
0018-9499 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNS.2020.2964306, IEEE
Transactions on Nuclear Science

  
Abstract— The lead (Pb) halide perovskites show great 

potential in X- and gamma-ray detection with a high attenuation 
coefficient, wide band gap energy, and large mobility-lifetime 
(μμτ) product. Among them, the all-inorganic cesium lead bromide 
(CsPbBr3) perovskite offers advantages over the 
organic-inorganic perovskites owing to its structural stability. We 
report gamma-ray detectors made of solution-grown perovskite 
CsPbBr3 single crystal that is able to produce energy spectra 
from cesium-137 (137Cs), cobalt-57 (57Co) and americium-241 
(241Am) sources with a Full-Width-Half-Maximum of 5.5% at 662 
keV, 13.1% at 122 keV, and 28.3% at 59.5 keV, respectively. The 
difference between electron and hole transport properties of 
CsPbBr3 is demonstrated to have significant effect on detector 
spectral performance as evidenced by primarily-hole-induced as 
well as primarily-electron-induced gamma-ray spectra. 
Electron-hole averaged μτ product is evaluated to be 4.0×10-4 cm2 

V-1 by fitting the Hecht equation. A Digital Pulse Processing 
(DPP) algorithm is also developed to process preamplifier pulses 
with potentially long transit time (on the order of tens of 
microseconds) in perovskite detectors, which ensures the 
elimination of ballistic deficit in subsequent pulse processing for 
distortion-free energy spectra reconstruction. 
 

Index Terms—CsPbBr3, Digital Pulse Processing, electron/hole 
transport, energy spectrum, gamma-ray detectors, perovskite. 
 

I. INTRODUCTION 
OOM temperature semiconductor radiation detectors are 
highly desired for broad applications in numerous fields 

of defense, industry, medical imaging and research [1-3]. Such 
applications demand the characteristic gamma-ray (γ-ray) 
energy spectra of different radionuclides to be resolved with 
performance as good as, if not better than, a high purity 
germanium detector. An ideal, well performing γ-ray detector 
with high intrinsic efficiency and high energy resolution for 
room temperature operation requires materials of high γ-ray 
attenuation coefficient, wide band gap energy, and large 
mobility-lifetime (μτ) product. The cadmium-zinc-telluride 
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(CdZnTe or CZT) detector has witnessed great development 
over last few decades, achieving a resolution down to 0.48% 
Full-Width-Half-Maximum (FWHM) at 662 keV [4]. 
Nevertheless, its growth issues associated with high 
fabrication cost [5-7] continues to drive the search for 
alternative radiation detection materials featuring large 
volume and low-cost growth methods. 

Lead (Pb) halide perovskites with formula APbX3 (where 
A+ = Cesium (Cs) or methylammonium (MA or CH3NH3) and 
X− = chlorine (Cl), bromine (Br) or iodine (I)) are highly 
attractive as room temperature γ-ray detectors with estimated 
raw material cost of $0.3-3 cm-3 after scaling up [8, 9], high 
γ-ray attenuation coefficient due to presence of Pb, low charge 
trap density and defect tolerance [9-13], wide band gap energy 
[8, 9, 14] and hole-dominated μτ product as high as 1.8×10-2 

cm2 V-1 evaluated using a light source or x-rays [8, 9, 15]. It is 
reported that perovskite materials exhibit much more tolerance 
to radiation induced damage than many other radiation 
detection semiconductors [16], though it is still not clear 
whether the induced defects would impact the radiation 
detectors which operates under a much higher electric field 
than in solar cells. Organic-Inorganic Halide Perovskites 
(OIHPs) with CH3NH3 grown into crystal in solution method 
have been fabricated as γ-ray detectors. A dopant compensated 
variation, CH3NH3PbBr3-xClx, for improving resistivity has 
been reported with a full energy peak resolution of 6.5% at 
662 keV for cesium-137 (137Cs) [8]. A Schottky type 
CH3NH3PbI3 γ-ray detector has achieved 6.8% resolution at 
122 keV for cobalt-57 (57Co) and 12% resolution at 59.5 keV 
for americium-241 (241Am) [17]. While OIHPs achieve such a 
remarkable γ-ray spectral performance, their instability due to 
the presence of organic cation [18-20] under heat or moisture 
remains a concern unfavorable for long-term usage. On the 
contrary, replacing organic cation by its inorganic counterpart, 
all-inorganic perovskite CsPbBr3 shows superior long-term 
stability chemically and mechanically, while maintaining 
desirable electric and photovoltaic properties [13, 21-24]. 
CsPbBr3 single crystals have been grown, characterized and 
shown to perform well in a photoresponse test [14, 21, 22, 24, 
25]. A CsPbBr3 detector is reported to be able to detect the 
59.5 keV photopeak of 241Am source when cooled to -53 °C 
[21]. Another work reported CsPbBr3 detectors that are able to 
acquire 57Co γ-ray energy spectrum with 3.9% FWHM at 122 
keV and 137Cs γ-ray energy spectrum with 3.8% FWHM at 
662 keV at room temperature [26]. Despite all early 
achievements, there has been a lack of consistent report of 
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such detectors’ γ-ray spectroscopic performance, and an 
analysis of energy spectral performance in context of 
conventional analog based nuclear instruments and the 
comparison to digital based methods, i.e., Digital Pulse 
Processing (DPP).    

A typical analog spectroscopy system acquires γ-ray energy 
spectra with a preamplifier, a shaping amplifier and a ADC 
embedded multi-channel analyzer (MCA), whereas the digital 
based method applies digital filters to digitized waveform 
signals immediately after preamplifier stage, eliminating the 
use of shaping amplifier and pulse height sorting by MCA 
[27]. In the applications where detector’s current transit time 
is longer than the shaping amplifier’s time constant, DPP 
shows more flexibility as opposed to using of shaping 
amplifier that may cause spectrum distortion due to ballistic 
deficit. The charge carrier velocity/mobility is a material 
dependent property that is a more useful characteristic 
compared to charge carrier transit times which vary with 
detector thickness. Nevertheless, from a practical standpoint of 
a detector at a given thickness, transit time is the parameter to 
be taken into consideration and its impact on spectral 
performance must be well-informed. Various current transit 
times in perovskite detectors have been reported, including 
those in CH3NH3PbBr3 detectors which are on the order of 
tens of micro seconds under an electric field of ~800 V/cm 
(hole drift velocity of ~104 cm/s at detector thickness of 1-3 
mm) [28]. This current transit time is much longer than that in 
a Si detector (tens of nanoseconds, i.e. an electron drift 
velocity from ~3 × 106 cm/s to 5 × 106 cm/s at detector 
thicknesses from ~100 μm to 5 mm) and CZT detector 
(hundreds of nanoseconds, i.e. an electron drift velocity from 
~1 × 106 cm/s to 2 × 106 cm/s at detector thicknesses from ~1 
to 10 mm) [29]. In comparison, the current transit time of a 
CsPbBr3 detector is reported to be several microseconds under 
a range of electric field ~ 400-800 V/cm [30]. The long current 
transit time of perovskite detectors could cause ballistic deficit 
and subsequent γ-ray energy spectra distortion if the choice of 
preamplifier and shaping amplifier time constants is not 
matched to detector’s current transit time  [28]. On the 
contrary, the versatility of DPP circumvents the traditional 
pulse shaping process, thereby eliminating this issue.  

In this paper, we report the acquisition and analysis of γ-ray 
spectra from CsPbBr3 detectors. Gamma-ray spectra with 
FWHM of 5.5% at 662 keV for 137Cs, 13.1% at 122 keV for 
57Co, and 28.3% at 59.5 keV for 241Am are acquired by 
CsPbBr3 detector with energy linearity R2 nearly equal to 
unity. The effect of unbalanced electron and hole transport 
properties of CsPbBr3 on γ-ray energy spectra is evaluated. 
We have also developed a DPP algorithm to process the 
preamplifier pulses from CsPbBr3 detectors with a range of 
transit times (several to tens of microseconds) after 
digitization by an oscilloscope. 

II. GAMMA-RAY SPECTRA PERFORMANCE 
 

Several detectors (labeled as detector I, II, III, respectively 

with their physical dimensions) were tested and the best 
spectral performance produced by detector I is presented and 
analyzed in this section. The gallium (Ga)/CsPbBr3/gold (Au) 
structure has been selected to produce the best achievable 
γ-ray energy spectra (Fig. 1a). The CsPbBr3 crystals were 
synthesized by solution growth method, for example, 3.523 g 
PbBr2 and 1.021 g CsBr were dissolved into 5.5 mL DMSO at 
100°C for one growth. The solution was then filtered with 0.2 
μm PTFE filter, and heated at 115 °C for 48 to 72 hours to 
grow large crystals. The devices were finished by evaporating 
50 nm Au electrode on one side of the crystal and applying Ga 
electrode on the other side. The image of Au side of the 
detector is shown in Fig 1a. The as-grown CsPbBr3 single 
crystals are p-type, with which Ga (low work function metal) 
forms Schottky contact while Au (high work function metal) 
forms Ohmic contact. The I-V curve measured with 
KEITHLEY 4200A-SCS1 (Fig. 1b), verifies the Schottky and 
Ohmic behavior of Ga and Au contacts, respectively. The Ga 
or Au electrode area is 4.5 × 4.5 mm2, centered on 7.08 mm ×
8.29 mm detector surface, which results in an effective 
detection volume of 2.53 × 4.5 × 4.5 mm3. Three different 
experimental setups used in this study for γ-ray spectroscopy 
are shown in Fig. 1c. The analogy system has a charge 
sensitive preamplifier (CAEN MOD A1422 F3, GAIN = 
90mV/MeV, Decay time = 50 μs) connected subsequently to a 
shaping amplifier (ORTEC 671, maximum shaping constant 
10 μs) and a MCA (ORTEC 926) that allows γ-ray energy 
spectra acquisition through commercial spectroscopy 
software. Alternatively, a digitizer (CAEN N6724) that 
employs vendor supplied DPP firmware and an oscilloscope 
(Tektronix MSO54) working under triggered waveform 
capture mode with self-developed DPP were also used.   

The γ-ray spectra from 137Cs (5.29 μCi), 57Co (0.05 μCi) 
and 241Am (1 μCi) were acquired with analog system (Fig. 2). 

 
1Certain commercial products are identified in this paper in order to specify 

the experimental procedures in adequate detail. This identification does not 
imply recommendation or endorsement by the authors nor does it imply that 
the products identified are necessarily the best available for the purpose. 

 
Fig. 1. CsPbBr3 detector. a, CsPbBr3 detector (2.53 × 7.08 × 8.29 mm3). b, 
I-V curve of CsPbBr3 detector. c, experimental setup of analog and digital 
gamma spectroscopy systems. 

Fig. 1. CsPbBr3 detector. a, CsPbBr3 detector I (2.53 × 7.08 × 8.29 mm3).
Inset shows a real photo of the device with Au contact. b, I-V curve of
CsPbBr3 detector I. c, Three experimental setups used for data acquisition,
i.e., analog, digitizer, and oscilloscope in waveform mode as our three
gamma spectroscopy systems. 
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The energy resolution of CsPbBr3 detector indicated by 
FWHM is 5.5% @ 662 keV in Fig. 2a, 13.1% @ 122 keV in 
Fig. 2b, and 28.3% @ 59.5 keV in Fig. 2c, respectively. The 
spectra from same sources were also acquired with a 
commercial spectrometer grade CZT detector (5 × 5 × 4 mm3, 
Kromek) for comparison. The CZT detector was intentionally 
purchased with its size as close as possible to the effective 
detection volume of CsPbBr3 detector (2.53 × 4.5 × 4.5 mm3).  
The CZT detector is also made with the same parallel plate 
electrode structure as the CsPbBr3 detector, which is known to 
yield a low Peak-to-Compton ratio and low energy tailing 
effect [31, 32]. The CsPbBr3 spectra are remarkably similar to 
the spectra of CZT detector using a simple planar structure, 
implying that the resolution limiting factors of CZT, i.e., 
different electron/hole transport property and size effects, also 
apply to CsPbBr3 detector. It further suggests that the 
resolution of CsPbBr3 detector could be improved if single 
polarity charge sensing (e.g., pixelated electrode) can be 
applied, which has significantly improved the resolution of 
CZT detector [32] . It is also noticed that the high energy end 
of the photopeak in CsPbBr3 spectra has a longer tail than that 
in CZT spectra. This may be viewed as a manifestation of 
poor CsPbBr3 spectral resolution resulted from noise and the 

higher statistical variance in charge carrier generation due to 
the higher band gap of CsPbBr3. Detector surface leakage 
current certainly plays a role in photopeak broadening, which 
may be reduced by surface polishing and passivation. 

A. Unbalanced electron and hole transport 

Contrary to CZT where the hole μτ product is lower than that 
of electron (thus leading to low energy tailing in the 
spectrum), previous work has shown that CsPbBr3 single 
crystal has a lower electron μτ product ( (μτ)e = 8.77 × 10-4 

cm2/V, (μτ)h= 1.34 × 10-3 cm2/V [26]; (μτ)e = 4.5 × 10-4 cm2/V, 
(μτ)h= 9.5 × 10-4 cm2/V [30]), which leads to asymmetric 
Gaussian shape for full energy γ-ray peaks as well. To observe 
the energy resolution degradation due to the unbalanced 
electron and hole transport properties, we compared the 
spectral performance attributed to electron or hole transport by 
switching γ-ray source position relative to the detector. 
Gamma-ray photons with different penetration depths in 
CsPbBr3 were used to acquire spectra affected differently by 
electron and hole transport. The fraction of incident photon 
intensity at a thickness ‘x’ inside CsPbBr3 is calculated using 
(1) and shown in Fig. 3a (inset) for a semi-quantitative 
analysis in understanding the penetration depth of photons of 
different energies.  
 

 ,  (1) 

 
In our calculation,  is the incident gamma photon intensity, 

 

 
Fig. 2. Comparison of γ-ray energy spectra of CsPbBr3 detector I and a 
commercial CZT detector. a 137Cs, b 57Co, c 241Am γ-ray energy spectra 
acquired with CsPbBr3 detector I (2.53 × 7.08 × 8.29 mm3) and CZT (5 × 5 × 
4 mm3) detector under same experimental conditions (bias 500 V, shaping 
time 10 μs). 

 

 
Fig. 3. Analysis of electron and hole transport properties at spectroscopy 
level. a, 137Cs, 57Co, 241Am γ-ray energy spectra acquired under different 
source-to-detector configurations for comparison of the effects of electron 
and hole transport properties on spectral performance. All spectra are 
acquired by CsPbBr3 detector I at 500 V with a shaping time of 10 μs. Shown 
in the inset of Fig. 3a is the γ-ray photon attenuation in CsPbBr3 at different 
energies. b, setup for acquisition of spectrum induced mainly by hole 
transport signal. c, setup for acquisition of spectrum induced mainly by 
electron transport signal. 

γ

γ
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 is the gamma photon intensity at a thickness ‘x’,  is the 
mass attenuation coefficient of CsPbBr3,   and   are 
the weight fraction and mass attenuation coefficient, 
respectively, of the th atomic constituent. 

Given the limited penetration depth of 59.5 keV γ-ray 
photons from 241Am source, i.e., <10% transmission over the 
first 1 mm thickness, the spectrum from 241Am source placed 
over Ga electrode or under Au electrode could be treated as 
mainly induced by hole transport (Fig. 3b) or mainly induced 
by electron transport (Fig. 3c), respectively. The spectrum 
with mainly hole transport clearly presents a stronger and 
more symmetric 59.5 keV full energy peak compared to that 
of mainly electron transport (Fig. 3a). The same phenomenon 
is still observable with 122 keV full energy peak from 57Co 
source since its low penetration depth still produces a 
concentration gradient of electron-hole pairs along the 
thickness of CsPbBr3 detector (Fig. 3a). Due to a greater 
penetration depth of 137Cs γ-ray photons, such effect becomes 
negligible now that the charge carriers are generated 
uniformly inside the detector volume, leading to a similar 
spectrum, regardless of the source-detector configuration (Fig. 
3a). In conclusion, significant difference between spectra 
attributed mainly to hole or electron transport is observed for 
CsPbBr3 detector under γ rays. It is recognized that an alpha 
source could produce a more distinguishable difference in 
spectral performance due to single carrier transport. However, 
the thick Ga electrode prevented us from using alpha particles 
in our devices. Furthermore, the transitional features of 
spectral performance under γ rays of varying energies present 
a more interesting insight of the effects of electron and hole μτ 
of CsPbBr3 on gamma spectroscopy performance. Similar to 
CZT detector, one type of charge carrier cannot be collected as 
effectively as the other in CsPbBr3, which would lead to 
energy resolution degradation when a simple parallel electrode 
structure is being used. Further resolution improvement could 
be achieved by employing pixelated electrode to mitigate the 
impact of inefficient collection of one type of charge carrier 
[32] . It is also shown that the arrangement of source-detector 
position plays an important role in spectral performance for 
low energy γ-ray photons, at which the difference in electron 
and hole transport properties has a bigger effect.  

B. Size effect 

Monte Carlo simulations were performed in Geant4 [33] 
using the source-detector configuration shown in Fig. 4a to 

corroborate the effect of size on the peak-to-Compton ratio of 
the spectra (Fig. 4b). Three 137Cs γ-ray energy spectra of 
CsPbBr3 detector were simulated with original effective 
dimensions of 2.53 × 4.5 × 4.5 mm3 of detector I, the tenth, 
and the tenfold of its original thickness, respectively. 
Reduction of detector thickness from 25.3 mm to 0.253 mm is 
in favor of γ-ray photons escaping after Compton scattering, 
which leads to high Compton continuum and hence low 
peak-to-Compton ratio.  

C. Energy linearity and mobility-lifetime (μτ) product 

The plot of the peak centroid channel vs peak energy from 
137Cs, 57Co and 241Am γ-ray energy spectra of CsPbBr3 

detector I (Fig. 5a) indicates a good energy linearity over the 
measured energy range. A series of 137Cs γ-ray energy spectra 
were acquired with detector I (Fig. 5b). The full energy peak 
shifts to higher channels and become more prominent at 
higher biasing voltages. 

Charge Collection Efficiency (CCE) is estimated with the 
help of charge vs channel system calibration using the same 
commercial CZT detector presented in Fig. 2. The instrument 
is calibrated by fitting the saturated photopeak channels of 
varying γ-ray energies acquired by CZT to the corresponding 
theoretically generated charge calculated using electron-hole 
pair creation energy (w-value) 4.64 eV of CZT [29], which 
yields the relationship of collected charge to the channel 
numbers (Fig. 5c). The collected charge, Q, of CsPbBr3 

 
Fig. 4. Effect of detector size on the γ-ray spectrum observed using Geant4 
simulations. a, Geant4 simulation model for 137Cs γ-ray energy spectrum of 
CsPbBr3 detector. b, 137Cs γ-ray energy spectra of CsPbBr3 detector with 
different thicknesses simulated in Geant4. 

 
Fig. 5. Energy linearity and μτ evaluation. a, 137Cs, 57Co and 241Am γ-ray 
energy spectra acquired separately with CsPbBr3 detector I under same 
experimental conditions, i.e., 500 V bias, 10 μs shaping time. Shown in the 
inset of Fig. 5a is the linear fit of photopeak channel vs photopeak energy. b, 
137Cs γ-ray energy spectra of CsPbBr3 detector I at different bias voltages 
with shaping constant of 10 μs for all acquisition. Inset is Hecht equation 
fitting for μτ evaluation. c, charge collection calibration with a CZT detector. 
Theoretical total collected charge for 137Cs, 57Co and 241Am sources 
respectively calculated using CZT electron-hole pair creation energy 
(assuming full charge collection of CZT) vs Saturation channel 
corresponding to full charge collection of CZT detector. Instrument for CZT 
detector spectra acquisition was exactly the same as CsPbBr3 detector spectra 
acquisition in Fig 5b. d, histogram of the current transit time of CsPbBr3 
detector I under 500 V with 137Cs γ source.
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detector corresponding to a photopeak is then obtained from 
this relationship, knowing the measured photopeak channel 
number. The theoretically generated charge in CsPbBr3 

detector by one 662 keV γ photon is calculated as Q0 = 662 
keV*e/ , where ‘e’ is the elementary charge and  is the 
average electron-hole pair creation energy ( -value) 
evaluated through an empirical equation,  = 2.73 Eg + 0.55 
[34]  (Eg (band gap energy) = 2.23 eV for CsPbBr3 [13]). The 
CCE is then estimated by taking the ratio of experimentally 
measured collected charge to the theoretically generated 
charge, which is 92.3% for the tested CsPbBr3 detector at 800 
V with 137Cs source. The incomplete charge collection may be 
attributed to the inefficient electron collection. Obviously, the 
accuracy of CCE estimation depends on the accuracy of the 
W-value, which highlights the importance of evaluating 
W-value of CsPbBr3 detectors. 

Hecht equation fitting is used to estimate the μτ product. 
Ideally and more accurately, an alpha source should be used 
for the μτ estimation to produce a near-surface charge by 
short-ranged alpha particles that satisfies the requirement of 
single carrier Hecht equation [30]. However, the CsPbBr3 

detector with thick Ga electrode (~1-2 mm thick) prevented us 
from using an alpha particle source. As a substitute, the 137Cs 
γ-ray energy spectra were used for Hecht equation fitting (Fig. 
5b). Since the 662 keV γ-ray photons of 137Cs are able to fully 
penetrate the volume of CsPbBr3 detector (Fig. 3a), the 
induced charge is contributed by both electron and hole 
transport. In this case, a μτ that effectively averages the 
electron and hole μτ values can be estimated by (2) [35]. 
 

 (2) 

 
Where  is the applied bias voltage, d is the detector 

thickness,  is the estimated average distance that charge 
carrier drifts to reach the collecting electrodes. Admittedly, the 
averaged μτ estimated by eq. (2) could have an uncertainty 
range as large as a factor of two, yet it presents an acceptable 
level of estimation when an alpha source is not applicable 
[35]. The estimated μτ is 4.0 × 10-4 cm2/V with , 
which lies at the same level with the reported hole and 
electron μτ product values ((μτ)e = 4.5 × 10-4 cm2/V, (μτ)h= 
9.5 × 10-4 cm2/V [30]).  

A histogram of the current transit time (tr) (Fig. 5d) shows 
the most probable and average transit time at 500 V. Average 
transit time of 5.8 μs is used to estimate the charge carrier 
mobility with equation tr = d2 / (μ × V) (d is the detector 
thickness, μ is the charge carrier mobility and V is the applied 
bias voltage). We estimated the mobility to be μ = d2 / (tr × V) 
= 0.2532 cm2 / (5.8 μs × 500 V) = 22 cm2V-1s-1 that can also be 
considered as electron-hole averaged mobility. 

III. DIGITAL PULSE PROCESSING 

A. Perovskite detector current transit time 
As being reported, the CsPbBr3 and CH3NH3PbBr3 

detectors have current transit times from several to tens of 
microseconds [28, 30]. We also observed CsPbBr3 detectors 
that generate current transit time on the order of microseconds 
or even tens of microseconds. The preamplifier voltage pulse 
and transit times of CsPbBr3 detector II (2.3 × 5.54 × 6.21 
mm3) with a 137Cs γ source at 50 V are shown in Fig. 6. The 
pulse decay is not exponential as normally expected, which 
indicates a charge de-trapping effect in CsPbBr3 detector. The 
low probability flat distribution up to ~100 μs is attributed to 
noise in the detector signals. This particular device (detector 
II) produces a most probable transit time of ~20 μs at 50 V 
with a 137Cs γ source. The large current transit time of 
perovskite detectors poses challenges to typical γ-ray 
spectroscopy systems in reconstructing distortion-free energy 
spectra. The first problem occurs in charge collection process 
with using a charge sensitive preamplifier, in which case a 
significant ballistic deficit would occur as the current transit 
time is comparable to preamplifier decay constant [36-38]. 
The second issue is seen at pulse shaping step, where a 
significant ballistic deficit is unavoidable due to the longer 
current transit time compared to the shaping amplifier’s 
shaping time constants (e.g., as a rule of thumb, ORTEC 
typically requires a peaking time 2.2 times of rise time of the 
pre-amplifier).  

The current transit time can always be reduced by applying 
a higher bias voltage (compare Fig. 5d at 500V and Fig. 6b at 
50 V), but at the risk of an increased noise that may lead to an 
even worse spectral performance. Admittedly, a correct 
selection of suitable hardware could prevent or solve the 
problem of ballistic deficit. DPP algorithm, however, offers an 
alternative low-cost and versatile way to circumvent the issue 
by dealing with waveforms digitally, hence eliminating the 
limits of hardware in pulse shaping processes, and then 
subsequently reconstructing γ-ray energy spectra free of 
ballistic deficit [36-38]. In this work, the raw waveform 
signals at post preamplifier are directly digitized by an 
oscilloscope (Tektronix MSO54) and a digital deconvolution 
was applied to compensate the ballistic deficit at preamplifier 
charge collection stage, which yields signals whose 
amplitudes represent the true collected charge without deficit. 
The energy spectrum is then reconstructed by calculating the 
deconvoluted signal amplitudes directly from the difference 
between signal peak and the baseline value. In so doing, the 
pulse shaping process along with potential ballistic deficit at 
pulse shaping stage is completely eliminated. 

 
Fig. 6. Voltage pulse and transit times of CsPbBr3 detector II (2.3 × 5.54 × 
6.21 mm3). a, preamplifier waveform signal of CsPbBr3 detector II at 50 V 
with 137Cs source. b. histogram of current transit time of CsPbBr3 detector II 
at 50 V with 137Cs source. 
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B. DPP algorithm validation 

The first step is to validate the developed DPP algorithm 
using a commercial detector with transit time much smaller 
than the preamplifier’s decay constant. In Fig. 7, the energy 
spectra of γ-ray and alpha-particle sources from 
commercial-off-the-shelf Si and CZT detectors acquired using 
the analog spectroscopy system and those reconstructed by the 
DPP algorithm are compared. The capability of the DPP 
algorithm to reconstruct energy spectra reliably without 
distortion is clearly validated by the level of agreement seen 
between the two types of spectra.  

C. Gamma-ray spectra by DPP algorithm 
With the DPP algorithm’s capability validated, it’s then 

applied to the reconstruction of distortion-free energy spectra 
of CsPbBr3 detectors with different transit times (Fig. 8). The 
spectra acquired using an analog system significantly differs 
from those reconstructed by the DPP algorithm (Fig. 8a and 
Fig. 8b), when the CsPbBr3 detectors (detector II and III) 
generate signals with an average transit time of ~ 20 μs (Fig. 
6) while the preamplifier has a decay time of 50 μs. The 
energy spectra of detector II and III reconstructed by the DPP 
algorithm show a photopeak, though broadened, which 
otherwise has been lost in the acquisition by analog 
spectroscopy system due to significant ballistic deficit. In 
comparison, as shown in Fig. 8c (137Cs γ source) and Fig. 8d 
(57Co γ source), the spectra by DPP algorithm agree well with 
that of analog system when the average current transit time of 
CsPbBr3 detector (detector I) is ~ 5.8 μs (peaked at ~ 4 μs, in 
Fig. 5d). Although the ballistic deficit at average transit time 
5.8 μs is still possible, it is about one order of magnitude 
lower than the preamplifier’s decay constant (50 μs). We 
conclude that the ballistic deficit does not make a significant 
impact on spectral performance in this case. It is important to 

recognize that the transit time is not a constant which depends 
on charge carrier mobility, applied electric field, and detector 
thickness. By testing detectors with different transit times, we 
prove the DPP as a more tolerant and versatile way of 
producing energy spectrum, with resolution similar to or even 
better than those acquired by an analog system. 

IV. CONCLUSIONS 
In this work, we measured and evaluated the γ-ray spectra 

of 137Cs, 57Co and 241Am sources from CsPbBr3 detector with 
5.5% FWHM at 662 keV, 13.1% FWHM at 122 keV and 
28.3% FWHM at 59.5 keV, respectively. Better hole transport 
properties compared with that of electron are demonstrated at 
the spectroscopic level and the averaged electron-hole μτ 
product is evaluated to be 4.0 × 10-4 cm2 V-1, using Hecht 
equation fit to the CCE vs. detector bias plot derived from 
137Cs energy spectra. Electron-hole averaged mobility was 
estimated to be 22 cm2V-1s-1. The slower electron transport 
manifested itself on the γ-ray spectra as a low-energy tailing, 
suggesting the improvement of electrode design (e.g. pixelated 
electrode) for further significant energy resolution 
improvement. A linear energy response of the CsPbBr3 

detector is exhibited by fit to the channel vs energy plot with 
R2 = 0.999982. Additionally, potential energy spectra 
distortion due to long current transit time of perovskite 
detectors is discussed and methods to eliminate such energy 
spectrum distortion by means of DPP algorithm are presented.  
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Fig. 7. DPP algorithm validation. a, comparison of a triple alpha source 
energy spectrum of Si detector acquired using the analog spectroscopy 
system to that reconstructed by the DPP algorithm. b, comparison of 137Cs 
γ-ray energy spectrum of CZT detector acquired using the analog 
spectroscopy system to that reconstructed by the DPP algorithm. c, 
comparison of 57Co γ-ray energy spectrum of CZT detector acquired using 
the analog spectroscopy system to that reconstructed by the DPP algorithm. 
d, comparison of 137Cs and 22Na (present at the same time) γ-ray energy 
spectrum of CZT detector acquired using the analog spectroscopy system to 
that reconstructed by the DPP algorithm. 

 
Fig. 8. γ-ray energy spectra of CsPbBr3 detectors with different current 
transit times acquired using the analog spectroscopy system and 
reconstructed by the DPP algorithm. a, comparison of 137Cs γ-ray energy 
spectrum of CsPbBr3 detector II (2.3 × 5.54 × 6.21 mm3) with current transit 
time of ~20 μs at 50 V (Fig. 6). b, comparison of 137Cs γ-ray energy spectrum 
of CsPbBr3 detector III (3 × 7.35 × 7.35 mm3) with current transit time of 
~20 μs at 600 V. c, comparison of 137Cs γ-ray energy spectrum of CsPbBr3 
detector I (2.53 × 7.08 × 8.29 mm3) with current transit time of ~5.8 μs at 
500 V (Fig. 5d). d, comparison of 57Co γ-ray energy spectrum of CsPbBr3 
detector I (2.53 × 7.08 × 8.29 mm3) with current transit time of ~5.8 μs at 
500 V (Fig. 5d). 
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