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Abstract

Metal halide perovskites have been successfully exploited for converting photons to charges or
vice versa in applications of solar cells, light emitting diodes, and solar fuels, while all these
applications involve strong light. Here we show that self-powered polycrystalline perovskite
photodetectors can rival the commercial silicon photomultipliers (SiPMs) for photon-counting.
The photon-counting capability of perovskite photon-counting detectors (PCDs) is mainly
determined by shallow traps, despite that deep traps also limit charge collection efficiency.

Two shallow traps with energy depth of 5.8+0.8 millielectronvolt (meV) and 57.2+0.1 meV

are identified in polycrystalline methylammonium lead triiodide, which mainly stay at grain
boundaries and surface, respectively. We show that these shallow traps can be reduced by grain
size enhancement and surface passivation using diphenyl sulfide, respectively. It dramatically
suppresses dark-count-rate from >20,000 counts-per-second-per-square-millimeter (cps/mm?) to
2 cps/mm? at room temperature, enabling much better response to weak light than SiPMs. The
perovskite PCDs can collect gamma-ray spectra with better energy resolution than SiPMs, and
maintain performance at high temperature up to 85 °C. The zero-bias operation of perovskite
detectors enables no drift of noise and detection property. This study opens a new application of
photon-counting for perovskites that utilizes their unique defect properties.

Emerging applications such as light detection and ranging, radiation spectroscopy, quantum
optics, flow cytometry, and many others benefit from advances of solid-state photon-
counting detectors (PCDs) with low dark count rate (DCR), high detection probability,

low working bias, large linear dynamic range, radiation stability, lightweight, and compact
sizel=5. The solid-state silicon photomultipliers (SiPMs) have comparable high gains to
photomultiplier tubes (PMTs), and can operate at much lower bias of tens of volts®7, while
avoiding the magnetic susceptibility of PMTs. These compact and small size detectors

can be made into arrays®. Therefore, they are now widely commercially available and
becoming increasingly popular for photon-counting applications. However, the high DCR
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from thousand to million counts-per-second-per-square-millimeter (cps/mm?2) of SiPMs is
still a contemporary problem that significantly limits their applications, particularly in harsh
environment®. The DCR of SiPMs doubles for every temperature increases by 8 K due to the
relatively narrow bandgap of silicon0. Therefore, cooling is usually needed to attain the best
performance of SiPMs.

Metal halide perovskites (MHPSs) have shown great potential in applications of solar cells,
light emitting diodes, photodetectors, ionization radiation detectors, solar fuels, etc11-15,
These materials are very diversified with tunable compositions and dimensionality, which
dramatically enriches material design and selection possibilities'®17. These applications
leverage the many unique optoelectronic properties of MHPs, such as very long charge
recombination lifetime, large carrier mobilities, strong absorption to ultraviolet and visible
(UV-Vis) and near infrared (NIR) light or attenuation to X-ray8-21, Lead-based perovskites
have a bandgap much larger than that of silicon, which can dramatically reduce the device
noise. Very sensitive photodetectors have been demonstrated using both polycrystalline
and single crystalline perovskites with a lowest detectable steady-state light intensity
reaching picowatt-per-square-centimeter (pW/cm?2)22:23, Though their sensitivities are
already comparable or superior to the best commercial silicon photodiodes, the perovskite
photodetectors have not been demonstrated for photon counting yet. One challenge comes
from the high migration rate of some ions in MHPs, preventing a reverse bias of even a few
volts to be applied on these devices.

Here, we report self-powered perovskite PCDs with extremely low dark count rate. We
surprisingly found that the shallow traps, which do not limit charge collection efficiency,
contribute to the high DCR in perovskite PCDs. By dramatically reducing these charge traps
by morphology controlling and defect passivation, we demonstrated self-powered perovskite
PCDs with an ultra-low DCR of 2 cps/mm? at room temperature. The detectors achieved
>99.8% pulse detection probability, and an internal quantum efficiency of 95+5% for
several hundred to several hundred million incident photons. As a demonstration, perovskite
PCDs were applied to collect gamma-ray (y-ray) spectra in combination with scintillators,
resulting in better energy resolution than commercial SiPMs at room temperature and higher
temperatures.

Understanding the origin of the dark counts in SiPMs helps us to design the photodetectors
to reduce DCR. As shown in Fig. 1a, the DCR of SiPMs operating at high bias is
dominated by band-to-band thermally generated carriers, and band-to-band tunneling??.
Free carriers are frequently thermally generated and then accelerated by the large electric
field in avalanche zone, causing counts even without incident photons. In addition, the
large electric field in SiPMs can cause the direct tunneling of electrons from valance

band to conduction band, which dominates the noise at temperature below 200 K.25 In

this study, methylammonium lead iodide (MAPbI3) and methylammonium-formamidinium
mixed cation perovskites (FAg 7MAg 3Pbl3) were chosen for the self-powered PCDs because
of its wider bandgap of >1.5 eV while maintaining the detection capability for UV-visible
light. Its free carrier concentration caused by thermal excitation is 6—7 orders of magnitude
smaller than that of silicon. The defect tolerance of perovskites may enable efficient charge
extraction even at very low density of photoinduced charges. The perovskite PCDs are
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operated in photovoltaic mode at zero bias, i.e., the photo-generated carriers are extracted
by the built-in field. The zero bias operation simplifies the read-out electronics and avoid

the issue of ion migration. We speculate the DCR of perovskite PCDs is dominated by the
thermal detrapping of trapped charges, as illustrated in Fig. 1b.

We first evaluated how strong the remission of trapped charges using optimized perovskite
solar cells. The perovskite PCDs in this study have the same device structure with

regular p-i-n structure solar cells of indium tin oxide (ITO)/poly(bis(4-phenyl)(2,4,6-
trimethylphenyl)amine) (PTAA)/perovskite/Cgg/bathocuproine (BCP)/copper (Cu). The
perovskite layer was either deposited by a one-step spin-coating followed by an antisolvent
treatment (one-step), or using blading process followed by nitrogen knife drying, which

can yield an efficiency of ~23.6% for FAg 7MAg 3Pbl3 using our optimized additives and
fabrication conditions!!. The photocurrent density-voltage (J-V) curve of one typical device
is shown in Extended Data Fig. 1a. The detector photon counting capability was evaluated
using a measurement setup illustrated in Extended Data Fig. 1b. The incident photon number
to PCDs was controlled by neutral density filters, and output pulse signal from PCDs

was sequentially amplified, then recorded by multichannel analyzer (MCA), resulting in
histograms of output amplitude. The FAg7MAq 3Pbls and MAPbI3 solar cells showed a
high DCR of 23,467 and 23,732 cps/mm?, respectively, even the devices were operating at
zero bias. The minimal detectable photon number, which is defined by the incident photon
number that can cause a histogram distinguished from noise histogram, were 11,511 and
22,967 respectively, as shown in Fig. 1c and Extended Data Fig. 1c. This performance is still
too poor for PCDs in application of y-rays quanta detection. For example, a cesium iodide
(triduum) (CsI(T1)) scintillator exposed to 5'Co (122 keV) y-ray quanta generates 6588
photons. The very large DCR cannot be explained by band-to-band transition in MAPbI3
given its relatively large bandgap. Therefore, we speculate they are caused by the thermally
activated carriers from charge traps. Prior studies showed that the deep-trapping defects
mainly locate at the film surface26-28, To find out how such defects impact the DCR, we
passivated the surface of MAPbI3 with diphenyl sulfide (Fig. 2a). Here dipheny! sulfide
was chosen for surface passivation because of the relatively strong coordination of sulfur
with lead. Unlike S2-, the S-Pb coordination using diphenyl sulfide is not so strong and
thus won’t pull Pb out of the octahedral structure, which is evidenced by the maintained
perovskite morphology after surface treatment (Extended Data Fig. 2a-b). Both steady-state
photoluminescence (PL) and time-resolved PL (TRPL) measurement confirm that surface
passivation is effective by the 44% stronger PL intensity and 36% longer PL lifetime
(Extended Data Fig. 2c-d). However, the DCR was only reduced by 2.8 times after this
surface treatment (Extended Data Fig. 2e—f), indicating these films still have a large density
of defects in the bulk of the grains, at grain boundaries or at the embedded bottom interfaces.

We then deposited perovskites using two-step process (two-step), because it was reported

to form monolithic grains without many horizontal grain boundaries so that charges can

be directly collected without encountering defective grain boundaries?9-30. Pbl., was first
deposited on HTL and then MAI was coated sequentially, followed by a thermal annealing
so that they interdiffuse into each other to form perovskites3l. An ultra-thin polymethyl
methacrylate (PMMA\) between the perovskite and PTAA layers was introduced to passivate
the defects at the embedded interface32-33, The average grain size increased from 129 nm
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to 331 nm when we changed to the two-step process (Fig. 2b—c). The bigger perovskite
grain size was clearly observed in the cross-sectional scanning electron microscope (SEM)
images of the MAPblI3 film (Fig. 2e), showing monolithic grains. The X-ray diffraction
(XRD) pattern in Extended Data Fig. 3 also shows that the two-step processed films have
the stronger and sharper XRD peaks, suggesting a better crystallinity. Comparing to one-step
processed film, the two-step processed film showed 30% stronger PL intensity, and the PL
lifetime increased from 64 ns to 155 ns, indicating less defects in two-step MAPbI3 films.

Since MAPbI3 made by two-step process needs a longer annealing (90 min) at a relatively
high temperature, their surfaces are richer in defects due to the evaporation of MAI34:35,
Therefore, we also conducted surface passivation using diphenyl sulfide (two-step with
passivation). The concentration of diphenyl sulfide was optimized to achieve the highest
charge collection efficiency based on the channel number of the photopeak (Extended Data
Fig. 4). After surface passivation, the PL increased by 33%, and PL lifetime increased to
869 ns, as shown in Fig. 2f—g. The two-step detector had ~10 times lower trap density

over the whole trap depth region than the one-step detector (Extended Data Fig. 5), and the
surface treatment further halved the trap density. Drive-level capacitance profiling (DLCP)
measurement (Fig. 2h) shows consistent result that the trap density was reduced by 9 times
throughout the perovskite films using two-step process, and surface sulfurization further
reduced the defect density mainly close to the top surface. The reduction of deep charge
traps is accompanied with the reduction of DCR of the perovskite PCDs, however they

do not show a good correlation. The integrated DCR was only reduced by half when

the perovskite fabrication was changed to two-step process, while the followed surface
treatment dramatically reduced the integrated DCR by 6,000 times to an ultra-small value
of 2 cps/mm? at room temperature (Fig. 2i), more than 1,000 times smaller than that of
SiPMs measured in this study. The dramatically reduction of DCR came from not only the
suppressed dark count rate but also the reduced amplitude of dark count events.

The lack of correlations between the DCR and deep trap density indicates the dark counts
in perovskite PCDs may be caused by shallow traps. Calculating very shallow defects by
density functional theory would be technically difficult. To experimentally find out the
charge traps that determines DCR, we tested the temperature dependent DCR of perovskite
PCDs, and derived the activation energy of the charge traps that induce dark counts from
the slope of In(DCR)~1/T. As shown in Fig. 2j, the one-step device exhibited one very
shallow trap with activation energy (Ea) of 5.8+0.8 meV. It is so shallow that their thermal
excitation at room temperature can easily reemit all trapped charges to the conduction band,
which explains the very large DCR in these films. Another trap with an activation energy
(Ea2) of ~57 meV started to contribute to DCR at 50 °C. The 5.8 meV traps may mainly
come from defects at grain boundaries, because surface passivation only slightly reduced
the DCR. The surface passivation eliminated the traps of 57 meV, indicating it locates at
film surface. The trap location assignment is further supported by the disappearance of

the ultra-shallow traps in the two-step perovskite films with enhanced grain size. Instead,
the two-step perovskite film has a dominating charge trap with Ea» of 57.2+0.1 meV. The
density of this trap level was dramatically reduced by surface passivation using diphenyl
sulfide, which again demonstrates that this defect mainly locates at the film surface. In
some of the two-step perovskite films which were annealed for longer time, we observed a
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deep trap with a Easz of ~190 meV (Extended Data Fig. 6a), which can also be passivated
by diphenyl sulfide. This study concludes that the dark counts in perovskite PCDs are
dominated by shallow traps either at grain boundaries or films surface, rather than deep
ones, because deep ones don’t re-emit the trapped charges within the detection time range.
These shallow traps clearly do not impact the efficiency of perovskite solar cells, but are
detrimental to perovskite PCDs. Due to the small activation energy of charge traps, the DCR
of the perovskite PCDs only changed from ~8 cps/mm? to ~2 cps/mm? in the temperature
range of =70 °C to 70 °C (Extended Data Fig. 6b), which is a very desired property in
applications so that a temperature controlling is not needed.

Although the average dark current of the devices operating at zero bias is zero, the
fluctuation of dark current may still contribute to DCRs if the devices are shunted. We thus
investigated the correlation between devices shunting resistance and DCR by measuring
~100 devices with different processes and passivation. Some of these devices showed
obvious shunting behavior due to non-optimized fabrication process, but were still included
to find out the impact of shunting to DCRs. The shunting resistance was determined by the
inverse slope of the J-V/curves at the 0 V (Extended Data Fig. 7)36. As shown in Fig. 2k,

all the three types of devices showed a large variation of shunting resistance from a few

MQ mm? to >10,000 MQ mm?2. The DCRs of all one-step devices are very high (27,941 +
3,561 cps/mm?) and only slightly reduce with the increase of shunting resistance, indicating
that the charge detrapping dominates the DCR. For two-step devices, DCR is ~32,020 +
4,584 cps/mm? for devices with shunting resistances less than 49.5 MQ mm?2, and slightly
drops to 11,103 + 3,358 cps/mm? for devices with shunting resistance above 180 MQ mm?2.
It shows that shallow trap density is still so large that the contribution from shunting is
dimed even among the devices with very small shunting resistance. For the two-step devices
with passivation, the detrapping induced dark counts is significantly suppressed so that the
impact of shunting to DCRs became clearer: The DCR is 753 + 579 cps/mm? for the devices
with shunting resistance less than 53 MQ mm?, and the DCR declines with the increase

of shunting resistance. The DCR sharply reduced to an almost constant value of 2.1 + 1.0
cps/mm? for devices with shunting resistance above 146 MQ mm?, a sign that the DCR

is only determined by detrapping process. Furthermore, we applied a small bias of —0.1

V to the devices which should increase shunting due to the increased leakage current but
have negligible impact to the charge detrapping process. Fig. 2l showed the ratio of DCRs
of each device measured at —0.1 V and 0 V. The DCR ratio equals to 1 when the DCR

is dominated by charges detrapping process, and exceeds 1 when shunting dominates. It
further confirms that the DCRs of the optimized perovskite PCDs are caused by detrapping
of trapped charges from shallow traps, and the two-step fabrication process in combination
with surface sulfurization is effective in reducing the shallow traps in perovskite films. In
this context, the difficulty of doping perovskites, in striking contrast to many other inorganic
semiconductors, contributes to the very low DCR of the perovskite PCD.

The photon counting performance of the zero-biased perovskite PCDs was further examined
and compared with a commercial SiPM operated at 29 V, and commercial single crystalline
Si, GaAs and InGaN photodiodes at 0 V (Fig. 3a and Extended Data Fig. 8-10). The
perovskite PCD demonstrated the minimal detectable photon number of 726, which is good
enough to count the photons from Csl(TI) scintillator exposed to >/Co y-rays. The Si
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photodiode, GaAs photodiode, and InGaN diode showed a much larger minimal detectable
photon number of 56,099, >260,383, and 29,234 respectively, despite that they have

larger shunting resistance and/or wider bandgap. These results show that perovskite PCDs
are superior to regular inorganic crystalline photodiodes for photon counting application,
contributed by their unusual defect tolerance and low shallow trap density after passivation.

We derived the linearity of the SiPM and perovskite PCDs by plotting the photopeak channel
number with the incident photons number. The SiPM showed two linear regions, limiting

its photon counting capability (Fig. 3b), while the perovskite PCD had only one straight
linearity region. To evaluate the linearity response at a wider range, the internal quantum
efficiency (IQE) of perovskite PCD was evaluated with up to 229 million photons per light
pulse. The perovskite PCD had a constant IQE of 95+5% from 726 photons to >108 photons,
as shown in Fig. 3c. The huge linear dynamic range of the perovskite PCD should be
ascribed to the low deep defect density, which contributes to the good linear response under
weak light, and low charge recombination in perovskites, which contributes to the linear
response under strong light. The pulse detection probability, defined as the probability that
an incident light pulse generates an output pulse, was directly measured for perovskite and
SiPM PCDs. As shown in Fig. 3d, the pulse detection probability of the SiPM increased
from 73.8% to 96.6% when the incident photons number increased from 806 to 8,058

and saturated at ~99% for stronger light pulse. In striking contrast, the perovskite detector
exhibited a nearly constant pulse detection probability of >99.8% when each light pulse has
1,600 or more photons. Therefore, perovskite PCDs can count ~15% more pulses than the
SiPM when photon number per event is less than 8,058.

The superior photon counting capability of the perovskite PCDs makes them a promising
candidate as -y-ray spectroscopy when combined with scintillators. Here, we coupled
perovskite PCDs with a cerium doped lanthanum bromide (LaBr3:Ce) scintillator, which is
one of the brightest scintillators and emission centered around 380 nm, well covered by the
perovskite PCDs. The 57Co y-ray energy spectra collected by the SiPM and the perovskite
PCD under the same conditions were showed in Fig. 4a. The perovskite PCD showed 16.3%
more counts during the same acquisition time, and the energy resolution of 9.3+0.17% at
122 keV is better than that of the SiPM (11.34+0.27%). For high energy -y-ray photons, the
perovskite PCDs gave a comparable energy resolution of 3.2+0.1% at 662 keV (Extended
Data Fig. 11), which can be explained by their comparable photon counting probability
under strong light. To evaluate the capability of the PCDs at harsh environment, 137Cs y-ray
energy spectra were collected by the perovskite and the SiPM PCDs at temperature from

25 °C to 90 °C. As shown in Fig. 4b, the spectra collected by the perovskite PCD almost
overlapped when temperature was lower than 70 °C. The photopeak broadened slightly
when the temperature further increased, which may be caused by the reduced light yield of
LaBr3:Ce at higher temperature3’, while the photopeak broadening was very small at the
temperature < 90 °C. In contrast, the energy resolution of the spectra collected by the SiPM
obviously changed from 3.1% to above 10% when the temperature increased to above 85
°C (Fig. 4c—d). This clearly shows the advantage of perovskite PCDs in working at much
harsher environment.
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Operating the perovskite PCDs at zero bias also brings the unprecedented small drift of
device performance over time, because it avoids the large electric field induced device
degradation or material change. To demonstrate that, the DCR of the perovskite detector

at zero bias and the SiPM at 29 V were acquired for multiple cycles without temperature
controlling (Fig. 5a). The DCR of the SiPM is not only high, but also fluctuated by 185
cps/mm?2. In striking contrast, the perovskite PCD exhibited a nearly constant and very small
DCR of 2 cps/mm?. The response stability of the PCDs was measured by illuminating them
with light pulses. The SiPM output photopeak channel number drifted from 248 to 250 after
30 min, while the perovskite PCDs had nearly no drifting (Fig. 5b). The perovskite PCD and
the SiPM have pulse detection probability of 99.97+0.02% and 99.16+0.37% respectively
within 100 min tracking (Fig. 5¢). In addition, the long-term stability was evaluated by
tracking the 137Cs y-ray spectrum energy resolution. As shown in Fig. 5d, the energy
resolution at 662 keV kept unchanged within 8 weeks for the perovskite PCD coupled with
CsI(TI) scintillator, and the measured spectra almost overlapped (Extended Data Fig. 12).

In summary, we found that the DCR of perovskite PCDs was dominated by charge
detrapping from shallow traps located at the grain boundaries and surface, and the ultra-low
DCR was achieved by suppressing the shallow traps by enhancing grain size and passivating
film surface with diphenyl sulfide. The suppression of shallow trap made the perovskite
PCDs have 100-1,000 times lower DCR and much better response linearity to weak light
than SiPMs, and the DCR was not sensitive to temperature due to small activation energy of
charge traps. The zero-bias operating perovskite PCDs were demonstrated as y-ray spectrum
detectors with better energy resolution under >’Co source than commercial SiPMs at room
temperature. At higher temperature up to 85 °C, the perovskite PCDs are much superior to
SiPMs by maintaining the energy resolution, showing their potential of working in harsh
environment. This study discovered regular surface passivation also dramatically impact
shallow charge traps, which should have implication of perovskite stability and doping.

Chemicals in this work were used as received. PTAA (average M, 7,000-10,000),
PMMA (average M, 120,000), dimethyl sulfoxide (DMSO), dimethylformamide (DMF),
acetonitrile, toluene, diphenyl sulfide (DS), and isopropanol (IPA) were purchased from
Sigma-Aldrich. MAI and FAI were purchased from GreatCell Solar. Pbl, was purchased
from Tokyo Chemical Industry CO., LTD.

Device fabrication:

patterned ITO glass substrates were cleaned with detergent, acetone, and IPA in sequence
and then treated with UV-ozone for 15 min. A PTAA solution with a concentration of 2
mg/ml in toluene was spin-coated onto the ITO substrate at 4000 rounds per minute (rpm)
for 30 s, and the as-prepared PTAA film was annealed at 100 °C for 10 min. For MAPbI3
films deposited by the two-step process: a PMMA solution with a concentration of 0.5
mg/ml in acetonitrile was spin-coated on the PTAA layer at 5000 rpm for 30 s, and the
as-prepared PMMA film was annealed at 100 °C for 10 min. Pbl, and MAI were dissolved
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in DMF and IPA with concentrations of 630 mg/ml and 65 mg/ml respectively. The Pbl,
solution was spin-coated onto the PTAA layer at 3000 rpm for 30 s and then annealed at 100
°C for 10 min. The MAI solution was spin-coated on the Pbl, film at 3000 rpm for 30 s. The
perovskite was obtained by annealing the stacked layers at 100 °C for 90 min. For MAPbI3
films deposited by the one-step process: Pbl, and MAI were dissolved into DMF and DMSO
(with a volume ratio of 9:1) with a concentration of 1.3 M to obtain the MAPbI3 precursor
solution. 50 pl MAPbI3 solution was spin-coated on the PTAA layer at 2000 rpm for 3 s

and then 4000 rpm for 19 s, and 130 pl toluene was added to film during the spin-coating.
The as-formed film was then annealed at 100 °C for 10 min. For FAg 7MAq 3Pbl3 devices,
the films were deposited by the method described in our previous work!L. For diphenyl
sulfide surface treatment, a 5 mg/ml diphenyl sulfide solution in IPA was spin-coated on the
MAPbI3 layer at 5000 rpm for 30 s, and then annealed at 100 °C for 10 min. Then 100 nm
thick Cgg, 6 nm thick BCP, and 180 nm Cu were sequentially deposited on the MAPbI3 layer
by thermal evaporation, and the device area was defined by the overlapping of Cu electrode
and 1TO. All devices in this study have an active area of 1x1 mm?2. The completed devices
were encapsulated with cover glass sealed by an epoxy encapsulant (Devcon 14210).

Photon counting performance measurement:

the incident light was from a picosecond laser diode head (Horiba DD-635L) with a
wavelength of 630 nm, and the laser head was driven by a Horiba DD-C1 controller,

which was triggered by a pulse signal with a repetition frequency of 5 kHz generated by

an oscilloscope (Agilent DSO-X 3104A). The incident photon number (/) to detectors was
controlled by neutral density filters (Thorlabs), and can be calculated through N = P,/
Fraser X107OPx\/ he, where Py, is laser initial power, fq, is pulse repetition frequency, OD
is the optical density of the neutral density filters, and A is the wavelength of the laser. The
detector output pulse signal was sequentially amplified by a charge sensitive preamplifier
that has a gain of 1.1 mV/fC (Kromek Ltd, ev-550/ev-5094) and a shaping amplifier that has
a gain of 1,000x and a shaping time of 6 ps (Ortec, 572A), then record by an MCA (Ortec,
easy-MCA). The charge sensitive preamplifier was not used when a SiPM was used as the
photodetector, since it has intrinsic gain. The SiPM is Mircrofj-60035-TSV from Onsemi
with an active area of 6.07x6.07 mm?2. Perovskite PCDs were measured at zero bias. For
temperature dependent DCR measurement, the device temperature was controlled by the
Linkam microscope temperature stage (LTS420), and the DCR measurements were taken
after holding the device at the set temperature for 15-20 min. Five DCR histograms were
collected at each temperature to calculate the average DCR for activation energy fitting.

Devices characterizations:

The SEM images were taken on an FEI Helois 600 nanolab dual beam system. The 5 kV

at low vacuum mode was applied for characterization. Photoluminescence and TRPL were
conducted using a FluoTime 300 system from PicoQuant. The excitation wavelength was
485 nm. The laser power was 0.198 mW with a frequency of 20 MHz for PL measurement,
and 0.216 pW with a frequency of 0.02 MHz for TRPL measurement. The XRD was
characterized by Rigaku SmartLab. The /-V curves for shunting resistance determination
were acquired by a Keithley 4200A-SCS in the dark, and the noise floor of /-Vmeasurement
system is characterized at open-circuit using same parameters as devices twice (Extended
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Data Fig. 7b). The current fluctuation is in the range of 1.52 pA to 2.04 pA for the
measurement system, and the current fluctuation of the one step, two step and two-step

with passivation devices in the range of —2.5 mV to 2.5 mV is 1.51 pA, 1.98 pA, and 1.76
pA respectively, indicating that the current fluctuation of perovskite detectors /-V/ curves

in Extended Data Fig. 7a is mainly from the measurement system noise. The tDOS of
perovskite detectors were derived from the frequency-dependent capacitance (C-f), which
was from the thermal admittance spectroscopy (TAS) measurement performed by an LCR
meter (Agilent E4980A). For DLCP measurement, the DC bias scanned from 0 V to the
open-circle voltage (e.g. 1.1 V) for the perovskite detectors. The DLCP method uses a series
of variable 8V (for example, 20-200 mV) to measure the junction capacitance and acquire
the capacitance contribution from the trap states by taking advantage of the information
embedded in the higher-order terms. The capacitance measured at each 6V was recorded and
fitted with a polynomial function C= Cp+ C8V + CA8V)? + ... to obtain Cpand C;. With
the determination of Cypand Cjy, the total carrier density (A) that includes both free carrier
density and trap density at the profiling distance X from the junction barrier is calculated by
N=-CPI(2geA%Cy), in which q is the elementary charge, e is the dielectric constant, which
is 31 for MAPbDI3, and A is the active area of the junction. The profiling distance from the

junction barrier was calculated by %, which was changed by tuning the DC bias. For each

AC bias, an additional offset DC voltage was applied to keep the maximum forward bias
constant. All tDOS and DLCP measurements were finished in dark conditions.

Internal quantum efficiency:

The reflectivity (/) at 630 nm was measured using Lambda 1050 UV-Vis
spectrophotometer. And the internal quantum efficiency was calculated by IQE = EQE/
(1-R), in which EQE is external quantum efficiency. Since the MCA has 2048 channels and
is saturated by a 14.2 V input bias, the collected charge number was derived by Npae =
Channel number<14.2x10715/(2048x1.1xé) for photon number below 2.41x108, in which e
is the elementary charge. For photon number above 7.63x10%, the collected charge number
was derived from charge amplifier output amplitude (Vipanrge ampiifier in MV) by Neparge =
Viehanrge amplifier® 1071%/(1.1xe), The EQE was obtained by EQE = Neharge Nincident photor
where Njncigent photon 1S the incident photon number.

Gamma-ray spectrum measurement:

the y-ray sources employed here were 1 uCi 137Cs 662 keV and 1 uCi °’Co 122 keV.

The detectors were coupled with the LaBrs:Ce scintillator (dimensions of ®10x14 mm?3
from Kinheng Crystal Material (Shanghai) Co.,Itd.) using a polydimethylsiloxane film as
coupling layer. The detectors coupled with scintillator and the y-ray source were put in an
aluminum shied box. The perovskite detectors were measured at zero bias, and the SiPM
was measured at 29 V. The detector output signal was sequentially amplified by a charge
sensitive preamplifier (Kromek Ltd, ev-550/ev-5094) and a shaping (Ortec, 572A) amplifier
with a gain of 1000x and shaping time of 6 ps, then record by an MCA (Ortec, easy-MCA).
The charge sensitive preamplifier was not used when the SiPM was used as detector. For
temperature dependent y-ray spectra collection, the detectors coupled with scintillator were
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put in a muffle furnace, and spectra were collected after holding them at set temperature for

30 min.

Stability measurement:

the dark count rate stability, photon response stability and pulse detection probability
stability were conducted by the same system as photon counting performance measurement.
The output histogram was acquired with 10 s continuous recording followed by an interval
of 50 s. For DCR stability characterization, the DCR was calculated from the total counts
in each cycle divided by the acquisition duration. For photon response stability and pulse
detection probability stability, the light continuously illuminated the devices during the
measurement. For long-term stability, the 137Cs -y-ray spectrum was collected once per

week using the same perovskite PCD coupled with the CsI(TI) scintillator under the same

experimental conditions.
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Extended Data Fig. 1 |. Photon-counting performance of a typical FAg7M Ag 3Pbl 3 solar cell.
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(a) typical J-Vcurve of FAg 7MAq 3Pbls solar cell. (b) Schematic diagram of the photon
counting measurement system, CSP is charge sensitive preamplifier. (c) photon counting
performance of the FAp 7MAq 3Pbls solar cell.
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Extended Data Fig. 2 |. Diphenyl sulfide surface passivation.
SEM images of perovskite films (a) without and (b) with diphenyl sulfide surface

passivation. Scale bar is 500 nm. (c) PL spectra and (d) TRPL of MAPbI3 films on glass
deposited by one-step process with and without diphenyl sulfide passivation. () photon
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counting performance of one-step processed MAPbI3 with diphenyl sulfide passivation. (f)
DCR of one-step processed MAPbI3 devices with and without diphenyl sulfide passivation.
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Extended Data Fig. 3|. XRD patterns of MAPbI 3 films.
The XRD patterns of the one-step and two-step processed perovskite films.
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(a) Temperature dependent DCR of two-step with passivation perovskite PCDs annealed
for longer time. (b) Temperature dependent DCR of a typical two-step with passivation
perovskite PCD. The error bars are standard deviation of triplicate measurements.
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Extended Data Fig. 7 |. Shunt resistance of the perovskite PCDs.
(a) Dark current curves of the one-step, two-step and two-step with passivation MAPbI 3

devices. The solid lines are the fitting lines to extract the shunt resistance. The shunt
resistances of one-step, two-step, and two-step with passivation MAPbI3 devices is 10,964
MQ mm?, 8,887 MQ mm? and 9,523 MQ mm?, respectively. The /-V/curves for shunting
resistance determination were acquired by a Keithley 4200A-SCS in the dark. (b) Noise
floor of the /-V/measurement system. The noise floor was measured by removing the device

to sweep the /-Vmeasurement..
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Extended Data Fig. 8 |. Performance of the silicon diode (S2387 from Hamamatsu).
(a) A photograph of the silicon S2387 diode; (b) Photo and dark current density curves of

the Si photodiode. (c) EQE of the Si photodiode. (d) shunting resistance of the photodiode.
(e) Dark count rate collected for the photodiode detector for 60 s measured at zero bias.

(f) Output of the Si diode measured at zero bias under incident light pulse with photon
numbers. The light source for the photon counting performance measurement is a 630 nm
picosecond pulse laser from Horiba.
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Extended Data Fig. 9 |. Performance of the monocrystalline GaAs photodetector.
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(a) A photograph of the single crystalline GaAs solar cells. (b) Photo and dark current

density curves of the GaAs solar cell; (c) EQE of the GaAs solar cells. (d) shunting

resistance of the GaAs solar cells. (€) Dark count rate collected for the GaAs detector for
60 s measured at zero bias. (f) Output of the GaAs detectors measured at zero bias under
incident light pulse with photon numbers upto 260,383. The light source for the photon
counting performance measurement is a 630 nm picosecond pulse laser from Horiba.
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Extended Data Fig. 10 |. Performance of the InGaN PN diode (GVGR-T11GD from GENUV,
Inc.).

(a) A photograph of the InGaN diode. (b) Photo and dark current density curves of the
InGaN diode. (c) EQE of the InGaN diode. (d) shunting resistance of the InGaN photodiode.
(e) Dark count rate collected for the detector for 60 s measured at zero bia.; (f) Output of
the InGaN diode measured at zero bias under incident light pulse with photon numbers.

The light source for the photon counting performance measurement is a 404 nm picosecond
pulse laser from Horiba.
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Extended Data Fig. 11 |. Spectra collected by PCDs coupled with the LaBr 3:Ce scintillator.
137Cs -y -ray spectra collected by the perovskite PCD at zero bias and SiPM at 29 V under

the same experimental conditions.
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Extended Data Fig. 12 |. Stability study of the perovskite PCDs coupled with the Csl (TI)
scintillator.

137Cs -y -ray spectra collected by the perovskite PCD at zero bias under the same
experimental conditions once per week in 8 weeks.
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Fig. 1|. Origin of dark countsand photon counting performance.
DCR contribution illustration for PCDs operated at high reverse bias for (a) SiPMs, (b)

Zero bias for perovskite PCDs. The band tilting is not drawn in scale. (c) Output signal
histograms of a typical MAPbI3 solar cell under incident light pulses with different photon
numbers per pulse. The channel number is proportional to the extracted charges.
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Fig. 2 |. Suppressing DCR of perovskite PCDs.
(a) Schematic illustration of surface defect passivation by diphenyl sulfide. Top-view SEM

images of (b) One-step processed MAPbI3 film and (c) Two-step processed MAPblI3 film.
The scale bar is 500 nm. Cross-sectional SEM images of (d) One-step processed MAPbDI 3
film and (e) Two-step processed MAPbI3 film. Scale bar is 500 nm. (f) PL and (g) TRPL

of MAPbI; films on glass substrates. (h) Trap density at different profiling distance in the
perovskite PCDs measured by DLCP at an AC frequency of 50 kHz. (i) DCR of perovskite
PCDs. (j) Temperature dependent DCR of perovskite PCDs. (k) The shunting resistance
and corresponded DCR of 32 one-step device, 30 two-step device, and 32 two-step devices
with passivation. Each data point represents one device. (I) The ratio of DCR of each device

biased at 0.1 V and 0 V.
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Fig. 3|. Perovskite detector photon counting perfor mance.
(a) Output signal histograms of zero-biased perovskite PCD and SiPM operating at 29

V under the various number of incident photons per pulse. The unit is photons/pulse.

(b) Channel number of the photopeak at different incident photon numbers per pulse. (c)
Internal quantum efficiency of the perovskite PCD at different incident photons per pulse.
(d) Pulse detection probability of the perovskite PCD and the SiPM.

600

Page 24

500

400 1

300

200 -

100

« SPM@29V P
. PVK@OV -
’f
IVI -—-—
I’ _'_,--"5 ------

P

0
e -
'

5000 10000 15000 20000 25000

Photon Number

1001 ¢ | ———— L —y
e
e —=—SIPM@29V
804 Fﬁﬂ’ —+—PVK@OV
|
60"
||
404 |
|
|
20 T
|
|
0 “ T T T T T
0 5000 10000 15000 20000 25000

Nature. Author manuscript; available in PMC 2024 November 15.

Photon Number



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhou et al.
d 5000 : b 2000
——SiPM@ 29V
——PVK@0OV
4000 -
1500
(2] (2]
*g 3000 - -g'
0 S 1000
O 2000+ O
500
1000 4
ojL”- = T T T
0 50 100 150 200
Energy (keV)
C 2000 d
SPM @29V ——25T
——40C B
1500 —55 7T -~
—707C Q)
2 ——85TC <,
£ 3
3 1000 =
O S 6
g
500 L
0 : : 2 0
0 200 400 600 800
Energy (keV)

Page 25

—257C
PVK@OV 400
—557C
—170C
——857T ||
| —90°C
i
T T L
0 200 400 600 800
Energy (keV)
—8—-SPM @29V =
—9—PVK@ OV /
1 / /"
a ﬂ/
i?__‘:ﬁl a__'-——'_a_——r—’
20 40 60 80 100

Temperature ('C)

Fig. 4 |. Perovskite PCDs coupled with the LaBr 3:Ce scintillator y-ray spectroscopy

performance.

(@) °"Co y-ray spectra collected by the perovskite PCD and the SiPM under the same
experimental conditions. 137Cs y-ray spectra collected by (b) the perovskite PCD and (c) the
SiPM, and (d) Energy resolution at 662 keV resolved by the perovskite PCD and the SiPM
at different temperatures, the error bars represented 5% errors from the Gaussian fitting.
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Fig. 5|. Perovskite PCDs stability.
The tracking of (a) DCR, (b) the output histogram peak channel number under continuous

25,685 photons/pulse. (c) Pulse detection probability for incident photon number of 25,685
per pulse of the perovskite PCD at zero bias and the SiPM at 29 V. (d) the 13Cs y-ray
spectrum energy resolution resolved by the perovskite PCD coupled with CsI(TI) at zero
bias, the error bars represented 5% errors from the Gaussian fitting.
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