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MATERIALS SCIENCE

Heterojunction structures for reduced noise in
large-area and sensitive perovskite x-ray detectors

Ying Zhou, Liang Zhao, Zhenyi Ni, Shuang Xu, Jingjing Zhao, Xun Xiao, Jinsong Huang*

Polycrystalline perovskites can be readily fabricated into large areas using solution depositions; however, they
suffer from large dark currents that are tens to hundreds times higher than industrially relevant values, limiting
their application in low-dose x-ray detection. Here, we show that the application of a heterojunction structure
into polycrystalline films significantly reduces the dark current density by more than 200 times to subnanoampere
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per square centimeter without reducing the sensitivity of the detectors. The heterojunction perovskite films are
formed by laminating several membrane films filled with perovskites of different bandgaps. A gradient bandgap
is formed during annealing. The detectors have a lowest detectable dose rate of 13.8+0.29 nGy,;; s~ for 40-keV
x-ray and can conduct dynamic x-ray imaging at a low-dose rate of 32.2 nGy,;, s~'. Simulation and experimental
analysis show that the heterojunction is tolerant of halide diffusion and can be stable for over 15 years.

INTRODUCTION

Metal halide perovskites (MHPs) have been shown to be excellent
candidate materials for highly sensitive x-ray detectors with their
extraordinary detection properties, including high stopping power
to x-ray, large mobility-lifetime (ut) products, tunable bandgap, low
density of excess free charge carriers, and high photoluminescence
(PL) quantum efficiencies (1-8). Comparing to the state-of-the-art
x-ray detectors using amorphous selenium (a-Se) whose sensitivity
drops quickly when x-ray energy goes above 30 keV, MHPs are
much more sensitive to hard x-rays (9). MHPs can be easily fabricated
through a low-temperature solution process, which makes them
compatible with Si-based application-specific integrated circuits for
signal readout (10). In recent years, highly sensitive perovskite
ionization radiation detectors have been developed in direct or
indirect (scintillator) detection modes. Because dominant indirect
x-ray detectors using scintillators coupled with photodetector arrays
have a limited spatial resolution due to the cross-talk between pixels
(11), direct MHPs x-ray detectors are particularly attractive due to
their capability to further increase the detection resolution and
sensitivity (12). High sensitivity can reduce x-ray dose to patients in
medical x-ray imaging, which makes perovskite x-ray detectors
outstanding among all existing technologies (13). Both single
crystalline and polycrystalline perovskites have been applied in these
x-ray detectors (I, 14-16). A notable amount of efforts have been
devoted to enhancing the sensitivity of the perovskite x-ray detectors
in the past few years; however, there are very few studies on the
noise behavior of the perovskite detectors. Similar to weak light
sensors, the lowest detectable x-ray dose is determined by the dark
current of the devices, in addition to the responsivity (17, 18). A large
gain in photoconductive type detectors may give a large responsivity
but does not necessarily enhance the capability of the weak light
detection, because the dark current can be large in the photoconductive
type devices. Despite of the very low sensitivity of 20 uC Gy, ' cm™
for a-Se due to the very small ut products, their extremely small
dark current at the level of 1 nA cm™? still allows them to be used for
medical x-ray imaging to detect weak x-ray signals (19-21).
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Most of current perovskite x-ray detectors rely on the bulk
resistivity of perovskites for a low dark current based on the ohmic
law of J = E/p, where ] is dark current density, E is applied electric
field intensity, and p is bulk resistivity. In this context, perovskite
single crystals have advantages over polycrystalline films with much
lower densities of extrinsic doping and charge traps, mainly because of
the tremendously lower defect density (2, 5). However, the reported
resistivities of the state-of-the-art perovskite bulk crystals with most
compositions are still too low to ensure a low dark current. Most
optimized perovskite single crystals have a bulk resistivity in the
order of 10'° ohm-cm or less (1, 15, 22), which would give a dark
current of 50 nA cm ™ in devices operating even at a low electric field
of 0.05 V um™". It is still 50 to 500 times higher than the acceptable
dark current limit in a direct-conversion flat-panel x-ray imagers of
0.1to 1 nA cm™? (23). Another bigger challenge comes from a lack
of established method yet to grow large-area and thin single crystals to
meet real-world applications. Large-area MHPs polycrystalline films
can be quickly deposited by low-cost solution processes, such as blade
coating, ink-jet printing, or infiltration processes (18, 24, 25). However,
all reported MHP polycrystalline detectors had large dark current
densities of 50 to 500 nA cm ™ at an electrical field of 0.05 V um ™, which
is already unexpectedly small considering their much more defective
structures compared to single crystals (16, 26, 27). It is noted that the
noise of a radiation detector is generally dominated by dark current,
although other types of noise might also present (13). The large dark
currents would reduce the imaging capability of MHP detectors under
weak x-ray, which annuls the most attractive advantage of using MHPs
for x-ray medical imaging to reduce x-ray dose to patients (28).

In this work, we report heterojunction structure perovskites to
reduce the dark current density of polycrystalline perovskite devices by
over 200 times without compromising their sensitivity. The perovskite
heterojunction was formed by laminating membranes filled with
perovskite of different bandgaps, which allows them to be scalable
and flexible. A gradient composition was also formed to guide
photogenerated charges transport. We demonstrated that the
heterojunction x-ray detectors have a dark current comparable to that
of the optimized a-Se detectors but are ~800 times more sensitive,
which enables them to capture clear x-ray images at a very low-dose
rate of 32.2 nGy,ir s, and can image with ~1000 times weaker dose
to the patient.
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RESULTS
Heterojunction devices design and fabrication
Our method to reduce the dark current of the device under reverse
bias is to introduce a heterojunction by inserting a wider bandgap
(WBG) perovskite between the regular perovskite and electrode, as
illustrated in Fig. 1 (A and B), because the inserted WBG perovskite
layer can block the hole or electron injection due to a larger energy
barrier. We simulated the dark current of the devices with structures
shown in Fig. 1 (A and B) using the solar cell capacitance simulator
(SCAPS), and the result is shown in Fig. 1C. Here, we assumed
ohmic contacts at both perovskite-electrode interfaces, and the
bandgaps of narrower bandgap layer and WBG layer are set to be
1.52 and 2.04 eV, respectively. Other simulation details can be found
in the Supplementary Materials. The dark current curve of the
heterojunction device exhibits a clear rectification, while the device
with single composition perovskite shows a symmetrical dark current
curve under forward and reverse biases. The heterojunction device
has two orders of magnitude lower dark current under reverse bias,
despite that the trap density of the inserted WBG layer was set to be
three orders of magnitude larger than that of the single composition
perovskite.

It is challenging to achieve a large-area heterojunction film using
all solution methods, while vacuum deposition method can be time-
consuming or expensive, because medical imaging needs perovskites

A B

Cs, sFA, ssPb(Br,

of large area up to 43 cm by 43 cm with a thickness in millimeter
scale (29). Fortunately, this is enabled by our recently demonstrated
large-area perovskite-filled membrane films, in which MHP micro-
crystals are loaded into membranes by a simple and scalable solution
infiltration (18). Here, we changed to a dip coating process and
found that MHPs could infiltrate into the membranes as well. The
compositions and thus the bandgaps of the loaded MHPs can be
easily tuned by this method. As illustrated in Fig. 1D, free-standing
heterojunction films with a total thickness of ~520 um were fabricated
by laminating five layers of Csg 15FAg gsPbIs-filled nylon membranes
and a layer of Csg15FA¢.g5Pb(Io.15Bro g5)3-filled nylon membrane at
elevated temperatures, where FA is formamidinium (CH,CHNH,").
Here, MA (methylammonium)-free mixed cation perovskites were
chosen, because they are much more stable under light and at high
temperature (30). This simple fabrication method can make large-area
and uniform heterojunction perovskite films. Ultraviolet photoelectron
spectroscopy measurement shows that Csg 15FAg gsPbl; and Csg 15FAg g5
Pb(Iy15Bro.85)3 have valance band maximum (VBM) levels of —6.12
and —6.14 eV, respectively, and the work functions of the Csg s
FAO_85PbI3 and Cso.15FA0,85Pb(10.15Br0_85)3 are 5.23 and 5.22 eV, re-
spectively (fig. S1). The optical bandgaps of Csg15FAggsPbl; and Cs,
15FAg 85sPb(I915Bro g5)3 are 1.55 and 2.07 eV, respectively. An energy
diagram can then be constructed for the heterojunction devices
operating under reverse bias, which is shown in Fig. 1F. The energy
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Fig. 1. Heterojunction perovskite devices design, fabrication, and characterization. Devices structure of single composition device (A) and heterojunction device
(B) used in SCAPS simulation. Gray color represents a narrower bandgap perovskite, and the red color represents a WBG perovskite. (C) Simulated J-V curves for single
composition and heterojunction perovskite device. (D) Perovskite-filled membrane film lamination scheme. (E) Heterojunction perovskite film structure scheme. (F) Band
diagram of the heterojunction perovskite film. (G) Cross-sectional SEM image of the heterojunction perovskite film. (H) EDS linear scanning along the yellow line in (G).
a.u., arbitrary units. (I) Location-dependent PL peak and bandgap, the layer number is from the bottom Csp 15FAggsPbls layer to the top Csq 15FAqs5Pb(lo.15Bro.gs5)3 layer.
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diagram shows a large electron injection barrier (~1.0 eV) when
high work function conductors, such as carbon, are used as the
anode, which results in a significantly reduced dark current. The
cross-sectional scanning electron microscopy (SEM) image shows
that the heterojunction perovskite films were very dense without
any pin holes or voids, and all the layers were connected well
with each other physically without notable gaps between the
layers. The energy-dispersive x-ray spectroscopy (EDS) linear
scanning reveals that lead and cesium were uniformly distributed
throughout the laminated film, and bromide only presented in the
top 100-um-thick layer. The signal intensity of iodide in the top
100-pm-thick layer was 18% of those in other layers, which is con-
sistent with the loaded perovskite compositions.

Because a high temperature annealing process was applied during
the film fabrication process, we speculate the halide ions should
diffuse, particularly when the films were not fully dried, which should
cause a composition gradient. To evaluate it, we measured the PL
spectra of the films at different depth by peeling off the perovskite
films layer by layer. The mechanically strong membrane allows each
layer to be peeled off with maintained integrity, as shown by the
photograph in fig. S2. The PL spectrum of each layer has only one
peak with a symmetrical shape, indicating no phase separation in
each layer (fig. S3). The PL peaks of the six layers from the bottom
Cso.15F A g5Pbl; layer to top Csg.15FAg s5Pb(Ig.15Brg g5)3 layer were
located at 808.3, 803.5, 800.5, 791.9, 784.7, and 606.5 nm, respectively
(Fig. 11). Ultraviolet-visible absorption spectra of the six layers were
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also measured to determine their optical bandgaps. The optical
bandgap of the top Cso.15FAg.g5Pb(Iy 15Bro.g5)3 layer is 2.07 eV, and
the bandgap of the Csg 15FA g5Pbl; layers gradually increased from
1.55 to 1.59 eV as they approached the Csg 15FA¢g5sPb(Io15Bros5)3
layer (fig. S4), implying that there was a diffusion of bromide during
the lamination process into other layers and thus formed gradient
bandgaps. As illustrated by the energy diagram in Fig. 1F, the gradient
junction can guide the transport of photogenerated charges so that
they can be efficiently collected by the electrodes.

Heterojunction material optoelectronic properties

The laminated heterojunction films were fabricated as x-ray detectors
with a configuration of chromium (Cr)/bathocuproine (BCP)/Ceo/
perovskite film/carbon, as illustrated in Fig. 2A. Here, we used
carbon materials as electrode, which was reported to be compatible
with perovskites without chemical or electrochemical reactions (31).
The carbon electrodes were deposited by blading commercial
carbon paste onto the perovskite films, producing large-area electrodes
at a high speed. At the same time, devices with a single composition
of Csg15FA g5Pbl; were fabricated using the same structure as
control, in which the 500-um-thick perovskite films were prepared
by laminating six layers of Csg15FA¢g5Pbls-filled membrane films.
Figure 2B presents typical current density voltage (J-V) curves of the
control and heterojunction devices. In the absence of light, the dark
current curve of the heterojunction device exhibited an obvious rec-
tification, while the dark current curve was almost symmetrical for
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Fig. 2. Performance of heterojunction perovskite devices. (A) Heterojunction device structure scheme. (B) J-V curves of the single composition and heterojunction
devices, and the inset is the partially enlarged J-V curves of the single composition device. (C) ut product derived by fitting the steady-state photocurrent-bias curves with
the modified Hecht equation. (D) Normalized response as a function of input light frequency, and inset is the transit time measured by transient photocurrent.
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the control device under forward and reverse biases. The dark cur-
rent density of the heterojunction device was reduced to 0.701 nA
cm 2 at an operation bias of —25 V, in contrast to the >200 times
larger dark current of 158.1 nA cm ™ in the control device at the
same bias. Dark current stability under operation conditions is equally
important for low-dose x-ray detection. In this context, we kept the
device under a fixed bias (—25 V) at room temperature for 7 hours
and monitored the dark current drift, and we found barely any dark
current drift, as shown in fig. S5. This indicates that ion drift is not
obvious in these condensed films under regular operating condi-
tions. The x-ray-induced current densities under the same dose rate
of 1.21 uGYair s were 2.32 and 2.05 nA cm 2 from the control and
heterojunction devices under a bias of —25 V, respectively. The
comparable x-ray generated current density indicates that hetero-
junction does not sacrifice the charge collection efficiency.

The pt product of the heterojunction perovskite was derived by
fitting the steady-state photocurrent-bias curves with the modified
Hecht equation (32), as shown in Fig. 2C. The derived pt product of
the heterojunction perovskite film was 8.47 x 107 cm” V™', which is
several times higher than that of passivated Cs,AgBiBr¢ polycrystalline
wafer (16) and is over 10 times larger than that of the best reported
polycrystalline MAPbI; films (25). The pt product of the heterojunction

perovskite film is comparable to that of the control films with a single
composition (9.06 x 10> cm* V'), once again demonstrating that
the heterojunction only reduces the dark current without affecting
charge collection. The frequency dependent response of the hetero-
junction device was carried out with a commercial green color
light-emitting diode (LED) as the light source, which was modulated
by a signal generator to generate a square wave light intensity at a
frequency up to 2 MHz. An oscilloscope was used to record the
photocurrent of the device. The device’s frequency response is
shown in Fig. 2D, which was derived from the amplitude of the
device photocurrent under different LED frequencies. The 3-dB
cutoff frequency (f3qp) was 72 kHz for the heterojunction device
under a bias of —25 V. The corresponding transit time is estimated
byfias ~ % tobe 6.1 ps, which excellently agreed with the measured
transient time using the transient photocurrent method (inset of
Fig. 2D).

~

X-ray detection and imaging using heterojunction devices

The x-ray response of the devices was first evaluated under x-ray
with a peak energy of 60 keV, and the dose rate was tuned by changing
the current of the x-ray tube or adding aluminum plates as filters.
The current densities of both types of devices at various dose rates
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Fig. 3. X-ray detection performance of heterojunction perovskite devices. (A) Response of single composition and heterojunction perovskite detectors under —25 V bias.
(B) Heterojunction device operation stability under a 60-keV x-ray with a dose rate of 3797 uGy,;; s~ for 1518 min. (C) The response of a heterojunction device to chopped
40-, 60-, 120-, and 160-keV x-rays with various dose rates under a bias of —25 V. The dose rates are added in each panel, and the unit is NGy, s The turning on speed of

signal is determined by the chopping rate.
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are shown in Fig. 3A, and the responsivities of the detectors were derived
from the slope of current density versus x-ray dose rate. The control
and heterojunction detectors exhibited comparable responsivities
0f 1985 + 72 uC Gyair_1 cm™2 and 1629 + 27 uC Gyair_1 cm™2 under
a small bias of —-25 V, respectively, which is consistent with the
charge collection properties. It is five times higher than that of indirect
x-ray detectors using CsI: Tl scintillator (33). Because of the comparable
dark current while much larger sensitivity, the heterojunction
detectors exhibit ~800 times higher signal-to-noise ratio than o-Se
detectors. We evaluated the operation stability of the heterojunction
x-ray detector by irradiating the devices with 60-keV x-ray at a high
dose rate of 3797 uGyair s !, and a bias of —25 V was applied during
the stress test to simulate the operating conditions. As shown in Fig. 3B,
the dark current remained almost unchanged at 0.73 + 0.05 nA cm >
after irradiation for 1518 min. The accumulated dose reached
345.8 GYair, which is equivalent to 1.7 million posteroanterior
chest examinations using the heterojunction perovskite detectors,
considering that the entrance surface dose of chest radiography
is 0.2 mGyar.

The reduction of the dark current should allow the heterojunction
device to detect weaker x-ray, if the devices maintain a linear response
when the x-ray dose rate approaches noise equivalent power. To
evaluate it, we measured the output current of the detectors under
chopped x-ray by continuously reducing the x-ray dose rate, and we
also did this measurement for x-rays with different peak energies to
evaluate their potential application for hard x-ray detection. Figure 3C
shows the collected current under x-rays of various energies and
dose rates. With the reduction of the x-ray dose rate, the x-ray-
induced signal became weaker and merged into noise. The current

B
CE NN 1471 nGy__ s~

signal induced by 60-keV x-ray with a dose rate 0f 26.1 £ 0.54 nGyair
s~ was distinguishable from the noise. When the x-ray peak energy
went down slightly to 40 keV, the signal current generated by the x-ray
at a dose rate of 13.8 + 0.29 nGy,;; s was reliably distinguished
from noise. On the other hand, the lowest detectable x-ray dose rate
increased to 42.6 + 1.05 nGy,;r s'and92.5+1.76 nGYair s ! for hard
x-rays with a peak energy of 120 and 160 keV, respectively. The
different minimal x-ray dose rates under different x-ray energies
can be explained by their percentage of x-ray stopped by the
perovskite films.

To demonstrate the capability of heterojunction perovskite x-ray
detectors for direct dynamic imaging at low-dose rate, we imaged a
“UNC” logo made of lead vinyl using a heterojunction perovskite
detector with a pixel size of 2 mm by 2 mm at different x-ray dose rates.
Figure 4A shows images taken by the heterojunction perovskite
detector under 60-keV x-rays with various dose rates. The UNC logo
was very clear with a large signal-to-noise ratio when the dose rate
was 4471 nGyq;r s !, and the contrast decreased as the dose rate
decreased. When the dose rate was reduced to 32.2 nGy,; 57! the
UNC logo could still be clearly seen. For comparison, the UNC logo
was blurred in the images taken by the control detector at a dose
rate of 4471 nGy,; s7%, and it could not be distinguished from noise
when the dose rate was reduced to 98.7 nGy,ir s L. Furthermore, to
simulate the application of low-noise heterojunction perovskite
x-ray detectors in security application, we concealed a metal wrench
in a metal box and imaged the covered box under 60-keV x-rays
with a low-dose rate of 98.7 nGy,i, s~ The wrench inside the box
was clearly revealed by the contrast that appeared in the image
(Fig. 4C). We estimated the minimal dose-area product (DAP) of a

5.8 nA

air

5.7 nA
10 nA

Fig. 4. X-ray imaging using different types of x-ray detectors. X-ray images of a UNC logo taken by a heterojunction perovskite device (A) and single composition
perovskite device (B) under 60-keV x-rays with various dose rates. (C) X-ray image of a concealed metal wrench taken by heterojunction perovskite detector under 60-keV
x-ray with a dose rate of 98.7 nGy,;; s, and right is the photograph. Scale bars, 20 mm. Photo credit: Ying Zhou, University of North Carolina at Chapel Hill.
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posteroanterior chest (entrance area of 35 cm by 43 cm) test to
patients based on the minimal dose rates these detectors can
measure. Using the lowest x-ray dose rate reaching heterojunction
perovskite detector (32.2 nGy, s and an antennation of 97% after
penetrating a 20-cm-thick human body (34), a minimal entrance
surface dose rate of 1.07 uGYair s 'is derived. The calculated DAP is
0.157 mGy,;; cm” by assuming an exposure period of 100 ms. This
DAP is nearly three orders of magnitude less than the national
diagnostic reference level of 0.15 Gy cm? (35).

Heterojunction device stability

One critical question arises whether the heterojunction structure
can retain the small dark current for years, given that ion migration
in polycrystalline perovskites has been shown to be nonnegligible in
thin film perovskite solar cells (36). The abrupt heterojunction may
change over time due to the interdiffusion of Br" and I" ions among
the Cso.15FA¢.85Pb(I0.15Bro.85)3 and Csg 15FAg ssPbl; layers. Here, both
simulation and experiments were carried out to evaluate how ion
diffusion affects heterojunction device performance. The distribution
of Br™ ions in a 500-pm-thick film after Br diffusion at room
temperature for 15 years was simulated on the basis of Fick’s second law
using a measured Br/I interdiffusion coefficient of 2.6 x 107> cm?s™*
at room temperature (37), and the simulation details can be found in
the Supplementary Materials. As shown in Fig. 5A, the Br distribution
changes an abrupt heterojunction into a gradient junction, after the
devices are kept at room temperature for 15 years. The Br/(Br + I)
ratios in the WBG perovskite layer decreases from 0.85 to 0.36,
indicating that 57.6% of the Br in the Csg 15FAssPb(Ig.15Bro 85)3 layer
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diffuse into the and Csg;5FA¢¢5Pbl; layers. Previous studies show
that the Br/(Br + I) ratio and Cs* ratio dominate the conduction
band minimum position of CsyFA;_,Pb(Br,I; )3 but do not affect
the VBM position (38-40). The bandgap of FAPb(Br,I;_,); varies
almost linearly with the Br/(Br + I) ratio due to a small bowing factor
(41). We can thus sketch the energy diagram for the heterojunction
perovskites after halide diffuses at room temperature for 15 years
and simulate the device dark current using SCAPS. Figure 5B shows
that the dark current under reverse bias increases only by 35% compared
to the pristine one, i.e., the dark current remains to be less than 1 nA
cm™ 2 after 15 years of aging, indicating this heterojunction structure
material is tolerant to halide diffusion. To verify it, encapsulated
heterojunction perovskite devices were annealed at 70° to 150°C for
24 hours to accelerate the halide diffusion. As shown in Fig. 5C, the
PL peaks of the bottom Csy 15FA¢ g5Pbl; layer and the top Csg 15FAgsPb
(Io.15Bro s5)3 layer barely changed after annealing at high temperatures.
As shown in Fig. 5D, the dark current of these devices remained to
be less than 1 nA cm 2, and the responsivity was still larger than
1600 uC Gyaif1 cm™2, even after annealing at 150°C for 24 hours.
Both simulation and experiments demonstrate that the heterojunction
perovskite devices are tolerant of halide ion diffusion and thus are
stable for long-term applications.

DISCUSSION

Low-noise, large-area, and highly sensitive x-ray detectors with
heterojunction perovskite structure have been realized by laminating
perovskite filled membranes with different compositions. The
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Fig. 5. Stability of heterojunction perovskite devices. (A) Simulation of Br distribution before and after diffusing at room temperature for 15 years, and (B) the
corresponding J-V curves. (C) PL peak position of the bottom Csg 15sFAq gsPbls layer and the top Csg15FA0.g5Pb(lo.15Bross)s layer after baking the encapsulated heterojunction
devices. (D) Devices dark current density and sensitivity after aging at various temperatures for 24 hours (three devices for each temperature).
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heterojunction reduces the dark current density of the polycrystalline
x-ray detector by 200 times to 0.73 + 0.05 nA cm” 2, which is comparable
with that of optimized o-Se detectors, while the responsivity was
not compromised. The low-noise and highly sensitive detectors can
distinguish a lowest dose rate of 13.8 £ 0.29 nGyyir s ! for 40-keV
x-ray. The heterojunction detector could take clear dynamic x-ray
imaging at a low-dose rate of 32.2 nGy,;; s ', implying that the
application of these low-noise heterojunction detectors can markedly
reduce the x-ray dose exposed to patients by ~1000 times. This
design makes the devices to be extremely robust both under x-ray,
biasing, and long-term operation. The scalable fabrication strategy
for fabricating large-area highly sensitive x-ray detectors with low
dark and noise current will accelerate the commercialization of
perovskites for direct x-ray imaging.

MATERIALS AND METHODS

Materials

Lead iodide (Pbl,, 99.99%) was purchased from Tokyo Chemical
Industry (TCI). Dimethylformamide (DMF) and lead bromide (PbBr,
>98%) were purchased from Alfa Aesar. FAI and FABr were purchased
from GreatCell Solar. 2-Mercaptoethano (2-ME), dimethyl sulf-
oxide (DMSO), cesium iodide (CsI; 99.999%), and BCP (>96%)
were purchased from Sigma-Aldrich. Cg (>99.55%) was purchased
from Nano-C. Cr was purchased from K. J. Lesker. The nylon mem-
branes were purchased from Sterlitech Corporation.

Device fabrication

FAI (17.6 mmol) and Pbl, (17.6 mmol) were dissolved into 8 ml of
2-ME to obtain FAPDbI; solution. CsPbl; solution was prepared
by dissolving 4 mmol of CsI and 4 mmol of Pbl, into 2 ml of
DMSO. FABr (4.4 mmol) and PbBr; (4.4 mmol) were dissolved into
2 ml of DMF to obtain FAPbBr3 solution. To obtain Csg 15FA( g5Pbls
solution, CsPbl; solution was added into FAPbI; solution with a
Cs ratio of 15 mole percent (mol %). In addition, for Csg 15FA¢ gsPb
(Ip.15Brg.g5)3 solution, CsPbl; solution was added into FAPbBr3
solution with a Cs ratio of 15 mol %. In addition, 1 mol % CdCl, and
1 mol % FAI dissolved in 2-ME were added into the Csg ;5FA gsPbls
solution and Csg 15FAqg5Pb(Io.15Brggs)s solution as additive. The
nylon membranes were immersed into the Csg 15F A s5PbI; solution
or Csp.15FA( s5Pb(Ip.15Brg s5)3 solution for 15 to 20 min to maximize
the loading of the perovskite solution in the membrane followed by
annealing in a 160°C oven for 10 hours for solvent evaporation.
Then, five layers of Csg5FA¢ gsPbls-filled membrane films and a
layer of Csp15FAgs5Pb(Ig.15Brg g5)3-filled membrane film were
laminated at 170°C and 0 MPa for 10 min and then at 170°C and
2.5 MPa for 15 min. An MP170 900-W manual hydraulic rosin dab
heat press machine was used for the laminating process. After
lamination, carbon paste was bladed on one surface followed by
annealing at 90°C for 90 min to evaporate the solvent of carbon
paste. Then, 100 nm of Cgp, 6 nm of BCP, and 50 nm of Cr were
sequentially deposited on the other surface by thermal evaporation
(Nexdep Angstrom), and the devices area is 0.18 cm?,

Characterization

SEM was carried out using a FEI Helios 600 nanolab dual beam system.
The 5 kV at low vacuum mode was applied for characterization.
Linear EDS scanning was conducted using a Hitachi S-4700 cold
cathode field emission scanning electron microscope with EDS. PL

Zhou et al., Sci. Adv. 2021; 7 : eabg6716 1 September 2021

spectra were taken by a FluoTime 300 with an excitation wavelength
of 485 nm and a 500-nm-long pass emission filter. X-ray detection
measurements were carried out with a continuous x-ray source
manufactured by COMET. The dose rate and peak energy of the
x-ray were calibrated with a Raysafe X2 x-ray dosimeter, and the
R/F sensor part was put side to the detectors during testing. The current
of the devices was characterized by Keithley 2400 and 2601. All the
detectors were characterized without encapsulation in the ambient
atmosphere.

3 dB cutoff frequency measurement

The temporal response of the heterojunction perovskite device was
measured using an Agilent 1-GHz digital oscilloscope (Agilent
DSO-X-3140A), and the device was illustrated by 630-nm LED
(LED supply) modulated by a function generator (Protek B8020FD
20-MHz DDS function generator) from the 20-nm semitransparent
Cr electrode side. The rise and fall time of the LED measured by a
40-MHz Si PIN diode (Hamamatsu S3590-09) are 286.3 and 270.0 ns,
respectively. The photogenerated weak current was amplified by a
SR570 current preamplifier, which had a bandwidth of 1 MHz.

Photocurrent transit time

The device was illuminated by a 337-nm pulse laser with a pulse
width of 4 ns from the 20-nm semitransparent Cr electrode side.
The laser generated current was amplified by a SR570 current
preamplifier and then recorded by a 1-GHz digital oscilloscope
(Agilent DSO-X 3104A). The decay time is defined as the time the
device takes to decay to 1/e of the initial signal intensity.

Single-pixel imaging

A detector with a size of 2 mm by 2 mm was placed under the imaging
object, and the imaging object was driven by a program-controlled
X-Y motion stage (Vexta pk 245-01AA X-Y scanning stage). During
the imaging process, the weak x-ray generated current was amplified
by a SR570 current preamplifier and then collected by the program
developed by ourselves for imaging through a multifunction I/0
device (NI USB-6229).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg6716
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