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% Check for updates a particles must be monitored to be managed as radioactive diagnostic agents

or nuclear activity indicators. The new generation of perovskite detectors
suffer from limited energy resolution, which affects spectroscopy and imaging
applications. Here, we report that the solution-grown CsPbBr; crystal exhibits
a low and stable dark current (34.6 nA-cm™ at 200 V) by thinning the as-grown
crystal to decrease the high concentration CsPb,Brs phase near the surface.
The introduction of the Schottky electrode for the CsPbBr; detector further
reduces the dark current and improves the high-temperature stability. An
energy resolution of 6.9% is achieved with the commercial electronic system,
while the effects of air scattering and absorption are investigated. Moreover,
1.1% energy resolution is recognized by a full-customized readout application-
specific integrated circuit without any additional signal processing, which
matches well with the given parameters of the CsPbBr; detector by reducing

the parasitic capacitance and electronic noise.

The development of detectors for heavy particles has been a long-
standing research topic, not only for applications in nuclear safety’,
deep space exploration?, and homeland security?, but also for high-
energy particle measurements. For instance, actinides play a crucial
role as essential raw materials for nuclear reactors and weapons. The o
particle, which acts as a key characteristic of actinides, holds sig-
nificance in the field of radiation detection. Despite o particles are
generally lower than that of beta particles or gamma rays, and can be
effectively stopped by a piece of paper or human skin. However, it
remains highly damaging due to ionizing radiation. When a-emitting
atoms are inhaled, ingested, or injected into our body, the DNA would
be damaged seriously, approximately 20 times greater than that
induced by equivalent doses of beta particles or gamma rays"* .

Additionally, the radon (decay by emitting a particles) can poten-
tially lead to lung cancer when ingested or inhaled and must be
quantified to mitigate the exposure risk’, which is an odorless, invi-
sible gas naturally released from rocks, soil, and water. On the other
hand, monitoring of high concentrations of a particle contamina-
tions is an important issue for the decommissioning of the Fukush-
ima Daiichi Nuclear Power Plant. The detection and radioactivity
metrology of a particle is getting crucial, as demonstrated by the
recurrent updates of regulations that for increasingly more sensitive
and high-performance detectors”.

So far, the fundamental principle of « particles interacting with
materials has led to the invention of various types of detectors, such as
gaseous ionization detectors, scintillation detectors and semiconductor
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detectors’™°. Of these detectors, semiconductors that possess high
radiation stopping power and a large carrier mobility-lifetime product
tend to in principle achieve detection with superior energy resolution
(ER), but this has proved extremely challenging in the past 40 years".
Both high-purity germanium (HPGe) and silicon (Si) are recognized as
the gold standard for radiation detection due to their superior ER*",
However, their applications are limited by the cooling system and the
operation temperature range, respectively™.

Therefore, many compound semiconductors have been intro-
duced and developed for the « particles detection (Fig. 1)°*. The
good ER is achieved by GaN%, SiC?*, and CdZnTe” detectors illumi-
nated under 5.5 MeV « particles, but the broad applications are still
prevented. For example, GaN and SiC struggle with low resistivity and
poor uniformity, which results in high leakage current for large-size
detectors. In addition, the wider band gap of GaN (3.4 eV, at room
temperature, RT) and SiC (3.20 eV @ RT) leads to a larger electron-
hole pair energy, which introduces more statistical fluctuations (or
Fano noise). Although the commercial CdZnTe detector has achieved
an ER of 0.6% at 5.5MeV?, it has a high manufacturing cost and
unresolved growth issues. Moreover, given the environment in space
and extreme conditions in nuclear facilities, an ideal o detection set-
up should be sensitive and stable except the resolution. Unfortu-
nately, the state-of-the-art CdZnTe detectors are tend to be severely
damaged under high irradiation doses® and not able to
operate at high temperatures due to the relatively narrow band gap
(1.64 eV @ RT).

Recently, CsPbBr; have emerged as promising candidates for
high-efficiency a particle detection, owing to their remarkable defect
tolerance® *2. Moreover, the CsPbBr; single crystal features a wide
band gap (-2.26 eV @ RT?**), which is helpful to improve the operation
temperature range compared to the Si and CdZnTe detectors. Never-
theless, the improvement of energy resolution based on CsPbBr; o
particle detector is still a formidable challenge. Generally, the ER of a
detector depends on the total measured variance of the observed
photopeak, oy, which is determined by Fano noise (og?), charge col-
lection (0.2), electronic noise (02 and other elements (Og¢her?, Such as
air absorption) that cause the o particles spectrum to exhibit a low-
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Fig. 1| Evolution of compound semiconductors performance. Evolution of the
energy resolution (**Am 5.5 MeV «a particles) of the best traditional compound
semiconductors™* and organic/inorganic perovskite detectors™*** (Epqi is the
ionization energy, £, is bandgap energy, Eyqir = 2E5 +1.43%).
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Several strategies have been proposed to decrease the electronic
noise g%, which is dominated by the detector leakage current and the
noise generated by the front-end readout circuit. Pan et al.** compared
the leakage current of CsPbBr; detectors with Zr, Bi, Ti, and Ga elec-
trodes. The results show that the Bi electrodes are recognized to
achieve the highest stability. He et al.” reported an asymmetric
electrode o particles detector based on the CsPbBr; crystal grown
using the Bridgeman method, by which an ER of about 15% has
been measured. Furthermore, Zhang et al.?* used the structure of
Ti/Ni/CsPbBr3/Ni/Ti to obtain an ER of 5.7%. However, perovskite
semiconductors combined with corresponding electronic designs
have not been largely explored so far. Therefore, the specific system
noise needs to be further designed to decrease the noise, since the ER
of « particle detector is considerably degraded by the noise of front-
end readout circuit.

In this work, we report a high energy resolution achieved by
solution-grown CsPbBr; for *Am 5.5MeV « particles. The superior
performance originates from material processing and specialized
application-specific integrated circuits (ASIC), which match the carrier
transport behaviors of CsPbBr3 for radiation detection. In particular, to
reduce the dark current and optimize the crystallization quality near
the contact, the as-grown crystals are thinned to decrease the CsPb,Brs
defect. The leakage current of the proposed detector is further
decreased by introducing the Schottky electrode, even at high tem-
peratures. Additionally, the measurement environments are investi-
gated, focusing on the effects of air scattering and absorption on the o
particles response. Finally, the CsPbBr; detectors response stability is
investigated under high applied bias voltage with long time duration.

Results

Low dark current and stable response of CsPbBr; detector
Generally, the perturbation of the local temperature and solution
concentration is inevitable during the preparation of CsPbBr; single
crystal by the inverse temperature crystallization (ITC) method®,
which leads to the formation of CsPb,Brs defects with gradients dis-
tribution in the crystal, as shown in Fig. 2a. The CsPb,Brs defects with
polyhedral morphology embedded in CsPbBr; crystal are identified by
scanning electron microscope (SEM) and energy dispersive spectro-
meter (EDS), as shown in Supplementary Fig. 1 and Supplementary
Table 1. To further compare the SEM results before and after thinning,
batches of as-grown CsPbBr; single crystals are evaluated (Supple-
mentary Fig. 2 and Supplementary Table 2). The CsPb,Brs defects
gradually decrease as thinning, indicating that the higher concentra-
tion of CsPb,Brs tends to be distributed near the CsPbBr; surface.

Although the two-dimensional CsPb,Brs secondary phase has a
wider bandgap than the three-dimensional CsPbBr; (Fig. 2b), the
charge transport properties are usually degraded by the misfit inter-
face and the extended defect™?*. The free carrier concentration, which
dominates the bulk resistivity, is significantly affected by the grown-in
point defects and impurities that accumulate at the interface®. To
investigate the effects of the CsPb,Brs defects, the electrical perfor-
mances of CsPbBr; crystals are characterized. The decrease in leakage
current has been proposed by thinning and polishing the CsPbBr;
crystal, with the value significantly reduced from 2119.5nA-cm™ to
526.7 nA-cm™ under an electric field of 1000 V-cm™ (Fig. 2c), which in
turn results in a resistivity >10° Q-cm (Supplementary Fig. 3).

In addition, the space-charge-limited current (SCLC) technique
is adopted to compare the trap densities before and after thinning.
The trap density of CsPbBr; after thinning is calculated to be
~7.5x10° cm™ according to the SCLC theory, which is lower than that
of as-grown crystal (-2.7 x 10 cm™) and other crystals®, as seen in
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Fig. 2 | Device performance of planar CsPbBr; devices. a The CsPb,Brs phase
defects at different crystal thicknesses. The scale bars in white color are 20 pm.
b The structure of CsPbBr; and CsPb,Brs. ¢ J-V characteristics for the planar Au/
CsPbBr3/Au device (the inset is X-ray rocking curves of the CsPbBr; single crystal)
before and after thinning (d=1mm). d J-V characteristics for the Au/CsPbBrs/Sn
device. e Atomic percentage vs. etching time of each element of Sn/CsPbBr;. f X-ray

photoelectron spectroscopy (XPS) with an etching time of 396 s. g Pb 4 f XPS
spectra at the interface. h Temperature dependence response of the Au/CsPbBr3/
Sn device from 270 K - 350 K. (The inset is the comparison of leakage current
between CsPbBr; and CdZnTe at different temperatures with the same electric field
of 1000 Vcem™).

Supplementary Fig. 4. Simultaneously, the full width at half max-
imum (FWHM) in the X-ray rocking curve of the CsPbBr; single crystal
is obtained with a value of 0.103° after thinning, indicating superior
crystallization quality compared to the as-grown CsPbBr; (0.134°).
Thus, all these measurements demonstrate that the structure defects
near the CsPbBrj; crystal surface grown from solution are effectively
suppressed by thinning.

However, the dark current density of the CsPbBr; device with the
symmetric electrodes is still not satisfied for long-term operation, even
after thinning (Supplementary Fig. 3). To maintain a low and stable dark
current under a high bias voltage, the Schottky-type Au/CsPbBrs/Sn
detector is fabricated. The device with a typical J-V characteristic curve
exhibits a low dark current density of 34.6 nA-cm™ at a reverse bias
voltage of 200 V (2000 V-cm™), as shown in Fig. 2d. Moreover, it should
be noted that the variation of dark current is vital in maintaining high
stability of CsPbBr; detector. The dark current of Au/CsPbBrs/Sn
detector as a function of time exhibits a small fluctuation under the
reverse voltage from 2V to 200V (Supplementary Fig. 5), which

demonstrates the better stability of CsPbBr; detector with Schottky
electrode.

Additionally, the contact reaction between the electrode and the
crystal should also be considered, which usually leads to the dete-
rioration of the signal-to-noise ratio and ER*****"*, To further evaluate
the contact stability between Sn electrodes and crystals, the depth
profile analysis of X-ray photo-electron spectroscopy (D-XPS) is con-
ducted on the Sn/CsPbBr; (Supplementary Fig. 6). The variation of
element atomic percentage as a function of etching time shows that
the penetration of Sn into the CsPbBr; crystal is limited (Fig. 2e). In
addition, the chemical state of Sn at the interface was determined,
which showed a weak Sn-Br peak at 486.74 eV (Fig. 2f), indicating an
inevitable reaction®®*°, To quantify the reaction, the peak area ratio of
Pb® and Pb* is fitted according to the corresponding redox
equation®*>**;

Pb?* +2¢~ — Pb° 03]
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Fig. 3 | Spectral response of Au/CsPbBr;/Sn detector in air and vacuum to «
particles. a Schematic view of detectors in air. b The depth of the incident a
particles by simulation. ¢ The theoretical energy spectrain air and vacuum. d, e The

experimental energy spectra in (d) air and in (e) vacuum. f The energy spectra in air
and vacuum at —240 V. g The peak position fit to the Hecht equation. The error bars
represent 5% errors from determining the channel number for air and vacuum.

The Pb%Pb* ratio is 0.14 for Au/CsPbBrs/Sn (Fig. 2g), that is
comparable to the optimized Au/Al/BCP/C¢0/CsPbBrs/Au structure®?,
which demonstrates a stable contact with negligible reaction between
Sn and CsPbBr;.

Considering space exploration and nuclear well logging, the «
particle detectors have to work at high temperatures, which injects
more hot carriers and increases the current leakage. The leakage cur-
rents of commercial CdZnTe and CsPbBr; detectors are compared
(Fig. 2h). The results show that the leakage current density of the
CsPbBr; detector is 775 nA-cm™, which is almost one-third of the
CdZnTe detector (1830 nA-cm™?) under the same electric field
(1000 V-cm™) at 350 K, as shown in Supplementary Fig. 7. Moreover,
the current density of CdZnTe is significantly larger than that of
CsPbBr; detector when the temperature is over 320 K. This indicates
that the CsPbBr3 detector with a relatively larger wide gap (Supple-
mentary Fig. 8) exhibits great potential to be used in high-temperature
applications.

« particles detection by CsPbBr; detector

A schematic of the a particles induced pulse height spectra by the
CsPbBr; detector is shown in Fig. 3a. Generally, the energy of the
particles is deposited in air in the following ways: firstly, a particles

interact with CO, and air components (N,, O,), resulting in the air
being positively ionized due to the loss of electrons; secondly, o par-
ticles can be scattered by the air atoms; after that, the remaining
incident o particles are incident into the detector with a distance-
dependent flux and energies <5.5MeV. Therefore, the broadening
(0other?) brought by air between the source and the detector must be
taken into account, especially when using an uncollimated « particles
source. The mean depth of the incident a particles in CsPbBr; was
calculated by Geant4 to be 26.63 um and 24.13 um in vacuum and air,
respectively, as shown in Fig. 3b. Theoretically, the statistical fluctua-
tion of the electron-hole pairs (Ep.ir) produced by the photoelectric
interaction of « particles determines the ideal energy resolution. This
fluctuation is directly proportional to the energy of the incident pho-
ton. Fano statistical limit (o¢%) ER of 0.077% is potentially predicted
from the statistics of charge carrier formation (assuming an average
value for the Fano factor of 0.1*"), which is illustrated in Supplementary
Note. However, the non-uniform charge mobilities and the de-trapping
centers in the detector volume need to be considered in the experi-
ments. Therefore, the theoretical ER for « particle is optimized from
0.8% to 0.4% by changing the environment from air to vacuum in
combination with the transport performance of the CsPbBr; detec-
tor (Fig. 3¢).
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To compare with the simulation results, a planar CsPbBr; detector
is fabricated in dimensions of 4 x 4 x 1.0 mm?® to provide the efficiency
and spectroscopic performance for o particle detection. As the range
of a particles in CsPbBr; is ~24 pm whereas the detector is much
thicker, the contribution of electrons to charge can be ignored when
the radiation source is incident from the anode electrode. (Supple-
mentary Fig. 9). The resulting spectra of the CsPbBr; detectors mea-
sure in air and vacuum are shown in Fig. 3d, e, respectively, illuminated
by an uncollimated 5.49 MeV *Am a source. The negative bias is
applied to the Au electrode while the Sn electrode was grounded. The
peaks become narrower with increasing voltage, demonstrating a
higher charge collection efficiency from each ionizing event. Notably,
the ER is improved to 6.9% in vacuum, which is consistent with the
simulation results (Fig. 3f).

Further, the mobility-lifetime product ur is calculated by o parti-
cles induced pulse height spectra using Hecht equation®~°, according
to the relationship of the peak channel number versus voltage under
different environments. The hole mobility-lifetime (u7);, is examined
with the value of 1.68 x10™* cm*V™ and 1.88 x10™* cm*V™ in air and
vacuum, respectively, which are ascribed to the less scattering in a
vacuum environment and the higher energy of the incident particles
(Fig. 3g). Higher hole mobility-lifetime in vacuum also increases the
charge collection that further decreased the ¢/, resulting in better ER.
Similar results are obtained for the commercial CdZnTe detector
(Supplementary Figs. 10, 11), which further proves the impact of the
environment on charge collection efficiency and ER.

To evaluate transport behaviors under different situations, the
time-of-flight (TOF) technique® is employed to estimate the mobility
of holes py,. Note that all experiments are performed after thinning
since the CsPb,Brs phases deteriorate both the rise time and mobility
of the detector (Supplementary Fig. 12). The holes need to travel nearly
the entire length of the crystal, and the rise time of the pulse corre-
sponds to the drift time of the carriers. The pulse shape and the rise
time of the CsPbBr; detector (normally, 10-90% single amplitude)
under various applied biases are shown in Supplementary Fig. 13. For
reliable statistics, a total of 5000 traces are measured for each voltage
under air and vacuum, respectively, and the corresponding distribu-
tion histograms of the rise time (Fig. 4a, b) are used to calculate the
hole drift time t4,. The narrower rise time distributions of vacuum
compared to air at the same applied voltage can be attributed to the
higher mobility in vacuum conditions. The mobility u is extracted
using the expression:

Uy @
ey 3)

where Vis the bias voltage and d is the sample thickness. The resulting
Uy under the air and vacuum are 42cm*V™'s? and 50 cm*>V's?,
respectively (Fig. 4c).

These results are consistent with those of the CdZnTe detector,
which further demonstrated that the resulting charge transfer per-
formance is improved by tailoring the operation conditions (Sup-
plementary Fig. 14). When uncollimated « particles are incident to a
radiation detector, most particles are emitted at low angles. These
low-angle particles have longer path than the incident particles,
resulting in a greater probability of interaction with air. The ER and
mobility of the hole are degraded due to the interaction of the
particles with the air, resulting in energy loss. Therefore, a vacuum
system for high ER CsPbBr; o spectrometer is optional that can be
employed to reduce the interaction with air®®. At the same time, our
results also show that the CsPbBr; « particle detectors can be
adapted to different applications and maintain high energy
resolution.

Keeping high performance and stability at a high temperature is
important due to the harsh thermal environment in space and

terrestrial detection. To evaluate the temperature-dependent pulse
height spectra of the CsPbBr; detector, the channel number of
the photopeak centroid is measured at temperatures ranging from
293K - 343 K. The CsPbBr; sustains a stable channel number, which
indicates better high-temperature stability than CdZnTe in the tem-
perature range of 293K - 343K (Fig. 4d). To further verify the tem-
perature dependence of the o particle response time, the rise times of
the proposed CsPbBr; detector from room temperature to 343K are
measured and shown in Fig. 4e. As reported in ref. 31, the operating
temperature of the CdZnTe detector is limited to ~ 323 K (50 °C), due
to the increasing electronic noise induced by the excessive hot charges
at higher temperatures. By contrast, CsPbBr; has a wider band gap
(Supplementary Fig. 8), which maintains a lower dark current and
offers the capability of higher operational temperatures. Indeed, a
small variance in the rise time of the CsPbBr; detector is observed even
when subjected to 343 K at an electric field of 1000 V-cm™, indicating
that the temperature dependence of charge transport performance is
negligible.

Generally, the polarization effect induced by ion migration and
space charge resulting from CsPb,Brs defects poses a significant con-
cern for halide perovskites utilized in radiation detection, which leads to
a shift of the full energy peak and deterioration of resolution®. The peak
channel number and energy resolution maintain relative stability for the
Au/CsPbBr3/Sn detector exposed to « particles during a continuous test
under 1000 V-cm™ (shaping time was 6 ps) over 12 h (Fig. 4f and Sup-
plementary Fig. 15). In addition, the pulse height spectra of the resulting
unencapsulated CsPbBr; detector show small fluctuations for over
9 months (Supplementary Fig. 16), which demonstrates the promise of
robustness and stability over prolonged periods.

CsPbBr; detectors with an optimized readout electronics

The impact of electronic system noise g, is another critical factor on ER
that needs to be emphasized**¢. Since the relatively long cables used in
the commonly used nuclear instruments introduce surrounding noise
and parasitic capacitance, the ER is still limited, as mentioned above.
Moreover, the nuclear instrument cannot match the electronic para-
meters with the fabricated CsPbBr; detector. Thus, a full-customized
readout application-specific integrated circuit (ASIC) is designed spe-
cifically for evaluation of the as-proposed CsPbBr; detector.

As shown in Fig. 5a and Supplementary Fig. 17, one channel of the
ASIC is mainly composed of a charge sensitive amplifier (CSA) and a
CR-(RC)* slow shaper, which is beneficial to improve the signal-to-noise
ratio and obtain a semi-gaussian wave. The CSA is adopted to amplify
and convert the charges induced by particles into voltage, whose gain
is determined by its feedback capacitance. In fact, the slow shaper is a
band-pass filter to decrease the noise. Thus, the output amplitude of
the shaper is directly proportional to the energy of the particles. Since
the energy of « particles is 5.5 MeV, the maximum input charge of the
readout circuit is required to be sufficiently high. The feedback capa-
citance of the proposed CSA is adjusted to provide two different gains.
The output of the 2" stage is connected to the chip pad to measure the
higher-energy particles since each stage of the shaper provides a
separate gain. Moreover, the output of the 4™ stage is utilized for low-
noise applications.

To match the relatively low mobility of holes in CsPbBr3 crystal,
the peaking time of the slow shaper is designed to be adjustable.
This configuration helps to weaken the influence of ballistic deficit,
thus enhancing the ER. The core amplifier built-in the slow shaper is
implemented by a differential amplifier, which can improve power
supply rejection to achieve low noise. Bandgap and bias circuit
networks are designed on-chip to provide clean reference voltage
and bias voltage for the readout circuit, resulting in a simplified
measurement system. The proposed ASIC is fabricated and eval-
uated using standard commercial complementary metal oxide
semiconductor (CMOS) processing. As shown in Fig. 5b, the
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Fig. 4 | Charge transport properties in different conditions. a, b The distribu-
tions of the rise time for holes in (a) air and (b) vacuum. IQR is inter-quartile range.
¢ The hole drifting velocities vs. electric field in air and vacuum, respectively. The
error bars represent 5% errors. d The corresponding a particles channel number

with different temperature for Au/CsPbBr3/Sn detector. The error bars represent
2% errors. e The distributions of the rise time from room temperature (RT) to 343K
(70 °C). f The peak channel and energy resolution over a 12 h period.

amplitude of the slow shaper output voltage is monotonically
increasing as the input charge increases, which tends to be saturated
when the peaking time becomes larger. Thus, to decrease the die
area, the resistors of the slow shaper are realized by the transistors
that operate in the linear region, of which the on-resistance varies
with a lower gate-source voltage. Additionally, both a maximum
charge-voltage conversion gain and a minimum equivalent noise
charge (ENC) of the proposed ASIC are achieved at a peaking time of
~2.5 ps (Fig. 5¢c, d).

The peak centroid and ER were also found to strongly depend on
the peaking time. To match the peaking time, the CsPbBr; detector
performance is investigated in combination with the system perfor-
mance at different peak times. As indicated by the peaking time-
dependent spectra in Supplementary Fig. 18, the ER is almost the same
at the peaking times of 2.3 ps, 2.5 ps and 2.7 ps, which demonstrates that
the charge carrier mobility of the designed CsPbBr; does not degrade
the ER. However, the channel number of multi-channel analyzer (MCA)
decreases at the peaking time of 3 ps. The reason is that the dynamic
range, ENC and conversion gain of the designed prototype depend on

the peaking time, as illustrated in Figs. 5b—d. The resulting pulse height
spectra also correspond to a decrease in gain when the peaking time is
3 ps. Since the energy of a particles is decreased by the collision with air,
the measured charge is lower than its ideal value.

In Fig. 5e, the designed CsPbBr; detector obtains the highest ER of
1.1% with a peaking time of 2.5 pus under ambient conditions, rivaling
the ER achieved by the CdZnTe detector with the same measurement
system (Supplementary Fig. 19). At the same time, different thick-
nesses of the CsPbBr3 detector on the spectral response of o particles
are shown in Supplementary Fig. 20. While thinner detectors can
achieve an optimal spectral resolution of 0.9%, thinner CsPbBr; crys-
tals are more prone to breaking due to increased surface enrichment
introduced by polishing and cutting. Therefore, to ensure both energy
resolution and mechanical properties, the detector thickness is not as
thin as possible. Moreover, the influence of applied voltage has also
been evaluated, showing that the ER deteriorates when the bias is over
100V, which is attributed to enhanced leakage current, as shown in
Fig. 5f. The high energy resolution equips CsPbBr; for broader appli-
cations in particle detection.
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Fig. 5 | Device performance from an optimized the electronics design. a Block
diagram of one channel in the readout circuit with a built-in bandgap and bias

circuit. Qi, is input charge. PreAMP is a preamplifier. RESCSA is the bias voltage for
controlling the feedback transistor. CFAD] is the voltage for adjusting the feedback
capacitor. PZC is pole-zero cancellation circuit. Av is the operational amplifier. SHP
is the output of each stage of the slow shaper. R, is an integral resistor, G, is an

integral capacitor, and Ry is a differential resistor. V. is the reference voltage.

b The amplitude output voltage of shaper V. versus input charge Q, at different
peaking time. ¢ Measured conversion gain versus peaking time. d Measured ENC
versus peaking time. e o particles spectra with energy resolution of 1.1% with
thickness is 1 mm. f « particles spectra acquired by the Au/CsPbBr5/Sn detector
with different applied voltage (d=1mm).

Discussion

In conclusion, we reported that the high resolution o particles
response was achieved by the CsPbBr; detector, which is associated
with both material performance and electronic design. The high
crystallization quality and low leakage current were realized for
CsPbBr;, which is attributed to the reduction of CsPb,Brs phase
defects by thinning the crystal. The asymmetric Sn electrode was
employed to further suppress the dark current density, with a value of
34.6 nA-cm™ under a high electric field of 2000 V-cm™, which main-
tains superior temperature operation (343 K) stability than that of Si
and CdZnTe. An energy resolution of the Au/CsPbBr5/Sn detector for o
particles was achieved as -6.9% by reducing the air scattering. Further,
a full-customized readout ASIC was designed to match the CsPbBr;
detectors by considering the given material performance. Finally,
the CsPbBr; detector exhibited a well-resolved spectra of 5.5 MeV «
particles with spectral resolution of 1.1%. This ground-breaking

advancement in energy resolution highlights the potential of the
CsPbBr; single-crystal detector as an active component of novel, effi-
cient, and new-generation o particles detection.

Methods

Crystal preparation

After the CsBr and PbBr-2DMSO mixture was dissolved in 50 mL of
dimethyl sulfoxide (DMSO, >99.5%, Fuyu Chemical) and stirred con-
tinuously for 2 h at room temperature, the resulting solution was fil-
tered using a 0.2 pm membrane filter. Subsequently, a 25 mL mixture
consisting of dimethylformamide (DMF, >99%, Aladdin) and cyclo-
hexanol (CyOH, =99%, Tianjin Kemiou Chemical), with a volume ratio
of 1.8:1, was added to the filtered solution to prepare the precursors.
The precursor solution was then immersed in a water bath. The tem-
perature was gradually increased from 40 °C to 75 °C at a heating rate
of 0.5°C per hour?.
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Defect visualization processing
The wafer underwent chemical etching using a mixed solution of 10%
HBr in ethanol for 5-30 min at room temperature®.

«-particle spectroscopic simulation

GEANT4 was used to simulate the depth of the incident a-particles and
interaction in the CsPbBr; single crystal. The configuration of the
detector and the source is identical with that of the experiment sec-
tion. In MATLAB, the carrier drift trace in the detector can be calcu-
lated based on the induced charge on the electrode, which is
influenced by the weighting potential and the electric field. A specia-
lized vacuum system for o particles measurements is set up with a
vacuum level of 4.5-5.0 Pa.

Sample processing

The as-grown CsPbBr; crystals with thicknesses of -1.5 mm were firstly
grilled to ~-1.2 mm by using 2000, 3000, 5000, and 7000 mesh sand-
paper, successively. Then, the crystals were mechanically polished to
~1.1mm with MgO powders (size of ~3um) in ethanol. Finally, the
samples were finely polished to -1 mm by nano-sized MgO (30 nm)
with surface roughness of 2.77 nm (Supplementary Fig. 21). Note that
all six sides of the crystal need to be polished. Subsequently, the
polished CsPbBr; crystals were rinsed in cyclohexane and blew dried
with nitrogen gas to remove surface impurities.

Device fabrication

For the fabrication of Schottky-type planar detector, the Sn and Au
electrodes with thickness of 70-80 nm were deposited on the surfaces
of the CsPbBr; single crystal after treatment. Typically, Sn is used as
the anode, and Au is used as the cathode. After deposition, the metal
electrodes (Sn and Au) were attached to the front-end readout elec-
tronics using carbon paste. To compare the performance of the pro-
posed detector and CdZnTe detector, a detection-grade CdZnTe
detector grown by the Bridgman growth was supplied by Shaanxi
Imdetek Co., Ltd.

Characterization

The high-resolution X-ray diffraction rocking curves of single crystals
were obtained by employing a DX-9BJ X-ray direction finder in a range
of 30°-32° (20), with Cu K line operated at tube voltage of 40 kV and
tube current of 40 mA at room temperature, respectively. The current-
voltage (I-V) curves of CsPbBr3 detectors with planar electrodes were
measured under dark field. The current-time (/-f) curves were mea-
sured by an electrical property measurement system (Keithley 6517B),
and the test was conducted with a sampling rate of 1s per point. X-ray
photoelectron spectroscopy (XPS) was performed using Al-Ka as the
X-ray source. To measure the spectroscopic performance of the
detector, the *Am 5.5MeV a-particle is utilized as radiation source.
During energy spectrum measurements, an eV-550 charge sensitive
pre-amplifier, ORTEC 710 bias supply, ORTEC 572 shaping amplifier,
and ORTEC MCA were employed.

The proposed ASIC has been fabricated in a 0.18 um 1-Poly 6-
Metal commercial standard CMOS process and the area of one readout
channel is about 80 x 900 um?. The prototype chip is mounted on a
measuring board by package of chip on board and the CsPbBr;
detector is placed close to the input of the channel in order to decrease
the parasitic capacitance induced by the printed circuit board (PCB)
traces and the chip package. The measuring board is put in a metal
box, which protects the prototype from the influence of surrounding
noise. To cover the peak energy of a particle, the output voltage of
slow shaper with low gain is fed to the MCA.

Data availability
The data generated in this study are provided in the article and
Supplementary Information. Additional data related to this study

are available from the corresponding author upon request
(xyd220@nwpu.edu.cn).
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