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ABSTRACT: Solution-processed lead halide perovskite single

crystals (LHPSCs) are believed to have great potential in — Cascade NIN

gamma-ray spectroscopy. However, obtaining low-defect LHPSCs Back scatter

from a solution at low temperatures is difficult compared to oL ER=9.6 + 0.5%

obtaining Bridgman single crystals such as CdTe and Si. Herein, ) Compton

noise from the intrinsic defects of LHPSCs is considered as the z Pb escape and

main problem hindering their gamma-ray detection performance. §1 I photg-electric

By isolating the defect-induced holes in LHPSCs via energy

barriers, we show that NIN photodiodes based on three types of

LHPSCs, ie, MAPbBr, (MA = CH,NH,), MAPbBr,Cl,., and SLLIER2 oA

cascade LHPSCs, have demonstrated good energy resolution in the 0 200 400 600 800 1000
Energy (keV)

range of 6.7—10.3% for 662 keV '’Cs gamma-ray photons. The
noise for >10 mm?® devices is low, in the order of 340—860
electrons, and the electron collection efficiency reaches 23—43%. These results pave the way for obtaining low-cost, large, high
energy-resolution gamma-ray detectors at room temperature (300 K).

KEYWORDS: NIN photodiode, low noise, gamma-ray spectroscopy, perovskite single crystals, epitaxial growth

B INTRODUCTION The noise includes the injection charges from electrodes under
bias. Further, the defects inside the LHPSCs would randomly
release charges under bias, which are large enough to obscure
the single gamma-ray signal of ~10 fC. For example, an
MAPDbBr; LHPSC is very easy to grow, with a large crystal size
and cubic shape, which should make it one of the best choices

Gamma-ray detection has been widely used in nuclear
monitoring, medical inspection, and scientific research.
Semiconductors containing elements with a high atomic
number that have a large mobility—lifetime product and high

resistivity can detect gamma-ray photons at room temper- . ..
3’4ty & ray pho . P for gamma-ray detection.'>***! However, the intrinsic defects
ature.”™ Generally, high-purity semiconductors, including

. . in MAPbBr; LHPSC-based gamma-ray detectors have
CXpEnsive CdTe and CdZnTeS_%ngIe crystals, have been prevented them from resolving 662 keV gamma-ray photons
applied in gamma-ray detectors. in many previous studies.”'* Additionally, the response speed

Recently, lead halide perovskite single crystals (LHPSCs) . ’

. of thick, LHPSC-based detectors is slow: a response time of
MAPbX; (MA = CH;NHj,) have been considered as the next- ’ . W po! .
. . nearly tens of microseconds makes most Gaussian shaping
generation room-temperature semiconductors for gamma-ray

Jetection. 1~ Owing to the high atomic number of Pb, Br, amplifiers (0.01—10 us) unsuitable. The long response time is

and I, LHPSCs could have a large absorption coefficient for mainly caused by the unbalanced transport properties of
hard ! amma.rav vhotons. Their %mi e spo ft lattice structure electrons and holes in LHPSCs. Metal—semiconductor—metal
makesg them hi}éhfl)y defec.t tolerant.lg Additionally, the large structures with twp Au (5.1 eV) electrodes could be a solution
mobility—lifetime product of 102107 cm? Vil endows to achieve a majority carrier (hole-only) device. However,

LHPSCs with a satisfactory charge collection efficiency under m}?.SthOf thz char}gles .fror? defeCtS inside LI_E)SCS are dh(;les,
bias."®™"® Especially, LHPSCs could be grown from a solution which may bury the signal from gamma-ray photons, and: thus,
using low-cost, low-purity raw materials.'”*° Consequently,
increasing attention has been paid to LHPSC-based gamma-
ray detectors.

The defects and slow response speed prevent solution-
processed MAPDbX; single crystals from achieving high
performance in gamma-ray spectroscopy. The high level of
noise in LHPSCs under high external bias is a serious problem.

EEAPPLIED, marcniacs

Received: January 9, 2024

Revised:  February 14, 2024
Accepted: February 19, 2024
Published: February 27, 2024

© 2024 American Chemical Society https://doi.org/10.1021/acsami.4c00432

v ACS PUbl ications 12106 ACS Appl. Mater. Interfaces 2024, 16, 12106—12114


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yubing+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuzhu+Pan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shunjie+Chai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jingda+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuwei+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiwei+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qing+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Byung+Seong+Bae"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianming+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ying+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Lei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaobao+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.4c00432&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00432?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00432?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00432?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00432?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00432?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/16/9?ref=pdf
https://pubs.acs.org/toc/aamick/16/9?ref=pdf
https://pubs.acs.org/toc/aamick/16/9?ref=pdf
https://pubs.acs.org/toc/aamick/16/9?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.4c00432?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

a Photons b e Hole
:Hole ® Electron Photons
Electron  ppoto-activated Electron Photo-activated
=1 injection = Electron
élr §', injection
o} Anod ol
8‘l node 8_-_
o™ oy
Q Q
73 Hole 7
Intrinsic injection
Hole N-type type
injection| N-type Qcouection=Qactivated+Qdefects collection=Qactivated Qeefects +Qmj(:chon
€ Pt Hghometal Au Metal o Ntype
Intrinsic layer  Qr  Intrinsic layer Or  Intrinsic layer Intrinsic layer
DN lowemel  asve
d
f Au
Intrinsic
Cly/Br, 5Clo 5/Bry
Au
g P
Back scatter Bry NIN Br, sClys NIN Cascade NIN
- ——In dark CdTe
ar Compton Compton Back scatter
. _2n _2F ER=9.6 + 0.5%
:'C_, Pb escape a_nd ‘:‘g Pb escape and S Compton
% photo-electric % photo-electric % ‘l,
g ‘:E, ‘5* Pb escape and
Q2 Q 5] photo-electric
© Oqf ‘\f Oqt
hreshold
ER =10.3:1% l ER=67:03% ER=2 340,29
0 1 1 1 1 1 0 L L 1 1 1 L 0 1 ) 1 ’ 1 A
0 50 100 150 200 250 300 0 100 200 300 400 500 600 700 800 900 0 200 400 600 800 1000
Channel number Energy (keV) Energy (keV)

Figure 1. Gamma-ray detection of NIN photodiodes. (a) Mechanism of a PIN photodiode for photodetection. (b) Mechanism of an NIN
photodiode for gamma-ray detection. (c) Electron—hole collection devices versus an electron-only collection device. (d) NIN photodiode made of
MAPbBr; LHPSCs. (e) NIN photodiode made of MAPbBr, ;Cl, s LHPSCs. (f) NIN photodiode made of cascade LHPSCs with a halide gradient.
(g) "’Cs gamma-ray spectra resolved by a NIN photodiode made of MAPbBr; LHPSCs. (h) "*’Cs gamma-ray spectra resolved by an NIN
photodiode made of MAPbBr, ;Cl, s LHPSCs. (i) *’Cs gamma-ray spectra resolved by an NIN photodiode made of cascade LHPSCs and a CdTe

single crystal.

it is urgent in the structure of an electron-only device to isolate
the holes. When forming an electron-only MSM device, most
low work function metals including Ag (4.28 eV) and Al (4.26
eV) would react with LHPSCs. As a result, using a heavily
doped N-type layer to block the holes and form an electron-
only device is an alternative method.

Herein, we consider the problem of intrinsic defects in
solution processed LHPSCs and propose the isolation of noise
from intrinsic defects inside LHPSCs by creating an energy
barrier. Two n-type layers are symmetrically deposited on the
opposite sides of intrinsic MAPbX; LHPSCs via solution-
processed epitaxial growth.””** Subsequently, unipolar photo-
diodes with an NIN structure are fabricated. Because the two
n-type layers only allow the transport of electrons, the injection
electrons, defect-induced electrons, and photon-activated
electrons can contribute to the current. Conversely, the
injection holes, defect-induced holes, and photon-activated
holes would be suppressed. Therefore, by sacrificing the dark

12107

current, the holes from intrinsic defects can be suppressed and
the response speed can be improved by abandoning the
process of hole collection. Our devices comprising solution-
processed MAPbX; LHPSCs with an NIN architecture have
the ability to realize gamma-ray spectroscopy.

B EXPERIMENTAL PROCEDURE

Materials. Lead bromide (PbBr,; 99%), lead chloride (PbCly;
99%), methylammonium bromide (MABr), methylammonium
chloride (MACI), bismuth bromide (BiBry; 99.9%), and bismuth
chloride (BiCly; 99.9%) were purchased from Sigma-Aldrich, USA.
Dimethyl sulfoxide (DMSO) and dimethylformamide-d7 (DMF-d7)
were obtained from Aladdin. Metallic gold, silver, and gadolinium
were purchased from Chinese reagent, China. All commercial
products were used as received.

Growth of the NIN Photodiodes. For NIN photodiodes based
on MAPbBr; and MAPbBr, ;Cl,s; LHPSCs, high-quality MAPbBr;
and MAPbBr,;Clys; LHPSCs were grown via inverse temperature
crystallization, as previously reported.”*** Two n-type functional

https://doi.org/10.1021/acsami.4c00432
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layers were epitaxially grown on the opposite faces of MAPbBr; and
MAPbBr, ;Cl; s LHPSCs as two n-type layers. Subsequently, two Au
electrodes were deposited on the opposite faces of Bi-doped
MAPbBr; and Bidoped MAPbBr, ;Cl; s LHPSCs under a vacuum of
107 Pa. For the NIN photodiodes based on cascade LHPSCs, Bi-
doped MAPbCl; LHPSCs were grown as substrates via inverse
temperature crystallization. MAPbCl;, MAPbBr, sCl 5, MAPbBr;, and
Bi-doped MAPbBr; were formed stepwise through epitaxial growth.
After the growth of Bi-doped MAPDbBr3;, a diamond wire was used to
cut the cascade LHPSCs to remove the useless surround parts. Then,
the diamond powder dispersed in isopropanol was used as the
polishing fluid to polish the faces of the cascade LHPSCs. Finally, two
Au electrodes were deposited on the faces of Bi-doped MAPbCl; and
Bi-doped MAPbBr; under a vacuum of 1073 Pa.

Characterization of the LHPSCs and Photodiodes. X-ray
diffraction (XRD) patterns were obtained using an X'TRA system
with a Cu target (Switzerland). Scanning electron microscopy (SEM)
images were obtained using a Quanta 200 FEI microscope. The
samples for high-resolution transmission electron microscopy (HR-
TEM) characterization were prepared via a focused ion beam (Helios
S CX). The HR-TEM characterization was performed using a JEM-
200CX transmission electron microscope (JEOL, Japan) with a high-
voltage 220 kV beam. The Kelvin probe force microscopy probe
station (Multimode-8-AM, USA) was used to measure the contact
potential difference. Dark current density—voltage (J—V) character-
istics were measured using a Keithley 4200 semiconductor analyzer
(USA). The capacitance—voltage (C—V) characteristics were
measured by a Keithley 4200 semiconductor analyzer with a very
low frequency module. A 3000 Bq '¥’Cs was used as the gamma-ray
source.

Experiments with Gamma-Ray Photodiodes. The charge
preamplifier was based on a CR-110 (rev 2.1) preamplifier from
CREMAT (USA); the peripheral circuit was designed in-house. The
shaping amplifiers, including CR-200 (1 and 8 us) and the baseline
restorer CR-210, were bought from CREMAT (USA). The high-
voltage source (0—1500 V) was bought from Dongwen High Voltage
(China). The multiple-channel analyzer (APG7300A) was bought
from AP Holdings Co. (Japan).

B RESULTS AND DISCUSSION

Figure 1la illustrates the charge collection process of a normal
PIN photodiode. When a reverse bias is applied to the PIN
photodiode, electrons and holes from the direct-current
voltage source are blocked by the n- and p-type layers,
respectively, resulting in a low dark current. Electron—hole
pairs activated by photons in the intrinsic layer are separated
by an electrical field; then, these charges drift to electrodes for
collection as Q,yateq Under bias. Nonetheless, the defects in
the intrinsic layer randomly release charges that drift under an
electrical field and are collected as Q.- On one hand, for
the PIN photodiodes targeting visible photons, the thickness of
the intrinsic layer is only ~1 pm to absorb all the visible
photons. The defect density of the intrinsic layer is ~10°~10""
cm™ for LHPSCs, resulting in a very low Quetects>¢ On the
other hand, the density of the incident photons is very large.
Normally, 10'2—10% visible photons would be absorbed in the
intrinsic layer per second. Therefore, Q,yateq is in the range of
1077=10" Coulomb. Consequently, the charges collected by
PIN photodiodes due to absorbed visible photons are
dominated by Quetivated-*

However, the gamma-ray to charges conversion process is
completely different. Owing to the strong penetrating ability of
gamma-ray photons, a thickness of millimeters or even
centimeters is required for sufficient energy deposition. Thus,
for a 1 cm thick active layer based on an LHPSC, the Qgefeqs
value is 10* times larger than that for PIN photodiodes for

visible photons. Moreover, the charges activated by a single
662 keV photon are only ~0.05 pC (10’—10"* times smaller
than the charges associated with visible photons). Q,.yed iR
thick gamma-ray photodiodes is much smaller than Q,yq¢eq for
the PIN photodiodes for visible photons. Therefore, most
solution-processed LHPSCs may show great performance in
the detection of visible photons, but for gamma-ray detection,
most solution-processed LHPSCs can only identify the number
of photon peaks and cannot achieve gamma-ray spectroscopy
with good energy resolution.””~' Except of improving the
crystallization of LHPSCs with fewer defects, designing a band-
energy barrier is imperative to further suppress the
contribution of intrinsic defects for low-noise gamma-ray
photodiodes.”>**

As shown in Figure 1b, the P-type layer in a PIN photodiode
is replaced by an N-type layer to form an NIN photodiode. In
the structure of the NIN photodiode, the defect-induced,
photon-activated, and injected holes are suppressed by the
symmetrical blocking layers. Thus, the large Qg value could
be reduced for the LHPSCs, which mainly contain hole
defects. Although the signal of holes is sacrificed, the very large
thickness of the intrinsic layer could still suppress the dark
current with high resistance to some extent, resulting in a
relatively low Qiection- In particular, a large and stable dark
current would not cause sufficient charge integration and
cannot contribute to photon peaks. Further, abandoning the
photon-activated holes could improve the response speed. A
shorter response time could not only improve the maximum
count rate of detectors for gamma-ray photons but also
suppress the noise charges during the event.

Figure lc shows three types of photodiodes: a PIN-type
photodiode made of n-type/intrinsic/p-type layers, a Schottky
photodiode made of asymmetric electrodes, and back-to-back
symmetrical electrodes. "™’ No devices made of LHPSCs
can reduce the noise from intrinsic defects in LHPSCs. For our
NIN photodiodes, we aim to use symmetric N-type layers to
block the noise due to defect-induced holes.

Figure 1d shows the MAPbBr; LHPSC-based NIN photo-
diodes with an architecture of Au/(Bi-doped MAPbBr;)/
(intrinsic MAPbBr;)/(Bi-doped MAPbBr;)/Au.**"" The
thickness of the two N-type layers is ~100 um, and the
thickness of the intrinsic MAPbBr; is 6.8 mm (6.5 mm in
length and 2.4 mm in width). Similarly, an MAPbBr,Clys
LHPSC-based NIN photodiode with a structure of Au/(Bi-
doped MAPbBr, ;Cl, )/ (intrinsic MAPbBr, ;Cl,5)/(Bi-doped
MAPbBr, ;Clys)/Au is shown in Figure le; the thickness of the
intrinsic MAPbBr, ;Cly 5 is 3.8 mm (3.5 mm in length and 2.4
mm in width). In particular, the cascade LHPSC of MAPbCl,/
MAPDBr, ;Cly s/ MAPDbBr; with a halide gradient also acts as an
intrinsic layer (Figure 1f). Bi-doped MAPbCl; and Bi-doped
MAPbBr; LHPSCs (4.1 mm in length and 3.9 mm in width)
are used as n-type layers and form homojunctions. The
thicknesses of each layer are 3.8, 0.9, 0.8, 2.0, and 0.1 mm for
Bi-doped MAPbCl;, MAPbCl;, MAPbBr, (Cl, s, MAPbBr;, and
Bidoped MAPbBr;, respectively. More information about the-
N-type layer and intrinsic layer is obtained from the Hall effect,
as shown in Figure S1 and Table SI.

Figure 1g shows the '*’Cs gamma-ray spectrum resolved by
MAPbBr; LHPSC-based NIN photodiodes with a shaping
time of 8 us. Under an external bias of 300 V, our MAPbBr;
LHPSC-based NIN photodiodes achieve an energy resolution
of 10.3% for '¥’Cs 662 keV gamma-ray photons. Owing to the
occurrence of the Pb escape peak being very close to the
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Figure 2. Characteristics of the NIN photodiodes. (a) Fabrication process of the NIN photodiodes. (b) Current density—voltage curves of NIN
photodiodes based on the MAPbBry; LHPSC and Au/MAPbBr; LHPSC/Au. (c) Current density—voltage curve of NIN photodiodes based on the
MAPbBr, sClys LHPSC and Au/MAPbBr, ;Clys; LHPSC/Au. (d) Current density—voltage curve of NIN photodiodes based on the cascade
LHPSC and Au/cascade LHPSC/Au. (e) Current density—time curve of the NIN photodiode based on the cascade LHPSC. (f) Response time of

the three types of NIN photodiodes.

photoelectrical peak, which causes serious broadening of the
photoelectrical peak, we are unable to discriminate these peaks
at this stage.'> However, the gamma-ray spectrum from an
NIN photodiode is much better resolved compared with that
of a PIN photodiode (Figure S2). When we replaced the
MAPbBr; LHPSC with the MAPbBr, ;Cl,; LHPSC, we still
achieved an acceptable energy resolution of 6.7% for '*’Cs 662
keV gamma-ray photons and the noise signal in the dark in
below the threshold (Figure 1h). Two peaks that are located
near the high-energy channel could be the Pb escape peak and
the photoelectrical peak when we enlarge the small peaks of
the large channel (Figure S3). Furthermore, we replaced the
individual MAPDbBr; layer with an LHPSC containing a halide
gradient for fabricating NIN photodiodes. Because the built-in
potential of a halide gradient could improve the charge
collection efficiency, an energy resolution of 9.6% was achieved
for '’Cs 662 keV gamma-ray photons.””** In addition, we
compared our NIN photodiode with a high-quality CdTe
single crystal (an energy resolution of ~2.4%, provided by
Acrorad). To the best of our knowledge, this is the first report
of an MAPbBr; LHPSC achieving an acceptable resolution of
37Cs gamma-ray photons. Moreover, the results demonstrate
that the structure of NIN photodiodes could motivate the
development of three types of LHPSCs to resolve gamma-ray

photons. And the reproducibility of our NIN photodiodes is
further investigated in Figure S4.

To understand the advantages of NIN photodiodes, we
compared their electrical properties with those of an Au/
LHPSC/Au structure. Figure 2a shows the facile fabrication
process of our NIN photodiodes. For example, a high-quality
intrinsic MAPbBr; LHPSC was first used as the substrate.
Then, a Bi-doped MAPbBr; LHPSC was grown on the top face
of the intrinsic MAPbBr; LHPSC substrate. Subsequently, we
flipped the device over, and the Bi-doped MAPbBr; LHPSC
was further grown on the bottom face of the intrinsic MAPbBr;
LHPSC substrate. Because the Bi-doped MAPbBr; LHPSC
would also grow on the side faces of the intrinsic MAPbBr;
LHPSC, a diamond wire was used to remove the useless parts
and polish the shear to suppress the surface charges. Then, two
Au electrodes with a thickness of 100 nm were deposited on
the opposite faces of the LHPSC. Finally, two Au wires were
used to connect the electrodes to the peripheral circuit.

To evaluate the dark current of our NIN photodiodes, the
current density versus voltage curve was measured for
MAPbBr; LHPSC-based NIN photodiodes (Figure 2b). Our
NIN photodiode exhibits a lower dark current density (0.7 A
cm™2) than that of Au/MAPbBr; LHPSC/Au (12 pA cm™2) at
—40 V. The NIN photodiodes could suppress the current
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Figure 3. (a) '¥’Cs gamma-ray single photon counting by an NIN photodiode. (b) Access circuit of the NIN photodiodes in the preamplifier. (c)
37Cs gamma-ray response after applying the shaping amplifier (8 us) to the three types of NIN photodiodes.

contribution of the injection holes and the holes from intrinsic
defects, considerably reducing the number of charges trans-
ported through the NIN photodiodes. Nevertheless, the dark
current density of NIN photodiodes is much higher than that
of the PIN photodiodes, in the order of tens of nano-
amperes.m’17 For the MAPDbBr,Cl,; LHPSC-based NIN
photodiodes (Figure 2c), the dark current density is measured
to be 120 nA cm ™ at —40 V, which is slightly lower than that
of Au/MAPbBr, ;Cl,s LHPSC/Au (190 nA cm™ at —40 V).
Because the MAPbBr, ;Cl,s LHPSC owns fewer defects than
the MAPbBr; LHPSC, fewer defect-induced holes exist in the
MAPDBr, sCly s LHPSC. Figure 2d shows the J—V character-
ization of the cascade LHPSC-based NIN photodiode, for
which the dark current density is 210 nA cm™? at —40 V,
whereas the dark current density of Au/cascade LHPSC/Au is
410 nA cm™* at —40 V. Therefore, the NIN photodiodes could
reduce the dark current by suppressing the number of injection
holes and defect-induced holes.

In addition to the study of the dark current under bias, the
study of the stability or fluctuations of the dark current is of
primary importance. As shown in Figure 2e, a bias of 200 V is
applied to the cascade NIN photodiode for 600 s. The initial
dark current density of the photodiode is 440 nA cm™ and it
decreases continuously to 292 nA cm™ after 300 s, at which
point it becomes stable. The fluctuation of the dark current
density caused by the polarization of charges and halide ions
inside the device is < 0.05 nA cm™2 Here, the dark current
density of our NIN photodiodes is very large compared to that
of CdZnTe single crystals. However, the stable dark current
would result in a very low noise because only the coupling
capacitance only allow the pulse signal to pass through. A more
exaggerated experiment about the dark current is shown in
Figure SS. And the junction capacitances of our NIN
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photodiodes are measured to be 4.5 pF, 5.2 pF, and 23 pF
for MAPbBr; LHPSC, MAPbBr, ;Cl,; LHPSC, and cascade
LHPSC (200 V)-based NIN photodiodes, respectively, at 10
Hz (Figure S6).

Because only electrons can be transported throughout the
NIN photodiodes, the response speed of the NIN photodiodes
with different intrinsic layers is investigated in Figure 2f. Using
a 350 nm pulsed laser with a width of 7 ns as the light source,
the response speeds of the MAPbBr; LHPSC (200 V),
MAPDBr, Cl,; LHPSC (200 V), and cascade LHPSC (200
V)-based NIN photodiodes are measured to be 5.2, 4.4, and
3.1 ps, respectively. Besides, the response speed for a particle is
fast enough for the Gaussian shaping amplifier to integrate all
the charges, as shown in Figure S7.

The performance of the cascade LHPSC-based NIN
photodiodes for individual '*’Cs 662 keV gamma-ray photons
was then investigated. An example of the obtained single
gamma-ray photon signal traces using a preamplifier (red) and
a Gaussian shaping amplifier (blue) is shown in Figure 3a.

Then, the access circuit of the NIN photodiodes and the
preamplifier is shown in Figure 3b. The high bias would first
come across a low-pass filter for stable direct-current bias and
then encounter two resistances (100 M) to acquire a tiny
variation of the photoinduced current. Because only the
alternating current signal could transport through the
capacitance, the direct-current dark current would not
contribute to the output. Figure 3c shows the trace of the
NIN photodiodes comprising different intrinsic layers. When a
37Cs 662 keV gamma-ray photon is incident onto the NIN
photodiodes, a photo peak would be recorded by the
oscilloscope with a time duration of 50 ms. At this stage, we
can directly determine the detection performance of the
gamma-ray detector. The preamplifier converts 1 pC into 1.4
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Figure 4. Characterization of the homojunctions of NIN photodiodes. (a) X-ray diffraction spectra of the doped MAPbBr; LHPSC and intrinsic
MAPbBr; LHPSC. (b) X-ray diffraction spectra of the doped MAPbCly; LHPSC and intrinsic MAPbCl; LHPSC. (c) X-ray diffraction spectra of the
doped MAPbBr, ;Cl, s LHPSC and intrinsic MAPbBr, ;Cl, s LHPSC. (d) Interface cross-section of (doped MAPbBry LHPSC)/ (intrinsic MAPbBr,
LHPSC). (e) Interface cross-section of (doped MAPbCl; LHPSC)/(intrinsic MAPbCl; LHPSC). (f) Interface cross-section of (doped
MAPbBr, sCl, s LHPSC)/(intrinsic MAPbBr, sCl, s LHPSC). (g) Interface potential profile of (doped MAPbBr; LHPSC)/(intrinsic MAPbBr,
LHPSC). (h) Interface potential profile of (doped MAPbBr, ;Cl,; LHPSC)/(intrinsic MAPbBr, Cl, LHPSC). (i) Interface potential profile of

(doped MAPbCly; LHPSC)/(intrinsic MAPbCl; LHPSC).

V, and the shaping amplifier amplifies the signal by a factor of
10. The voltage fluctuation of 0.015 V for the NIN photodiode
based on an MAPbBr; LHPSC represents a noise level of ~650
electrons at 500 V bias. In comparison, the noise level is as low
as ~860 and ~340 electrons for MAPbBr, ;Cl; s and cascade
LHPSC-based NIN photodiodes, respectively. When a 662
keV gamma-ray photon is incident onto the NIN photodiodes,
the largest responses are approximately 1.3 X 10% 1.7 X 10%
and 2.4 X 10* electrons. When the electron—hole pair
ionization energy is ~6 eV, 5.5 X 10* electrons are activated
during one event. Thus, the electron collection efficiency for
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NIN photodiodes based on LHPSCs is 23—43%. And the
comparison of our NIN photodiodes with the previous
reported work is shown in Table S2.

The interfaces of the homojunctions are investigated to
understand the extremely low noise of hundreds of electrons.
To form sufficient and low-defect interfaces, the Ilattice
mismatch rate should be as low as possible. Figure 4a shows
the XRD spectra of the doped MAPbLBr; and intrinsic
MAPDbBr; LHPSCs. According to the Bragg equation, the
lattice constants of the doped MAPbBr; and intrinsic
MAPbBr; LHPSCs are 5.906 and S5.917 A, respectively,
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resulting in a mismatch rate of 0.09%, which could significantly
avoid the inclusion of defects near interfaces.*> Furthermore,
the mismatch rates for the interfaces of (doped MAPbCl,)/
(intrinsic MAPbCL;) and (doped MAPbBr,Cl,;)/(intrinsic
MAPbBr, ;Cly5) are only 0.1 and 0.05%, respectively, as shown
in Figure 4b,c. The interface near the intrinsic layer and N-type
function layer is further investigated via SEM (Figure 4d—f).
An N-type layer with a thickness of ~100 pm is epitaxially
grown on the intrinsic substrate with a continuous and flat
interface. A high-resolution TEM image of the interface is
shown in Figure S8. To further confirm the band structure of
our NIN photodiodes, the cross-sections of the homojunctions
are investigated using a Kelvin force probe for obtaining the
potential profile. As shown in Figure 4g, an abrupt potential
change of 0.33 V is observed near the interface of (doped
MAPbBr;)/ (intrinsic MAPbBr;), which could prevent the
drifting of holes in the intrinsic layer into the electrodes. For
the interfaces of (doped MAPbBr, (Cls)/(intrinsic
MAPbBr, ;Cly5) and (doped MAPbCL;)/ (intrinsic MAPbCly),
the potentials vary by 0.28 and 0.33 V, respectively, as shown
in Figure 4hi. Based on the Kelvin force microscopy results, we
can sketch the energy diagram, finding that the energy barriers
can sufficiently block the holes.

B CONCLUSIONS

The main hindrance to the gamma-ray detection performance
of MAPbX; LHPSCs with a large thickness is the noise
generated by the intrinsic defects. Therefore, herein, we report
a facile method to fabricate photodiodes with an NIN structure
via solution-processed epitaxial growth. The lattice-matched
homojunctions can sufficiently avoid the interface-induced
defects. Therefore, we used the MAPbBr; LHPSC for the first
time to resolve 662 keV '*’Cs gamma-ray photons. The results
obtained for the NIN structure of this LHPSC could also
motivate the development of gamma-ray detectors based on
other types of MAPbX; LHPSCs. This study presents a major
advancement in room-temperature semiconductor gamma-ray
detectors based on solution-processed single crystals.
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