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Dopant compensation in alloyed
CH3NH3PbBr3−xClx perovskite single crystals for
gamma-ray spectroscopy
HaotongWei1†, Dylan DeSantis2†, Wei Wei1, Yehao Deng1, Dengyang Guo3, Tom J. Savenije3, Lei Cao2

and Jinsong Huang1,4*

Organic–inorganic halide perovskites (OIHPs) bring an unprecedented opportunity for radiation detection with their defect-
tolerance nature, large mobility–lifetime product, and simple crystal growth from solution. Here we report a dopant
compensation in alloyed OIHP single crystals to overcome limitations of device noise and charge collection, enabling
γ-ray spectrum collection at room temperature. CH3NH3PbBr3 and CH3NH3PbCl3 are found to be p-type and n-type
doped, respectively, whereas dopant-compensated CH3NH3PbBr2.94Cl0.06 alloy has over tenfold improved bulk resistivity of
3.6× 109� cm. Alloying also increases the hole mobility to 560 cm2 V−1 s−1, yielding a high mobility–lifetime product of
1.8× 10−2 cm2 V−1. The use of a guard ring electrode in the detector reduces the crystal surface leakage current and device
dark current. A distinguishable 137Cs energy spectrumwith comparable or better resolution than standard scintillator detectors
is collected under a small electric field of 1.8Vmm−1 at room temperature.

The strong penetrating capability of high-energy ionizing
photons (for example, X-ray or γ-ray) enables the non-
invasive detection of condensed objects with radiation

detectors that are widely used in many fields including medical
imaging, shipping container inspection, radiological and nuclear
defence, environmental monitoring, decontamination, homeland
security, academic research and so on1–3. In addition to radiation
dose, the energy spectrum of ionizing photons is another important
piece of information that must be known for many applications,
such as radioactive species identification. Unlike intensity-
mapping-based X-ray radiography, γ-ray energy spectrum
detection needs a detector to work in pulse mode, under which
the radiation field is typically much weaker than that in current
mode, and the detector is performing event-by-event analysis
to sort out the intensity versus energy of the radiation quanta.
The energy-resolved spectrum is constructed by histogramming
the electrical pulse height produced by photons interacting with
the detector’s material. Therefore, the objective of obtaining a
good-resolution energy spectrum imposes strict requirements to
radiation detection materials, as well as the sizes of materials in
terms of competition with Schubweg distance. Semiconductor
radiation detectors for high-energy-photon detection require
materials with a large detecting volume to intercept radiation, a
large linear attenuation coefficient, large and balanced electron and
hole mobility (µ)–charge carrier lifetime (τ ) product (µτ product)
for efficient charge collection, and finally, high resistivity and
low charge trap density to avoid charge trapping under single-
event analysis4. Among the semiconductors with relatively strong
attenuation, high-purity germanium (HPGe) that was developed
in the 1970s gives a γ-ray detector the best resolution, which
however needs liquid nitrogen cooling due to its small bandgap5.

Zinc-alloyed CdTe (Cd1−xZnxTe, denoted CZT for 0 < x < 0.2)
single crystals with a large bandgap of above 1.6 eV possess a high
resistivity up to 108 ∼ 109� cm at room temperature as well as
a large µτ product, and thus produce the best resolution γ-ray
spectrum among non-cooled semiconductor radiation detectors6–8.
However, there are many limitations for the application of CZT
detectors, such as the cost-restricted crystal manufacturing at a
scaled up level, the incompatibility of high-temperature crystal
growth with read-out circuits, and low hole mobilities7,8. The slow
development progress of the CZT γ-ray detector is heavily limited
by the material development.

Organic–inorganic halide perovskites (OIHPs), which have
made significant successes in the applications of solar cells9,10,
light-emitting diodes11 and photodetectors12, are showing a great
promise as a new generation of radiation detection materials13–17. In
addition to their largeµτ product, thesematerials in a single-crystal
form have a low charge trap density and defect-tolerant nature,
making them particularly attractive for radiation detection15,16,18.
High-quality perovskite single crystals can be grown from a solution
at room temperature with low-cost raw materials15,16,19. The high
atomic number (Z) of Pb, I and Br as well as the relatively large
material density of about 4.0 g cm−3 enables respectable attenuation
of high-energy photons13,14,16. We reported the large µτ product of
methylammonium lead triiodide (MAPbI3) single crystal and its
application in gamma-ray energy harvesting with a 4% efficiency
operated in a gammavoltaicmode15. Later theCH3NH3PbBr3 single-
crystal X-ray detectors were shown to have a high sensitivity
of 80 µCGy−1air cm

−2 to 50 keV X-rays with the lowest detectable
dose rate of 0.5 µGyair s−1, which is already several times more
sensitive than the commercial amorphous selenium (α-Se) X-ray
detectors16. Recently, the integration of perovskite single crystals
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Figure 1 | Cl− alloying for dopant compensation. a, Scheme of dopant compensation of CH3NH3PbBr2.94Cl0.06 single crystal. b, Hall e�ect results to reveal
the majority carrier type of CH3NH3PbBr3−xClx single crystals.

with silicon substrates has been demonstrated, which not only
further enhanced the sensitivity to 2.1× 104 µCGy−1air cm

−2 under
8 keV X-ray radiation, but also allowed a direct signal read-out with
silicon-based circuits17. The demonstrated imaging capability at
extremely low dose ratesmay find its application inmedical imaging
devices tominimize the X-ray dosage to which patients are exposed.
Despite the significant progress made on X-ray detectors operating
in currentmode, the capability of producing good-resolution energy
spectra by perovskite detectors working in pulse-height analysis
mode remains a major challenge. Recently, a formamidinium lead
triiodide (FAPbI3) single-crystal detector, which is intrinsically
not stable at room temperature, was reported to have acquired a
59.6 keV 241Am energy spectrum13. However, a high-energy γ-ray
spectrum remains unobtainable as a larger size detector is required,
by which a high µτE product (E is the applied electric field) and
a large bulk resistivity are desired. A large electric field could be
applied to enhance the drift length of charge carriers and reduce
their trapping by deep charge traps, but the increased electric field
also increases dark current or noise. Therefore, the µτ product of
the materials should be large for a strong signal. However, a large
mobility also increases dark current, which is proportional to carrier
mobility; thus, the direction to reduce dark current noise is to reduce
the material’s intrinsic charge carrier concentration.

In this article, we report the acquisition of the 137Cs energy
spectrum with a low-cost perovskite single-crystal γ-ray detector by
suppressing the device’s noise while retaining a strong signal with
dopant compensation of CH3NH3PbBr3. The dopant compensation
by Cl− alloying of p-type CH3NH3PbBr3 single crystal dramatically
reduces the charge carrier concentration in the bulk crystal, while
the carrier mobility and lifetime have been improved significantly,
enhancing the charge collection efficiency. In addition, a guard
ring electrode was implemented to reduce the surface/edge leakage
current that could otherwise corrupt the signal. The improved sig-
nal/noise ratio resulted in a well-defined 137Cs energy spectrum by
operating the device under a low electric field at room temperature.

Dopant compensation to reduce dark current
A minimum dark current is required for a γ-ray detector to
count impingent high-energy photons when acquiring an energy
spectrum. Despite the bandgap of a semiconductor that sets the

lower limit of the carrier concentration, the dark conductivity of
single crystals in γ-ray detectors can be many orders of magnitude
larger, often originating fromunintentional doping effects by defects
or impurities. High-purity raw materials or more sophisticated
crystal growth processes are generally employed to improve the
crystal quality, yet this increases the cost dramatically and limits the
throughput of material production. For many materials, including
OIHPs, the unintentional doping cannot be completely eliminated
by improved crystal growth due to the thermodynamic stability
of certain defects, which, in high concentrations, can dominate
the device’s dark current. Density functional theory calculations
predict that Pb2+ vacancies and Br− vacancies are dominant shallow
acceptors and shallow donors in CH3NH3PbBr3, respectively.
Since the formation energy is lower for Pb2+ vacancies than
for Br− vacancies in most synthesis conditions, CH3NH3PbBr3
is expected to exhibit a weak unipolar p-doping20. It should be
noted that the defect formation energy is also dependent on the
position of the Fermi level. Experimentally, CH3NH3PbBr3 single
crystals, synthesized by several methods, demonstrate a p-type
conduction by Hall-effect measurements with a resistivity of about
2.0×108� cm (ref. 19), which is over tenfold smaller than that of
the state-of-the-art CZT single crystals.

Interestingly, we noticed that the as-synthesized CH3NH3PbCl3
single crystals are n-type from Hall effect measurements, and thus
had a hypothesis that Cl− ion vacancies may form more easily
than Br− ion vacancies. Since Cl− ion vacancies are also expected
to be shallow donors, it is reasonable to speculate that Cl− al-
loying can reduce the hole density and increase the resistivity of
the perovskite crystals. This dopant compensation scheme is il-
lustrated in Fig. 1a. To test it, CH3NH3PbBr3−xClx single crys-
tals with different Cl− percentages were grown from solution
by the inverse temperature crystallization method21, where the
Cl−/(Br−+Cl−)molar ratio was tuned by changing the feeding ra-
tio of CH3NH3PbBr3/CH3NH3PbCl3. The powder X-ray diffraction
(XRD) spectra in Fig. 2a show that all of the diffraction peaks gradu-
ally shift to larger angles as the Cl−molar ratio in the precursor solu-
tion is increased from 1.37% to 52.7%, indicating a successful incor-
poration of Cl− into the lattice. The actual Cl−/(Br−+Cl−) molar
ratio in the crystals is calculated on the basis of the shift of the (012)
diffraction peak by assuming the effectiveness of Vegard’s law21.
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Figure 2 | Cl− alloying to suppress dark current. a, XRD spectra of CH3NH3PbBr3−xClx single-crystal powder with di�erent Cl− ratios. b, Corresponding
photoluminescence (PL) spectra of CH3NH3PbBr3−xClx single crystals. c, Bandgap shift versus Cl/(Br+Cl) ratio. d, Dark current density of CH3NH3PbBr3,
CH3NH3PbBr2.94Cl0.06 and CH3NH3PbBr2.85Cl0.15 single-crystal devices with thickness of∼2mm. e, Photocurrent of CH3NH3PbBr3,
CH3NH3PbBr2.94Cl0.06 and CH3NH3PbBr2.85Cl0.15 single-crystal devices under ambient light with thickness of∼2mm.

The crystals grown with Cl− feeding ratios of 1.37% and 4.90% have
Cl−/(Br−+Cl−)molar ratio of 2.0% and 5.1%, giving compositions
of CH3NH3PbBr2.94Cl0.06 and CH3NH3PbBr2.85Cl0.15, respectively. In
addition, a continuous blueshift of the photoluminescence emis-
sion peak was also observed with the increase of the Cl− ratio, as
shown in Fig. 2b. The bandgap derived from the main photolu-
minescence emission peak presented a linear relationship with the
actual Cl−/(Br− + Cl−) molar ratio in the crystals, as shown in
Fig. 2c. It is noted that, in photoluminescence emission spectrum,
the shoulder peak at longer wavelength range can be assigned to the
optical reflection of the photoluminescence from the back surface
of the single crystal22. After confirming the successful Cl− alloying,
we measured the majority carrier types of the CH3NH3PbBr3−xClx
single crystals by Hall effect, and verified that addition of Cl− into
the p-type CH3NH3PbBr3 converted the crystals to n-type when
20% of Cl− was added, while CH3NH3PbBr2.94Cl0.06 is very close to
being intrinsic, as shown in Fig. 1b.

We then directly compared the conductivity of a
CH3NH3PbBr2.94Cl0.06 single crystal with a control CH3NH3PbBr3
single crystal that has a similar thickness of about 2mm. A device
structure of Cr/CH3NH3PbBr3−xClx/C60/bathocuproine (BCP)/Cr

was used. Figure 2d shows that the dark current density of the
CH3NH3PbBr2.94Cl0.06 device under −5V is more than five times
smaller than that of the control CH3NH3PbBr3 device, indicating
that the p-type-doped CH3NH3PbBr3 is effectively compensated
by Cl− alloying. It should be noted here that only a small portion
of the alloyed Cl− ions contributed to the dopant compensation,
while further alloying Cl− ions to the CH3NH3PbBr2.85Cl0.15 device
results in an increased dark current compared with the dark current
of CH3NH3PbBr2.94Cl0.06 devices. The electronic conductivity of
a semiconductor is determined by the product of free charge
carrier concentration and carrier mobility (µ). The objective
of dopant compensation is to reduce the concentration of free
charges, but not the carrier mobility, which would otherwise
compromise the device’s responsivity. Encouragingly, it is found
that the dopant compensation did not sacrifice the responsivity
of the CH3NH3PbBr2.94Cl0.06 devices. As shown in Fig. 2e, the
photocurrent of the CH3NH3PbBr2.94Cl0.06 device under ambient
light with intensity of∼2×10−4 Wcm−2 is slightly larger than both
of the CH3NH3PbBr3 and CH3NH3PbBr2.85Cl0.15 devices, indicating
a more efficient collection of photo-generated charges. Four
CH3NH3PbBr2.94Cl0.06 devices were measured to verify the repro-
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Figure 3 | Mobility andµτ product improvement. a, Hole and electron mobilities of the CH3NH3PbBr3−xClx single crystals by ToF technique. Error bars are
given according to the variation of single-crystal thicknesses. b, Hole mobility of CH3NH3PbBr3−xClx single crystals versus temperature. c, Time-resolved
microwave conductance traces of the CH3NH3PbBr3−xClx single crystals. d, Photoconductivity of the CH3NH3PbBr2.94Cl0.06 single crystal with a thickness
of∼2mm.

ducibility of electronic properties of these crystals. The dark current
and photocurrent of the devices almost overlap with each other,
confirming the good reproducibility (see Supplementary Fig. 1).

Increased carrier mobility and lifetime
We further studied the charge carrier mobility in the single
crystals to understand the improved charge collection efficiency.
The electron and hole mobilities of CH3NH3PbBr3−xClx single
crystals were measured by the time-of-flight (ToF) technique.
Here, C60 and BCP were subsequently deposited on the cathode
side as an electron-accepting/transporting layer, thereby enabling
a fast extraction of photon-generated electrons as well as the
reduction of charge injection under reverse bias. Figure 3a shows
that the ToF hole mobility of the CH3NH3PbBr3 single crystal
is about 220±20 cm2 V−1 s−1 at room temperature, which agrees
with previously reported results16. The addition of 2.0% Cl−
into CH3NH3PbBr3 dramatically increased the hole mobility to
560± 46 cm2 V−1 s−1. Further increasing the Cl− percentage to
20% reduced the hole mobility to 130± 15 cm2 V−1 s−1, which
is comparable to that of the CH3NH3PbCl3 single crystal. The
ToF curves of the single-crystal devices with 0%, 2.0% and
5.1% Cl− alloying are shown in Supplementary Fig. 2, and the
corresponding electronic property statistic distribution of four
devices for each composition is described in Supplementary Fig. 3.
Electron mobility followed the same trend as the hole mobility. The
ToF electron mobility of CH3NH3PbBr3 single crystal is roughly
140± 17 cm2 V−1 s−1, and increases to 340± 20 cm2 V−1 s−1 for
crystals with 2.0% Cl− alloying, and then gradually decreases to
320± 30 cm2 V−1 s−1 for 5.1% Cl− alloying of a single crystal (ToF
curves are shown in Supplementary Fig. 2). Therefore, the dopant-
compensated crystal has both the highest hole and electronmobility.
Although the electron mobility is slightly lower than the hole

mobility, they are still within the same order of magnitude. The ToF
electron mobility is also in accordance with the mobility measured
by the space-charge-limited current (Supplementary Fig. 4).

High-quality perovskite single crystals provide a platform to
study the intrinsic mobility of perovskite due to the absence of grain
boundary16,19,23,24. The carrier mobility is determined by the carrier’s
effective mass (m∗) and the average scattering (or momentum
relaxation) time (τ ′) via the relationship µ = eτ ′/m∗, where
e is the elementary charge25,26. The calculated effective mass of
CH3NH3PbBr3 is comparable to that of silicon27, giving thematerials
a potential to exhibit a large mobility of over 1,000 cm2 V−1 s−1 at
room temperature, which is greater than the previously measured
values28,29. The enhanced carrier mobility indicates that the carrier
scattering caused by dopants or charged centres may be limiting
the carrier mobility in perovskite. Calculation results predicted
that Cl− alloying in I−-based perovskite would extend the carrier’s
thermalization time30, which was mainly caused by the structural
deformation of PbI4−6 octahedra and lattice parameter changes after
Cl− alloying. To identify the relationship between temperature and
carrier scattering, the temperature-dependent ToF hole mobility
of CH3NH3PbBr3−xClx single crystals was measured from 300K to
180K, with the results displayed in Fig. 3b (ToF curves are shown
in Supplementary Figs 5–7). With the exception of a discontinuity
at 225K, the mobilities presented a clear T−1.5 dependence for all
three single-crystal devices at temperatures both above and below
the cubic phase to tetragonal phase transition temperature (225K)
(ref. 31). Therefore, the high hole mobility of 560±46 cm2 V−1 s−1
at 300K and ∼1,200± 50 cm2 V−1 s−1 at 180K provides evidence
of the increased electronic quality of the CH3NH3PbBr2.94Cl0.06
single crystals.

The reduction of the charged dopant centre may also impact the
charge carrier recombination process. As presented in Fig. 3c, the
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Figure 4 | Photodetector performance. a, IQE of the CH3NH3PbBr3−xClx single-crystal devices and specific detectivity of the CH3NH3PbBr2.94Cl0.06
single-crystal device under−5V with a thickness of∼2.4mm. b, Trap density of states of the CH3NH3PbBr3−xClx single-crystal devices with di�erent
Cl− ratios. c, Noise current and directly measured NEP of the CH3NH3PbBr2.94Cl0.06 single-crystal device with a thickness of∼2.4mm under−5V.
d, Temporal response of the CH3NH3PbBr3−xClx single-crystal device with a thickness of∼2.4mm under−5V. Error bars are given according to the
variation of photocurrent signal. e, Dark current and photocurrent stability of the CH3NH3PbBr3−xClx single-crystal device under electrical field of
0.11 V µm−1. f, Long-term dark current stability of the CH3NH3PbBr2.94Cl0.06 single-crystal device under electrical field of 1.8Vmm−1.

carrier recombination lifetime in the single crystals was studied by
time-resolved microwave conductance, where a 570 nm laser pulse
was utilized to generate free charges. Since photons with 570 nm
wavelength can fully penetrate the bulk of the single crystal, charges
are generated not only at the surface but also inside the single
crystal. A weak nanosecond laser pulse of 5.4× 1013 photons per
square centimetre per pulse was successfully used for excitation.
A lifetime of ∼5 µs was recorded for the CH3NH3PbBr2.94Cl0.06
single crystals, which is a tenfold increase as compared with
that of CH3NH3PbBr3 and CH3NH3PbBr2.85Cl0.15 single crystals.
Since the charge recombination lifetime is strongly dependent
on the photo-generated carrier concentration, we continued to
evaluate the µτ product at even weaker light intensities to
emulate the working condition of the devices under naturally
occurring gamma radiation. As seen in Fig. 3d, the steady-
state photoconductivity curve of the CH3NH3PbBr2.94Cl0.06 single
crystal, induced by a 1.2 × 1012 photons cm−2 s−1 light source,
reveals a µτ product of (1.8± 0.2)× 10−2 cm2 V−1 as well as an
extremely low surface recombination velocity of 55 cm s−1. The µτ
product is larger than that of CH3NH3PbBr2.85Cl0.15 single crystals
((1.5±0.2)×10−2 cm2 V−1) and CH3NH3PbBr3 single crystals
((1.1±0.2)×10−2 cm2 V−1).

Photon detection performance
With increased carrier mobility and recombination lifetime, we
hypothesize that the charge collection would be improved in
CH3NH3PbBr2.94Cl0.06 detectors compared with the CH3NH3PbBr3
or CH3NH3PbBr2.85Cl0.15 detectors. Therefore, to characterize
the charge collection efficiency (CCE) or the internal quantum
efficiency (IQE), the external quantum efficiency (EQE) of the
CH3NH3PbBr2.94Cl0.06 single-crystal device was measured under
a reverse bias. The CCE was then equated as the ratio of the
EQE to the electrode transparency. As shown in Fig. 4a, the
CCE of the 2.4-mm-thick CH3NH3PbBr2.94Cl0.06 single-crystal

device reached 100% under a −5V, slightly better than that of
the CH3NH3PbBr2.85Cl0.15 device, but twofold larger than that of
the CH3NH3PbBr3 device, which can be attributed to the larger
µτ product and thus longer drift length of CH3NH3PbBr2.94Cl0.06
single crystal. The frequency response of the CH3NH3PbBr2.94Cl0.06
single crystal under −5V can be seen in Fig. 4d, in which the
bandwidth is evaluated as 15.2 kHz. This in turn corresponds to
a response time of 23 µs, which is close to the calculated transit
time of 21 µs by a hole mobility of 560 cm2 V−1 s−1. Here the
transit time is calculated by t = d2/µV , where d is the thickness
and V is the applied voltage. In addition to high mobility, the
CH3NH3PbBr2.94Cl0.06 single crystals should also have a low charge
trap density; otherwise a fast response time would be unlikely
given the long charge trapping and detrapping time from the deep
traps. The thermal admittance spectroscopy measurement provides
the trap density of states in the single-crystal devices, as shown
in Fig. 4b. The dopant-compensated CH3NH3PbBr2.94Cl0.06 device
has nearly a tenfold reduction of charge traps when compared
with the CH3NH3PbBr3 single-crystal device. Such a reduction
can be attributed to the compensation of the p-type dopants. It
is noted that while the trap density remains unchanged for the
CH3NH3PbBr2.85Cl0.15 single-crystal device when considering the
deep trap depth, it is slightly higher in the shallow trap depth range,
which may be caused by the additional Cl−n-type dopant.

Just as both low trap density and device dark current are crucial
factors on the performance of weak-light-sensitive photodetectors,
so too are they important factors on the performance of high-energy
γ-ray detectors. One of the most important figures of merit
for a photodetector is the noise equivalent power (NEP), which
characterizes its capability to detect low-intensity light32. Therefore,
the NEP was evaluated by directly measuring the lowest detectable
light intensity. In Fig. 4c, the frequency-independent noise current
of the CH3NH3PbBr2.94Cl0.06 single-crystal device at−5V is roughly
0.085 pAHz−1/2. The lowest distinguishable light intensity is then
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8 pWcm−2, which in turn converts to a NEP of 1.3 pWHz−1/2,
comparable to the calculated NEP of 2 pWHz−1/2 from device
responsivity and directly measured noise. A high specific detectivity
D∗ of 2.5×1012 jones was derived from the IQE andmeasured noise
current. It is noted that IQE is used here for evaluation, because
high-energy photons can easily penetrate the thin metal electrode.
Finally, the device’s response to X-rays with varying dose rates was
also measured. The device sensitivity to 8 keV X-rays was derived
from the slope of the straight line of the output current density
versus the X-ray dose, which reaches 8.4× 104 µCGy−1air cm

−2 with
the lowest detectable dose rate of 7.6 nGyair s−1, which is about
4,000-fold better than that of commercial α-Se X-ray detectors33
(Supplementary Fig. 8a,b).

γ-ray energy spectrum detection
One major concern for the application of OIHP materials for
radiation detection is the polarization effect due to ion migration,
which would result in a shift of the energy spectrum as well as a
degradation of resolution34. Furthermore, ion migration in OIHP
polycrystalline films has been known to result in a switchable
photovoltaic effect35 as well as be an origin of the current hysteresis
phenomenon in OIHP devices36. Despite the ion migration
through grain interiors, we have revealed that grain boundaries in
polycrystalline films are faster ion migration channels37. Therefore,
the absence of grain boundaries in high-quality single crystals
should suppress the polarization effect. Nevertheless, we still
observed a small drift of both the dark current and photocurrent
for the control CH3NH3PbBr3 single-crystal device under an
applied electric field of 0.11V µm−1 (Fig. 4e), which may be caused
by ion migration along the crystal surface or possibly by charge
trapping/detrapping effects. The CH3NH3PbBr2.94Cl0.06 single-
crystal device demonstrated an enhanced stability for both the dark
current and photocurrent under the same electric field. In practice,
the excellent charge collection efficiency and response speed enable
our detector to work under a low electric field of 1.8 Vmm−1, which
retains a stabilized small dark current. We continuously monitored
the dark current under the electric field of 1.8Vmm−1 for about
100min, and found that the dark current drifted only∼1 nA cm−2,
or 8% of the dark current (Fig. 4f). The increased stability may be
attributed to the increased attraction forces between the cation–
anion pair of the Cl− anions as compared with the Br− anions. The
increased attraction would in effect suppress ion migration through
the crystal surface, agreeingwith the reduced trap densitymeasured.

Despite the reduction of polarization effects, the
CH3NH3PbBr2.94Cl0.06 single crystals maintain several defects
on the crystal surface, resulting in a significant surface leakage
current. Such leakage current is only notable when the bulk
resistivity of the crystal is very large so that the bulk leakage current
is comparable or smaller38. To mitigate the leakage current, a
guard ring electrode was employed around the central cathode as
illustrated in Fig. 5a. The central cathode and the guard electrode
are separated by a channel of 50 µm. The photos of the guard
ring electrode, the back electrode, and the whole device after
encapsulation are shown in Fig. 5b–d. The electric field between
the guard electrode and anode can be the same as that between
the central cathode and anode38,39. In this way, the surface/edge
leakage current is absorbed by the outer guard electrode while the
main signal is produced from flow of inner bulk charges. Figure 5e
demonstrates the resulting fourfold suppression of the dark current
from the guard ring electrode device. The intrinsic resistivity of
the CH3NH3PbBr2.94Cl0.06 single crystal reaches 3.6× 109� cm,
comparable to the state-of-the-art CZT materials8. The high
resistivity comes from the low charge carrier concentration of the
single crystal. A tenfold reduction in bulk carrier concentration
was observed for the CH3NH3PbBr2.94Cl0.06 single crystal compared
with the control CH3NH3PbBr3 single crystal by taking the mobility

change after dopant compensation into consideration, as shown in
Fig. 3a (details of the calculation are presented in Supplementary
Table 1), in agreement with theHall effect result presented in Fig. 1b.

The energy resolution is the most important figure of merit
to evaluate how well a detector can resolve the fine energy lines
from nuclear decay. A detector for pulse-height analysis should
firstly have a large size, or footprint, to stop high-energy γ-ray
radiation and secondly, a large µτE product, that is, the mean
free path of free charge carrier, to outperform the physical length
of the detector. We confirmed the µτE product of our crystals
under 1.8 Vmm−1 is larger than the crystal thickness. Utilizing
enhancements by guard rings, the 137Cs energy spectrum was
obtained with three CH3NH3PbBr2.94Cl0.06 single-crystal devices
(named as device I, II and III). The crystals I, II and III have
dimensions of 1.30×1.25×0.37 cm3, 1.44×1.37×0.58 cm3, and
1.06×1.00×0.49 cm3, respectively, and a photo of single crystal II
is shown in the inset of Fig. 5e. A 5.0 µCi 137Cs source was placed
10 cm from the anode of the CH3NH3PbBr2.94Cl0.06 detector, which
was connected to a charge-sensitive preamplifier (Ortec-142A) and
processed with a DSP (Ortec DSPEC 50). A typical 137Cs energy
spectrum was acquired by the CH3NH3PbBr2.94Cl0.06 (device I)
detector under an electric field of 1.8Vmm−1 at room temperature
as shown in Fig. 5f, and two other spectra collected by two other
CH3NH3PbBr2.94Cl0.06 detectors are shown in Fig. 5g (device II)
and Fig 5h and Supplementary Fig. 9b (device III). Although each
perovskite device has shown a different energy resolution and
photopeak to Compton ratio40, which might be related to variation
of contact qualities, the spectrum features, such as the Compton
edge with respect to its energy, are consistently aligned with the the-
oretical value and the energy scale calibrated by reference detectors.
As a comparison, no photopeak or Compton edge was observed in
the 137Cs energy spectrum acquired by any CH3NH3PbBr3 device, as
shown in Fig. 5g, indicating the important role of high mobility and
low free carrier concentration of CH3NH3PbBr2.94Cl0.06 for spectrum
collection. A CZT semiconductor detector (1.0 cm3 volume) and
a NaI(Tl) scintillator (a cylinder of 7.62 cm diameter and 7.62 cm
tall)-based detectorwere used for reference. As can be seen in Fig. 5f,
the photopeak to Compton ratio is lower for CH3NH3PbBr2.94Cl0.06
than that of the CZT and NaI(Tl) reference detectors. This is
mainly due to its small size, allowing a large fraction of Compton
scattered photons to escape. It also partially owes to the small
electric field that results in a long average electron transit time of
13 µs as compared with the charge carrier recombination lifetime
of about 32 µs. Nevertheless, CH3NH3PbBr2.94Cl0.06 perovskite
single crystal demonstrates desirable material properties for a
good-resolution gamma spectroscopy, for instance, a large ratio
of photoelectric to total cross-section, σpe/σtot, 0.24 at 662 keV as
compared with CZT’s ratio of 0.08 (ref. 41). This, in theory, presents
perovskite the potential to obtain a more prominent photopeak
than an industry-leading room-temperature gamma-ray detector.
The typical resolution of CH3NH3PbBr2.94Cl0.06 detectors is around
12%, while the best CH3NH3PbBr2.94Cl0.06 device has a resolution
of 6.50% (Fig. 5g). In comparison, the resolutions of the full-energy
peaks are 2.27%, and 7.51% for CZT and NaI(Tl), respectively
(Fig. 5f). It is shown that perovskite is capable of obtaining a
resolution better than that obtained through a typical NaI(Tl)
scintillator detector while being much more economical than
standard semiconductor detectors used in industry. We estimated
the raw material cost of CH3NH3PbBr2.94Cl0.06 single crystals to be
less than US$0.3 cm−3 (see Supplementary Information). Moreover,
the ability to grow high-quality perovskite crystals larger than
1.0 cm3 provides the potential for increased efficiency/cost ratio,
which limits other semiconductor detectors such as CZT.

Finally, we studied the stability of the CH3NH3PbBr2.94Cl0.06
single-crystal detector using device III by measuring the variation
of device charge collection efficiency and dark current over time.
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Figure 5 | γ-ray detector performance. a, Electric field distribution of a single-crystal device with a guard electrode. b, Top view of the guard ring electrode
side of the detector. c, Top view of the anode side of the detector. d, Side view of a CH3NH3PbBr2.94Cl0.06 single-crystal detector, and electrode sides were
encapsulated with epoxy. e, Dark current density of a CH3NH3PbBr2.94Cl0.06 single-crystal device with and without a guard ring. The thickness of this
device is∼5.8mm. Inset is a photograph of a centimetre-sized CH3NH3PbBr2.94Cl0.06 single crystal for 137Cs energy spectrum with dimension of
1.44× 1.37×0.58 cm3. f, 137Cs energy spectrum obtained by CH3NH3PbBr2.94Cl0.06 (device I), CZT and NaI(Tl) detectors. g, Enlarged photopeak region
of the 137Cs energy spectrum obtained by CH3NH3PbBr2.94Cl0.06 (device II) and CH3NH3PbBr3 single-crystal detectors. FWHM, full width at half
maximum. h, 137Cs energy spectrum obtained by CH3NH3PbBr2.94Cl0.06 (device III) before and after 35 krad 60Co irradiation.

Supplementary Fig. 10 shows that the CH3NH3PbBr2.94Cl0.06 single-
crystal device has a good shelf stability with almost no change of
IQE and dark current after one-month storage in air without any
encapsulation. In addition, it also exhibits a very good radiation
resistance. As shown in Fig. 5h, the gamma-ray spectrum shows
similar resolution and no shift of photopeaks after 60Co irradiation

at an accumulated dose of 35 krad, equivalent to about 3.5 million
times the dosage received during a chest X-ray exam. The excellent
radiation hardness of perovskite can be ascribed to the defect
tolerance of hybrid perovskite materials, because most of the
radiation-induced point defects do not cause deep charge traps in
these materials18.
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In conclusion, high-quality and dopant-compensated

CH3NH3PbBr2.94Cl0.06 single crystals were grown by low-cost
solution processes resulting in an about threefold improvement
of mobility to a high value of 560 cm2 V−1 s−1. Additionally, a
tenfold reduction of dark current was achieved in comparison to
pure CH3NH3PbBr3 single crystals. The µτ product reached a
large value of 1.8× 10−2 cm2 V−1. Surface edge leakage current of
CH3NH3PbBr2.94Cl0.06 single crystals was effectively suppressed by
employing a guard ring electrode, which revealed a bulk resistivity of
3.6×109� cm. A well-defined 137Cs energy spectrum was obtained
by using a CH3NH3PbBr2.94Cl0.06 single crystal under a small
electric field of 1.8 Vmm−1 at room temperature. Consequently,
the obtained energy spectrum demonstrated a comparable or better
resolution than that of a standard scintillator detector. The gamma
spectrum presented here is the experimental evidence of how a
large-sized perovskite single crystal can successfully detect the
charge produced by the ionization. The low-cost, easy material
synthesis, and good radiation hardness of the hybrid perovskites
make them promising candidates for the next generation of
radiation detector materials.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Materials. The materials used were as follows: lead bromide (PbBr2) (>98%,
Sigma-Aldrich), lead chloride (PbCl2) (>98%, Sigma-Aldrich), methylamine
(CH3NH2) (40% w/w aq. soln., Alfa Aesar), hydrobromic acid (HBr)
(48% w/w aq. soln., Alfa Aesar), hydrochloric acid (HCl) (36.5 wt% in water,
Alfa Aesar), C60 (>99.5%, Nano-C), BCP (>96%, Sigma-Aldrich),
N,N -dimethylformamide (DMF) (>99.8%, Alfa Aesar), dichloromethane (DCM)
(99.7%, Alfa Aesar).

Synthesis of methylammonium bromide (CH3NH3Br). CH3NH3Br was prepared
by slowly mixing methylamine with HBr in a 1:1 molar ratio under continuous
stirring at 0 ◦C for 2 h. CH3NH3Br was then crystallized by removing the solvent
from an evaporator, washing three times in diethyl ether, and filtering the
precipitate. The white crystal was obtained by recrystallization with ethanol,
then dried in vacuum for 24 h, and kept in a dark and dry environment for
further use.

Synthesis of methylammonium chloride (CH3NH3Cl). CH3NH3Cl was
synthesized by the reaction of methyl-amine (13.5ml) with a concentrated aqueous
solution of hydrochloric acid (23.5ml) at 0 ◦C for 2 h with constant stirring,
followed by a crystallization purification and drying process.

Growth of CH3NH3PbBr3 single crystal (SC). 1.5M PbBr2 and 1.5M CH3NH3Br
were dissolved in DMF solution in a vial to keep the molar ratio of PbBr2 to
CH3NH3Br as 1. Then the solution was heated on a hot plate. Finally,
CH3NH3PbBr3 single crystals were slowly grown by gradually increasing the
temperature of the hot plate.

Growth of CH3NH3PbCl3 single crystal. 1M CH3NH3PbCl3 solution in
DMSO–DMF (1:1 by volume) was prepared by dissolving equimolar amounts of

CH3NH3Cl and PbCl2. The solution was then filtered using a PTFE filter. We grew
single crystals from this solution by gradually increasing the temperature.

Growth of CH3NH3PbBr3−xClx single crystal. CH3NH3PbBr3−xClx single crystals
were grown either by an anti-solvent method or an inverse temperature crystalline
method. For the inverse temperature crystalline method: 1.5M PbBr2 and 1.5M
CH3NH3Br were dissolved in DMF solution in a vial to get CH3NH3PbBr3 solution,
and CH3NH3PbCl3 single crystal with different amounts (2.0% or 5.1%, mol%) was
dissolved in this solution under long-term stirring. Then the solution was heated
on a hot plate. Finally, CH3NH3PbBr3−xClx single crystals were slowly grown by
gradually increasing the temperature of the hot plate; for the anti-solvent method:
1M PbBr2 and 1M CH3NH3Br were dissolved in DMF solution in a vial to get
CH3NH3PbBr3 solution, and CH3NH3PbCl3 single crystal with different amounts
(2.0% or 5.1%, mol%) was dissolved in this solution under long-term stirring. Then
the vial was sealed with aluminium foil but leaving a small hole, and the vial was
stored under DCM atmosphere. Finally, CH3NH3PbBr3−xClx single crystals slowly
grew big in several days.

Device fabrication. 20 nm Cr was deposited on the top surface of the single crystal
as the anode; then on the bottom surface, electron-transporting layers were
constructed by depositing 20 nm C60 and 8 nm BCP. Finally, 20 nm Cr was
employed as a semi-transparent cathode by using a thermal evaporation system
through a shadow mask under high vacuum. The guard ring electrode was
deposited by thermal evaporation together with the central cathode, and the central
cathode and the guard electrode were separated by a mask with channel width of
50 µm. The electrode was also extended to a substrate, where the external circuit is
connected, to avoid direct contact of an external probe tip on the detector’s surface.

Data availability. The authors declare that all relevant data supporting the findings
of this study are available within the paper and its Supplementary Information.
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