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Cascade perovskite single crystal
for gamma-ray spectroscopy

Xin Wang,1,4,* Yuzhu Pan,1 Yubing Xu,1 Jingda Zhao,1 Yuwei Li,1 Qing Li,1 Jing Chen,1 Zhiwei Zhao,1

Xiaobing Zhang,1 Byung Seong Bae,2 Damian C. Onwudiwe,3 Xiaobao Xu,1,* and Wei Lei1,*

SUMMARY

The halide lead perovskite single crystals (HLPSCs) have great potential in gamma-ray detection with high
attenuation coefficient, strong defects tolerance, and large mobility-lifetime product. However, mobile
halide ions would migrate under high external bias, which would both weaken the gamma-ray response
and cause additional noise. Here, we report the gamma-ray PIN photodiodes made of cascade HLPSCs
including both ion-formed and electron-hole-formed electrical junctions that could suppress the ions
migration and improve the charges collection. Our photodiodes based on cascade HLPSCs (MAPbBr3/
MAPbBr2.5Cl0.5/MAPbCl3) show a wide halide-ion-formed depletion layer of �52 mm. The built-in poten-
tial along thewide ionic-formed junction ensures a highmobility-lifetime product of 1.13 10�2 cm2V�1. As
a result, our gamma-ray PIN photodiodes exhibit compelling response to 241Am, 137Cs, and 60Co; the en-
ergy resolution can reach 9.4%@59.5keV and 5.9%@662keV, respectively. This work provides a new path
toward constructing high-performance gamma-ray detectors based on HLPSCs.

INTRODUCTION

Gamma-ray detection by semiconductors and scintillation with large volume and high energy resolution has been widely used in medical

applications, nuclear plant monitoring, and archaeology.1–3 Due to the strong penetrating ability of gamma-ray photons, semiconductors

for gamma-ray detection should consist of high Z elements, a millimeter-scale thickness, a large carrier mobility-lifetime product, a low defect

density, and other strict criteria.4–7

Recently, halide lead perovskite single crystals (HLPSCs) have been thought of as next-generation room-temperature semiconductors for

gamma-ray detection due to their high atomic number element, large carrier mobility-lifetime product, and strong defect tolerance

values.8–10 Since the first demonstration of using perovskite to sensing gamma rays, laudable attempts have been made to improve mt prod-

uct including improving the single crystal quality (low trap density) and promote the resistivity.11 Recently, a high mt product of 83

10� 3cm2V� 1 has been reported in CsPbBr3 HLPSCs from melt, which is approaching that of CdZnTe single crystals.7 As a result, an energy

resolution of 1.4% has been achieved for 662 keV gamma-ray photons. This result validates the superiority of HLPSC in detection of gamma-

ray photons.

In general, as well as improving the quality of gamma-ray sensing single crystal by optimizing crystallization process or adding defect

passivation ligand, constructing the heterojunction is an alternative and feasible approach to promote the mt product. Specifically, the for-

mation of built-in potential at the heterojunction can efficiently reduce the leakage current by inhibiting the charge carrier recombination and

consequently enhance the charge carrier lifetime for facilitating collection.12–15 Thus, it is desired to form the heterojunction structure for ob-

taining mt product rather than only improving the quality of single crystals. It is worth noting that the intrinsic semiconductor character of

perovskite can be easily regulated by modifying the component, whereas that of CdZnTe single crystals is hard due to unresolved growth

issues.16–19 To further explore and accomplish this advanced functionality, the structure of Au/perovskite/Au has been replaced by Au/

perovskite/Sn to form efficient Schottky diode.8,20,21 However, the metal electrodes would diffuse into perovskite and degenerate detection

performance. As well, PIN diodes were also explored by deposit organic semiconductors (such as PTAA) and nanoparticles (such as ZnO,

TiO2) as p-type and n-type layers.22–25 However, the observation of additional noise can be assigned to the defects induced near the interface.

In our previous work, we demonstrated the long charge carrier lifetime and low-noise PIN photodiode detector with Ag-doped MAPbBr3
HLPSC and Bi-doped MAPbBr3 HLPSC epitaxially grown on intrinsic MAPbBr2.5Cl0.5 HLPSC, whereas the cascade architecture with gradient

halide ion in perovskite single crystal also exhibits better charge carrier transporting.26–29 All indicate the advantage of perovskite heterojunc-

tion for extracting high mt product and realizing sensitive gamma-ray detection.
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In this work, we find that the halide ion interdiffusion length near the interfaces of cascade HLPSCs with a controlled halide gradient can

reach tens ofmicrometers. Because of the large potential difference andwidth of the junction causedby the halide ion interdiffusion, we name

this kind of junction ‘‘ion-formed electrical junction’’ to distinguish from normal electron-hole-formed electrical junction. These ion-formed

electronic junctions positively influence charge transport and suppress ion migration. Assisted by epitaxial growth of high-quality doped

HLPSC layers to form electron-hole-formed electronic junctions, a new structure of cascade HLPSC PIN photodiodes with electron-hole-

formed electronic junctions and ion-formed electronic junctions is demonstrated with low noise and a large mobility-lifetime product. As

a result, the delicate cascade architecture of MAPbCl3/MAPbBr2.5Cl0.5/MAPbCl3 is designed as intrinsic layer. The gamma-ray PIN photo-

diode with cascade HLPSC as active layer shows the laudable performance of energy resolution toward distinguishing different isotopes,

for example 9.4%@59.5keV and 5.9%@662keV for the 241Am and 137Cs, respectively.

RESULTS AND DISCUSSION

Figure 1A depicts the schematic diagram of our proposed PIN photodiodes. Notably, the cascade HLPSC was used as the intrinsic layer. The

cascade HLPSCs with different halide gradient were grown by solution-processed epitaxial growth. A high-quality N-type layer (Bi-doped

MAPbCl3) and P-type layer (Ag-dopedMAPbBr3) act as two lattice-matched functional layers.30–32 More transport properties of the functional

layers are shown in Figure S1. As shown in Figure 1B, the Bi-dopedMAPbCl3 layer can prevent the holes from injection, whereas theAg-doped

MAPbBr3 can block the electrons from the cathode. In addition, the applied bias can be applied to the whole intrinsic layer with a length over

the millimeter scale, which is beneficial for charge separation in gamma-ray detection.

To clarify the influence of heterojunction on mt product, cascade HLPSCs crystals with different halide gradients including 2-layer, 3-layer,

and 4-layer were designed, as shown in Figure 1B. By using high-quality MAPbCl3 HLPSC as substrates, cascade HLPSCs with different struc-

tures, includingMAPbCl3/MAPbBr3, MAPbCl3/MAPbBr2.5Cl0.5/MAPbBr3, andMAPbCl3/MAPbBr1.5Cl1.5/MAPbBr2.5Cl0.5/MAPbBr3, are grown

through solution-processed epitaxial growth (Figure S2). Cross-section photos of each cascade HLPSC are taken by scanning electron micro-

scopy, as shown in Figure 1C. Because the lattice constant ofMAPbCl3 (5.668 Å) is smaller than that of theMAPbBr3 (5.917 Å) single crystal and

leads to a mismatch rate of 2.15%, an obvious interface is found between the two layers. By adding more transition layers that act as buffers,

the interface becomes implicit. The lattice constant of each different HLPSC is measured by X-ray diffraction, as shown in Figure S3. To further

reveal the quality of the interface between substrate and epitaxial growth layer, taking MAPbCl3/MAPbBr2.5Cl0.5 heterojunction as example,

high-resolution transmission electron microscopy is used, as shown in Figure 1D. Although some point defects exist near the interface, the

lattice retains the same crystal orientation.

To confirm the halide gradient of each cascade HLPSC, the halide distribution is investigated through energy-dispersive X-ray (EDX) spec-

troscopy, as shown in Figures 1E–1G. The photoluminescence and time-resolved photoluminescence of each layer is shown in Figure S4,

which agreeswith previouswork.15,33 The results indicate the halide diffusion length depends on the halide ion gradient between the adjacent

layers, which is in accordance with previous work. The larger the halide gradient between the adjacent layers is, the longer the halide diffusion

length becomes, for example, the halide interdiffusion length between the MAPbCl3/MAPbBr3 heterojunction is approximately 38 mm (Fig-

ure 1E), whereas the halide interdiffusion length betweenMAPbCl3/MAPbBr2.5Cl1.5 andMAPbBr2.5Cl0.5/MAPbBr3 reaches only approximately

22 and 18 mm (Figure 1F), respectively. For the 4-layer cascade HLPSC, the interdiffusion lengths between MAPbCl3/MAPbBr1.5Cl1.5 and

MAPbBr1.5Cl1.5/MAPbBr2.5Cl0.5 are only 11 and 18 mm, respectively, as shown in Figure 1G. As a result, a large halide gradient is beneficial

for a longer interdiffusion length, but the large halide gradient may sacrifice the lattice mismatch rate, which can result in a high density

of defects.

It is well known that the ion diffusion along the component gradient is inevitable, especially the halide ion in perovskites due to the low

activation energy in soft lattice. Also, the published result demonstrates the halide ion diffusivity of 10�10�10�13cm2s�1 around 80–100�C in

CsPbCl3/CsPbBr3 perovskite.
34,35 To investigate the stability of the halide gradient in cascade HLPSCs, a 2-layer cascade HLPSC with the

structure of MAPbCl3/MAPbBr3 was heated at 75�C in air for 8, 120, and 1000 h. It was surprising that the width of the transition layer remains

nearly 38 mm, as shown in Figure 1H. This result indicates the halide ion diffusion could reach equilibrium and then almost stop, which confirms

halide gradient in our as-fabricated cascade HLPSCs maintaining good stability.

To roughly find themost suitable halide gradient for cascadeHLPSCs, the mt product is roughlymeasured through the photocurrent under

various biases to the modified Hecht equation (experimental setup is shown in Figure S5). For an individual MAPbBr2.5Cl0.5 HLPSC, as

shown in Figure 2A, the mt product is measured as 0:33 10� 3cm2V� 1. The 2-layer cascade HLPSC shows a relatively large mt product of

1:423 10� 3cm2V� 1, as shown in Figure 2B. The 3-layer cascadeHLPSC shows the highest charge collection efficiency and the largest mt prod-

uct of 5:23 10� 3cm2V� 1, which is nearly 14 times larger than that of the individualMAPbBr2.5Cl0.5 HLPSC (Figure 2C). However, when crossing

the 4-layer cascade HLPSC (Figure 2D), the mt product decreases to 1:523 10� 3cm2V� 1.

In addition, the current density (J)–voltage (V) hysteresis of different cascade HLPSCs is investigated to examine ion migration. The indi-

vidual MAPbBr2.5Cl0.5 HLPSC shows the largest J–V hysteresis (Figure 2E). It is obvious that the heterojunctionmade by the 2-layer HLPSC can

suppress J–V hysteresis (Figure 2F), and the 3-layer cascade HLPSC (Figure 2G) is nearly hysteresis-free, which indicates that halide ion migra-

tion comes across some unexpected barriers in cascade HLPSCs. When the cascade HLPSC is made of 4 layers, the hysteresis worsens (Fig-

ure 2H). Considering that the number of layers in cascade HLPSCs will not largely affect the crystallization quality, the large mt product and

hysteresis-free cascade HLPSCs can be attributed to the ion-formed electrical junction sustain almost all the bias and the halide ions cannot

migrate during the ion-formed electrical junction.More information about built-in electrical field of ion-formed electrical junction is explained

in Figure S6.
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To understandwhy the halide gradient in cascadeHLPSCs can suppress halidemigration in different layers and how the halide gradients in

cascade HLPSCs enhance charge transport and to extract the details at heterojunction, Kelvin probe forcemicroscope (KPFM) was employed

tomeasure the built-in potential along the cross-section of cascadeHLPSCs.36 Figure 3A displays the schematic diagram of measurement. An

infrared laser was focused on the tip of the magnetic probe. When the tips scan across the cascade HLPSCs, they will exhibit different vibra-

tions because the potential changes, and the tiny vibration of the tips will be grasped by an infrared detector. As shown in Figure 3B, the po-

tential decreases from 4.68 V of MAPbCl3 to 4.60 V of MAPb1.5Cl1.5, with 0.08 V potential difference at the heterojunction of MAPbCl3/

MAPbBr1.5Cl1.5. The width of depletion region is 8 mm, which is approaching to the ion diffusion length of 11 mm (see Figure 1G). Meanwhile,
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Figure 1. Characterization of the cascade HLPSC with different halide gradients

(A) Device structure of the cascade HLPSC PIN photodiode.

(B) Epitaxial growth of the cascade HLPSC with different halide gradients.

(C) Cross-section of the cascade HLPSCs: MAPbCl3/MAPbBr3(left), MAPbCl3/MAPbBr2.5Cl0.5/MAPbBr3 (middle) and MAPbCl3/MAPbBr1.5Cl1.5/MAPbBr2.5Cl0.5/

MAPbBr3 (right).

(D) TEM photo of the interfaces near the MAPbCl3/MAPbBr2.5Cl0.5 heterojunction fabricated by FIB (top); high-resolution TEM photo of the interfaces.

(E) Line scan of the cascade HLPSC through energy-dispersive X-rays for MAPbCl3/MAPbBr3.

(F) MAPbCl3/MAPbBr2.5Cl0.5/MAPbBr3.

(G) MAPbCl3/MAPbBr1.5Cl1.5/MAPbBr2.5Cl0.5/MAPbBr3.

(H) Br-Cl interdiffusion length in MAPbCl3/MAPbBr3 after different times.
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the potential differencewas found to be 0.362, 0.365, and 0.101 Vwith the depletedwidth of 24, 15, 18, and 28 mm forMAPbCl3/MAPbBr2.5Cl0.5
(Figure 3C), MAPbCl3/MAPbBr3 (Figure 3D), MAPbBr1.5Cl1.5/MAPbBr2.5Cl0.5 (Figure 3E), andMAPbBr2.5Cl0.5/MAPbBr3 (Figure 3F) heterojunc-

tion, respectively. The wide depletion area makes it suitable for efficient charges collection generated from gamma-ray photons.

It is worth noting that the variation of potential difference at the heterojunction follows the similar tendency to that of halide ion diffu-

sion length, in which variation depends on the difference of halide ion gradient. To clarify the influence of ion diffusion and electron-hole

concentration, we measured the charges density with Hall field. Here, the charge density measured from the Hall field is shown in Fig-

ure 3G, and the charge density of the intrinsic MAPbBrxCl(3-x) HLPSC is 109�1011 cm�3. Unfortunately, the charge density cannot support

such a large electron barrier in the heterojunctions. As calculated by equation Vbi = 0:0259 ln
�
NaNd

n2
i

�
, Na is 83109cm� 3 and 63 1010cm� 3

for MAPbBr2.5Cl0.5 and MAPbBr3, respectively. Nd is 131011cm� 3 and 331010cm� 3 for MAPbCl3 and MAPbBr1.5Cl1.5, respectively. ni is

1010cm� 3)37; the energy barrier should be nearly 0.1, 0.08, and 0.05 eV for MAPbCl3/MAPbBr3, MAPbCl3/MAPbBr2.5Cl0.5, and

MAPbBr1.5Cl1.5/MAPbBr2.5Cl0.5 heterojunctions, respectively. This result is much smaller than the potential difference measured from

KPFM results, which means the charge density could not support such large potential difference at the heterojunctions. It is deduced

that the halide ion diffusion also makes non-negligible contribution to the potential difference at heterojunction. The band structure of

individual HLPSCs is shown in Figure S7.

Comparedwith the normal p-n junction, for the (n-typeMAPbCl3)/MAPbCl3, (p-typeMAPbBr3)/MAPbBr3, and (n-typeMAPbBr3)/MAPbBr3
homojunctions (Figure S8), the electron-hole-formed electronic junction reaches 0.40, 0.13, and 0.35 V, whereas the widths are only 0.74, 0.31,

and 0.61 mm, respectively. This finding indicates that the ion-formed electronic junction in cascadeHLPSCs shows amuchwider charge deple-

tion layer than normal electronic junctions, which is more beneficial for high-energy photon detection.

Based on the KFM experiments, the band structure of each cascade HLPSC with different halide gradients is described in Figures 3F–3J.

The band gap is measured from the absorption curve (Figure S9). In the cascade HLPSCwith structure of MAPbCl3/MAPbBr2.5Cl0.5/MAPbBr3,

the total depleted region reaches 52 mm and built-in potential achieves 0.463 V. This wide depleted region and large potential difference

would separate and drift the electron-hole pairs, which is more beneficial for sensing high-energy gamma-ray photons. Thus, the 3-layer

cascade HLPSC was selected as candidate intrinsic layer for gamma-ray PIN photodiodes.

To further study the carrier dynamics in this 3-layer cascade HLPSC, three types of electron-only, hole-only, and full devices were fabri-

cated. And the setup of the experiments is shown in Figure S10. As shown in Figure 4A, Bi-doped MAPbBr3(0.1 mm) and Bi-doped-

MAPbCl3 HLPSCs (2 mm) were used as electron selective transport layers (n-type), whereas 3-layer cascade HLPSC (0.6, 1.7, and 0.6 mm)

acts as an intrinsic layer. The high voltage bias is applied on the Bi-doped MAPbCl3. Under the irradiation of alpha (a) particle with energy

of 5.4 MeV from 241Am, the electron-hole pairs would be generated. Since the two n-type layers would form energy barriers and block the

holes, only electron can transport across the whole device and thenwas collected at external circuit. Likewise, only holes go through thewhole

A B

C D

E F

G H

Figure 2. Mobility-lifetime product and hysteresis of cascade HLPSCs with different halide gradients

(A–D) Photocurrent density versus voltage curves. (A) Individual MAPbBr2.5Cl0.5 HLPSC. (B) 2-layer. (C) 3-layer. (D) 4-layer.

(E–H) I–V curves of the cascade HLPSCs with different halide gradients at the forward scan (red) and reverse scan (blue). (E) Individual MAPbBr2.5Cl0.5 HLPSC. (F)2-

layer. (G) 3-layer. (H) 4-layer.
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device of n-type MAPbBr3/cascade HLPSCs (thickness 0.1, 1.1, 1.0, 0.26 mm) under bias (Figure 4B). Figure 4C presents the full PIN photo-

diode device through solution-processed epitaxial growth with Bi-doped MAPbCl3 and Ag-doped MAPbBr3 as n-type and p-type layers,

respectively.

Through directly tracing the pulse signal from the preamplifier through an oscilloscope, the response time for electrons from electron-only

device (Figure 4A) and holes from hole-only device (Figure 4B) under different applied voltage are shown in Figures 4D and 4E. According to

the equation t = m

d2V
� 1, the average electron mobility and hole mobility were fitted as 442.4 cm2V�1s�1 (Figure 3F) and 294.5 cm2V�1s�1

(Figure 3G), respectively. For the comparison, the time-of-flight experiments were also conducted with 7 ns laser (Figure S11), giving a similar

result. As well, in the full p-i-n device, the nuclide of 241Am was put at the side face of the device. And the 5.5 MeV alpha particles will directly

incident into the intrinsic layer. To figure out the largest charges collection efficiency, we controlled the voltage bias from 50 to 500 V. The

signal of 5.5MeV 241Amwas extracted from voltage-dependent spectrums, as shown in Figure 4H. By fitting the peak positions to Hecht equa-

tion, the mt product is extracted as 1.13 10�2 cm2V�1 (Figure 4I), which is comparable with the best reported single HLPSC including CsPbBr3
grown using Bridgeman’s method and FA0.9Cs0.1PbBr3 grown from solutions.7,38

F
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Figure 3. Transport properties of the cascade HLPSCs with different halide gradients

(A) Diagrammatic sketch of the Kelvin-force microscope experiments.

(B) Energy structure of the MAPbCl3/MAPbBr1.5Cl1.5 heterojunction.

(C) Energy structure of the MAPbCl3/MAPbBr2.5Cl0.5 heterojunction.

(D) Energy structure of the MAPbCl3/MAPbBr3 heterojunction.

(E) Energy structure of the MAPbBr1.5Cl1.5/MAPbBr2.5Cl0.5 heterojunction.

(F) Energy structure of the MAPbBr2.5Cl0.5/MAPbBr3 heterojunction.

(G) Carrier densities of HLPSCs with different halide components via the Hall effect and the energy barrier calculated from the carrier density.

(H) Energy structure of the 2-layer cascade HLPSC.

(I) Energy structure of the 3-layer cascade HLPSC.

(J) Energy structure of the 4-layer cascade HLPSC.
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Figure 4. Optoelectronic properties of the 3-layer cascade HLPSC measured by alpha particles from 241Am

(A) N-I-N-type photodiode made of a 3-layer cascade HLPSC.

(B) N-I-I-type photodiode made of a 3-layer cascade HLPSC.

(C) P-I-N-type photodiode made of a 3-layer cascade HLPSC.

(D) Response time of N-I-N-type photodiodes under various biases under alpha particles from 241Am to measure electron mobility.

(E) Response time of N-I-I-type photodiodes under various biases under alpha particles from 241Am to measure hole mobility.
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Figure S12 presents the J-V curve of full PIN photodiode device toward visible photons and under dark. The device presented a good

rectification and showed a low dark current of�9 nAcm�2 even under�150 V, which confirms our device can efficiently suppress the leakage

current. More importantly, the photocurrent density is 4 times larger than that of HPSC PIN photodiode with individual single crystal as

intrinsic layer (Figure S13). The boost of photocurrent is believed to result from the larger mt product and wider depletion region with cascade

HLPSC as intrinsic layer in PIN photodiodes.

Because we have confirmed the advantage of cascade HLPSCs for constructing p-i-n device with large mt product, to further utilize this

advanced functionality, we further evaluate its detection performance toward series isotopes. As shown in Figure 5A, during gamma-ray

detection, the gamma-ray photodiodes are placed inside a copper box to avoid electromagnetic interference and visible light. Then, a

high voltage is applied to the photodiodes to collect photo-induced charges. To discriminate the weak signal generated from gamma-ray

photons, a preamplifier (CR-110 from CREMAT, USA) is used to amplify the charges, and a shaping amplifier (CR-210 for baseline restorer

and CR-200 for shaping from CREMAT, USA) is used to integrate the pulse into Gaussian shaping. At this point, the photon signal can be

converted to a 0–5 V Gaussian pulse and collected in a multiple-channel analyzer (APG7300A from AP, Japan). When 137Cs is close to the

gamma-ray photodiode, typical photon peaks are shown in Figure 5B. Thus, two obvious peaks are captured in a duration of nearly

20 ms. Figure 5C shows the typical photon peaks shaped by the shaping amplifier with different shaping times. Benefit from the fast response

speed of our cascade HLPSC-based PIN photodiode, shaping time of both 1 ms and 8 ms could integrate the charges in one Gaussian pulse

(Figure 5C), and output signal is large enough to discriminate from the noise when compared with using individual HLPSC in PIN photodiode

(Figure S14).

The 241AM gamma-ray spectrum resolved by the cascade HLPSC PIN photodiode under a bias of 300 V is shown in Figure 5D. Because
241AM radiates 59.5 keV gamma-ray photons and 5.4 MeV alpha particles simultaneously, two peaks are found in the gamma-ray spectrum.

The energy resolution for 59.5 keV gamma-ray photons is 9.4%. The energy resolution for 5.4 MeV alpha particles is 21.9%. And the response

to only 59.5keV under different bias is shown in Figure S15.

For the 137Cs 662 keV gamma-ray photons, we use high-quality CdTe (300 V) and CdZnTe (3000 V) for calibration. The Pb escape peak is

detected, whereas the energy resolution is 5.9%@662keV for the cascadeHLPSC PIN photodiodes at 300 V (Figure S6E). In addition, 60Co with

1173 keV and 1333 keV gamma-ray photons is detected by the cascade HLPSC PIN photodiodes at 300 V (Figure 5F). However, because the

thickness of the cascade HLPSC PIN photodiode is only 0.54 cm, most photons with energy over 1 MeV transmit the device without response.

Thus, it is safe to say the photopeak of 60Co can be detected, but we cannot provide the value of creditable energy resolution. Besides, for

662keV gamma-ray photons, the largest channel number is nearly 27 mV (channel number 109/4096) and 49 mV (channel number 202/4096)

after preamplifier for 662 keV and 1173 keV, respectively. Thus, the charge quantity is then estimated to be 19 fC and 35 fC for 662 keV and

1173 keV gamma-ray photons, respectively. Consider the excite energy is nearly 6 eV; 1,10,000 and 1,95,500 electron-hole pairs should be

activated. Thus, the activated charges should be 35.2 and 62.5 fC for 662 keV and 1173 keV, respectively. And the charges collection efficiency

is 54% and 56% for 662keV and 1173keV, respectively. Comparisons of our cascade HLPSC PIN photodiodes are shown in Table S1.

In addition, because the ion-formed electrical field can suppress ion migration, this cascade HLPSC PIN photodiode demonstrates no

poor stable response over time, as shown in Figure 5G. Over a continuous period of 15 min, the channel number of the peak for 137Cs

does not change, which indicates that the photo response or electrical field is not weakened due to halide ion migration under bias. Besides,
137Cs spectrums acquired from different cascade HLPSC PIN photodiode samples are shown in Figure S16.

In conclusion, ion-formed and electron-hole-formed electronic junctions are established in cascade HLPSC PIN photodiodes. Due to the

ion-formed electronic junction, ion migration can be suppressed, and the charge collection efficiency can be increased. Our cascade HLPSC

PIN photodiodes show low noise and a large response to gamma-ray photons; in addition, they can distinguish different isotopes through the

gamma-ray spectrum. Our work provides a new path toward high-energy-resolution gamma-ray photodiodes based on solution-processed

single crystals.

Limitation of the study

At this stage, the stability of the cascade HLPSC is good. However, the electrodes are not stable after long-term high bias. During experi-

ments, the Au wire may scratch the electrodes during connection. Besides, The Au electrode will fail after long time high bias (over 48 h,

600 V). Two approaches may improve the situation: one is to add a buffer layer between the p-type layer and electrode; another method

is to improve the method of bonding. We are still working on this issue.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

Figure 4. Continued

(F) Electron mobility of the 3-layer cascade HLPSC.

(G) Hole mobility of the 3-layer cascade HLPSC.

(H) Voltage-dependent spectra of 5.5 MeV alpha particles detected from P-I-N-type photodiodes.

(I) Charge mobility-lifetime product fitting to the Hecht equation.
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Figure 5. Gamma-ray response of the cascade HLPSC PIN photodiode to different isotopes

(A) Setup of the experiments.

(B) Response to gamma-ray photons captured by the oscilloscope.

(C) Single-photon peak generated by 137Cs in the cascade HLPSC PIN photodiode with different shaping times.

(D) Energy-resolved spectrum by the cascade HLPSC PIN photodiode under 241Am by using a shaping time of 8 ms.

(E) Energy-resolved spectrum by the cascade HLPSC PIN photodiode under 137Cs 662 keV g-ray by using a shaping time of 8 ms.

(F) Energy-resolved spectrum by the cascade HLPSC PIN photodiode under the 60Co 1173 keV g-ray.

(G) Stability of the spectrum of the cascade HLPSC PIN photodiode over a period of 15 min under 137Cs.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and materials should be directed to and will be fulfilled by the lead contact, Xin Wang (xinw@

seu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHODS DETAILS

Growth of the cascade HLPSC PIN photodiodes

BidopedMAPbCl3 HLPSCs were grown through inverse temperature crystallization as substrates. Then, MAPbCl3, MAPbBr2.5Cl0.5, MAPbBr3,

and Ag-doped MAPbBr3 through epitaxial growth in steps. After the growth of Ag-doped MAPbBr3, diamond wire was used to cut the

cascade HLPSCs to remove the useless parts. Then, diamond powder disperse in isopropanol were used as polishing fluid to polish the faces

of the cascade HLPSCs. Then, two Au electrodes were deposited on the faces of Bidoped MAPbCl3 and Ag-doped MAPbBr3 with vacuum

degree 10�3Pa.

Characterization of the HLPSC 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 electronmicroscopy (HR-TEM) char-

acterization were prepared by focus ion beam (Helios 5 CX). The HR-TEM is characterized with TEM (JEM-200CX, JAPAN) with a high voltage

220 kV. To ensure that the detectors receive enough X-ray photons in EDX, the counts per second is controlled nearly 1200 in the experiments.

The Kelvin probe forcemicroscopy (KPFM) probe station (Multimode-8-AM, USA) was used tomeasure the contact potential difference (CPD).

Dark current density-voltage (J–V) characteristics were measured using a Keithley 4200 semiconductor analyzer (USA).

Experiments of the gamma-ray photodiodes

CdTe single crystal and CdZnTe single crystal were bought FromAcrorad, Japan and eV, USA, respectively. The charges preamplifier is based

on CR-110 (rev2.1) fromCREMAT (USA) and we design the peripheral circuit. And the shaping amplifiers including CR-200(1 ms, 2 ms, 4 ms, and

8 ms) and baseline restorer CR-210 are brought from CREMAT (USA). The high voltage source (0–1500 V) is brought from Dongwen high

voltage (China). And the multiple-channel analyzer (APG7300A) is brought from AP.Co (Japan).

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical analysis is used.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

PbBr2 Sigma Aldrich 10031-22-8

PbCl2 Sigma Aldrich 7758-95-4

CH3NH3Br Sigma Aldrich 6876-37-5

CH3NH3Cl Sigma Aldrich 593-51-1

BiBr3 Sigma Aldrich 7787-58-8

AgBr Sigma Aldrich 7785-23-1

BiCl3 Sigma Aldrich 7787-60-2
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