
R
ev

ie
w

 A
rti

cl
e

Unveiling the surface-interface properties of perovskite crystals and
pivotal regulation strategies

Qin Li1,§, Ziyu Wang1,§, Junjie Ma1 (✉), Mengqi Han1, Peng Gao1, Meng Cai1, Yiqiang Zhang1 (✉),
Yanlin Song1,2 (✉), and Shou Peng3,4

1  Henan Institute of Advanced Technology, College of Chemistry, Zhengzhou University, Zhengzhou 450001, China
2  Key Laboratory of Green Printing, Institute of Chemistry, Chinese Academy of Sciences (ICCAS), Beijing 100190, China
3  China National Building Material Group Co., Ltd., Beijing 100036, China
4  State Key Laboratory of Advanced Technology for Float Glass, Beijing 100036, China
§ Qin Li and Ziyu Wang contributed equally to this work.
 

© Tsinghua University Press 2023
Received: 17 September 2023 / Revised: 25 October 2023 / Accepted: 26 October 2023

ABSTRACT
Metal-halide  perovskite  solar  cells  have  garnered  significant  research  attention  in  the  last  decade  due  to  their  exceptional
photovoltaic performance and potential for commercialization. Despite achieving remarkable power conversion efficiency of up to
26.1%,  a  substantial  discrepancy  persists  when  compared  to  the  theoretical  Shockley–Queisser  (SQ)  limit.  One  of  the  most
serious challenges facing perovskite solar cells is the energy loss incurred during photovoltaic conversion, which affects the SQ
limits and stability of the device. More significant than the energy loss occurring in the bulk phase of the perovskite is the energy
loss occurring at  the surface-interface.  Here,  we provide a systematic  overview of  the physical  and chemical  properties of  the
surface-interface.  Firstly,  we delve into  the underlying mechanism causing the energy deficit  and structural  degradation at  the
surface-interface,  aiming  to  enhance  the  understanding  of  carrier  transport  processes  and  structural  chemical  reactivity.
Furthermore,  we  systematically  summarized  the  primary  modulating  pathways,  including  surface  reconstruction,  dimensional
construction,  and  electric-field  regulation.  Finally,  we  propose  directions  for  future  research  to  advance  the  efficiency  of
perovskite solar cells towards the radiative limit and their widespread commercial application.
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1    Introduction
Organic−inorganic  perovskite  solar  cells  (PSCs)  stand out  as  one
of the most promising photovoltaic technologies, distinguished by
their extraordinary photoelectric properties, such as an adjustable
band gap, rapid carrier migration rate, high absorption coefficient,
and  long  carrier  diffusion  length  [1−7].  The  power  conversion
efficiency  (PCE)  of  PSCs  has  soared  to  an  impressive  certified
26.1%  in  recent  years,  approaching  the  theoretical  maximum
efficiency  (31%) of  single-junction PSCs [8, 9].  Despite  this  rapid
development,  two  challenges  stemming  from  the  perovskite
surface-interface  remain  unresolved:  maintaining  long-term
operational stability and minimizing energy loss during the carrier
transport  process  [10, 11].  The fragile  perovskite  surface-interface
is  highly  sensitive  to  water,  oxygen,  and  light,  the  external  water
and  oxygen  can  seriously  harm  the  internal  lattice  of  the
perovskite  through  its  primary  point  of  entry  at  the  surface-
interface [12−15]. Additionally,  lattice discontinuities significantly
alter the distribution of periodic potential fields inside the crystal,
resulting in unique physical and chemical properties of perovskite
surfaces and interfaces. The surface-interface of the perovskite has
a more significant impact on the perovskite film than the interior

due to lattice distortion, leading to several deleterious defects and
structural  disorders,  thus  causing  energy  loss  during  the
photovoltaic  conversion  process  of  PSCs.  Hence,  an  in-depth
understanding  of  the  surface-interface  properties  of  the  PSCs  is
highly desirable as a prerequisite for rational modulation strategies
to reconstruct surface states.

The  inferior  surface-interface  characteristics  have  drawn
considerable attention from the perovskite community. Defects act
as non-radiative carrier recombination centers, negatively affecting
device  performance  with  hysteresis  and  degradation  issues  [16,
17].  Various  techniques,  including  surface  passivation  (SP)  and
recrystallization of surface growth, have been employed to prevent
defect  development.  Advantages  of  two-dimensional  (2D)
perovskite over three-dimensional (3D) perovskite include higher
formation energy and longer alkyl chain cations, preventing water
molecules  adsorption  and  improving  moisture  stability  [18−21].
Researchers  have  integrated  2D  and  3D  perovskite  through
dimensional  structure  design,  promoting  joint  improvement  in
PCE  and  stability  of  PSCs.  The  built-in  electric  field,  affecting
carrier transport and energy transfer, is significantly influenced by
the  surface  condition  as  well  [22, 23].  Thoughtful  design  of
heterojunctions  enables  thorough  alteration  of  carrier  dynamics
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within PSCs.  Although the surface state  and alignment of  energy
level  between  functional  layers  have  been  improved  by
constructing  heterojunctions,  significant  research  advances  in
carrier  dynamics,  lattice  stability,  and  energy  transfer  have  not
been systematically reviewed. Therefore, it is crucially necessary to
analyze  the  relevant  theoretical  mechanisms  and  develop
regulation strategies  to offer  novel  perspectives  on improving the
interfacial properties of perovskite.

Thus,  this  review  outlines  the  relationship  between  surface-
interface structure and associated physical and chemical properties
concerning  surface  reconstruction,  dimensional  engineering,  and
energy regulation. Firstly, we provide a basic theoretical analysis of
energy  and  stability.  Then,  we  summarize  modulation  strategies
for  improving  perovskite  surfaces  and  interfaces,  including
suppressing  perovskite  surface  and  interface  defects,  optimizing
thin  film  surfaces,  enhancing  the  stability  of  perovskite  through
bonding  between  low-dimensional  (LD)  and  3D  perovskite,  and
examining  the  effects  of  homogeneous  and  heterogeneous
junctions  on  perovskite  energy.  Finally,  we  present  a  summary
and outlook for exploring research trends and the most promising
future paths for perovskite surface treatment. This review provides
recommendations  for  preparing  dense  and  defect-free  perovskite
films to facilitate the industrialization of PSCs. 

2    Mechanism  analysis  of  energy  deficit  and
structural degradation
The  existence  of  energy  deficit  (Eloss)  and  structural  degradation
pose  challenges  to  the  photovoltaic  performance,  limiting  the
practical application of PSCs close to the Shockley–Queisser (SQ)
limit.  Therefore,  gaining  an  in-depth  understanding  of  the
underlying  theoretical  mechanism  concerning  carrier
recombination  pathways  and  crystal  degradation  processes  is  a

prerequisite  for  guiding the design of  modulation strategies.  This
section  aims  to  outline  the  origin  of  electrical  energy  loss  and
explore dimensional  modulation as  a  means to optimize surface-
interface properties (Fig. 1) [17, 24−26]. 

2.1    Origin of electrical Eloss
In an ideal photoelectric conversion process within PSCs, incident
photons  are  efficiently  harvested  and  converted  into
photogenerated  carriers,  thereby  generating  electricity.  However,
such a  complete  process  unavoidably  incurs  electrical Eloss due to
non-radiative  recombination  arising  from  surface  defects,
disordered  crystal  lattice,  and  energy  band  misalignment  (Fig.
2(a)). 

2.1.1    Generating principle of the Eloss

The open-circuit voltage (Voc) in PSCs is primarily determined by
the splitting of quasi-Fermi levels of electrons (EFn) and holes (EFp)
under  sunlight  illumination.  However,  undesired  carrier
recombination  loss  reduces  the  splitting  of  quasi-Fermi  levels,
consequently decreasing the Voc [27, 28]. The overall Eloss of PSCs
can be further described by Eq. (1)

Eloss = qVloss = Eg −qVoc = ∆E1 +∆E2 +∆E3 (1)

which  is  divided  into  three  detailed  parameters.  Among  these
parameters, q is the elemental charge, Eg is the bandgap, Vloss is the
open-circuit voltage deficit, ΔE3 is the nonradiative recombination
loss,  ΔE1 and  ΔE2 represent  radiation  recombination  losses
originating from absorption above and below the band gap of the
perovskite  material,  respectively.  ΔE1 occurs  due  to  a  mismatch
between  the  narrow  solid-angle  radiation  received  from  the  sun
and  the  omnidirectional  radiation  recombination,  while  ΔE2 is
caused  by  low  charge  transfer  states  in  PSCs,  which  are
unavoidable in all types of solar cells. The primary source of Vloss is

 

Figure 1    The main structure framework of the mechanism analysis of energy deficit and structural degradation. Reproduced with permission from Ref. [17], © Rui,
Y.  C.  et  al.  2022.  Reproduced  with  permission  from  Ref.  [26],  ©  The  Royal  Society  of  Chemistry  2016.  Reproduced  with  permission  from  Ref.  [24],  ©  American
Chemical Society 2017. Reproduced with permission from Ref. [25], © Zhao, Y. C. et al. 2016.
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ΔE3,  arising  from  non-radiative  recombination  [29, 30].  The
recombination process can be represented by the following Eq. (2)

dn/dt=−k1n−k2n2 −k3n3 (2)

where n is  the  photogenerated  carrier  density, t is  the
recombination  time,  and k1, k2,  and k3 are  the  rate  constants
associated with defect-assisted (single molecular charge), radiative
(bimolecular  charge),  and  Auger  (Auger  charge)  recombination
processes,  respectively.  Non-radiative  recombination  losses  are
dominated by defect-assisted and Auger recombination processes.
Under  low  light  intensity  (carrier  concentration  of  1015 to  1016

cm−3),  the  Auger  recombination  process  is  usually  weaker
compared  with  the  other  two  recombination  processes,  as  it
occurs only at a carrier concentration above 1017 cm−3.  The values
of k1 and k2,  ranging  from  10−7 to  10−5 cm3·s−1 and  10−11 to  10−10

cm3·s−1 respectively,  can  be  determined  using  steady-state
photoconductivity  and  Hall  carrier  density  measurement  [2, 31,
32].  At  low  excitation  intensity,  the  carrier  density  remains  low,
and the carrier lifetime is limited by defect-assisted recombination.
As  the  excitation  intensity  increases,  the  defect-assisted

recombination  channels  become  saturated,  leading  to  dominant
radiative  recombination.  Non-radiative  recombination  occurring
at  the  perovskite  surface  and  interface  is  more  severe  than
recombination  within  the  bulk  phase,  primarily  due  to  the
following three reasons:

Firstly, defect-assisted recombination losses occur when carriers
are  trapped  by  defects  during  the  transfer  process.  Secondly,  the
disordered nature of the crystal structure leads to the formation of
band  tail  states  near  the  band  edges,  providing  an  additional
channel  for  energy  loss.  This  creates  new  electronic  states,
inducing  partial  carrier  hopping  and  leading  to  new  band  tail
absorption  or  recombination.  Finally,  energy  band  differences
between  the  perovskite  and  the  transport  layers  facilitate  carrier
transport  and  extraction.  However,  when  the  energy  band
difference  is  too  large,  carriers  produce  Peltier  heat  during  the
leaping, leading to energy loss [33]. 

2.1.2    Non-radiative  recombination  caused  by  crystal  structure
defects

It is important to recognize that defects are commonly generated
during the liquid−solid phase transition processes due to the low

 

Figure 2    (a)  Main sources  for  energy loss  in PSCs.  Loss  of  band-tailed states  in energy disorder,  non-radiative  recombination losses  at  defect  energy levels  during
carrier  migration,  and Peltier  heat  loss  in  the  transport  of  carriers  between perovskite  and other  layers.  (b)  Proposed degradation pathway for  the  MAPbBr3 single
crystal in the UHV chamber in the presence of water vapor. The Vacant and Vacant’ surfaces have similar morphologies with the difference of just one PbBr2 molecule
in the topmost  atomic layer.  Reproduced with permission from Ref.  [55],  © American Chemical  Society 2016.  Reproduced with permission from Ref.  [56],  © The
Royal Society of Chemistry 2019.
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defect  formation  energy,  resulting  in  defect-induced
recombination  losses.  In  the  case  of  the  MAPbI3 (MA  =
CH3NH3

+) perovskite crystal structure, it has been found that there
can be 12 different types of inherent point defects [34−36]. These
include atomic vacancies, such as MA (VMA), Pb (VPb), and I (VI)
vacancies,  interstitials  like  MA  (MAi),  Pb  (Pbi),  and  I  (Ii)
interstitials, as well as anti-site substitutions, including MAPb, MAI,
PbMA,  PbI,  IMA,  and  IPb.  The  produced  defects  can  be  further
categorized into shallow-level traps and deep-level traps based on
their  energy  level  in  the  band  gap  [37−39].  Among  these,  deep-
level  traps  produce  more  energy  levels  than  shallow-level  traps,
exerting a stronger effect on carriers and are more likely to cause
non-radiative recombination on the perovskite surface. According
to calculations, the majority of point defects, creating shallow-level
traps  (MAi,  Ii,  VPb,  VMA,  VI,  MAPb,  and  MAI)  form  close  to  the
forbidden  band  due  to  their  low  formation  energy,  while  deep-
level  traps,  such  as  PbMA,  Pbi,  and  IPb,  have  higher  formation
energies  [40].  However,  under  specific  growth  conditions,  deep-
level  traps,  such  as  Pbi and  IMA,  can  also  have  low  formation
energies,  resulting  in  the  development  of  non-radiative
recombination centers at  deep energy levels.  The deep-level  traps
are  considered  the  predominant  non-radiative  recombination
centers that can trap electrons or holes, leading to a decrease in Voc
and the overall device performance [41]. Shallow-level traps have a
lesser  impact  on  photovoltaic  performance.  Nevertheless,  due  to
the flexible lattice structure of perovskite materials,  even shallow-
level  traps  with  low  formation  energies  can  cause  ions  to
accumulate at the film interface under light exposure, resulting in
hysteresis and carrier bias [42, 43].

In addition to the intrinsic defects of perovskite, new defects are
formed  by  ion  migration  under  the  influence  of  external
environments such as light or heat [44]. The ion mobility (σion) of
the  charged  defects  is  related  to  the  diffusion  potential  barrier
(ΔEb) and the defect formation energy (ΔH) by Eqs. (3) and (4)

σ ion ∼ [D]exp(−∆Eb/KT)∼ exp [−(∆H+∆Eb)/KT] =
exp(−∆Ea/KT) (3)

∆Ea = ∆Eb +∆H (4)

where  [D]  is  the  defect  concentration, K is  the  Boltzmann
constant, T is the temperature, and ∆Ea is the activation energy of
the non-radiative recombination [45]. When the formation energy
and  diffusion  potential  fall  simultaneously  at  a  constant  ambient
temperature,  more  diffusion  defects  are  produced  and  the  ion
mobility  of  charged  defects  gradually  increases.  Hence,  by
boosting  the  formation  energy  and  diffusion  potential  of  defects,
the  impact  of  defects  on  perovskite  films  can  be  reduced.
Generally,  the  formation  energy  of  most  defects  is  an  intrinsic
characteristic, making the regulation of the potential of the defect
diffusion a common strategy. For instance, adding a few interstitial
atoms to the lattice can stabilize it and limit the migration rate of
charged defects, preventing them from migrating from the source.
In  the  following,  in  detail,  we  will  cover  strategies,  including
secondary  growth  by  atmospheric  treatment  to  create  a  more
uniform  film  surface,  secondary  bonding  of  the  additional
molecules to the defects, and physical or chemical polishing. 

2.1.3    Urbach energy

Urbach energy, indicating the width of the exponentially decaying
of sub-bandgap absorption tail, is commonly used as an indicator
of  the  electrical  quality  of  absorption  films  in  solar  cells.  Most
semiconductors  have  an  Urbach  band  tail  below  the  forbidden
band due to inherent static disorder in materials [46]. This causes
carriers  to  jump between  the  electronic  states  in  the  Urbach  tail,

resulting in photon energy being absorbed and released at the sub-
bandgap [47−49]. Band-tail recombination occurs due to the band-
tail states at the sub-bandgap of the perovskite materials, including
band-tail  losses  and  a  new  energy  loss.  Urbach  energy  (EU)  is
calculated as follows [50]

EU =
E−Eg

ln
(
α (E)
αg

) (5)

where α(E)  is  the  absorption  coefficient  spectrum  and αg is  the
value of α at the band gap energy (Eg). A higher EU value indicates
increased  band-tail  absorption.  As  the  Urbach  tail  descends,  the
quantity  of  emitted  photons  rises,  leading  to  a  reduction  in  the
diffusion length of the carriers. It is reported that Vloss improves as
the EU decreases [51]. Typically, when the EU is less than 26.7 meV
(at 300 K), there is very little reduction in Vloss.

However,  the  reduction  in Vloss increases  rapidly  when  the EU
exceeds 26.7 meV. When the Urbach energy is raised from 45 to
180  meV,  the  majority  of  the  carriers  recombine,  shortening  the
carrier diffusion length and lowering the Voc.  Thus, the reduction
of  the  band-tail  recombination can increase  the  height  difference
between EFn and EFp,  resulting in a higher Voc.  Some studies have
used  spectroscopic  ellipsometry  (SE),  unpolarized  transmittance,
and  photothermal  deflection  spectroscopy  (PDS)  to  derive  the α
spectra of narrow bandgap (FASnI3)x(MAPbI3)1−x perovskite films,
obtaining different values of EU by adjusting x [52]. This indicates
that  varying  the  composition  of  the  perovskite  films  has  a
moderating effect  on energy loss.  However,  despite the lower EU,
the  corresponding  device  efficiency  is  still  poor.  The  primary
reason  is  that  composition  adjustment  can  only  partially  reduce
energy  loss  in  the  bulk  phase.  The  energy  disorder  produced  on
the  perovskite  surface  is  more  significant  than  that  in  the  bulk
phase because it is exposed to the environment and in touch with
the transport layer. 

2.1.4    Energy-band alignment

In general,  a perfect interface of perovskite/carrier transport layer
(CTL) heterojunction must possess features that selectively extract
majority  carriers  while  blocking  the  minority  carriers  through  a
large  Schottky  barrier.  The  pushing  force  that  separates  the
carriers at the interface is weakened by the misaligned energy-level
alignment,  which  also  leads  to  interface-induced  recombination.
The referred heterojunctions  are  mainly  divided into three  types:
Straddling Gap (type I), Staggered Gap (type II), and Broken Gap
(type III)  [53].  In the type I  band alignment,  the conduction and
valence  bands  (Ec and Ev)  of  perovskite  are  sandwiched  between
the CTL. In this case, the energy band structure can be regarded as
a potential well, where both the electrons and holes are confined to
a  lower  energy  level,  resulting  in  electron  accumulation  and
recombination at the interface. Type III represents the case of non-
overlapping  band  alignment  between  the  perovskite  and  carrier
transport layer, where the Ev of the perovskite is even higher than
the Ec of  the  CTL.  Since  the  conduction  band  of  perovskite  is
smaller than that of CTL, the carrier recombines with the Ev of the
perovskite  during  transport,  preventing  the  formation  of  the
typical carrier transport mechanism. Due to the difference in their
energy bands, type II is utilized to make the majority of perovskite
heterostructures,  facilitating  carrier  transport  [54].  However,  an
excessive  energy  band  difference  can  result  in  additional  Peltier
heat  during  carrier  transport,  leading  to Eloss.  Moreover,  defect
levels  may  trap  carriers  during  transport,  causing  non-radiative
recombination.  Therefore,  proper  energy  level  alignment  is
essential  in  order  to  reduce  thermal  losses  and  carrier
recombination. 
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2.2    Degradation mechanisms of perovskite film
Extreme  weather  conditions,  such  as  heavy  rain,  high
temperatures, and strong ultraviolet (UV), are unavoidable during
the practical operation of photovoltaic devices [24]. The instability
of  perovskite  has  emerged  as  the  most  critical  issue  hindering
commercial  applications.  The  surface  and  interface  of  the
perovskite  films  are  key  factors  affecting  the  stability  of  the  final
device. Due to the lattice discontinuities, uncoordinated atoms are
typically  exposed  on  the  surface  of  perovskite  films  and  are
especially  susceptible  to  oxygen  and  water  intrusion,  leading  to
unintended  perovskite  deterioration  (Fig. 2(b))  [55, 56].
Additionally,  when  exposed  to  ambient  conditions,  fragile  grain
boundaries  (GBs)  create  penetrating  channels  that  accelerate  the
degrading process [26]. In the presence of high humidity, MAPbI3
perovskite  reacts  with  water  to  form  the  hydrated  intermediate
phase MAPbI3·H2O, which induces  irreversible  decomposition to
form  PbI2,  as  shown  in  the  following  degradation  process  (Eqs.
(6)–(8)) [57]

MAPbI3 +H2O → MAPbI3 ·H2O (6)

MAPbI3 ·H2O → 1/4MA4PbI6 ·2H2O+ 1/2H2O+ 3/4PbI2 (7)

1/4MA4PbI6 ·2H2O → MAI+ 1/2H2O+ 1/4PbI2 (8)

In  addition,  the  film  undergoes  degradation  under  light,
especially  at  the  interface  between  MAPbI3 and  the  transport
layer  [58].  Under  light  conditions,  ion  migration  is  significantly
enhanced,  leading  to  the  creation  of  more  defects  and  thus  a
decrease in cell efficiency [25]. When the light intensity increases,
the diffusion potential barrier (ΔEb) decreases, leading to easier ion
transport.  Consequently,  the  stability  of  3D  perovskite  remains
one of the most critical challenges for commercialization.

In  comparison  to  3D  perovskite,  the  LD  perovskite  exhibits  a
more  stable  structure  due  to  better  hydrophobicity  and  higher
formation  energy  [59, 60].  The  2D  perovskite  can  be  obtained
from 3D perovskite by slicing along (100) or (110) crystal planes.
One-dimensional (1D) and zero-dimensional (0D) perovskite can
be  obtained by  cutting  2D perovskite  into  metal  halide  lines  and
individual  octahedra  [61].  Here,  let  us  briefly  compare  the
performance of LD perovskite and 3D perovskite using examples
of  2D and 3D perovskite.  Due to  the  superior  hydrophobicity  of
organic ligands and their orientational carrier transport behavior,
the  2D  perovskite  exhibits  remarkable  optoelectronic
characteristics  and  durability.  The  2D  perovskite  has  a  naturally
occurring  quantum well  structure,  with  organic  spacers  acting  as
formation barriers  and the  inorganic  layers  as  wells  [60, 62].  The
majority  of  the  components  in  2D  perovskite  are  made  of
hydrocarbon chains, which are then ordered or assembled to form
hydrocarbon  chain  surfaces.  These  surfaces  serve  to  separate  the
surrounding  water  from  the  perovskite  material,  significantly
increasing  hydrophobicity  [20, 63].  The  presence  of  hydrocarbon
chains  with  nonpolar,  lipophilic  components  improves  the
hydrophobicity  of  the  2D  materials.  Additionally,  the  fluorine
atoms and amine molecules found in 2D perovskite are naturally
hydrophobic. Therefore, the hydrophobicity of 3D perovskite can
be  effectively  improved  by  the  rational  use  of  2D  perovskite,
enhancing the stability of PSCs.

Furthermore,  due  to  the  quantum  and  dielectric  confinement
effects that affect the 2D perovskite, it becomes difficult to separate
electron–hole pairs, making it challenging for electrons and holes
to reach the appropriate transport layers. Despite affecting the cell
efficiency  of  2D perovskite  devices  to  some extent,  the  notorious
ion  migration  can  be  alleviated,  thanks  to  the  higher  exciton

binding  energy  (Wb),  resulting  in  a  more  stable  crystal  structure.
The Wb of  2D  perovskite  and  3D  perovskite  is  expressed  in
Eq. (9) [60]

W2D
b = 4

(
εω
εb

)2

W3D
b (9)

W2D
b

W3D
b

where εω is the dielectric constant of the well and εb is the dielectric
constant of the potential barrier. The  is the excitonic binding
energy of the 2D perovskite and the  is the excitonic binding
energy  of  the  corresponding  3D  perovskite.  Since  the  dielectric
constant of the organic spacer (barrier) is usually smaller than that
of  the  inorganic  layer  (well),  the  exciton  binding  energy  of  2D
perovskite is higher than that of 3D perovskite. This is one of the
reasons why 2D perovskite devices do not perform as well as their
3D  counterparts.  However,  a  higher  exciton  binding  energy
implies  a  higher  ion activation energy (Wa).  The Wa and the σion
are shown in Eq. (10) [64]

σ ion (T) =
σ0

T
exp

(
− Wa

KgT

)
(10)

where Kg is the Boltzmann constant, σ0 is a constant, and the Wa
can  be  derived  from the  slope  of  the  ln(σionT)−1/kT relationship.
The higher Wa of  2D perovskite  lowers  the  likelihood of  carriers
on the perovskite surface becoming activated, raising the potential
barrier  for  carrier  migration and preventing carrier  migration on
the surface of 3D perovskite. Therefore, by combining 2D and 3D
perovskite,  it  is  possible  to  address  the  problems  of  stability  and
ion migration of 3D perovskite, as well as the low efficiency of 2D
perovskite due to quantum and dielectric confinement effects. 

3    Modulation strategy of the perovskite surface-
interface
Non-radiative  recombination  losses  may  be  generated  by
imperfections on the surface of the perovskite film, which, in turn,
affect  the  photovoltaic  performance  and  operational  stability.
Therefore, we aim to elucidate predominant pathways for surface
state  reconstruction,  dimensional  engineering,  and  energy  level
alignment  that  contribute  to  achieving  improved  efficiency  and
highly  stable  perovskite  solar  cells.  Additionally,  we  discuss  the
underlying  mechanisms  that  drive  the  performance  of  the  PSCs
toward the theoretical limit. 

3.1    Surface state reconstruction of perovskite
Due to the chemical softness of perovskite materials, defects on the
surface  and at  the  interface  invariably  result  in  either  energy  loss
or  undesirable  lattice  deterioration.  Herein,  we  group the  surface
and  interface  defect  modulation  features  into  three  types,
including  surface  state  reconstruction,  gas-assisted  surface
secondary growth, and surface polishing treatment (Fig. 3(a)). 

3.1.1    Chemical coordination of surface defects

Uncoordinated  defect  sites  on  the  perovskite  film  have  been
successfully  passivated  using  organic  chemical  compounds  with
functional groups. Such adducts can be attached to the perovskite
through  covalent  or  ionic  bonds  and  are  rich  in  lone  pairs  of
electrons.  The  bonding  electrons  can  be  shared  between  the
chemical  adducts  and  the  defect  sites,  effectively  passivating
undercoordinated  surface  defects.  In  this  section,  we  outline  the
surface  state  reconstruction  strategies  according  to  three  defect
types,  including  vacancy  defects,  interstitial  defects,  and  antisite
defects. 

3.1.1.1    Passivation of vacancy defects
Under  the  influence  of  the  outside  environment  and  post-
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annealing  treatment,  the  periodic  arrangement  of  atoms  on  the
surface  and  interface  of  the  perovskite  produced  by  the  solution
method is easily disrupted, leading to vacancy defects such as VI,
VPb, etc. One of the main reasons for device instability is caused by
vacancy  defects,  which  act  as  electron  traps  to  obstruct  carrier
transport  and  induce  nonradiative  recombination  of  charge
carriers [65].

The superiority of CsPbI3 perovskite is its unparalleled stability,
whereas  imperfect  crystallization  invariably  results  in
unsatisfactory crystal quality and defects [66]. Donor defects of VI

defect  with  lower  formation  energy  are  easier  to  form  in  CsPbI3

perovskite compared with other defect types, which is detrimental
to  decreasing  the  Fermi  level  splitting  and results  in  a  lower Voc.
Du et al. developed a passivation strategy for managing VI defects

 

Figure 3    (a) Summary of measures for passivation of defects at the perovskite surface and interface. Improvement of vacancy defects, interstitial defects, and antisite
defects  at  the  perovskite  surfaces  based  on  the  chemical  coordination  of  surface  defects.  Reproduced  with  permission  from Ref.  [67],  ©  Wiley-VCH GmbH 2022.
Reproduced with permission from Ref.  [71],  © American Chemical Society 2022. Reproduced with permission from Ref.  [77],  © American Chemical Society 2021.
Reproduced with permission from Ref. [80], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2015. Reproduced with permission from Ref. [94], © American
Chemical  Society  2022.  Surface  polishing  treatments  including  mechanical  and  chemical  polishing;  gas  assisted  secondary  growth  and  reconstruction  of  perovskite
surfaces  with  atmospheres  such  as  MA,  FA,  and  ammonia.  (b)  The  graphical  abstract  of  related  breakthrough works  with  reported  maximum PCE for  each  year.
Reproduced with permission from Ref. [65], © Jeong, J. et al. 2021. Reproduced with permission from Ref. [84], © American Chemical Society 2016. Reproduced with
permission from Ref. [94], © American Chemical Society 2022. Reproduced with permission from Ref. [100], © The Royal Society of Chemistry 2017. Reproduced
with  permission  from  Ref.  [101],  ©  The  Royal  Society  of  Chemistry  2018.  Reproduced  with  permission  from  Ref.  [102],  ©  The  Royal  Society  of  Chemistry  2019.
Reproduced with permission from Ref. [103], © The Royal Society of Chemistry 2020. Reproduced with permission from Ref. [104], © Yang, T. H. et al. 2023.
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by  introducing  an  EMIMHSO4 ionic  liquid  into  perovskite
precursor  [67].  They  confirmed  that  HSO4

− plays  the  role  of
electron-acceptor and coordinates with the undercoordinated Pb2+

to  eliminate  VI defects.  Furthermore,  they  found  that  strong
interaction between perovskite and the EMIMHSO4 will probably
slow  the  perovskite  crystal  growth  and  induce  high-quality
perovskite  film.  Jaeki  et  al.  used  the  most  common  HCOO− to
suppress VI defects at grain boundaries and surfaces of perovskite
films  (Fig. 4(b))  [65].  They  indicated  that  the  formate  was  small
enough  to  accommodate  VI,  thus  eliminating  a  notorious  VI
defect  in  metal  halide  perovskite.  The  PCE  of  the  resulting  solar
cell  device  was  achieved  at  25.6%  due  to  the  highest  binding
energy  of  HCOO− with  VI compared  to  other  ions.  In  tin-based
perovskite,  it  is  crucial  to  take  into  account  not  only  the  surface
defects  but  also  the  negative  effects  of  Sn2+ oxidation.  The  device
will  become  unstable  and  experience Vloss due  to  surface  Sn(II)
oxidation  and  high-density  Sn  vacancies.  Li  et  al.  designed  a  6-
maleimidohexanehydrazide  trifluoroacetate  molecule  to
reconstruct  the  surface  of  FASnI3 films  (Fig. 4(a))  [68].  The
oxidation  process  of  Sn2+ can  be  decreased  by  the  TFA− ion
reaction with Sn2+. The TFA− ion successfully passivated the VI and
VSn during  the  action  of  the  molecule,  eliminating  the  electronic
states  brought  on  by  VI and  VSn (Fig. 4(d)).  Therefore,  the  ion
coordination  mechanism  can  be  used  to  efficiently  address  the
problems  caused  by  the  existence  of  vacancy  defects.  This
technique,  however,  was  not  sufficient  to  entirely  eliminate
vacancy defects,  particularly those seen in Sn-based perovskite  or
in  all-inorganic  perovskite,  which  lacked  an  ideal  passivation
mechanism. Thus, more comprehensive and effective methods are
needed to address the performance degradation caused by vacancy
defects. 

3.1.1.2    Passivation of interstitial defects
The  band  gap  of  lead  iodide  perovskite  is  affected  by  interstitial
defects  rather  than  vacancy  defects  [69].  Interstitial  defects  are
formed  when  impurities  enter  the  lattice  and  create  deep  energy
level  traps  away  from  the  valence  and  conduction  band  edges.
These  defects  are  regarded  as  non-radiative  combination  centers
that  severely  affect  device  performance  [70].  Therefore,  the
interstitial  defects  need  to  be  addressed  to  improve  the  final
performance of the device. Electron-donating FAi and Pbi defects,
which  create  deep-level  traps,  may  limit  optoelectronic
performance.  Oner  et  al.  suppressed  FA  interstitial  (FAi)  and  Pb
interstitial  (Pbi)  defects  by  passivating  perovskite  surface  defects
with a benzene additive, which could provide electrons for surface
defects  through  charge  transport  effects  [71].  Due  to  its
electrostatic  interactions  with  FAi and  Pbi as  well  as  its  own
delocalized  charge  distribution  capabilities,  benzene  can
successfully eliminate deep energy level defects around FAi valance
band maximum (VBM) and conduction band minimum (CBM)
as  well  as  near  Pbi VBM (Figs.  4(c) and 4(e)).  In  addition to  the
passivation effect of the neutral passivator, the negatively charged
ions  can  improve  the  Pbi defects  with  the  nature  of  the  electron
donor.  Kim  et  al.  used  the  interaction  between  the  negatively
charged  Cl− in  GlyHCl  and  the  positively  charged  Pbi and  Sni
defects  of  the  Sn-Pb  mixed  perovskite  to  improve  the  defective
state  [72].  It  was  evident  that  the  optimized  energy  levels
progressed  toward  greater  binding  energies,  indicating  that  the
defects had been passivated (Figs. 5(e) and 5(f)).

Recently,  scientists  have  become  enthusiastic  about  adding
various metal ions to CsPbI2Br perovskite, which are abundant at
the  grain  boundaries  and  contribute  to  local  defect  passivation,
thereby  enhancing  the  stability  of  the  device.  However,  there  is
some  controversy  surrounding  the  doping  of  metal  ions,  and  it
has been argued that replacing perovskite B-site atoms with metal
ions  can  improve  device  performance.  Besides,  it  is  believed  that

these metal ions have the potential to insert into the interstitials at
the  perovskite  surface  and  interface,  thereby  passivating  the
interstitial  defects  of  the  surface.  Zhang  et  al.  incorporated  Sm
atoms  into  CsPbI2Br  perovskite  [73].  Sm2+,  which  had  a  smaller
atomic radius than that of  Cs+ and Pb2+,  thus extended the lattice
rather  than  displacing  Cs+ and  Pb2+ (Fig. 4(f)).  Since  the
substitution effects  had been ruled  out,  the  reduced angular  shift
was  caused  by  the  introduction  of  doped  Sm  ions  into  the
perovskite  interstitial  sites.  It  was  proved  that  the  surface  of  a
CsPbI2Br perovskite  film doped with 0.5% Sm had greater  phase
stability  in  ambient  air  than  that  of  the  surface  film of  a  pristine
perovskite  film,  resulting  in  a  PCE  of  15.1%.  Liu  et  al.  added  3-
sulfopropyl  methacrylate  potassium  salt  (SPM)  additive  to  the
perovskite  precursor  solution,  in  which the potassium ion served
to  fill  the  interstitial  defects  [74].  As  a  result,  the  formation  of
iodine-Frankl  defects  at  the  surface  and  GBs  was  prevented,  and
smooth, pinhole-free perovskite films were obtained.

The diffusion of charged ions is the main cause of vacancy and
interstitial  defects.  However,  ionic  coordination  methods  alone
can  only  partially  solve  these  defects.  Therefore,  preventing  the
migration of charged ions before defects emerge may be one of the
key tactics to improve PSCs performance. 

3.1.1.3    Passivation of antisite defects
Antisite defects near the perovskite surface and interface are also a
common  deep  energy  level  trap  with  high  binding  energy,
contributing  to  non-radiative  recombination  at  these  regions.
Vacancy  and  interstitial  defects  commonly  arise  readily  at  the
perovskite  surface  and  interface,  leading  to  ion  migration  and
promoting  the  formation  of  antisite  defects.  Using  the  FAPbI3
surface  as  an  example,  Yang  et  al.  observed  that  free  FA  cations
exited vacant VFA

−,  and moved freely at the surface and interface.
These cations primarily filled vacant VI

+ sites or replaced the I− in
the  PbIx  octahedron,  resulting  in  FA  anti-substitution  (FA-I).
Similarly, I anions from VI

+ generated I anti-substitution (I-FA) as
deep  energy  level  traps  (Fig. 5(a))  [75].  They  proposed  that
reducing  the  generation  of  organic  vacancies  (VFA

− or  VMA
−)  and

inhibiting  the  ion  migration  of  FA+ or  MA+ could  suppress  the
generation  of  antisite  defects.  To  achieve  this,  they  passivated
surface  defects  using  the  additive  poly-4-vinylpyridine  (P4VP),
which  stabilizes  the  ammonium  cation  in  FA+ through  ligand
bonding  and hydrogen bonding,  thus  eliminating  antisite  defects
arising  from  vacancies  such  as  VI and  VFA.  Additionally,  B-site
ions and X-site ions both produce Pb-I and I-Pb at the surface and
interface  of  Pb-rich  perovskite,  which  results  in  irreversible
deterioration  and  photoaging  tendency  [76].  Liu  et  al.  addressed
surface defects by introducing 2-(methylthio)-2-imidazoline cation
(MT-Im)  (Fig. 5(d))  [77].  They  demonstrated  a  significant
increase  in  the  production  energy  of  Pb-I  antisite  defects  on  the
surface of perovskite films enhanced with MT-Im, indicating that
MT-Im  significantly  affected  the  passivation  of  Pb-based  defects
on  the  perovskite  film surface.  In  addition,  MT-Im hindered  the
migration  of  Pb2− and  mitigated  the  production  of  Pb-I  antisite
defects  by  forming  PbI3

− and  NH2+.  Utilizing  ionic  liquids  to
passivate  perovskite  surface  defects  has  also  shown  promising
results  [7].  Liu  et  al.  used  the  ionic  liquid  1,3-dimethyl-3-
imidazolium hexafluorophosphate (DMIMPF6) to study the effect
on  the  surface  defects  of  Cs0.08FA0.92PbI3 perovskite  [78].  They
discovered  that  DMIMPF6 treatment  passivated  local  edge  states
brought on by antisite defects,  resulting in a high PCE of 23.25%
for  the  treated  perovskite  devices  (Fig. 5(c)).  Moreover,  antisite
defects in the Pb-rich perovskite could be passivated through self-
regulation.  Liu  et  al.  proposed  that  under  Pb-rich  conditions,
interstitial  Pb  and  vacant  I  form the  antisite  defect  (Pb-I),  which
then self-regulates with the existing I-Pb to form a perfect crystal
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structure without lattice expansion or contraction (Fig. 5(b)) [79].
This  self-regulation  process  eliminates  antisite  defects  on  the
perovskite  surface,  leading  to  improve  the  PSCs  performance.
However,  the  presence  of  vacancy  and  interstitial  defects  may
repeatedly  produce  antisite  defects  with  varying  densities  under
different external environmental changes, making it challenging to
maintain consistent defects on the perovskite surface.

Perovskite  defect  passivation  is  mainly  achieved  through  van
der  Waals  interaction  forces  between  the  additive  and  the
perovskite precursor. Although this is an efficient way to deal with
defects in perovskite films, the quasi-random distribution of ionic
ligands  on  the  perovskite  surface  due  to  the  additive’s  weak  van
der  Waals  interactions  limits  the  overall  improvement  of  device
performance. Therefore, alternative ways to regulate the perovskite
surface-interface need to be explored. 

3.1.2    Gas-assisted surface secondary growth and restructuring

In  contrast  to  traditional  chemical  coordination  approaches,  the
secondary growth method of perovskite films through dissolution
and recrystallization proves to be a more efficient and precise way
to  eliminate  surface  defects.  Utilizing  different  gases  to  assist  the
perovskite surface in undergoing secondary growth can effectively
eliminate  surface  defects  that  cannot  be  addressed  by  ordinary
passivation  methods.  Atmospheric  post-treatment  of  perovskite

films  for  morphological  reconstruction  is  an  attractive  approach
for producing high-quality and large-scale perovskite films.  Zhou
et  al.  first  proposed  using  methylamine  (MA)  gas  as  a  post-
treatment  to  optimize  the  surface  of  MAPbI3 perovskite  films,
leading  to  defect  repair  on  the  surface  [80].  This  technique
restored the damaged MAPbI3 perovskite film to an almost perfect
morphology (Fig. 6(a)).  The addition of MA gas molecules led to
reversible  reactions  with MAPbI3,  resulting in  the  formation of  a
liquid  MAPbI3−xCH3NH2 intermediate  phase  before  rapidly
forming  a  smooth  and  pinhole-free  MAPbI3 perovskite  film
surface  as  the  MA  gas  molecules  escaped.  This  method  was  fast
and  simple,  successfully  healing  defects  on  the  surface  and
interface  of  the  perovskite  film,  and  thus  increasing  the  PCE  of
PSCs from 5.7% to 15.1%. However, this method often resulted in
small  grains  due  to  the  rapid  nucleation  rate  caused  by  the
spontaneous  volatilization  of  MA  gas  molecules  in  liquid
intermediates  [81].  To  address  this  issue,  Zhang  et  al.  heated  the
films  based  on  a  methylamine  atmosphere  treatment,  which
caused  MAPbI3 to  recrystallize  at  high  temperatures,  resulting  in
larger and more uniform grain sizes [82]. This thermally induced
recrystallization technique in  the  presence of  an MA atmosphere
resolved the growth process issue and reduced defects at the grain
boundaries [83]. In addition to the post-atmospheric treatment of
the  perovskite  film  surface,  MA  gas  molecules  can  interact  with

 

Figure 4    (a)  Schematic  diagram  of  surface  reconstruction  strategy  and  the  MHATFA  passivation  and  protection  mechanism.  Reproduced  with  permission  from
Ref.  [68],  ©  American  Chemical  Society  2022.  (b)  The  configuration  of  a  typical  FAPbI3 PSCs  device.  Spiro-OMeTAD,  2,2',7,7'-tetrakis(N,N-di-p-
methoxyphenylamine)9,9'-spirobifluorene.  Reproduced  with  permission  from  Ref.  [65],  ©  Jeong,  J.  et  al.  2021.  (c)  Density  of  states  (DOS)  of  FAi defect  with  and
without the benzene additive.  Reproduced with permission from Ref.  [71],  © American Chemical  Society 2022.  (d) DOS of defect-free,  VI defected,  and passivated
surface.  Reproduced with permission from Ref.  [68],  © American Chemical  Society 2022.  (e) Density of states of Pbi defect with and without the benzene additive.
Reproduced with permission from Ref. [71], © American Chemical Society 2022. (f) Fine patterns of the peak of the (200) lattice plane. Reproduced with permission
from Ref. [73], © American Chemical Society 2022.
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the  HPbI3 precursor  layer  to  create  high-quality  HPbI3 crystals.
Cui  et  al.  used  an  antisolvent  crystallization  technique  based  on
stoichiometric  PbI2/HI  precursors  to  form  HPbI3 crystals  [84].
When  they  exposed  HPbI3 to  an  MA  atmosphere  and  then
removed the MA gas, they observed that HPbI3 transitioned from
a  pale  yellow  phase  to  a  black  phase  (Fig. 6(d)).  This  process
facilitated the formation of HPbI3 through a strong acid-promoted
pathway, as opposed to the conventional MAPbI3 creation, where
the  MA  gas  had  the  largest  surface  area  in  contact  with  HPbI3
without  thermal  induction.  Meanwhile,  the  Pb-I  structure  in  the
HPbI3 was preserved below the MA atmosphere, reducing iodine
vacancies and enhancing the film quality. Thus, the production of
MAPbI3 perovskite  films  using  this  method  had  the  potential  to
yield  larger  grains  and  limit  the  buildup  of  defects  at  the  grain
borders.  Interestingly,  Qi et al.  prepared pinhole-free,  low surface
roughness  and  fully  covered  chloride-containing  perovskite  films
through the synergistic effect of MA gas and partial substitution of
iodide  ions  by  chloride  ions  (Fig. 6(b))  [85].  The  resulting  PSCs
achieved a PCE of 19.1% ± 0.4% with excellent reproducibility.

The  slow  breakdown  of  the  MAPbI3 layer  and  the
accompanying  very  viscous  liquid  phase  of  the  MA-perovskite
cause  slow  diffusion  near  the  surface,  where  recrystallization  has
already  begun  even  though  the  perovskite  surface  is  not  yet
completely  covered.  Huang  et  al.  achieved  complete
reconstruction and repair of the perovskite films under combined
treatment with methylamine gas and hot solvent vapor [82]. Using
two different atmospheric treatments, they considered whether to
turn the sample over for subsequent processing after atmospheric
treatment  and  annealing.  Comparing  the  films  created  using  the
two  techniques  revealed  that  the  second  approach  produced  a
nearly  flawless  perovskite  film  surface  (Fig. 6(c)).  By  flipping  the
film for the subsequent annealing stage, the MA could thoroughly
react  with  the  MAPbI3 film,  rapidly  covering  the  surface  of  the
perovskite  film  aided  by  gravity  and  recrystallizing  from  the
margins as  the MA departs,  resulting in a  perfect  perovskite  film
state.  Manipulating  the  nucleation  and  growth  state  of  MAPbI3
perovskite  in  the  liquid  state  also  allowed  the  achievement  of
perfect  perovskite  surfaces.  Yuan  et  al.  introduced  self-generated

 

Figure 5    (a) Planform showing multiple-defect management for the prototypical defective FAPbI3 surface. Reproduced with permission from Ref. [75], © American
Chemical  Society  2021.  (b)  The  proposed  schematic  diagram  of  defect-regulation  processes.  (the  green  and  purple  balls  present  Pb  atoms  I  atoms,  respectively).
Reproduced with permission from Ref. [79], © Wiley-VCH GmbH 2021. (c) DOS of the pristine PbI2 surface and Pb-I antisite surface with and without DMIMPF6

treatment. Reproduced with permission from Ref. [78], © Wiley-VCH GmbH 2020. (d) Theoretical models of perovskite with molecular surface passivation of IPb and
PbI antisite defects with MT-Im. Reproduced with permission from Ref. [77], © American Chemical Society 2021. DOS of (e) Pbi and (f) Sni before and after GlyHCl
introduction, and the optimized structure after the incorporation of GlyHCl. Note that DOS were aligned with the deep lying state of the pristine system. Pb, Sn, I, C,
N, and H are indicated in dark gray, purple, brown, gray, blue, and white, respectively. Reproduced with permission from Ref. [72], © Wiley-VCH GmbH 2021.
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MA gas to avoid nucleation in the liquid phase state by controlling
the  amount  of  MA  gas  generated  [86].  They  demonstrated  that
potential  vacancy  defects  in  BA  and  PEA-based  RP  perovskite
films,  which  resulted  in  decreased  trap  density  and  higher
interfacial  adhesion,  might  be  successfully  repaired in  situ using
self-generated MA gas (Figs.  6(e) and 6(f)).  In recent years,  other
gas  molecules  have  also  been  studied.  Padture  et  al.  placed
MAPbI3 perovskite  films  in  a  confined  space  containing  FA  gas,
resulting in the rapid replacement of MA+ cations by FA+ cations
in  the  perovskite  structure  (Fig. 6(g))  [87].  The  microstructural
morphology  of  the  original  MAPbI3 films  could  be  preserved  in
the  resultant  FAPbI3 perovskite  films.  Theoretically,  α-FAPbI3 is
more efficient and thermally stable than MAPbI3. As a result, FA-
based  perovskite  can  be  treated  using  a  gas-assisted  approach,
which improves device performance. However, the degradation of
the perovskite layer occurred as a result of post-treatment healing
of  FA-based  perovskite  films  using  MA  gas  [88].  Peng  et  al.
selected  ammonia  as  the  post-treatment  gas  for  highly
homogeneous  and  dense  FA-based  perovskite  films  [89].  The
findings  demonstrated  that  FA-based  perovskite  materials  might
be produced at low temperatures that successfully encouraged the
absorption of sufficient ammonia molecules and the production of
a liquid intermediate state, which could efficiently remove defects

like voids on the surface of perovskite films (Fig. 6(h)). Ultimately,
the  resulting  perovskite  solar  cells  with  ammonia-assisted  post-
treatment achieved a PCE of 23.21% with excellent reproducibility.
Additionally, the method was also used to prepare large-area cells
with  an  effective  area  of  14  cm2 and  realize  a  PCE of  more  than
20%.  Therefore,  gas-assisted  secondary  growth  on  the  surface  of
perovskite  films  produced  a  dense  and  pinhole-free  perovskite
film  with  significantly  lower  defect  density,  featuring  uniform
large-area  perovskite  film  fabrication.  It  paves  the  way  for
straightforward  and  quick  fabrication  of  effective  and  reliable
perovskite devices. 

3.1.3    Surface polishing treatment

Perovskite films prepared by the solution method often exhibited
a  disordered  grain  boundary  structure  with  numerous  defects,
caused  by  nanocrystals  generated  on  surfaces  and  amorphous
phases  at  grain  boundaries.  These  defects  lead  to  poor  surface
quality  and  reduced  film  hardness.  To  address  this,  surface
polishing  techniques  have  been  explored  to  remove  non-
homogeneous  phase  components  and  improve  carrier  transport
capabilities.  Huang  et  al.  utilized  mechanical  (physical)  polishing
techniques to remove defective layers of the surface of perovskite
films  [90].  This  resulted  in  a  tougher  surface  with  significantly

 

Figure 6    (a) Schematic illustration of the mechanisms involved in the MIDH of MAPbI3 perovskite films. Reproduced with permission from Ref. [80], © Wiley-VCH
Verlag  GmbH  &  Co.  KGaA,  Weinheim  2015.  (b)  Schematic  drawing  showing  the  reaction  process  of  partial  substitution  of  iodine  ions  by  chorine  ions  to  form
chlorine-incorporated perovskite MAPbI3(Cl) films. Reproduced with permission from Ref. [85], © Liu, Z. H. et al. 2018. (c) Schematic diagram of the two gas therapy
modalities. Reproduced with permission from Ref. [82], © American Chemical Society 2020. (d) Schematic illustration of crystallographic conversion from HPbI3 to
MAPbI3 upon reaction with CH3NH2. Reproduced with permission from Ref. [84], © American Chemical Society 2016. (e) Schematic illustration of the RP perovskite
with extra MA gas post-treatment and SG-MA in situ healing. Reproduced with permission from Ref.  [86],  © American Chemical Society 2021. (f) Cross-sectional
scanning  electron  microscope  (SEM)  images  of  the  control  and  BA2MA3Pb4I13 RP  perovskite  films  prepared  by  additional  MA  gas  post-treatment  and  SG-MA
methods, respectively. Reproduced with permission from Ref. [86], © American Chemical Society 2021. (g) Cation displacement reaction between MAPbI3 perovskite
and HC(=NH)NH2 (formamidine or FA) gas at 150 °C resulting in FAPbI3 perovskite and CH3NH2 (methylamine or MA) gas, and schematic illustration depicting
morphology-preserving MAPbI3 → FAPbI3 perovskite thin-film conversion. Reproduced with permission from Ref. [87], © American Chemical Society 2016. (h) SEM
images of raw FACsPbI3 and NH3-FACsPbI3 perovskite films. Reproduced with permission from Ref. [89], © Li, Z. P. et al. 2022.
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reduced  defects  and  increased  roughness,  promoting  better
contact  between  the  perovskite  layer  and  the  transport  layer.
However,  mechanical  polishing  methods  are  expensive  and
challenging  to  control,  risking  damage  to  the  internal  perovskite
structure.  Hence,  alternative polishing methods more suitable  for
general applications need to be explored.

Chemical  polishing  techniques  are  superior  to  molecular
passivation  and  mechanical  polishing  methods  in  terms  of
eliminating  non-chemical  composition  and  surface  defects  and
facilitating  electron–hole  extraction  between  the  perovskite  and
transport  layers.  Surface  defects  on  CsPbI3 perovskite  films  can
cause severe non-radiative recombination and give rise to a p-type
characteristic  on  the  CsPbI3 surface,  which  affects  electron
extraction  and  hole  blocking  when  in  contact  with  electron
transport  layer  (ETL)  PCBM.  To  address  this  issue,  Fang  et  al.
developed  a  technique  using  1,4-butanediamine  polishing
treatment  to  eliminate  the  Pb-poor  surface  of  CsPbI3 perovskite
films [91]. The Pb-poor surface had three common defects, IPb and
VPb being  deep  energy  level  traps  (Fig. 7(a))  [41].  The  polishing
treatment  significantly  improved  the  surface  state  (Fig. 7(b))  and
energy  level  alignment,  resulting  in  a  noticeable  increase  in  the
efficiency of CsPbI3 PCSs from 12.64% to 19.84% (Fig. 7(d)). The
presence of PbI2 on the surface of perovskite films is beneficial for
grain  enlargement,  reducing  halide  vacancies  and  passivating
defects  on  grain  boundaries  [92].  Additionally,  a  moderate
amount  of  PbI2 can  inhibit  the  formation  of  δ-phase  perovskite,
thereby  promoting  the  growth  of  more  orientated  α-phase

perovskite  crystals  [93].  However,  poorly  regulated  PbI2 can
induce considerable Pbi and severe non-radiative combinations on
the perovskite surface.  To end this,  Zhu et al.  used an extra layer
produced  by  the in  situ interaction  between  PbI2 and  the
ammonium  salt  of  the  chemical  polishing  agent  to  optimize  the
effect  of  PbI2.  They  then  removed  the  excess  PbI2 from  the
perovskite  surface  through  chemical  polishing  techniques  (Fig.
7(c))  [94].  This  chemical  polishing  not  only  passivated  surface
defects but also effectively regulated the energy level alignment of
the  perovskite/transport  layer  without  introducing  other
impurities, leading to high device efficiencies of 24.5% (Fig. 7(e)).

However,  additional  indispensable  chemical  solvents  in
chemical  polishing  may  affect  the  properties  of  perovskite  films
and  complicate  the  preparation  process.  Therefore,  considering
the  detrimental  effect  of  solvents  on  perovskite,  the  researchers
have  explored  a  non-contact  polishing  method  known  as  laser
polishing.  The  utilization  of  short-wavelength  laser  irradiation
with appropriate parameters not only avoids the decomposition of
the  perovskite  but  also  ameliorates  the  quality  of  perovskite
films  [95, 96].  Fang  et  al.  first  proposed  a  new  excimer  laser
surface modification (ELSM) method to reduce the surface defects
of  the  perovskite  films  by  laser  irradiation  [97].  This  simple  and
effective method enables polishing of the perovskite surface within
a few seconds, inhibiting the charge recombination at the interface
of  the  perovskite  and  charge-transport  layer,  thus  improving  the
performance  of  the  PSCs.  Thereafter,  Guo  et  al.  polished  the
perovskite  surface  with  a  high-intensity  femtosecond (fs)  laser  to

 

Figure 7    (a)  Theoretically  simulated  electronic  states  of  lead-poor  relevant  traps  in  CsPbI3 band  energy  levels.  (b)  Schematic  diagram  of  the  hindered  electronic
transport  at  cathode interface  for  the  lead-poor  surface.  Reproduced with  permission from Ref.  [91],  © Wiley-VCH GmbH 2022.  (c) J–V curves  of  the  champion
device of each condition and the R and F symbols represent the reverse and forward scanning directions. Reproduced with permission from Ref. [94], © American
Chemical  Society  2022.  (d) J–V curves  in  reverse  and  forward  scanning  directions  of  the  champion  PSCs  based  on  unpolished  and  polished  perovskite  films.
Reproduced with permission from Ref.  [91],  © Wiley-VCH GmbH 2022.  (e) Schematic illustration of the chemical  polishing process.  Reproduced with permission
from Ref. [94], © American Chemical Society 2022.
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minimize the defect density on the perovskite surface [98]. The fs
polishing technique removed approximately  20 nm from the top
layer of perovskite, through an ultrafast ionization process, leading
to the reduction of the grain boundary density and the increase of
the grain size.  The fs  laser has the potential  to damage the lattice
structure  of  the  perovskite  by  polishing  it,  and  using  a  lower
power  laser  may  reduce  the  disruption  to  the  perovskite.
Therefore,  Saliba  et  al.  introduced  a  nanosecond (ns)  pulsed  UV
laser  to  focus  the  laser  on  the  top  surface  of  the  perovskite  for
raster scanning [99]. By controlling the laser energy and scanning
speed,  the  photophysical  properties  of  the  surface  could  be
improved  without  compromising  the  thickness  of  the  film.  This
approach  resulted  in  a Voc reaching  1.21  V  by  reducing  surface
recombination  losses  with  an  optimized  perovskite/transport
interface.  These  laser  polishing  methods  compared  to  the
prevalent chemical passivation layers can provide new perspectives
for efficient, stable, and scalable fabrication of large-area or flexible
PSCs. The main innovative advances in defect moderation on the
perovskite  surface  and  interface  are  summarized  in Table  1 and
the  graphical  summary  of  PCE  breakthroughs  over  the  years  is
presented in Fig. 3(b) [65, 84, 94, 100−104]. 

3.2    Dimensional engineering and structural stability
Despite  the  rapid  progress  in  achieving  high  PCE  performance,
long-term  stability  issues  arise  due  to  unintentional  phase
structure  degradation  and  inhomogeneous  spatial  distribution  of
components induced by ion motion from the surface. To address
these challenges and pave the way for practical applications, low-
dimensional  perovskite  structures  have  shown  promise.  These
structures  possess  remarkable  hydrophobic  properties  and
effectively  suppress  ion  migration  from  large  organic  cations.  In
this  section,  we  present  our  approach  to  modulating  the  surface
and  grain  boundaries  of  3D  perovskite  by  incorporating  low-
dimensional  perovskite,  offering  a  new  direction  for  the
development of highly stable PSCs (Fig. 8(a)) [61, 105−110]. 

3.2.1    2D/3D hybrid dimensional structure

2D  perovskite  demonstrates  excellent  stability  with  good
hydrophobicity  and high  ion  diffusion  barriers  [111].  To  achieve
both high efficiency and stability in PSCs, it is essential to combine
2D perovskite with 3D perovskite while delicately balancing their
structures.  This  combination  can  be  achieved  through  methods
such  as  bulk  doping  and  surface  treatment  to  modify  the  grain
boundaries  and  surfaces  of  3D  perovskite.  In  2D/3D  perovskite
structures,  the  2D  phase  is  preferentially  located  at  the  grain
boundaries of  3D perovskite [112],  and an interfacial  layer of  2D
perovskite  is  formed  on  the  3D  perovskite  surface  during  the
nucleation  and  growth  [113].  Cao  et  al.  applied  β-
guanidinylpropionic acid (β-GUA) molecules as additives in MA-
free  perovskite  solutions  to  promote  the  formation  of  2D/3D
perovskite  [114].  The  grain  boundaries  of  3D  perovskite  allowed
most of the 2D phases to be embedded, distributed over half of the
thickness of the 3D perovskite film (Fig. 9(a)). The coupling of 2D
and 3D perovskite resulted in superior water intrusion inhibition
(Fig. 9(f)).  In  addition  to  the  direct  addition  of  2D  perovskite
solution,  the  formation  of  2D  perovskite  by  reaction  with  PbI2
between  the  3D  perovskite  grain  boundaries  is  essential  to
improve the PCE of PSCs. Liu et al. developed a simple approach
using  an  ultra-thin  2D  perovskite  to  terminate  CsPbI3 grain
boundaries  without  damaging  the  original  3D  perovskite  [115].
They  first  deposited  a  CsPbI3 layer  containing  excess  PbI2 and
formed  a  template  of  PbI2 at  the  grain  boundaries,  and  then
treated  with  a  PEAI/isopropyl  alcohol  (IPA)  solution,  which
induced  the  reaction  of  the  PEAI  solution  with  PbI2 at  the  grain
boundaries to form a 2D phase.  The moisture stability of  the 2D

terminated  CsPbI3 films  was  significantly  improved  due  to  the
ability of the 2D perovskite to prevent the penetration of moisture
and  oxygen  into  the  GBs  while  inhibiting  ionic  migration.  As  a
result,  the  initial  PCE  of  the  unencapsulated  device  could  be
maintained  at  ≈  81%  after  84  h  of  storage  at  40%  ±  5%  relative
humidity (Fig. 9(g)). Other researchers have also improved device
performance by gradually substituting components in the original
3D  perovskite  with  new  molecules,  resulting  in  2D  perovskite
encircling  the  original  3D  grains  to  form  a  tighter  encapsulation
film  [116, 117].  However,  irregular  crystal  orientation  and
insulating  properties  of  the  2D  perovskite  layers  can  reduce  the
efficiency  of  charge  transfer  between  adjacent  layers  [118].  To
address  this,  Li  et  al.  demonstrated  a  localized  2D-3D  mixed
perovskite,  in  which  the  2D  perovskite  was  formed  on  the
localized  surface  of  3D  perovskite  without  fully  covering  it  (Fig.
9(b))  [119].  This  configuration  was  more  conducive  to  hole
transfer  than  the  horizontal  one  due  to  the  insulating  organic
spacer  cations  and  random  orientation  of  3D  perovskite.  For
incomplete  coverage  of  the  underlying  3D  film,  holes  could  be
removed  to  the  hole  transport  layer  (HTL)  even  if  the  2D
perovskite  layer  was  horizontally  located  on  the  3D  film  surface.
However, an undesirable quasi-2D phase that negatively affects the
PCE  and  stability  of  the  PSCs  is  inevitably  created  by  the
formation  of  2D/3D  layers  in  these  methods  [120].  For  this
purpose, Noh et al.  developed a new method using a solvent-free
solid-phase  in-plane  growth  (SIG)  approach  to  create  2D/3D
layers [121]. A solid 2D film was placed on top of a 3D perovskite
layer so that their surfaces were contacted. Next, pressure and heat
were  applied  downward  from  above,  which  caused  the  2D
perovskite  of  the  solid  2D  perovskite  film  to  transfer  to  the  3D
perovskite layer (Fig. 9(e)).  This approach avoided the generation
of  quasi-2D  perovskite  with  large  band  gaps,  resulting  in  2D/3D
perovskite devices with a Voc of 1.185 V and a PCE of 24.35%. The
encapsulated  devices  maintained  94%  of  their  initial  efficiency
after 1056 h in a damp heat test (85 °C/85% relative humidity).

In  general,  2D  perovskite  can  serve  as  both  an  additive  and  a
surface post-treatment additive,  effectively  enhancing the stability
of the perovskite films. Gharibzadeh et al. developed a strategy for
double  passivation  of  grain  boundaries  and  surfaces  using
phenethylammonium chloride (PEACl) to treat  grain boundaries
and  perovskite/C60 interfaces  (Fig. 9(c))  [122].  Through  thermal
conductivity spectroscopy (TAS),  they demonstrated a significant
increase  in  the  activation  energy  for  ion  migration  after  double
treatment,  leading  to  enhanced  device  stability  under  maximum
power  point  (MPP)  tracking  and  1000  h  heat  treatment  (Fig.
9(h)).  Furthermore,  Gao et  al.  designed a strategy by introducing
the  2-(2-pyridyl)ethylamine  (2-PyEA)  molecule  into  the
perovskite  (Fig. 9(d))  [123].  As  an  additive  and  post-treatment
solvent,  2-PyEA  promoted  2D@3D  perovskite  and  3D/2D
perovskite  generation,  respectively,  resulting  in  a  2D@3D/2D
perovskite structure. This significantly increased the contact angle
of  3D  perovskite  films  from  53.5°  to  72.9°  and  greatly  improved
the  hydrophobicity  of  the  perovskite  films.  Therefore,
incorporating  2D  perovskite  into  3D  perovskite  structure  is  an
effective approach to enhance the stability and efficiency of PSCs.
This method not only passivates surface and interfacial defects but
also  functions  as  a  hydrophobic  and  insulating  layer,  preventing
the infiltration of water and oxygen. 

3.2.2    1D/3D hybrid dimensional structure

As aforementioned, the 2D perovskite is effective in improving the
stability of 3D perovskite. However, the large interlayer distance of
2D perovskite with long-chain organic cations may hinder charge
extraction from 3D perovskite to neighboring CTL, thus reducing
the PCE. In addition, the 2D structures formed on the 3D surfaces
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Table 1    Summary of innovative development of the passivation of surface defects in PSCs

Year Device structure Materials Type of defect Strategic and approach Results References

Chemical
coordination of
surface defects

2021

FTO/c-TiO2/m-TiO2/
Rb0.05Cs0.05MA0.15FA0.75
Pb1.05(I0.95Br0.05)3/Spiro-

OMeTAD/Au

3-
Phosphonopropionic
acid (H3pp) organic

molecule

Shallow point defect

The strong interaction
between the perovskite and
the H3pp molecule through

two types of hydrogen
bonds (H···I and O···H)

PCE = 21% [38]

2021

ITO/PEN/HfOx/
Rb0.05Cs0.05(FA0.83

MA0.17)0.9Pb(I0.95Br0.05)3/
Spiro-OMeTAD/Au

Artemisinin Uncoordinated Pb
ions

Passivate the perovskite
grains via the interaction

between the carbonyl
groups of artemisinin and

uncoordinated
Pb ions

PCE = 21.10% [39]

2022
ITO/SnO2 +

Gd/perovskite/Spiro-
OMeTAD/Au

Rare earth element
Gd

Oxygen vacancy
defects of the SnO2

Doping with Gd ions to
passivate oxygen vacancy

defects at the SnO2
interface

PCE = 22.40% [201]

2021
FTO/c-TiO2/m-TiO2/

FAPbI3/OAI/
Spiro-OMeTAD/Au

Pseudo-halide anion
formate (HCOO−)

Anion-vacancy
defects

Introducing 2%
formamidine formate
(FAHCOO) into the
precursor solution

PCE = 25.6% [65]

2022 FTO/TiO2/CsPbI3/Spiro-
OMeTAD/Au

1-Ethyl-3-methyl-
imidazolium

hydrogen sulfate
(EMIMHSO4)

Undercoordinated
Pb2+; iodine vacancy

defects

A low concentration of
ionic liquid, EMIMHSO4,

was introduced into
perovskite film

PCE = 20.01% [67]

2022
ITO/PEDOT:PSS/

FASnI3/C60/BCP/Ag

6-
Maleimidohexanehyd
razide trifluoroacetate

Undercoordinated
Sn2+; Sn

interstitials; Sn-I
antisites

Surface reconstruction
strategy with 6-

maleimidohexanehydrazide
trifluoroacetate

PCE = 13.64% [68]

2022 — Benzene additive with
delocalized electron

Electron-donating
FA-interstitial and

Pb-interstitial
defects

Investigated intrinsic point
defect formations in FAPbI3

surface with four types of
terminations, PbI2, FAI,

and PbI

Benzene additive
with delocalized

electron distribution
can effectively

passivate the deep
FA-interstitial and

Pb-interstitial defects

[71]

2022
ITO/Cs0.05MA0.45FA0.5

Pb0.5Sn0.5I3/PCBM/
C60/BCP/Ag

Copper thiocyanate
(CuSCN) and glycine

hydrochloride
(GlyHCl)

Sn-interstitial and
Pb-interstitial

defects

A binary additive system
composed of CuSCN and

GlyHCl
PCE = 18.6% [72]

2022 FTO/SnO2/FAPbI3/
Spiro-OMeTAD/Au

3-Sulfopropyl
methacrylate

potassium salt
additive

Undercoordinated
Pb2+; point defects

and Pb clusters

Employed 3-sulfopropyl
methacrylate potassium salt

as a multifunctional
additive to assist grain

growth

PCE = 22%;
EQEEL = 12.2% [74]

2022

ITO/SnO2/FAPbI3/
Spiro-OMeTAD/Au

Pyridine-containing
polymeric agent

VFA
−, VMA

−, VI
+, FAI

+,
IFA

−, Ii
+

Three kinds of chemical
bonding enabled by

polymeric P4VP atop the
defective surface of

perovskite
polycrystalline films

PCE = 22.02%,
planar devices

[75]

FTO/c-TiO2/
FAPbI3/Spiro-
OMeTAD/Au

PCE = 23.14%,
mesoporous devices

2021

ITO/SnO2/
(Cs0.03FA0.97PbI3)0.95
(MAPbBr3)0.05/MT-

Im/Spiro-OMeTAD/Au

2-Methylthio-2-
imidazoline (MT-Im)

Pb-I antisite defexts;
uncoordinated Pb0

defects

A LDP by an amphoteric
heterocyclic cation, increase

the defect formation
energies and inhibit the

generation of Pb-I antisite
defects.

PCE = 24.07% [77]

2021
FTO/NiO/Cs0.08FA0.92Pb

I3/DMIMPF6/Spiro-
OMeTAD/Au

1,3-Dimethyl-3-
imidazoliumhexafluor

ophosphate
(DMIMPF6) ionic

liquid

Pb-cluster and Pb-I
antisite defects

[DMIM]+ bonding with the
Pb2+ ion on the perovskite

surface, leading to
significantly suppressed

nonradiative recombination

PCE = 23.25% [78]

2015
FTO/c-TiO2/

MAPbI3/HTM/Ag Methylamine gas Voids and pinholes

Secondary growth of
MAPbI3 perovskite crystal
surface by introduction of

MA gas

PCE = 15.1% [80]

Gas-assisted
surface

secondary
growth

2018
FTO/c-TiO2/m-TiO2/

MAPbI3(Cl)/Spiro-
OMeTAD/Au

Methylamine gas Voids and pinholes

Fast gas–solid reaction of
chlorine-incorporated

hydrogen lead triiodide
(HPbI3(Cl)) and CH3NH2

gas

PCE = 19.1% ± 0.4% [85]
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usually  contain  phases  with  different n values,  resulting  in  an
inability to control the phase distribution of 2D perovskite, which
affects  the  transport  between  3D  perovskite  and  the  transport
layer [124, 125]. To further increase stability in the PSCs, attention
has  shifted  to  1D perovskite,  which  has  a  more  flexible  structure
with  small  organic  conjugated  molecules,  providing  excellent
charge transport properties [126, 127].  Due to its  near-ideal  band
gap  of  1.47  eV  and  superior  crystallinity,  FAPbI3 is  frequently
employed as an absorber layer for PSCs and recently achieved an
efficiency of 26.1%. However, the black phase α-FAPbI3 is unstable
at  room temperature  and easily  converts  to  the  fragile  and easily
degraded  yellow  phase  δ-FAPbI3 [106].  To  address  this,
preventing  the  production  of  δ-FAPbI3 is  crucial  to  boost  the
overall  performance  and  stability  of  FAPbI3 devices.  Li  et  al.
obtained the first novel 1D/3D hybrid dimensional structure with
stabled  α-FAPbI3 by  incorporating  hydrazine  cations  (HA+)  into
FAPbI3-based  perovskite  [106].  They  made  HA+ cations
preferentially  reacting  with  [PbI6]4

− of  the  3D  perovskite  and
formed  a  1D-HA  phase  at  the  grain  boundary  of  the  3D
perovskite through a cation exchange mechanism, which inhibited
the  FA+ reaction to  form δ-FAPbI3 and improved the  stability  of
the  device  (Fig. 10(f)).  Besides,  the  formation  of  the  3D
polycrystalline  perovskite  films  required  thermal  annealing,
resulting  in  compressive  strain  in  the  out-of-plane  direction  and
tensile  strain  in  the  in-plane  direction  due  to  thermal  expansion
mismatch. The generation of strain decreases the activation energy
of ion migration and accelerates the decomposition of perovskite.
In the 3D single-crystal perovskite, electrostriction reactions occur
due  to  their  soft  lattice  properties  with  low  Young’s  modulus
(Ym) [128].  The electrostriction effect  can cause lattice distortion
and produce more Schottky and Frenkel defects, leading to more

severe  ion  migration.  To  address  these  issues,  Li  et  al.  first
observed  the  electrostriction  in  3D  polycrystalline  perovskite,
which  significantly  affected  the  lattice  strain  under  the  electric
field.  They  prepared  1D/3D  structures  to  improve  carrier
extraction  and  transport  in  3D perovskite  by  adding  organic  salt
and  bulk  benzimidazole  cations  (Bn+)  [44].  Bn+ induced  3D
perovskite  crystal  growth  and  formed  spatially  distributed  1D
BnPbI3 perovskite  in  3D  perovskite  films,  compensating  for
dangling  bonds  and  passivation  defects,  contributing  to
equilibrium  extraction  of  carriers  (Fig. 10(h)).  Furthermore,  1D
BnPbI3 perovskite  could  suppress  the  electrostriction  effect  by
increasing  the  Ym  of  the  3D  perovskite,  which  effectively
improved  the  lattice  deformation  and  led  to  weakened  ion
migration.  This  approach  also  significantly  reduced  iodide  ion
diffusion  to  Ag  electrodes  in  3D  perovskite  devices,  preventing
corrosion  of  the  electrodes.  In  1D-3D  perovskite  devices,  Ag
electrode  diffusion  and  iodide  ion  migration  were  effectively
suppressed  (Fig. 10(i)).  To  improve  the  stability  of  inorganic
perovskite,  Cs+ cations  can  be  used  to  resolve  the  volatility  of
organic cations due to their chemical inertness. Despite the 1D/3D
CsPbI3 hybrid  dimensional  structures  increasing  the  stability  of
PSCs,  the  weak  chemical  inertness  and  volatility  of  Cs+ cause
inorganic  perovskite  to  exhibit  little  activity  in  cation  exchange
[129].  Therefore,  it  is  necessary  to  select  molecules  with  high
activity to achieve a strong cation exchange with Cs+. To this end,
Zhong et al. treated 3D CsPbI3 perovskite films with ChI solution
and formed 1D ChPbI3 structures on the 3D CsPbI3 surface (Fig.
10(e)) [130]. They found that 1D ChPbI3 easily and spontaneously
formed  at  room  temperature.  The  formation  of  1D  ChPbI3 not
only  exhibited  strong  passivation  of  surface  defects  but  also
significantly  increased  the  stability  of  black-phase  CsPbI3

(Continued)
 

Year Device structure Materials Type of defect Strategic and approach Results References

Gas-assisted
surface

secondary
growth

2020 ITO/SnO2/MAPbI3/
Spiro-OMeTAD/Ag

Methylamine gas and
hot solvent vapors Voids and pinholes

A joint treatment of
methylamine gas and hot

solvent vapors
PCE = 19.2% [82]

2021
ITO/PEDOT:PSS/
BA2MAn−1PbnI3n+1/

PCBM/BCP/Cu
Methylamine gas Irregular

nanocavities

Self-generated methylamine
gas, by a replacement
reaction in solution, is

introduced to in situ heal
these irregular nanocavities

PCE = 13.1% [86]

2016
FTO/c-TiO2/

m-TiO2/MAPbI3/
Spiro-OMeTAD/Ag

Formamidine gas Voids and pinholes

Exposure MAPbI3 thin films
to FA gas at 150 °C,

displacement of the MA+

cations by FA+ cations

PCE = 18% [87]

2018
FTO/c-TiO2/m-TiO2/

gMA0.8FA0.2PbI3/
Spiro-OMeTAD/Au

Methylamine gas Vacancy defects;
voids

Exposed the MAxFA1−xPbI3
perovskite films to the MA

vapor to heal the film
defects

PCE = 21% [88]

2022
FTO/TiO2-SnO2/NH3-

FACsPbI3/Spiro-
OMeTAD/Au

Ammonia Voids

NH3 is selected as a post-
healing gas to avoid the

degradation of the FA-based
perovskite phase during the

post treatment

PCE = 23.21%;
PCE = 20%

(area = 14 cm2)
[89]

Surface
polishing
treatment

2021
ITO/PTAA/Cs0.4FA0.6Pb

(I0.64Br0.36)3/PCBM/
C60/Cu

—
Dislocations or twin

boundaries;
nanostructured layer

Removing the defective
surface layer through
mechanical polishing

Retain 93% of initial
efficiency after

continuous
illumination for
2180 h at 1 sun

intensity and with
ultraviolet radiation

at 65 °C

[90]

2022
ITO/P3CT-N/
CsPbI3/PCBM/

C60/BCP/Ag
1,4-Butanediamine CsPb, VPb, and IPb

defects
1,4-Butanediamine (DAB)

surface treatment PCE = 19.84% [91]

2022
FTO/c-TiO2/m-TiO2/

FA0.90MA0.10PbI3·
(CsPbI3)0.05/HTL/Ag

Benzylamine
hydroiodide

PbI2
Adding BHAI to HTL as a
chemical polishing agent PCE = 24.5% [94]
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(a)

(b)

Figure 8    (a)  Summary  of  measures  for  the  construction  of  different  dimensional  structures  at  the  perovskite  surface  and  interface.  Construction  of  0D  and  3D
perovskite  structures.  Reproduced with  permission from Ref.  [105],  © Cui,  B.  B.  et  al.  2019.  Reproduced with  permission from Ref.  [108],  © The Royal  Society  of
Chemistry 2020. Construction of 1D and 3D perovskite structures. Reproduced with permission from Ref. [106], © Elsevier B.V. 2020. Reproduced with permission
from Ref. [107], © American Chemical Society 2018. Construction of 2D and 3D perovskite structures. Reproduced with permission from Ref. [61], © Sun, S. Q. et al.
2021. Reproduced with permission from Ref. [109], © Lee, J. W. et al. 2018. Reproduced with permission from Ref. [110], © American Chemical Society 2022. (b) The
graphical abstract of related breakthrough works with reported maximum PCE for each year. Reproduced with permission from Ref. [121], © Jang, Y. W. et al. 2021.
Reproduced  with  permission  from  Ref.  [139],  ©  WILEY-VCH  Verlag  GmbH  &  Co.  KGaA,  Weinheim  2016.  Reproduced  with  permission  from  Ref.  [140],  ©
Grancini, G. et al. 2017. Reproduced with permission from Ref. [88], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2018. Reproduced with permission from
Ref. [141], © Jiang, Q. et al. 2019. Reproduced with permission from Ref. [142], © The Royal Society of Chemistry 2020. Reproduced with permission from Ref. [143],
© Chen, R. H. et al. 2022. Reproduced with permission from Ref. [144], © Yang, W. C. et al. 2023.
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perovskite  due  to  its  chemical  inertness  and  strong  interaction
with 3D perovskite (Fig. 10(g)).

In summary, the 1D/3D hybrid dimensional structure can form
a 1D structure at the 3D perovskite surface and interface through
a  cation  exchange  mechanism.  This  structure  binds  to  surface
suspension  bonds,  passivates  defects,  improves  lattice
deformation,  and  inhibits  ion  migration  on  the  3D  perovskite
surface, thereby enhancing the stability of PSCs. 

3.2.3    0D/3D hybrid dimensional structure

To  achieve  the  highest  stability  and  greater  suitability  for
commercial  applications,  researchers  combined  3D  perovskite
with  0D  perovskite.  The  0D  perovskite  is  composed  of  isolated
metal  halide  octahedral  anions  or  metal  halide  clusters  that  are
separated  from  each  other  by  surrounding  inorganic  or  organic
cations  without  forming  electronic  bands  (Fig. 10(a))  [131, 132].
In contrast,  the 3D perovskite has large band dispersion and low
exciton  binding  energy,  which  facilitates  the  dissociation  of
excitons. The 0D perovskite, with its strong quantum confinement
effects  and  large  exciton  binding  energy,  imposes  carrier
localization on the structure, leading to the formation of localized
Frenkel  excitons  that  can  effectively  restrain  the  migration  of
electrons and holes [61].

CsPbI3 has  garnered  much  attention  because  of  its  suitable
band  gap  (≈  1.73  eV).  However,  the  perovskite  phase  (α-/γ-
CsPbI3) is easily converted to the non-perovskite phase (δ-CsPbI3)
by  certain  spatial  unit  cell  volume  changes,  thus  limiting  the

application of CsPbI3 [133, 134]. To this end, Jen et al. used in situ
dimensional  modulation  of  the  CsPbI3 nanocrystals  to  form  a
system combining 0D Cs4PbI6 and 3D γ-CsPbI3 perovskite, which
improved the phase stability of CsPbI3 (Fig. 10(b)) [135].  The 0D
Cs4PbI6 coexisted with γ-CsPbI3 in the prepared films and formed
in  situ around  the  3D  CsPbI3 perovskite  lattice  as  the  wrapping
layer, effectively solving the problem of phase instability. Lau et al.
prepared  0D/3D  Cs4−xKxPbBr6/CsPbBr3 heterostructured
perovskite  films  by  introducing  KBr  [136].  With  this  method,  a
type  I  heterostructure  formed  at  the  Cs4−xKxPbBr6/CsPbBr3
interface,  promoting  radiative  recombination  on  the  perovskite
surface  and  interface.  The  excitons  of  the  0D  perovskite  were
transported  to  the  3D  phase  in  the  0D/3D  heterostructured
perovskite,  but  due  to  the  inherent  characteristics  of  the  0D
perovskite,  free  excitation  charge  in  the  3D  perovskite  was
prevented  from  diffusing  into  the  0D  phase  (Fig. 10(c)).  The
formation  of  0D/3D  perovskite  increased  the  carrier  density
within  the  perovskite  grains  and  prevented  free  charge  diffusion
from being trapped and recombined at grain boundaries. Wang et
al.  recently  introduced  a  lateral  (0D/3D)  Cs4PbI6/FAxCs1−xPbI3
structure  [137].  They  discovered  that  Cs+ from  Cs4PbI6 might
migrate  to  replace  FA+ in  3D  perovskite  grains  through  ion-
exchanged  with  FA-rich  FAxCs1−xPbI3 perovskite  in  the  0D/3D
structure,  enhancing  the  stability  of  3D  perovskite  (Fig. 10(d)).
Additionally, the creation of 0D perovskite at 3D perovskite grains
promoted  the  growth  of  low-defect  FAxCs1−xPbI3,  leading  to
decreased  non-radiative  recombination  and  improved  light

 

Figure 9    (a) The diagram illustrates the crystal structure of 2D perovskite with n = 1. Reproduced with permission from Ref. [114], © WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim 2020. (b) Illustration of charge transport in various structures of 2D–3D composite: capping structure, interspersing structure, and L2D–3DH
structure.  Reproduced  with  permission  from  Ref.  [119],  ©  Elsevier  Ltd.  2021.  (c)  Schematic  of  the  perovskite  absorber  deposition  process  employing  the  dual
passivation strategy developed in this work: grain boundary passivation (GBP) by incorporation of PEACl:PbCl2 into the perovskite precursor solution, SP by treatment
of PEACl in IPA on top of the perovskite absorber layer and combination of grain boundary and surface passivation (GBP & SP). Reproduced with permission from
Ref.  [122],  ©  The  Royal  Society  of  Chemistry  2021.  (d)  Schematic  diagram  of  the  2D@3D/2D  perovskite  film.  Reproduced  with  permission  from  Ref.  [123],  ©
American Chemical Society 2021. (e) Top-view and cross-sectional sketches of the manufacturing of a (BA)2PbI4 film on a 3D perovskite substrate via the SIG method.
Reproduced with permission from Ref. [121], © Jang, Y. W. et al. 2021. (f) High-resolution cross-sectional transmission electron microscopy (TEM) images of the left
and  right  sides  of  the  β-GUA  doped  perovskite  films,  respectively.  Reproduced  with  permission  from  Ref.  [114],  ©  WILEY-VCH  Verlag  GmbH  &  Co.  KGaA,
Weinheim 2020. (g) Long-term stability measurements of unencapsulated devices at 40 ± 5 RH%. Reproduced with permission from Ref. [115], © Wiley-VCH GmbH
2021. (h) Thermal stability of devices heated at temperature of 85 °C in dark condition inside of a glovebox. Data points were extracted from J–V curves at various time
intervals. Reproduced with permission from Ref. [122], © The Royal Society of Chemistry 2021.
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extraction.  Although  the  addition  of  0D  perovskite  efficiently
inhibited carrier migration at the 3D perovskite grain boundaries,
addressing the challenges on the 3D perovskite surface remains an
ongoing effort.

Excellent  results  can  be  achieved  by  combining  various  LD
perovskite with 3D perovskite, utilizing the unique features of the
LD  perovskite  to  promote  the  extraction  of  carriers  between  the
interfaces.  Liu  et  al.  developed  a  3D-2D-0D  hybrid  dimensional
interface  to  introduce  an  electric  field  on  the  back  side  of  PSCs,
leading  to  high-efficiency  all-inorganic  CsPbBrI2 PSCs  with
improved  stability  [138].  The  main  innovative  advances  in
moderating  the  dimensional  structure  of  the  perovskite  surface
and interface are summarized in Table 2 and a graphical summary
of  PCE  breakthroughs  each  year  is  shown  in Fig. 8(b) [88, 121,
139−144]. 

3.3    Energy regulation of the surface
The  performance  of  charge  transport  is  primarily  influenced  by
the electric-field distribution under typical operating conditions of
the PSCs, which are designed with a p-i-n or n-i-p heterojunction

structure.  In  these  structures,  the  perovskite  absorber  layer  is
sandwiched  between  electron- and  hole-selective  contacts,  and
photogenerated free carriers generated in perovskite are driven by
a built-in field and move toward the CTL. However, the inability
to control the distribution of the electric field is caused by contact
surfaces  that  behave  as  energy-dissipating  channels  due  to
misaligned  energy  band  alignment  or  localized  exponential-tail
states of band edges. In this section, regulatory strategies related to
Urbach  band  tails,  homogeneous  junctions,  and  heterogeneous
junctions are discussed from the perspective of  energy regulation
(Fig. 11(a)) [145−147]. 

3.3.1    Urbach tail caused by energy disorder

Urbach energy disorder results in photon emission due to energy
disorder,  which  reduces  the Voc and  induces  energy  loss.  To
illustrate  its  influence  on  device  performance,  Jakapan  et  al.
evaluated  the EU for  various  types  of  solar  cell  films  [51].  The
relationship  between  the EU and  device  performance  was  also
investigated. When EU increases, Voc-deficit (Voc, def) increases, thus
Voc decreases, indicating an improvement in the quality of the film

 

Figure 10    (a) Typical single crystal structures of 0D organic–inorganic hybrid perovskite. Reproduced with permission from Ref. [131], © Han, Y. et al. 2021. (b) The
structure  schematic  of  Cs1+xPbI3+x films.  Reproduced  with  permission  from  Ref.  [135],  ©  WILEY-VCH  Verlag  GmbH  &  Co.  KGaA,  Weinheim  2019.  (c)  Carrier
recombination diagram of  0D/3D perovskite  heterostructure.  Reproduced with permission from Ref.  [136],  © The Royal  Society of  Chemistry 2021.  (d)  Schematic
diagram  of  the  device  structure.  Holes  and  electrons  injected  into  the  phase-separated  emitting  layer  are  mainly  transported  via  the  FAxCs1−xPbI3 crystallites.
Reproduced with permission from Ref.  [137],  © Wiley-VCH GmbH 2023.  (e)  Schematic  crystal  structure of  hexagonal  ChPbI3.  Reproduced with permission from
Ref. [130], © Wiley-VCH GmbH 2023. (f) Schematic of cation exchange process between HA+ and FA+. Reproduced with permission from Ref. [106], © Elsevier B.V.
2020. (g) Continuous MPP tracking for the 3D- and 1D/3D-cells with a continuous 1 sun irradiation (100 mW·cm−2) with LED lamp in a N2 environment. Reproduced
with permission from Ref. [130], © Wiley-VCH GmbH 2023. (h) The schematic diagram of ion migration and lattice distortion deformation induced by the electro-
strictive strain for the polycrystalline 3D and 1D–3D perovskite films. Reproduced with permission from Ref. [44], © Wiley-VCH GmbH 2021. (i) Photographs of the
fresh and 500 h-aged 3D and 1D–3D devices. R Reproduced with permission from Ref. [44], © Wiley-VCH GmbH 2021.
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Table 2    Summary of innovative developments in dimensional regulation in PSCs

Year Device structure Materials Strategic and approach Results References

0D/3D hybrid
dimensional

structure

2019
ITO/SnO2/nano-

ZnO/Cs4PbI6/CsPbI3/Spiro-
OMeTAD/MoO3/Ag

Cs4PbI6
The formation of a heterostructure

consisting of 0D Cs4PbI6 and 3D CsPbI3
PCE = 16.39% [135]

2022
ITO/PEDOT:PSS/Cs4PbBr6/
CsPbBr3:PEO:LiPF6/LiF/Al Cs4PbBr6

Highly luminescent 0D Cs4PbBr6
nanocrystals into a 3D CsPbBr3 film

EQE = 8.3%;
luminance =
11,200 cd·m−2

[202]

2023
ITO/ZnO-PEIE/

Cs4PbI6/FAxCs1−xPbI3/
TFB/MoOx/Au

Cs4PbI6

The formation of a heterostructure
consisting of 0D Cs4PbI6 and 3D

FAxCs1−xPbI3

Photon flux = 1.75
× 1021 m−2·s−1; EQE

= 21.0%
[137]

2021
ITO/PEDOT:PSS/

Cs4−xKxPbBr6/
CsPbBr3/MoO3/Ag

KBr
Introducing potassium bromide (KBr),
prepare 0D/3D Cs4−xKxPbBr6/CsPbBr3

heterostructure perovskite films

EQE = 12.8%;
luminance =
39,400 cd·m−2

[136]

2018 — —
Prepared Cs4−xAxSn(Br1−yIy)6 (A = Rb, K)
materials using a simple solid-state heat-

and-beat approach

EL = 540 nm; QY =
15% [203]

1D/3D hybrid
dimensional

structure

2021
ITO/SnO2/DEAECPbI3/

(Cs0.04FA0.86MA0.1)Pb(I0.9Br0.1)3/
PCBM/Ag

2-Diethylaminoethy-
lchloride hydrochloride

(DEAECCl)

Employed DEAECCl to produce a new
1D perovskitoid, induce the formation of

1D@3D perovskite structure
PCE = 22.9% [204]

2023
FTO/c-TiO2/ChPbI3/
CsPbI3/PCBM/carbon Choline halide (ChX)

ChI react with CsPbI3 to form 1D ChPbI3
and constructs 1D/3D heterostructure

with 3D CsPbI3

PCE = 18.05% [130]

2022 ITO/SnO2/FA0.9Cs0.1PbI3/
Spiro-OMeTAD/Au

N,N′-
Dialkylbenzimidazoliu

m iodide

N,N′-Dialkylbenzimidazolium iodide
functionalized to convert the 3D FACs-
perovskite films into 1D capping layer

topped 1D/3D structure

PCE = 24.30% [205]

2021
ITO/PTAA/Cs0.05FA0.81MA0.14

PbI2.55Br0.45/C60/BCP/Ag
Benzimidazole cation

(Bn+)
Bn+ form a 1D BnPbI3 perovskite spatially

distributed in the 3D perovskite film PCE = 21.17% [44]

2020 FTO/TiO2/(FAMACs)1−xHAx/
Spiro-OMeTAD/Au

Hydrazinium cation
(HA+: NH2NH3

+)

Hydrazinium cation is incorporated into
FAPbI3-based perovskite to obtain novel

1D/3D hybrid dimension structur
PCE = 21.20% [106]

2022
ITO/SnO2/CsFAMAPbI3/

PbI2(Phen)/
Spiro-OMeTAD/Ag

1,10-Phenanthroline
(Phen)

Introduce 1,10-phenanthroline
(Phen) to form a 1D PbI2(Phen)

adduct phase on the surface of a 3D
perovskite film

PCE = 23.3% [206]

2020
FTO/TiO2/PbI2-BPy/

Cs0.09FA0.58MA0.33PbI2.35Br0.65/
Spiro-OMeTAD/Au

PbI2-bipyridine
(BPy)(II) perovskite

In situ assembly of a 1D@3D perovskite
promoted by a PbI2-dimethyl sulfoxide

complex
PCE = 21.18% [126]

2022 ITO/SnO2/Me3SPbI3/3D
perovskite/Spiro-OMeTAD/Au

Me3SPbI3

Incorporating1D Me3SPbI3 into lead
halide 3D perovskite, lead to

heterostructural 1D/3D perovskite
PCE = 22.06% [207]

2021
ITO/SnO2/(TMIMPbI3)x:

[(FAPbI3)0.85(MAPbBr3)0.15]1−x/
Spiro-OMeTAD/Au

1D ferroelectric
perovskite

Incorporation of 1D ferroelectric
perovskite with 3D organic−inorganic

hybrid perovskite (OIHP)
PCE = 22.7% [208]

2020 ITO/SnO2/perovskite layer/
Spiro-OMeTAD/Au

In situ cross-linking
polymerizable

propargylammonium
(PA+)

Introduce an in situ cross-linking
polymerizable propargylammonium

(PA+) to the 3D perovskite film at surfaces
and grain boundaries to form a 1D/3D

perovskite heterostructure

PCE = 21.19% [142]

2D/3D hybrid
dimensional

structure

2017
FTO/c-TiO2/Cs0.05

(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3/
PEA2PbI4/Spiro-OMeTAD/Au

2D PEA2PbI4 capping
layers

2D-3D perovskite stacking-layered
architecture by in situ growing 2D

PEA2PbI4 capping layers on top of 3D
perovskite film

PCE = 18.51% [209]

2021
FTO/c-TiO2/m-TiO2/

(Cs0.05FA0.855MA0.095PbI2.7Br0.3/
BDAI2/Spiro-OMeTAD/Au

1,4-Butanediamine
iodide (BDAI2)

Constructed DJ phase 2D plates, which
are selectively grown on 3D film without
completely covering the underlying 3D

film

PCE = 20.1% [119]

2021
FTO/SnO2/(FAPbI3)0.95

(MAPbBr3)0.05/(C4H9NH3)2PbI4/
Spiro-OMeTAD/Au

2D (C4H9NH3)2PbI4

Grow a stable and highly crystalline 2D
(C4H9NH3)2PbI4 film on top of a 3D film
using a solvent-free solid-phase in-plane

growth

PCE = 24.35% [121]

2018
ITO/SnO2/c-SnO2/
FAPbI3/PEA2PbI4/

Spiro-MeOTAD/Ag
2D PEA2PbI4

2D perovskite spontaneously forms at
grain boundaries to protect the FA

perovskite
PCE = 20.64% [109]

2020
ITO/SnO2/ZnO/
FA0.95Cs0.05PbI3/

Spiro-OMeTAD/Ag

β-guanidinopropionic
acid (β-GUA)

molecules

Incorporation of β-GUA into perovskite,
facilitates the formation of quasi-2D

structure with face-on orientation
PCE = 22.2% [114]

2020
FTO/TiO2/CsPbI3/
PEA2PbI4/Spiro-

OMeTAD/MoO3/Ag
2D PEA2PbI4

Using an ultra-thin 2D perovskite to
terminate CsPbI3 GBs without damaging

the original 3D perovskite
PCE = 18.82% [115]

2021 ITO/PEDOT:PSS/FASnI3/
ICBA/BCP/Al FPEABr

Modulate the microstructure of 2D/3D
heterogeneous tin-perovskite absorber

films by substituting FAI with FPEABr in
FASnI3

PCE = 14.03% [116]
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(Fig. 12(a)).  The  generation  of  perovskite  surface  states  causes
surface  lattice  distortions,  resulting  in  partial  energy  disorder  of
the  surface  layer.  The  width  of  the  Urbach  tail,  related  to  the
nature of the perovskite surface, reveals the level of disorder in the
material.  Energy  disorder  may  be  caused  by  factors  such  as  the
precursor  solution  stoichiometric  ratio,  surface  defects,  and  the
addition of LD perovskite [148]. Peng et al. combined 1-bromo-4-
(methylsulfinyl)benzene  (BBMS)  with  SnF2,  which  reduced  the
Urbach energy of the perovskite films and inhibited the oxidation
of Sn2+ [149]. PDS measurements of the EU on the perovskite films
revealed  that  the  addition of  BBMS decreased the EU from 28 to
19  meV  (Figs.  12(b) and 12(c)).  This  implied  that  the  Urbach
energy  of  the  perovskite  films  can  be  controlled  through  the
formulation of  the perovskite  precursor solution.  A larger energy
disorder at the interface between the perovskite and the transport
layer hinders charge carrier diffusion and intensifies non-radiative
recombination.  Hooman et  al.  showed an  integrated  relationship
between  Urbach  energy  and  the  charge  carrier  diffusion  length
(Fig. 12(d)) [150]. An increase in non-radiative recombination on
the  perovskite  surface  due  to  an  increase  in  Urbach  energy
resulted  in  a  shortened  diffusion  length  of  the  charged  carriers.
PCBM has been widely investigated as  a  standard ETL for PSCs.
According to the PDS, under identical circumstances, the Urbach
tail  connected  to  perovskite  trap  states  at  the  PCBM/perovskite
interface  had  a  steeper  slope  and  less  Urbach  energy  than  TiO2
(Fig. 12(e)) [151]. However, the limited solubility of PCBM in the
appropriate  solvent  results  in  the  formation  of  energetically
disorganized  and  inadequately  covered  layers  on  the  perovskite
surface, leading to energy loss [152]. The Urbach tail of the PCBM
layer  stretched  into  the  forbidding  band  as  a  result  of  energy
disorder, creating additional transition sites (Fig. 12(f)) [152]. The
migration of  non-equilibrium photogenerated carriers  due to  the
additional  transition  site  generation  reduced  the  quasi-Fermi
energy  level  of  the  electron.  Compared  with  the  control,  the
improved PCBM had a smaller energy disorder and a higher quasi-
Fermi  energy  level.  Although  the  energy  disorder  of  the  PCBM
had improved, the Urbach tail was still substantial and continued
to interfere with the functionality of the PSCs. Careful selection of
the  ETL  is  crucial  to  reduce  the  energy  disorder  at  the  interface
between  the  ETL  and  the  perovskite  layer  in  order  to  achieve  a
higher Voc. Jiang et al. employed the fullerene dimer (FP-C8) as an
ETL instead of  the  PCBM because it  showed molecular  ordering
and more extensive covering with the perovskite surface, resulting
in  less  energy  disorder  and  more  stable  films  than  PCBM  [145].
On the perovskite  surface,  FP-C8 was visible  clinging to the ions
(Fig. 12(g)).  The  dense  cover  layer  and  more  uniform  surface
distribution were made possible by this interfacial  fixing effect.  A
more  ordered  energy  was  displayed  by  FP-C8  in  comparison  to

PCBM,  which  reduced  the  production  of  superfluous  transition
sites and reduced Voc loss (Fig. 12(h)). As a result, the design of the
transport  layer  in  PSCs can reduce  energy  disorder  and improve
the  quality  of  the  interface  between  the  perovskite  and  transport
layer, thereby minimizing the Urbach energy caused by changes in
perovskite  surface  state.  In  addition  to  ETL,  the  interaction
between  HTL  and  perovskite  is  also  important  but  has  received
little attention. Therefore, more accurate methods for detecting the
Urbach  tail  and  a  deeper  theoretical  understanding  of  Urbach
energy  are  urgently  needed  to  effectively  address  the  problem  of
energy disorder in perovskite layers. 

3.3.2    Heterojunction construction based on energy level matching

To  achieve  high  performance  and  stability  in  PSCs,  proper
alignment  between  the  perovskite  and  transport  layers  is  crucial.
However, the splitting of the Fermi level in the perovskite layer has
a  significant  impact  on  the Voc of  PSCs  [153].  Defects  on  the
surface  of  perovskite  and  the  misaligned  energy  levels  can  affect
this splitting, leading to lower Voc and efficiency. The architecture
of the heterojunction facilitates the alignment of energy levels and
the  movement  of  carriers  between  the  transport  and  perovskite
layers.  Therefore,  optimizing  the  contact  between  heterojunction
interfaces can improve the transport layer for better results.

The quality of the perovskite film, as well as electron extraction
and transport in formal devices, are significantly influenced by the
ETL at the bottom of the perovskite film. In most PSCs, oxides are
used as the ETL, carrying electrons and blocking holes [154]. TiO2
is  a  preferred  ETL  material  in  PSCs  due  to  its  strong
optoelectronic  characteristics  [155].  However,  TiO2 suffers  from
poor  efficiency,  surface  imperfections,  and  low electron  mobility,
resulting  in  substantial  current  density–voltage  (J–V)  hysteresis
[156, 157]. To address this, Liu et al. created a unique low-defect-
density ETL by surface-modifying TiO2 films with small-molecule
ITIC  [146].  This  modification  improved  the  energy  level
alignment by lowering the work function from −4.01 to −3.83 eV.
The improved energy level  alignment not  only  encouraged more
efficient  electron  collection  and  transport,  but  also  effectively
hindered  electron  migration  from  the  ETL  to  the  perovskite
absorber. Besides, SnO2 is an ideal ETL candidate to replace TiO2
due  to  its  higher  chemical  stability,  increased  electron  mobility,
and  suitable  energy  band  structure  [158].  Liu  et  al.  used  SnO2
instead of TiO2 as ETL, leading to improved electron mobility and
a high Voc by employing EDTA to create a compound with SnO2
that  had  an  improved  Fermi  level  aligned  with  the  conduction
band  of  the  perovskite  (Fig. 13(c))  [159].  Li  et  al.  introduced
ammonium  chloride  (NH4Cl)  into  SnO2 aqueous  colloidal
dispersions,  which  increased  electron  mobility  and  energy  band
alignment,  and dramatically  decreased J–V hysteresis  [160].  ZnO
is  another  excellent  ETL  option  for  PSCs  due  to  its  outstanding

(Continued)
 

Year Device structure Materials Strategic and approach Results References

2D/3D hybrid
dimensional

structure

2019

FTO/c-TiO2/m-TiO2/
MAPbI3/(Eu-pyP)0.5
MAn−1PbnI3n+1/Spiro-

OMeTAD/Au

Eu-porphyrin complex
(Eu-pyP)

Eu-porphyrin complex (Eu-pyP) is
directly doped into methylammonium

lead triiodide (MAPbI3) precursor
PCE = 18.2% [117]

2018
FTO/c-TiO2/m-TiO2/

MAPbI3/Co porphyrins/Au
Tetra-ammonium zinc
phthalocyanine (ZnPc)

Tetra-ammonium zinc phthalocyanine
(ZnPc) was used to post-treat the MAPbI3

film
PCE = 20.3% [210]

2021
ITO/2PACz/(PEA)2(Cs1−xFAx)n−1

Pbn(I1−yCly)3n+1/C60/BCP/Ag

Long chain
alkylammonium salt

phenethylammonium
chloride (PEACl)

Using PEACl both as an additive and for
surface treatment to simultaneously

passivate the grain boundaries and the
perovskite/C60 interface

PCE = 22.7% [122]

2021
ITO/SnO2/2-

PyEAI@FAPbI3/Spiro-
OMeTAD/Au

2-PyEA
Introducing 2-PyEA molecules with 2D

structure and N atoms with a lone
electron pair into perovskite

PCE = 23.2% [123]
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Figure 11    (a)  Modulation of  the  energy of  the  perovskite  surface  and interface.  Energy band structure  distribution of  perovskite  and HTL.  Energy band structure
distribution of perovskite and ETL. Loss of band-tailed states due to energy disorder. Heterojunction based on energy level matching of PSCs. Homojunction based on
internal field modulation of PSCs. Reproduced with permission from Ref. [145], © American Chemical Society 2022. Reproduced with permission from Ref. [146], ©
The Royal Society of Chemistry 2017. Reproduced with permission from Ref. [147], © Elsevier Inc. 2020. (b) The graphical abstract of related breakthrough works with
reported maximum PCE for each year. Reproduced with permission from Ref. [160], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2019. Reproduced with
permission  from  Ref.  [182],  ©  Wiley-VCH  GmbH  2022.  Reproduced  with  permission  from  Ref.  [184],  ©  Macmillan  Publishers  Limited  2016.  Reproduced  with
permission from Ref.  [184],  © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2017.  Reproduced with permission from Ref.  [185],  © Jeon,  N. J.  et  al.  2018.
Reproduced  with  permission  from  Ref.  [186],  ©  Elsevier  Inc.  2020.  Reproduced  with  permission  from  Ref.  [187],  ©  Wiley-VCH  GmbH  2021.  Reproduced  with
permission from Ref. [188], © American Chemical Society 2023.
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optoelectronic  characteristics  and  optimal  energy  level
arrangement [161]. Hao et al. demonstrated that a ZnO/CsPbI2Br
heterojunction  was  successfully  manufactured  under  a  low-
temperature  technique  below  150  °C  [162].  Compared  to  SnO2-
based  PSCs,  the  ZnO/perovskite  expressed  better  energy  level
alignment,  thus  leading  to  higher  electron  extraction  capability
and  excellent  interfacial  recombination  suppression  (Fig. 13(d)).
In  addition  to  oxides,  PCBM  is  commonly  used  in  inverted
devices  to  passivate  and  smooth  the  surface  defects  of  the
perovskite, enhancing the separation of electrons and holes [163].
However,  PCBM  performs  much  worse  than  other  ETLs  due  to
poor  film  formation  and  low  electron  mobility.  To  optimize  the
PCBM,  researchers  have  added  dopants  with  excellent  film
formation and conductivity for regulation. Previously, some teams
used polymers such as polystyrene (PS), polymethyl methacrylate
(PMMA), and Triton X-100 as the PCBM additives to modify the
surface  of  the  PCBM  layer  [164−166].  Xia  et  al.  added
semiconducting  poly(9,9-dioctylfluorene)  (PFO)  and  poly(9,9-
dioctylfluorene-cobalt  benzothiazole)  (F8BT)  with  excellent  film-

forming  properties  to  PCBM  [167].  The  results  showed  that  the
addition of 5% and 10% F8BT improved the homogeneity of pure
PCBM,  promoted  the  energy  level  matching  between  perovskite
and PCBM, and facilitated the separation of electron–hole pairs.

The  HTL  is  an  essential  part  of  PSCs  because  it  dramatically
reduces interfacial recombination and promotes charge extraction.
Nickel  oxide  (NiOx)  is  a  commonly  used  HTL  in  PSCs.  The
traditional  low-temperature  solution  procedure  to  create  NiOx
films results in a redox reaction with the perovskite film, and NiOx
has a low electrical conductivity, resulting in poor contact between
perovskite  [168−171].  To  address  this,  Hao  et  al.  improved  the
HTL  and  perovskite  heterojunction  contact  (NiOx/perovskite)  in
the  p-i-n  structure  device  by  including  a  CsBr  buffer  layer  (Fig.
13(a))  [172].  The  addition  of  a  CsBr  buffer  layer  to  the
NiOx/MAPbI3 interface  increased  the  transfer  of  electrons  to  the
surface of the perovskite from 0.66e to 0.89e, enhancing the short-
circuit current density (Jsc) of the PSCs. Liu et al. created a bilayer
and  graded  band-aligned  inorganic  HTM  by  introducing  an
ultrathin NiOx layer between FTO and perovskite and depositing

 

Figure 12    (a) Voc,def as  a  function  of  the EU values  of  the  thin-film  absorbers  of  different-type  thin-film  solar  cells,  which  are  CIGSe,  CIGSSe,  CTS,  CTGS,  SnS,
CZTSSe, PVK, CIGS, and CdTe thin-film solar cells. Reproduced with permission from Ref. [51], © Elsevier B.V. 2020. PDS spectra of perovskite films (b) without and
(c) with BBMS prepared on quartz substrates. Reproduced with permission from Ref. [149], © Wiley-VCH GmbH 2022. (d) Diffusion length plotted as a function of
the applied voltage in the active layer of a PSC of the structure Glass/PEDOT: PSS/CH3NH3PbI3 (200 nm)/PC60BM/Al for four different Urbach energies. Reproduced
with permission from Ref. [150], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2019. (e) PDS measurements of perovskite films grown on mp-TiO2 and ms-
PCBM. Lines are linear fits to lnα according to the Urbach equation in sub-band gap region of absorption. Reproduced with permission from Ref. [151], © American
Chemical Society 2016. (f) Schematic illustration of how energy disorder of the PCBM layer influences the device Voc. Reproduced with permission from Ref. [152], ©
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2018. (g) Schematic illustration of the interfacial interactions between the perovskite and PCBM (left) or FP-C8
(right). Reproduced with permission from Ref. [145], © American Chemical Society 2022. (h) Schematic illustration of the relationship between energy level, energy
disorder,  and ΔVoc.  (blue  and red  dashed lines  represent  the  quasi-Fermi  level  of  PCBM and FPC8,  respectively).  Reproduced with  permission from Ref.  [145],  ©
American Chemical Society 2022.
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mesoporous CuGaO2 on this layer [173]. The addition of CuGaO2
aligned  the  HTL  and  the  VBM  configuration  of  the  perovskite,
and the gradient energy configuration of the VBM between NiOx,
CuGaO2,  and  perovskite  was  beneficial  for  the  transfer  and
collecting of charge carriers. In addition to using NiOx as HTL and
optimizing  it,  PEDOT:PSS,  PTAA,  and  P3CT  are  surface
treatments  for  HTL  that  would  encourage  the  interface  contact
between  HTL  and  perovskite  and  enhance  the  interfacial
alignment between energy levels [174−177].

Overall,  the careful  selection of  the appropriate  transport  layer
and the optimization of the interface can have a profound impact
on  the  heterostructure  with  perovskite,  resulting  in  improved
contact between the perovskite layer and the transport layer. This,
in turn, enhances the extraction and transfer of charges, ultimately
leading  to  a  more  stable  and efficient  performance  of  the  device.
By fine-tuning the energy level  alignment and addressing surface
defects,  PSCs  can  achieve  enhanced  stability  and  better  overall
performance,  making  them  more  suitable  for  practical
applications. 

3.3.3    Homojunction  design  based  on  built-in  electric  field
modulation

The  short  diffusion  length  of  carriers  in  perovskite  can  lead  to
weak  carrier  separation  and  slow  transport,  leading  to  non-
radiative  recombination  at  the  perovskite  surface  and
interface  [178, 179].  To  address  this,  the  concept  of  perovskite
homojunction has been introduced, creating an additional built-in
electric  field  to  enhance  photogenerated  electron  and  hole
transport. This will further reduce carrier recombination in PSCs.
Li et al. proposed a method to eliminate the ETL structure in PSCs

by gradually transforming the perovskite layer to n-type perovskite
by  changing  the  annealing  temperature  (Fig. 13(b))  [180].  The
manipulation resulted in a self-doping of perovskite films, creating
p-n  homojunction  and  providing  built-in  electric  fields.  This
design significantly improved carrier selection and transport in the
perovskite layer,  leading to a PCE of 15.69% in ETL-free devices.
In  planar  p-i-n  junction  PSCs,  photogenerated  carriers  lack  a
preferred orientation, allowing non-radiative recombination at the
perovskite/transport layer interface. Li et al. manufactured the first
planar p-n homojunction PSCs, where a built-in electric field was
created  in  a  p-type  perovskite/n-type  perovskite  homojunction
fabricated  by  a  combined  deposition  method  (Fig. 13(f))  [181].
The  generation  of  the  homojunction  reduced  the  nonradiative
recombination losses, with a final efficiency of up to 21.38%. Bao
et  al.  achieved the transition from p-type to n-type perovskite  by
passivating charged defects of the perovskite surface by adding the
natural  additive  capsaicin  [147].  The  formation  of  homojunction
facilitates charge dissociation/transport as the n-type section of the
perovskite  combines  with  the  p-type  region,  which  is  closely
aligned with  the  ETL.  The  built-in  electric  field  in  the  perovskite
film enables the separation of photogenerated carriers before they
reach  the  perovskite/transport  layer  interface,  leading  to  an
efficiency of 21.88% and an FF of 83.81%. In addition to the p-n
homojunction, Yu et al. treated the surface of the perovskite films
by  dissolving  4,4'-cyclohexylidenebis  [N,N-bis(4-methylphenyl)
benzene  amine]  (TAPC)  in  an  antisolvent  to  develop  a  p/p
homojunction  [182].  The  induction  of  p-type  doping  by  TAPC
resulted  in  a  bending  of  the  energy  band  on  the  perovskite  film
surface, facilitating the movement of electrons from the surface to
the interior while holes moved oppositely. This created an internal

 

Figure 13    (a) The device architecture of the inverted planar PSCs. Reproduced with permission from Ref. [172], © Zhang, B. J. et al. 2020. (b) Device architecture of
the  perovskite  solar  cells  without  electron-selective  layer  and  schematic  illustration  of  the  change  in  self-doping  property  of  the  perovskite  film.  Reproduced  with
permission  from  Ref.  [180],  ©  WILEY-VCH  Verlag  GmbH  &  Co.  KGaA,  Weinheim  2017.  (c)  Charge  transport  mechanism  of  E-SnO2 ETLs.  Reproduced  with
permission from Ref. [159], © Yang, D. et al. 2018. (d) Optimized structures of CsPbI2Br on the ZnO and SnO2 surfaces, the marked arrows reflected the degree of
octahedral distortion. Reproduced with permission from Ref. [162], © Elsevier Ltd. 2019. (e) The schematic illustration of the carriers’ transportation on the top surface
of FAPbI3-TAPC film. Reproduced with permission from Ref. [182], © Wiley-VCH GmbH 2022. (f) The bottom n-type perovskite layer is deposited by a one-step
spin-coating method.  The top p-type perovskite  layer  is  deposited by vacuum vapour deposition followed by a  dipping process.  Reproduced with permission from
Ref.  [181],  © Cui,  P.  et  al.  2019. (g) Schematic illustration of the graded heterojunctions via SISR, where CsF in IPA represent that CsF is dissolved in isopropanol.
Reproduced with permission from Ref. [183], © Chu, X. B. et al. 2023.
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electric  field  extending  from  the  interior  of  the  perovskite  film
toward the surface (Fig. 13(e)). The PCE of the FAPbI3 perovskite
was increased to 23.44% due to the p/p homojunction, effectively
reducing  non-radiative  recombination  loss  and Voc loss  at  the
perovskite/HTL  interface.  The  interface  between  the  inorganic
perovskite with a wide band gap and CTL experiences a significant
energy shift, resulting in harmful interfacial charge recombination
detrimental  to  the  accumulation  of  photogenerated  carriers.  To
address  this,  You  et  al.  developed  a  strategy  for in  situ
reconstruction  (SISR)  of  inorganic  perovskite  surfaces  using  CsF
on perovskite surfaces (Fig. 13(g)) [183]. They confirmed that the
excess PbX2 on the perovskite surface interacted with CsF through
solid-state reactions to form a wider bandgap inorganic perovskite
layer  as  a  graded  homogeneous  junction.  The  graded
homojunction  generates  a  built-in  electric  field  that  promotes
holes and blocks electrons from transporting to the HTL, resulting
in all-inorganic PSCs with an efficiency of 21.02%.

The concept of homojunction has become a hot research topic
in recent years, as it promises to prepare more efficient and stable
perovskite  devices,  laying  the  foundation  for  the  preparation  of
large-area  PSCs  and  flexible  devices.  The  main  innovative
advances  in  energy  modulation  at  the  perovskite  surface
and  interface  are  summarized  in Table  3 and  complemented
with  a  graphical  summary  of  PCE breakthroughs  each  year  (Fig.
11(b)) [47, 160, 182, 184−188]. 

4    Conclusions and outlook
In  conclusion,  our  comprehensive  review  provides  conceptual
insights  into  understanding  the  fundamental  physical  and
chemical  properties  of  perovskite  surface-interface.  We  have
critically examined the current scientific  and technological  efforts
aimed  at  optimizing  optoelectronic  performance  and  structural
stability,  with  a  particular  focus  on  defects,  dimensions,  and
energies.  Despite  significant  progress  in  addressing  challenges
related to energy deficit and intrinsic structural decomposition on
the exposed surface, we acknowledge that we are still  in the early
stages  of  understanding  and  overcoming  these  issues.  Moving
forward,  we  propose  key  considerations  for  the  commercial
application of PCSs (Fig. 14).

Firstly,  there  is  a  pressing  demand  for  reliable  and  high-
sensitivity  probing  techniques  to  unravel  carrier  dynamics  at  the
surface-interface.  Quantifying  carrier  transfer  or  defect-assisted
recombination  kinetics  is  essential  for  understanding  the
predominant  sources  of  energy-loss  theoretical  mechanism  and
assessing the accuracy of surface reconstruction engineering. High
time resolution and high spatial  screening characterizations,  such
as  transient  absorption  spectroscopy  and  scanning  probe
microscopy,  should  be  further  developed.  For  instance,  Jin  et  al.
recently  reported in  situ measurements  of  carrier  transport  in
CH3NH3PbI3 perovskite  microcrystals  (MCs)  at  high  pressure
using  space-time  resolved  fluorescence  scanning  imaging  [189].
This  technique  allowed  the  observation  of  different  phase
transition  phenomena  at  different  pressures,  demonstrating  that
perovskite could maintain good carrier transport properties under
high pressures. Although not extensively applied to the perovskite
system, such methods hold promise for understanding additional
characteristics at the perovskite surface and interface. Additionally,
theoretical  simulations  of  carrier  transport  at  the  interface  can
further  complement  our  understanding.  In  addition, in  situ
characterization techniques have become indispensable in the film-
forming stage of  the perovskite,  among which in situ infrared, in
situ Raman, in  situ X-ray  photoelectron spectroscopy (XPS),  and
in  situ synchrotron  radiation  have  been  widely  employed  for
perovskite  film  testing.  For  example,  Gong  et  al.  probed  the

evolution of electronic structures of  perovskite surfaces by in situ
XPS [190]. The in situ XPS analysis observed the evolution of N 1s
XPS spectra of halogenated PEA organics as they were annealed at
temperatures  ranging  from  30  to  100  °C.  The  results  indicated
that,  following  annealing  at  100  °C,  only  ultrathin  PEA  organic
ligands  remained  on  the  perovskite  surface.  Furthermore,  the
energy  level  alignment  of  the  perovskite  heterojunction  interface
was  assessed  through in  situ ultraviolet  photoelectron
spectroscopy  (UPS)  analysis  during  the  deposition  of  PEA+ and
C60 onto  perovskite  films.  The  analysis  served  to  illustrate  the
exceptional  electron  transport  capabilities  exhibited  by  the
perovskite/PEA/C60 system. These approaches greatly facilitate the
understanding of  carrier  dynamics  within perovskite  materials  as
well as the intricate electronic and energy band structures at their
interfaces.  In  addition,  spectroscopic  techniques  such  as in  situ
absorption and in situ fluorescence spectroscopy make it possible
to  probe  the  dynamic  differences  in  surface  energy,  solvent
concentration,  and  interfaces  at  different  sites  of  film  materials
during solvent volatilization. In situ characterization tests not only
enable a deeper exploration into the nucleation and crystallization
mechanisms of perovskites but also make significant contribution
to  further  advancement  in  designing  various  film  deposition
methodologies.

Secondly,  considering  the  soft  ionic  nature  of  perovskite
materials, rational material design engineering offers an avenue to
eliminate chemical impurities and reinforce the stability of crystal
texture.  Low-dimensional  perovskite,  such  as  1D  and  2D
structures,  exhibit  strikingly  different  physical  and  chemical
properties  compared  to  conventional  3D  perovskite  crystal
structures.  However,  challenges arise due to spatial  site  resistance
caused  by  large  organic  cations  in  1D  perovskite,  leading  to
conductivity differences between devices and showing anisotropy.
Similarly,  wide  bandgap  2D  perovskite  with  long-chain  organic
cations  may  hinder  charge  extraction  from  3D  perovskite  to
neighboring charge transport layers, leading to lower PCE. The 2D
perovskite  exhibits  excellent  luminescence  properties  due  to  the
higher  exciton  binding  energies  as  a  result  of  quantum
confinement  and  dielectric-limited  domain  effects.
Phenylammonium (PEA+) and butylammonium (BA+) are widely
used  in  3D  perovskite  to  form  2D  perovskite  on  the  perovskite
surfaces and at grain boundaries for solving the transport property
of  the  3D  perovskite  [141, 191].  However,  these  cations  are
unstable  in  FA-based  perovskite  at  high  temperatures  as  well  as
under light. Huang et al. addressed the deprotonation scenario by
substituting  PEA+ and  BA+ with  ammonium ions  with  high  acid
dissociation constants,  thus  further  improving  the  stability  of  the
perovskites  [192].  Hence,  it  becomes  crucial  to  consider  the
dielectric  and  deprotonated  properties  of  the  ligands  to  improve
the  stability  of  PSCs  while  enhancing  PCE.  Furthermore,  0D
perovskite,  with  its  strong  quantum  confinement  effects,  offers  a
potential  solution  to  minimize  defects  in  solid  perovskite  films
through  ligand  engineering.  However,  careful  control  of  the
electronic  coupling  between  the  surface  and  the  ligand  is
imperative.  Besides,  the  development  of  single-crystal  materials
holds  great  promise,  given  their  excellent  carrier  lifetime,  light
absorption area, and carrier diffusion length, making them highly
advantageous  for  solar  cells  and  photodetectors,  etc.  [193].
Additionally,  the  observations  of  the  high  electronic  quality  of
macroscopic  single  crystals  grown  in  solution  demonstrate  that
further  improvements  to  material  quality  are  not  constrained  by
the  thermodynamics  of  defect  formation  in  perovskite  halides.
Nevertheless,  it  is  important  to  acknowledge  that  generally
prepared  single  crystal  perovskite  films  have  high  thicknesses
exceeding  the  diffusion  length  of  the  carriers,  resulting  in  low
transmittance and causing ohmic loss, which ultimately affects the
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Table 3    Summary of innovative developments in homojunction and heterojunction construction in PSCs

Year Device structure Strategic and approach Type Results References

Homojunction-
based internal

field modulation

2021 ETL/FAPbI3:0.38MDACl2/
Spiro-OMeTAD/Au

The formation of a coherent interlayer between a
perovskite thin film and a Cl-bonded SnO2

electrode coated with a Cl-containing FAPbI3
perovskite precursor solution

— PCE =
25.8% [211]

2019 FTO/c-TiO2/MAPbI3/Spiro-
OMeTAD/Au

Integrate the homojunction structure in a planar
PSCs combining a thermally evaporated p-type
perovskite layer on a solution-processed n-type

perovskite layer

n/p PCE =
20.8% [181]

2021
FTO/TiO2/n-MAPbI3/p-

MAPbI3/carbon

New design of n-CH3NH3PbI3/p-CH3NH3PbI3
homojunction is presented to attempt high

effiffifficiency HTL-free C-PSCs
n/p PCE =

25.07% [212]

2017 FTO/MAPbI3/Spiro-
MeOTAD/Au

Self-doping property of the perovskite is controlled
by defects engineering; introducing mixed

nonpolar aprotic solvents to obtain optimal
balancing between densification and grain size

p/n PCE =
15.69% [180]

2015 FTO/c-TiO2/MAPbI3/
HTM/Au

Doping property of the perovskite varies from p-
type, intrinsic to n-type with increasing annealing

temperature
p/n PCE =

17.5% [213]

2021 ITO/PTAA:F4TCNQ/MAPbI3
/PCBM/BCP/Ag

A complete transformation of perovskite MAPbI3
surface region energetics from p- to n-type during

defect passivation caused by natural additive
capsaicin

p/n PCE =
21.88% [147]

2022
ITO/SnO2/ThMAI or

ThEAI/FAPbI3/TAPC/
Spiro-MeOTAD/Ag

The 4,4′-cyclohexylidenebis [N,N-bis(4-
methylphenyl) benzene amine] is dissolved into

the antisolvent to prepare perovskite films
p/p+ PCE =

23.44% [182]

2022 FTO/c-TiO2/MAPbI3/
Spiro-MeOTAD/Ag

Improved electric fifield at the homojunction, have
optimized the thickness range for n-type

perovskite (700–800 nm) and p-type perovskite
(300–400 nm)

n/p PCE =
23.52% [214]

Heterojunction-
based energy level

matching

2017 FTO/TiO2/ITIC/MAPbI3/
Spiro-MeOTAD/Au

A novel low-trap-density ETL is developed by
surface modifification of the an-TiO2 fifilm using

small-molecular ITIC
TiO2/ITIC/MAPbI3

PCE =
20.08% [146]

2018
ITO/EATA/SnO2/FA0.95Cs0.05

PbI3/Spiro-MeOTAD/Au
An EDTA-complexed SnO2 ETL by complexing

EDTA with SnO2

EDTA/SnO2/
FA0.95Cs0.05PbI3

PCE =
21.60% [159]

2019 ITO/NH4Cl/SnO2/MAPbI3/
Spiro-MeOTAD/Au

PSCs with ammonium chloride induced
coagulated SnO2 colloids NH4Cl/SnO2/MAPbI3

PCE =
21.38% [160]

2019
ITO/ZnO-TiOx/

PCBM/MA1−yFAyPbI3−xClx/
Spiro-OMeTAD/Ag

A low temperature TiOx treatment to passivate the
ZnO surface

TiOx/ZnO/PCBM/
MA1−yFAyPbI3−xClx

PCE =
20.7% [161]

2020 ITO/ZnO/CsPbI2Br/Spiro-
OMeTAD/Ag

The low temperature solution processed ZnO was
successfully introduced into the all-inorganic PSCs

to replace SnO2

ZnO/CsPbI2Br PCE =
14.78 [162]

2019 ITO/NiOx/MAPbI3/F8BT/
PCBM/PFO/BCP/Ag

Improve the fifilm-forming properties of PCBM by
doping PCBM with F8BT as the ETL

MAPbI3/F8BT/
PCBM/PFO

PCE =
15.26% [167]

2016 ITO/PEDOT:PSS/MAPbI3/PC
BM/PEI/Al

Doping a 3 wt.% of polyethylenimine (PEI) as
additive into the PCBM electron transport layer of

an inverted perovskite solar cell
MAPbI3/PCBM/PEI PCE =

10.7% [165]

2017
FTO/NiOx/FA0.83MA0.17Pb

(I0.83Br0.17)3/Triton X-
100/PCBM/Au

PCBM containing a surfactant Triton X-100 acts
as the ETL and NiOx nanocrystals act as a HTL

FA0.83MA0.17
Pb(I0.83Br0.17)3/TritonX-

100/PCBM

PCE =
15.68% [166]

2018
ITO/NiOx/F6TCNNQ/

MAPbI3/PCBM/ZrAcac/Ag

A novel molecular doping of NiOx is realized
successfully by 2,2′-(perfluoronaphthalene-2,6-

diylidene)dimalononitrile (F6TCNNQ)

NiOx/F6TCNNQ/
MAPbI3

PCE =
19.75% [170]

2022

ITO/NiOx-IL/
Cs0.05(MA0.15FA0.85)0.95Pb

(I0.85Br0.15)3 /PCBM +
C60/BCP/Cr/Au

Obtain high-quality NiOx nanoparticles via an
ionic liquid-assisted synthesis method (NiOx-IL)

NiOx/[BMIm]BF4/
Cs0.05(MA0.15FA0.85)0.95

Pb(I0.85Br0.15)3

PCE =
22.62% [171]

2020
ITO/NiOx/CsBr/MA1−xFAx
PbI3−yCly/PCBM/BCP/Ag

A CsBr buffer layer is inserted between NiOx
hole transport layer and perovskite layer

NiOx/CsBr/MA1−x
FAxPbI3−yCly

PCE =
19.7% [172]

2020
ITO/NiOx/PTAA/

(MAPbI3)0.95(MAPbBr2Cl)0.05/
PCBMBCP/Ag

Interface engineering was carried out by modifying
the NiOx layer with PTAA to improve the

surface contact between NiOx and the perovskite

NiOx/PTAA/
(MAPbI3)0.95

(MAPbBr2Cl)0.05

PCE =
21.56% [215]

2018 FTO/c-NiOx/mp-CuGaO2/
perovskite/PCBM/BCP/Ag

The new PSC has a graded band alignment and
bilayered inorganic HTMs (i.e., compact NiOx and

mesoporous CuGaO2)

c- NiOx/mp-CuGaO2/
perovskite

PCE =
20.13% [173]

2022
ITO/PMMA-PTAA/

MAPbI3/PCBM/BCP/Ag

Using a poly(methyl methacrylate)
(PMMA):2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane (F4-TCNQ)-modified
poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine)

(PTAA)

PMMA-
PTAA/MAPbI3

PCE =
20.08% [176]

2022
ITO/P3CT-K(GDYO)/

MAPbI3/PCBM/ZnO/Al

Graphdiyne oxide (GDYO) doped P3CT-K
nanocomposites are applied as the hole transport

nanolayer

P3CT-K(GDYO)/
MAPbI3

PCE =
19.06% [177]
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final efficiency of PSCs. As a result, the modulation of crystallinity
or orientation of single crystals becomes necessary to prepare high-
quality single crystal-like perovskite films [193].

Thirdly,  the  perovskite  films  are  formed  using  a  liquid–liquid
reaction, which contains solvents, solutes, and intermediate phases
in the formation of the film that affect the crystallization properties
of the perovskite. Therefore, it is imperative to focus on exploring
chemical process induced by solutes and solvents. Varying solvent
compositions  or  precursor  reaction  rates  can  influence
nucleation/growth  rates,  thereby  impacting  the  microscopic
morphology  of  perovskite  crystals.  Song  et  al.  successfully
impeded rapid ion reactions in the precursor by substituting PbX2
with a PbX2-DMSO complex and prolonged the retention time of
the  liquid  film  by  introducing  n-methyl  pyrrolidone  (NMP),
effectively  modulating  solvent  viscosity  and  surface  energy  [194].
This  approach  slowed  down  the  nucleation/growth  rate  of  the
perovskite  films,  resulting  in  the  formation  of  well-formed
perovskite  surfaces.  This  approach also effectively  decelerated the
nucleation/growth  rate  of  the  perovskite  films,  leading  to  the
formation  of  well-defined  perovskite  surfaces.  Moreover,  during
the  preparation  of  perovskite  films  using  the  two-step  method,
intermediate  phases  inevitably  emerge,  which  potentially  exert  a
detrimental  influence  on  both  nucleation  and  crystallization
processes.  Hence,  a  more  profound  comprehension  and
modification  of  the  conventional  liquid–liquid  reaction  are
imperative.  The  spin-coating  method  utilizes  centrifugal  force  to
create perovskite films, employing high-boiling-point polar aprotic
solvents in the coating solution. However, the use of polar aprotic
solvents in spin-coating is beneficial for the formation of large area
film  exceeding  10  ×  10  cm2 [195].  Therefore,  there  is  a  pressing
need  to  develop  alternative  methods  that  can  be  applied  to  high
throughput  or  large  area  aspects,  such  as  vapor  deposition
methods.  Song  et  al.  used  CS2 vapor  to  treat  perovskite  surface
defects,  a  method  that  circumvents  the  disadvantages  of  film
inhomogeneity  caused  by  spin-coating-assisted  passivation  and

reconstruction  of  perovskite  surface  using  solvents  [196].
Furthermore,  Zhao  et  al.  proposed  a  solvent-free  solid-phase
passivation (SPP) technique, where they pre-prepared a passivator
film  and  vertically  covered  the  upper  surface  of  the  prepared
perovskite  film  under  hot  pressing  conditions  [197].  This
solid–solid reaction forms a chemical bond between the passivated
molecule and the incompatible Pb2+ ions through ligand bonding.
Additionally,  it  enables  the use of  a  passivation device to remove
surface  residues  after  the  solid–solid  reaction.  These  techniques
hold  promise  for  commercial  application  since  they  not  only
enhance efficiency, but can also be employed across various fields
involving  PSCs.  In  addition,  the  flexible  PSCs  for  portable  and
wearable  electronic  devices  are  important  for  the
commercialization  of  the  perovskites.  However,  the  surface-
interface  properties  of  the  perovskite  are  a  fundamental  cause  of
device  degradation  during  bendable  usage.  The  perovskite  is
susceptible  to  fracturing  since  its  grain  boundaries  are  readily
broken after  numerous bending cycles  [198].  Therefore,  Ge et  al.
synthesized –CN additives with different molecular dipoles, where
F− formed  hydrogen  bound  with  charged  FA+ groups  and
modulated  the  dipole  moments  of  the  additives,  therefore
ameliorating  defects  on  the  perovskite  grain  boundaries  and
releasing tensile stresses at the grain boundaries [199]. In addition,
they  found  that  by  modifying  the  additives,  the  Ym  of  the
perovskite  films  was  significantly  reduced  and  the  mechanical
flexibility was improved. This additive-modified unpacked f-PSCs
showed  favorable  light,  heat,  and  air  stability.  Furthermore,  laser
polishing  can  be  applied  to  the  preparation  of  flexible  PSCs  to
prevent  structural  damage  caused  by  bending  of  flexible  PSCs
during  usage,  which  helps  to  promote  the  commercialization  of
PSCs [200]. Therefore, rather than solely focusing on conventional
body  mass  doping  and  surface  treatment,  it  is  imperative  to
actively  explore  novel  approaches  for  the  fabrication  of
mechanically  robust  and  flexible  devices  with  exceptional
durability.

 

Figure 14    A brief summary of the perspectives: probing technologies, material design, and commercial applications.
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Overall,  it  is  a  systematic  and  meaningful  endeavor  to
comprehend  the  various  pathways  of  energy  loss  and  the
degradation  mechanisms  at  the  surface-interface,  while
simultaneously  optimizing  the  regulation  strategies  and  device
characteristics  for  surface  and  interface  engineering.  Through
strategies  such  as  surface  state  reconstruction  and  energy  level
alignment optimization between transport and perovskite layers, it
is  expected  that  the  experimental  data  for  single-junction  PSCs
will  surpass  30%,  propelling  perovskite  solar  cells  closer  to
commercial viability. 
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