
 
 

Characterization of interfaces: Lessons from the past for the
future of perovskite solar cells

Wanlong  Wang1,  ‡,  Dongyang  Zhang2,  ‡,  Rong  Liu1,  †,  Deepak  Thrithamarassery  Gangadharan2,  Furui  Tan1,  †,
and Makhsud I. Saidaminov2, †

1Key Laboratory of Photovoltaic Materials, Henan University, Kaifeng 475004, China
2Department  of  Chemistry,  Department  of  Electrical  &  Computer  Engineering,  and  Centre  for  Advanced  Materials  and  Related  Technologies
(CAMTEC), University of Victoria, Victoria, British Columbia V8P 5C2, Canada

 

Abstract: A  photovoltaic  technology  historically  goes  through  two  major  steps  to  evolve  into  a  mature  technology.  The  first
step involves advances in materials and is usually accompanied by the rapid improvement of power conversion efficiency. The
second step focuses on interfaces and is usually accompanied by significant stability improvement. As an emerging generation
of photovoltaic technology, perovskite solar cells are transitioning to the second step of their development when a significant fo-
cus shifts toward interface studies and engineering. While various interface engineering strategies have been developed, interfa-
cial  characterization  is  crucial  to  show  the  effectiveness  of  interfacial  modification.  Here,  we  review  the  characterization  tech-
niques that have been utilized in studying interface properties in perovskite solar cells. We first summarize the main roles of in-
terfaces  in  perovskite  solar  cells,  and  then  we  discuss  some  typical  characterization  methodologies  for  morphological,  optical,
and  electrical  studies  of  interfaces.  Successful  experiences  and  existing  problems  are  analyzed  when  discussing  some  com-
monly used methods. We then analyze the challenges and provide an outlook for further development of interfacial characteriza-
tions. This review aims to evoke strengthened research devotion on novel and persuasive interfacial engineering.
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1.  Introduction

The simplest solar cell is a sandwich of at least four materi-
als  (front  electrode,  p-  and  n-semiconductors,  and  back  elec-
trode)  with  at  least  five  interfaces  (three  between  materials,
and  front  and  back  surfaces).  As  solar  cells  are  developed,
they  will  involve  more  layers  and  interfaces:  for  instance,  the
best  Si  solar  cell  consists  of  p–n junction layers  and passivas-
ive  interfaces[1−3].  Engineering  of  interfaces  should  count  for
electrical,  chemical,  optical  and  thermal  properties  of  two
adjacent materials, and is important for the overall device per-
formance.

Interface engineering has played a significant role in ma-
ture photovoltaic technologies (Fig. 1). For example, the Si sol-
ar  cell  with a  record efficiency of  26.7% PCE was achieved by
extensive  interface  passivations:  an  n-type  crystalline  Si  (c-Si)
was passivated by p+ heterojunction layer stack (i.e., a-Si:H lay-
er  deposition followed by p:a-Si:H layer  deposition)  from one
side and n+ heterojunction layer stack (i.e., a-Si:H layer depos-
ition  followed  by  n-type  thin-film  Si  layer  deposition)  from
the  other  side[4].  The  present  champion  CIGS  cell  with  a  PCE
of  22.9%  was  achieved  in  part  due  to  Cs  surface
passivation[5].  In  CdTe cells  with a  PCE of  20%,  Se or  S  doped

CdTe1–xSex or  CdTe1–xSx as  the  light  active  layer  has  neutral-
ized  the  surface  defects  of  CdTe[6, 7].  Similarly,  GaAs  solar  cell
with  the  highest  PCE  of  29.1%  benefited  from  suppressing
nonradiative  recombination  processes  at  the  two  GaAs/buf-
fer  interfaces[8].  Interfacial  engineering  greatly  contributes  to
the development of state-of-the-art performance of tradition-
al photovoltaic techniques.

For  the  emerging  perovskite  photovoltaics,  halide  per-
ovskite  now  undergoes  rapid  advance  to  a  higher  efficiency,
and a better stability and scalability[10−14],  during which inter-
face modulation also played a crucial role in improving the effi-
ciency that has reached state-of-the-art value of 25.5%[9]. Look-
ing  back  at  the  development  of  perovskite  solar  cells,  one
could  note  that  the  major  work  in  early  stage  of  perovskite
photovoltaics  mainly  focused  on  optimization  in  perovskite
composition and film formation (Fig.  1 black dots).  In the last
few  years,  the  efficiency  record  was  frequently  obtained
through various interface engineering, such as fluorine termin-
ated hole-transport layer (HTL) to tune the interfacial  energy-
level  alignment[15],  PEAI  passivated  interface  between  per-
ovskite  and  HTL[16],  and  multifunctional  passivation  of  inter-
face  with  graded  dimensional  perovskite[17],  and  so  on.  It  is
reasonable  to  speculate  that,  based  on  sufficient  optimiza-
tion  on  perovskite  component,  a  major  focus  will  shift  to-
ward  interface  engineering  to  maximize  the  efficiency  fur-
ther and stabilize devices. Therefore, it will be of profound im-
portance to  fully  understanding how the interfaces  will  influ-
ence  the  fundamental  mechanism  of  perovskite  devices,
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which greatly depends on a deep and full characterization on
interfaces in perovskite devices.

However,  it  is  known  that  the  interface  is  formed  bet-
ween two heteromaterials  and usually  spans over only sever-
al atomic layers[18, 19].  This makes direct and reliable measure-
ments on this precise location to some extent difficult. To get
persuasive and reliable information on future interface modi-
fication, it is necessary to take look back at the correlated inter-
face-characterization  process  with  various  characterization
tools.  In  this  review,  we  summarize  the  past  interface-related
characterizations  on  perovskite  solar  cells.  We  first  summar-
ize the main roles of interfaces that should be considered be-
fore  a  suitable  interface-characterization  method  is  chosen.
We  then  discuss  interface  analysis  methods  those  were  used
during  interface  modification  on  the  morphological,  optical,
and  electrical  improvements  of  photovoltaic  films.  Prospects
and suggestions are given based on detailed analysis and com-
parison  on  the  existed  characterization  methods.  We  expect
that this review will  stimulate new strategies for interface en-
gineering  of  perovskite  solar  cells,  leading  to  the  improve-
ment of efficiency and stability beyond the state-of-the-art. 

2.  The role of interfaces for perovskite solar cells

It  is  known  that  interface  of  a  perovskite  solar  cell  im-
pacts  the  performance  of  the  device  (e.g.,  the  excitation  in-
formation,  separation,  and  recombination).  Furthermore,  the
degradation  of  a  device  is  also  highly  sensitive  to  the  inter-
face. An experimental point of view showed that interfacial de-
fects  in  PSCs  were  relevant  with  such  these  key  issues,  such
as instability[20, 21],  ion migration[22, 23],  current-voltage hyster-
esis[24−26],  giant  photovoltaic  effect  switchable  by  electric
field[27, 28], and formation of n–i–p structures[29, 30]. 

2.1.  Oxygen infiltration

Interfaces  in  PSCs  affect  their  chemical  stability[13, 31−38].
Air-induced material stability issues are common because oxy-
gen  and  moisture  prefer  to  infiltrate  into  perovskite  devices
through  these  planar  interfaces.  Oxygen  infiltration  mainly
has two impacts. The first impact is to cause oxidation of sub-
valence  metal  ions,  such  as  Sn2+ and  Ge2+ to  their  stable
states, which usually deteriorates the performance of photovol-
taic  devices[39−41].  The  second  impact  is  to  partially  oxidize
the  traditionally  adopted  organic  HTLs  with  dopants  to  in-

crease their conductivity[42, 43], benefitting the photovoltaic per-
formance  of  perovskite  solar  cells  that  are  based  on  Pb  (but
not Sn or Ge). 

2.2.  Humidity corrosion

Compared  to  the  oxygen  penetration  at  the  interface,
moisture diffusion along the interface seems to be more detri-
mental. A great deal of research has reported performance de-
gradation  due  to  interface-related  moisture  corrosion[44, 45].
For  polycrystalline  organic-inorganic  hybrid  perovskite  films,
moisture induced component decomposition usually starts at
interfaces and grain boundaries[46, 47].  Even for air  stable inor-
ganic perovskite,  high humidity will  also cause a phase trans-
ition  that  degrades  the  optoelectronic  properties  of  per-
ovskite  films[48, 49].  Because  H2O  and  O2 coexist  in  air,  per-
ovskite film or devices working in this atmosphere would un-
dergo  accelerated  degradation  caused  by  both  of  these  spe-
cies. H2O would first decompose perovskite to produce organo-
halide,  after  which  O2 will  further  react  with  hydrohalic  acid
to  generate  halogen  (reactions  (1)  to  (4)),  which  can  be  ob-
served in absorption spectrum[45, 50, 51]. Therefore, interface en-
gineering  by  incorporating  hydrophobic  groups  or  materials
at interfaces has become a common strategy[52−56]. 

CHNHPbI(s) HO
⟷ CHNHI(aq) + PbI(s), (1)

 

CHNHI(aq) ↔ CHNH(aq) + HI(aq), (2)
 

HI(aq) +O ↔ I(s) + HO, (3)
 

HI(aq) hv
⟷ H ↑ +I(s). (4)

 

2.3.  Electronic behavior

As a key part of multilayer optoelectronic devices, the in-
terfaces  in  perovskite  solar  cells  mainly  play  a  role  in  charge
transfer extraction. An efficiency gap may result from nonradi-
ative  recombination  (Fig.  2),  energy  mismatch  and  optical
losses at the interface. During the transfer of charge between
perovskite  and CTL,  a  recombination of  the  carrier  would  oc-
cur.  Interface  engineering is  required to  reduce interfacial  re-
combination  losses[57−59].  For  example,  Tan et  al. developed
contact  passivation  strategy  at  ETL/perovskite  planar  inter-
face  by  introducing  a  Cl  coordinator  to  modulate  the  charge
dynamics  for  improved  solar  cells[60].  Many  other  interfacial
modifiers  (e.g.,  bifunctional  molecules  and  intrinsic  ultrathin
layers,  etc.)  have  also  been  reported  for  interfacial  passiva-
tion[61−64].

For charge transfer extraction, it is necessary to have a suit-
able energy-level alignment between transport layers and per-
ovskite.  This  is  vital  to  solar  cell  parameters,  such  as  photo-
voltage  and  fill  factor  (FF)[65, 66].  Type-II  band  alignment  is
needed for contact at the ETL/perovskite or HTL/perovskite in-
terface. In particular, the conduction band minimum (CBM) of
perovskite  should  be  higher  than  that  of  ETL,  while  the
valence  band  maximum  (VBM)  should  be  lower  than  that  of
HTL.  Experimental  results  show  the  differences  in  CBM
between perovskite  and ETL or  VBM between perovskite  and
HTL should be around 0.2 eV for efficient charge extraction[67, 68].
A  small  offset  leads  to  low  driven  built-in  potential,  causing

 

Fig. 1. (Color online) Efficiency evolution of different solar cells. Inter-
face engineering has recently played an increasingly important role in
obtaining a higher efficiency for each cell.
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an  accumulation  of  carriers  at  interfaces  accompanied  by
severe  recombination  at  interfaces.  Meanwhile,  a  band  offset
that  is  too  large  would  cause  excess  energy  loss,  which
would  decrease  the VOC and  FF[69, 70].  Energy  levels  can  be
controlled  through  chemical  doping  or  compositional  alloy-
ing[71−78].  For  example,  Sb-doped SnO2 forms a  bilayer  ETL  of
Sb-SnO2/SnO2 with  cascade  energy  alignment  promoting
high  power  conversion  efficiency[79].  Schulz et  al. measured
band  bending  at  the  interface  between  MAPbX3 and  Sprio-
OMeTAD[80].  The  VBM  differences  of  perovskite  and  Sprio-
OMeTAD  is  0.4  eV  for  MAPbI3,  0.3  eV  for  MAPbI3–xClx,  and
0.8  eV  for  MAPbBr3,  resulting  in  different Voc of  1.0,  1.1,  and
0.9  V,  respectively.  Although  a  slight  difference  was  found
between  the  theoretical  and  experimental  results,  appropri-
ate energy-level alignment is pivotal to minimizing Voc losses
at the junction. 

3.  Interface characterization

Because the interfaces are ultrathin—probably within sev-
eral atoms—and are deeply buried inside the device, it is diffi-
cult  to  carry  out  direct  measurements  on  these  parts.
However,  because  of  its  importance,  some  characterization
methods  have  been  developed.  In  this  part,  we  focus  on
some  important  characterization  process  that  can  reflect  the
morphological,  optical,  and  electrical  information  of  inter-
faces. We note that this is not an exhaustive list of characteriza-
tion  tools,  but  purposely  covers  the  most  relevant  ones  that

might  be  useful  for  direct  or  indirect  investigation  of  inter-
faces. 

3.1.  Morphology and composition characterization

Modern  scanning  electron  microscopes  (SEMs)  have  re-
solutions down to 1 nm. In SEMs, the fast incoming electrons
supply energy to the atomic outer-shell electrons in the speci-
men,  which  is  sufficient  for  the  atomic  electron  to  be  re-
leased  as  a  “secondary  electron”  (SE)  whose  images  mainly
show  the  surface  structure  (topography)  of  the  speci-
men[81−83].  However,  by  measuring  the  cross-section  of  a
layered  sample  that  contains  some  buried  interfaces,  we
can  directly  obtain  some  morphological  information  about
part  of  interfaces.  For  example,  when investigating the effect
of  appropriate  amount  of  PbI2 on  PSCs  performance,  the
PbI2 phase  can  be  tracked  at  perovskite  GBs  and  interfaces
(Fig.  3(a))[84].  It  can be seen that  PbI2 is  squeezed into GBs by
the  perovskite  grain  growth  during  the  perovskite  annealing
process.  In  addition,  cross-sectional  SEM  is  especially  useful
when  studying  nanostructured  interfaces  between  per-
ovskite and heteromaterials. Take nanorod arrays ETL as an ex-
ample,  SEM  images  can  clearly  show  the  infiltration  of  per-
ovskite  into  this  nanostructure  to  evaluate  the  physical  con-
tact quality of heterointerfaces[85−88]. Therefore, SEM character-
ization has become a common and important method to dir-
ectly “see” interfaces.

Although obtained by optical measurements, photolumin-
escence (PL) mapping of a perovskite film can reflect the mor-

 

 

Fig. 2. (Color online) (a) Perovskite crystal structure, Schottky defect, Frenkel defect and ion migration through interfaces. (b) Schematic illustra-
tion of photo-generation and, diffusion and transfer of charges at interfaces, trap-assisted nonradiative recombination (due to intrinsic defects
and impurities at  interfaces)  and back transfer  and interface recombination.  (c)  Energy band alignment of  some typical  materials  used in per-
ovskite solar cells.
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phological  and  compositional  information  of  the  film,  espe-
cially  when  the  perovskite  films  contain  multi-phases  that
show different in-situ PL properties. Different PL intensity and
PL wavelengths usually  indicate different  phase distributions.
Therefore,  this  characterization  could  be  used  to  study  the
phase  and  crystallization  properties  in  the  hybrid.  Zhao et  al.
studied  the  mixture  of  a  perovskite  solution  and  PbI2,  and
proved  that  the  perovskite  solution  behaved  as  dispersed
seed that showed distinct PL phenomenon in the PbI2 matrix.
When  fabricating  the  perovskite  film  by  a  typical  two-step
method, the as-existed perovskite seed benefited the crystalliz-
ation  of  perovskite  with  large  size.  The  entire  process  can  be
clearly demonstrated by in-situ PL mapping properties of  the
films (Fig. 3(b))[89].

An atomic  force microscope (AFM) is  a  useful  instrument
with high atomic resolution that can detect the morphologic-
al properties of various materials and samples in the nanomet-
er scale. Compared with a conventional microscope, AFM has
the advantage of observing the sample surface with high mag-
nification under atmospheric conditions. It can be used to de-
tect  the  three-dimensional  image  of  a  sample’s  surface.  The
roughness  calculation,  thickness,  step  width,  block  diagram
and granularity analysis can also be obtained for the 3D mor-
phology  image.  For  example,  Methawee  Nukunudompanich
et  al.  used  different  methods  to  prepare  TiO2 electron  trans-
port  layers  and  used  AFM  to  characterize  the  surface  rough-
ness.  The  growth  mechanism  of  perovskite  grain  on  ETLs
with  different  roughness  was  thus  obtained  based  on  the
preliminary  AFM  characterization  results  at  the  interfaces
(Fig. 3(c))[90].

A transmission electron microscope (TEM) can be used to
observe  fine  structures  smaller  than  0.2 μm  that  cannot  be
seen under an optical microscope. These structures are called
submicroscopic  structures  or  ultrastructures.  Because  elec-
trons are easily scattered or absorbed by objects, the penetra-
tion  is  low,  and  the  density  and  thickness  of  samples  will  af-

fect  the  final  imaging  quality.  Therefore,  ultrathin  perovskite
sections  with  a  thickness  within  several  tens  of  nanometers
should be prepared. For interface characterization by TEM, usu-
ally  cross-sectional  sample  containing  interface  part  should
be  prepared  and  precisely  targeted  during  TEM  measure-
ments.  Like  SEM,  TEM  is  also  a  direct  way  to  “see”  the  inter-
face. For example, by high resolution TEM (HRTEM), the interfa-
cial  region could be tested to get  useful  information,  such as
thickness,  location  and,  if  aided  by  high-angle  annular  dark-
field  (HAADF)  scanning  TEM,  the  content  of  a  certain  atom
(Fig. 3(d))[91].

X-ray  photoelectron  spectroscopy  (XPS)  is  a  very  sensit-
ive  tool  to  characterize  the  composition  of  a  film[92−94].
Through X ray irradiation, the excited electrons from inner or-
bital of an atom can be collected and analyzed to get informa-
tion  about  different  atoms.  Because  the  effective  depth  from
XPS  measurement  is  as  small  as  ten  nanometers,  direct  re-
search  on  buried  interfaces  is  impossible  just  from  one-time
XPS measurement. Luckily, this sensitive method can be com-
bined with physical etching of the sample to measure it on dif-
ferent depths. To obtain more quantitative information of ele-
ments,  XPS  depth  was  used  to  analyze  the  sample.  Usually,
the in-depth distribution of the atomic species percentages is
shown as a function of  the sputtering time (Fig.  3(e)),  provid-
ing  the  content  variation  of  targeted  elements  (such  as  I/Pb)
at different depths[95, 96].

Time-of-flight  secondary  ion  mass  spectrometry  (TOF-
SIMS) is another useful method to measure the chemical distri-
bution  of  the  nanocomposite,  the  interface  degradation  and
ion  migration  in  the  device[97−99].  Unlike  XPS  depth  measure-
ment where SEs are excited and detected, TOF-SIMS gives com-
ponent  information  based  on  bombardment  of  the  sample
with  a  focused  primary  ion  beam.  The  penetrated  ion  trans-
mits  some  of  its  energy  to  the  lattice  atoms,  some  of  which
move  toward  the  surface  and  transfer  energy  to  the  surface
ions  for  emission.  This  process  is  known  as  particle  sputter-

 

 

Fig. 3. (Color online) Interface material characterization methods. (a) Cross-section SEM image of PSCs showing excess of PbI2 at interfaces. Repro-
duced  with  permission  from  Ref.  [84].  Copyright  2019,  ACS.  (b)  Photoluminescence  mapping  image  showing  the  crystallization  of  perovskite
from the pre-embedded perovskite  seeds.  Reproduced with permission from Ref.  [89].  Copyright  2018,  Nature.  (c)  AFM image of  TiO2.  Repro-
duced with permission from Ref.  [90].  Copyright 2020, RSC. (d) Cross-sectional HRTEM imagewide band gap perovskite near the surface. Scale
bars: 1 μm. Reproduced with permission from Ref. [91]. Copyright 2019, Nature. (e) XPS depth profiles for cross-sectional characterization. Repro-
duced with permission from Ref. [95]. Copyright 2015, ACS. (f) and (g) Schematic illustration and measurement results from TOF-SIMS characteriza-
tion. Reproduced with permission from Ref. [103]. Copyright 2018, Nature.
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ing. Most of the sputtering particles are neutral atoms and mo-
lecules,  while a small  part  are atoms,  molecules,  and molecu-
lar fragments with positive and negative charges. Ionized sec-
ondary  particles  (e.g.,  atoms,  molecules,  atomic  groups,  etc.)
are  separated  by  mass  spectrometry  according  to  the  mass
charge  ratio,  providing  information  about  the  compositional
distribution  of  the  elements  in  3D.  In  this  way,  the  location
and component of interfaces could be measured through dis-
tribution  of  targeted  marker  elements  or  functional  groups
along  the  sputtering  route.  Other  groups  (e.g.,  halides,  metal
irons, etc.) that are commonly tracked during TOF-SIMS meas-
urements can reveal the composition of interfaces and the dif-
fusion/migration  of  metal  elements  or  irons  across  the  inter-
faces[100−102].  An illustration of the TOF–SIMS experiment on a
thin-film  device  structure  is  presented  in Figs.  3(f)  and 3(g).
By  analyzing  the  HTL  components  of  the  device,  especially
the  atomic  and  molecular  A-site,  Christians et  al.  used  TOF-
SIMS  to  assess  the  compositional  changes  in  TiO2/FAMACs/
HTM/Au  devices  that  had  been  under  continuous  operation
for  different  times,  discovering  a  dramatic  composition
change at the perovskite/HTM interface[103]. In addition, by us-
ing  TOF-SIMS,  not  only  the  detailed  components  distribution
in HTL but also the composition across the interface could be
clearly  demonstrated.  This  provides  persuasive  evidence  for
the existence of interfacial thin modifier[104].

When  considering  TOF-SIMS,  one’s  attention  should  be
paid  to  the  choice  of  tracking makers  because  some markers
like benzene rings are not easy to detect.  For  example,  when
proving  the  existence  of  surface  ultrathin  modifiers,  we
found  TOF-SIMS  had  difficulties  in  detecting  characteristic
group  of  benzene  ring  in  molecules  such  as  Spiro-OMeTAD
or  polyTPD,  while  the  fluorine  atom  instead  can  be  easily

tracked[105].  Using  this  detectable  marker,  we  found  that  the
polymer additives  introduced via  antisolvent  dripping mostly
located near the back surface/interface of perovskite film, play-
ing a role of interfacial passivation. 

3.2.  Optical characterization

From  this  analysis,  it  can  be  seen  that  the  morphology
and  component  of  the  junction/interface  part  could  be  dir-
ectly  investigated  by  some  professional  measurements.
However, it is not that easy to directly investigate the optoelec-
tronic properties of the interfaces themselves. Optical charac-
terization  on  the  stacked  layers  usually  aims  at  the  influence
of the interfaces on the physical properties of an adjacent per-
ovskite layer.  In this part,  we show some optical  characteriza-
tions that can reflect the role of interfaces.

PL,  including  steady  state  and  time  resolved  PL  (TRPL)
spectra, is a commonly used method. Typically, PL characteriza-
tion on perovskite films with buffer layers (contain heterojunc-
tion  interfaces)  can  demonstrate  the  influence  of  interfaces,
crystallization quality  (defect  density)  of  the entire perovskite
film or the contact region. Buffer layer-induced contact passiva-
tion or enhanced crystallization (that means less defect states
or  grain  boundaries)  usually  enables  an  enhanced  PL  intens-
ity and elongated PL lifetime, while a blue shift of the peak is
indicative of the decrease in spontaneous nonradiative recom-
bination from the trap states[106−110]. However, when a conduct-
ing  or  semiconducting  buffer  layer  and  the  perovskite  film
form an electrical  contact  with type-II  energy-level  alignment
at  the interface (Fig.  4(a)),  it  usually  leads  to  quenched PL  in-
tensity  and  decreased  PL  lifetime  of  perovskite  (Fig.  4(b)),
which is  mainly due to efficient and fast  charges transfer and
electron-hole separation via the interface[105, 111, 112].

 

 

Fig. 4. (Color online) (a) Steady state and (b) time resolved photoluminescence (PL) spectra of perovskite films with different back contact layers.
Reproduced with permission from Ref. [105]. Copyright 2018, Wiley. (c) Transmission (ΔT/T) spectra of devices. Reproduced with permission from
Ref. [122]. Copyright 2020, ELSEVIER. (d) Transient absorption kinetics of perovskite films with different substrates. Reproduced with permission
from Ref. [124]. Copyright 2015, ACS. (e) Ultraviolet photoelectron spectroscopy (UPS) spectra showing the energy-level alignment of the inter-
faces. Reproduced with permission from Ref. [125]. Copyright 2020, Wiley. (f) Reflectivity spectra of perovskite films on textured substrates. Repro-
duced with permission from Ref. [128]. Copyright 2019, ACS.
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In  our  opinion,  if  a  charge  (either  holes  or  electrons)  ac-
ceptor  buffer  layer  with  passivasive  surface  is  adopted  to
form contact with perovskite, then one should pay special at-
tention to the conclusion made from PL and TRPL results  be-
cause  both  passivation  effect  (cause  enlarged  PL  intensity
and  TRPL  lifetime)  and  charge  transfer  effect  (cause  de-
creased  PL  intensity  and  TRPL  lifetime)  exist  in  this  cont-
act[113−115].  For example, when developing a passivasive inter-
mediate  layer  at  the  ETL/perovskite  or  HTL/perovskite  inter-
face,  the  PL  intensity  and  TRPL  lifetime  of  perovskite  on  buf-
fer  layer  would  be  either  enhanced  or  suppressed,  depend-
ing  on  the  competition  between  passivation  induced  PL  en-
hancement  and  ETL/HTL  induced  PL  quenching.  Therefore,
more  persuasive  comparison  experiments  should  be  provi-
ded to classify the separate role that each has played[105].

Besides  the  photoluminescence  spectrum,  transient  ab-
sorption  spectroscopy  (TAS)  is  a  powerful  technique  that  al-
lows studying carrier dynamics both in bulk film and at inter-
faces.  The  change  in  light  absorption  or  reflection  is  recor-
ded  by  adjusting  the  time  interval  between  the  pump  pulse
and  the  probe  pulse  arriving  at  the  sample.  In  addition,  TAS
provides indirect information on contact interfaces by measur-
ing  the  absorption  behaviors  of  perovskite  film  itself[116−121].
Analysis  on  ground  state  bleaching  could  reflect  the  intrinsic
properties  of  perovskite  (e.g.,  bandgap,  composition,  etc.).
For  example,  when using TAS to research OA passivated per-
ovskite  films,  the  OA-modified  film  witnessed  a  more  rapidly
decreased  signal  compared  to  its  original  GSB  peak,  as  well
as  the  control  counterpart  (Fig.  4(c))[122].  Another  important
role that TAS plays is to evaluate the charge extraction at the
heterojunction[123].  By  using  ultrafast  transient  absorption
measurement,  Bera et  al.  found  that  mesoporous  Zn2SnO4

could serve as efficient electron transporting material that en-
abled efficient charge extraction at the Zn2SnO4/perovskite in-
terface (Fig. 4(d)); while solar cells with Zn2SnO4 exhibit negli-
gible electrical hysteresis and exceptionally high stability[124].

For  the  interface  contact  for  solar  cell  application,  en-
ergy-level  alignments  at  the  interface  play  a  critical  role  in
charge  dynamics.  An  ultraviolet  photoelectron  spectrome-
ter  (UPS)  is  frequently  used  to  evaluate  this  key  parameter.
Because  the  energy  of  UV  excitation  light  source  is  low,  it
can only  ionize  the valence electrons  and valence band elec-
trons  in  the  outer  electronic  orbit  of  atoms,  and  can  distin-
guish the vibrational energy levels of molecules. The penetra-
tion/detection  depth  during  UPS  measurement  is  as  small  as
several  (typically  within  5  nm)  nanometers.  Therefore,  to  un-
cover  the  band  alignment  at  the  interface  of  two  layers,  one
needs  to  carry  out  separate  UPS  measurement  on  each  layer
(Fig.  4(e))[125].  It  should  be  noted  that  characterization  on
each  free  layer  does  not  ensure  an  accurate  description  of
the real interfacial energy alignment if there is a functional con-
nection  between  the  two  layers.  Consequently,  in-situ  direct
characterization  of  the  energy-level  alignment  at  the  deeply
buried interface is an appealing challenge that is yet to be re-
searched.

To  enhance  optical  properties  of  perovskite  films,  effect-
ive  light  management  is  useful  for  increasing  light  absorp-
tion.  An artificial  structure with textured surface was thus de-
veloped  to  form  contact  with  perovskite  film[126].  With  light
scattering  at  the  interface,  enhanced  light  absorption  or

decreased  light  transmittance  loss  can  be  achieved.  There-
fore,  a  common method such as  absorption or  transmittance
spectra, even though it is an indirect way for interface charac-
terization,  is  typically  useful  to  evaluate  these  artificial  nano-
structured interfaces[127].  Xu et  al.  showed that  the  purposely
fabricated  PTAA/perovskite  textured  interface  helped  to  re-
duce optical  loss  and benefited the band edge absorption of
MAPbI3 film,  leading  to  increased  EQE  and  the  photocurrent
(Fig. 4(f))[128]. Light absorption and transmittance spectra, bet-
ter with optical  simulations,  have contributed considerably in
correlated  works  with  interfacial  structure  design,  as  well  as
tandem structures[129, 130]. 

3.3.  Electrical characterization

As  optoelectronic  devices,  perovskite  solar  cells  mainly
work  on charge transfer  and extraction at  interfaces.  Electric-
al  characterization on these processes is  of  great importance.
Compared to the main indirect optical measurements, electric-
al characterization on perovskite layers with heterojunction in-
terfaces have proven to be more straightforward to get inform-
ation of  interfaces.  In  this  part,  we analyze some typical  elec-
trical methods that can directly reflect the properties of interfa-
cial contact.

Transient  photocurrent  (TPC)  characterization  is  a  typical
process  to  depict  the  charge  transfer  extraction  at  the  per-
ovskite interfaces. In a short circuit condition, the largest pho-
tocurrent  output  will  drop  after  the  transient  light  excitation
disappears.  The faster  the photocurrent  drops,  the  faster  and
more  efficient  the  charges  transfer  extraction  will  be[131−133].
Therefore,  we can see from the reported literature that when
an  efficient  ETL  or  HTL  is  adopted  to  form  electrical  contact
with  perovskite,  the  photocurrent  decay  is  usually  much
faster  compared  to  that  for  the  inefficient  ones[134].  We  have
used  TPC  to  show  that  an  energy-level  alignment  with
flattened  band  offset  between  the  valance  band  of  per-
ovskite  and  the  highest  occupied  molecular  orbit  (HOMO)  of
the  HTL  layer  benefited  charge  extraction  at  the  interface
(Fig. 5(a))[105].

In the open circuit condition, however, the neat photocur-
rent  output  is  zero due to  complete  charge recombination—
either  via  intrinsic  electron/hole  recombination  or  via  trap
state  induced  nonradiative  recombination.  In  this  model,
photovoltage  is  usually  tracked  to  evaluate  the  interfacial
charge recombination because defect induced charge nonradi-
ative recombination is much faster than the intrinsic recombin-
ation[135−139].  Transient  photovoltage  (TPV)  characterization  is
accordingly used when investigating interfacial charge recom-
bination  (Fig.  5(b)).  Tan et  al.  showed  that  interfacial  contact
by passivasive Cl coordination on perovskite can efficiently sup-
press  nonradiative  recombination,  leading  to  an  elongated
photovoltage decay lifetime[60].

Electrochemical impendence spectrum (EIS) a similar char-
acterization that can also reflect the interfacial charge dynam-
ics  at  open circuit  conditions.  By varying the bias  voltage ap-
plied on the perovskite  solar  cells,  different  charge behaviors
can  be  modulated.  EIS  measurements  are  commonly  adop-
ted in dye-sensitized solar  cells  to show three distinct  charge
processes  in  the  solar  cells:  charge  collection  by  electrode
(the  fastest,  high  frequency),  the  interfacial  charge  transfer
between  sensitizer  dye  and  nanoparticles  (TiO2)  (the  modest,
middle frequency), and charge transport in the liquid electro-
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lyte  (the  slowest,  low  frequency)[140−143].  However,  in  solid
state  perovskite  solar  cells,  distinguishing  these  three  pro-
cesses  is  difficult  because  they  are  similarly  efficient.  So,  we
usually  observed  one  EIS  arc  response  that  is  mainly  located
at  middle  frequency  range  (1–100  kHz)[144, 145].  In  this  way,  a
charge transfer recombination resistance (Rct) at the open cir-
cuit  voltage could demonstrate  charge recombination loss  at
the  interface,  with  a  larger Rct value  showing  a  depressed
charge recombination from defects (Fig. 5(c))[146]. Because inter-
faces  in  perovskite  solar  cells  had  effect  of  charge  accumula-
tion, EIS characterization of this device under illumination con-
ditions  demonstrated  a  giant  capacitance  at  the  low-fre-
quency domain, which is indicative of the accumulation of car-
riers at the interfaces[125].

We have noted that, regarding the two typical charge be-
haviors  (i.e.,  charge transfer  separation/extraction and charge
transfer  recombination),  the  corresponding  electrical  char-
acterization  has  mainly  been  carried  out  at  either  short  cir-
cuit condition (charge transfer separation/extraction) or open
circuit  condition  (charge  transfer  recombination).  Consider-
ing  that  the  electrochemical  impendence  at  zero  bias  is  usu-
ally  too large to be regularly  and precisely  determined,  some
important interfacial information relating to charge transfer ex-
traction  might  have  been  ignored  in  the  previous  literature.
This speculation is yet to be uncovered.

As  a  facile I–V measurement,  space-charge-limited  cur-
rent (SCLC) characterization has usually been adopted to evalu-
ate some new HTLs or ETLs that can enable interfacial passiva-
tion  except  for  its  basic  charge  acceptor  role[147−150].  More

traps  at  this  region  would  need  a  larger  voltage  to  get  them
fulfilled  by  charges.  In  this  case,  a  small  trap-filled  limited
voltage  (VTFL)  means  a  less  trap  density  at  the  interface.  The
trap  density Nt is  calculated  from  equation VTFL = eNtL2/2εε0,
where e is  the  elementary  charge, L is  the  thickness  of  per-
ovskite film, ε is the relative dielectric constant, ε0 is the vacu-
um permittivity, and VTFL is the trap-filling limit voltage[151]. Us-
ing the SCLC method (Fig. 5(d)), Zhu et al. also showed that a
composite  KCl-SnO2 buffer  layer  as  ETL  is  useful  to  simultan-
eously  passivate  the  defects  at  the  ETL/perovskite  interface
and the grain boundaries of perovskite film[152].

Considering  that  the  organic/inorganic  hybrid  per-
ovskite  materials  is  volatile  and  decomposable  under  expos-
ure  to  strong  optical,  thermal,  electrical  or  humidity  stimula-
tion, the optical and electrical measurements mentioned here
have not contained very strong optical radiation or large elec-
tric  fields.  However,  some  characterization  with  very  high
space resolution ratio (which usually needs a focused stimula-
tion  source,  such  as  an  electron  beam)  can  provide  detailed
measurements  on  precisely  targeted  interfaces.  The  electron
beam induced current (EBIC) process was developed to meas-
ure the current  mapping of  cross-section including interfaces
because  we  know  that  electron  beam  from  sources  like  SEM
chamber  has  high  space  resolution  ratio[153−159].  From  this
EBIC  mapping,  charge  generation  largely  happened  at  both
ETL/perovskite  and  HTL/perovskite  interfaces[155].  Further-
more, the detailed difference in charge dynamics at the two in-
terfaces  could  be  evaluated  by  comparing  the  two  EBIC  sig-
nals,  which are closely correlated with defect  induced charge

 

 

Fig. 5. (Color online) (a) Transient photocurrent spectra of perovskite films with different contact thin layers. Reproduced with permission from
Ref.  [105].  Copyright  2019,  Wiley.  The  energy-level  alignments  at  interface  are  also  given  for  comparison.  Reproduced  with  permission  from
Ref. [134]. Copyright 2019, Wiley. (b) Transient photovoltage spectra of perovskite films with different TiO2 ETL. The inset shows the contact passiv-
ation of perovskite by interfacial Cl. Reproduced with permission from Ref. [60]. Copyright 2017, Science. (c) Charge transfer recombination resist-
ance at different bias voltages in electrochemical  impedance spectrum measurement.  Reproduced with permission from Ref.  [146].  Copyright
2020, Wiley. (d) Space-charge-limited current (SCLC) characterization of perovskite solar cells with different SnO2 ETLs. Reproduced with permis-
sion from Ref. [153]. Copyright 2020, Wiley. (e) Electron beam induced current (EBIC) measurement of the current mapping at cross-section inter-
faces. Reproduced with permission from Ref. [160]. Copyright 2019, Science.
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recombination.  Using  interface  engineering  (e.g.,  passivator
treatment),  an  enlarged  hole  diffusion  length  was  shown  to
be  obtained  together  with  a  balanced  hole-electron  collec-
tion[160],  as  demonstrated  from  decreased  EBIC  difference
between  the  two  interfaces  (Fig.  5(e)).  Consequently,  EBIC  is
an  attractive  in  direct  evaluation  on  interfaces  engineering.
However,  in  this  process,  one  should  always  keep  in  mind
that a large dose exposure or strong stimulation of volatile per-
ovskite  would  induce  a  composition  change  that  would  risk
the  repeatability  and  persuasion  of  the  characterization  res-
ults.  Therefore,  other  precisely  localized  measurements  but
with a gentler process should be developed. 

4.  Challenges and outlook

Interface  modulation  has  played  an  increasingly  import-
ant  role  in  performance  improvement  and  commercializa-
tion of  perovskite solar  cells,  in  which characterization of  this
critical  component  should  be  fully  and  persuasively  de-
veloped.  Our  analysis  of  the  presently  reported  interface-re-
lated techniques allows us to summarize several detailed prob-
lems that should be given attention when carrying out meas-
urements on interfaces.

It  was  found  that  some  interface-related  conclusions
were  not  persuasive  based  on  inadequate  characterizations.
A  typical  example  is  the  PL  and  TRPL  research  of  the  per-
ovskite/buffer  layer  heterojunction,  where  improved  charge
transfer  and  contact  passivation  coexist.  Additional  experi-
ments  are  needed  to  make  two  distinct  effects  clear:  charge
transfer  caused  a  decrease  in  PL  intensity  and  TRPL  lifetime,
and  passivation  induced  enhancement  in  these  two  factors.
Some  characterization  methods  (e.g.,  electrochemical  imped-
ance  spectrum)  originated  from  other  photovoltaic  tech-
niques.  Therefore,  their  direct  adoption  for  solid  state  per-
ovskite  thin-film  solar  cells  might  cause  confusion  when
analyzing  detailed  charge  dynamics  at  interfaces  because
there  is  no remarkable  difference in  the speed (frequency)  of
charge  transfer  and  transport  at  different  parts  of  a  per-
ovskite solar  cell.  A precise and stable impedance equipment
with  high  time  resolution  is  required  to  tell  different  kinetics
apart.

Considering  the  intrinsic  chemical  and  phase  stability  of
perovskite, another challenge is to keep the perovskite phase
as  it  is  during  various  measurement  conditions.  Usually,  per-
ovskite  samples  would  be  tested  in  ambient  air  with  a  cer-
tain  humidity  and  oxygen  that  will  deteriorate  the  chemical
and  phase  stability  of  perovskite  materials.  Optoelectronic
measurements under intense light, high temperature or large
electric  field  would also  cause degradation,  iron migration or
phase variation in perovskite, which would influence the accur-
acy of measurement results correlated with interfaces.

A direct  and more reliable characterization strategy is  re-
quired to better serve the working mechanism of interface-re-
lated  modulation.  Simultaneous  measurements  on  in-situ
morphology  together  with  intrinsic  optoelectronic  proper-
ties  seem  attractive  in  revealing  interfacial  species  behaviors
at  a  precise location.  This  might  also require  a  robust  sample
preparation  process  that  should  present  the  real  interface
part  while  keeping its  original  properties.  In  addition,  this  re-
search field would benefit  more from a deeper study on how
to  characterize  some  interesting  dynamical  process  when  a

solar cell  is under work, such as electron transfer induced po-
tential variation, field induced trap filling, or even light scatter-
ing by nanostructured interfaces. 

5.  Conclusions

Interface-related characterization techniques have played
a major role in understanding the physical and chemical prop-
erties  and  evolution  of  PSCs.  In  this  review,  we  have  illus-
trated  the  importance  of  interface-characterization  methods
for  PSC  research.  These  techniques  allow  us  to  obtain  in-
sights  of  the  nano-  and  microscale  details  of  perovskite  sur-
faces  and  interfaces.  While  some  characterization  techniques
indeed  provide  insightful  understanding  of  the  interfaces,
new  strategic  and  reliable  methods  are  still  needed.  This  re-
quires a thorough and full understanding of the nature of the
interfaces, such as composition, morphology, defects, and sta-
bility. We have no doubt that these versatile tools will contin-
ue  to  enable  the  exploration  of  questions  related  to  the  mi-
cro and nano structures in PSCs, bringing these materials bey-
ond the state-of-the-art. 
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