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Understanding Thermal and A-Thermal Trapping Processes 
in Lead Halide Perovskites Towards Effective Radiation 
Detection Schemes
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Lead halide perovskites (LHP) are rapidly emerging as efficient, low-cost, 
solution-processable scintillators for radiation detection. Carrier trapping is 
arguably the most critical limitation to the scintillation performance. None-
theless, no clear picture of the trapping and detrapping mechanisms to/
from shallow and deep trap states involved in the scintillation process has 
been reported to date, as well as on the role of the material dimensionality. 
Here, this issue is addressed by performing, for the first time, a compre-
hensive study using radioluminescence and photoluminescence measure-
ments side-by-side to thermally-stimulated luminescence (TSL) and afterglow 
experiments on CsPbBr3 with increasing dimensionality, namely nanocubes, 
nanowires, nanosheets, and bulk crystals. All systems are found to be 
affected by shallow defects resulting in delayed intragap emission following 
detrapping via a-thermal tunneling. TSL further reveals the existence of addi-
tional temperature-activated detrapping pathways from deeper trap states, 
whose effect grows with the material dimensionality, becoming the dominant 
process in bulk crystals. These results highlight that, compared to massive 
solids where the suppression of both deep and shallow defects is critical, 
low dimensional nanostructures are more promising active materials for 
LHP scintillators, provided that their integration in functional devices meets 
efficient surface engineering.
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1. Introduction

The interaction between high-energy 
radiation and matter is a unique tool to 
investigate fundamental processes in par-
ticle and high-energy physics and under-
pins relevant technological applications 
in numerous fields including homeland 
security, industrial and medical imaging, 
safety screening, and quality inspection in 
food industry.[1] Radiation detection strate-
gies have been the subject of a large body 
of research, leading to the development of 
both direct radiation-to-charge converters 
and scintillator-based detectors,[2] where 
ionizing radiation is first converted into 
UV-visible light, which is then collected 
and turned into an electrical signal by 
coupled photomultipliers or solid-state 
diodes. Efficient scintillator detectors 
require dense active materials to ensure 
high interaction probability with ionizing 
radiation (Pi∝Zn that scales with the nth 
power of the effective atomic mass Z, with 
n = 1–5 depending on the type of interac-
tion),[3] and high emission yield, which 
is typically optimized by minimizing the 

defect concentration in high optical quality single crystals. The 
fabrication of massive defect-free scintillation crystals, however, 
requires high-temperature crystallization processes, which com-
plicate the realization of upscalable large-area devices and hinder 
their integration on flexible substrates. For this reason, solution-
processable materials such as semiconductor or oxide nanocrys-
tals[4] represent an attractive alternative as active layers for a new 
generation of low-cost and versatile radiation detectors.[5]

Very recently, all-inorganic (CsPbX3, X = Br, I, Cl) and hybrid 
organic-inorganic (APbX3, A = methylammonium, MA; forma-
midinium, FA) lead halide perovskites (LHP) have emerged as 
promising candidates for efficient X- and γ-ray detection.[2b,6] 
These materials combine affordable, low-temperature solu-
tion processing with strong light-matter interaction posited by 
their lead-based composition[2b,7] and large electron-hole dif-
fusion length.[2b,6b] Specifically, owing to their high stopping 
power[2b,6b,8] and efficient direct conversion of ionizing radia-
tion into charge carriers,[2b,6b,9] bulk MAPbI3 perovskites have 
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shown sensitivity values higher than conventional α-Se detec-
tors (104 µC Gyair

−1cm−2). This allows us to reduce the dose expo-
sure, a critical parameter in medical applications.[8b] Similarly, 
planar devices based on CsPbBr3 bulk single crystals (BSCs) 
have shown energy resolution comparable to commercial γ-ray 
CdZnTe detectors.[6b] In addition to this, LHP crystals show 
strong and fast radioluminescence (RL) due to the recombina-
tion of band-edge (BE) exciton, promoting their implementation 
as low-cost scintillators.[7,10] Colloidal synthesis routes for LHP 
nanocrystals have further opened up to the demonstration of 
color-tunable scintillators, achievable by tailoring the BE exciton 
recombination energy via particle size control[11] and anion com-
position.[12] As a result, CsPbX3 nanocrystals featuring efficient 
and narrow-band RL across the whole visible spectrum have 
been reported.[5b,9b] This aspect represents a significant advance-
ment with respect to conventional scintillators, such as thallium 
activated CsI and cerium-activated single crystals like YAlO3 
perovskites, silicates, and mixed garnets,[13] where the emission 
energy is dictated by the chemical composition of the activator 
and the matrix materials. Notably, LHP nanostructures are easily 
processed into films at room temperature, which has enabled 
the fabrication of low-cost flexible scintillators based on CsPbBr3 
nanocubes (NCs)[14] and nanosheets (NSs).[15] More recently, 
CsPbBr3 nanocrystals have also been employed as an efficient 
high-Z sensitizer for organic dyes in plastic scintillators, ena-
bling the demonstration of fast and re-absorption free scintilla-
tion with efficiency comparable to commercial bulk crystals.[16]

All these ground-breaking advancements highlight the 
potential of LHP materials as active components of new, effi-
cient, and affordable radiation detectors. Despite this promise, 
there are still important aspects that determine the performance 
of LHP crystals and nanostructures in radiation detection that 
have not been investigated in detail yet. In particular, little is 
known of the thermodynamics and kinetics of trapping and 
detrapping mechanisms of carriers generated upon interaction 
with ionizing radiation in shallow and deep defects which are 
both responsible for relevant, and typically detrimental, effects 
on the scintillation process. Specifically, shallow traps with 
longer but comparable lifetime to the scintillation decay-time 
are known to compromise the time-resolution of scintillators 
causing slow scintillation tails due to slow detrapping.[17] On 
the other hand, deep traps—, that is, localized electronic states 
with a lifetime much longer than the scintillation decay time—
trap carriers in a stable and irreversible way (except upon the 
delivery of the necessary energy budget), thereby reducing the 
scintillation efficiency.[18] Finally, intermediate trapping behav-
iors can also be present, leading to millisecond long RL decay 
tails commonly referred to as afterglow (AG).[17a,19] While recent 
reports investigated a seemingly ubiquitous low-temperature 
trap emission in the photoluminescence (PL)[20] and RL[10b] 
spectra of CsPbBr3 nanostructures and BSCs, no information 
concerning non-radiative intermediate and deep traps is avail-
able in the literature, as well as on the role of the material 
dimensionality on the trapping and detrapping processes.

In this work, we aim at contributing to this task by com-
bining PL and RL experiments as a function of temperature 
(T), side-by-side to thermally-stimulated luminescence (TSL), 
and low-temperature AG measurements to investigate the trap-
ping and detrapping processes involved in the scintillation of 
CsPbBr3 perovskite nanostructures of increasing dimensionality, 

namely NCs, nanowires (NWs), NSs, along with the respective 
BSC. In order to explore the role of surface and bulk defects 
through control of the surface-to-volume ratio (S:V), with min-
imal spurious effects due to particle quantum confinement, 
we specifically selected nanostructures larger than the exci-
tonic Bohr radius of CsPbBr3 (aB = 3.5 nm).[11a] RL experiments 
between 10 and 320 K revealed the emergence, for T < 70 K,  
of an intragap luminescence band due to radiative recombina-
tion of excitons in shallow traps in any of the investigated sys-
tems. Continuous-wave (CW) and time-resolved PL experiments 
showed comparable emission trends, indicating that X-ray irra-
diation does not produce photo-generated defects in any LHP 
system and pointing to the thermal exchange between shallow-
trapped and BE excitons. Differently from RL and PL experiments 
where the investigated timescale is comparable to the lifetime of 
the BE excitons, TSL and AG allow to probe the delayed-emission 
of detrapped carriers from deep centers and, notably, also the 
dynamics of non-radiative traps, thus providing a complementary 
experimental tool to RL and PL for a comprehensive analysis of 
the trapping and detrapping processes in both deep and shallow 
trap states. TSL and AG experiments at cryogenic temperature 
revealed a strong correlation between the system dimensionality 
and the detrapping mechanism from deep non-radiative traps. 
Specifically, the TSL glow curve of the BSC—and similarly, but 
with lower intensity for the NWs and NSs—shows an intense 
peak at T  = 112 K marking the thermal activation of exciton 
detrapping which is not observed in the lower dimensional NCs. 
Finally, AG measurements at T = 10 K combined with TSL shed 
light onto the nature of the prolonged TSL decay common to all 
investigated LHP materials whose emission energy matches the 
low-T intragap RL and PL, revealing that in all nanostructures 
the main detrapping pathway is a-thermal tunneling towards a 
trapped excitonic state. Altogether these results point out that, 
despite their defect tolerant band structure,[21] the BE exciton/car-
riers in LHPs are substantially impacted by traps that are likely 
associated with surface defects. In addition to that, lowering the 
S:V ratio leads to a progressive emergence in NWs and NSs of 
the signatures of a deep localized state possibly placed inside the 
particle volume that becomes the dominant trapping channel in 
BSC. Such a deeper understanding of the defect physics in LHPs 
offers valuable guidelines for future realization of efficient LHP-
based radiation detectors.

2. Results and Discussion

2.1. RL Experiments as a Function of Temperature

The systems investigated in this work were produced following 
the protocols reported in the Experimental Section. In all nano-
structures, the particle dimensions are larger than the exciton 
Bohr radius of CsPbBr3 (aB = 3.5 nm),[11a] resulting in a weak 
quantum confinement effect. Specifically, the average lateral 
size of the NCs is 9 ± 2 nm, the NWs are 11 ± 1 nm wide and 
over 500 nm long and the NSs are 20 ± 2 nm thick with lateral 
size up to 1  µm, as extracted from the transmission electron 
microscopy (TEM) images (Figure S1, Supporting Information). 
Accordingly, the PL spectra at 300 K of all nanostructures in 
toluene solution (Figure S2, Supporting Information) are char-
acterized by an almost negligible blue-shift of the PL peak with 
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respect to the BSC (≈2.38–2.42  eV vs ≈2.36  eV), featuring the 
characteristic narrow full width at half maximum (FWHM) 
values (< 80 meV) typical of CsPbBr3 perovskite materials.[11a] 
The PL quantum yield (ΦPL) of the NCs, NWs, and NSs amounts 
to 10±2%, 10±2%,  and 20±4%  respectively. The BSC shows 
ΦPL < 1%, consistent with the large exciton diffusion length in 
perovskite single crystals leading to a more dominant effect of 
nonradiative trapping compared to nanostructures. Excluding 
quantum confinement effects allow us to focus on the impact of 

the S:V by decreasing the dimensionality of the systems. Specif-
ically, moving from the BSC, where the effect of the surface is 
negligible (S:V = 6 × 10−6 nm−1) to the NSs (S:V = 2 × 10−3 nm−1)  
the contribution of the surface becomes dominant in NWs 
(S:V = 0.1 nm−1) and NCs (S:V = 0.7 nm−1).

We start our analysis by performing RL and PL measure-
ments as a function of temperature for all nanostructures and 
the BSC. The normalized RL spectra of all systems versus T are 
reported in Figure  1a; the respective PL spectra are shown in 

Figure 1.  RL of CsPbBr3 nanostructures and single crystal. a) Normalized RL spectra as a function of temperature from 10 (bottom) to 320 K (top) for 
CsPbBr3 NCs (green), NWs (blue), NSs (violet), and BSC (orange). The curves have been offset for clarity. b) Total integrated RL intensity (ITOT) as 
a function of temperature and c) weight of the BE (IBE, squares) and TE (ITE, triangles) integrated RL intensities calculated with respect to ITOT. IBE of 
the BSC takes into account the evolution of both spectral components detected at room-T. ITOT is normalized to its value at 320 K. All samples were 
excited by a continuous distribution of X-rays produced by Bremsstrahlung with maximum energy at 32 keV.
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Figure 2a for the NCs and Figures S3–S5, Supporting Informa-
tion, for the other samples. At room temperature, all nanostruc-
tures show a single RL peak (at 2.37, 2.35, and 2.30 eV for NCs, 
NWs, and NSs respectively) due to the recombination of BE 
excitons nearly matching the respective PL excited at 3.06  eV. 
The BSC shows a single peak PL (Figure S2, Supporting Infor-
mation) and a structured RL (Figure 1d) profile with two spec-
tral components respectively at 2.23 and 2.29  eV, consistently 
with previous reports on lead-based perovskite BSCs and thin 
films with different compositions of the A-site cations.[2b,10b,22] 
To date, no general agreement on the nature of such spectral 
structure has been reached in the literature. Possible origins 
include biexciton recombination,[22b] phonon replica,[22d] bulk 
versus surface recombination,[2b,22e] re-absorption and self-
absorption effect,[22a,f ] and recombination of exciton bound to a 
halide vacancy.[22c] More recently, this effect has been assigned 
to polar distortion of the PbBr6 octahedrons at high tempera-
ture, giving rise to indirect tail states below band-gap due to 
dynamical Rashba splitting effect.[22b] We point out that at 

cryogenic temperatures the BSC reveals the composite nature 
of its BE-PL emission (Figure S5, Supporting Information), 
according to the RL spectra.

Upon reducing the temperature, for all systems, we observe 
a progressive spectral narrowing (25–90 meV) of the exci-
tonic peak due to the gradual suppression of homogeneous 
broadening[20b,22c,23] and the typical redshift of the exciton posi-
tion at low T.[20b,23b,24] Nonetheless, whereas the exciton peak 
of the NCs shows monotonic redshift for T < 250 K (≈50 meV  
from 300 to 5K), the RL of higher dimensional systems 
is characterized by an initial blue-shift (NWs +5 meV,  
NSs +19 meV, BSC + 80 meV, and +40 meV) approaching T = 70 K  
that is overtaken by a 20–80 meV redshift at lower tempera-
tures. Such a non-monotonic trend of the band-gap energy can 
be rationalized by the competition between electron-phonon 
coupling and temperature-induced changes in the lattice 
potential of LHP materials[23b,24,25] whose effect is enhanced in 
higher dimensional samples. More interestingly for our study, 
as highlighted in Figure  1a, for T  <  70 K an additional broad 

Figure 2.  CW and time-resolved PL of CsPbBr3 NCs between 5 and 300 K. a) PL spectra as a function of temperature from 5 (bottom) to 300 K (top).  
b) Total integrated PL intensity (ITOT) as a function of temperature and c) weight of the BE- (IBE, squares) and TE- (ITE, triangles) integrated PL intensities 
between 5 and 70 K. d) Normalized PL decay curves of the BE-PL as a function of the temperature from 300 to 5 K. e) Contour plot of the spectrally-
resolved BE-PL decay at 300 K. f) TE-PL decay curves as a function of the temperature between 5 and 70 K. The data are normalized for the time zero 
TE-PL intensity at 5 K. g) Temperature dependence of the decay rate of the fast TE-PL component ( fast

TEk ) and the relative weight of the slow component 
of the BE-PL decay curves ( Slow

BEI ), together with their respective fit using Equations (1) and (2) h) Schematic depiction of the T-dependent dynamics. At 
room-T the TE can repopulate the BE via thermally assisted detrapping, giving rise to a delayed component in the BE-PL emission Slow

BEI  (green arrow). 
For T< 70 K, the detrapping is progressively inhibited leading to the direct emission from the TE states ITE (blue arrow) and consequent decrease of 

Slow
BEI . All samples were excited at 3.06 eV.
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(FWHM≈40–70 meV) sub-bandgap emission redshifted with 
respect to the BE emission peak (70 meV NCs, 59 meV NSs,  
32 meV NWs, 15 meV BSC at 10 K) progressively emerges in 
both the RL and PL spectra of all systems, which we ascribe to 
the radiative recombination of trapped excitons (TE) in a mani-
fold of shallow traps, in agreement with previous PL[20] and 
RL[10b] studies. The observation of such a TE-RL band for both 
the BSC and related nanostructures featuring much larger S:V 
suggests that similar defects are found in both the bulk and the 
surfaces of CsPbBr3 systems.

In Figure  1b we report the temperature dependence of the 
total integrated RL intensity (ITOT). The same analysis of the PL 
data is reported in Figure 2b for the NCs and in Figure S6, Sup-
porting Information, for the other samples, showing essentially 
identical trends as the RL data for all investigated systems. In 
all cases, ITOT grows by at least a factor of ten with decreasing 
temperature from 320 to 10 K. By monitoring the BE and TE 
emissions separately as quantified in Figure  1c, where we  
report the weight of their RL integrated intensity (IBE, ITE), we 
notice that for all systems, the BE emission grows and reaches 
saturation when the temperature is decreased from 320 to 70 K. 
On the other hand, for T< 70 K the increase of ITOT is mostly 
due to the growth of the TE-RL intensity, which becomes the 
dominant contribution in the case of NCs, NSs, and BSC. The 
NWs follow a similar trend as the other systems, although with 
a markedly lower contribution by the TE at low T.

2.2. CW- and Time-Resolved PL Experiments as a Function of 
Temperature

To understand the origin of the thermal behavior of the BE 
and the TE recombination channels, we performed CW 
and time-resolved PL experiments in the 5–300 K tempera-
ture range. Since all investigated CsPbBr3 systems showed 
very similar PL versus T trends, we focused our discussion 
on the NCs as a representative example. The time-resolved 
PL data of the other samples are reported in Figures S7–S9,  
Supporting Information. In Figure 2a we report the PL spectra 
of the NCs between T  = 5 K and T  = 300 K. Consistent with 
the RL data, the room temperature PL spectrum is dominated 
by the BE emission at 2.4  eV. Upon cooling, the PL gradually 
intensifies (Figure  2b), and the PL spectrum undergoes very 
similar narrowing and redshift as observed for the RL. For 
T  <  70K, a broad TE emission identical to the RL shown in 
Figure 1a arises and becomes progressively dominant, as quan-
tified in Figure 2c where we report the weight of the BE- and 
TE-PL integrated contributions. The close match between the 
PL spectra and the respective RL profiles, as well as the trends 
of their intensity versus T, indicate that the shallow defects 
responsible for the TE emission were not generated upon X-ray 
irradiation. In Figure 2d we report the PL time-decay curves of 
the BE between 5 and 300 K, showing a fast component with 
effective lifetime Fast

BEτ  = 6 ns (accounting ≈80% of the signal at 
room temperature) followed by a long-lived tail with decay time 

Slow
BEτ  ≈ 150 ns. In order to clarify the origin of the delayed-PL, in 

Figure 2e we report the contour plot of the spectrally-resolved 
PL-decay of the NCs at 300 K, showing essentially the same 
emission profile over the entire decay time and thus confirming 

that the fast and the long-lived component originate from the  
same exciton state. Notably, the fast component of the BE shows 
progressive acceleration with decreasing temperature (Figure S10,  
Supporting Information) according to the bright nature of the 
triplet excitonic states in LHP nanostructures,[26] in stark con-
trast to Slow

BEτ  that remains essentially constant throughout the 
whole temperature range (Figure S11, Supporting Information). 
Consistent with previous reports,[27] we ascribe the fast com-
ponent of the PL decay to recombination of photoexcited BE 
excitons and the longer-lived one to delayed emission of ther-
mally regenerated BE excitons by detrapping from shallow-trap 
states. To assess whether such trap states are also involved in 
the TE emission observed under both photo and X-ray excita-
tion, we analyzed the temperature evolution of the TE decay 
dynamics. The TE-PL decay curves (Figure 2f) are featured by 
an initial faster contribution with lifetime Fast

TEτ   ≈100  ns at 5 K 
followed by a µ-second long decay component. We assign the 
fast recombination channel of the TE states to the non-radiative 
recombination of TE by thermally assisted detrapping to the BE 
state, while the µ-second component corresponds to the direct  
radiative recombination of the TE when no transfer of carriers 
takes place.

Accordingly, upon lowering the temperature, the decay rate 
of the fast TE-PL component ( fast

TEk ) drops (Figure  2g), in com-
pliance with the idea of progressively inhibited detrapping by 
back-transfer to the BE state. Consistently, such a decrease in 

fast
TEk  is accompanied by a concomitant decrease of the relative 

weight of the slow decay contribution of the BE-PL ( slow
BEI ) due to 

re-populated BE excitons (Figure 2g), giving definitive proof of 
the thermally driven interchange taking place between the two 
states, as depicted in Figure  2h. According to this picture, we 
evaluated the detrapping energy EDT by fitting the temperature 
dependence of slow

BEI  and fast
TEk  respectively with the expressions

slow
BE

0

DT

BI I e
E

k T=
−

	 (1)

fast 0 1

DT

Bk k k eTE
E

k T= +
−

	 (2)

both consistently yielding EDT  = 6–8 meV. We notice that the 
same analysis carried out for the NWs (Figure S12, Supporting 
Information) leads to an activation energy of only 2 meV, sug-
gesting that even at cryogenic temperature the detrapping is 
highly efficient in this system. This aspect could originate from 
the peculiar behavior of NWs to merge into larger structures, 
affecting the coordination of surface sites and defects, and 
could explain the lower contribution of the TE emission in 
NWs compared to the other samples (Figure 1, Figure S6, Sup-
porting Information). Finally, we point out that the energy shift 
between the BE-PL and the TE-PL at 5K (≈50 meV) is much 
higher than the activation energy of the back-transfer, sug-
gesting that the radiative recombination of TE takes place from 
the bottom of a manifold of states.

2.3. TSL and Low-T AG

Next, we proceed in our analysis by performing TSL and low-T  
AG measurements for all investigated systems. TSL and AG 
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are powerful techniques largely employed in the field of scin-
tillation and dosimetry, as they specifically probe the dynamics  
of detrapping processes from defect states. Specifically, a typ-
ical TSL experiment consists of two steps. First, the sample 
is exposed to prolonged X-ray irradiation at a given tempera-
ture to populate trap states in the bandgap that are stable at 
the chosen temperature. Successively, the irradiation is inter-
rupted, and the sample is progressively heated using a linear 
heating rate while monitoring the delayed emission due 
to carrier detrapping. This allows one to correlate the tem-
perature at which a specific TSL peak is detected with trap 
parameters like trap depth (ΔET) and attempt-to-escape fre-
quency (or frequency factor) s. In AG measurements, X-ray 
irradiation is performed analogously but the sample is kept 
at a constant temperature during the whole acquisition of the 
delayed emission; in a thermally assisted detrapping process, 
the decay time, τT, of the delayed emission is related to trap 
parameters by the formula:

1
exp /T T B

s
E k Tτ ( )= ∆ 	 (3)

where s is the frequency factor that is related to the temperature 
of the maximum TSL peak, TM, and to the heating rate β by

β ( )= ∆exp /T

B M
2 T Bs

E

k T
E k TM 	 (4)

Based on this, we proceeded with TSL experiments by irradi-
ating the samples at 10 K for 15 min, after which the tempera-
ture was linearly increased with a heating rate of 0.1 K s−1. In 
Figure 3a we report the contour plots of the spectrally resolved 
TSL intensity of all investigated samples as a function of tem-
perature. All systems exhibit a broad (1.7–2.5  eV) monotonic 
TSL emission extending over a wide range of temperatures. For 
the BSC, such a monotonically decreasing TSL signal is super-
imposed to an intense TSL peak emerging at 112 K.

A closer look at the contour plot of the NSs and the 
NWs reveals an analogous, yet substantially weaker, signal 
emerging at T  = 112 K. In order to resolve the spectral con-
tribution to the TSL contour plot, in Figure  3b we report 
the TSL spectra integrated over two temperature intervals, 
namely T < 90 K and 90 K < T < 130 K. The low-T TSL spectra 
of all systems are substantially similar, with a main narrow 
peak at ≈2.25  eV that matches the TE-RL and PL discussed 
in Figure 1 and Figure  2. Interestingly, the BE emission is 
lacking in all systems while a low-energy shoulder extending 
to 1.5  eV (TE’), whose relative intensity increases with the 
system dimensionality, is detected altogether with TE above 
90 K, in the region of the 112 K peak. Upon heating, TE’ 
intensifies, with the higher dimensional system showing the 
largest growth, resulting in a featureless TSL spectrum at 
1.9  eV dominating the spectrum of the BSC. Such features, 
namely the presence of a sharp peak and of an additional 
emission center below 2 eV, and their strong anticorrelation 
with S:V, suggest the existence of different trap-center recom-
bination paths that will be discussed in detail in Figure 4.

Once we analyzed the spectral composition of the emit-
ting centers, we proceeded to investigate the kinetics of the 

detrapping mechanisms. In Figure 3c we report the spectrally-
integrated TSL intensity as a function of the temperature (com-
monly referred to as “glow curves”) for all investigated samples. 
Since in TSL experiments temperature and time are linearly 
correlated, we can map the decay of the TSL intensity as a func-
tion of time, as shown in Figure 3c. Consistent with the respec-
tive TSL contour plots, the glow curves of the nanostructures 
decrease monotonically with temperature (time) and the NWs 
and NSs show an additional peak at 112 K (insets in Figure 3c), 
corresponding to the rise of TE’ in the TSL spectra in the 
90–120K temperature range. According to the above discus-
sion, the BSC shows essentially the same monotonic behavior 
of the nanostructures with an additional peak at 112 K, almost 
ten times more intense than the underlying TSL intensity 
trend, followed by a weaker peak at 135 K. The emergence of 
TSL peaks in glow curves is the typical signature of a thermally 
activated detrapping process.[28] Specifically, the rise of the TSL 
corresponds to the onset of carrier release from a trap. Once 
a significant portion of the traps has been emptied, the TSL 
signal starts to decrease, leading to a typical peak feature in the 
glow curve.

Before investigating the energetics of the TSL peaks, we ana-
lyze the monotonic decay of the TSL intensity common to all 
samples. We choose to focus on the NCs, since no TSL peaks 
are detected in their glow curve. In Figure  3d we report the 
inverse of the TSL intensity in the first 15 min after suppression 
of the irradiation (10–100 K), showing a clear linear trend with 
time. Notably, such a linear behavior is the typical signature of 
direct a-thermal tunneling of trapped carriers from a distribu-
tion of trap-center distances.[29] In this case, the release of car-
riers is not mediated by the material bands, but it is instead due 
to direct tunneling from the trap state to an excited state of the 
luminescent center positioned at the same energy. Accordingly, 
we fit the data using the expression,

0I t A t t p( ) ( )= + −
	 (5)

that yields p = 1.01 ± 0.06 for NCs, in excellent agreement with 
a-thermal tunneling release of carriers.[29c] Moreover, in order 
to further confirm the presence of a-thermal tunneling, we per-
formed AG measurements at T = 10 K on NSs and BSC, where 
the thermal contribution is more pronounced.

In Figure  4a we report the spectrally integrated TSL inten-
sity together with the AG intensity as a function of time for 
the NSs and BSC. Both samples show prolonged delayed emis-
sion at constant T  = 10 K, definitely proving the presence of 
an a-thermal detrapping channel. Accordingly, fitting the AG 
decays with Equation  (5) yields p = − 0.90 ± 0.01  for NSs and 
p = − 0.99 ± 0.02 for the BSC, and the AG spectra (Figure 4b) 
show constant shape with time for both systems. Notably, the 
low-temperature TSL spectra (Figure  3b) closely resemble the 
AG spectra, except for the low-energy contribution responsible 
for the TSL peaks of the AG curves. We point out that the trap 
that transfers via tunneling is situated at the same energy of 
the excited state of the emitting center, since tunneling occurs 
exclusively between isoenergetic states.

Finally, we focus on the energetics of the trap associated 
with the TSL peak at T = 112 K mostly observed for the BSC. 
To this aim, we subtracted the AG contribution from the glow 
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curve of the BSC and calculated ΔET and its τT at room-T by 
the so-called initial rise method.[28,30] Specifically, ΔET can be 
evaluated by fitting the initial portion of the glow curve with 
the function,

( ) =
− ∆

0

T

BI T I e
E

k T 	 (6)

where I0 is proportional to the frequency factor s. In Figure 4c 
we report the Arrhenius plot of the TSL amplitude in the region 
of interest with the respective fit, leading to ΔET = 260 meV, a 
value much larger than the thermal energy at room-T.

Combining Equations  (3) and (4) we obtain s = 1010 s−1 and 
τT = 2.6 μs at room-T, a value substantially exceeding the typical 
exciton recombination time of LHPs.

Figure 3.  TSL of CsPBr3 nanostructures and single crystal. a) Contour plots of the spectrally resolved TSL intensity as a function of temperature in the 
10–320 K range of all investigated samples. b) Normalized spectra of the TSL intensity integrated for T < 90K (black curve) and between 90 and 130 K 
(colored curve). c) Glow curves of all investigated samples normalized for their initial value at T = 10 K. The black insets in Figure are a magnification 
of the glow curve to highlight the TSL peak of NWs and NSs and the initial monotonic decay of the BSC. d) Inverse of the TSL intensity of NCs as a 
function of the time-delay after the suppression of irradiation. The black line is the result of the fitting to Equation (5).
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Altogether the combined use of TSL and low-T AG experi-
ments reveals a substantial difference in the ultra-slow detrap-
ping mechanisms of NCs compared to higher dimensional 
systems, as schematically depicted in Figure  4d. In NCs, 
trapped carriers are mostly released via a-thermal tunneling to 
the same TE state observed in RL and PL experiments, leading 
to a monotonic decay of the TSL intensity and AG. An addi-
tional thermal detrapping channel gives rise to a TSL peak 
whose intensity is progressively enhanced in NWs and NSs, 
becoming the dominant feature of the TSL of the BSC. At vari-
ance with tunneling, characterized mostly by the selective TE 
emission, thermal detrapping brings carriers in delocalized 
states from which they can recombine evenly at two emission 
centers, namely TE and TE’ responsible for the low energy 
band below 2 eV. The presence of a TE’ below 2 eV also at 10 K  
might be due to weak thermal liberation of traps also at this 
temperature, which is obviously strongly enhanced when the 
temperature gets close to 112 K. The observed sharp decrease of 
the TSL just after the TSL peak at 112 K (see Figure 4) suggests 
that the same kind of trap is responsible for both a-thermal 
tunneling and TSL peak at 112 K, this last peak representing 
the thermally-assisted liberation of carriers leading to their 
complete depletion. Due to the much stronger dependence of 
trap-center distance in tunneling phenomena with respect to 
thermally assisted ones, the more pronounced relative intensity 
of tunneling with respect to thermal liberation in nanostruc-
tures with respect to BSC points to a greater spatial correlation 

between traps and emission centers in nanostructures, that 
are more defective due to their high S:V. Finally, such a pic-
ture even suggests the possibility to probe the defectivity level 
of nanostructures prepared by different synthesis methods by 
monitoring the relative weight of tunneling with respect to 
thermal liberation in TSL recombination.

3. Conclusions

In summary, we performed a comparative and in-depth inves-
tigation of the trapping and detrapping mechanisms of exci-
tons in CsPbBr3 perovskites of increasing dimensionality. Our 
results reveal that all our systems show detrapping physics 
related to shallow localized states due to surface defects. RL 
and PL measurements at various temperatures shed light on 
the thermal equilibrium between photogenerated excitons and 
localized shallow states in all investigated systems leading to 
delayed emission due to BE re-population following detrapping. 
Such a detrapping process is characterized by a thermal onset 
of a few meV (5.6 meV for NCs), leading to direct emission 
from the TE for T < 70K and resulting in a broad intragap RL 
and PL at low T. Interestingly, we further observe a prolonged 
TSL intensity decay common to all samples. This evidence 
combined with AG experiments allows us to assign such a pro-
longed luminescence to a-thermal tunneling detrapping, that 
appears as the principal detrapping mechanism in CsPbBr3 

Figure 4.  a) TSL intensity (red and purple circles) and AG intensity (black circles) of BSC and NSs as a function of the delay-time after suppression 
of the irradiation, together with the fit (red lines) of the AG intensity using Equation (5). b) Low-T TSL spectra (colored curves) together with the AG 
spectra for increasing delay-time of BSC and NSs at t = 0, t = 1.5, and t = 3 min. c) Arrhenius plot and fit (black line) of the 112 K TSL peak of BSC.  
d) Schematic depiction of the detrapping mechanisms observed in TSL and AG experiments. All samples are characterized by a monotonic TSL decay 
(blue curve) that we assign to a-thermal tunneling accordingly to low-T AG measurements. Such a mechanism is the unique detrapping channel in 
NCs, in contrast to higher-dimensional systems where an additional thermal activated detrapping mechanism takes place, leading to progressively 
more intense TSL emissions (red arrows) being the dominant feature in the TSL glow curve of the BSC.
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nanostructures. Nevertheless, for NWs and NSs a TSL peak at 
T = 112 K emerges due to an additional temperature-activated 
detrapping channel from a deeper state (≈260 meV) with a 
room temperature lifetime of 2.6 µs. Our results offer valuable 
insights for understanding and control of traps in the scintilla-
tion of LHP materials and highlight NCs as arguably superior 
candidates as scintillator materials compared to higher dimen-
sional analogs, where the suppression of defects needs to be 
operated both on the surface and at a volume level.

4. Experimental Section
Materials: Cesium carbonate (Cs2CO3, reagentPlus, 99%), 

1-octadecene (ODE, technical grade, 90%), oleylamine (OLA, 70%), 
oleic acid (OA, 90%), 2-propanol (IPA, anhydrous, 99.5%), and toluene 
(anhydrous, 99.8%) and octylamine (OctAm 99,5%). Cesium bromide 
(99.9% trace metals basis), lead bromide (98%), dimethyl sulfoxide 
(99.9%). All the chemicals were purchased from Sigma-Aldrich and were 
used without any further purification.

Synthesis of CsPbBr3 Nanostructures and Single Crystals: CsPbBr3 NCs 
were synthesized by a colloidal procedure similar to the one reported 
by Protesescu et  al.[11a] CsPbBr3 NWs were synthesized by a colloidal 
procedure reported elsewhere[11b] with the difference being that the 
synthesis was carried out in air and without any pre-dried chemicals or 
solvents. Rectangular CsPbBr3 NSs were synthesized by an evolution of 
the synthesis reported by Shamsi et al.[11c] A 4 mL PbBr2 solution (0.725 g 
of PbBr2 were dissolved in 10 mL of ODE together with 5 mL of OLA and 
5 mL of OA at 100 °C) was mixed with 2 mL of ODE and 0.5 mL of an 
as-prepared Cs-OA precursor (325 mg of Cs2CO3 dissolved in 5 mL of 
OA by a heat gun). After adding 250 µL of IPA, the solution was stirred 
using a vortex for 30 s. Then the turbid greenish solution was transferred 
to a glass Petri dish and placed in the microwave oven (Panasonic 
NN-E201WM) at high power (700 W) for 5  min. Next, the reaction 
mixture was slowly cooled to room temperature by the water bath. To 
collect the NSs, 3 mL of toluene was added to the crude solution; then 
the mixture was centrifuged at 2000 rpm for 4 min. After centrifugation, 
the supernatant was discarded and the NSs were redispersed in 3  mL 
of toluene. CsPbBr3 single crystals were grown following the work by 
Saidaminov et al.[31] Typically, CsBr (3 mmol) and PbBr2 (6 mmol) were 
stirred in DMSO (3  mL) for one hour. Then the solution was filtered 
and the filtrate was transferred into a vial that was placed in a heating 
metallic block at 60 °C. The temperature was gradually increased. Upon 
reaching 100  °C, undesired yellow and orange crystals appeared. The 
solution was filtered, and the filtrate was transferred into a new vial 
preheated at 100  °C, and left undisturbed for 3 h. The formed crystals 
were washed with hot DMSO.

Optical PL Measurements: For the optical and radiometric 
measurements, the nanostructures were processed into films of 
comparable thickness (≈5  µm) by drop-casting solutions of the same 
concentration. The thickness or the BSC was ≈500 µm. The samples were 
excited at 3.06  eV using a pulsed diode laser (Edinburg Ins. EPL 405, 
40  ps pulse width) and the emitted light was collected with a charged 
coupled device. Time-resolved PL was collected with a time-correlated 
single-photon counting unit (time resolution 600  ps) coupled to a 
monochromator and a photomultiplier tube. Nanostructured CsPbBr3 
crystals were deposited on a silica substrate by drop-casting from diluted 
toluene solutions. Temperature-controlled PL measurements were 
performed by mounting the samples in the variable temperature insert 
of a split-coil cryo-magnet with direct optical access. ΦPL measurements 
were carried out in an integrating sphere by exciting the sample with a 
CW diode laser at 3.1 eV.

Ionizing Radiation Measurements: The samples were exposed to 
ionizing radiation using a Philips 2274 X-ray tube operating at 30  kV 
and 30  mA. X-rays were produced by a Bremsstrahlung mechanism 
due to the impact of electrons generated through thermionic effect and 

accelerated onto a tungsten target. The detection system consists of a 
monochromator (TRIAX 180 Jobin-Yvon) coupled to a charge-coupled 
device detector (Jobin-Yvon Spectrum One 3000) operating in the  
190–1100  nm interval. The TSL and AG spectra were corrected for the 
spectral efficiency of the detection system. A 0.1 K s−1 heating rate was 
adopted in the TSL experiments. The penetration depth of the X-rays 
used in the experiments was approximately 2  µm (considering an 
attenuation factor of 5600  cm−1 at the employed energy), which was 
lower than the thickness of any of the samples. Therefore, reabsorption 
effects were considered to be comparable for all investigated systems.
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