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ABSTRACT

Compared with the pure lead-based MAPbBr; (MA = CH3NHj3) perovskite single crystals (PSCs), tin-lead alloy (MAPbxSn;_xBr3) PSCs
with higher carrier mobility and longer carrier lifetime are expected to perform as better-quality ionization radiation detectors. In this work,
we design MAPbBr3;—MAPbg¢Sng.1 Brs-MAPbg gSng»Br3 structure detectors by employing solution-process epitaxial growth. Because of the
gradient change in tin element proportion, the relatively low mismatch rates between different PSC layers can effectively reduce defects gen-
erated at the interface, which improves charge collection efficiency. Moreover, band barriers between different PSC layers form depletion
layers due to the differences in band structure, and the high resistivity and built-in electric field of depletion layers can suppress dark current
under high voltages. The optimized detector exhibits a high x-ray detection sensitivity of 6.76 x 10* 4C Gy™' cm ™ and the lowest detectable
dose rate of 7.4 nGy s~ under 40 kVp x-ray radiation. Based on **' Am (5.95 MeV) « particle irradiation, tin-lead HD has lower detec-
tion noise and more obvious response compared to MAPbBr; PSCs. The electron mobility was indicated as high as 612 cm?® s™ V™, and
the mobility-lifetime (ut) products were measured to be 3.5 x 107> cm® V™' using the Hecht equation, demonstrating superior transport
properties.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0167107
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INTRODUCTION

Ionization radiation detectors are devices that absorb and
convert ionization radiation into detectable signals, which have a
wide range of applications in industry,’ medical treatment,” secu-
rity inspection,’ and other fields. Lead-based perovskite materials
[APbX3, where A = MA(CH3NH3), HC(NH;),, or Cs and X = Br,
Cl, or I] have a high average atomic number, strong absorption
capacity for high-energy particles, high carrier mobility, low prepa-
ration cost, and stable performance, which makes them appealing
in the field of ionization radiation detection.” ® The x-ray detectors
based on printable polycrystalline MAPDI; thick films can easily be

printed on a TFT backplane with benefits at low cost, large area,
and low dose.” Applying MAPbI; wafers as active layers to x-ray
detectors can achieve a sensitivity up to 1.22 x 10° uC Gy cm™2
Although CdZnTe and high-purity Ge (HPGe) semiconductor y-ray
detectors have superior energy resolution, the spread of their appli-
cations is still limited due to their high cost and unresolved growth
issues.”” Recently, more and more lead-based perovskite materials
have shown good y-ray detection performance.'”'" All-inorganic
perovskite CsPbBr; devices show a significantly high energy reso-
lution (ER) of 1.4% for 662-keV '’ Cs y-rays,'> and low temperature
solution-grown MAPbI3 PSC achieves 6.8% ER for 122-keV Co

y-rays.*
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However, some unignorable issues still exist in these lead-based
perovskites. When detecting high-energy particles, due to the need
for a larger thickness of the semiconductor layer, it is necessary
to increase bias voltage for improving collection efficiency, which
leads to a significant increase in dark current and noise in pure
lead-based materials.'*"'” As a result, it is an important task to find
ways to explore high-performance detectors of new active materials
and complicated structures to suppress dark current and improve
signal-to-noise ratio.

Recently, the replacement of Pb by Sn of perovskites is promis-
ing according to a series of studies. APb,SnmX3 (0 < m < 1) could
preserve the original perovskite structure and the most basic pho-
toelectric property.**’ Furthermore, compared to pure lead-based
perovskites, the bandgap of tin-lead alloy perovskites can be con-
tinuously adjusted, and the mobility continues to increase with
increasing tin ions.”"** These features make tin-lead perovskites
widely used in the field of solar cells, but the fabrication of polycrys-
talline films faces one key challenge: oxidization. The degradation
factors of polycrystalline films promote the diffusion of oxygen
and water,”’ causing a portion of Sn** to be oxidized into Sn**.
Therefore, the preparation requires adding extra antioxidants.”"”’
Recently, researchers have found that when the proportion of tin
element was below about 40%, the oxidation degree of tin-lead
perovskite single crystals (PSCs) was very low compared to poly-
crystalline films, even without additional oxidation treatment.” At
the same time, the single crystals have fewer defects and a larger
thickness, which leads to a better ability to absorb high-energy
particles.

In this work, we report heterojunction detectors based on
tin-lead gradient PSCs (tin-lead HDs). We fully utilized the char-
acteristic of adjustable bandgap of tin-lead perovskites to design
a kind of P-N heterojunction structure. The depletion layer with
high resistivity and built-in electric field formed between different
energy bands can effectively suppress dark current. The gradient-
proportion design can also reduce lattice mismatch and facilitate the
collection of charge carriers. This detector has been tested by x-ray
detection and performing alpha spectrum measurements. This work
broadens the development field of tin-lead alloy perovskite from
polycrystalline films to large-sized single crystals, and these findings
also contribute toward detecting x rays and energy-resolved charged
particles.

RESULTS AND DISCUSSION

In the fabrication process of detectors based on tin-lead
PSCs, high-quality MAPbBr; PSCs are used as substrates, where
MAPby.9Sng.1Brs and MAPbg §Sno»Br; PSCs were epitaxially grown.
Then, the sample was polished and the extra thickness and parts
were cut. Finally, gold electrodes are evaporated on the upper and
lower surfaces of the sample [Fig. 1(a)]. The photo of the detector
(4.1 x 5.4 x 5.4 mm’, the thickness of MAPbBr; substrate: 2.7 mm,
MAPbg9Sng, 1 Brs layer: 1.4 mm, MAPbogSng,Br3 layer: 1.3 mm)
is shown in Fig. S1. To study the impact of Sn** doping on the
properties of PSCs, we prepared three kinds of PSCs (MAPbBr3,
MAPDboSng1Brs, and MAPbgsSng,Br3). As can be appreciated
from Table S1, the experimental Pb-to-Sn ratio in the grown sin-
gle crystal was approximately equal to that in the precursor solution.

pubs.aip.org/aip/apm

Therefore, in the following discussion, we directly use the theoreti-
cal ratio. The x-ray diffraction (XRD) patterns of these crystals were
shown in Fig. 1(b). We found that the positions of the four main
diffraction peaks did not shift obviously with the addition of Sn**.
The lattice parameters experienced a clear reduction (from 5.9303
to 5.9221 A) by increasing the amount of Sn**, which followed
Vegard’s law. The mismatch rates,

f= M) (1)

ay +ax

(where a; and a, are the lattice constants of the substrate
and epitaxial layer, respectively) are 0.44% for the MAPbBr;-
MAPbg9Sng1Brs junction and 0.25% for the MAPbgoSngiBr3-—
MAPb Sno2Br3 junction, respectively, which is sufficient enough to
realize high-quality epitaxial growth. We obtained the atomic con-
centration of MAPbg 9Sng 1 Brs and MAPbg gSng,Br; PSCs from XPS
measurement (Table S1). The experimentally determined Pb-to-Sn
ratios in these grown single crystals were approximately equal to
those in the precursor solution. Figure 1(c) illustrates the x-ray pho-
toelectron spectroscopy (XPS) zoom-in spectra for typical Sn peaks
in MAPbg9Sng1Br; and MAPbygSng,Br; PSCs (the whole XPS
spectra are shown in Fig. S2). All the two PSCs exhibited only one
single characteristic peak of both the 3ds/, region and 3ds, region,
indicating that only Sn** existed in the sample. Meanwhile, the spec-
tral feature at a binding energy of 486.4 and 495.2 eV corresponds to
Sn**,2¢ which also proves that the oxidation of tin-lead PSCs can
be almost ignored. From the valence spectra of the MAPbg9Sng.1Br3
and MAPbggSng,Brs shown in Fig. 1(d), the energy difference
between the valance band maximum (VBM) and Fermi energy (Er)
is 1.44 and 1.23 eV, respectively. Figure 1(e¢) compares UV-visible
absorption spectra for MAPbBr3, MAPbgoSngBr3, and MAPbgs
Sng 2 Br;3. By increasing the content of Sn>* in PSCs, the absorption
from 560 to 650 nm is apparently enhanced. The right small inset
picture illustrates the Tauc plot, which demonstrates the decrease i
the bandgap from 2.14 to 1.97 eV with the increasing Sn** substi-
tution. Moreover, due to the low absorption coefficient of Sn,”” the
absorption below ~560 nm clearly declines when Sn** substitution
continues to increase.

The photon-activated charge lifetimes of MAPbBr3,
MAPDbooSng1Brs, and MAPbogSno,Brs were measured by
time-resolved photoluminescence (TRPL) [Fig. 1(f)]. The TRPL
decay is fitted with a double-exponential decay model, and the fitted
lines consist of a fast and a slow component. The fast decay process
is caused by the bimolecular recombination of photo-generated free
carriers, while the slow decay process is mainly attributed to transfer
recombination.””’

2% The average carrier lifetimes T of MAPDbBr3,
MAPbo_gSno'lBr-?,, and MAPbo'g Sl’lo_zBl‘3 were 608, 926, and
13.51 ps, respectively, by

Alrf +AZT§
v = .
AT+ Ay

Ta (2)

The result indicated that the addition of Sn** in tin-lead PSCs
could reduce the density of traps and inhibit non-radiation recom-
bination. To obtain the mobility of these PSCs, a pulse laser with a
7 ns duration was used, as shown in Fig. 1(g). The result of different
drift times of three PSCs confirmed that the higher the tin ion con-
tent, the faster the PSC response. In addition, calculation shows that
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FIG. 1. Three kinds of PSCs’ basic properties. (a) lllustration of the fabrication process of the detector. (b) The x-ray diffraction pattern of MAPbBr3, MAPbg ¢Sng 1Br3, and
MAPby g Sng2Br3 PSCs. (c) The x-ray photoelectron spectroscopy (XPS) spectra for Sn 3d of MAPbg 9Sng 1Brs and MAPbg g Sng 2Brs, respectively. (d) XPS valence spectra
of MAPbg gSng 1Br; and MAPbggSng2Brs (e) Normalized UV-Vis absorption curve of three PSCs. The left inset graph: enlarged local image. The right inset graph: the
Tauc-plot. (f) The lifetime of three PSCs is measured by time-resolved photoluminescence. (g) Drift times of three PSCs under the same electric field.
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linear absorption cross-section coefficients of MAPbg ¢Sng,;Brs and
MAPby sSng2Brs PSCs do not change obviously and are comparable
to the widely used classical CdZnTe semiconductors from a photon
energy of 1 keV to 1 MeV (Fig. S3).

The detailed cross section of the MAPbBr;—MAPbg¢Sng 1 Brs—
MAPbg sSng2Brs structure was investigated by scanning electron
microscopy (SEM) [Fig. 2(a)]. Each part of the cross section was
flat without the appearance of hole defects and crystal particles,
demonstrating the single-crystalline nature of every layer and the
high quality of the gradient heterojunction. The conductivity of
those bright areas with widths of 7.65 and 6.43 ym near the dif-
ferent two layers was worse than that of their neighboring regions,
which are possibly depletion layers.”” The wider energy bending area
leads to a lower capacitance. What is more, we used Kelvin probe
force microscopy (KPFM) to measure the depletion layer, as shown
in Fig. S4. The electric potential differences of MAPbg¢Sng.1Brs—
MAPbysSno,Brs contact and MAPbg9Sng1Br;—MAPbsSno,Br3
contact were ~0.07 and 0.03 eV, and the depletion widths were
calculated as 7.8 and 6.2 um, respectively [Fig. 2(b)]. The tin-lead
gradient structure leads to lower barrier potential, which may cause
higher electron collection efficiency and a faster speed. More-
over, the width of the depletion layer measured in the KPFM
experiments here is in good agreement with the SEM figure.
The schematic energy levels of three kinds of PSCs are shown
in Fig. 2(c) based on the data of valence spectra from XPS and
the figure of the bandgap. The MAPbBr; is typical P-type, the
MAPbgoSng.1Brs is slightly N-type, and the MAPbgSno»Br3 is
strongly N-type, which is consistent with the results measured using
the Hall Effect.

We characterized the optoelectronic properties of tin-lead HD
to further understand the electron transport feature. Figure 3(a)
shows the characterization of current density-voltage, indicat-
ing that the p-n junction structure formed between tin-lead
PSC and pure lead-based PSC. The dark current density was
~0.3 pA cm ™2 with reverse electrical fields of 150 V cm ™. Compared
with MAPbBr3; PSC, the p-n junction structure emerged with lower
dark current density by forming potential barriers between different
PSC under the applied reverse voltage. The current density increased
to nearly 5.3 A cm ™ when illuminated by 520 nm photons with
an intensity of 2 mW cm™2. To test the stability of the device, we

pubs.aip.org/aip/apm

applied the electric field of —400 V cm ™ to the device and observed
the changes in dark current [Fig. 3(b)]. When the electric field was
first applied, the dark current gradually decreased and finally stabi-
lized at 115 nA after about 1400 s due to the dielectric relaxation,
with a fluctuation of no more than 1 nA. The space-charge limited
current (SCLC) method is suitable for measuring the average elec-
tron trap density [Fig. 3(c)]. In the linear ohmic region, the estimated
average electron trap density was 1.21 x 10° cm™ obtained by

2ee9VrrL
el?

where € and g denote the average dielectric constant (~24) and
vacuum permittivity, respectively, e is the elementary charge, and
Vg is the voltage of the trap-filled limit."”"' This figure was nearly
30 times less than that of MAPbBr3; PSCs (3.94 x 10 cm™). Figure
S5 illustrated the I-T curves of the device under 520 nm illumi-
nation under three different biases. The photoresponse of tin-lead
HD was measured under different electric fields of —200, —300 , and
—400 V cm™! under 520 nm illumination with a power density of
2 mW cm 2. The dark current is as low as 42, 86 and 115 nA, respec-
tively, at three kinds of operating voltages. The sharp rise and decline
curves without exponential decay also indicated few carriers trap-
ping within the materials. Figure S6 illustrated that —400 V cm™'
was chosen as the operating electric field, which showed that the
X-ray response current is close to saturation. Meanwhile, the x-ray
detection capability of the tin-lead HD was characterized when the
applied electric fields swept from —50 to —400 V cm™" as shown in
Fig. 3(d). The voltage of the x-ray tube is 40 kVp, and the tube cur-
rent is 80 yA. From the picture, we can see that the device exhibited a
significant and rapid response to x rays under different biases. The x-
ray detection sensitivity was measured at 6.76 x 10* uC G)f1 cm™2
of the tin-lead HD and 6.8 x 10> 4C Gy~ cm™ of the MAPbBr;
PSC under the electric field of —400 V cm™ and tube voltage of
40 kVp [Fig. 3(e)]. We have achieved a nearly ten times higher x-
ray detection sensitivity than before via improvements in materials
and structure. Figure 3(f) shows the response to low-dose-rate x-
ray photons under the electric field of —400 V cm™. The lowest
detectable dose rate was 7.4 nGy s~". For harder x-ray photons, the
x-ray detection sensitivities with 50, 80, and 120 kVp (which are
widely used for medical measurement) were measured, as shown in

) 3)

Ntraps =

(a) (b)
4.40
MAPb, 3Sny ,Br;
7.65pm § 4.364
_ 7.8um
> 1
5 4321 1
MAPb, ¢Sn 4Br; =] 1
2 1
S 4.281 1
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50um MAPDbBr;
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) .
14 . . Conduction band
s
Ch
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B O0p----mmmmmmm e - - Feimi level
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0 PbygSng, PbgeSng,; Bry

Distance (um)

FIG. 2. The structure of tin-lead HD. (a) Depletion layer measured by SEM. (b) Width and energy barrier of heterojunction contact measured by KPFM. (c) Energetic levels

of the MAPbBrg, MAPbongnol'] BI’3 g and MAPboa Snoszl’;; PSCs.

APL Mater. 11, 101130 (2023); doi: 10.1063/5.0167107
© Author(s) 2023

11,101130-4

£1:€0:¥0 20T YdJe L


https://pubs.aip.org/aip/apm

APL Materials

ARTICLE pubs.aip.org/aip/apm

(a) ®) ©
100 darkness 800 — £
— under 520nm 2mWcm? 2 n"'aps_1 21x10%m® n=2
% 10 + s 5 ]
§ 1 - § 400 —k * X
> £ 150 N < I
2 0.1+ . 04 — £ 1074 V=39V !
3 = 500 1000 £ 1
€ 0.014 (6] Times (s) S 1 1
£ 10° 4 ! '
S 1 I
3 0.001— wapbar, ight 1004 L
1E4 1 MAPbEF, dark ——-400Vcm™ dark current . Ohmic__!Trap filling _Child
4 T T T T 10° m
150 -100 50 0 50 100 150 1400 1600 1 10
Electric field (Vem™) Times (s) Voltage (V)
d) (e) (f)
3000 T 2500 735
——-400Vem” -400Vem™ 40kVp ——-400vem™”
~ "“swﬁ —-3oova1 ~ 2000 @ Tin-ead HDs 2 | ~
£ ——-200Vem ¢ @ MAPbBr, PSCs £ 730] 171nGys
< —-150Vem ] <
c 20004 4 < c
£ ——-100Vem £ 1500 - a2 >
2 - 50Vem” = 67.6£0.7uC mGy 'cm” z
g 2 $ 7254
2 £ 1000 - S
[J] - @ -
Z 1000 1= 5
& e @ £
X 3 5901 @ 6.80 em® | 3 7204
= -~ b
T T T O == T T T T T T
0 5 10 15 20 0 10 30 0 10 20 30 40 50
Time (s) Dose rate (uGys™) Time (s)

FIG. 3. Basic photoelectric characteristics and x ray detection performance. (a) |-V characterization of MAPbBr3 PSC and tin-lead HD. (b) The dark current of the detector.
The inset: Curve of dark current over time after applying voltage. (c) SCLC measurement for trap density. (d) Tin-lead HD response to x-ray pulses with varying applied bias
voltage. (e) 40 kVp X-ray sensitivity of tin—lead HD and MAPbBr; PSC under —400 VV cm~" bias. () Current density with different low dose rate (40 kVp) under —400 V cm~"

electric field.

Fig. $7. The x-ray detection sensitivity decreases from 3.07 x 10* to
2.05 x 10* 4uC Gy~ cm™2 and 7.8 x 10°> 4C Gy~* cm™2. Although
the hard x-ray detection sensitivity has decreased to a certain extent,
this figure is still similar to that of high-performance x-ray detectors
(~7.1 x 10> uC Gy ' em™2).%

In addition to the wide application of x rays in medical imag-
ing, targeted radionuclide drugs have been proposed to carry out
targeted tumor treatment by radiating a-particles recently. Hence,
the detection of a-particles is of great significance. Here, we ana-
lyzed the device’s response to a-particles and reported on the basic
charge transport behaviors of tin-lead HD. The schematic illustra-
tion of alpha detection is shown in Fig. S8. High bias voltage needs
to be applied to the detector to achieve higher charge collection
efficiency. The process for testing the tin-lead HD is schematically
described in Fig. 4(a). The drifting carriers will generate charge
pulse signals in the preamplifier. Then, the output pulse from the
preamplifier is processed by the shaping amplifier to form a pulse
with a Gaussian shape. Finally, the multi-channel analyzer will mea-
sure the height of the Gaussian pulses to produce energy spectra.’”
The fully fabricated tin-lead HD and MAPbBr3; PSC are shown in
Fig. 4(b). When it comes to the a-particle response of two detec-
tors under the same electric field intensity, tin-lead HD had more
peaks and larger peak amplitudes compared to MAPbBr3; within
the same time range, demonstrating better a-particle detection

capabilities. The number of electrons causing noise fluctuations was
obtained by
noise = lelectrons, (4)
Ce
where C denotes the amplification coefficient of amplifier
(»1.4 x 10" V/C), e is the elementary charge (~1.6 x 107 Q),
and V is the voltage of fluctuation. The noise of tin-lead HDs
(4.46 x 10* electrons) is apparently lower than that of MAPbBr;
PSCs (1.48 x 10° electrons). The time-of-flight (TOF) method is
used to evaluate the charge carrier mobility. We got the carrier drift
time by calculating the pulse height rise time (the time required
for the pulse to rise from 10% of the steady-state value to 90%).
Figure 4(c) illustrates the typical transient pulses under different
applied biases. The average electron rise time was estimated as
22.37 us at 40 V, 16.16 ps at 80 V, 13.26 us at 120 V, and 11.8 us at
160 V. pe can be derived by the following equation:

]
U &
where d is the thickness of the detector (0.6 cm) and U is the applied
bias. The carrier mobility can be examined by fitting the plot of
1/V-t. As shown in Fig. 4(d), the mobility of electrons in tin-lead
HDs was estimated to be 612 cm” s™' V™1, which is nearly 30 times

(5)

x tdnft;
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TABLE I. Summary on x-ray detection sensitivity, carrier mobility, and mobility-lifetime product tested by 24 Am (5.95 MeV) « particles of different perovskites.

X-ray sensitivity

Perovskites (uC G)f1 cmfz) Ue (cm2 sTtvTh Un (cm2 sTTvTh (Ur)e (c:m2 v (Ta9)Y (cm2 v References
MAPbBr; SC 6.8 x 10° (40 keV) 24.6 59.7 22x107* 42 x107* 13 and 33
MAPbI; wafer 1.22 x 10° (40 keV) 70 48 7.4%x107* 8.1x107* 34 and 35
FAPbBr; SC - 222 66.1 8.0x107* 1.1x1073 36
CsPbBr; SC 1.25 x 10° (40 keV) 63 49 45x107* 9.5%x107* 37 and 38
FACsPbBr; SC - 189 262 1.8 x 1073 29x%x107° 11
Our detector 6.76 x 10* (40 keV) 612 - 35%x107° - This work
large than that of MAPbBr; single crystals (~24.6 cm®s™' V™!). Itis ~ CONCLUSION

obvious that our device can promote mobility efficiently.

After applying high voltage, the electron-hole pairs generated
by particles are separated and collected by two metal contacts, form-
ing an energy spectrum. A series of the energy spectra of alpha
particles were measured under various voltages applied for 30 s
[Fig. 4(e)]. The peak centroids in the spectra moved to higher
channels with increasing bias due to a higher charge collection
efficiency (CCE). The single-carrier Hecht equation was used to esti-
mate the mobility-lifetime product (put) based on the spectroscopy
measurements,

Q utU ( _i)
CCE=—="—F-[1-¢ wU |, 6
Qo a4 ¢ ©

where U is the applied bias, d is the thickness, Q is the measured
peak channel number at applied bias V, and Qo is the calculated
saturated channel number of the peak. It is shown in Fig. 4(f)
that the corresponding data were fitted by the Hecht equation
and the resulting value of pete of 3.5 x 107> cm® V™' was com-
puted. Since p is known, the electron lifetime can be estimated to
be 5.72 ps. In Table I, we summarize the sensitivity of the x-ray
detection and the carrier transport properties (mobility and pr) of
various hybrid halide perovskites. It is obvious that our detector
has competitive x-ray detection performance and carrier transport
properties.

We also designed the MAPbggSng,»Brs-MAPbBrs-MAPb
Sng,Brs (n-i-n) structure detector to compare the differences in
performance between two types of structures [Figs. S9(a)—S9(e)].
The response of a-particles of the n-i-n structure detector is shown
in Fig. S9(b). It is clear that the noise of this device is greater and
the fluctuations are more pronounced under the same electric field
intensity. Figure S9(c) describes the typical a-particle induced out-
put pulses, and we can easily find that the response speed of the
device has been significantly improved for 22.6 us at 20 V, 11.2 us
at 80 V, 4.2 us at 120 V, and 2.2 us at 160 V, respectively. The
mobility of electrons was derived as 405.7 cm® s™' V™!, which expe-
riences a certain degree of decline. It can also be seen from the
a-spectra [Fig. S9(e)] that the calculated saturated channel num-
ber of the peak of this n-i-n detector is much larger than that
of the p-n structure detector, resulting in a significant decrease
in the charge collection efficiency and carrier mobility-lifetime
product.

In conclusion, we have confirmed that tin-lead PSCs
have stronger stability compared to polycrystalline films. With
tin ions, the single crystals change from p-type semiconduc-
tors to n-type. The carrier lifetimes and mobility of PSCs
have been improved efficiently. Meanwhile, tin-lead gradient
MAPDbBr3;—MAPbg9Sng 1 Br3-MAPbg gSng,»Brs heterojunction
detectors were prepared for x-ray and a-particle pulse height spectra
testing. The p-n structure can help the detector effectively suppress
dark current. This detector also produces a good x-ray sensitivity
of up to 6.76 x 10* uC Gy ' cm™2. The hole mobility is obtained
as high as 612 cm® s™! V™! evaluated by the TOF technique. The
mobility-lifetime (ut) product for an electron is 3.5 x 1073 cm? V!
by fitting the corresponding pulse height spectra using the Hecht
equation. We also find that the n-i-n structure detector has a faster
response speed but a lower mobility-lifetime product. These results
and insights will have a significant impact on the strategies to apply
tin-lead alloy PSCs to the field of high-energy detection. Future
efforts may focus on further improving the structure of the device,
reducing the noise, and promoting the response of the tin-lead alloy
PSCs detectors for good y-ray detection.

EXPERIMENTAL SECTION
Materials

Lead bromide (PbBr;, 99%), stannic bromide (SnBr;), and
methylammonium bromide (MABr) were purchased from Sigma-
Aldrich, USA. Dimethylformamide-d7 (DMF) is obtained from
Aladdin. Metallic gold, silver, and gadolinium were purchased from
Chinese reagent, China.

Fabrication of MAPbBrz, MAPby9Sho1Brz
and MAPbo.ssno.zBI@ PSCs

First, fully dissolve the MABr powder prepared in the previous
step in DMF. When preparing the 1 mol/l MAPbBr3 precursor, the
1 mol/l PbBr, powder needs to be weighed and stirred fully with a
glass rod to dissolve it in the solution and filtered to obtain a clear
MAPDBr; solution. When configuring 1 mol/l MAPbgoSno.iBr3
and 1 mol/l MAPbgSno,Br; precursor, the molar ratios of PbBr,
powder and SnBr, powder were 1:9(0.1 mol/l: 0.9 mol/l) and
2:8(0.2 mol/l: 0.8 mol/l), respectively, allowing them to fully dissolve.
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In response to the low solubility of Sn** after addition, a beaker con-
taining the solution can be added to a magnetic rotor and placed
on a heating table for heating and stirring. After sufficient dissolu-
tion, clear MAPbg¢Sng.;Brs and MAPbgsSng,Br; solutions can be
obtained by filtration.

This study adopts the method of reverse temperature crystal-
lization to grow MAPbBr3, MAPb¢Sno.1Brs and MAPbggSng»Br3
PSCs. First, take about 40 ml of filtered MAPbBr3 precursor solu-
tion and pour it into a cleaned and dried crystallization dish. Place
the crystallization dish on a heating table. Set the initial temperature
of the heating table to 60 °C, raise the temperature by 1°C every
5 h until 75 °C, and continue heating for several hours. The growth
methods of the other two crystals are the same as above.

Fabrication of
MAPbBrz;-MAPbg 9Sho 1 Brs-MAPbg gSho > Brs structure
detectors

First, place the MAPbBr3; single crystal substrate into a clean
and dried crystallization dish and pour about 30 ml of filtered and
clarified MAPbgoSno.1Brs precursor. Place the crystallization dish
on a heating table without covering it. Set the temperature of the
heating table to 68 °C to raise the temperature of the crystal and
precursor together. If there is a temperature difference between the
crystal and precursor, the surface of the substrate is likely to dis-
solve or crack. After about 30 min of evaporation after opening
the lid, cover the lid and continue heating for 3-4 h to remove,
obtaining MAPbBr; PSC wrapped in a layer of MAPbgoSng.1Br;3
PSC. Next, place this crystal in a crystallization dish, pour about
30 ml of filtered clear MAPbg sSng,Br3 precursor, repeat the above
steps, and finally obtain a three-layer heterojunction structure of
MAPbBr3—MAPboAgsno,lBr3—MAPb0‘8Sn0A2Br3.

SUPPLEMENTARY MATERIAL

The supplementary material contains the whole XPS spec-
tra of MAPbo9Sno.1Brs and MAPbgsSno,Brs, photo of detectors,
schematic of the KPFM measurement, and data of a-particle
radiation detection of the n-i-n structure (PDF).
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