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Tb-doped MA0.89FA0.11PbBr3 perovskite single
crystals for gamma-ray detection
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Rare-earth doping has emerged as a promising strategy to tailor the optoelectronic properties of metal

halide perovskites, yet its potential for enhancing gamma-ray detection performance remains

underexplored. The synthesis of large-sized, rare-earth doped perovskite single crystals remains

challenging due to the adverse effects of dopants on crystal growth and lattice stability. Herein, we

achieved 16 mm sized MA0.89FA0.11PbBr3:Tb single crystals (Tb/Pb = 0.13–0.67%) via nucleation control

and precursor regulation. The X-ray fluorescence mapping confirms the uniform distribution of Tb3+

within the crystal lattice at a low Tb/Pb ratio (r0.35%). The successful incorporation of rare earth ions

and a concomitant lattice contraction profoundly enhance the charge transport characteristics.

Specifically, doping with 0.13% Tb3+ increased the carrier mobility from 55 to 154 cm2 V�1 s�1 and

prolonged the carrier lifetime from 197 to 4422 ns. Consequently, the fabricated gamma-ray detector

achieved a high energy resolution of 4.3% for 241Am radiation (59.5 keV), a significant improvement over

15.7%. This work demonstrates rare-earth doping as an effective strategy toward high-performance

perovskite radiation sensors.

1. Introduction

Halide perovskite (HP) materials have emerged as promising
candidates in optoelectronics owing to their exceptional prop-
erties, including a high absorption coefficient, long carrier
lifetime and diffusion length, low trap density, high carrier
mobility, and tunable bandgap.1–9 These merits make them
particularly attractive for radiation detection.10 Notably, Ni
et al. developed a MAPbBr3 single-crystal gamma-ray detector,
achieving a 3.9% energy resolution for 662 keV 137Cs gamma-
ray spectroscopy under a 100 V bias.11 He et al. realized a
remarkable 1.4% energy resolution for 662 keV 137Cs gamma
rays using an all-inorganic CsPbBr3 detector.12 Furthermore,
Zhao et al. and Song et al. have also reported high-performance
gamma-ray detectors based on FA0.9Cs0.1PbBr3 and MAPbI3

single crystals, respectively, underscoring the great potential
of this material family.13,14 Recently, Dong et al. provided a
comprehensive review on the progress and prospects of metal
halide perovskites (MHPs) for next-generation optoelectronics.
The advances have demonstrated that the optoelectronic

characteristics of MHPs can be effectively modulated through
compositional engineering, including substitution at the A, B,
or X sites, which enables precise control over band gaps, carrier
transport, and photoluminescence properties.15

Through chemical composition regulation, the semicon-
ducting properties of HP single crystals can be further
improved, with rare-earth doping serving as an effective path-
way. Pan et al. pioneered the synthesis of CsPbCl3:RE (RE =
Ce3+, Sm3+, Eu3+, Tb3+, Dy3+, Er3+, and Yb3+) nanocrystals,
showcasing their potential.16 In polycrystalline films, Zheng
et al. and Zhang et al. reported that Nd3+ doping could enhance
carrier mobility and suppress trap density in MAPbI3 and
a-FAPbI3, leading to improved device performance.17,18 The
incorporation of RE ions often introduces lattice strain and
promotes secondary nucleation, by-product formation, and the
poor solubility of rare-earth reagents in organic solvents, mak-
ing the growth of large, high-quality RE-doped single crystals
exceedingly difficult. While a few reports exist, such as the work
by Rong et al. on MAPbBr3:Er and the work by Zi et al. on
(Er,Yb) co-doped MAPbI3 single crystals, which proved reduced
trap density and increased mobility, the crystal dimensions
were typically limited to the millimeter scale.19,20 This limita-
tion inherently restricts the large-size single crystal, leaving the
full potential of RE doping in macroscopic single crystals for
high-performance radiation detection largely untapped.

In this work, we overcome this critical barrier by successfully
synthesizing large-sized (10–16 mm) MA0.89FA0.11PbBr3:Tb
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(Tb/Pb = 0.13–0.67%) single crystals. Through comprehensive
characterization, we prove that Tb3+ ions are effectively
incorporated into the perovskite lattice, inducing lattice
contraction and bandgap modulation. Most importantly,
we demonstrate that Tb doping profoundly optimizes the
charge transport properties, drastically reducing the trap
density from 1.04 � 1010 cm�3 to 1.86 � 109 cm�3 and
increasing the carrier mobility from 55 cm2 V�1 s�1 to
154 cm2 V�1 s�1. Furthermore, the Au/MA0.89FA0.11PbBr3:Tb/Bi
gamma-ray detectors achieve an energy resolution of 4.3% for a
241Am source (59.5 keV) under a low bias of 10 V. This study not only
validates rare-earth doping as a powerful strategy for property
optimization but also opens new avenues for developing advanced
radiation sensing materials.

2. Methods
2.1 Materials

Methylamine aqueous solution (CH3NH2, 40 wt% in water,
Aladdin), hydrobromic acid (HBr, 40 wt% in water, Macklin),
formamidine acetate (99%, Aladdin), Pb(CH3COO)2�3H2O
(99.5%, Fortune), Tb(CH3CO2)3�xH2O (99.99%, Aladdin), N,N-
dimethylformamide (DMF, 99.5%, Aladdin) and poly(ethylene
glycol) (PEG, average Mn = 1500, reagent grade, J&K Scientific)
were used. All reagents were of analytical grade and used
without further purification.

2.2 Synthesis of perovskite powder

MA0.89FA0.11PbBr3 powder was synthesized by reaction among
methylamine aqueous solution, formamidine acetate, lead acet-
ate trihydrate (Pb(Ac)2�3H2O), and hydrobromic acid according
to a fixed molar ratio. Excess hydrobromic acid ensured com-
plete dissolution of Pb(Ac)2�3H2O. Pb(Ac)2�3H2O was dissolved in
the HBr solution and stirred at 80 1C to obtain a clear solution,
and then methylamine aqueous solution and formamidine
acetate were added. After stirring and heating for 1–2 hours,
an MA0.89FA0.11PbBr3 orange-red precipitate formed at the bot-
tom. The powder was collected by filtration using a Buchner
funnel, washed several times with anhydrous ethanol, and dried
at 80 1C for 24 hours to obtain the final MA0.89FA0.11PbBr3

powder.

2.3 Synthesis of MA0.89FA0.11PbBr3 and MA0.89FA0.11PbBr3:Tb
single crystals

The MA0.89FA0.11PbBr3 powder was dissolved in DMF solution
and stirred overnight at room temperature. The precursor
solution was filtered using a 0.45 mm pore size PTFE filter.
For MA0.89FA0.11PbBr3:Tb single crystal growth, a specific ratio
of rare-earth acetate hydrate and a trace amount of hydrobro-
mic acid were added to the MA0.89FA0.11PbBr3 precursor
solution. To control nucleation and suppress secondary nuclea-
tion, poly(ethylene glycol) was added as a polymer additive,
consistent with the method described in the main text. The
precursor solution was placed on a hot stage at 55–75 1C for
6–12 hours to grow MA0.89FA0.11PbBr3 single crystals.

2.4 Characterization

The crystal structure was characterized using an X-ray powder
diffractometer (D8 Advance, Bruker) with Cu Ka1 radiation
(l = 1.5406 Å). UV-Vis absorption spectra of the crystals were
collected using a U-3900H (Hitachi) spectrometer equipped
with an integrating sphere. Steady-state and time-resolved
photoluminescence (TRPL) spectra were measured using an
FLS-1000 fluorescence spectrometer (Edinburgh Instruments)
at a 375 nm excitation wavelength. Elemental content in the
crystals was measured using an ICP-AES (Ptima8300). X-ray
fluorescence (XRF) mapping and line-scan analyses were per-
formed using a micro-XRF spectrometer (Bruker M4 Tornado
PLUS) to evaluate the spatial distribution of Tb3+ within the
crystal lattice. X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on a Thermo Fisher ESCALAB 250Xi
system. Electrical contacts were made by thermally evaporating
100 nm thick gold electrodes onto the crystal surfaces using a
VZZ-300A high-vacuum thermal evaporator. Dark current–voltage
characteristics were measured using a Keithley 2400 source
meter to determine carrier mobility and trap density. The
gamma-ray detector measurement platform utilized a charge-
sensitive preamplifier (Shaanxi Dicreate, MA-01A), known for its
low noise and high gain charge sensitivity.

3. Results and discussion

The synthesized large, high-quality RE-doped HP single crystals
faces multiple challenges: doping-induced lattice strain, sec-
ondary nucleation, by-product formation, and the poor solubi-
lity of rare-earth reagents in organic solvents. By systematically
optimizing crystallization parameters (precursor stoichiometry,
growth temperature, and solution concentration) and employ-
ing a polymer additive to control nucleation,21 we suppressed
parasitic nucleation and synthesized a series of large
MA0.89FA0.11PbBr3:Tb single crystals (10–16 mm) with Tb/Pb
ratios between 0.13% and 0.67% (Fig. 1a). Powder XRD patterns
and Rietveld refinements proved the lattice incorporation of
Tb3+ (Table S1). The notations 0.5Tb, 1Tb, 2Tb, and 5Tb denote
the nominal Tb/Pb molar percentage in the precursor feed.
They are adopted hereafter for conciseness. Crystals with
nominal Tb/Pb ratios from 0.5% to 5% were synthesized, with
the actual Tb incorporation (0.13% to 0.67%) as measured by
ICP-AES. Increasing the Tb/Pb ratio systematically shifted all
diffraction peaks to higher angles, indicating a progressive unit
cell contraction while maintaining the cubic Pm%3m phase.21 For
instance, the (211) peak shifted from 37.0891 in the
MA0.89FA0.11PbBr3 crystal to 37.3051 in its doped counterpart,
corresponding to a reduction in the lattice constant from
5.9309 Å to 5.8988 Å (Fig. 1c and d). This lattice contraction
might have originated from substituting the larger Pb2+ ions
(119 pm) with smaller Tb3+ ions (92.3 pm), as illustrated in
Fig. 1b. The monotonic change in lattice parameter with the Tb-
doping concentration, along with the lack of secondary phases
in XRD, demonstrates the successful and homogeneous
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integration of Tb3+ into the perovskite lattice, in line with prior
studies on RE-doped systems.22,23

The presence of terbium in the perovskite crystals and its
trivalent oxidation state were observed by X-ray photoelectron
spectroscopy (XPS), combined with X-ray fluorescence (XRF)
mapping and inductively coupled plasma atomic emission
spectroscopy (ICP-AES) for elemental quantification. Survey scans
of the MA0.89FA0.11PbBr3 crystal showed characteristic Pb 4f, N 1s,
C 1s, and Br 3d peaks of terbium in the trivalent state.24,25

Quantitative ICP-AES analysis proved a correlation between the
actual Tb/Pb ratio in the crystals and the nominal feed ratio,
demonstrating high doping efficiency (Fig. 2c and Table S2). The
XPS and ICP-AES show that Tb3+ ions are incorporated into the
crystal lattice.

To investigate whether rare-earth doping in single crystals is
uniform or non-uniform, we employed X-ray fluorescence (XRF)
mapping (Fig. S3–S7). Fig. S3 presents the mapping of Pb, Br,
and Tb on the bottom surface of the 1% Tb-doped crystal, with
a scanning area of 5 mm � 5 mm. The results indicate that all
three elements are uniformly distributed. Subsequently, line
scans were performed on the four samples to examine the
distribution of Tb concentration. The results show that Tb
characteristic peaks (La position 6.2 keV) were observed in all
samples, with higher doping concentrations corresponding to
higher peak counts. For the 0.5% and 1% Tb-doped crystals, the
Tb concentration remained nearly constant, indicating uniform
doping distribution. However, as the doping concentration
increased, the Tb count rate exhibited fluctuations, albeit

within a limited range. This observation suggests that higher
doping concentrations may induce inhomogeneity in rare-earth
element distribution.

The Tb-doping significantly modulates the optical proper-
ties of MA0.89FA0.11PbBr3 single crystals. UV-Vis absorption
spectra of MA0.89FA0.11PbBr3:Tb show a systematic red-shift of
the absorption edge with increasing nominal Tb/Pb feed ratio
(Fig. 3a). Tauc plot analysis indicates a decreased bandgap from
2.183 eV (MA0.89FA0.11PbBr3) to 2.138 eV (Tb/Pb = 5%) (Table S3).
This bandgap modulation maybe attributed to the lattice con-
traction induced by the substitution of smaller Tb3+ ions
for Pb2+ ions, consistent with the XRD analysis. X-ray photo-
electron spectroscopy (XPS) confirms the trivalent state of
terbium in the doped crystals. The high-resolution Tb 3d
spectrum exhibits distinct peaks at 1243 eV and 1277 eV,
corresponding to the Tb 3d5/2 and Tb 3d3/2 core levels, respec-
tively (Fig. 2b).

These binding energies are characteristic of Tb3+, proving
the presence of bandgap narrowing from 2.183 eV
(MA0.89FA0.11PbBr3) to 2.138 eV by substituting smaller Tb3+

for Pb2+, consistent with our XRD analysis (Table S3). Steady-
state photoluminescence (PL) spectra, acquired under identical
conditions, demonstrate a nearly 20-fold enhancement in emis-
sion intensity at 575 nm for the optimally doped (Tb/Pb = 1%)
crystal compared to its MA0.89FA0.11PbBr3 counterpart (Fig. 3b).
Time-resolved photoluminescence (TRPL) decay curves, fitted
with a biexponential function, show a dramatic increase in the
bulk carrier lifetime (t), rising from 197 ns in the undoped

Fig. 1 Crystal structure and composition of MA0.89FA0.11PbBr3:Tb single crystals. (a) Photographs of crystals with increasing Tb/Pb ratios. (b) Schematic
of the crystal structure before and after Tb3+ doping. (c) Lattice parameter versus Tb/Pb ratio. (d) XRD patterns with a magnified view of the peak shift.
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crystal to a maximum of 4422 ns at 1% Tb doping—an
improvement of over 22-fold (Fig. 3c, d and Fig. S1). This trend
of extended carrier lifetime aligns with the known role of rare-
earth elements in suppressing non-radiative traps.26 The
observed bandgap widening, enhanced PL intensity, and
greatly extended carrier lifetime together suggest that Tb3+

incorporation may passivate non-radiative recombination cen-
ters within the crystal lattice.

The space-charge-limited current (SCLC) technology is
introduced to illustrate the enhancement of charge transport
properties due to the Tb-doping. Shown in Fig. S8 is a
schematic of the photodetector device constructed from
MA0.89FA0.11PbBr3:Tb single crystals, featuring a vertical
architecture in which the perovskite crystal is sandwiched
between a pair of gold (Au) electrodes. To evaluate the
electrical characteristics of the device, current–voltage (I–V)
measurements were carried out using a semiconductor para-
meter analyzer. Space-charge-limited current (SCLC) mea-
surements were further employed to quantify the trap
density (nt) and carrier mobility (m) of the single crystals.
The resulting I–V curves display three characteristic regimes:
an ohmic region (n = 1), a trap-filled region (n 4 3), and a
Child’s law region (n = 2). Based on the trap-filled limit

voltage (VTFL), the defect density nt was derived using the
Mott–Gurney equation:

nt ¼
2VTFLee0

eL2

where L is the crystal thickness, e is the relative permittivity,
e0 is the vacuum permittivity, and e is the elementary charge.
The carrier mobility m is extracted from the Child’s law region
(third region), where current follows a quadratic dependence
on voltage, using the Mott–Gurney equation:

8JDL
3

9ee0V2

where JD is the current density and V is the applied voltage.
Based on this analysis, the I–V curves of the single crystals exhibit
three distinct regimes: an ohmic region (first region, n = 1), a
trap-filled limited region (second region, n 4 3), and a Child’s
law region (third region, n = 2.). By fitting the third region, the
carrier mobilities of MA0.89FA0.11PbBr3 and MA0.89FA0.11PbBr3:Tb
single crystals were calculated. Comparative I–V curves for the
MA0.89FA0.11PbBr3 and optimally doped (Tb/Pb = 1%) show a
near-tripling of carrier mobility from 55.4 cm2 V�1 s�1 to

Fig. 2 Compositional analysis of MA0.89FA0.11PbBr3:Tb: (a) XPS survey scans, (b) high-resolution Tb 3d spectra showing the Tb3+ state, and (c) doping
efficiency determined by ICP-AES.
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153.6 cm2 V�1 s�1 in the MA0.89FA0.11PbBr3 sample, alongside an
order-of-magnitude reduction in trap density from 1.04 � 1010

cm�3 to 1.86 � 109 cm�3 (Fig. 4c, d and Fig. S9). This simulta-
neous suppression of trap density and boost in mobility agree
with reports on other RE-doped perovskites20 and align with our
TRPL results (Table S4). The drastic reduction in charge trapping
sites diminishes carrier scattering, thereby enhancing mobility,
while also curbing nonradiative recombination pathways to
extend the carrier lifetime (Fig. 3d).

The optimized charge transport properties of the Tb-doped
crystals yield exceptional gamma-ray detection performance.
Detectors with an Au/perovskite/Bi architecture (Fig. 5a and Fig.
S10) were evaluated under a 10 V bias using a 241Am15.7%
(Fig. 5c). In contrast, the detector based on the optimally doped
MA0.89FA0.11PbBr3:1Tb crystal exhibited a well-defined photo-
peak with a dramatically improved ER of 4.3% (Fig. 5d). This
substantial peak narrowing from minimized charge trapping
losses can be attributed to the order-of-magnitude lower trap
density and significantly higher carrier mobility. The energy
resolution depended strongly on the Tb/Pb ratio, with optimal
performance at the 1% nominal doping level (Fig. 5b), consis-
tent with the peak carrier lifetime and mobility (Fig. S11). As
shown in Fig. 5e, the MA0.89FA0.11PbBr3:Tb gamma-detector
achieves a better energy resolution performance compared with

literature reports.12–14,26–29 This result unambiguously validates
Tb doping as a highly effective strategy for developing high-
performance radiation sensing materials.

4. Conclusions

In this work, we demonstrate that rare-earth doping of HP
single crystals, achieved through nucleation control and pre-
cursor regulation, can reach concentrations of up to 0.67%. The
XRF mapping further corroborates the uniform distribution of
Tb3+ within the crystal at a low Tb/Pb ratio (r0.35%), which is
expected to contribute to the structural and electronic homo-
geneity crucial for reproducible detector performance. The
incorporation of rare-earth ions induces lattice contraction
and decreases the bandgap. More importantly, it significantly
enhances semiconductor charge transport properties, includ-
ing increased carrier mobility and the prolonged carrier life-
time—by up to a factor of 22 in average carrier lifetime (from
196 ns to 4422 ns). The improvement in semiconductor perfor-
mance led to a substantial enhancement in gamma-ray detector
performance, with the energy resolution improving from 15.7%
to 4.3%.

While the optimization of HP single crystals has tradition-
ally relied on compositional engineering or growth method

Fig. 3 Effects of Tb doping on optoelectronic properties: (a) UV-Vis spectra and bandgap narrowing, (b) steady-state PL intensity, (c) time-resolved PL
decays, and (d) carrier lifetime versus doping concentration.
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Fig. 4 Electrical characterization of MA0.89FA0.11PbBr3 single crystals with varying Tb doping levels: (a) current–voltage (I–V) curves of the photodetector based on
MA0.89FA0.11PbBr3, (b) I–V curves of the photodetector with 1Tb doping, (c) carrier mobility as a function of Tb concentration, and (d) trap density as a function of Tb
concentration.

Fig. 5 High-performancegamma-raydetection: (a)measurementsetup, (b)energyresolutionvs.Tb/Pbratio, (c)and(d)pulse-heightspectraoftheMA0.89FA0.11PbBr3

(15.7% ER) and 1% Tb-doped (4.3% ER) detectors for 59.5 keV g-rays, and (e) performance comparison with reported perovskite detectors.12–14,27–30
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refinement, this work establishes rare-earth doping as an
effective alternative pathway. Specifically, an optimal Tb/Pb
ratio of 0.35% was identified in the MA0.89FA0.11PbBr3:Tb
system. Nevertheless, studies on rare-earth doping for improv-
ing HPs’ semiconductor properties remain limited. Dark cur-
rent–voltage measurements indicate a reduction in trap
density, yet the underlying mechanisms require further inves-
tigation. We conclude that rare-earth doping represents a viable
and promising route for advancing perovskite-based radiation
detectors, with meaningful implications for future industrial
development.
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