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device relies on the efficient extraction 
of the photogenerated carriers before 
their recombination. The charge extrac-
tion efficiency plays a pivotal role in the 
photovoltaic performance in terms of 
current density (Jsc) and fill factor (FF). 
Notably, the photoinduced charge sepa-
ration and collection junction is the 
boundary between PVSK with electron/
hole transport layer (ETL/HTL) at which 
photogenerated excitons are dissociated 
into charge carriers. Therefore, appro-
priate interfacial band bendings, a better 
interface quality are effective strategies 
toward developing highly efficient cells. 
In addition, the poor contacts at the inter-
faces between various layers result in a 
low charge extraction efficiency and high 

series resistance.[3] Besides, the nonradiative recombination 
caused by the defects and impurities at PVSK grain boundaries 
(GBs) are the leading causes for the open-circuit voltage (Voc) 
loss.[4–8]

The long-term stability of PSCs and their degradation mech-
anism is under intense investigation.[9] Researchers have wit-
nessed the rapid degradation of 3D PVSK when it is exposed 
to moisture, oxygen, elevated temperature, and UV light.[10] 
The primary reason for the instability is the moisture-induced 
degradation.[11] Apart from the inherent stability of PVSK, 
the stability issue of PSCs is also related to other constituent 
material and interfacial properties in the cells. Recent studies 
have already demonstrated that GBs provide an infiltrating 
pathway for oxygen and moisture and subsequently cause the 
decomposition of the entire film.[12] By forming highly ionic-
conducting pathways, GBs aggravate hysteresis during device 
operation.[13–16] And hysteresis behavior interferes with PVSK 
degradation processes. Consequently, interface engineering for 
efficient and stable PSCs is a realistic path toward a commer-
cially viable device.

In this review, we discussed the influence of interfacial 
charge recombination, extraction, collection on the perfor-
mance of PSCs, as well as the degradation process and hyster-
esis behavior of perovskite systems. Furthermore, we summa-
rized the impacts of defects at GBs for a better understanding 
of the role of GBs. In particular, we focus on interface engi-
neering pertaining to the performance and longevity of PSCs. 
We have surveyed recent interface engineering developments 
toward stable, high-performance PSCs, which includes strate-
gies for the large-crystal PVSK thin films, passivation of GBs, 
multidimensional PVSK, and better energy-band alignment in 
a cell. Finally, we reviewed prospects in the field.

Rapid progress in the domain of perovskite solar cells (PSCs) has boosted the 
power conversion efficiency (PCE) of such cells to 25.2%. However, the long-
term stability of a high-performance PSCs is still the foremost concern that 
hinders its practical application. The interfaces are considered as the key part 
that determines the overall device performance and longevity. These inter-
faces include the intralayer grain boundaries (GBs) inside the perovskites, the 
interface between perovskites with electron/hole transport layer (ETL/HTL), 
and the interface of ETL/HTL with top/down contacts. To acquire a deep 
and detailed understanding of the impacts of interfacial properties, herein, a 
concise overview of recent interfacial engineering strategies with the aim of 
minimizing traps, promoting carrier extraction, and improving stability are 
summarized.
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1. Introduction

Solar energy is the most abundant and ecofriendly source 
of renewable energy. The newly emerged organic–inorganic 
halide perovskite (PVSK) materials with the structure of ABX3 
wherein A is methylammonium (MA), formamidinium (FA), 
or cesium (Cs); B is Pb or Sn; and X is Cl, Br, or I, are prom-
ising candidates for photovoltaic systems. Over the past seven 
years, the power conversion efficiency (PCE) of perovskite 
solar cells (PSCs) has increased at an unprecedented rate, with 
efficiency currently touching 25.2% (certified) in 2019.[1,2] The 
exponential progress can be attributed to the excellent photo-
electronic properties of PVSK, including high carrier lifetime, 
long diffusion length, high light absorbance, etc., and its low-
temperature processability reduces the energy cost associated 
with manufacturing.

High-performance PSCs are dominated by 3D PVSK, for 
instance, MAPbI3, FAPbI3, and their mixtures. Regardless 
of the promising properties of PVSK, the high-performance 
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2. The Impacts of GBs

Defects at GBs in the polycrystalline thin films are unavoid-
able, and they play a critical role in optoelectronic properties 
as previously reported for GaAs,[17–19] CdTe,[20,21] poly-Si,[22] and 
copper indium gallium selenide (CIGS).[21,23] This is due to the 
significantly changed charge carrier dynamics by the vacancies, 
interstitials, distorted bond angles and bond distances at the 
GBs.[24] Different from the materials mentioned above, PVSK 
was reported to be a promising photovoltaic candidate with a 
high defect tolerance.

Density-functional studies show that intrinsic bulk defects 
(i.e., Schottky defects and Frenkel defects) do not create deep 
trap states.[25] The illustration of ideal crystal, Schottky defects, 
and Frenkel defects can be found in Figure 1a–c. The Schottky 
defects, for instance, PbI2 and MAI vacancy, do not create a trap 
state. However, they diminish carrier lifetime. Frenkel defects, 
for instance, Pb, I, and MA vacancies form shallow levels near 
band edges.[25] The first principle density-functional theory 
calculations were performed by Yin et  al.[26] The result shows 
that dominant point defects inside MAPbI3 grain are interior 
form shallow states. However, shown in Figure 1f, the antisites 
donate deep-level trap states in PVSK.[27] This illustrates that 
the PbPb and II wrong bonds form deep-level trap states. 
To understand the interaction of two grain at GBs, models of 
polycrystal MAPbI3 with different distances between two GBs 
were constructed.[28] The result shows that when the widths 
between two GBs reach 38.32 Å, there will be no II wrong 
bond and PbPb wrong bond at GBs. Such a distance will 
make the interaction of two grain negligible. The defects at GBs 
mainly contain dangling bonds. The benign GBs properties 
could be attributed to the shallow defects states made by the 
dangling bonds. On the other hand, a study illustrated that the 
II wrong bond at PVSK GBs (Figure 1d) only creates shallow 
states close to the valance band maximum(VBM).[29] These 
results explain why polycrystalline PVSK has excellent charge 
transporting property and high Voc compared with other photo-
voltaic thin films. The shallow defects states are not as crucial 
as the deep-level trap states. However, a study shows that the 
shallow defects created by II wrong bond at GBs trap holes 
and increases the effective mass of holes.[29]

Even though simulations show that the intrinsic defects in 
PVSK are benign, experimental observations prove that defects 
at GBs accelerate the nonradiative recombination and deterio-
rate PVSK optoelectronic properties in terms of carrier diffu-
sion length,[30,31] carrier lifetime,[32,33] mobility,[34] etc. Carrier 
lifetime and diffusion length are commonly used as indicators 
of PVSK quality. The measured diffusion length of the MAPbI3 
single crystal is 175 mm under 1 sun (100 mW cm−2) illumina-
tion.[30] Whereas, the diffusion length of polycrystalline MAPbI3 
film is in the order of 100 nm.[35] The photoluminescence (PL) 
time decay trace on a MAPbI3 single crystal was performed. 
The carrier lifetime for MAPbI3 single crystal was estimated to 
be τ ≈ 22 and 1032 ns with biexponential fits.[32] The huge car-
rier lifetime and diffusion length suggest that photogenerated 
carriers encounter GBs before recombination.[36] Moreover, 
MAPbI3 GBs are explicitly associated with PL quenching, 
which was verified in confocal fluorescence microscopy cor-
related with scanning electron microscopy.[31] This result also 

suggests that GBs are not as benign as previous theoretical 
calculations.[26]

These raise the question as to why GBs accelerate the elec-
tron–hole recombination. Long et al.[36] witnessed notably accel-
erated nonradiative recombination at MAPbI3 GBs by using 
non-adiabatic molecular dynamics combined with time-domain 
density functional theory. Their work revealed that the defects 
at GBs reduce the bandgap and enhance the electron–phonon 
non-adiabatic coupling. Similarly, Duan et  al.[37] identified 
defect state distribution in the MAPbI3 and revealed a defect 
state ≈0.16  eV above the VBM through admittance spectros-
copy. Based on their theoretical calculations, the defect state 
is probably due to iodide interstitials serving as nonradiative 
recombination centers. Bischak et  al.[38] observed significant 
GBs accelerated electron–hole recombination in polycrystalline 
MAPbI3 thin film through cathodoluminescence microscopy.

The hysteresis behavior is another hindrance for PVSK mate-
rials to achieve reliable high performance. The possible mecha-
nisms for hysteresis were trapping and detrapping of carriers, 
ferroelectric property, and ion migration. GBs are proved to be 

Yiyi Zhu received her bach-
elor’s and master’ degrees 
in Materials Science and 
Engineering from Central 
South University, China. She 
is currently a Ph.D. student in 
the Department of Electrical 
Engineering and Computer 
Sciences at Hong Kong 
University of Science and 
Technology under the supervi-
sion of Prof. Zhiyong Fan. Her 

research focuses on developing highly efficient and stable 
perovskite photovoltaics.

Zhiyong Fan received his 
B.S. and M.S. degrees in 
physical electronics from 
Fudan University, Ph.D. 
degree from University of 
California, Irvine in Materials 
Science. From 2007 to 2010, 
he worked in University 
of California, Berkeley as 
a postdoctoral fellow in 
department of Electrical 
Engineering and Computer 

Sciences, with a joint appointment with Lawrence Berkeley 
National Laboratory. In May 2010, he joined the faculty 
of Hong Kong University of Science and Technology and 
currently he is a professor at Department of Electronic and 
Computer Engineering. His interests are on the design 
and fabrication of novel nanostructures and nanomaterials 
for high-performance optoelectronics, energy harvesting 
devices, and sensors.

Adv. Mater. Interfaces 2020, 2000118



www.advancedsciencenews.com

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2000118 (3 of 15)

www.advmatinterfaces.de

charge accumulation sites and accelerate hysteresis behavior. 
Furthermore, compared with vacancy assisted ion migration 
inside the grain interior, the ion migration activation energy at 
GBs is much lower.[15] This can be ascribed to the more open 
space, dangling bonds and lattice distortion at GBs.[16] Figure 1e 
illustrated the channel of ion migration facilitated by open 
space and dangling bonds at GBs. Therefore, GBs are short-
cuts for ion migration and aggravate the undesired hysteresis 
behavior of PVSK solar cells. Moreover, GBs provide the pene-
tration pathway for oxygen and moisture, thereby GBs consider 
as the most vulnerable sites for PVSK degradation.[12,39,40]

3. Intralayer Engineering

3.1. Large Crystal Engineering

To address unfavorable issues associated with GBs, minimizing 
the PVSK intralayer GBs area is a practical approach.[41] In this 
section, we have reviewed the approaches toward large crystal 
PVSK thin film, for instance, the solvent-annealing,[42–46] hot-
casting method,[34] successive drop method,[47] introducing addi-
tives,[48] etc.

Solvent-annealing, where solvent vapor induced during 
annealing, is a feasible way to slow down the crystallization 
process and achieve high-quality PVSK thin film. Wang et al.[42] 
obtained high crystallinity MAPbI3 films with grain size over 
5 mm through a solvent annealing method. Verified in the PL 
characterization and impedance spectroscopy analysis results 
(Figure 2a–d), the defects states of PVSK thin film via pyridine-
annealing were significantly reduced. Benefiting from the 
superior crystallinity, the device based on solvent-annealing 
delivered a PCE of 14.13%, which is a 50% enhancement in 
efficiency compared with conventional thermally annealed one. 
Similarly, Xiao et al.[43] achieved high crystallinity MAPbI3 film 

with grain size over 1 µm under the annealing atmosphere of 
N,N-dimethylformamide (DMF) vapor. The density of trap 
states (Figure 2e) in MAPbI3 thin films from solvent-annealed 
was significantly reduced in comparison with the thermal-
annealed one, which was confirmed in thermal admittance 
spectroscopy measurement.

Moreover, based on the transient photovoltage and photo-
current results shown in Figure  2f,g, the carrier lifetime and 
transit mobility were remarkably improved after solvent-
annealing. The impact of solvent-annealing conditions on the 
MAPbI3 thin film was studied by Liu et al.[44] They have inves-
tigated different atmospheric conditions, including N2, H2O, 
γ-butyrolactone (GBL), DMF, and dimethyl sulfoxide (DMSO). 
After the optimization of annealing condition, the crystal-
linity of PVSK was significantly improved. The defect density 
of PVSK is reduced due to the improved crystallinity. Further-
more, the contacts at the interface between PVSK and ETL/
HTL were remarkably improved, which is critical for efficient 
charge separation and collection. With improved crystallinity 
and better contacts, the DMSO-treated films delivered a PCE 
of over 13%. Giesbrecht et al.[45] obtained large crystal MAPbBr3 
thin film (grain size 5–10  µm) with highly ordered orienta-
tion via a vapor-assisted solution process. The highly ordered 
PVSK grains, in combination with high crystallinity, signifi-
cantly enhanced the charge collection efficiency. As a result, 
an internal quantum efficiency exceeding 95% was obtained. 
Tosun and Hillhose [46] achieved large crystal MAPbI3−xClx thin 
films by annealing PVSK thin film in the presence of MAI 
vapor. Moreover, they observed enhanced lifetimes with the 
raise of grain size.

Apart from the solvent-annealing method, recent studies 
demonstrated that continuous and homogeneous PVSK thin 
film can be achieved by balancing the competition between the 
solvent evaporation rate, solute diffusion rate, and perovskite 
growth rate and etc.[49] The polymer [poly(methyl methacrylate), 

Figure 1. Illustration of a) ideal crystal, b) Schottky defects of vacancies (VPb, VI,) and interstitials (Pbi, Ii), c) Frenkel defects of vacancies (VPbI2), d) II 
Bond at GBs. e) The channel of ion migration facilitated by open space and dangling bonds at GBs. f) Energy levels associated with the defect states 
corresponding to neutral and charged vacancies (VPb, VI, VMA), neutral and charged interstitials (Pbi, Ii, MAi), and neutral and charged states associated 
with antisites (PbI and IPb). f) (Upper part) Reproduced with permission.[27] Copyright 2015, American Chemical Society.
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(PMMA)][50] is found to be an additive that can decrease the 
PVSK nucleation free energy barrier[51] and facilities the hetero-
geneous nucleation. Moreover, after the introduction of PMMA, 
the growth rate of PVSK was slowed down by forming an inter-
mediate adduct.[52] As a result, larger oriented PVSK grains with 
a lower density of traps states were fabricated, which enable 
PSCs with a PCE over 21% was achieved. Through a solution-
based hot-casting method, Nie et  al.[34] obtained MAPbI3−xClx 

thin films with grain size over millimeters. A strong correlation 
between the PVSK thin film morphology and device perfor-
mance was identified in their work. Figure  2h,i demonstrated 
the J–V curves of PSCs based on different grain size PVSK 
obtained under air mass (AM) 1.5 illumination. The PCE has 
been remarkably enhanced with the increase of grain size. The 
Voc was enhanced from 0.4 to 0.94 V and FF from 0.4 to 0.83. 
Besides, the unfavorable hysteresis during device operation 

Figure 2. a) The transient photoluminescence decay kinetics of the solvent-annealed (black) and thermally annealed (red) PVSK films. b) Cross-
sectional SEM images of solvent annealed device (the scale bar is 500 nm). c) Nyquist plot of the impedance spectroscopy of the devices biased at 
0.8 V under illumination. d) The fitted recombination resistance at different bias voltages of the solar cells, based on the inserted equivalent circuit in 
(c). a–d) Reproduced with permission.[42] Copyright 2016, Royal Society of Chemistry. e) Trap density of states for the solvent-annealed device (SA) and 
thermal-annealed device (TA) calculated from the thermal admittance spectroscopy measurement. f) Photovoltage decay under 0.3 sun illumination 
measured by transient photovoltage techniques. g) Photocurrent decay measured by transient photocurrent techniques. e–g) Reproduced with permis-
sion.[43] Copyright 2014, Wiley-VCH. h) Current-density–voltage (J–V) curves obtained under AM 1.5 illumination. i) Average overall PCE (left) and Jsc 
(right) as a function of crystalline grain size. The average values were obtained by averaging the PCE and Jsc for 25 devices; error bars were calculated 
by subtracting the average value from max or min values. Gray box represents the range of PCE values obtained using the conventional post-annealing 
process. j) The PCE values appear to be correlated to the bulk mobility of the absorber (labels correspond to the average grain size). h–j) Reproduced 
with permission.[34] Copyright 2015, American Association for the Advancement of Science.
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was remarkably suppressed. Shown in Figure 2j, higher carrier 
mobility was achieved in the PVSK thin film with larger grains 
size. The improved mobility can be ascribed to reduced trap 
density of states in large crystal PVSK thin film allowing for 
the photogenerated electron/hole to move in the cell without 
constantly encounters with traps. Dong et al.[47] proposed a suc-
cessive drop method to modulate the MAPbI3xClx grain growth 
and achieved a well-oriented MAPbI3xClx thin film with a grain 
size up to 3  µm. Liang et  al.[48] proposed a practical approach 
to facilitate homogenous nucleation of MAPbI3xClx by intro-
ducing additives into the precursor solution. The processing 
additives facilitate nucleation and modify the growth kinetics 
simultaneously. Li et  al.[41] proposed a novel colloidal strategy 
to fabricate monolayer PVSK thin films with a grain size up 
to 3  µm. Their work showed that the grain size of PVSK was 
controlled by controlling the size of colloidal clusters. More-
over, the colloidal clusters can be well organized on the sub-
strate by spin-coating the precursor solution incorporated with 
mixed MACl and DMS. Owning to the high-quality of PVSK 
thin film, a PCE of 19.14% was obtained in their work. Tava-
koli et al.[53] developed a novel solvent-free process to fabricate 
less-toxic MA(SnxPb1−x)I3 film and achieved a PCE of 14.04%. 
By using Pb–Sn eutectic alloy, MA(SnxPb1−x)I3 thin film with 
grain sizes up to 5  µm were synthesized directly from liquid 
phase metal. Benefiting from high crystallinity, a record PCE of 
14.04% for Sn-rich PVSK was achieved. Kam et  al.[54] reported 
an all-vacuum sequential deposition method to fabricate  
MAyFA1−yPbIxBr3−x based PSCs. A uniform and compacted 
PVSK thin film with a grain size of 3.5 µm was acquired in their  
process. Tavakoli et al.[55] present a vapor deposition technique 
of highly crystalline PVSK thin films by layer-by-layer deposi-
tion of PbI2 and MAI.

3.2. Grain Surface Passivation

A surplus of charge accumulating at the PVSK crystal surface, 
stemming from these uncoordinated ions (dangling bonds), 
accelerates the recombination at GBs[56] and interferes with 
the degradation process.[2] Especially, the defects at the inter-
face between PVSK and ETL/HTL deteriorate carrier collection 
and extraction, hinder the further enhancement of device per-
formance. GBs passivation by molecules or polymers has been 
confirmed as a feasible way to reduce the concentration of traps 
or defects at GBs. Besides, physical covering PVSK crystal sur-
face with hydrophobic materials can stabilize the PVSK thin 
film and provide device moisture-tolerance. In this section, we 
have summarized the present strategies in mitigating the nega-
tive effect of GBs.

In general, the poly-crystallinity PVSK thin film has a high 
percentage of uncoordinated ions at the grain surface.[57,58] The 
uncoordinated ions capture photogenerated carriers, accelerate 
nonradiative recombination, and severely reduce the carrier 
lifetime.[50] This in turn results a loss of Voc and an overall per-
formance of a solar cell. Therefore, the formation of chemical 
bonds with uncoordinated ions is a common and practical 
approach to suppress these defects. Lewis acids, phenyl-C61-bu-
tyric acid methyl ester (PCBM),[59,60] iodopentafluorobenzene 
(IPFB)[61] for example, are ideal candidates to passivate the 

negative-charged defects (e.g., Pb-I antisite, uncoordinated I−)  
at GBs. This is because Lewis acids, which possess electron-
conducting property, can accept electrons from negative-
charged defects.

On the other hand, chlorine incorporation in MAPbI3 
leads to a lower the electron–hole recombination rate,[31,62,63] 
enhanced the carrier lifetime,[64,65] and a longer diffusion 
length.[62] The photon-generated charges in MAPbI3xClx thin 
film exhibit diffusion length up to 1 µm,[62] which is a tenfold 
enhancement compared to MAPbI3 thin film.[35] However, there 
are still controversial opinions toward the mechanism of chlo-
rine incorporation. Tidhar et al.[64] and Williams et al.[65] attrib-
uted the improved performance to the better crystal coalescence 
in the presence of chlorine. The theoretical calculation of Long 
et  al.[36] also suggests that chlorine doping slows down non-
radiative recombination and elongates excited-state lifetime. 
Whereas Long et al.[36] believe that chlorine will replace iodine, 
and substitutionally present at the grain surface of MAPbI3. 
The presence of chlorine restores the non-adiabatic coupling 
close to the value witnessed in pristine MAPbI3.

The electron donor Lewis-base (e.g., thiophene,[2,66] lead 
(II) oxysalt,[67] and pyridine[2,31,68]) can suppress the positively 
charged defects at PVSK grain surface (e.g., uncoordinated 
Pb2+). Reported by Yang et  al.,[67] the concentration of defects 
was decreased by covering the PVSK grain surface with 
wide-bandgap lead (II) oxysalt. The reduced traps states and 
elongated carrier lifetime boost the device PCE up to 21.1%. 
Moreover, the moisture-tolerance of the device was significantly 
improved after surface modification. Noel et  al.[2] utilized the 
Lewis bases thiophene and pyridine with the intention of sur-
face treatment of MAPbI3xClx. They observed remarkably inhib-
ited nonradiative recombination within the treated MAPbI3xClx, 
achieving lifetimes up to 2 µs, which is nearly one order of 
magnitude enhancement compared with the control group. 
They ascribed the enhanced lifetime to the passivation of unco-
ordinated Pb2+ within the crystal.

Nevertheless, most of Lewis acid or base approaches can only 
suppress either positive or negative charged defects. There-
fore, it is desirable to taken charged neutrality passivation into 
consideration. Reported by Zheng et al.[69] different types of pos-
itive and negative charged defects in PVSK were effectively pas-
sivated by quaternary ammonium halides, which result in an 
efficient and stable PSCs (PCE = 20.59 ± 0.45%, certified). Simi-
larly, the alkyl phosphonic acid ω-ammonium chlorides were 
also reported as promising candidates for the chemical passi-
vation of the PVSK grain surface.[70] Interestingly, apart from 
the passivation of PVSK, alkyl phosphonic acid ω-ammonium 
chlorides perform as growth-controlling agents simultaneously 
facilitating the formation of a homogeneous and close-packed 
PVSK thin film.

Different from passivation strategies used silicon solar cells, 
which generally involve the formation of chemical bonds with 
uncoordinated ions, the passivation strategies for PSCs should 
also consider the undesirable chemical reaction during PVSK 
formation as well as the moisture-induced degradation of PVSK. 
The desorption of MA occurs during the thermal annealing of 
MAPbI3, which causes the formation of vacancies (uncoordi-
nated ions) and Pb-I antisite defects.[71] The desorption of MA 
forms potential wells at GBs for carriers and leads to severe 
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trapping, charge accumulation, and recombination.[26,72,73] To 
diminish the detrimental effect from the loss of MAI during 
PVSK annealing, a Lewis acid–base adduct approach was pro-
posed by Son et al.[74] By incorporating 6 mol% excess MAI into 
the precursor solution, an MAI layer was assembled at GBs 
during the formation of MAPbI3. It is found that the MAI layer 
improved the hole–electron extraction and reduced the hyster-
esis behavior of PSCs. In addition, the presence of PbI4

− spe-
cies in the DMF solution, or [(Pb3I8)n]2n− in DMSO mediator, 
may cause the formation of interstitial iodine which are deep-
level defects.[75–77] To reduce the concentration of deep-level 
defects caused by interstitial iodine, Yang et al.[77] tried to intro-
duce additional iodide ions during the PVSK formation. Their 
process boosts the certified efficiency of PSCs to 19.7% with an 
active area of 1 cm2.

Some neutral structural defects, which might not be cov-
ered by passivation additives, can aggravate PVSK degrada-
tion. For instance, the disordered MAI at GBs will facilitate the 
permeation of moisture and accelerate the PVSK decomposi-
tion.[78] Therefore, it is highly desirable to cover PVSK grain 
surface with a hygroscopic scaffold (e.g., phenethyl ammonium 
cation (PEA+),[79,80] n-butylammonium (BA+),[81] poly(ethylene 
glycol),[82,83] cyclopropy-lammonium poly(ethylene glycol),[82,83] 
polyvinyl amine hydroiodide (PVAm HI),[84] etc.). Interest-
ingly, rather than the PEA+ based 2D PVSK (e.g., PEA2PbI4

[85]), 
the PEAI acts as an effective passivation additive for a 3D 
PVSK.[79,80] Lee et al.[79] reported the use of PEAI for post-treat-
ment of (FAPbI3)0.85(MAPbBr3)0.15 thin films. Based on their 
Kelvin probe force microscopy measurement, GBs are passi-
vated after the incorporation of PEA+. The passivation of GBs 
results in a higher PL intensity and longer carrier lifetimes. 
Later on, Jiang et al.[80] developed a strategy of using PEAI for 
FA1−xMAxPbI3 surface passivation. The key factor for achieving 
a high-performance cell is to control the conversion process 
from PEAI to PEA2PbI4. The PVSK thin film devices with the 
existence of PEAI rather than PEA2PbI4 achieved a certified 
PCE of 23.32% (Voc  = 1.18  V). Apart from the boosted perfor-
mance, the long-term stability of the device was significantly 
improved after the surface passivation. Li et al.[84] achieved com-
pact pinhole-free PVSK by incorporation the additive of poly-
vinyl amine hydroiodide (PVAm HI). Remarkably, the polymer 
additive PVAm HI suppressed the defects at the interface and 
strengthened the interface adhesion of perovskites and ETL/
HTL. A champion device with PCE of 16.3% was obtained, 
and the long-term stability of PSCs was remarkably improved. 
These unpacked cells yield 92% and 80% of the original effi-
ciency after being exposed under the ambient condition for 50 
and 100 days, respectively.

3.3. 2D PVSK

Despite 3D MAPbI3 showing remarkable photoelectric proper-
ties and low-temperature processability, the stability of PVSK 
remains of foremost concern and hinders its commercializa-
tion. To address this issue, 2D PVSK been developed as the 
light absorber material. The chemical formula 2D PVSK is 
A2Bn2MnX3n+1, wherein A is the organic cations which act as 
a spacer between the octahedral PVSK planes. The B, M and 

X ions are forming the PVSK framework. There are various 
organic cations have been proposed including n-butylammo-
nium (BA),[86–90] C6H5(CH2)2NH3

+ (PEA+),[91,92] 2,2′-ethylenedi-
amine cations (EDA2+),[93] propane-1,3-diammonium (PDA),[94] 
HOOC(CH2)4NH3

+ (AVA+),[95] 5-ammoniumvaleric acid 
(5-AVA)[96] and etc. These 2D PVSK materials have demon-
strated superior moisture-resistance in contrast to 3D MAI-
based PVSK, because of its more hydrophobic organic cations 
surface acting as a self-insulated layer at the surface of 2D 
PVSK.[86,88,97,98] In addition, 2D PVSK exhibits better photo-
thermal stability and lower bulk recombination rate compared 
with their 3D counterparts.[99,100] However, the theoretical calcu-
lation and experimental investigations have demonstrated that 
the band structure of 2D PVSK was confined in two dimen-
sions with the direction of reciprocal space corresponding to 
the stacking axis of the layers.[101–103] Consequently, charge 
transfer along the stacking axis of the layers is effective, but 
the electrical conductivity across layers was inferior.[104] There-
fore, the inefficient carrier transport in the random-oriented 2D 
PVSK is one of the main factors for its low efficiency. The 2D 
perovskites with preferred orientation exhibit better electronic 
transport properties compared with the randomly oriented 
one.[86,87] To facilities charge transport in 2D PVSK, researchers 
have tried strategies including 1) Promoting the vertically ori-
ented 2D PVSK, 2) Reducing the distance between octahedral 
PVSK planes.

The approaches toward developing the 2D PVSK with pre-
ferred orientation include a hot-casting method,[86] incor-
porating additives,[105,106] and doping FA+ cation, or Cs+ 
cation,[107,108] etc. Table  1 summarizes the recent work of per-
formance and stability of 2D and 2D/3D hybrid structure PVSK 
through different strategies. Tsai et al.[86] produced thin films of 
2D (BA)2(MA)3Pb4I13 with preferred orientation vertical to the 
substrate by using a hot-casting method. The crystal structure 
and electronic band structures of (BA)2(MA)3Pb4I13 are illus-
trated in Figure 3a,b, respectively. The preferred vertical-aligned 
orientation of 2D PVSK greatly facilitates charge transport. As a 
result, the PCE of the 2D (BA)2(MA)3Pb4I13 is boosted from the 
original 4.73%[109] to 12.52%. Figure 3c shows the experimental 
and simulated J–V curve under standard AM 1.5G illumination 
for solar cells based on (BA)2(MA)3Pb4I13, and the inset picture 
shows the device structure. Through this approach, Solar cells 
yielded high PCE with robust performance. The reported 2D 
PVSK exhibited outstanding stability against light, humidity, 
and heat stress. Demonstrated in Figure  3d, nonencapsu-
lated devices retain over 70% of its original PCE after 2050 h 
under constant, standard (AM 1.5G) illumination. And 2D 
PVSK shows greater tolerance to moisture. The encapsulated 
device retains over 80% of its original PCE after 2000 h stored 
in a humidity chamber with relative humidity (RH) of 65%. 
Thereafter, Zhang et  al.[91] reported a vertically orientated 2D 
(PEA)2(MA)n1PbnI3n+1 (n = 3, 4, 5). A PCE of 11.01% was achieved 
in their work. The humidity stability test shows that the unen-
capsulated device maintained its 78.5% output after 160 h 
storage in the air condition with RH of 55 ± 5%. Apart from the 
inefficient charge transport, the nonradiative Voc loss is another 
concern for achieving a high performance PVSK solar cell. 
Fu et al.[105] demonstrated highly efficient 2D (PEA)2(MA)4Pb5I16 
based solar cells by simultaneously incorporating additives 
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NH4SCN and NH4Cl. Their work showed that doping the addi-
tives induced vertically aligned orientation and enhanced the 
crystallinity of 2D PVSK. The champion devices delivered a 
PCE as high as 14.1%. The Jsc was significantly boosted from 
1.7 to 15.8 mA cm−2 after doping the additives. And enhanced 
Voc has been witnessed, which was due to the improved Jsc and 
suppressed nonradiative recombination.

To address the inferior charge transport across layers, 
reducing the distance between octahedral PVSK planes is 
another feasible approach.[110,111] Ma et  al.[94] tied to reduce 
the interlayer distance by replacing the large organic cations 
with shorter spacer ligands PDA cations. Confirmed by the 
optoelectronic properties measurements, a unique structure 
restrains the quantum confinement effect leading to a consid-
erable enhancement in charge separation and mobilities. The 
improved electric properties of their PDA-based 2D PSC yielded 
a PCE of 13.0%. Furthermore, the stability tests showed that 
their PDA-based device shows outstanding moisture-tolerance 
and thermal stability. The encapsulated devices maintain over 

90% of PCE after storage in dark conditions with humidity of 
85% for 1000 h. The unpackaged PSCs retain their initial PCE 
at 70 °C for over 100 h.

3.4. 2D/3D Hybrid Structure PVSK

Despite the impressive performance that 2D PVSK solar cells 
have achieved, further improvement of its PCE is challenging 
due to its large exciton binding energy, increased bandgap and 
inefficient charge transport.[109,114,115] One effective strategy to 
achieve high performance and ultrastable PVSK solar cell is 
to incorporate vertically aligned 2D PVSK at the GBs the 3D 
PVSK.[89,93,95] The vertical 2D PVSK acts as a light absorber 
layer in the cell and self-packaging layer at the 3D PVSK sur-
face. Therefore, 2D/3D hybrid structure PVSK combined 
enhanced stability of 2D PVSK with excellent photoelectric 
properties of the 3D ones.[95] Grancini et  al.[95] demonstrated 
outstanding long-term stability PVSK devices by engineering 

Table 1. Summary of strategies for improving the performance and stability of multidimensional perovskite photovoltaics.

Device architecture Stability PCE Ref.

1 Al/PCBM/(BA)2(MA)3Pb4I13/PEDOT:PSS/FTO 2050 h, unencapsulated, 1 sun AM 1.5G illumination,  
70% of its original PCE, stored in a dry box;

20 h, unencapsulated, 70% of its original PCE,  
stored in the dark with humidity of 65%;

3000 h, encapsulated, 1 sun AM 1.5G illumination,  
near 100% of its original PCE, stored in a dry box;

2000 h, encapsulated, over 80% of its original PCE,  
stored in the dark with humidity of 65%.

2D 12.52% [88]

2 ITO/PEDOT:PSS/(PEA)2(MA)4Pb5I16/PCBM/
BCP/Ag

160 h, unencapsulated, 78.5% of its original PCE,  
storage in air atmosphere with humidity of 55 ± 5%.

2D 11.01% [91]

3 ITO/PEDOT: PSS/PDAMAn−1PbnI3n+1/C60/
BCP/Ag

1000 h, encapsulated, 90% of its original PCE,  
stored in dark with humidity of 85%.

2D 13.0% [94]

4 FTO/SnO2/PC61BM/FA0.83Cs0.17Pb(IyBr1−y)3/
spiro-OMeTAD/Au

1000 h, unpacked, sustain 80% of its original PCE,  
stored in air, and close to 3350 h when encapsulated.

2D 16.9% [89]

5 FTO/SnO2/PC61BM/ 
BA0.09(FA0.83Cs0.17)0.91Pb(I0.6Br0.4)3/

spiro-OMeTAD/Au

693 h, unpacked, sustain 80% of its original PCE,  
stored in air, and close to 3880 h when encapsulated.

2D 17.2% [89]

6 Carbon/ZrO (meso)/MAPbI3 AVA2PbI4/TiO2 
(meso)/TiO2 (compact)/FTO

>10 000 h, 1 sun AM 1.5G illumination,  
ambient atmosphere, 55°C, encapsulated.

2D/3D 12.9% [95]

7 Au/spiro-OMe TAD/MAPbI3 AVA2PbI4/TiO2 
(meso)/TiO2 (compact)/FTO

300 h, 1 sun AM 1.5G illumination,  
ambient atmosphere, 45 °C, encapsulated.

2D/3D 14.6% [95]

8 FTO/TiO2/CsPbI3 0.025EDAPbI4/
spiro-MeOTAD/Ag

1 month, unencapsulated, 84.7% of its original PCE,  
storage in a dark dry box.

2D/3D 11.8% [93]

9 ITO/compact-SnO2/PEA2PbI4  
FACsPbI3/spiro-MeOTAD/Ag
(2D PRK: PEA2PbI4 is located  

at the GBs of 3D PRK: FACsPbI3)

1392 h, unencapsulated, 98% of its original PCE,  
stored in dark with humidity <30%.

2D/3D 20.64% [92]

10 FTO/TiO2/C60/MAPbI3  
(BA)2(MA)n−1PbnI3n+1/spiro-OMeTAD/Au

30 day, unencapsulated, 84% of its original PCE,  
stored in dark with humidity of 55%.

2D/3D 
horizontal

16.50% [90]

11 FTO/SnO2/PC61BM/MAPbI3 MA3Bi2I9/
spiro-OMeTAD/Au,

1000 h, unencapsulated, 72.34% of its original PCE,  
stored in ambient air condition with humidity of ≈30%.

2D/3D 18.97% [112]

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

500 h, unencapsulated, 60% of its original PCE stored in the dark,  
ambient atmosphere, RH 45−50%.

3D 16.81% [113]

13 FTO/TiO2/MAPbI3 4% PVAm HI/
spiro-MeOTAD/Au

100 days, unencapsulated, 80% of the initial PCE value stored  
in ambient atmosphere with a RH of 30%.

3D 16.3% [84]
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the multidimensional MAPbI3/AVA2PbI4. Shown in Figure 4a–c,  
the local density of state (DOS) results reveals that 2D/3D 
hybrid structure widens the bandgap of 3D PVSK in the inter-
face region. In addition, the 2D PVSK does not hinder the  
electron injection toward TiO2. However, it instead suppresses 
carrier recombination, since the conduction band minimum 
(CBM) of 2D PVSK locates at the lower energy states of 3D 
MAPbI3. Shown in Figure  4d, PCEs of 12.9% and 14.6% were 
realized in carbon-based architecture and standard mesoporous 
devices, respectively. The corresponding J–V curve can be 
found in Figure  4e,g,h. Notably, the 2D/3D PVSK exhibits 
excellent stability against moisture, oxygen, and light. Shown 
in Figure 4f, the 2D/3D PVSK retained 60% of the initial PCE 
after 300 h of continuous illumination in the Ar atmosphere. 
Moreover, shown in Figure  4, the packaged carbon-based 
device, whose J–V curve were represented in Figure 4g,h, dem-
onstrated remarkable stability of >10  000 h under continuous 
sun AM 1.5 G illumination at elevated temperature of 55  °C. 
Similarly, Lee et  al.[92] achieved a record efficiency with lon-
gevity by forming a 2D/3D hybrid structure. The 2D PEA2PbI4 
vertically situates between the 3D FAPbI3 grains in order to pro-
tect the 3D PVSK against moisture and oxygen and to facilities 
electron/hole separation and collection. Interestingly, compared 

with FAPbI3, the crystallinity of FAPbI3 has been improved 
after the incorporation of PEA2PbI4, which has been verified 
by a tenfold enhancement in PL lifetime. The enhanced opto-
electronic quality of 2D/3D PVSK resulted in a PCE of 20.64% 
with a peak Voc of 1.130  V. Furthermore, the stability against 
moisture was greatly enhanced, and the ion migration at GBs 
was significantly suppressed due to the passivated surface and 
GBs by incorporation of 2D PEA2PbI4. Similarly, Wang and co-
workers[87] proposed a strategy of introduction n-butylammo-
nium into FA0.83Cs0.17Pb(IyBr1−y)3. They observed the formation 
of 2D PVSK at the GBs of 3D PVSK. In addition, the Bi-based 
2D PVSK, for instance, MA3Bi2I9 and Cs3Bi2I9, is a less toxic 
and more stable potential alternative to Pb-based PVSK.[112] 
Hu et  al.[112] have successfully incorporated vertically aligned 
MA3Bi2I9 platelets with 3D MAPbI3 grains, which combined 
the merits of the excellent photoelectric property of 3D MAPbI3 
and the robust tolerance against moisture and oxygen of 2D 
MA3Bi2I9. Their 2D/3D PVSK cell yielded a PCE of 18.97% with 
significantly suppressed hysteresis and remarkably enhanced 
stability.

Another plausible strategy to obtain highly efficient 
PSCs with longevity is the incorporation of an ultrathin 2D 
PVSK passivation layer at the interface of 3D PVSK and 

Figure 3. a) The crystal structure of the (BA)2(MA)3Pb4I10 and (BA)2(MA)3Pb4I13 layered perovskites, the BA spacer layers are depicted as space-fill 
models to illustrate the termination of the perovskite layers. b) Electronic band structures of and (BA)2(MA)3Pb4I10 calculated using DFT with a 
local-density approximation, including the spin–orbit coupling and a bandgap correction computed using the Heyd–Scuseria–Ernzerhof functional. 
c) Experimental (red line) and simulated (black dashed line) J–V curves under an AM.1.5G solar simulator for planar devices using 2D (BA)2(MA)3Pb4I13 
perovskites as the absorbing layer at optimized thickness (230 nm). d) Stability measurements on planar solar cells. Reproduced with permission.[86] 
Copyright 2016, Springer Nature.
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HTL. Chen et  al.[96] have improved the efficiency and sta-
bility of PSCs simultaneously by in situ introduction of pas-
sivating layer 2D (5-AVA)2PbI4 at the interface between 3D 
(FAPbI3)0.88(CsPbBr3)0.12 and HTL copper(I) thiocyanate 
(CuSCN). They have witnessed enhanced interfacial charge 
extraction efficiency and a suppressed carrier recombination 
after the introduction of (5-AVA)2PbI4 passivation layer, which 
has been confirmed by enhanced carrier lifetimes, reduced 

hysteresis behavior, and raised Jsc. As a result, the PCE was 
boosted from 13.72% to 16.75%. Moreover, superior mois-
ture resistance and photostability were observed in the aging 
test. The unpackaged device retains 98% of its original PCE 
after 63 days storage in dark condition with RH of 10%. Soon 
after, Lin et  al.[90] also successfully fabricated 3D MAPbI3/2D 
(BA)2(MA)n1PbnI3n+1 planar hetero-junction through a full 
vapor strategy. The mixed 3D/2D PVSK exhibited remarkable 

Figure 4. a) The Local density of state (DOS) of the 3D/2D interface. b) Interface structure with the 2D phase contacting the TiO2 surface. c) Partial 
DOS summed on the 2D and 3D fragments. d) Device cartoon of the Hole transporting Material (HTM)-free solar cell and of the standard HTM-based 
solar cell. e) J–V curve using the 2D/3D perovskite with 3% HOOC(CH2)4NH3I, AVAI, hereafter, in a standard mesoporous configuration using spiro-
OMeTAD/Au (devise statistics and picture of the cell in the inset). f) Stability curve of the spiro-OMeTAD/Au cell comparing standard 3D with the 
mixed 2D/3D perovskite at maximum power point under AM 1.5G illumination, argon atmosphere and stabilized temperature of 45 °C. The solid line 
represents the linear fit. In the inset the champion device parameters are listed. g) J–V curve using the 2D/3D perovskite with 3%AVAI in HTM-free 
solar cell measured under air mass (AM) 1.5G illumination (device statistics and picture in the inset). h) J–V curve using the 2D/3D perovskite with 
3%AVAI in a HTM-free 10 × 10 cm2 module (device statistics and picture in the inset). i) Typical module stability test under 1 sun AM 1.5 G conditions 
at stabilized temperature of 55 °C at short circuit conditions. Stability measurements were done according to the standard aging conditions. In the 
inset device parameters of the devices represented in (g,h). Reprinted with permission.[95] Copyright 2017, Nature Research.
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moisture tolerance and thermal stability. The optimized device 
demonstrated PCE of 16.50%, and the encapsulated device 
retained 78.5% of its initial PCE after storage for 30 days 
with RH of 55% and 72% efficiency after 30 days under 80 °C 
thermal stress. The superior stability is ascribed to the passiva-
tion (BA)2(MA)n1PbnI3n+1 layer, which prevents the penetration 
of moisture and the release of MAI molecules in the MAPbI3.

4. Interface Engineering

Apart from the intrinsic stability issue of PVSK, the moisture or 
oxygen-induced degradation, as well as the chemical and phys-
ical interaction between PVSK with ETL/HTL, are the main 
contributing factors for the degradation of PSCs. Coating bar-
rier layers on the surface of PVSK has proved to be a practical 
approach to enhance stability.[116] For instance, Yang et  al.[117] 
successfully fabricated PSCs with great moisture resistance 
by assembling hydrophobic tertiary and quaternary alkylam-
monium cations on the top surface of PVSK. Wang et  al.[118] 
in situ inserted a tunneling layer of hydrophobic fluorosilane 
at the interface between PVSK and ETL to boost the efficiency 
and stability. The tunneling layer acts as an encapsulation layer 
to prevent PVSK from decomposition. Moreover, the short cur-
rent leakage was significantly suppressed after the insertion of 
the tunneling layer. Recent studies have demonstrated that the 
interface engineering is far beyond a buffer layer to resist mois-
ture and oxygen. Interface engineering is helpful for achieving 
highly efficient and robust cells via the control of the interfacial 
charge extraction in PSCs.[119]

The photogenerated carriers are separated into free charges 
at the boundary of PVSK and ETL/HTL, and a high-perfor-
mance cell relies on efficient charge extraction. The interface 
quality and energy-level alignment are crucial for charge extrac-
tion and determine the overall performance of the cell.[120] 
Therefore, appropriate energy level tailoring at the interface 
facilitates charge extraction and transfer resulting in enhanced 
Jsc, Voc, and FF. Besides, the engineering for a superior inter-
face quality eliminates the charge loss due to the nonradia-
tive recombination at the interface and gives rise to the charge 
extraction efficiency consequently. Furthermore, interface engi-
neering is reported as an effective way to eliminate hysteresis 
behavior[121,122] and improve device stability of PSCs. In this 
section, we have summarized the recent progress of interface 
engineering strategy between PVSK and ETL/HTL for high per-
formance and stable PSCs.

4.1. Surface Passivation between PVSK with ETL

Empirically, the uniform coverage of the tunneling layer (e.g., 
insulating polymer or metal oxide) with a controlled thickness 
(usually<2 nm) is vital for the performance of cells, thinner or 
thicker film will undermine the performance of the cell.[123] The 
reported work shows the 2D materials, including graphene, 
molybdenum disulfide (MoS2), etc. are promising candidates 
for modification of interface properties for PSCs.

With the aim of exploiting the potential of 2D materials for 
interface engineering, Najafi et al.[124] proposed an approach for 

the optoelectronic properties tuning of the low-dimensional 
MoS2 and reduced graphene oxide (RGO) hybrids. After modi-
fication, the hybrid 2D materials possess the electron-blocking 
property and serve as an active buffer layer in PSCs. The 
sketch of their device structure and band-energy diagram of 
the complete device are demonstrated in  Figure  5a,b. Shown 
in Figure 5a, the MoS2/RGO hybrids, which implements hole-
transport and electron-blocking properties in a cell, locates 
between PVSK and HTL in the mesoscopic MAPbI3-based 
PSCs. The energy band edge positions of their MoS2 flakes 
and MoS2 quantum dots (QDs) were determined from the 
optical absorption spectroscopy and ultraviolet photoelectron 
spectroscopy measurements. Owing to quantum confinement 
effects, the bandgap of MoS2 is raised from 1.4 eV (MoS2 flakes) 
to >3.2  eV (MoS2 QDs). And CBM is increased from −4.3  eV 
(MoS2 flakes) to −2.2 eV (MoS2 QDs), which is above CBM of 
MAPbI3 (between −3.7 and −4 eV).[125] Therefore, MoS2 hybrids 
possess electron-blocking properties (Figure  5b). As the MoS2 
QDs cannot form a full coverage on the MAPbI3 film surface 
without any pinhole, Najafi et  al. utilized the functionalized 
RGO to plug in the pinholes of MoS2 QDs thin film effectively. 
Consequently, a homogeneous nanometer thick active buffer 
layer was fabricated. Benefits from better energy level tailoring 
and superior charge extraction efficiency, the champion device 
yields a PCE of up to 20.12%. Soon after, Agresti et al.[126] also 
proposed an interface engineering strategy by using 2D mate-
rials including graphene and functionalized MoS2. The effi-
ciency and stability of PSCs were improved simultaneously 
after the application of 2D materials. The large-area PSCs were 
achieved after the introduction of 2D materials, with PCEs 
of 13.4% and 15.3% over an active area of 108 and 82 cm2, 
respectively. The enhanced performance leads to the highest 
reported active area-indexed aperture PCE of 1266.5% cm2. 
Besides, the modified devices demonstrated superior thermal 
stability. The PSCs retained 80% of its initial PCE after 370 h 
of thermal treatment at 65  °C. Similarly, Zhao et  al.[127] modi-
fied the interface between ETL nanocrystal SnO2 with PVSK by 
incorporation of 2D naphthalene diimide-graphene to augment 
charge extraction. As a result, highly efficient PSCs with a PCE 
of 20.2% were obtained with an improved FF of 82%. Agresti 
et al.[128] exploited the graphene flakes doped with mesoporous 
TiO2 (m-TiO2) and lithium-neutralized graphene oxide flakes 
as an interlayer to enhance charge injection. The PCE achieved 
a record of 12.6% with a 50.6 cm2 scalable device. Hadadian 
et al.[129] raised the PCE from 17.3% to 18.7% after introducing 
nitrogen-doped graphene.

Apart from the better energy-band alignment in a cell, the 
self-assembled monolayers derived from polarity molecules 
can work for surface engineering; molecules with polar groups 
could enhance the contact between ETL and PVSK layer and 
improve both crystallinity and morphology of PVSK thin films. 
Yang et  al.[130] utilized 3-aminopropyltriethoxysilane assem-
bled monolayer as an interfacial layer between SnO2 and 
PVSK. After grain size enlargement and passivated interface 
importing, their best PCE reached 18% with a negligible hys-
teresis effect.

Another effective strategy of double-layer ETL for better sur-
face coverage, energetic alignment and higher carrier transport 
efficiencies was proposed recently. Tavakoli et al.[122] studied the 
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band alignment engineering on the performance of PSCs. The 
interface between compact TiO2 (c-TiO2) and PVSK is modi-
fied by the insertion of a layer of amorphous SnO2 (a-SnO2). 
As demonstrated in Figure  5c,d, the double layer ETL struc-
ture of c-TiO2/a-SnO2 modified the interface energetics and 
contributed to efficient charge extraction. As a result, the PCE 
was effectively improved from 19.33% (c-TiO2 based device) 
to 21.4% (c-TiO2/a-SnO2 based device). Notably, the optimized 
device exhibits a maximum Voc of 1.223 V, which is among the 
record-high values for PSCs with negligible hysteresis. More-
over, the modified devices show better stability, with 91% and 
67% of its initial PCE for c-TiO2/a-SnO2 based devices and pure 
c-TiO2 based devices after 500 h of light illumination, respec-
tively. Thereafter, Liu et  al.[131] also witnessed a superior elec-
tron extraction capability of c-TiO2/a-SnO2 compared the pure 
c-TiO2. The superior performance double layer ETL can be 
ascribed to the improved surface morphology, mitigated cur-
rent shunting pathways and high mobility of a-SnO2. Conse-
quently, a cost-effective, stable high-performance all-inorganic 
CsPbBr3 based PSCs were achieved. The champion device 
showed a record-high PCE of 8.79%. The device yields decent 
efficiency with robustness. The unpackaged devices show excel-
lent stability with no decline in PCE when stored in ambient air 
condition with RH of 40% at 25 °C for over 1000 h and 60 °C 
for 720 h. Tan et al.[132] proposed a contact-passivation method 
by introducing a chlorine-capped TiO2 colloidal nanocrystal 
film, which suppresses interfacial nonradiative recombination 
and improves interface binding of PSCs. The device exhibited 
a PCE of 21.4% (Voc = 1.189 V, Jsc = 22.3 mA cm−2, FF = 0.806) 
without obvious hysteresis in J–V sweeps. Ravishankar et al.[133] 

deposited m-TiO2 onto the c-TiO2 layer. The device based on 
the m-TiO2/c-TiO2 exhibits a PCE of 18.75%, which is higher 
than the c-TiO2 (PCE = 16.25%) and the ETL-free devices 
(PCE = 4.03%). Yan et al.[134] explored a SnO2/ZnO double-layer 
ETL in the PSCs for a better carrier extraction and energetic 
alignment. As a result, their all-inorganic PSCs achieved a 
PCE of 14.6%. Li and co-workers[135] boosted the PCE of their 
PSCs from 11.5% to 15.3% by the surface treatment of CsBr 
on c-TiO2. Kam et al.[136] tried to replace the solution-processed 
TiO2 by exploring the method of sputtering SnO2 as an ETL.

4.2. Surface Passivation between PVSK with HTL

The passivation of the HTL (hole transport layer) is a practical 
approach to improve the device longevity and performance 
further. The most widely used 2,2′,7,7′-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9′-spirobifluorene (spiro-MeOTAD) in 
PSCs requires the dopants of lithium bistrifluoromethanesul-
fonimidate (Li-TFSI),[137] which is hygroscopic and aggravates 
the moisture-induced degradation.[138] In addition, the weak 
adhesion of mild organic HTL to the PVSK surface can lead to 
a loss of PCE.[139]

Adoption of the hydrophobic HTL[140–142] or a carbon-based 
electrode in an HTL-free PSC[143] can effectively improve the 
device longevity. However, these strategies subsequently sacri-
fice the efficiency of the solar cell. To address these issues, the 
alternative inorganic materials serving as HTL or active buffer 
layers have been explored, for instance, NiO,[123,144] Al2O3,[145] 
copper thiocyanate (CuSCN),[146–148] copper iodide (CuI),[149] 

Figure 5. a) Sketch of PSCs exploiting MoS2 QDs/f-RGO hybrids for interface engineering. b) Band-energy diagram of the complete device in (a). 
c) Schematics of band alignment for devices based on c-TiO2, a-SnO2, and a-SnO2/c-TiO2 ETLs. d) Energy level diagram of the planar PSC with a NiO 
thin film in the interface of PVK/spiro-OMeTAD (the corresponding energy levels are extracted from literature).[157–161] a,b) Reproduced with permis-
sion.[124] Copyright 2018, American Chemical Society. c,d) Reproduced with permission.[123] Copyright 2019, Elsevier Ltd.
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copper oxides (Cu2O[150] and CuO[151]), etc. Zhang et al.[123] uti-
lized p-type NiO nanocrystals as an active buffer layer. The 
device structure and energy-band diagram of the device is 
demonstrated in Figure  5d. Interestingly, they have found the 
NiO thin films significantly eliminated charge accumulation 
at the interface of spiro-MeOTAD and PVSK. Whereas, the 
thickness of NiO films is not critical for the solar cell perfor-
mance. Because of the optimized interface quality, a cham-
pion device with a PCE of 19.89% was achieved. Furthermore, 
their device demonstrated remarkable long-term stability. 
Their device retained 94.40% of the original PCE after 400 h 
storage in ambient condition with RH of 50 ± 5%. Soon after, 
Pang et  al.[144] proposed a novel solution-free process to fabri-
cate the NiOx thin layer with controlled thickness. The results 
demonstrate that the NiOx is a promising HTL in PSCs with 
excellent energy alignment in a cell, high light transmittance, 
and outstanding charge-extracting capacity. Koushik et  al.[145] 
introducing an ultrathin layer Al2O3  at the interface of the 
spiro-MeOTAD and PVSK by the atomic layer deposition. The 
uniform coverage of Al2O3  protected the PVSK from mois-
ture and oxygen ingression. The ultrathin thickness  of Al2O3 
makes it possible to achieve a tunnel contact. The optimized 
device demonstrated remarkable performance with a stabilized 
PCE of 18%, suppressed hysteresis, and outstanding long-term 
stability. The unpackaged device retains about 60–70% of ini-
tial PCE after 70 days of storage in the ambient condition with 
humidity of 40–70%.

Several investigations have found that the interfacial defects 
are charge accumulation centers during the device operation 
and accelerate the degradation process.[152] To minimize the 
density of defects at the interface. Abdi-Jalebi et al.[152] proposed 
a thermal evaporation strategy to incorporate dopant-free tet-
racene at the interface of spiro-OMeTAD and PVSK. The opti-
mized device exhibited excellent performance with a PCE up 
to 21.6% and high stability. Their PSCs extended 90% of its 
original PCE after over 550 h of continuous illumination at 
AM1.5G. Yang and co-workers[153] also found that the incorpora-
tion of the passivation layer contributes to the improvement of 
solar cell efficiency and stability simultaneously. A highly effi-
cient PSCs (PCE = 20.4%.) with long-term stability was obtained 
by introducing a layer of poly(methyl methacrylate) (PMMA) at 
the interface of the PVSK and spiro-OMeTAD in the MAPbI3 
PSCs. In addition, Correa-Baena et  al.[154] discovered the 
recombination dynamics is strongly related to Li-TFSI dopant 
concentration. Zeng et  al.[155] exploited the potential of poly(3-
hexylthiophene) (P3HT) as a passivating layer in PSCs. Liu 
et  al.[156] introduced CsPbI3 QDs as a tunneling layer between 
PVSK and HTL. By synergistically controlling the energy level 
tailoring at the interface, the efficacy of hole transfer has been 
successfully improved. The PCE has been subsequently raised 
from 15.17% to 18.56%. Furthermore, the optimized device 
exhibited better long-term stability and hydro resistance.

5. Outlook

Though PCEs reaching 25.2% have been achieved in PSCs, a 
practical application still requires further development of high-
performance cell with longevity. Notably, the stability is the 

core issue and must be solved before considering commer-
cialization. The lifetime of perovskites has been significantly 
engendered from a few minutes to ten thousands of hours by 
interfacial engineering. But it is still far away from being com-
mercially viable. Future work requires to upgrade the lifetime 
to ten years or even longer. In addition, it is urgently needed 
to develop a standard for PVSK stability tests in order to have 
a better comparison of different strategies. The strategies sum-
marized above encompassing intralayer GBs engineering, as 
well as the interface optimization between various layers in the 
cell, provide feasible approaches to advance PSCs toward prac-
tical application further.

The 2D/3D PVSK has exhibited the breakthrough point to 
improve device longevity. The lifetime and performance of the 
device have been remarkably upgraded through 2D or 2D/3D 
PVSK structure design, cation engineering, etc. Also, due to 
its unique physical features, the low-dimensional perovskites 
offer the possibility for new applications such as flexible and 
wearable devices, high-performance tandem devices, and semi-
transparent cells, etc. In spite of the promising potential, still, 
a lot of theoretical and experimental efforts need to be exerted 
to reach the state-of-the-art, such as the uncontrollable distri-
bution of 2D in 3D phases through the solution process,[89,90] 
the understanding of reaction mechanism 2D/3D PVSK and a 
feasible strategy for scalability of fabrication. More importantly, 
there is a complex dilemma to balance the moisture resist-
ance with the electrical conductivity in 2D PVSK. Moreover, 
the engineering of the perovskites lattice structure and device 
architecture is an intricate work, and even a small change will 
impact the overall performance of the device. Nevertheless, the 
fundamental knowledge of low-dimensional perovskites is still 
limited. Therefore, in-depth characterization is needed in order 
to have a better understanding of electrical properties, light 
coupling properties, trap states, and degradation processes in 
the 2D and 2D/3D perovskite. Especially, comprehension and 
control of charge transport will be the critical aspect for the 
research of low-dimensional perovskites. The insights of these 
fundamental works could lead to more rational design for the 
optimal perovskites lattice structure and device architecture 
with a specific requirement.

Despite that, there are still controversial opinions toward the 
impact of PVSK GBs on the performance and stability of this 
device. Undoubtedly, GBs play an instrumental role in shaping 
the optoelectronic properties and degradation processes. 
Extensive work has already demonstrated the intralayer GBs 
engineering is a practical approach for improving device per-
formance and stability. Apart from the low-dimensional PVSK 
engineering, strategies such as perovskites crystal-size optimi-
zation, grain boundary passivation also effectively suppressed 
the impact of ion migration and defects at GBs. However, mas-
sive efforts are still required to have a better understanding of 
the role of GBs, for example, ion migration, impurities, dan-
gling bonds, charge transfer, and recombination kinetics at 
GBs. Moreover, the perovskites’ crystallization mechanism 
and the molecular passivation mechanism have not been fully 
understood. Appropriate additive passivation strategy for high-
quality PVSK thin films with high coverage and uniformity will 
be a solution for stable, high-performance cell and meets the 
industrial standards.
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The interface between PVSK and ETL/HTL is the junc-
tion where photogenerated excitons are dissociated into free 
charges, and the overall performance of solar cells depends 
on the efficient carrier dissociation and extraction. The PCE of 
PSCs has been remarkably enhanced through interface optimi-
zation for a better interface quality, interfacial band bending, 
and alignment. Whereas these properties will strongly affect 
the aging process of perovskites and interaction between PVSK 
with ETL/HTL layer, it will also change during device operation. 
Moreover, the extraction efficiency of electrons will be affected 
by the hole extraction efficiency and vice versa. Therefore, an 
in-depth understanding of these properties and kinetics at 
interfaces is required. In particular, it is needed to form a full 
understanding of the physical and chemical interactions at the 
interface of PVSK and ETL/HTL and their impact on device 
characteristics (for instance, the carrier extraction efficiency, 
recombination kinetics and the degradation process). Further-
more, efforts should be devoted to device architecture design 
optimization and characterization.
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