. K.-G. Lim
Korea Research Institute of Standards and Science (KRISS)
267 Gajeong-ro, Yuseong-gu, Daejeon 34113, Republic of Korea
S. G. Ji
Department of Materials Science and Engineering
Seoul National University
1 Gwanak-ro, Gwanak-gu, Seoul 08826, Republic of Korea
Prof. J. Y. Kim
Department of Materials Science and Engineering
Research Institute of Advanced Materials
Institute of Engineering Research, College of Engineering
Seoul National University
1 Gwanak-ro, Gwanak-gu, Seoul 08826, Republic of Korea
E-mail: jykim.mse@snu.ac.kr
Prof. T.-W. Lee
Department of Materials Science and Engineering
Research Institute of Advanced Materials
BK21 PLUS SNU Materials Division for Educating Creative Global Leaders
Seoul National University
1 Gwanak-ro, Gwanak-gu, Seoul 08826, Republic of Korea
E-mail: twlees@snu.ac.kr

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smtd.202000065.

DOI: 10.1002/smtd.202000065

they have become of interest to scientific 
society and the photovoltaic industry.[1] 
Recently the efficiency of PePV was 
increased to 25.2%[2] and the efficiency 
potential of potassium-passivated triple 
cation perovskite PePV was quantified to 
be above 28% if nonradiative interfacial 
recombination and charge transport losses 
could be overcome.[3] The cost of manufac-
turing PePVs is remarkably low, because 
they can be mass-produced by using solu-
tion processes, and because the materials 
are inexpensive.[4–9] PePVs have a high 
light-absorption coefficient, so they can be 
made thin and light, and as a result can 
be used in flexible and portable devices.[10] 
Due to these advantages, PePVs are antici-
pated to be among the most promising 
renewable energy sources in the next 
generation.

However, the commercialization of 
PePVs is impeded by their short device 
lifetime (LT). Halide perovskite mate-
rials can degrade easily in various con-
ditions.[11] The perovskite solar cells 

have shown insufficient robustness which therefore can be 
the main obstacles for commercialization now. The LT of 
PePVs must also be prolonged to minimize environmental 
impacts. The energy pay-back time (EPBT), to generate an 
amount of energy to repay the energy consumed during fab-
rication of PePVs is currently 16.54 years, when the LT is only  
1 year; the EPBT should be reduced to 1.10 years, when the LT is 
increased to 15 years. Such a reduction in EPBT with prolonged 
LT would directly reduce the environmental impacts of PePVs 
on climate, human health, and freshwater ecotoxicity.[12] There-
fore, achievement of long LT of PePVs is critical both to achieve 
commercialization and to minimize environmental damage.

Commercially available solar cells should be thermally 
stable at environmental temperatures from −40 to +85 °C, and 
should be chemically stable from the reaction with atmospheric 
molecules, such as oxygen and water. PePV degradation can be 
caused by a number of degrading sources and by corresponding 
phenomena (Figure 1). This review article focuses on the several 
correlated degradation processes that originated from multiple 
degradation sources (e.g., thermal energy, water, illumination, 
oxygen, and electric bias). The degradation processes of PePVs 
are diverse, and are affected by the different degradation reac-
tions that are caused by single or combined degradation sources. 
As the result, the multiple correlation between the degradation 
sources and the resulting phenomena are revealed to account 
for how they are stabilized at the interfaces of perovskites. Most 

Organic–inorganic hybrid perovskites have excellent optical and electronic prop-
erties; exploitation of these traits has increased the power conversion efficiency 
of perovskite photovoltaics (PePVs) to 25.2%. However, perovskites are chemi-
cally unstable, and this deficit has critically impeded their commercialization. 
Device degradation occurs at the interfaces of PePVs with multiple degradation 
mechanisms: decomposition of organic cations in perovskites; generation of 
inorganic byproducts in perovskites; superoxide or trap sites at the interface 
of the charge-transport layer; excess charge carriers in perovskites; interfacial 
migration between perovskites and electrodes. This review considers the critical 
functions of the interfacial materials to overcome the various degradation at 
the interfaces of the PePVs. The working mechanisms stabilizing the interface 
of PePVs are categorized: passivation from atmosphere; inactivation of defect 
states; migration-blocking. Then, the outstanding interfacial layers made of 
organic materials (defect passivation, physical robustness, and chemical inacti-
vation) and inorganic materials (chemically passivating metal oxide, physically 
passivating metal oxide, and low-temperature processed inorganic materials) are 
reviewed according to the stabilizing mechanisms. In addition, the influences of 
inorganic interconnecting layers in tandem PePVs are reviewed, with respect of 
various effects of interfacial buffer materials at the interface with perovskites.

 

1. Introduction

Perovskite photovoltaics (PePVs) have been improved rap-
idly toward the theoretical maximum efficiency of 33%, so 
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of the degradation processes are directly or indirectly related to 
interfacial degradation between perovskite and adjacent layers; 
but phase transition or segregation of perovskite in addition 
to the thermal decomposition of perovskite and generation of 
byproducts can be induced within the bulk perovskite layer. 
Therefore multiple interfacial buffer layers are used to induce a 
stabilization process at the interface, and thereby remove these 
diverse degradation processes. These methods increase the 
power conversion efficiency (PCE) and stability (Table  1). This 
paper reviews the degradation mechanisms and the device LT of 
PePVs, mainly how these phenomena are affected by the inter-
faces between perovskites and adjacent layers, and thus it gives 
an overview of the effects of interfacial layers made of organic or 
inorganic materials. We therefore focus on elucidating the deg-
radation mechanisms at the interfaces, and the corresponding 
stabilizing mechanisms by organic and inorganic interfacial 
layers at the interface. We provided the multiple degradation 
mechanisms of PePVs, which were revealed to be mainly caused 
by the interfacial degradation (Section 2). The interfacial layers, 
which efficiently attenuate the degradation of PePVs, are catego-
rized by stabilizing mechanisms at the interfaces with organic 
materials (Section 3), inorganic materials (Section 4), and inter-
facial materials in tandem PePVs (Section 5).

2. Degradation Mechanisms

2.1. Thermal Energy and Water

Thermal energy is an important driver of deterioration in 
PePVs. One cause is a phase transition in the perovskite. The 
most of the perovskite materials in PePVs are organic–inor-
ganic hybrid halide perovskites that have the ABX3 structure, 
where A is a monovalent cation (e.g., methylammonium (MA), 
formamidinium (FA), cesium, rubidium, or combinations of 
them), B is a divalent metal cation (e.g., lead, tin, and germa-
nium), and X is a halide anion (e.g., I, Cl, Br, or combinations). 
This diversity of components and their combinations provides 
perovskites that have an extremely varied range of physical 
properties. Different crystal phases, kinetics, optoelectrical 
properties, and structural stability have been characterized.[13–28] 
The stability and distortion of perovskite crystal structures are 
measured using the Goldschmidt tolerance factor t

t
R R

R R2
X A

X B( )
= +

+
 (1)

where RX is the radius of the X− anion, RA is the radius of the 
monovalent cation, and RB is the radius of the divalent metal 
ion.[13,14] The phase of perovskite is roughly determined as 
orthorhombic (t  <  0.8), tetragonal (0.8 < t  <  0.9), ideal cubic 
(0.9 < t < 1), or hexagonal (t > 1).

MAPbI3 exists in a phase with tetragonal distortion at room 
temperature, and is expected to change to cubic at temperature 
>315 K, which may occur during PePV operation.[14] However 
both tetragonal and cubic phases of MAPbI3 perform well as 
effective light absorbers in PePVs, so this phase transition of 
MAPbI3 by thermal energy is unlikely to reduce PCE and sta-
bility significantly.[15,16] In addition, MAPbCl3 and MAPbBr3 exist 

in a stable cubic structure at room temperature and their transi-
tion temperature to tetragonal phase is quite low (175 and 233 K,  
respectively). Therefore, the phase transition of perovskites 
(MAPbI3, MAPbCl3, and MAPbBr3) driven by thermal energy 
during PePV operation do not have much effect on their stability.
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Table 1. Power conversion efficiency and stability in PePVs that use interfacial layers.

Interfacial layer Device structure PCE [%] (area [cm2]) Stability test information and condition Refs.

Organic interfacial layers

1. Defect passivation 
A defect passivation using interfacial layer stabilizes the weak interaction of perovskite–PCBM or the surface trap of TiO2/perovskite to impede the migration halide ions 
from perovskite to electrode through PCBM, or to passivate the surface trap states in TiO2.

Rhodamine ITO/NiOx/MAPbI3/PC70BM/
rhodamine/Ag

16.6 [–] Ambient environment stability: <40% PCE drop after 1000 h under ambient conditions RH 
50 ± 5% for 1000 h, versus 50% drop after 1000 h in the control device without rhodamine.

[36]

PCBB-2CN-2C8 ITO/TiO2/PCBB-2CN-2C8/
MAPbI3/spiro-OMeTAD/Au

20.7 [0.108] Light and ambient environment stability: <40% PCE drop after 500 h under ambient 
air without encapsulation and 6 h exposure to natural sunlight per day at a humidity of 
45−50%, versus ≈95% drop after 120 h in the control device without PCBB-2CN-2C8.

[37]

N-DPBI FTO/C60:N-DPBI/perovskite 
(MAPbI3Cl3−x)/spiro-OMeTAD/Au

18.3 [–] Light stability: <20% PCE drop after 410 h under full spectrum simulated AM  
1.5, 76 mA cm−2 irradiance at VOC without a UV filter at 53 °C, with encapsulation,  

versus 20% drop after ≈150 h in the control device with neat C60.

[38]

2. Physical robustness 
A physical robustness using interfacial layers stabilizes thermal and mechanical stress at the interface of perovskite to block the penetration of mobile ions or air gas 
molecules across the interfacial layer.

DM FTO/bl-TiO2/mp-TiO2/(FAPbI3)0.95 
(MAPbBr3)0.05/DM/Au

23.2 [0.0939]
21.7 [0.991]

Thermal stability: <≈5% PCE drop after 60 °C 500 h with the encapsulated device.
Light stability: continuous illumination (AM 1.5 G, 100 mW cm−2, white LED) at 25 °C,  

PCE 92.6% after 310 h.

[42]

PEI FTO/c-TiO2/mp-TiO2/MAPbI3/PEI/Au 13.48 [–] Ambient environment stability: <15% PCE drop after 14 days under moisture at 85% RH, 
versus 65% drop after 14 days in the control device without PEI.

[43]

CuPc FTO/d-TiO2/mp-TiO2/(FAPbI3)0.85

(MAPbBr3)0.15/CuPC/Au
18.8 [–] Thermal and ambient environment stability: <3% PCE drop after 1000 h under 85 °C in N2 

glove box, 200 h in ambient air (25–50% RH), versus 40% drop after 80 h in the control 
device without CuPc under 85 °C in ambient air (25–50% RH).

[44]

rGO:PCBM ITO/PEDOT:PSS/MAPbI3−xClx/
rGO:PCBM/PFN/Ag

14.5 [0.04] Ambient environment stability: <50% PCE drop after 120 h under ambient conditions RH 
50%, versus 90% drop after 50 h in the control device with neat PCBM.

[45]

3. Chemical inactivation 
A chemical inactivation using interfacial materials stabilizes the hydroscopic or intermixed interaction at the interface to block the moisture infiltration into a perovskite 
layer, or the ion migration from perovskite film.

EH44 FTO/SnO2/FAMACs/EH44/MoOx/Al 18.5 [0.059] Light and ambient environment stability: <40% PCE drop  
after 1000 h under 77% of a 1 sun (300–1650 nm).

[46]

C60-SAM ITO/PTAA/MAPbI3/C60-SAM/C60/
bathocuproine/Cu

19.5 [0.08] Light and ambient environment stability: <30% PCE drop after 168 h continuous 
illumination (20 mW cm−2) in highly humid air (50–75% relative humidity),  

versus 80% drop after 36 h in the control device without C60-SAM.

[47]

Inorganic interfacial layers

1. NiOx 
Outstanding PCE in p–i–n structure and superior thermal stability. Hard to be adopted in n–i–p structure and controlling of surface ligand is essential for extended LT

NiOx (p–i–n) FTO/NiMgLiOx/FAMAPbI3/
PCBM/Ti(Nb)Ox/Ag

20.65 [0.25] Light stability: <15% PCE drop after continuous light soaking for 500 h at maximum power 
point (AM 1.5; 420 nm UV cut off; ambient condition; encapsulated).

Thermal stability: <10% PCE drop after 500 h thermal stressed at 85 °C in dark  
(humidity and temperature controlled ambient condition; encapsulated)

[56a]

NiOx (p–i–n) FTO/NiMgLiOx/MAPbI3/PCBM/
Ti(Nb)Ox/Ag

19.19 [1.025]
20.40 [0.09]

Light stability: <10% PCE drop after continuous light soaking for 1000 h at short-circuit point 
(AM 1.5; 420 nm UV cut off; temperature ≈25 °C, RH <25%; encapsulated).
Thermal stability: <20% PCE drop after 500 h thermal stress at 85 °C in dark  

(RH <25%; encapsulated).

[56b]

NiOx (p–i–n) ITO/NiOx/Cs0.10(FA0.83MA0.17)0.90

Pb(Br0.15I0.85)3/C60/BCP/Au
17.7 [0.105] UV-light stability: <17% PCE drop after continuous intensive UV-light soaking for 4100 sun 

hours, which is equivalent to ≈2.3 years in Southern Germany (wavelength: 310–317 nm;  
112 times larger than in AM 1.5 spectrum; inert atmosphere).

Thermal/operational stability: <2% PCE drop during 40 h of MPP tracking condition at 75 °C 
(AM 1.5; inert atmosphere).

[59b]

NiOx (p–i–n) FTO/NiOx/Cs0.05MA0.95PbI3/
PCBM/BCP/AZO/Ag/Al2O3

18.78 [0.06] Light stability: <0.5% PCE drop after continuous light soaking for 500 h (AM 1.5; 420 nm UV 
cut off; temperature ≈25 °C, RH ≈20–60%).

Thermal/operational stability: <15% PCE drop during 500 h of MPP tracking condition at 
85 °C (AM 1.5; 420 nm UV cut off; RH ≈20–60%).

[60b]

NiOx (p–i–n) ITO/NiOx/MAPbI3/PCBM/
Ti(Nb)Ox/Ag

18.49 [1.02] Thermal/humidity stability: <10% PCE drop during 500 h thermal stress  
at 85 °C (RH ≈85%, encapsulated).

[72]
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NiOx (n–i–p) FTO/c-TiO2/mp-TiO2/
FAMAPb(IBr)3/NiOx/Au

9.351 [–] Humidity stability: no PCE drop during 4 month of air exposure (RH ≈50–60%).
Thermal stability: no PCE drop during 13 h thermal stress at 85 °C (ambient atmosphere).

[71a]

2. CuSCN 
Unnecessary of annealing process and easy to be adopted both p–i–n and n–i–p structure. Especially, impressive PCE was reported in n–i–p structure. Risk of reaction with 
adjacent layer such as perovskite and electrode. Blocking reaction possibility with adjacent layer is necessary for reliable PePVs.

CuSCN (p–i–n) ITO/CuSCN/MAPbI3/PCBM/bis-C60/Ag 16.0 [0.0314] Ambient environment stability: <20% PCE drop during 300 h of ambient 
atmosphere exposure.

[75]

CuSCN (n–i–p) FTO/c-TiO2/mp-TiO2/CsFAMAPb(I,Br)3/
CuSCN/rGO/Au

20.2 [0.16] Thermal/operational stability: <5% PCE drop during 1000 h of illumina-
tion at MPP condition (60 °C; AM 1.5 by white LED; inert atmosphere).

[79a]

CuSCN (n–i–p) FTO/c-TiO2/mp-TiO2/(FAPbI3)0.85(MA
PbBr3)0.15/CuSCN/Au

18.0 [0.096] Thermal/humidity stability: <40% PCE drop during 110 min thermal 
stress at 125 °C in dark (RH ≈40%).

[79b]

3. CuOx 
Based on NP of CuCrO2 and CuGaO2, easier to make n–i–p structured PePVs than NiOx. Parastic absorption because of low bandgap makes current loss. Widening 
bandgap by partial substitution of Cu by Cr or Ga is needed for efficient PePVs.

CuOx (p–i–n) ITO/CuOx/MAPbI3/C60/BCP/Ag 16.8 [0.1] Ambient environment stability: <10% PCE drop during 200 h of ambient 
atmosphere exposure.

[83]

CuOx (n–i–p) FTO/SnO2/PCBM/MAPbI3/FBT-Th4/CuOx/Au 18.24 [0.09] Humidity stability: <10% PCE drop during 500 h of ambient atmosphere 
exposure (RH ≈70–80%).

[85]

CuCrO2 (p–i–n) ITO/CuCrO2/MAPbI3/PCBM/BCP/Ag 19.0 [0.09] UV-light stability: <10% PCE drop after continuous intensive UV-light 
soaking for 1000 h (5 mW cm−2 power of UV illumination; inert 

atmosphere).

[89a]

CuCrO2 (p–i–n) ITO/CuCr(In)O2/Cs0.05(MA0.15FA0.85)0.95 
Pb(I0.85Br0.15)3/PCBM:C60/ZrAcac/Ag

20.54 [–] Light stability: <10% PCE drop after continuous light soaking for 800 h 
(AM 1.5; inert atmosphere).

[89b]

CuCrO2 (n–i–p) FTO/c-TiO2/mp-TiO2/Cs0.05(MA0.15FA0.85)0.95 
Pb(I0.85Br0.15)3/CuCrO2/Au

16.25 [0.16] Ambient environment stability: <20% PCE drop during 60 days of 
ambient atmosphere exposure (RH >40%).

Operational stability: <15% PCE drop during 500 h of illumination at 
MPP condition (25 °C; AM 1.5; inert atmosphere).

[90]

CuGaO2 (p–i–n) FTO/NiOx/mp-CuGa(Zn)O2/Cs0.15FA0.85 
Pb(I0.9Br0.1)3/PCBM/BCP/Ag

20.67 [0.09] Thermal stability: <15% PCE drop after 1000 h thermal stressed  
at 85 °C in dark (inert atmosphere).

Humidity stability: <5% PCE drop during 60 days of ambient  
atmosphere exposure in dark (RH ≈40–70%).

[88]

CuGaO2 (n–i–p) FTO/c-TiO2/MAPbI3/CuGaO2/Au 18.51 [0.09] Ambient environment stability: <15% PCE drop during 30 days of 
ambient atmosphere exposure (25 °C; RH ≈30–55%).

[91]

4. TiO2 
Many recorded PCE with n–i–p structure. Hard to be employed in p–i–n structure. Existence of UV instability issue due to the oxygen molecule at oxygen vacancy in TiO2. 
Reducing density of oxygen vacancies or suitable passivation materials for them is required for reliable PePVs.

TiO2 (n–i–p) FTO/c-TiO2/mp-TiO2/(FAPbI3)0.95

(MAPbBr3)0.05/DM/Au
23.2 [0.0939]
21.7 [0.991]

Thermal stability: <5% PCE drop after 500 h thermal stress  
at 60 °C in dark (RH ≈25%).

Operational stability: <10% PCE drop during 310 h of illumination  
at MPP tracking condition (25 °C; RH ≈25%;  

AM 1.5 by white LED; encapsulated).

[42]

TiO2 (n–i–p) FTO/c-TiO2/mp-TiO2/(FAPbI3)0.95

(MAPbBr3)0.05/WBH/P3HT/Au
23.3 [0.0935] Humidity stability: <20% PCE drop during 1008 h of ambient atmo-

sphere exposure (RH ≈85%).
Operational stability: <5% PCE drop during 1370 h  

of illumination at MPP tracking condition (25 °C; RH ≈30%;  
AM 1.5 by white LED; encapsulated).

[98c]

TiO2 (n–i–p) ITO/TiO2-Cl/Cs0.05FA0.81MA0.14PbI2.55Br0.45/
spiro-OMeTAD/Au

21.4 [0.049]
20.3 [1.1]

Operational stability: <10% PCE drop during 500 h of illumination at 
MPP tracking condition (25 °C; AM 1.5; 420 nm UV cut off;  

inert atmosphere).

[99b]

TiO2 (n–i–p) FTO/c-TiO2/mp-TiO2/RbCsFAMAPb(I,Br)3/
spiro-OMeTAD/Au

21.6 [0.1225] Thermal/operational stability: <5% PCE drop during 500 h of illumina-
tion at MPP tracking condition (85 °C; AM 1.5 by white LED; inert 

atmosphere; spiro-OMeTAD was substituted by PTAA).

[99a]

TiO2 (n–i–p) FTO/TiO2-dopamine/
Cs0.05FA0.81MA0.14PbI2.55Br0.45/spiro-OMeTAD/Au

20.93 [0.04] UV/operational stability: <20% PCE drop during 1200 h of illumination 
condition (25 °C; AM 1.5 with UV incorporated; inert atmosphere).

[104a]

Table 1. Continued.

Interfacial layer Device structure PCE [%] (area [cm2]) Stability test information and condition Refs.
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5. SnO2 
Several remarkable PCE with n–i–p structure. p–i–n structured PePVs can be made easier than TiO2 with its various film fabrication method. Superior chemical and 
thermal robustness.

SnO2 (n–i–p) ITO/SnO2/MAPbI3/PTAA/Ag 20.25 [–] Thermal stability: less than 15% PCE drop after 1300 h thermal stress at 
85 °C (inert atmosphere).

[116b]

SnO2 (n–i–p) ITO/SnO2/FA0.95Cs0.05PbI3/spiro-OMeTAD/Au 21.60 [0.1017] Humidity stability: <10% PCE drop during 2880 h of ambient  
atmosphere exposure in dark (RH ≈35%).

[112b]

SnO2 (n–i–p) ITO/SnO2/FAMAPbI3/PEAI/spiro-OMeTAD/Au 23.56 [0.0739] Thermal stability: <20% PCE drop after 500 h thermal stress at 85 °C 
(inert atmosphere; spiro-OMeTAD was substituted by PTAA).

[115]

SnO2 (n–i–p) ITO/SnO2/FAMACSPb(I,Br)3/EH44/MoOx/Al 16.62 [0.059] Operational stability: <10% PCE drop during 1000 h of illumination at 
MPP condition (25–29 °C; RH ≈10–25%; 77 mW cm−2).

[46]

SnO2 (n–i–p) ITO/SnO2/FAMACsPb(I,Br)3(Cl)/PTAA/Au 19.17 [0.09408] Thermal stability: less than 15% PCE drop after 1500 h thermal 
stress at 85 °C.

Light stability: <10% PCE drop after continuous light soaking 
for 1000 h (AM 1.5).

Operational stability: <10% PCE drop during 500 h of illumination at 
MPP condition (AM 1.5).

[116a]

SnO2 (p–i–n) FTO/NiOx/MAPbI3/C60/SnO2/Ag 18.8 [0.112] Humidity stability: <20% PCE drop during 30 days of ambient 
atmosphere exposure (RH ≈70–80%).

[125]

SnO2 (p–i–n) ITO/PEDOT:PSS/MAPbI3/PCBM/AZO/SnOx/Ag 12.8 [0.0176] Thermal stability: No PCE drop after 1032 h thermal stress at 60 °C (inert 
atmosphere).

[126a]

BaSnO3 (n–i–p) FTO/BaSn(La)O3/MAPbI3/PTAA/Au 21.2 [0.096] UV/operational stability: <15% PCE drop during 120 h of illumination 
condition (25 °C; AM 1.5 with UV incorporated; inert atmosphere), 

<10% PCE drop during 1000 h of illumination condition (AM 1.5 with UV 
incorporated; ambient atmosphere; PTAA/Au was replaced  

by NiOx/FTO/glass (encapsulated)).

[127]

ZnO (p–i–n) ITO/NiOx/MAPbI3/ZnO/Al 16.1 [0.1] Ambient environment stability: <10% PCE drop during 60 days of 
ambient atmosphere exposure (25 °C; RH ≈30–50%).

[128a]

ZnO (p–i–n) ITO/c-NiOx/mp-NiOx/CsFAMAPb(I,Br)3/Zn(In)
O/Al

16.2 [0.2] Light stability: <15% PCE drop after continuous light soaking for 460 h 
(30 °C; RH ≈20–30%; AM 1.5 by LED; encapsulated).

[128c]

CeOx (p–i–n) FTO/NiMgLiOx/MAPbI3/PCBM/CeOx/Ag 18.69 [0.09] Operational stability: <10% PCE drop during 200 h of illumination at 
MPP tracking condition (25 °C; RH ≈30%; AM 1.5 by white LED).

[129]

6. Inorganic recombination layer for tandem perovskite solar cells.

ITO Ag/SiNP/ITO/a-Si:H(p)/a-Si:H(i)/c-Si(n)/ 
a-Si:H(i)/a-Si:H(n)/ITO/NiOx/CsFAPb(I,Br)3/LiF/

PCBM/SnO2/ZTO/ITO/LiF/Ag(grid)

23.6 [1.00] Operational stability: no PCE drop during 1000 h of illumination at MPP 
tracking condition (35 °C; RH ≈40%; AM 1.5 by sulfur plasma lamp; 

tested in perovskite single-junction perovskite device).
Thermal/humidity stability: no PCE drop after 1000 h thermal stress 

at 85 °C in dark (RH ≈85%; encapsulated; tested in perovskite single-
junction perovskite device).

[145]

nc-Si:H(n+)/
nc-Si:H(p+)

Ag/ITO/a-Si:H(p)/a-Si:H(i)/c-Si(n)/a-Si:H(i)/ 
a-Si:H(n)/nc-Si:H(n+)/nc-Si:H(p+)/spiro-TTB/

FACsPb(I,Br)3/LiF/C60/SnO2/IZO/MgF2/Ag(grid)

25.52 [1.42] Operational stability: <10% PCE drop during 61 h of illumination at MPP 
tracking condition (RH ≈20–30%; AM 1.5 with UV incorporated),  

<10% PCE drop during 270 h of illumination at MPP condition  
(35 °C; RH ≈20–30%; 0.7 sun; encapsulated).

[142]

ITO Ag/ITO/a-Si:H(p)/a-Si:H(i)/c-Si(n)/a-Si:H(i)/ 
a-Si:H(n)/ITO/NiOx/MAPb(I,Br)3/PCBM/ZnO/

ITO/Ag(grid)/AR film(moth-eye film)

23.5 [0.1875] Ambient environment stability: <5% PCE drop during 100 days  
of ambient atmosphere exposure in dark (25 °C; RH ≈30%).

[143]

ITO Glass/Mo/CIGS/CdS/i-ZnO/BZO/ITO/PTAA/
CsFAMAPb(I,Br)3/PCBM/ZnO/ITO/MgF2/

Ag(grid)

22.43 [0.042] Operational stability: <15% PCE drop during 500 h of illumination at 
MPP tracking condition (30 °C; RH ≈30%; AM 1.5).

[148]

ITO Ag/ITO/a-Si:H(p)/a-Si:H(i)/c-Si(n)/a-Si:H(i)/ 
a-Si:H(n)/ITO/PTAA/CsFAMAPb(I,Br)3/ICBA/C60/

SnO2/IZO/MgF2/Cu(grid)

25.4 [0.4225] Operational stability: <10% PCE drop during 250 h of illumination at 
MPP condition (AM 1.5; encapsulated).

[149a]

IZO Au/BCP/C60/CsFA(Pb,Sn)I3/PEDOT:PSS/IZO/
AZO/PEIE/C60/LiF/CsFADMAPb(I,Br)3/PFN/

poly-TPD/ITO

23.1 [0.058] Operational stability: <10% PCE drop during 500 h of illumination condi-
tion (under resistive load of 510 ohms; ambient atmosphere; 0.8 sun by 

sulfur plasma lamp; encapsulated).

[150a]

Table 1. Continued.

Interfacial layer Device structure PCE [%] (area [cm2]) Stability test information and condition Refs.
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Thermal energy can also cause degradation by driving 
ion migration of perovskite components. Lead and iodine 
elements in an MAPbI3 layer migrate toward the hole trans-
port layer (HTL), spiro-OMeTAD (2,20,7,70-tetrakis-(N,N-
di-4-methoxyphenylamino)-9,90-spirobifluorene) after heat 
treatment (50–250 °C), which was observed by scanning trans-
mission electron microscopy high-angle annular dark-field 
(STEM-HAADF) and energy-dispersive X-ray (EDX) analysis 
cross-sectional images.[17] MAPbI3 for the PePV was synthe-
sized by a two-step process in air; and the fabricated PePV was 
treated with different temperatures by in situ heating in a trans-
mission electron microscope (TEM). Diffusion of iodine into 
the HTL was visible at low temperature, and lead migration 
was triggered at high temperature (≈175 °C) (Figure 2a).

Thermal degradation of PePVs can also be affected by the 
different atmospheres in which they are operated. Significant 
structural and morphological changes occur during thermal 
annealing of MAPbI3 in different atmospheres.[18] MAPbI3 coated 
on indium tin oxide (ITO)/TiO2 substrate samples were treated 
to the higher range of operational temperatures in full sunlight 
(85  °C) for 24 h in pure-nitrogen, pure-oxygen, and ambient 
atmospheres. The MAPbI3 perovskite film after thermal stress 
in oxygen and ambient atmospheres showed reduction of CN 

bonds and N 1s core level intensity; these changes suggest that 
the sample surface emitted nitrogen into the atmosphere. This 
phenomenon indicates that the MAI is decomposing, as it does 
in the presence of oxygen and water. In addition, the water func-
tions as a catalyst in the conversion of Pb2+ to metallic Pb clus-
ters; i.e., thermal treatment causes disappearance of MAI and 
leaves metallic Pb clusters such as the spot-like structures in 
STEM-HAADF image. The metallic Pb clusters appear during 
thermal treatment with ambient atmosphere at the exposed sur-
face region (Figure 2b). This degradation reaction was observed 
at the interface of perovskite with the atmosphere, so the effect of 
interfacial layer on thermal degradation of PePV is surveyed next.

Thermal stability of MAPbI3-based PePV was investigated for 
n–i–p structure including the mesoporous TiO2 layer and spiro-
MeOTAD.[19] After deterioration of PePVs under thermal stress 
at 85  °C in nitrogen atmosphere, PCE decreased greatly from 
14.62% to 2.36% due to a significant decrease in short-circuit 
current density (Jsc) and fill factor (FF). Thermal degradation 
unlikely changed UV–vis of glass/MAPbI3/spiro-MeOTAD 
semicell, but caused a slowing in the charge separation at 
the spiro-MeOTAD layer in photoluminescence (PL) spectra. 
These responses are evidence that the thermal degradation 
occurred at the MAPbI3/sipro-MeOTAD interface. After thermal 
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Figure 1. Origins and phenomena for the degradation at the interface (red arrow) and the stabilization by interfacial buffer layers (blue arrow) in 
perovskite photovoltaics.

IZO Ag/BCP/C60/FAMA(Pb,Sn)I3/PEDOT:PSS/IZO/
ZTO/SnO2/C60/CsFAMAPb(I,Br)3/PTAA/ITO

23.4 [0.105] Operational stability: <15% PCE drop during 100 h of illumination at 
MPP tracking condition (AM 1.5).

[150b]

ITO Ag/BCP/C60/FAMA(Pb,Sn)I3/PEDOT:PSS/ITO/
MoOx/Ag/BCP/C60/CsFAPb(I,Br)3/PTAA/ITO

21.0 [0.12] Operational stability: <15% PCE drop during 100 h of illumination at 
MPP tracking condition (ambient atmosphere; AM 1.5; encapsulated).

[152]

Table 1. Continued.

Interfacial layer Device structure PCE [%] (area [cm2]) Stability test information and condition Refs.
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deterioration of PePVs, the top electrode (Au) and spiro-
MeOTAD were removed, and fresh Au top electrode and spiro-
MeOTAD layer were rebuilt. This reconstruction yielded a full 
recovery of photovoltaic performance. The renewal of interfacial 
layer also indicates that thermal instability of the n–i–p struc-
tured device is mainly due to the interfacial layer (Figure 2c).

The molecular migration across the interface in response to 
thermal energy also occurs at the metal electrode. Considerable 
amounts of Au can diffuse from top electrode across the HTL 
(spiro-MeOTAD) into the perovskite layer after thermal stress 
at 70 °C, and this migration causes severe, irreversible deterio-
ration of PePVs.[20] The authors hypothesized that the thermal 
stress causes the spiro-MeOTAD layer to crack, and this process 
creates pores and a point of contact between Au/perovskite. 
Therefore, to alleviate the severe device deterioration induced 
by Au migration during thermal stress, a thin metal interlayer 
(Cr) was used between the spiro-MeOTAD and the Au electrode 
or inorganic component (Al2O3 nanoparticle) was mixed with 
the spiro-MeOTAD; both methods significantly increased the 
stability of PePVs as a result of the high-temperature stability 
of Cr/Au, or of the mixture of spiro-MeOTAD and Al2O3. This 
result shows that insertion of an interfacial layer can improve 
the thermal stability of PePV, and that neither the thermal 

stability of perovskite materials nor of spiro-MeOTAD is the 
primary limiting factor for device stability.

2.2. Illumination and Oxygen

Illumination is also a major cause of deterioration in PePVs. 
Photoinduced phase segregation occurs in mixed-halide perov-
skite as the structural degradations.[21–23] Sub-bandgap absorp-
tion by luminescent trap states could be attributed to the halide 
segregation into two crystalline phase, the iodide-rich minority 
domain (x ≈ 0.2) acting as a recombination trap state and bro-
mide-enriched majority domains (x  ≈ 0.7) in MAPb(BrxI1−x) 
perovskite.[21] A red-shifted PL peak (1.7  eV) occurred and 
grew in intensity as the duration of continuous illumination 
increased, and this peak was removed in darkness. (Figure 3a). 
The red-shifted PL according to the light exposure indicates a 
reduction in the electronic bandgap and quasi-Fermi level split-
ting by of luminescent trap states in perovskite. However, the 
decomposition of perovskite only happens severely when the 
perovskite is exposed to both light and oxygen.

Degradation of MAPbI3 in a moisture-free environment 
(21% oxygen content) under illumination (tungsten halogen 
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Figure 2. a) Elemental migration inside a PePV upon heating. HAADF images (top row) and elemental EDX maps for lead (middle row) and iodine 
(bottom row) of a sample fabricated in air at set temperatures. Both elements can be seen migrating toward the HTL. Heating steps were conducted 
for 30 min from 50 to 175 °C and 15 min afterward to accommodate the faster dynamics. Reproduced with permission.[17] Copyright 2016, Springer 
Nature. b) STEM-HAADF images (cross-sectional view) of completed solar cells based on either a pristine perovskite layer or perovskite layers annealed 
to 85 °C for 24 h in different atmospheres. Reproduced with permission.[18] Copyright 2015, John Wiley and Sons. c) Steady-state and time-resolved 
photoluminescence (PL) of the MAPbI3 perovskite films in contact with spiro-MeOTAD (top left and right). Absorbance of the as-prepared and thermally 
aged perovskite films in contact with spiro-MeOTAD (bottom left). J–V curves of as-prepared and thermally aged PePV renewed by removing both Au 
and spiro-MeOTAD. Reproduced with permission.[19] Copyright 2017, American Chemcial Society.
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lamp, 1.5 mW cm−2) can be caused by the superoxide radical 
(O2

•−), which is generated by electron transfer from photoex-
cited perovskite (MAPbI3*) to oxygen molecules.[25] The authors 
suggested that the O2

•− broke down the perovskite to degrada-
tion products such as MA, PbI2, I2, and H2O by deprotonated 
perovskite cation (MAPbI3

*) (Equation (2))

MAPbI MAPbI3
Light, Dry air

3
* →  (2)

O O2
MAPbI

2
•*

3 → −  (3)

MAPbI O MA PbI
1
2

I H O3 2
• Deprotonation

2 2 2+  → + + +−  (4)

This reaction produces water, which could then partici-
pate in further degradation pathways. However this degrada-
tion process by light and oxygen can be suppressed by using 
an interlayer composed of a mesoporous titanium dioxide  
(mp-TiO2) interlayer. Photoexcited electrons can be extracted 
to the mp-TiO2 with favorable energy offset at the heterojunc-
tion compared to mp-Al2O3 interlayer, so the electron transfer 

from photoexcited perovskite to oxygen is impeded, and there-
fore the production of O2

•− is reduced. O2
•− generation in dark 

and dry air, or under illumination and N2 showed no increase 
in O2

•− fluorescence intensity at 610  nm. When the samples  
(mp-Al2O3/MAPbI3 and mp-TiO2/MAPbI3) were exposed to both 
dry air and light the O2

•− generation was increased. However 
the generation yield of O2

•− is much lower when the interlayer 
is mp-TiO2/MAPbI3 than it is mp-Al2O3/MAPbI3; this result 
occurs because the energy offset at the heterojunction is more 
favorable and well aligned when the electron extraction inter-
layer is mp-TiO2 than when it is mp-Al2O3/MAPbI3 (Figure 3b).

Heat, strain, excess charge carriers, and photovoltage also 
affect the light-induced degradation of PePVs. Heat coupled 
with light-induced excess charge carriers mainly degrades the 
encapsulated PePVs. [16] The PCE deteriorated faster when the 
illumination intensity was increased from 0.1 to 1 sun at 60 °C. 
Additionally, the deterioration of PePVs under open-circuit con-
dition at 60 °C was faster than short-circuit or maximum power 
point (MPP) conditions. It is because the photoexcitation and 
flat band condition may induce formation of a large excess of 
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Figure 3. a) Photoluminescence (PL) spectra of mixed-halide perovskite thin film over 45 s in 5 s increments under 457 nm, 15 mW cm−2 light at 300 K. 
Reproduced with permission.[21] Copyright 2015, The Royal Society of Chemistry. b) Schematic model showing the electron transfer of the photoexcited 
electrons in the MAPbI3 layers to oxygen resulting in the formation of superoxide. Reproduced with permission.[25] Copyright 2015, John Wiley and 
Sons. c) Defect formation during degradation of PePVs under illumination. Reproduced with permission.[26] Copyright 2019, John Wiley and Sons. d) 
Quantitative EDX elemental profiles over the stressed device, superimposed on the HAADF STEM image of the area (top left). Gold quantitative EDX 
map (top right). Gold and iodine EDX maps focusing on the HTL with enhanced contrast. EDX spectra were treated with an NMF algorithm (bottom).  
Reproduced with permission.[27] Copyright 2017, The Royal Society of Chemistry. e) XPS spectra from HTM/Au stacks without or with irradiation for 1 h  
and the inset graph represents the peaks of Au 4f binding energies without and with irradiation (top). O 1s electron binding energy spectra from the 
same samples (bottom). The O 1s curves were fitted by Gaussian fitting. The binding energy located at 533.1 eV derives from the adsorbed oxygen on 
the sample. Reproduced with permission.[23] Copyright 2016, Nature.
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photoexcited carriers with high intensity of illumination and 
open circuit condition. This response means that heat and 
excess charge carriers induce formation of recombination sites 
in PePV, and these caused the rapid degradation, whereas deg-
radation at 20 °C is unlikely observed than 60 °C regardless of 
an amount of excess charge carriers under bias conditions.[26] 
When heat is coupled with light-induced excess charge carriers, 
the defect density reaches equilibrium because of a thermody-
namic balance between annihilation and generation of defects, 
so the excess charge carriers push the equilibrium toward 
increased defect generation. Light-induced strain caused by 
photothermal-induced expansion is observed in CH3NH3PbI3, 
but this light-induced strain in perovskite has less influence on 
degradation than does the coupled effect of high temperature 
and excess charge carriers (Figure 3c).[26]

2.3. Electrical Bias

Combined illumination and electrical bias stresses also cause 
deterioration of PePVs. Au and Iˉ diffused across a cell under 
simulated 1 sun illumination (100 mW cm−2).[27] Au precipitates 
formed at the interface between spiro-OMeTAD and perovskite; 
and large Au clusters formed within the perovskite active layer and 
the mp-TiO2 layer. The permeation of Au inside into the mp-TiO2 
layer could yield numerous recombination paths for photoinjected 
electrons, and thereby reduce the perovskite’s chemical stability 
(Figure 3d). Continuous irradiation degraded the Au–O chemical 
interactions between spiro-MeOTAD and Au in photoemission 
spectroscopy.[29] After a thin spiro-MeOTAD layer on top of Au was 
irradiated for 90 min, the Au 4f peak observed by X-ray photoelec-
tron spectroscopy (XPS) shifted to 1 eV lower binding energy and 
O 1s peak shifted to higher energy than before irradiation; these 
changes mean that Au–O chemical interactions between Au and 
spiro-MeOTAD are broken by irradiation (Figure 3e). As a result, 
the surface potential of spiro-MeOTAD at the Au/spiro-MeOTAD 
interface decreases due to the photoinduced damage and the hole 
extraction at the interface became insufficient.[29]

All of these types of degradation reactions (e.g., MAI decom-
position, metallic Pb cluster generation, electrode migration into 
perovskites, and iodine migration from perovskites) caused by 
degradation sources (e.g., thermal energy, illumination, water, 
oxygen, and electric field) were mainly occurred at the interfaces 
between perovskites and adjacent layers, and that the structural 
stability of perovskite materials is not the primary limiting factor 
to this stability. These results indicated that insertion of an inter-
facial layer could substantially improve the operational stability 
of PePV. The interfacial materials are employed as a charge 
transfer layer (n- or p-type semiconductor) between perovskites 
and electrodes, or the additional layer at each interface in the 
p–i–n PePV (positive electrode/HTL/perovskite/electron-trans-
port layer (ETL)/negative electrode) and the n–i–p PePV (nega-
tive electrode/ETL/perovskite/HTL/positive electrode).

3. Organic Interfacial Layers for Reliable Solar Cells

The diverse deterioration phenomena in PePV were mainly 
caused by degradation of the interface between perovskite 

and adjacent layers; e.g., the perovskite-interlayer, the perovs-
kite-metal electrode, or the interlayer-metal electrode. Spiro-
MeOTAD is most widely used in n–i–p PePVs as an organic 
hole transport layer. However, spiro-MeOTAD is typically doped 
with lithium salts to increase its carrier mobility, they are 
likely to oxidize and degrade the perovskite film at the inter-
face when PePVs are exposed to air.[28] In addition, Au and 
Iˉ diffuse across the spiro-OMeTAD layer under thermal or 
irradiation stress and their precipitates form at the interface 
between perovskite and spiro-OMeTAD, or between Au and 
spiro-OMeTAD–gold.[17,19] Various organic interfacial layers are 
essential to achieve highly efficient and reliable PePVs and flex-
ible devices.[30,31] The molecular structures of organic interfacial 
materials providing the stabilizing mechanisms introduced in 
this chapter are shown in Figure 4. In this section, the stabi-
lizing mechanisms by organic interfacial layers are classified 
according to 1) the types of defect passivation, 2) the types of 
physical robustness, and 3) the type of chemical inactivation.

3.1. Organic Interfacial Layers with Defect Passivation

In p–i–n or n–i–p PePVs, a number of n- and p-doped semicon-
ducting materials are used to facilitate charge transport. TiO2 
has been used as ETL in n–i–p PePVs since the first PePV was 
reported in 2009 with dye sensitized solar cells (DSSCs)-like 
device architecture (liquid junction) and mesoscopic TiO2.[32] 
Nevertheless, TiO2 is still widely used as the one of the most 
efficient n-type semiconductor in n–i–p PePV architecture 
with solid state and planar heterojunction. The details of TiO2 
working principal are introduced in 3.2.1. In p–i–n PePV archi-
tectures, an inorganic material of fullerene (C60), and its organic 
derivative materials (e.g., 6,6′-phenyl-C61-butyric acid methyl 
ester (PCBM), triblock-functionalized fullerene derivative 
(PCBB-2CN-2C8), and C60-SAM) are widely used as an n-type 
semiconductor at the interface between a perovskite layer and 
a negative electrode layer. C60 derivatives are strong electron 
acceptors, so they activate halide anions, then n-doping hap-
pens at the perovskite–fullerene interface by iodine–fullerene 
π interactions; this doping facilitates charge transport and the 
resulting conductivity. However, the interfaces between a perov-
skite layer and interfacial semiconductor layers in p–i–n or 
n–i–p PePVs are not always stable in device working condition.

In the p–i–n PePV with PCBM, iodide–fullerene π interac-
tions affect not only the electron transport of fullerenes but also 
the Iˉ migration at the perovskite–PCBM interface in PePVs; 
both of these processes are closely related to the PCE and sta-
bility of p–i–n PePVs.[33] As a result of weak iodide–fullerene π 
interactions, slidable iodide can further hop to a neighboring 
fullerene when space and energy are favorable; this response 
would result in degradation of perovskite and of the PePV 
(Figure  5a). Directional diffusion of Iˉ and transformation of 
PCBM also cause instability in PePV.[34] The Iˉ diffuse along a 
preferential direction from the perovskite layer to an Ag elec-
trode and accumulated there during degradation. This phe-
nomenon occurs because the interactions between Iˉ ions and 
PCBM lead to development of a structurally ordered PCBM or 
to formation of AgI; both of these changes facilitate ion extrac-
tion.[35] However if the Ag electrode is replaced by restoration 
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process (electrode exchange), the diffused and accumulated Iˉ 
ions at the interface are removed; therefore the open-circuit 
voltage increases at every electrode exchange due to elimination 
of defect states from the PCBM layer (Figure 5b).[34] Therefore 
a defect passivation using an interfacial layer is required at the 
interface of perovskites/PCBM or PCBM/electrode to impede the  
migration and accumulation of halide ions from perovskite to 
electrode, and to facilitate electron transport.[36–39]

A rhodamine interfacial layer between PCBM and Ag inter-
face increased the PCE and stability of p–i–n PePVs.[36] The 
rhodamine interfacial layer passivated the surface trap states 
at the PCBM layer, and thereby reduced nonradiative recombi-
nation and band bending at the PCBM surface; these changes 
reduced the electrostatic barrier and thus increased the electron 
transfer toward the metal cathode. The rhodamine interfacial 
layer increased the chemical stability by blocking the penetra-
tion of moisture and the ion migration across PCBM layer. 
Therefore the rhodamine suppressed the formation of AgI, 
PbI2, and hydrated perovskite, and formed a blocking barrier 
that inhibited the ingress of moisture toward the perovskite and 
simultaneously prevented the migration of Iˉ that could react 
with the Ag cathode. The incorporation of rhodamine also sta-
bilized the work function of the metal cathode (Figure 5c).

PCBB-2CN-2C8 has been evaluated as an interfacial layer 
between TiO2 and perovskite layer in n–i–p PePVs,[37] in an 
attempt to solve several major challenges such as achieving pro-
cessing compatibility for multilayer coating, reducing interface 
recombination loss, tuning the work function, reducing hys-
teresis, and reducing degradation at the interface. The TiO2/
perovskite interface degrades rapidly during irradiation of 
PePVs because UV light absorption in TiO2 induces the release 
of O2 at the TiO2 surface; as a result numerous deep trap states 
form. However, use of TiO2 coated with PCBB-2CN-2C8 as an 

interfacial layer increased the stability of PePVs under illumi-
nation; this improvement was a consequence of passivation of 
surface trap states in TiO2 (Figure 5d).

The surface defects degrade the perovskite film, hence 
reducing the number of defects is one of the strong solutions to 
improve the stability of PePVs. A C60 interfacial layer doped with 
4-(1,3-dimethyl-2,3-dihydro-1H-benzimidazol-2-yl)-N,N-dipheny-
laniline (N-DPBI) is used as an ETL of n–i–p PePV to reduce 
the defect density of perovskite and increase stability of n–i–p 
PePVs significantly.[38] In thermal admittance spectroscopy 
(TAS), PePVs with N-DPBI doped C60 interfacial layer is studied 
with a broad spectrum in the trap density of states exists, with 
respect to the valance band energy. The measured defect den-
sity of the devices with neat C60 is consistently higher than in 
the devices with N-DPBI doped C60 layers. Furthermore after the 
aging test of PePVs in dry air in the dark for 25 days (600 h), the 
trap density of the device with N-DPBI doped C60 layer increases 
by 27% after aging, while the trap density in the control device 
increases by 35% (Figure 5e).[38] It is because the increased elec-
tron density at the interface of C60/perovskite fills the trap states 
at the interface, even when the device is aged in air. Therefore, 
the reduced interfacial trap density (or vacant trap density) pro-
longs the stability of PePVs, then a post-80% burn-in lifetime 
was >600 h under continuous full spectrum solar illumination 
in air without encapsulation, and >3420 h when sealed.[38] The 
N-DPBI dopant can also tune the surface wettability of the C60 
films to achieve the void-free perovskite/C60 interfaces, and 
increase the conductivity and reduce the work function of the 
C60 layer to enable efficient electron extraction.[38]

Furthermore, the crystallinity of perovskite films was 
increased, so the number of pin-holes and density of trap states 
in the perovskite were both reduced by inserting self-assembled 
monolayers (SAMs) between metal oxide n-type layer (e.g., 
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Figure 4. Molecular structures of organic interfacial materials providing the stabilizing mechanisms to perovskite solar cells.
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ZnO and TiO2) and perovskite in n–i–p PePVs.[39–41] Therefore 
the SAMs modified and passivated the interface, so the stability 
of PePVs was increased

3.2. Organic Interfacial Layers to Enhance Physical Robustness

Under the operating conditions, PePVs with an unstable inter-
facial layer upon applying thermal or mechanical stresses are 
easily deteriorated by ion migration of perovskite or gas (oxygen, 
water) permeation into perovskite in previous reports. The most 
devices employing spiro-OMeTAD as a HTM are associated with 
severe degradation against thermal stress because the additives 
resulted in a significant drop in glass transition temperature (Tg) 
of the HTM.[42] In addition, the mechanical delamination and 
the weak fracture resistance of the interfacial layer consequently 
degrades device architecture and performance of PePVs.[43] 
Therefore, the interfacial layers with enhanced physical robust-
ness are strongly necessary to block the penetration of mobile 
ions or air gas molecules across the interface of PePVs. The inter-
facial materials with the enhanced robustness against thermal or 
mechanical stresses increased a stability of PePVs greatly.

Thermally robust organic materials have been developed 
and used at the interface of PePVs to reduce the possibility of 
molecular permeation. A fluorene-terminated hole-transporting 
material, N2,N2′,N7,N7′-tetrakis(9,9-dimethyl-9H-fluoren-2-yl)-
N2,N2′,N7,N7′-tetrakis(4-methoxyphenyl)-9,9′-spirobi[ fluorene]-
2,2′,7,7′-tetraamine (DM) with a fine-tuned energy level and 
a high Tg ≈ 160 °C is used as a HTL of n–i–p PePV to ensure 
highly efficient and thermally stable PePVs.[42] DM was synthe-
sized based on a spirobifluorene core as a new peripheral group 
instead of p-anisole, which is used in spiro-OMeTAD. To manip-
ulate both the conductivity and morphology of DM, the amounts 
of additives (LiTFSI and tBP) were varied. The HOMO energy 
level of DM is closer to the valence band maximum (VBM) of 
the perovskite because the replaced moiety of dimethylfluorene 
in DM would weaken the electron-donating power compared 
to spiro-OMeTAD. Therefore DM interfacial layer favorably 
increased the built-in voltage at the junction, and the resulting 
VOC in the PePV. Compared to deformation of spiro-OMeTAD 
at lower temperature in the range from 60 to 80 °C, only slight 
degradation of the PePV with the DM interfacial layer was 
observed after thermal stress at 80 °C. Therefore, the device with 
DM maintained almost 95% of its initial PCE for more than 
500 h after thermal annealing at 60 °C (Figure 6a); this is much 
better thermal stability than the device with spiro-OMeTAD.

Polyethyleneimine (PEI) as an adhesion-promoting interfacial 
layer at the interface between perovskite and Au layer remarkably 
improved mechanical robustness against the delamination caused 

by moisture attack in n–i–p PePVs. A PEI between the perovskite 
layer and the spiro-OMeTAD layer increased the adhesion at the 
perovskite/spiro-OMeTAD interface due to intermolecular interac-
tions such as N–H and O (between PEI and spiro-OMeTAD) and 
N and Pb (between amine compounds and Pb MAPbI3).[43] In the 
secondary ion mass spectrometry (SIMS) and XPS analysis, PePVs 
with the PEI interfacial layer showed no notable changes after expo-
sure to humidity, whereas in PePVs without PEI interfacial layer, 
most of the spiro-OMeTAD peeled off, the perovskite was degraded 
to PbI2, and TiO2 particles were partially exposed to the air. The PEI 
interfacial layer increases the adhesion between the perovskite and 
spiro-OMeTAD layers, so delamination of the HTM by moisture 
is reduced. Therefore the enhanced adhesion in perovskite/PEI/
spiro-OMeTAD layers increased the mechanical robustness and 
reduced the moisture-induced degradation of the spiro-OMeTAD 
and perovskite layers at a high RH of 85% (Figure 6b).

Copper phthalocyanine (CuPC) has excellent thermal sta-
bility and interfacial bonding properties, so it has been evalu-
ated as a physically robust HTL for long-stable PePVs. CuPC 
deposited by spin-coating on top of the perovskite film as a 
HTL of n–i–p PePV yielded a high PCE = 18% and maintained 
97% of the initial PCE after >1000 h of thermal annealing at 
85 °C.[44] The strongly increased thermal stability of the PePVs 
was attributed to the thermal stability of CuPC itself and also 
to the good interfacial properties between CuPC and the perov-
skite. In Raman spectroscopy, the strong chemical interactions 
formed at the interface between the pyrrole ring in CuPC and 
perovskite, so the interfacial contact was improved. In syn-
chrotron-based glazing-incidence wide-angle X-ray scattering 
(GIWAXS), CuPC showed an essentially face-on orientation 
along the d(100) axis at the interface of the perovskite crystal 
facets (Figure  6c). Due to the interfacial interactions of CuPC 
on the perovskite film, perovskite/CuPC showed stronger inter-
facial adhesion than did perovskite/spiro-OMeTAD and perov-
skite/PTAA in the tape detaching test. As a result, the PePVs 
with CuPC interfacial layer displays enhanced stability against 
thermal stress and destruction at the perovskite/HTM interface.

PCBM added with reduced graphene oxide (rGO) signifi-
cantly increased both architectural robustness and chemical 
passivation of an ETL in PePVs. rGO:PCBM nanocomposites 
increased the mechanical strength of film compared to neat 
PCBM film, because rGO enhances the fracture resistance of 
nanocomposite when combined with elastic materials. The 
p–i–n PePVs with rGO:PCBM ETL also showed hysteresis-free 
high efficiency = 14.5% because the rGO might passivate the 
grain boundaries of the perovskite and thus reduce the surface 
traps to minimize carrier recombination.[45] The rGO:PCBM 
interfacial layer showed almost five times higher PCE (≈8%) 
than neat PCBM after an operational stability test under 
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Figure 5. a) Schematic of the migration of iodide within the PCBM layer. Reproduced with permission.[33] Copyright 2017, The Royal Society of Chemistry. b) Ag 
electrode restoration and the device structure. Yellow crosses represent the Ag electrode exchange points (top). Degradation mechanism of inverted MAPbI3 
PePVs over the degradation time (bottom). Reproduced with permission.[34] Copyright 2017, John Wiley and Sons. c) Schematic of the surface band bending 
in the space charge region (SCR) of the PC70BM semiconductor with or without rhodamine (left top) and the Fermi level pinning and surface band bending 
at the organic semiconductor depending on the WF of silver (left bottom). XRD peak intensity ratio of perovskite devices showing differences in the formation 
of MAPbI3·H2O, AgI, and PbI2 as degradation byproducts (right). Reproduced with permission.[36] Copyright 2017, The Royal Society of Chemistry. d) PePVs 
architecture employing TiO2/PCBB-2CN-2C8 interfacial layer (left). The efficiency evolution of the unencapsulated devices stored on a windowsill in ambient air 
with the humidity of 45–50% (right). Reproduced with permission.[37] Copyright 2015, American Chemical Society. e) Defect energy distribution within complete 
perovskite solar cells with neat (control) and 1 wt% N-DPBI doped C60 electron-transporting layers (1 wt%) both before (pristine) and after aging (aged) for 
25 days in a dry desiccator in air without encapsulation, as indicated in the figure legend (left). Aging for 624 h of encapsulated high-performance perovskite 
solar cells with neat and 1 wt% N-DPBI doped C60 electron-transporting layers (right). Reproduced with permission.[38] Copyright 2016, John Wiley and Sons.
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continuous solar illumination for 50 h and high RH = 50%; the 
VOC and FF of the rGO:PCBM PePVs were almost unchanged 
after continuous light soaking for 100 h under ambient condi-
tion, whereas they degraded significantly in PePVs that used 
pristine PCBM. As a result the interface between perovskite 
and rGO:PCBM was stabilized against degradation induced by 
illumination, air, and moisture due to the enhanced physical 
robustness of rGO:PCBM nanocomposite and surface trap pas-
sivation of perovskite by rGO (Figure 6d).

3.3. Organic Interfacial Layers with Chemical Inactivation

To modify stability and performance, chemically inactive mate-
rials have been used at the interface of PePVs. The interfacial 
materials with large hydrophobicity (e.g., nonpolar molecules 
and fluorinated carbon) can effectively block the moisture infiltra-
tion into a perovskite layer due to the chemical inactivation with 
water,[46,47] then the operational stability can be greatly improved. 
Moreover, the combination with the chemically inactive and the 
self-oriented materials can increase the partial density of the 
materials in interfacial layer and the impacts of chemical inacti-
vation at the interface in PePVs.[48] In addition, the interface elec-
tronic structure was tuned and the recombination process was 
retarded owing to the formation of permanent dipole moments.

Organic interfacial materials with improved hydrophobicity 
increase the device stability significantly because of a reduction 

in the kinetics of moisture-induced degradation mechanisms 
in PePVs. A novel hole-transporting material, 9-(2-ethylhexyl)-
N,N,N,N-tetrakis(4-methoxyphenyl)-9H-carbazole-2,7-diamine 
(EH44) was used at the interface between perovskite and MoOx 
layer in n–i–p PePV. EH44 contains the π-conjugated methoxy-
phenyl groups that enable electronic and charge-transport prop-
erties and the carbazole core with a nitrogen-containing ring 
that allow hydrophobic alkyl functionalization.[46] Moreover, 
the replacement of unstable p-dopant used in spiro-OMeTAD 
can also enhance the chemical inactivation of hole-transporting 
layer. EH44 was doped with an AgTFSI instead of LiTFSI used 
in spiro-OMeTAD. The Li+ cations are highly mobile and hygro-
scopic, so migrate throughout the device stack during opera-
tion and interact with water. However AgTFSI dopant in EH44 
consists of Ag0, which is stable and relatively hydrophobic. As 
a result, the PePV with EH44 retain 94% of their initial effi-
ciency after 1000 h operation test under the combined stresses 
of light (including ultraviolet light), oxygen, and moisture (RH 
10–20%). In ToF-SIMS depth profiling measurement after 
periodic increment of accelerated degradation, the ion migra-
tions from perovskite (CH3NH3

+, CH(NH2)2
+, Cs+, Pb2+, Iˉ) at 

the perovskite/HTM interface are much less intense in EH44 
devices than in spiro-OMeTAD devices. Especially the concen-
tration of Cs+ (one of the A-site cations in perovskite layer) was 
significantly reduced throughout the layer stack after operation 
test, except at the perovskite/EH44 interface. This use of hydro-
phobic and Li+-free EH44 significantly reduced the degradation 
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Figure 6. a) DSC curves of the DM powder with and without dopants (left). Stability of the devices stressed at different temperatures of 60, 70, and 
80 °C in air (≈25% RH) with DM and spiro-OMeTAD (right). Reproduced with permission.[42] Copyright 2018, Springer Nature. b) Dynamic-SIMS profiles 
of the perovskite solar cell devices before and after degradation (upper). Pictures of the perovskite solar cell devices with and without PEI under 85% 
humidity at room temperature after 14 days (below). Reproduced with permission.[43] Copyright 2015, The Royal Society of Chemistry. c) 2D GIWAXS 
image of FTO/d-TiO2/mp-TiO2/perovskite/CuPC (left). Raman spectra of CuPC powder, FAPbI3 powder, and FAPbI3–CuPC composite powder (right). 
Reproduced with permission.[44] Copyright 2008, The Royal Society of Chemistry. d) Evolution PCE of PCBM (black) and rGO:PCBM (red) ETL-based 
PePVs under continuous solar illumination in ambient conditions (≈50% RH). Reproduced with permission.[45] Copyright 2016, John Wiley and Sons.
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of the perovskite layer as a result of moisture and the ion migra-
tion from perovskite across the HTL (Figure 7a).[46]

On the other hand, the dopant-free HTMs were also devel-
oped to enhance the chemical inactivation and the resulting high 
stability of PePVs was achieved. As a dopant-free HTM in n–i–p 
PePV, N2,N2,N2′,N2′,N7,N7,N7′,N7′-octakis(4-methoxyphenyl)-10-
phenyl-10H-spiro[acridine-9,9′-fluorene]-2,2′,7,7′-tetraamine 
(SAF-OMe) was developed by combining subunits of PTAA with 
spiro-OMeTAD. The hole-transporting ability of SAF-OMe was 
dramatically improved with this incorporating triphenylamine 
into the Spiro-core. The contact angle of SAF-OMe (86.6°) was 
larger than that of spiro-OMeTAD (76.1°) due to hydrophobic 
nature of SAF-OMe, therefore the stability of the PePV with 
SAF-OMe was improved than that with spiro-OMeTAD. After 
240 h storage in ambient condition at a relative humidity of 
≈30% without any encapsulation, the PCE of SAF-OMe dropped 
less (39%) than spiro-OMeTAD (53%).[47] Trux-OMeTAD was 
used as a dopant-free HTM in p–i–n PePV. Trux-OMeTAD 
consists of a planar, rigid, and fully conjugated molecules thus 
shows high hole mobility, hydrophobicity (contact angle 90.4°), 
and matched energy level with VBM of perovskites.[48]

A crosslinkable silane-functionalized C60 interfacial layer 
improved the moisture resistivity at the interface between perov-
skite and C60 of p–i–n PePVs.[49] C60-substituted benzoic acid self-
assembled monolayer (C60-SAM) was used to form hydrogen 
bonds with the crosslinking agent, trichloro(3,3,3-trifluoropropyl)
silane. The carboxyl group (COOH) of the C60-SAM material 
formed a strong hydrogen bond with one of the hydroxyl (OH) 
groups on silane (Si), so silicon–oxygen (SiO) bonds were 
generated by the silane-coupling reaction between the C60-SAM 
and silane molecules. Due to the trifluoromethyl groups (CF3) 
at the silane materials, a crosslinked C60-SAM interfacial layer 

showed hydrophobicity that prevented moisture penetration into 
the perovskite layer. A relatively thick interfacial layer is needed to 
increase the water resistivity, but this increase in thickness, and the 
crosslinking process, inevitably increase the device contact resist-
ance at the cathode side. Then, a small amount of MAI was blended 
into the C60-SAM as an n-dopant to improve the electron-extraction 
capability of the crosslinked interfacial layer. The combination of 
crosslinking and doping yielded both high PCE = 19.5 without 
photocurrent hysteresis, and highly stable PePV in an ambient 
environment without resorting to encapsulation (Figure 7b).[49]

Perfluorinated molecules that are incorporated into an 
interfacial layer (e.g., poly(3,4-ethylenedioxythiophene):polysty
rene sulfonate (PEDOT:PSS)) can modify the energy states of 
the interfacial layer and thereby remove the energy offset with 
perovskite and prolong the device stability.[50–52] These effects 
are achieved because the self-organized fluorinated molecules 
form a surface-enriched orientation in the conducting polymer-
based interfacial layers that blocks diffusion of electrode mate-
rials. The self-organized interfacial layer as a HTL of p–i–n 
PePV has a deeper energy state (interface energy state) than 
the Fermi level because the fluorocarbon molecule withdraws 
electrons strongly than the PEDOT:PSS, which is mixed with 
it. As a consequence of these characteristics, the interface 
energy state can be closely aligned with the VBM of perovskite, 
although the Fermi level of the interfacial layer is pinned to the 
gap state or defect state of perovskite. Thus, the energy offset 
between the interfacial layer and perovskite is decreased to form 
nearly Ohmic contact, so VOC can increase linearly depending 
on the interface energy state, whereas Fermi-level alignment 
between the interfacial layer and perovskite was not likely to 
change. In addition, diffusion of impurities (e.g., sulfates, alkali 
metals, In atoms, and Sn atoms) from ITO was impeded by the  
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Figure 7. a) ToF-SIMS profiles taken for fresh and operated devices with the structures, TiO2/perovskite/spiro-OMeTAD/Au (left) and TiO2/perovskite/
EH44/Au (right). Reproduced with permission.[46] Copyright 2018, Springer Nature. b) Photovoltaic performance (black curves) and normalized perfor-
mance (red curves) of the typical perovskite devices with PCBM and 10D-CLCS ETLs in an ambient environment without encapsulation as a function 
of storage time (left). Device structure of the perovskite planar heterojunction solar cells and schematic illustration for the crosslinking of C60-SAM 
with silane-coupling agent. ET, electron transfer (right). Reproduced with permission.[49] Copyright 2016, Springer Nature. c) Open circuit voltage of 
PePV and OPV, and the work function of them versus the difference of the conducting substrate work function (WFSUB) and ionization energy of the 
photoactive layer (IEPAL) (left). Stability measurement of the organic solar cells with self-organized hole extraction layer (SOHEL) kept under continuous 
simulated solar irradiation at 100 mW cm−2 and 25.3 °C (right). Reproduced with permission.[51] Copyright 2014, John Wiley and Sons.
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self-organized fluorocarbon layer at the surface of the con-
ducting polymer-based interfacial layer, and diffusion-blocking 
ability increased with the amount of fluorocarbon, due to its 
good chemical stability and hydrophobicity (Figure 7c).[50]

4. Inorganic Interfacial Layers for Reliable Solar Cells

The stability of the transport layer itself is one of the most 
important influences on device reliability.[53] The transport layer 
must be thermally stable under real operating temperatures.[54] 
Organic materials are generally sensitive to temperature, so 
inorganic materials are superior to them, and are considered 
as promising materials to increase the thermal reliability of 
PePVs. This section presents various inorganic HTLs and ETLs 
for perovskite solar cells. In particular, the influences of the 
inorganic transport layer on robustness and low-temperature 
processing of PePVs are discussed. Additionally, inorganic insu-
lating materials also will be discussed in respect of their impact 
on LT of PePVs. Last, the roles of inorganic interfacial layers on 
tandem devices based on perovskite will be introduced.

4.1. Inorganic Hole Transport Materials

4.1.1. NiOx

Nickel oxide (NiOx) is one of the most promising HTLs for 
perovskite solar cells, because of its large bandgap, high 

transmittance, deep valence band,[55] and compatibility with var-
ious fabrication methods such as spin-coating,[56] electrodeposi-
tion,[57] sputtering,[58] e-beam evaporation,[59] and atomic layer 
deposition (ALD).[60] However, the relatively severe processing 
condition of such inorganic layers restricts their application, so 
most of them have been applied to p–i–n structure; only a few 
studies about NiOx-based n–i–p structure have been reported.

Most of the first inverted perovskite solar cells used 
PEDOT:PSS as the HTL, and showed acceptable PCEs.[61] How-
ever, conventional PEDOT:PSS is acidic and hygroscopic,[62] so 
LT of PEDOT:PSS-based device was inferior.[63] Therefore, NiOx 
was evaluated as an alternative. However, early devices that 
used NiOx were not as good as those that used PEDOT:PSS, 
so various strategies have been used to increase the PCE of 
devices that use NiOx. Doping of NiOx with diverse atoms (e.g., 
Cu,[64] Co,[65] Cs,[66] Ag,[67] Mg,[56c,68] and Li[56c,69]) has increased 
the PCE of NiOx-based perovskite to 20.65%.[56a]

In p–i–n structure, many efficient NiOx-based device uses a 
spin-coated HTL composed of NiOx in which Ni has been par-
tially substituted by Mg and Li.[56a,b] Substitution by Mg caused 
decrease in the VBM, and this change improves the band align-
ment with perovskite.[56c,68] Doping with Li increased the con-
ductivity of HTL, as did other dopants (e.g., Cu and Cs).[64,66] 
Consequently, highly efficient devices were reported based on 
MAPbI3 and FAMAPbI3, and especially, they showed excellent 
long-term thermal stability at elevated temperature of 85  °C 
(Figure  8a).[56b] However, the devices require sol–gel fabrica-
tion, which requires high temperature up to 500  °C, so their 
applications are restricted, and the perovskite layer is delicate, 
so n–i–p structure is hard to fabricate.
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Figure 8. a) Stability data of NiOx-based devices under continuous light soaking and raised temperature. Reproduced with permission.[56b] Copyright 2017, John 
Wiley and Sons. b) SEM image of the cross-section of NiOx nanoparticle-based n–i–p structure PePV. Reproduced with permission.[71a] Copyright 2017, The Royal 
Society of Chemistry. c) Fourier transform-IR spectra of NiOx nanoparticles, which are synthesized through different routes. d) Stability test of differently synthe-
sized NiOx nanoparticle-based PePV (temperature: 85 °C, relative humidity: 85%). c,d) Reproduced with permission.[72] Copyright 2018, John Wiley and Sons.
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Spin-coating of nanoparticles (NPs) is a promising facile 
process to avoid the high temperatures that are used in sol–gel 
fabrication. Dispersed NPs are already crystallized, so the high 
temperature for crystallization is not necessary, so NiOx can be 
used as the interlayer on top of the perovskite layer. Initially, 
NiOx NPs were also used in p–i–n structure, and the devices 
achieved PCE as high as those of devices that used sol–gel 
NiOx.[70] Although the usefulness of NiOx is known, only a few 
reports have considered the n–i–p structure based on NP NiOx, 
and they have PCE < 10%,[71] but shown longer device LT than 
n–i–p devices based on spiro-OMeTAD (Figure 8b).[71a]

The main cause of the low PCE may be the poor physical con-
tact between NiOx NPs and perovskite. NPs are comparatively 
much larger than common organic transport molecules such as 
spiro-OMeTAD, so perovskite/HTL cannot create compact het-
erojunctions. This problem can be eased by adopting additional 
spin-coating of small molecular HTL materials to fill the voids 
in the perovskite/NiOx interface and the NP NiOx layer; this 
method greatly increased the PCE.[71b] Additionally, controlling 
the surface ligand of NiOx NPs is also important to maximize 
device PCE and LT.[57,60a,62] NiOx that is fabricated at low tem-
perature has partially functionalized ligands, mainly hydroxyl 
groups. These ligands are thought to be among the causes of 
degradation at the perovskite/NiOx interface. The functional 
groups in NiOx can be modified by thermal annealing at high 
temperature,[57,60a] but this step would damage the thermosen-
sitive perovskite layers, so it is not suitable for n–i–p structure. 
Instead, surface ligands can be controlled by using a different 
synthesis method. The surface ligand states of NiOx NPs 
are strongly affected by the solvent (e.g., water and ethanol) 
(Figure  8c). So by adopting an appropriate NP synthesis path 
that eliminates formation of hydroxyl groups, devices that had 
controlled interface-functionalized groups were fabricated; as a 
result LT was extended (Figure 8d).[72]

4.1.2. Copper Thiocyanate

Copper thiocyanate (CuSCN) has a deep valence band, high car-
rier mobility, good thermal stability, and high transparency,[73] 
so it has been used as an inorganic HTL in PePVs. CuSCN is 
soluble in solvent such as dipropyl sulfide and can be depos-
ited by precipitation from CuSCN solution. Also, use of CuSCN 
avoids the need to create bonds such as the metal–oxygen bond 
of metal oxide HTL, so annealing is not necessary. Further-
more, materials cost of CuSCN are low and its preparation is 
easy, so it is very attractive for commercialization. Fabrication of 
CuSCN suffers few restrictions, so it has been evaluated for use 
in both n–i–p and p–i–n structures.

CuSCN develops a rough surface when fabricated using 
the conventional solvent, dipropyl sulfide,[74] so early research 
on CuSCN-based p–i–n structure focused on reducing this 
roughness. By changing to a solvent that was more volatile 
than dipropyl sulfide,[75] or using electrodeposition method,[76] 
flat morphology of CuSCN was obtained, and PePVs that used 
these surfaces had increased PCE.

More recently, use of an aqueous processable engineering of 
CuSCN has yielded PCE of up to 17.5% in p–i–n structure.[77] 
However, this is still inferior to those of other HTL-based 

devices. Also the devices that used CuSCN did not show good 
stability, possibly because perovskite degraded at the interface 
with CuSCN during annealing stage of perovskites at elevated 
temperature (Figure  9a).[78] Under thermal stress, degradation 
of perovskite was accelerated regardless of the atmosphere sur-
rounding the CuSCN, and regardless of whether it was atop or 
beneath the perovskite layer.[78] Only properly encapsulated film 
by PMMA showed good thermal stability.

Because of the thermal instability of perovskite at the inter-
face with CuSCN, the n–i–p structure that does not require 
thermal annealing of perovskite/CuSCN interface achieved 
higher PCE than the p–i–n structure.[79] PCE of up to 20.4% 
has been achieved in n–i–p structure with highly compact and 
conformal HTL by dynamically drop-casting the CuSCN on 
the perovskite layer. Also, based on superb thermal stability 
of CuSCN material own, those devices showed longer LT than 
spiro-OMeTAD during thermal stress in 85  °C with encap-
sulated devices (Figure  9b).[79a] Over 80% of initial PCE was 
retained after 1000 h with CuSCN-based devices, on the other 
hands, spiro-OMeTAD-based one retained only less than 60%.

Although CuSCN-based devices showed increased thermal 
stability, their operational stability was still inferior to the 
thermal stability. To solve this problem, additional rGO layer 
upon the CuSCN was adopted and device LT was greatly 
extended (Figure  9c).[79a] The rGO interfacial layer has two 
functions on the CuSCN. One is as an encapsulant for the 
perovskite/CuSCN interface; this result is consistent with an 
observation that encapsulation of CuSCN can suppress the 
perovskite degradation by prohibiting escape of the byproduct 
of degradation.[78] The other function is as a spacer for the 
CuSCN/Au interface where the electric potential can induce 
reaction between CuSCN and Au. Under operational condition, 
electrical bias is applied; it can deform the CuSCN/Au inter-
face and the Au. When the rGO spacer is incorporated, CuSCN 
and Au can be physically separated and the CuSCN/Au inter-
face degradation induced by electrical bias could be blocked.[79a] 
Consequently, when CuSCN is used, its chemical reactions 
with other interfacial layers must be minimized.

4.1.3. CuOx

Copper oxide (CuOx) has an appropriate deep valence band[80] 
and high carrier mobility,[81] and therefore has been evaluated 
for use as the HTL of perovskite solar cells. Solution-processed 
CuOx from a cupric acetylacetonate precursor yielded PCE up 
to 19.0% in p–i–n structure.[82] Devices that used the CuOx HTL 
were more stable than devices that used PEDOT:PSS.[83] How-
ever, CuOx has a relatively low bandgap,[84] so it causes some 
optical loss in p–i–n structure. To avoid this problem, some 
studies have considered devices that have n–i–p structure. Due 
to the difficulty of fabrication CuOx on perovskite layer without 
damage, so a vacuum deposition method such as thermal evap-
oration was used.[85] By using an organic–inorganic integrated 
HTL with a conjugated polymer (a quarterthiophene-based D–A 
conjugated polymer, 5,6-difluorobenzothiadiazole, FBT-Th4) 
and thermally evaporated CuOx, a device with PCE = 18.85% 
was achieved. Additionally, because of hydrophobic nature 
of organic–inorganic integrated HTL than spiro-OMeTAD it 
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shows enhanced encapsulation effect, and perovskite with a 
CuOx interlayer had superior long-term stability of compared to 
spiro-OMeTAD (Figure 10a,b).

A CuOx HTL obtained by sputtering has also been used in 
devices that had n–i–p structure.[86] Low-powered sputtering of 
CuOx combined with nitrogen doping and a spiro-OMeTAD 
buffer layer yielded PCE up to 15.73%.[86b]

To reduce optical loss due to light absorption by CuOx, an 
approach has been developed to adjust its bandgap. By replacing 
some Cu with Ga or Cr (e.g., CuCrO2

[87] and CuGaO2
[88]) the 

bandgap of CuOx can be increased; those materials have also 

been evaluated as HTLs. Most of studies about those materials 
used NP-based spin-coating deposition at low temperature, so 
they could be applied relatively easily to n–i–p structure, in con-
trast with NiOx, which must be solution processed at high tem-
perature. In p–i–n structure, PCE up to 20.54% was reported in 
PePVs that used a p-type CuCrO2 NP HTL.[89] Notably, in the 
n–i–p structure without any additional hole transport materials 
but p-type CuCrO2, a PePV with PCE = 16.25% was achieved.[90] 
Also, the PePV in which the perovskite layer had been capped 
with an inorganic oxide interlayer of CuCrO2 NPs showed 
higher stability under humidity and light than the device with 
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Figure 9. a) Degradation of perovskite film under different coating condition on the perovskite layer (85 °C in ambient environment). Reproduced with permis-
sion.[78] Copyright 2016, John Wiley and Sons. b) Thermal stability of CuSCN-based n–i–p structure PePV (at 85 °C in air; in dark; CuSCN devices are PMMA 
coated; spiro-OMeTAD devices are encapsulated).[79a] c) Operational stability of CuSCN-based n–i–p structure PePV (at maximum power point under 1 sun 
illumination by LED with 60 °C in N2). b,c) Reproduced with permission.[79a] Copyright 2017, The American Association for the Advancement of Science (AAAS).
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the spiro-OMeTAD interlayer which easily degraded by mobile 
dopant ions such as lithium (Figure 10c,d). In p-type PePVs that 
used a CuGaO2 NP HTL, PCE = 20.15% was achieved in p–i–n 
structure by adopting hydrothermally synthesized Zn-doped 
CuGaO2 NPs as the mesoporous HTL on the NiOx.[88] Also in 
n–i–p structure, the PePV with CuGaO2 NPs spin-coated on 
perovskite showed excellent PCE up to 18.51%, with higher 
ambient stability than spiro-OMeTAD, which easily degraded 
by ion additives (Figure 10e,f).[91]

4.1.4. Other Inorganic HTLs

Other inorganic HTLs have been used for reliable PePVs. Molyb-
denum oxide (MoOx) is one of them and it was adopted to both 
p–i–n and n–i–p structures because MoOx can be easily deposited 
by thermal evaporation. It could substitute unstable PEDOT:PSS 
HTL and showed improved LT based on its robustness.[92] Par-
ticularly, considerable LT improvement have been reported when 

MoOx was employed as a buffer layer on the HTL in n–i–p struc-
ture.[93] By suppressing humidity ingression into perovskites 
from outside, it could delay degradation of perovskites and the 
HTL. Moreover, the MoOx interlayer can effectively resist the 
sputtering damage of top electrode deposition (e.g., ITO).[94] By 
using MoOx as a buffer layer, sputtering process could be pos-
sible without damage of perovskites and an organic HTL.

Vanadium oxide (VOx) is also promising materials for HTL 
of PePVs. It used in p–i–n structure by simple solution spin-
coating-based low-temperature synthesis and showed improved 
stability compared to PEDOT:PSS-based PePVs.[95] Especially, 
because VOx can be fabricated at low temperature by ALD,[96] 
it has considerable potential as a buffer layer for reliable n–i–p 
structure PePVs. Similarly to the case of MoOx, ALD VOx also 
could protect perovskites and HTLs from sputtering damage, 
so efficient semitransparent PePVs could be successfully fabri-
cated.[97] In addition, a dense ALD layer act as an effective diffu-
sion barrier from outside and PePVs showed excellent thermal 
stability that no degradation appeared during 1000 h at 85 °C.
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Figure 10. a) Schematic diagram of energy level of CuOx-based PePV.[85] b) Stability test of CuOx-based n–i–p structure PePV compared with spiro-
OMeTAD (humidity: 70–80%). Reproduced with permission.[85] Copyright 2018, The Royal Society of Chemistry. c) HRTEM image of CuCrO2 nanoparti-
cles.[90] d) Stability test of CuCrO2-based n–i–p structure PePV with spiro-OMeTAD (dry and humidity >40%). Reproduced with permission.[90] Copyright 
2018, The Royal Society of Chemistry. e) J–V curve of CuGaO2 and spiro-OMeTAD-based PePV.[91] f) Stability test of CuGaO2-based n–i–p structure PePV 
compared with spiro-OMeTAD (humidity: 30–55%). Reproduced with permission.[91] Copyright 2016, John Wiley and Sons.
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4.2. Inorganic Electron Transport Materials

4.2.1. TiO2

Titanium oxide (TiO2) is generally used as the ETL of solar 
cells because of its high conduction band maximum and wide 
bandgap. Many record-high PCEs were obtained by using TiO2 
as the ETL due to the excellent material properties in the elec-
tron transport.[98] Therefore, extensive research has considered 
perovskite solar cells that use a TiO2 ETL. Most of this research 
was conducted in n–i–p structure, and PCE >  23% has been 
achieved[42,98c] (Figure 11a).

Those devices with TiO2 ETL also showed excellent thermal 
and operational stability (Figure 11b,c).[99] However, most of the 
stability tests were performed using UV-free light spectra by 
LED lamp or UV-filtered condition. The reason for this choice 
is that the TiO2 interlayer is very unstable under UV, and this 
is a serious limitation of photovoltaic devices that use TiO2. 
This UV instability has two main causes. The first is photocata-
lytic reaction of TiO2 with the perovskite layer, which degrades 
perovskite to PbI2.[100] The second is formation of oxygen-
vacancy deep-trap sites in TiO2, accompanied by desorption 
of O2 (Figure  11d).[101] The deep traps provide recombination 
centers, and this recombination decrease the PCE of device. 
The detachment of adsorbed O2 accompanying formation of 
oxygen vacancies in TiO2 is the main cause of its instability 
under UV. To improve the stability to UV in PePVs that use a 
TiO2 ETL, two main methods have been used.

The first approach is to decrease the amount of oxygen 
vacancies in TiO2. Doping with trivalent atoms such as Al or 

Nb[102] instead of tetravalent Ti atoms, the amount of oxygen 
vacancies can be reduced. Also, use of a reduced-dimensional 
titania sheet decreased the amount of oxygen vacancies in the 
TiOx and increased its UV stability.[103] The second approach 
is to use materials to encapsulate oxygen vacancies at the sur-
face of TiOx.[93b,104] By adding encapsulating molecules such 
as dopamine during NP synthesis process that can strongly 
interact with uncordinated Ti atoms in place of O2 molecules, 
the number of adsorbed oxygen molecules on TiO2 could be 
reduced and the UV stability was increased (Figure 11e).

In addition, many research works were reported to pas-
sivate defect of TiO2 by inserting a passivation layer between 
an ETL and a perovskite layer. Many materials such as an 
organic acid,[105] fullerene derivatives,[37,106] and polymers[107] 
are adopted as a passivator. By first-principle density-func-
tional theory calculation, it was predicted that carboxylic 
acid could be bonded to peripheral Ti atom by electron  
donation. Actually, based on passivated surface of TiO2 by 
acid, improved UV stability was shown that over 90% of initial 
PCE was retained after 450  min of UV illumination. On the 
other hand, bare TiO2-based PePVs retained 30% of initial PCE 
only after 180  min.[105a] Fullerene derivative is another effec-
tive interlayer that could passivate defects without deteriora-
tion of electron transport ability in PePVs. Based on fullerene 
building blocks, which can efficiently transfer electrons, Lewis 
base group such as cyano-group was attached to passivate 
oxygen vacancies of TiO2 surface. By employing functional-
ized fullerene on TiO2, enhanced UV stability were shown that 
over 60% of initial PCE was retained after 500 h illumination 
of natural sunlight without any encapsulation. Whereas bare 
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Figure 11. a) J–V curve of highly efficient TiO2-based PePV. Reproduced with permission.[98c] Copyright 2019, Springer Nature. b) Stability test of 
TiO2-based n–i–p structure PePV (maximum power point tracking under continuous 1 sun illumination by LED with 85 °C in N2). Reproduced with 
permission.[99a] Copyright 2016, AAAS. c) Stability test of TiO2-based n–i–p structure PePV (maximum power point tracking under continuous 1 sun 
illumination by UV filtered light in N2). Reproduced with permission.[99b] Copyright 2017, AAAS. d) Schematic diagram of mechanism for UV induced 
degradation. Reproduced with permission.[101] Copyright 2013, Springer Nature. e) Stability test of modified TiO2-based n–i–p structure PePV (under 
continuous full sun illumination in N2, UV included). Reproduced with permission.[104a] Copyright 2019, Elsevier.
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TiO2-based PePVs was almost completely degraded only after 
120 h.[37] Also, polymer material which has plenty of ionic func-
tional groups was reported as a TiO2 defect passivator. Heparin 
sodium, which possesses abundant anionic carboxylate and 
sulfate groups, was applied to the surface of TiO2. Because of 
interaction between anionic groups and Ti atom, passivation 
of defects was derived and improved LT of PePVs in ambient 
atmosphere was observed than bare TiO2-based PePVs.[107]

Although TiO2-based PePVs with n–i–p structure showed 
very high PCE over 23% and lots of works were reported, only 
a few reports have presented TiO2 in p–i–n structure. The 
main reason for this rarity is that high temperature (≈450 °C) 
is required for pyrolysis synthesis by a sol–gel process, so it is 
not applicable to on top of a perovskite layer. Furthermore, film 
fabrication that uses TiO2 NPs is also difficult due to the lack 
of appropriate solvent to disperse TiO2 NPs without damage to 
underneath perovskite layer.

To solve the first problem, a low-temperature sol–gel method 
was used instead of the high temperature sol–gel method to 
fabricate a p–i–n structure that combined a TiOx layer with a 
PCBM ETL.[56c] The combination extended device LT compared 
to a device that used only a PCBM ETL. The improvement 
occurred because the TiOx layer encapsulated the perovskite 
and PCBM to protect them from atmospheric oxygen and mois-
ture, and from reaction with the electrode.[108] However, the low-
temperature method yielded an amorphous TiOx layer which 
has limited electron transport ability, so the device has low 
PCEs. Also, low-temperature ALD-derived TiO2 was adopted 
on a PCBM ETL. Based on compactness of the ALD layer, 

moisture resistance and LT of PePVs were enhanced. Because 
of amorphous nature of low temperature ALD TiO2, however, 
charge transport ability of TiO2 was also low.[109] Therefore 
thickness control of TiO2 is considerably important for efficient 
and stable devices when using ALD TiO2.

4.2.2. SnO2

Tin oxide (SnO2) is easier to fabricate than TiO2, so perovskite 
solar cells that use a SnO2 ETL have also been evaluated. 
SnO2 also has high electron mobility, chemical stability, wide 
bandgap, and a conduction band maximum that is well-aligned 
with perovskite, so SnO2 is suitable for use as the ETL in 
perovskite devices.[110] Various fabrication methods such as spin 
coating precursor[111] and NP,[112] chemical bath deposition[113] 
and ALD [114] at relatively low temperature were reported, and 
PCE of 23.56% in n–i–p structures have achieved with SnO2 as 
the ETL (Figure  12a).[115] These devices also showed extremely 
high stability against thermal and operational condition 
(Figure  12b,c),[46,116] and outstanding UV stability compared 
with devices that use TiO2 as the ETL.

Similarly to TiO2, stability and performance of PePVs based 
on SnO2 are also influenced by defects of SnO2. Fullerene deriv-
atives were adopted on SnO2 to passivate defects.[117] By func-
tionalizing fullerene with Lewis base group such as hydroxyl 
group, effective passivation of oxygen-vacancy-derived defects of 
SnO2 was observed by peak shift of XPS.[117a,b] Based on passi-
vated SnO2, reduced recombination and enhanced performance 
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Figure 12. a) J–V curve of highly efficient SnO2-based PePV. Reproduced with permission.[115] Copyright 2019, Springer Nature. b) Stability 
test of SnO2-based n–i–p structure PePV (continuous heated at 85  °C in N2). Reproduced with permission.[116b] Copyright 2019, Elsevier. c) Sta-
bility test of SnO2-based n–i–p structure PePV (maximum power point tracking under continuous 1 sun illumination). Reproduced with 
permission.[116a] Copyright 2019, AAAS. d) Stability test of SnO2-based p–i–n structure PePV compared to varied HTL and ETL combina-
tion (relative humidity: 70–80%). Reproduced with permission.[125] Copyright 2016, John Wiley and Sons. e) Schematic structure diagram of  
ALD SnOx capped p–i–n structure PePV. Reproduced with permission.[126b] Copyright 2018, American Chemical Society. f) Stability test of p–i–n structure 
PePV compared with respect to existence of ALD SnOx layer (continuous heated at 60 °C in N2).[126a]
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could be obtained. Moreover, they showed improved stability 
that more than 90% of initial PCE was retained after 500 h 
in operating condition. On the other hand, bare SnO2-based 
PePVs retained only 40% in the same condition.[117a] In addi-
tion, because benzene ring is facile to be functionalized, many 
benzene-derivative-based passivators were also reported.[118] In 
order to passivate defects of SnO2, electron donating ability is 
important. In accordance with required nature of passivators, 
other molecule-based strategies were also reported such as tri-
phenylphosphine oxide.[119]

For the SnO2 NP-based PePVs, ligands of NPs also con-
siderably affect performance and stability of PePVs. Ligands 
are a critical aspect of NP because proper plural ligands are 
required for dispersion of NPs and also they can hinder charge 
transport.[120] In addition, it was reported that effective ligand 
removal process after fabrication of SnO2 NP film can improve 
LT of PePVs. The PePVs using ligand-removed SnO2 film 
retained over 80% of initial PCE after 100 h of operational con-
dition. However, the device using bare SnO2 film retained only 
40% in the same condition.[121] Furthermore, improved stability 
by capping NPs with ligands that can passivate defects of SnO2 
were reported. Such as ammonium sulfide,[122] phosphoric 
acid,[123] and 2,2,2-trifluoroethanol[124] were used for capping 
SnO2 NPs. For the case of 2,2,2-trifluoroehtanol, the PePVs 
using defect-reduced SnO2 NPs showed improved LT that over 
90% of initial PCE was retained after 720 h in ambient atmos-
phere. On the other hands, the PePVs using nonpassivated 
SnO2 NPs retained only 75%.[124]

SnO2 has also been used in p–i–n structure. SnO2 NP 
has been used on top of perovskite layer to fabricate p–i–n 
PePVs.[125] The SnO2 NP film was synthesized using a hydro-
thermal method that achieved high crystallinity, so SnO2 NPs 
could be deposited relatively thickly (120 nm) without reducing 
the PCE. The PePV that used SnO2 NP film had PCE = 18.8%. 
The thick SnO2 NP interlayer also protected the perovskite 
from air, so the devices were had longer LT than PePVs that 
used only C60. PePV with SnO2 retained over 80% of initial 
PCE after 30 days in 75% humidity condition, but PePV without 
SnO2 degraded almost completely after only 20 days in same 
condition (Figure 12d).

SnO2 has also been was fabricated by ALD to improve the 
stability of devices.[126] SnO2 has a benign conduction band 
maximum, and therefore can be in combination with another 
electron transport materials such as C60, PCBM and Al-doped 
zinc oxide (AZO). Although the SnO2 layer obtained using 
ALD is very thin, it could extend the device LT dramatically 
(Figure 12e,f) because ALD SnO2 is highly dense and compact, 
so it provides a substantial encapsulation effect against external 
environment.

4.2.3. Other Inorganic ETLs

Other inorganic ETL have been used; examples include barium 
tin oxide (BaSnO3), zinc oxide (ZnO), and cerium oxide 
(CeOx). BaSnO3 has a wide bandgap and high conduction band 
minimum. Also it has better UV stability than TiO2, and the 
electron mobility can be increased by La doping, so BaSnO3 is a 
good candidate for an ETL in PePVs. An n–i–p structure perov-

skite solar cell could be fabricated using colloidally synthesized 
La-doped BaSnO3; compared to a device that used TiO2, the 
PePV that used BaSnO3 had higher PCE because of the supe-
rior electric properties of La-doped BaSnO3, and also had good 
UV stability (Figure 13a,b).[127]

ZnO[128] and CeOx
[129] functional oxide materials have desir-

able electronic properties such as high electron mobility and 
appropriate band energy level for ETL of PePV. In addition, 
their NPs can be synthesized easily, so they are used as the ETL 
in p–i–n structure. The NPs could be deposited on perovskite 
layers by a low-temperature process, and device LT in ambient 
environment could be extended. The main reason for the 
increased stability compared to PCBM in ambient atmosphere 
is that oxide films encapsulate the perovskite and thereby block 
permeation of oxygen and moisture. The films also efficiently 
prevent chemical reaction of the electrode with the perovskite 
(Figure 13c–f).

4.3. Inorganic Insulating Oxide Materials

Inorganic insulating oxide materials such as alumina 
(Al2O3),[130] zirconia (ZrO2),[131] and silica (SiO2)[132] were used 
in considerably stable PePVs. Based on their excellent physical 
robustness, they were used mostly as a scaffold of PePVs. Also 
because they have high level of CBM and low level of VBM, 
insulator scaffolds can effectively block the back diffusion of 
extracted charge carriers.[131] In addition, insulator oxides also 
can be adopted as a spacer to avoid direct contact of perovskites 
with electrodes,[130a] HTL, or ETL.[130b] By separating electrodes 
from direct contact with perovskites, shunt current was consid-
erably reduced and LT was improved.[130a] In contrast to other 
layers of PePVs, above-mentioned scaffold and spacer layers are 
mostly fabricated by spin-coating NPs which has little bit large 
particle size (20–50  nm) and has very porous structure. The 
reason is intrinsically low electrical conductivity of insulting 
oxides, which hinder the charge transport in PePVs when they 
are dense and thick. So designing insulating scaffold structure 
without increase of charge transport resistance is very impor-
tant and challenging, thus this is the one of reasons of lower 
performance in printable PePVs than common p–i–n and n–i–p 
PePVs currently.

Another effect of insulating oxides on LT was found when 
ALD Al2O3 was incorporated. Alumina can be deposited at 
low-temperature by ALD, and considerable LT increase was 
reported in Al2O3-employed PePVs. The Al2O3 layer in PePVs 
were incorporated at various positions such as ETL/perov-
skite,[133] HTL/perovskite,[134] HTL/electrode[135] and even on the 
fabricated PePVs.[136] The main cause of improved LT is forma-
tion of highly compact and conformal layer of ALD Al2O3 that 
can effectively block the diffusion of atoms in PePVs. When it 
was employed inside of PePVs, however, the thickness of the 
layer critically influences on performance due to its low elec-
trical conductivity. A very thin layer that permits the tunneling 
of charge carriers is needed. Only restricted thickness and 
encapsulation effect is allowed in case of insulating materials. 
So, to fully utilize potential of LT enhancement by ALD, semi-
conductor material-based ALD layers are required which have 
good charge transport ability.
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5. Interfacial Layers for Reliable Monolithic 
Tandem Solar Cells

The PCE of PePVs has been remarkably increased in a short 
period. However, the PCE that can be obtained in single-junc-
tion solar cells has a theoretical limit that is mainly imposed by 
the thermalization process. Photons in the solar spectrum have 
a wide range of energy, so the excited electrons in the absorber 
initially have a wide distribution of energy above the CBM. How-
ever, in a very short time, the electrons that have high energy 
lose some as thermal energy and descend to an energy state that 
is near the CBM; this decay is called thermalization process. To 
reduce dissipation of energy by thermalization and increase the 
PCE of solar cells, tandem solar cells have been developed; they 
use many absorbers. High-energy photons from the solar spec-
trum are absorbed by an absorber that has a wide-bandgap, and 
low-energy photons are absorbed by only an absorber that has a 

narrow-bandgap. So thermalization can be reduced and theoret-
ical PCE is higher in tandem solar cells than in single-junction 
solar cells. Monolithic perovskite tandem solar cells differ in two 
ways from perovskite single solar cells.

The first difference is the nature of the electrode on the illu-
minated side. Perovskite solar cells for tandem systems should 
be semitransparent to permit transmission of low-energy pho-
tons to the low-bandgap absorber; therefore, the commonly 
used metal electrode (e.g., Ag, Cu, and Au) should be replaced 
by transparent electrodes. Transparent electrodes that use 
transparent conducting oxides (TCOs) such as AZO, IZO, and 
ITO[137] or a thin metal layer[138] can be deposited using vacuum 
processing, and transparent electrodes that use conducting 
nanowires[139] or NPs[140] can be deposited using solution pro-
cessing. However, most reported perovskite tandem devices 
have used a sputtered TCO electrode because of its relatively 
dense layer, and because it increases device stability.[137b,141]

Figure 13. a) J–V curve of LBSO and TiO2-based perovskite devices. Reproduced with permission.[127] Copyright 2017, AAAS. b) Stability test of LBSO-
based n–i–p structure PePV compared with TiO2 (under continuous 1 sun illumination by metal-halide lamp light in N2, UV included).[127] c) SEM image 
of ZnO nanoparticle-based p–i–n structure PePV. Reproduced with permission.[128a] Copyright 2015, Springer Nature. d) Stability test of ZnO-based 
p–i–n structure PePV compared with organic transport layer (ambient condition, humidity: 30–50%). Reproduced with permission.[128a] Copyright 
2015, Springer Nature. e) SEM image of CeOx nanoparticle-based p–i–n structure PePV. f) Stability test of CeOx-based p–i–n structure PePV compared 
with varied ETL combination (ambient condition, humidity: 30%). e,f) Reproduced with permission.[129] Copyright 2018, American Chemical Society.
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The second difference in tandem solar cells is in the exist-
ence of recombination layer, also called the interconnection 
layer. Extracted carrier from the narrow-bandgap absorber 
recombines with carriers that have been extracted from the 
wide-bandgap absorber at the recombination site in the inter-
connection layer. The connection is similar to a series connec-
tion in a circuit. Two kinds of recombination layer have been 
used; one is made by a tunnel junction[142] and the other is 
made by a TCO layer.[143]

Tandem with silicon (Si), copper indium gallium disele-
nide (CIGS), and low-bandgap perovskite absorbers have 
been mainly studied, because of their appropriate bandgap for 
the bottom subcell of a tandem structure, and a conventional 
perovskite absorber for the top subcell. Si–perovskite tandem 
solar cells can be built in two configurations depending on the 
direction of charge extraction. If the recombination-layer side of 
the Si cell is terminated by p-type absorber, the perovskite solar 
cell should be fabricated in n–i–p structure to extract holes 
from the Si cell and electrons from the top n–i–p cell toward 
the recombination layer,[144] but if the recombination-layer side 
of the Si cell is terminated by n-type absorber, the p–i–n should 
be used.[145] For a CIGS–perovskite and a perovskite–perovskite 
tandem device that combines a low-bandgap perovskite with a 
wide-bandgap perovskite, mostly p–i–n structured perovskite 
subcells are adopted because most of CIGS and low-bandgap 
perovskite subcells are fabricated by p–i–n structure.[146]

The main problem in fabrication of perovskite tandem 
devices occurs when the top TCO electrode is deposited. 
During the sputtering process, common organic CTL such 
as spiro-OMeTAD and PCBM can be degraded by sputtering 
damage; the consequence is a decrease in PCE.[147] So to achieve 
an efficient tandem device, an appropriate interfacial buffer 
layer must be placed between the organic CTLs and TCO, to 
protect the organic transport layer from damage during sput-
tering. As the interfacial buffer layer, inorganic oxide materials 
such as zinc oxide and tin oxide have been mostly used which 
can protect organic CTLs and also have charge transport ability 
in tandem solar cells.[143,146a] However, because of restrictions 
on fabrication of an inorganic layer on top of the perovskite 
layer, some strategies to fabricate the buffer layer have been 
developed.

Spin-coating already-crystallized NPs at low temperature is 
one such method. Using ZnO NPs as the buffer layer on PCBM 
ETL has yielded highly efficient CIGS–perovskite[148] and Si–
perovskite[125] tandem devices (Figure 14a,b). ALD has also been 
used to synthesize oxides such as AZO, SnO2, and ZTO at low 
temperature which are also efficient buffer layers for tandem 
devices. Many efficient Si–perovskite,[150] CIGS–perovskite,[146a] 
and low bandgap perovskite–wide bandgap perovskite[150] 
tandem device have used such ALD fabricated oxide buffer 
layers, and have achieved PCE up to 25.5%[149c] (Figure 14c–e). 
Especially, despite the less thickness (≈20  nm) of the TCO 
layer, it shows an excellent encapsulation effect to protect the 
perovskite from outside due to the great compactness of ALD 
layers. So even with thin TCO recombination layer, the under-
neath subcell can be protected during additional solution pro-
cesses for another subcell of perovskite–perovskite tandem; this 
is an advantage of using an ALD buffer layer for perovskite–
perovskite tandem devices.[150a] Thermal evaporation has been 

used to produce oxides such as MoOx for use as buffer layers. 
MoOx is mostly used in n–i–p structure Si–perovskite tandem 
structures on spiro-OMeTAD.[151] Some reports of perovskite–
perovskite tandem used MoOx with thin silver as the buffer 
layer (Figure 14f–h).[152]

6. Conclusion

This work has reported the critical influence of the interfacial 
layers to overcome various degradation process that mostly 
occur at the interface of stacking layers in single-junction and 
tandem PePVs. To overcome the notorious degradation of 
perovskite under thermal energy, illumination, water, oxygen, 
electrical bias, and their combinations, and the resulting various 
degradation mechanisms are presented systematically. They 
include decomposition of organic cations in perovskite (e.g., 
MA+ and FA+), generation of inorganic byproduct in perovskite 
(e.g., PbI2 and metallic Pb), superoxide or trap sites at interface 
of CTLs, defects by excess charge carriers in perovskite, migra-
tion of metal electrode into perovskite, and migration of ions 
(anions, cations) from perovskite. To reduce the effect of each 
degradation process in PePVs, various organic or inorganic 
interfacial layers are introduced, and their stabilizing mecha-
nisms have been described. The stabilization at the interface 
could be caused by several mechanisms, including passivating 
of perovskites or CTLs from air, inactivating defects or traps, or 
blocking migration of ions from perovskites or impurities into 
perovskites.

The stabilization processes at the interface of perovskite 
layer are revealed to be effective and crucial to increase the 
operational stability of PePVs. Therefore, the special stabili-
zation functionalities were examined for organic interfacial 
layers (defect passivating organic materials, physically robust 
organic materials, and chemically inactive organic materials) 
or inorganic interfacial layers (robust inorganic materials and 
inorganic materials processed at low temperature). The stability 
of PePVs to resist thermal, light, and ambient air stress is sig-
nificantly increased by use of various interfacial layers and the 
corresponding stabilizing processes. Due to a number of effects 
at the interface of perovskite, the interfacial layers also have 
important functions to prevent possible operating damages in 
perovskite tandem devices.

To reduce the multiple degradations in PePVs, at least one 
of the inorganic or organic interfacial materials can be incorpo-
rated considering the charge transport capability and the device 
architecture. The operating stability of PePVs with various inter-
facial layers are compared in Figure  15. In order to quantify 
the enhanced stability of PePVs with interfacial layers despite 
each different operating criterion (e.g., illuminating power, light 
source, UV incorporation, temperature, gas atmosphere, and 
applying bias for MPP), the degradation of the operating device 
with interfacial layer is compared based on their reference 
device. PCE of PePV with interfacial layer (PCEint) is divided by 
PCE of controlled reference PePV (PCEref) at the moment when 
the operation of control device ended finally (Figure 14, y-axis). 
It shows a relative stability of PePVs with interfacial layers com-
pared to control device without the interfacial layer, and then the 
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variation of operating criteria for stability test can be regarded 
less. Furthermore, the half-lifetime of PePVs with interfacial 
layer is calculated in order to quantify an operating time scale 
of PePVs with interfacial layers (Figure 14, x-axis). As an ETL in 
n–i–p PePVs, the UV stable oxides (e.g., tin oxides) and the sta-
bilized TiO2 by an organic interfacial layer (e.g., TiO2-dopamine) 
are prominent to improve the stability of PePVs compared to 
pristine TiO2. In p–i–n PePVs, the stabilized fullerene deriva-
tives are significantly effective for improving the PePV stability 
as ETLs (e.g., rGO:PCBM, PCBM/CeOx, and C60:N-DPBI) and 
HTL (e.g., C60-SAM)). We conclude that the interfacial materials  

with defect passivation, physical robustness, or chemical inac-
tivation can solve the instability of PePVs by replacing or modi-
fying pristine TiO2 or fullerenes. Therefore, as a perspective on 
the future research, the introduction of the defect-free or defect-
passivated inorganic materials and the stabilized organic–inor-
ganic hybrid materials are prominent solution to commercialize 
the stable PePVs. We believe that this work provides a helpful 
perspective on methods to prolong the device lifetime of PePVs 
by using organic or inorganic interfacial layers, and of the main 
stabilization strategies to retard degradation processes at the 
interface of perovskite layers in PePVs.

Figure 14. a) SEM image and schematic diagram of ZnO nanoparticlebased Si–perovskite tandem device. Reproduced with permission.[143]  
Copyright 2019, Cell Press. b) SEM image of ZnO nanoparticle-based CIGS–perovskite tandem device. Reproduced with permission.[148] Copyright 2019,  
Elsevier. c) Schematic diagram ALD buffer layer employed Si–perovskite tandem device and d) their J–V curve. Reproduced with permission.[149a]  
Copyright 2019, Elsevier. e) SEM image ALD buffer layer employed perovskite–perovskite tandem device. Reproduced with permission.[150a] Copyright 2019,  
Elsevier. f) Schematic diagram of evaporated MoOx-based Si–perovskite tandem device.[151a] g) SEM image evaporated MoOx-based perovskite–perovskite  
tandem device and h) their J–V curve. Reproduced with permission.[152] Copyright 2018, Springer Nature.
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