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Low-Dimensional Contact Layers for 
Enhanced Perovskite Photodiodes

Deying Luo, Taoyu Zou, Wengqiang Yang, Beng Xiang, Xiaoyu Yang, 
Ya Wang, Rui Su,  Lichen Zhao, Rui Zhu, Hang Zhou,* Thomas P. 
Russell, Hongyu Yu,* and Zheng-Hong Lu*

Controlling defects and energy-band alignments are of 
paramount impor- tance to the development of high-
performance perovskite-based photodiodes. Yet, 
concurrent improvements in interfacial contacts and 
defect reduction simply by tailoring bottom contacts 
have not been investigated. An effective strategy is 
reported that can simultaneously improve energy-band 
alignments and structural defects by introducing low-
dimensional contact (LDC) layers
at the bottom interface. It is found that LDC-based 
perovskites considerably suppress undesirable structural 
defects induced by microstrains, resulting in reduced 
nonradiative recombination centers and improved carrier 
lifetimes. Additionally, the resulting LDC-based interface 
structures help block minority carrier injection from the 
electrodes by forming built-in electric fields. As a 
consequence, LDC-based perovskite photodiodes showed 
improved light detection capabilities. The result opens an 
avenue to yield highly efficient photodiodes.

light  signal  detection
(photodetectors),[11,12]

comparable  to  those  of
commercially  avail-  able
crystalline  Si   photodetectors.[13]

For a photodetector, a key figure-
of-merit  is  specific  detectivity
(D*),[14]  a  parameter  indicating
how weak  a  light  signal  can  be
detected. The specific detectivity
is  deter-  mined  by  the  ratio  of
responsivity  over  noise  current.
This means that the key strategy
to  the  device  detectivity
enhance- ment is to suppress the
noise  current while maintaining
the responsivity of perovskites. In
realistic  photodiodes,  the
responsivity is determined by the
intrinsic  light  response  of  the
perovskites  and related  device
structures.[13]  The noise  cur-  rent
caused  by  the  dark  current  in
perov- skite photodiodes is due to
the  leakage  current,  which
originates from defects

1. Introduction

Photodiodes comprising metal halide perovskites
have  demon-  strated  extraordinary  potential  for
practical applications.[1–4]  The last few years have
witnessed  an  explosive  growth  of  interest  in
perovskite  solar  cells[5–7]  and   light-emitting
diodes[8–10]   because  of  their  outstanding  device
performance and ease  of  fabrica- tion. Recently,
perovskites have also shown their superiority in
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present  within  the  perovskites  and  minority
charges  injection  from  electrodes  under  a
reverse bias.

To  suppress  the  dark  current  of
photodiodes,  significant  efforts  have  been
made in the perovskite research community.
For  example,  by  optimizing  the  contact
interface  between  the  metal  copper  (Cu)
electrode and the buckminsterfullerene (C60)
layer, the formation of a large hole injection
barrier (2 eV) at
the interface has resulted in suppressed dark
current under a
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reverse bias.[15] Similarly, by replacing poly(3,4-
ethylenedioxyt hiophene):poly(styrenesulfonate) 
(PEDOT:PSS) with N4,N4- bis(4-(6-((3-ethyloxetan-
3-yl)-methoxy)hexyl)phenyl)-N4,N4- 
diphenylbiphenyl-4,4-diamine (OTPD),

photodiodes
have achieved a light 

detection of sub-picowatt per square centi-  meter,
[16] mainly because  of  the  OTPD  showing  a  
shallow lowest unoccupied  molecular  orbital.  
Controlling  defects   and the film quality is 
attractive for  the  dark  current  reduction  as well. 
Numerous studies have found that producing low-
defect high-quality perovskite films depends  
critically  on  the  under-  lying substrate on which 
the perovskites are crystallized.[6,17,18] Typically, 
nonwetting surfaces can considerably reduce  the  
den-  sity of defects present at the grain boundaries 
by increasing the perovskite grain  size.[19–21]  By  
minimizing  compressive  or  ten-  sile strains at the 
bottom interface, high-quality films with lower 
defects have already been realized.[22,23] 

Furthermore, fine-tuned
bromide  ratios  near  the  bottom interface  have
proven  to  be  an  effective  strategy  to  regulate
defects and the built-in potential    of perovskite
devices.[24,25]  Inspired by these observations, con-
trol of both defects and energy-band alignments
at the  bottom  interface have been implemented
in perovskite solar cells  by introducing a  halide-
containing   buffer   material,[26–28] resulting  in
improved device performance.  Yet,  simultaneous
improve-  ments  in  both  structural  defects  and
energy-band  alignments  have  been  rarely
investigated  in  the  perovskite  photodiodes.
Inserting ultrathin large molecules that make low-
dimensional  contacts  (LDCs)  with  perovskites  at
the bottom interface, in principle, should allow us
to improve the electronic structure of perovskites
and to mitigate undesirable defects.

Herein,  we  introduce  a  LDC  based  on  large
organic  molecules  near  the bottom side  of  tri-
cation  perovskites  in  photodiodes  enabling  the
control of defects and energy-band  alignments,
where tri-cation perovskites include cesium (Cs),
formamidinium  (FA),  and  methylammonium
(MA)  cations.  Although the surface  morphology
of tri-cation perovskites with

and  without  LDC  strategy  shows  identical
features, photo- luminescence (PL) and grazing-
incidence wide-angle X-ray scattering (GIWAXS)
show the prolonged carrier lifetime and reduced
microstrain.  These  results  suggest  that
unwanted defects within the bulk of perovskites
and at the interface are greatly mitigated using
the LDC strategy.  Photodiodes  based  on LDC-
containing perovskites yielded five times lower
dark currents than those of the control devices.
More importantly, the resulting photodiodes are
capable  of  working  in  both  the  forward and
reverse bias modes, with a specific detectivity
of
1012 Jones. In-depth studies suggest that such a
unique opto-
electronic  performance  arises  from  the
formation  of  localized  fields  and  reduced
defects.

2. Results and Discussion

2.1. Optical Field Analysis for Photodiodes

Photodiode devices usually operate under weak
light signals, where defect-assisted nonradiative
recombination  losses  domi-  nate  carrier
recombination  pathways.[29]  Hence,
understanding the field distribution of incident
light  across perovskite  photo-  diodes will  help
improve  light-converting-electricity  efficiency
from  the  ultraviolet  to  infrared.  Figure  1a
shows the optical field distribution of a typical
inverted  planar  heterojunction  perovskite
photodiode. The optical simulations use transfer
matrix,  which  is  commonly  used  in  organic
optoelectronics.  Detailed  calculation  methods
are  discussed  elsewhere.[30–32]  From  the
calculation results, we note that the peak of the
optical field distribution is mainly located near
the interface    of  PEDOT:PSS and perovskites
over the wavelength range of 350–780 nm. For
example, the penetration depth of 520 nm
green light is only 77 nm in the perovskite layer
(600 nm). Fur-
ther photoexcited carrier generation profiles in
accordance with



Figure 1. a) The 2D optical field distribution across an inverted planar heterojunction perovskite photodiode comprising
glass/ITO (150 nm)/PEDOT:PSS (50 nm)/perovskite  (600 nm)/PC61BM (50 nm)/BCP (6 nm)/Ag (100 nm).  The color bar
presents the variation of the optical  field intensity throughout    the device by a cavity effect.  b) The charge-carrier
generation profiles within a perovskite absorber based on optical field distribution in (a). Position  zero represents the
PEDOT:PSS side of the perovskite films. The color bar indicates the density of photoexcited carriers located at various
positions.



the optical field distribution confirm  that  most  of
the  car-  riers are generated close to the bottom
interface  (i.e.,  ITO/  PEDOT:PSS/perovskites),  as
shown  in  Figure  1b.  As  a  result,  modifying  the
bottom underlying  interface  should,  in  principle,
improve  the  device  performance  by  means  of
defect  mitigation.  The  detailed  modification
strategy  will  be  discussed  in  the  fol-  lowing
section.

2.2. Morphology, Carrier Dynamics, and 
Crystal Structures

Figure 2a shows the fabrication process of tri-
cation perovskite films using the LDC strategy,
where  a  large  organic  molecule  (e.g.,
phenylethylammonium  bromide  (PEABr))  was
coated  onto  the  substrate,  and  then  a
perovskite  precursor  solu-  tion was deposited
onto  this  modified  substrate.  After  a  short
period of 20 min, the LDC can be formed near
the bottom side of perovskites.[27]  To determine
the microstructures for the tri- cation perovskite
with  and  without  the  LDC  strategy,  we  used
scanning electron microscopy (SEM). As shown
in the cross- sectional (Figure 2b) and top-view
(Figure  2c)  SEM  images,  we  note  that  the
incorporation of a trace amount of the LDC does
not  affect  the  surface  morphologies,  but  it
slightly  impacts  the  cross-sectional
microstructure.

Perovskites employed in photodiodes require
outstanding optoelectronic properties, including
high absorption and low band tail states, along
with  long  carrier  lifetimes.[13]  From  UV–vis
absorption  spectra,  it  is  found  that  the  LDC
strategy  does  not  alter  light  absorption
coefficients and optical bandgap (1.60 eV) of
the tri-cation perovskites (Figure S1, Supporting

Information). However, it is noted that there are
noticeable  improvements  in  both  the
photoexcited  carrier  radiative  effi-  ciency  and
lifetime  evidenced  in  the  PL  spectra  (Figure
2d,e)  when  the  LDC is  used.  The  perovskites
with the LDC  show  higher emission intensities
than the control sample when exciting from the
same side. And we note that the PL meas- ured
from the glass side exhibits a higher intensity
than  that  measured  from the  perovskite  side
under  an  identical  excita-  tion.  The  average
lifetimes of the photoexcited carriers within the
perovskites significantly increase from 385.7
 19.20 to
511.71   20.28 ns (glass side)  using the LDC
(Table  S1,  Sup-  porting Information).  Similarly,
when  excited  from  the  perov-  skite side
(perovskite side), the carrier lifetime increases
from
798.02  30.30 to 898.09  21.21 ns using the
LDC. A 100 ns
increase in a lifetime for photoexcited carriers
indicates  a  reduction  of  the  nonradiative
recombination  in  the  perovskite  layer, which
would result in reduced dark current and
improved specific detectivity in photodiodes.

To  uncover  the  origin  of  prolonged
photocarrier  lifetime   for  the  LDC-based
perovskites, GIWAXS was conducted at different
incidence angles of 0.1, 0.3, and 0.5.  Figure
3a,b compares 2D GIWAXS diffraction patterns
for the control and  LDC films at the incidence
angle of 0.1 and 0.5, respectively. Results for
an incidence angle of 0.3 are shown in Figure
S2,  Supporting  Information.  A  noticeable
increase in the diffrac- tion intensity in the 2D
patterns  for  the  LDC  film  suggests  the
enhancement of perovskite crystallization using
the LDC. The corresponding integrated GIWAXS
profiles for the control and LDC films at various
incidence angles (0.1,  0.3,  and 0.5)  are  also
shown in Figure 3c. The reflections at Q  1.0
Å1 in the



Figure 2. a) Schematic diagram of tri-cation perovskites deposited on top of substrates with a LDC. b) Cross-
sectional and c) top-view SEM images of control and LDC samples (scale bar, 500 nm). d) Comparison of steady-state
PL and e) time-resolved PL spectra for control and LDC samples consisting of glass/perovskite stacks, excitation from
glass and perovskite sides, respectively.



Figure 3.   2D GIWAXS diffraction patterns for the a) control and b) LDC films at incidence angle of 0.1  and 0.5. c) The
integral GIWAXS profiles  for      the control and LDC films at incidence angle of 0.1 , 0.3, and 0.5. d) The diffraction
intensity as a function of azimuthal angle for the control and LDC films. e) Comparison of microstrain for the control and
LDC perovskite films.

LDC film assigned to perovskites were more
isotropic in com- parison with the control film

(Figure 3d), suggesting a more uniform
crystallization after introducing the LDC. Further

anal- ysis of the in-plane GIWAXS patterns
confirmed that the LDC had a negligible

influence on the perovskite crystal orientation in
the plane of the film (Figure S3a,b, Supporting
Information). To investigate the impact of the

enhanced perovskite crys- tallization on the
nonuniform strain (also known as micro- strain),

the modified Williamson–Hall method[6] was used
to estimate the microstrain of tri-cation
perovskites with and without the LDC. A

modified Williamson–Hall plot versus d spacing
extracted from the perovskite characteristic

peaks is shown in Figure S3c, Supporting
Information. A remarkable decrease in the

microstrain of the LDC film compared to the
control film is observed in Figure 3e. It is evident

that the struc- tural defects induced by the
microstrain can be considerably suppressed by
the LDC, which may explain the prolonged car-

rier lifetimes observed in the PL decays.

2.3. Perovskite Photodiode Fabrication and 
Characterizations

2.3.1.Photodiode Fabrication and Performance 
Assessment

We evaluated the device performance of
perovskite photodiodes  with  and  without  the

LDC by fabricating inverted planar het- erojunction
perovskite photodiodes and measuring their  cur-
rent–density  voltage (J–V)  curves  under  520 nm
green  light.  The  device  structure  is  shown  in
Figure  4a,  and  energy  bands  for  all  materials
used  are  also  shown  in  Figure  4b.  We  system-
atically  optimized the processing parameters for
the LDC, and



show  the  details  in  Figure  S4,  Supporting
Information.  As  we  can  see  from  the  J–V
curves  of  the perovskite  photodiodes  under
dark  conditions,  photodiodes  with  the  LDC
have a dark current response that is strikingly
different from the control device (Figure 4c).
Specifically, photodiodes with the LDC have a
forward onset voltage (0.3 V) when applying
a bias, and the absolute onset value can be
further increased from 0.3 to
0.4 V after inserting a hole conductor (e.g.,
PEDOT: PSS). This
abnormal  characteristic  gives  information
about  the  formation  of  built-in  or  localized
fields in the presence of the LDC.[33,34]

It is worth noting that photodiodes based on
the  LDC  show  lower  dark  currents  under
reverse bias, and the rise of dark  current is
sharper when the forward bias is greater than
the onset threshold value. Statistics  of  dark
currents under reverse bias –0.2 V show that
the dark current for photodiodes with the LDC
is five times lower than those of the control
devices (Figure 4d). Also, the dark current is
not  influenced  by  the   hole  conductor
PEDOT:PSS. The slow rise in the dark current
under reverse bias indicates that the LDC has
an  important  and  effective  role  in  blocking
minority  carrier  injection  from  the ITO
electrodes under dark conditions. In addition,
to deter-  mine  whether  the  LDC  has  any
impact  on  the  temporal  photo-  current
response,  the  time  dependence  of  the
photocurrent  under  a  weak  pulse  light
illumination  was   measured,   as   shown in
Figure  S5,  Supporting  Information.  In
comparison  to the control devices, the LDC
devices had faster photocurrent  decay
(Figure 4e). The response time for the control,
LDC, and
PEDOT:PSS/LDC devices are 120, 40, and 45
s, respec-
tively. It is suspected that the faster current
response  is  a  result  of  reduced  defect
densities,  evidenced  by  reduced  reverse
saturation dark current (Figure S6,
Supporting Information).



Figure 4. a) Schematic and b) energy-band diagram of a perovskite photodiode. c) Semilog plots of the dark current
density versus applied voltages for  perovskite  photodiodes.  Device  structures:
glass/ITO/PEDOT:PSS/perovskite/PC61BM/BCP/Ag (Control),  glass/ITO/LDC-perovskite/PC61BM/BCP/  Ag (ITO/LDC),  and
glass/ITO/PEDOT:PSS/LDC-perovskite/PC61BM/BCP/Ag  (PEDOT:PSS/LDC).  d)  The  dark  current  density  (–0.20  V)
extracted from the current density–voltage (J–V) curves of the perovskite photodiodes. e) The temporal photocurrent
curves of perovskite photodiodes with various  bottom contacts measured with 480 nm light at 2000 Hz. f)
Responsivity of the perovskite photodiode with PEDOT:PSS/LDC obtained at zero bias.

Figure  4f  shows  the  wavelength-dependent
responsivity  of  perovskite  photodiodes  with
PEDOT:PSS/LDC  structures  obtained  at  zero
bias,  which  we  calculated  from  the  external
quantum efficiencies  (EQEs)  of  the perovskite
photodiodes. The maximum value of 0.41 A W1

was  achieved  at  730  nm.  To  further
demonstrate the light detection characteristics
of  this  type  of  photodiode,  Figure  S7a,
Supporting Information, shows the responsivity
and specific detectivity of photodiodes under a
green  light  illumination  with  various   light
intensi- ties.  We achieved a specific detectivity
of  up  to  3.4   1012  Jones  under  weak  light
illumination  (2   104  mW  cm–2).  The  high
specific  detectivity  over  the  light  intensity
range is ascribed to the reduced dark current
induced  by  defects  and  carrier  injec-  tion
suppression.

To  assess  the  impact  of  the  hole  conductor
(PEDOT:PSS) on the performance of the perovskite
photodiodes  with  the  LDC,   we  measured  the
current–voltage characteristic of the devices with
and  without  PEDOT:PSS  under  weak  light
illumination  by  varying  the  light  intensity,  as
shown in  Figure 5a,b. The photo- diodes exhibit
identical trends regardless of the  PEDOT:PSS  hole
conductor, as shown in Figure 5c. The intensity-
photocur-  rent  dependence  follows  a  linear
dynamic response although it    is not a rigorous
linear  dynamic  test  for  perovskite  photodiodes
(Figure S7b, Supporting Information). In addition,
the photo- voltage of the  perovskite  photodiodes

with  the  PEDOT:PSS  is  much  higher  than  the
device  without  a  hole  conductor,   in agreement
with  the  results   reported   for   perovskite   solar
cells.  Similarly,  the  signal-to-noise  ratio  of
perovskite  photo-  diodes  with  the  PEDOT:PSS
conductor has been enhanced in comparison to the
device  without  the  PEDOT:PSS  conductor  (Figure
5d). Hence, we argue that the balance of the
majority



carrier  extraction  and  minority  carrier
injection is of critical importance to achieving
an  efficient  photodiode  for  practical
applications.

2.3.2. Origin of Enhanced Optoelectronic 
Characteristics

To  uncover  the  origin  of  the  enhanced
optoelectronic  charac-  teristics  when  using
the  LDC,  phenethylammonium  iodide  (PEAI),
phenethylammonium  chloride  (PEACl),  and
phenyl-  trimethylammonium bromide (PTABr)
were also used to con- struct the LDCs in the
perovskite  photodiodes.  As  shown  in  Figure
S8,  Supporting  Information,  the  enhanced
optoelec- tronic characteristics for perovskite
photodiodes based on these  three  types  of
materials  are  observed  as  well,  and  the
character- istics of the perovskite photodiodes
with the PTABr-based LDCs  exhibit negligible
changes  in  the  onset  threshold  voltage  in
comparison  to  the  PEABr-containing  LDC
devices  (Figure  S9,  Supporting  Information).
We  expect  that  the  variation  in  the  LDC-
enhanced  optoelectronic  characteristics
arises  from  the  variation  of  energy-band
alignments  at  the  bottom  interfaces.  To
corroborate this hypothesis, we further
attempted to replace  the  LDC  layer  with  a
polyelectrolyte material (i.e., PFN-Br), which is
widely  used  to  modify  the  energy-band
alignment      at  the  electrode  interface  in
organic  electronics.  As  expected,  the  J–V
curves of perovskite photodiodes with PFN-Br
have  a  similar  tendency  to  the  LDC-based
devices  (Figure  S10a,  Sup-  porting
Information).  This  means that the enhanced
behavior  may  arise  from  the  opposite
localized  electric  fields  introduced  by  the
permanent dipole of a PFN-Br material (Figure
S10b, Supporting Information), balancing the
external electric field



Figure 5. a) Photocurrent densities for perovskite photodiodes with the LDC strategy, where the device consists of
ITO/LDC-perovskite/PC61BM/BCP/ Ag. b) Photocurrent responses for the LDC-based perovskite photodiodes with the
PEDOT:PSS under 520-nm green light illumination (with various light intensities).  The PEDOT:PSS benefits a high
photovoltage for perovskite photodiodes. c) Photovoltage as a function of light intensities. d) The power dependence
of signal-to-noise ratio (SNR) for perovskite photodiodes based on the LDC, where the SNR is defined as the ratio of
photocurrent to dark current.

when applying a forward bias less than the
onset voltage. In the meantime, the consistent
results observed reveal the origin  of  enhanced
optoelectronic characteristics for perovskite
photodi- odes with the LDC, namely the varied
energy-band alignment.

To gain a deeper insight into the variation of
interfacial  energy-band  alignments  for
perovskite  photodiodes,  the  temperature-
dependent J–V method was used to evaluate the
energy barrier height at the ITO/perovskite
interface. Figure 6a  shows  dark  current
densities as a function of bias voltage from 300
to 360 K. The forward onset behavior still exists
in the perovskite photodiode J–V curves over the
entire temperature

range,  showing  a  negative  shift  towards  zero
volts when the increasing temperature. We note
that  the  dark  current  of  the  perovskite
photodiodes  at  360  K  is  several  orders  of
magni- tude higher than that of the current at
room  temperature. This mainly originates from
a substantial increase in thermi- onic emission
injection with increasing temperature. Through
quantitative analysis  of  ln(J/T2)  versus 1000/T,
the carrier  bar-  rier  height is  estimated to be
0.34  eV  (Figure  6b),  which  is  suf-  ficient  to
prevent the minority carrier injection (electrons)
from the ITO electrodes under reversed bias in
the  dark,[29]  bene-  fiting  the  suppressed  dark
current under reverse bias.



Figure 6. a) Current densities as a function of bias voltage over the temperature range of 300 to 360 K for photodiodes
(device structure: ITO/LDC- perovskite/PC61BM/BCP/Ag). b) Plots of ln(J/T2) versus 1000/T.



3. Conclusion

In summary, we have demonstrated an
effective method to opti-  mize  the  bottom
interface  of  a  perovskite  film  by  introducing
PTABr-  or PEABr-based LDCs to help form  low-
dimensional  (Ruddlesden–Popper  phase)
perovskites  and  to  optimize  band-  energy
alignments.  The  LDC-based  perovskites  are
found  to  have  less  strained  lattice  and  thus
structural  defects,  and  have  formed  built-in
electric fields.  We also demonstrated enhanced
perovskite  photodiodes.  Our  results  suggest
that the enhanced optoelectronic response for
the perovskite photodiodes with the LDC arises
from  the  presence  of  built-in  localized  fields
near the bottom interface, as further evidenced
by the use  of  PFN-Br polyelectrolyte materials
that induced a similar shift  to J–V curves under
the forward bias. This LDC-based perovskite
photodiode  provides  a  versatile  platform  for
reducing  dark cur-  rent  and  thus  enhancing
weak  light  detection.  The  concept  and  the
scientific  findings  of  this  work  provide  useful
insights  to  fabricate highly efficient perovskite
photodiodes as well as other  perovskite-based
optoelectronic devices.

4. Experimental Section
Materials:  All  chemicals  were  purchased  from

commercial  suppliers and used as received. Lead diiodide
(PbI2,  99.99%),  lead   dibromide   (99%),  formamidinium
iodide,  methylammonium  bromide,  and  bathocuproine
(BCP,  98%)  were  purchased  from  Xi’an  Polymer  Light
Technology  Corp.  (China).  Cesium iodide  (99.999%)  was
received  from  Sigma-Aldrich.  Large  organic  molecules
including  PEABr,  PEAI,  PEACl,  and PTABr were purchased
from Xi’an Polymer Light Technology  Corp.  PC61BM (99.5)
was  purchased  from  Nano-C  Company.  PEDOT:PSS  (PVP
AI4083) was purchased from Heraeus Clevios. PFN-Br was
purchased   from 1-Material.  All  liquid  solvents  including
N,N-dimethylformamide  (DMF),  dimethyl  sulfoxide,
chlorobenzene,  and  2-propanol  were  purchased  from
Sigma-Aldrich and used as received.

Device  Fabrication  and  Characterization:   A   large
organic  molecule  (e.g.,  PEABr,  PEAI,  PEACl,  PTABr   in
DMF)  was  spin-cast  on  top  of   ITO  or  ITO/PEDOT:PSS
substrates  with  concentrations  ranging  from    5 to 20
mg  mL1.  Subsequently,  tri-cation  perovskites  were
deposited  onto  the  LDC-modified  substrates  using  the
methods reported in the literatures.[35,36]  Other functional
layers  were  also  made  in  sequence  following  previously
published  protocols.[6,37]  The  J–V  curves  were  measured
with a Keithley 2400 source-measure unit under dark and
green light illumination (520 nm, Shenzhen Optoelectronic
Technology Co., Ltd.). The light intensity was modulated by
varying attenuators  and was quantified with  a calibrated
power meter (Newport, 1936-R). EQE spectra of perovskite
photodiodes were measured by an integrated system (Zolix
SCS1011  system).  Temporal   photocurrent   response
spectra  were  acquired  with  Device  Current  Waveform
Analyzer Keysight CX3322A.

Grazing-Incidence Wide-Angle X-Ray Scattering:  For  the
GIWAXS  measurement,  the perovskite film was deposited
onto the LDC-coated ITO substrate. The wavelength of X-
ray was 1.240 Å, and the scattering intensity was detected
by a PILATUS 2M detector. Experiments were conducted on
beamline  7.3.3  at  Advanced  Light  Source,  Lawrence

Berkeley National Laboratory.
Other  Characterizations:   The   top-view   and   cross-

sectional   SEM  images  were  obtained  by  a  field-emission
scanning electron microscope (FEI Nova Nano SEM 430).  The
samples  for  SEM  were  deposited  on  top of ITO substrates.
The UV–vis  absorption   spectra   of   perovskites   with  and
without  the  LDC  were  obtained  with  a  spectrophotometer
(UH4150,  Hitachi,  Japan).  The  steady-state  PL  and  time-
resolved  PL  decay spectra at 772 nm were measured by a
400  nm  light  beam  via  fluorescence  spectrophotometer
(FLS1000, Edinburgh Instruments, UK).



Temperature-dependent  current  density  curves  as  a
function of voltage were recorded with a Keithley 4200
multiple source meters. The optical field d istribution a
cross t he perovskite photodiodes w as c alculated using
MATLAB software.  The refractive index of all  materials
used  in  the  optical  calculation  was  obtained  from  a
spectroscopic ellipsometer.
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