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ABSTRACT: Although  metal  halide  perovskites  have
advanced  rapidly  in  photoelectrical  detection,  studies  on
perovskite-based  photon-counting  detector  remain  scarce.
This  study  reports  an  efficient  perovskite  photon-counting
detector  achieved  through  defect  passivation  of  the
perovskite  photosensitive  layer.  Urea,  a  Lewis  base,  was
introduced  as  an  additive  during  the  two-step  fabrication  of
MAPbI3 films, forming a complex (MAI·PbI2·O=C(NH2)2, where
MAI = methylammonium iodide) that slowed the reaction rate
and  promoted  complete  reaction  between  MAI  and  PbI2.
Compared  to  conventional  perovskite  films,  the  optimized
MAPbI3  film  exhibits  enhanced  crystallinity,  with  enlarged
grain  size  from  254.8  to  908.1  nm,  and  reduced  defect
density  from  9.08  ×  1015  to  3.89  ×  1015  cm−3.  The  resulting
MAPbI3 photodiode detector demonstrates satisfactory performance, achieving a responsivity of 0.4 A/W and a sensitivity of
2.39  ×  1013  Jones  under  17.02  μW/cm2  illumination.  Furthermore,  a  photon-counting  system  integrated  with  the  MAPbI3
photodetector was able to detect low light levels down to 2.01 × 103 photons per mm2,  with a photoresponse three times
higher than that of silicon-based photon-counting detector.
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 1    Introduction
The  photon-counting  detector,  which  converts  light  signals  into
electrical  signals,  is  widely  used  in  single-molecule  detection,
fluorescence spectral imaging, medical imaging, and optoelectronic
communications [1, 2]. When semiconductor materials are exposed
to  electromagnetic  radiation,  the  resulting  electric  field  separates

electron–hole  pairs  within  the  materials,  generating  an  electrical
signal  proportional  to  the  energy  of  the  incident  radiation  [3, 4].
Although  commercial  silicon-based  photon-counting  detectors
have undergone extensive development in recent years, the indirect
bandgap  of  silicon  introduces  several  limitations,  including  low
absorption coefficients, a narrow spectral response range, high noise
levels,  and  the  requirement  for  cryogenic  operation  to  mitigate
noise.  Additionally,  silicon  photon-counting  detectors  surfer  from
issues such as complex manufacturing processes, high costs, limited
mechanical  flexibility,  and  performance  constraints  [5].  Therefore,
developing  new  semiconductor  materials  for  photon-counting
detectors is essential for advancing detection capabilities.

Metal  halide  perovskites  have  rapidly  emerged  as  promising
materials  in  field  of  optoelectronics  [6−8]  due  to  their  excellent
properties, such as high optical absorption coefficients [9−14], high
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charge  carrier  mobility  [15−18],  long  charge  carrier  diffusion
lengths  [19−21],  low  exciton  binding  energies  [22],  and  tunable
direct  bandgaps  [23−26].  In  addition,  perovskites  offer  advantages
such  as  low  manufacturing  costs  and  processing  flexibility.  These
exceptional characteristics highlight the great potential of perovskite
materials  for  optoelectronic  detection  applications.  In  2023,
Huang’s  research  group  reported  the  first  successful  development
of  a  perovskite-based  photon-counting  detector,  demonstrating
excellent performance [27]. However, solution-processed perovskite
films  often  introduce  crystal  defects,  and  consequently,  various
optimization  strategies  have  been  developed  to  improve  film
quality, leading to advancements in solar cells, light-emitting diodes
(LEDs),  and  photodetectors  [28−32].  Nonetheless,  research
specifically focusing on photon-counting detectors remains limited.
The quality of perovskite films is critical to the overall performance
of  photon-counting  detectors,  as  defects  within  the  perovskite
materials  can  trap  free  charges  and  alter  recombination  pathways,
thereby  influencing  optoelectronic  processes.  High  defect  density
may lead to non-radiative recombination [33], charge trapping [34],
charge scattering [35], and ionic migration [36], severely degrading
the optoelectronic performance of the photon-counting detector. In
mature  inorganic  photon-counting  semiconductor  materials  such
as silicon and GaAs, effective defect control and optimization have
been the key to their rapid development [37−39]. Therefore, further
investigation  into  the  impact  of  defects  in  the  perovskite  films  on
the  photon-counting  performance  of  perovskite  photodetectors  is
of great significance.

In this  study,  we report an efficient perovskite photon-counting
detector based on a two-step fabricated MAPbI3 film. Urea, a Lewis
base,  was  introduced  as  an  additive  to  improve  the  optoelectronic
properties  of  the  perovskite  films.  Urea  forms  an  intermediate
complex  (MAI·PbI2·O=C(NH2)2,  where  MAI  =  methylammonium
iodide),  slowing the reaction rate and promoting a more complete
reaction  between  MAI  and  lead  iodide  (PbI2).  The  optimized
MAPbI3 film  exhibits  enhanced  crystallinity,  with  grain  size
increasing  from  254.8  to  908.1  nm,  and  a  reduced  defect  density

from  5.98  ×  1015 to  4.05  ×  1015 cm−3 compared  to  conventional
perovskite  film.  As  a  result,  the  urea-optimized  MAPbI3 film
exhibited  significantly  improved  photodetection  performance,
achieving  a  responsivity  of  0.4  A/W  and  a  specific  detectivity  of
2.39  ×  1013 Jones  under  17.02  μW/cm2 illumination.  Furthermore,
the perovskite detector was applied to photon counting, achieving a
minimum  detectable  photon  flux  of  2.01  ×  103 photons  per  mm2,
and its photoresponse was three times higher than that of a silicon
photon-counting detector under same photon flux.

 2    Results and discussion

 2.1    Structural  and  morphology  of  perovskite  photon-
counting detectors
The  schematic  of  the  perovskite  photon-counting  detector  is
illustrated  in Fig.  1(a) (the  physical  setup  of  the  experiment  is
shown in Fig. S1 in the Electronic Supplementary Material (ESM)).
Upon  photoelectric  conversion  in  the  perovskite  photosensitive
layer, the generated electron–hole pairs are transferred to a charge-
sensitive amplifier through different electrodes. After amplification,
the output pulse signal reflects the photon-counting response of the
detector.  The  output  response  pulse  histograms  of  the  perovskite
photon-counting  detector  fabricated  using  conventional  MAPbI3

photosensitive layers at zero bias are shown in Fig. 1(b). The figure
shows  that  the  minimum  detectable  photon  count,  defined  as  the
incident  photon  count  at  which  the  output  response  becomes
completely  distinguishable  from the dark noise  response,  is  5.69 ×
103 photon/mm2.  However,  the  photon-counting  limit  of  the
conventional  MAPbI3 detector  remains  inadequate  to  meet  the
performance  requirements  of  most  photon-counting  applications.
As  previously  reported,  shallow defects  located  at  perovskite  grain
boundaries  influence  the  photon-counting  detector  performance
[27].  Therefore,  further  passivation  of  the  crystal  defects  in
perovskite  films  and  reduction  of  defect  state  density  are  essential
for suppressing dark noise and enhancing the detection efficiency of
perovskite photon-counting detectors.

 

Figure 1    (a) Schematic diagram of the photon counter detector principle. (b) Photon counting performance of the original MAPbI3 detector prepared using the two-step
method. (c) Schematic diagram showing the role of urea in the crystallization of perovskite films. ((d) and (e)) SEM images of perovskite film surfaces treated (d) without urea and
(e) with urea.
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In  the  two-step  fabrication  process  of  MAPbI3 film,  a  PbI2

solution  is  first  spin-coated  and  annealed  to  form  a  compact  thin
film. Subsequently, an MAI solution is introduced to react with the
PbI2 film,  resulting  in  the  formation  of  MAPbI3.  Typically,  MAI
infiltrates  the  PbI2 film  through  grain  boundaries,  where  it  reacts
with the internal PbI2 to form MAPbI3 films. However, MAI tends
to react preferentially with surface PbI2,  forming a perovskite layer
that  hinders  further  infiltration  and  prevents  complete  reaction
with the underlying PbI2.  This incomplete conversion can result in
high density of defects states within the perovskite films, degrading
its  overall  quality  and  performance.  In  addition,  the  two-step
fabrication  process  generally  requires  prolonged  high-temperature
annealing,  which  may  cause  the  surface  MAI  to  evaporate  before
fully  penetrating  the  film  [40, 41].  This  further  increases  defect
density  and  adversely  affects  perovskite  crystallinity.  According  to
previous reports  on perovskite  solar  cells,  Lewis  base can promote
perovskite  crystallization  during  the  two-step  fabrication  process,
reduce defect concentrations, and improve photoelectric conversion
efficiency [42].

As  illustrated  in Fig.  1(c),  the  addition  of  urea  to  the  MAI
solution  facilitates  the  formation  of  an  MAI·PbI2·O=C(NH2)2

adduct, which moderates the reaction between MAI and PbI2. This
retardation  allows  deep  MAI  infiltration  and  complete  reaction
with internal PbI2. Figures 1(d) and 1(e) show the scanning electron
microscopy (SEM) images of the conventional and urea-optimized
MAPbI3 film surfaces (cross-sectional SEM images are provided in
Fig.  S2  in  the  ESM).  The  conventional  MAPbI3 films  exhibit  a
smaller  average  grain  size  of  255  nm,  whereas  films  treated  with
1 mg/mL urea display larger and more uniformly distributed grains
with  tightly  connected  boundaries  and  an  average  grain  size  of
908 nm. Furthermore, energy-dispersive X-ray spectroscopy (EDS)
elemental  mapping  supports  the  compositional  uniformity  of  the
films, as shown in Fig. S3 in the ESM. In addition, the atomic force
microscopy  (AFM)  images  and  average  grain  size  statistics  for
perovskite  films  with  varying  urea  concentrations  are  provided  in

Fig.  S4  in  the  ESM.  Notably,  excessive  urea  (e.g.,  10  mg/mL)
degrades  the  film  morphology,  likely  due  to  its  over-coordination
with  the  PbI2 precursor  and  the  possible  retention  of  insulating
residues  at  grain  boundaries.  Typically,  larger  grain  sizes
correspond  to  fewer  grain  boundaries,  which  are  known  to  be
primary  sites  for  shallow-level  defects.  Therefore,  the  addition  of
urea  increases  the  grain  size  of  the  perovskite  films,  reduces  grain
boundaries, and effectively lowers defect density.

 2.2    Optical properties of perovskite film
To  investigate  the  mechanism  by  which  urea  regulates  the
crystallization process of MAPbI3, we conducted Fourier-transform
infrared (FTIR) spectroscopy and X-ray photoelectron spectroscopy
(XPS) characterizations of perovskite films prepared via a two-step
method at different reaction stages. The samples analyzed included
the  pure  urea,  PbI2-MAI  complex,  urea-PbI2-MAI  complex,  fully
annealed  MAPbI3,  and  MAPbI3 with  urea  additive.  As  shown  in
Fig.  2(a),  the  C=O  stretching  vibration  peak  of  urea  appears  at
1675  cm−1,  and  this  characteristic  peak  is  observed  only  in  the
MAI·PbI2·O=C(NH2)2 complex.  This  result  is  consistent  with  the
XRD spectra, which showed no shift in diffraction peaks upon the
addition  of  urea.  Moreover,  as  shown  in Fig.  2(b),  the  C=O
stretching  vibration  peak  of  the  MAI·PbI2·O=C(NH2)2 complex
shifts from 1675 to 1666 cm−1. According to the diatomic harmonic
oscillator  model  [43],  the  vibrational  frequency  is  proportional  to
the  force  constant.  The  observed  red  shift  in  the  C=O  stretching
frequency  indicates  a  decrease  in  the  force  constant.  This  can  be
attributed to the coordination between the Lewis  base O2− and the
Lewis acid Pb2+, which causes partial electron density transfer from
C=O  bond  to  the  O–Pb  interaction,  thereby  weakening  the  C=O
bond strength.  Consistently,  the XPS analysis  reveals  a  decrease in
the  binding  energies  of  I  3d  and Pb 4f  in  the  urea-optimized film
(Fig. S5 in the ESM), further supporting the coordination-mediated
passivation  of  under-coordinated  Pb2+ [44].  These  results  confirm
that  the  urea  enhances  MAPbI3 film  quality  through  a  synergistic

 

Figure 2    (a)  FTIR  spectra  for  MAPbI3,  urea,  MAI·PbI2 complex,  and  MAI·PbI2·O=C(NH2)2 complex.  (b)  Extended  fingerprint  region  for  C=O,  N–H,  and  C–N
vibrations. (c) XRD patterns of conventional and urea-optimized perovskite crystals. (d) Steady-state PL, (e) TRPL decay, and (f) absorption spectra of conventional and
urea-optimized perovskite films. The urea concentration was 1 mg/mL in all urea-optimized MAPbI3 film.
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effect  of  grain  growth,  which  reduces  grain-boundary  defects,  and
chemical passivation at the grain boundaries.

The  structural  and optical  properties  of  conventional  and urea-
optimized MAPbI3 perovskite films were characterized using X-ray
diffraction  (XRD),  photoluminescence  (PL),  time-resolved
photoluminescence  (TRPL),  and  ultraviolet–visible  (UV–vis)
absorption spectroscopy. Figure 2(c) compares the XRD patterns of
MAPbI3 films  prepared  with  and  without  urea  additive.  The
diffraction peaks at  14.1°,  28.4°,  40.5°,  and 43.1° correspond to the
(110),  (220),  (224),  and  (314)  crystal  planes  of  the  tetragonal
perovskite  structure,  respectively  [45, 46].  Notably,  the  urea-
optimized  MAPbI3 films  show  significantly  enhanced  diffraction
peaks  in  the  (110)  and  (220)  planes,  indicating  improved
crystallinity  of  the  perovskite  crystals.  In  addition,  no  shift  in  the
diffraction  angles  is  observed,  suggesting  that  the  lattice  structure
remains unaltered upon urea incorporation. Figure 2(d) shows the
PL  spectra  of  the  conventional  and  urea-optimized  MAPbI3 films.
The  figure  shows  that  the  PL  spectrum  of  the  urea-optimized
MAPbI3 film has a stronger peak intensity, indicating a reduction in
defect  density  at  the  grain  boundaries.  These  changes  effectively
suppress  non-radiative  recombination,  thereby  improving  carrier
transport and collection efficiency.

The  TRPL  spectroscopy  was  employed  to  study  the  carrier
lifetime dynamic of the perovskite films, as shown in Fig. 2(e). The
TRPL decays of both films were fitted using a biexponential model.
The  untreated  film  exhibits  fast  (τ1)  and  slow  (τ2)  decay
components  of  7.79  and  53.93  ns,  respectively,  with  an  average
carrier  lifetime  of  23.94  ns.  In  contrast,  the  urea-optimized  film
shows prolonged lifetimes, with τ1 = 25.78 ns, τ2 = 68.5 ns, and an
average  lifetime  of  37.30  ns.  The  extended  carrier  lifetime,
particularly  the  notable  increase  in τ1,  indicates  suppressed  defect-
assisted  recombination,  which  can  be  attributed  to  the  slowed
crystallization process induced by urea addition, effectively reducing
defect  formation.  Moreover,  the  urea-optimized  MAPbI3 film
shows  stronger  light  absorption  compared  to  the  conventional
MAPbI3 film  (Fig.  2(f)).  Considering  that  PbI2 has  a  lower
absorption in the visible light region compared to perovskite films
[47], this result further confirms that the addition of urea promotes
the  complete  reaction between PbI2 and MAI during  the  two-step
fabrication  process  and  mitigates  the  absorption  reduction  caused
by the accumulation of  PbI2 at  the  grain boundaries.  Additionally,
the  increased  grain  size  of  the  urea-optimized  MAPbI3 film  may
also contribute to the enhanced absorption intensity.

The  space-charge-limited  current  (SCLC)  is  commonly  used  to
study  trap  density  in  semiconductors,  where  a  lower  trap-filled-
limit voltage (VTFL) indicates a lower trap density [48]. Figure S6 in
the  ESM  presents  the  SCLC  measurements  and  calculated  results
for  conventional  and  urea-treated  MAPbI3 films.  The  trap  density
of  conventional  film  is  9.08  ×  1015 cm−3,  which  significantly
decreases  to  3.89  ×  1015 cm−3 after  urea  optimization.  The VTFL-
derived  trap  density  results  further  confirm  that  the  urea
incorporation  effectively  reduces  the  defect  density  in  MAPbI3

films.  The  urea-optimized  MAPbI3 film  shows  improved  charge
separation,  efficient  photogenerated  charge  transport,  and
enhanced charge  collection efficiency.  These  factors  are  crucial  for
achieving  high-performance  optoelectronic  detection  in  photonic
devices.

 2.3    Photodetector properties
To  further  investigate  the  effect  of  urea  on  the  optoelectronic
conversion  performance  of  MAPbI3 films,  we  fabricated

photodetector  with  device  structure  of  Cu/C60/bathocuproine
(BCP)/MAPbI3/poly(bis(4-phenyl)  (2,4,6-trimethylphenyl)amine)
(PTAA)/indium  tin  oxide  (ITO),  as  shown  in Fig.  3(a).  The
perovskite  photodetectors  were  tested  for  their  light  response
characteristics  under  zero  bias  using  a  600  nm  light  source  with
a  switching  time  of  2  s  and  an  incident  light  intensity  of
17.02  μW/cm2.  As  shown  in Fig.  3(b),  compared  to  the
conventional  perovskite  photodetector,  the  urea-optimized
perovskite  detector  shows  higher  photocurrent  and  lower  dark
current,  and  the  on/off  ratio  increased  from  216  to  941,
accompanied  by  a  30%  improvement  in  sensitivity.  The  current
density  of  the  perovskite  photodetectors  as  a  function  of  incident
light  intensity  (ranging  from  0.26  to  17.02  μW/cm2)  is  shown  in
Fig.  3(c).  Both  the  conventional  and  urea-optimized  perovskite
photodetectors  show good linear  response  characteristics,  with  the
urea-optimized  photodetectors  showing  higher  current  density
under the same conditions.

For  photodetectors,  parameters  such  as  responsivity,  external
quantum efficiency (EQE), and detectivity are critical for evaluating
device  performance.  We systematically  compared the  responsivity,
EQE,  and  detectivity  of  perovskite  photodetectors  under  various
incident light wavelengths at zero bias, as shown in Figs. 3(d)–3(f).
The urea-optimized MAPbI3 photodetectors  exhibit  excellent  EQE
across the visible light region, achieving a peak EQE of 82.89% at a
wavelength of 500 nm. This is a significant improvement compared
to  the  conventional  MAPbI3 photodetectors  with  a  peak  EQE  of
59.26%.  In  addition,  the  urea-optimized  photodetector  shows
significantly  higher  detectivity  and  responsivity  over  the  entire
wavelength  range  compared  to  the  conventional  device.  Under
650  nm  illumination  with  a  light  intensity  of  17.02  μW/cm2,  the
urea-optimized  MAPbI3 photodetectors  achieve  a  responsivity  of
0.45  A/W  and  a  maximum  detectivity  of  2.5  ×  1013 Jones.  These
performance  improvements  can  be  attributed  to  the  effective
passivation  of  defects  in  the  MAPbI3 films  by  urea,  which
substantially  suppresses  non-radiative  carrier  recombination  and
enhances charge collection efficiency.

 2.4    Photon-counting detector performance
We constructed a pulsed light test system with calibrated light yield
to  evaluate  the  photon-counting  performance  of  the  conventional
and urea-optimized MAPbI3 photodetectors, as shown in Fig. 4(a).
The  system  was  driven  by  a  pulse  generator  (Keysight  801150A),
which triggered a light source to emit low-intensity pulsed 405 nm
light.  The  light  passed  through  an  aperture  and  a  set  of  neutral
density filters with varying optical densities (OD) to achieve precise
control  over  the  output  intensity.  A  diffusion  plate  was  then
employed  to  homogenize  the  beam,  producing  a  uniform  and
adjustable  light  spot.  The  spot  passed  through  a  window  with  an
optical  output  aperture  of  2  mm  ×  2  mm,  which  defined  the
effective illumination area on photodetector and ensures consistent
experimental  conditions  for  all  devices.  The  actual  light  output
intensity  was  calibrated  using  a  silicon  photomultiplier  (SiPM)
based on the single-photon counting method (Fig. S7 in the ESM).
All  measurements  were  conducted  in  a  light‑ tight  enclosure,  and
the  intrinsic  noise  of  each detector  was  characterized separately  as
dark  noise  and  incorporated  into  the  photon-detection-resolution
analysis.  The  primary  uncertainties  in  the  incident  photon  flux
originated  from  the  statistical  fluctuation  of  the  SiPM  used  for
calibration and the tolerance in the OD values of the neutral density
filters.  To  guarantee  that  each  photodetector  receives  an  identical
photon  flux  under  the  same  conditions,  optical  adhesive  (Dow
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Corning) was used to couple the devices to the output window. The
output  signals  from  the  photodetectors  were  amplified  by  a  low-
noise  charge-sensitive  amplifier  (Kromek  ev550)  and  acquired
synchronously  via  a  digital  oscilloscope  (Keysight  DSOX6004A),
with  all  instruments  synchronized  through  LabVIEW-controlled
pulse triggering and data acquisition. At a constant photon flux of
9.82 × 104 photon/mm2 per light pulse, Fig. 4(b) presents the output
signals from a charge-sensitive amplifier for silicon detector (biased
at  100V)  and  self-powered  perovskite  photon-counting  detector.
Here, “self-powered” specifically means that the perovskite detector
itself  operates  at  zero  external  bias,  while  the  subsequent  readout
electronics  require  an  external  power  supply.  Although  the
perovskite and silicon detectors (BPW34SR) differ in their physical
mechanisms  and  operational  modes,  the  perovskite  detector
exhibits  a  significantly  larger  pulse  response  amplitude  under  the
described  conditions,  suggesting  its  superior  charge  collection
efficiency  for  photon-counting  applications.  The  histogram  of  the
output signal responses for the perovskite photon-counting detector
and silicon detector under varying incident light pulses is shown in
Fig.  4(c).  The  perovskite  detector  shows  higher  peak  channel
number than silicon detector, which is consistent with the original
waveform  data.  These  results  were  highly  reproducible  across
multiple  devices,  with  relative  standard  deviations  of  the
photocurrent  and photon-counting response  below 1% (Fig.  S8  in
the  ESM).  In  addition,  compared  to  the  conventional  perovskite
detector,  the  urea-optimized  perovskite  photon-counting  detector
exhibits  an  increase  in  the  number  of  peak  channels  and  a
reduction in noise, quantified by a decrease of 46% in the standard
deviation (σnoise) of the dark-noise histogram. This improvement in
signal-to-noise  characteristics  shows  a  strong  inverse  correlation
with  the  reduced  trap  density  in  the  film (Figs.  S9  and  S10  in  the
ESM).  It  should  be  noted  that  the  broader  peak  widths  are
primarily  caused  by  the  intrinsic  noise  of  the  detector  with
additional contributions from the fluctuation in photon generation
by the light source.

As  shown  in Fig.  4(d),  we  further  investigated  the  relationship
between the detector response intensity and the number of incident
photons  under  different  conditions  by  plotting  the  peak  channel
number  of  the  pulse  statistical  spectrum  as  a  function  of  incident
photon  count.  The  results  indicate  that  both  silicon  detector  and
self-powered  perovskite  photon-counting  detector  exhibit  good
linear response characteristics at low light intensities as the number
of  incident  photons  increases.  Notably,  the  urea-optimized
perovskite  photon-counting  detector  demonstrates  a  response
intensity that is 300% higher than that of the silicon detector. This
improvement is attributed to the wide bandgap characteristics and
excellent  light  absorption  capabilities  of  the  perovskite  photon-
counting  detector,  leading  to  more  efficient  optoelectronic
conversion. To evaluate the performance of different detectors,  we
define a photon detection resolution (PDR) equation that quantifies
the ability  of  a  device to distinguish its  pulse  signal  response from
the dark noise signal under varying numbers of incident photons. A
PDR  value  greater  than  1  indicates  that  the  pulse  signal  is  fully
distinguishable  from  the  dark  noise.  The  PDR  is  calculated  as
follows

PDR =
μPD − μnoise

2.354× (σPD + σnoise)
(1)

μPD

σPD

μnoise

σnoise

where  denotes  the  mean  of  the  impulse  response  signal
histogram  of  the  device  at  a  given  photon  count,  with 
representing its standard deviation, and  refers to the mean of
the histogram of the device’s dark noise response in the absence of
incident light, with  as its standard deviation.

Figure 4(e) illustrates the PDR as a function of  incident photon
number  for  silicon  detector  (under  a  bias  of  100  V)  and  self-
powered  perovskite  photon-counting  detector.  As  the  incident
photon flux increases  from 6.21 × 103 to  9.82 × 104 photons/mm2,
both  devices  exhibit  a  monotonic  increase  in  PDR.  Notably,
the  urea-optimized  perovskite  photon-counting  detector  achieves
a  significantly  higher  PDR  across  the  entire  range  than  the
silicon  photodetector.  At  an  incident  photon  flux  of  6.21  ×

 

Figure 3    (a)  Schematic  diagram of  the  perovskite  photodetector  structure.  (b)  Time-dependent  light  response  curves.  (c)  Current  density  at  different  light  intensities.
Curves showing (d) the variation of external quantum efficiency, (e) responsivity, and (f) detectivity of conventional and urea-optimized photodetector.
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103 photons/mm2,  for  instance,  the  PDR  values  are  0.92  for  the
silicon detector and 2.35 for the urea-optimized perovskite photon-
counting  detector.  Theoretical  calculations  further  determine  the
minimum detectable photon flux, defined as the flux required for a
PDR of 1, where the optical response becomes fully distinguishable
from the dark noise,  to  be 6.35 × 103 photons/mm2 for  the silicon
photodetector  and  2.01  ×  103 photons/mm2 for  the  perovskite
detector.  These  results  underscore  the  lower  detection  limit  and
superior  sensitivity  of  the  perovskite  photon-counting  detector.
This  enhanced  performance  is  attributed  to  the  excellent  charge
separation  efficiency  and  outstanding  optoelectronic  conversion
capability  of  the  urea-optimized  perovskite  active  layer.  Moreover,
the  performance  advantage  of  the  perovskite  detector  becomes
increasingly pronounced at higher incident light intensities.

Long-term  operational  stability  is  another  critical  metric  for
evaluating  perovskite  photon-counting  detectors.  The  device,
encapsulated with a glass coverslip using Norland Optical Adhesive
61 (UV-cured),  was  continuously  tested under  ambient  laboratory
conditions  (25  ±  2  °C;  30%RH  ±  5%RH)  for  seven  days.  We
continuously  monitored  the  detector  response  under  a  constant
photon  flux  over  seven  days  and  recorded  the  corresponding

output  signal  histograms  (Fig.  4(f)).  Owing  to  its  effective  self-
powering  operation,  which  significantly  suppresses  ion  migration,
the perovskite photon-counting detector exhibited negligible drift in
the  peak  channel  position  and  maintained  a  stable  signal-to-noise
ratio throughout the testing period. By eliminating the need for an
external  bias  electric  field,  the  self-powered  perovskite  detector
avoids  associated degradation mechanisms,  thereby demonstrating
good  stability  over  the  tested  six-day  period.  This  robust
performance  further  confirms  its  strong  potential  for  practical
photon-counting  applications,  while  further  long-term  and  harsh-
environment  stability  tests  remain  important  for  future
deployment.

 3    Conclusions
In this study, the defect density of MAPbI3 films fabricated via a two-
step  method  was  significantly  reduced  by  incorporating  urea  into
the precursor solution. The trap density decreased from 9.08 × 1015

cm−3 in untreated films to 3.89 × 1015 cm−3 after urea optimization.
Morphological,  structural,  and  optoelectrical  characterizations
reveal  that  the  urea-modified  MAPbI3 films  exhibit  larger  grain

 

Figure 4    (a) Schematic of the photon counting system optical path. (b) Response pulse signals obtained from urea-optimized self-powered perovskite photon counting
detector and silicon photodiodes at a bias of 100 V under the same incident photon flux. (c) Output signal histograms under incident light pulses with different photon
numbers  per  pulse.  (d)  Photopeak channel  number and (e)  PDR for  different  numbers  of  incident  photons  per  pulse.  (f)  Output  signal  histograms for  the  long-term
response of the perovskite photon counting detector. The device was tested under constant photon flux in air (25 ± 2 °C; 30%RH ± 5%RH).
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sizes,  reduced  grain  boundary  defects,  and  effective  passivation  of
shallow-level defects. At zero bias under 600 nm illumination with
an intensity of 17.02 μW/cm2, the urea-optimized perovskite device
achieved a responsivity of 0.45 A/W and a specific detectivity of 2.5
×  1013 Jones,  significantly  outperforming  the  conventional
perovskite  detector.  In  photon-counting  tests,  the  urea-optimized
perovskite  photon-counting  detector  exhibited  a  pulse  response
amplitude three times greater than that of a silicon detector under
identical conditions. Moreover, its minimum detectable photon flux
was determined to be 2.01 × 103 photons/mm2,  substantially lower
than the  6.35 × 103 photons/mm2 of  the  silicon detector.  The self-
powered  perovskite  photon-counting  detector  also  maintained
stable  response  signals  throughout  the  six-day  testing  period.  This
study demonstrates that the defect suppression in MAPbI3 films via
urea  additive  during two-step fabrication markedly  enhances  their
optoelectronic  performance,  yielding  a  perovskite  photodetector
with  superior  photon-counting  capability  over  silicon-based
detectors.  These  findings  offer  new  insights  into  defect  roles  in
perovskite photon-counting devices and highlight molecular design
for  defect  passivation  as  an  effective  optimization  strategy.  Future
work  may  extend  this  approach  to  other  perovskite  compositions
(e.g., FA/Cs-based and low-dimensional) and device architectures.

 Electronic  Supplementary  Material: Supplementary  material
(detailed  experimental  procedures,  material  synthesis  and  device
fabrication  processes,  additional  structural  and  morphological
characterizations,  surface  chemical  analysis,  optical  properties,
electrical  measurements,  and  extended  photon-counting
performance data and analysis) is available in the online version of
this article at https://doi.org/10.26599/NR.2026.94908490.
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