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Radiation Hardness and Defects Activity in PEA2PbBr4
Single Crystals

Andrea Ciavatti,* Vito Foderà, Giovanni Armaroli, Lorenzo Maserati, Elisabetta Colantoni,
Beatrice Fraboni, and Daniela Cavalcoli

Metal halide perovskites (MHPs) are low-temperature processable hybrid
semiconductor materials with exceptional performances that are
revolutionizing the field of optoelectronic devices. Despite their great
potential, commercial deployment is hindered by MHPs lack of stability and
durability, mainly attributed to ion migration and chemical interactions with
the electrodes. To address these issues, 2D layered MHPs are investigated as
possible device interlayers or active material substitutes. Here, the 2D
perovskite (PEA)2PbBr4 is considered that is recently discussed as promising
candidate for X-ray direct detection. While the increased resilience of
(PEA)2PbBr4 radiation detectors has already been reported, the physical
mechanisms responsible for such improvement compared to 3D perovskites
are not still fully understood. To unravel the charge transport process in
(PEA)2PbBr4 crystals thought to underly the device better performance, an
investigation technique is adapted previously used on highly resistive
inorganic semiconductors, called photo induced current transient
spectroscopy (PICTS). It is demonstrated that PICTS can reliably detect three
trap states (T1, T2, and T3), and that their evolution upon X-ray exposure can
explain (PEA)2PbBr4 superior radiation tolerance and reduced aging effects.
Overall, the results provide essential insights into the electrical characteristics
of 2D perovskites and their potential application as reliable direct X-ray
detectors.

1. Introduction

The outstanding rise of metal halide perovskites (MHPs), driven
by their photosensitive properties, impacts a broad class of opto-
electronic semiconducting devices like photovoltaic solar cells,
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lasers, LEDs, and visible and X-ray pho-
todetectors. MHPs offer great performance
in terms of power conversion efficiency in
solar cells and of sensitivity in photode-
tectors. However, stability and durability
issues arise from ions moving in the per-
ovskite layer under an external electric
field (so called “ion migration”) and to
their easily triggered chemical reactions
with metal electrodes and by the envi-
ronment. To mitigate these aspects, 2D
layered MHPs are being investigated as
alternative or additive materials. 2D MHPs
have been studied to stabilize solar cells in
2D single layer,[1] as 2D/3D bilayer,[2,3] or
as passivating layer in 2D/3D mixtures.[4,5]

Among them, the Ruddlesden-Popper
halide perovskites with phenylethylam-
monium (PEA+ = C6H5C2H4NH3

+) as
ionic cation were proven to be stable in
high-vacuum environment and under
X-rays,[6,7] and to be an excellent active
material for UV photodetectors.[8] Thanks
to these peculiar properties highly sensi-
tive and ultra-stable direct X-ray detectors
based on PEA2PbBr4 perovskite thin films
have been recently realized and proven
to effectively operate after 80 days in air

and after a radiation stress test (exposure to ≈4 Gy of total X-ray
irradiation).[9]

Furthermore, 2D perovskites proved their potential as sta-
ble X-ray direct detector in several formulation and device ge-
ometry. Quasi-2D perovskites with formulation BA2MA2Pb3I10
and BA2MA4Pb5I16 (BA+ = C4H12N+, butylammonium) are sta-
ble for tens of hours under bias and ionizing radiation both in
thick[10] or thin[11] films. Another quasi-2D PEA2MA8Pb9I28 poly-
crystalline thick film showed very high sensitivity (10 860 μC
Gy−1 cm−2) and low detection limit.[12] As ordered system, sin-
gle crystals of (F-PEA)2PbI4 have very high resistivity (>1012 Ω
cm), high stability, and low noise thanks to suppressed ion mi-
gration due to supramolecular electrostatic interaction between
electron-deficient F atoms with neighbor benzene rings.[13] The
vast majority of studies on 2D perovskites are focused on the
device performance and on the effect to the device signal sta-
bility (e.g., sensitivity, dark current, etc.) on aging, environmen-
tal stability and radiation hardness at low fluxes (few Grays).
The few fundamental physical property investigations target the
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materials’ optical characteristics (absorption and photolumines-
cence) aiming at photovoltaic applications.[14]

So far, limited knowledge is available on the role and behav-
ior of electrically active defects, and on their evolution with ag-
ing and under ionizing radiation. Shallow and deep in-gap elec-
tronic levels are of fundamental importance for the understand-
ing and control of the semiconducting transport properties of
materials. In-gap states investigation on inorganic semiconduc-
tors in the last 50 years played a major role for their technologi-
cal development.[15] Deep Levels Transient Spectroscopy (DLTS)
and Photo-Induced Current Spectroscopy (PICTS) are power-
ful techniques for the study of these electrically active defects
in semiconductors.[16] In recent years DLTS and PICTS have
been employed on lead-halide perovskites,[17,18] even if the in-
terpretation of the results is still under debate,[19] and the iden-
tification of defects is challenging.[20] Several issues affecting
DLTS/PICTS analyses of 3D perovskites arise from ion migra-
tion and its interaction with hole and electron transport. This
leads to a difficult interpretation of the spectra that hinders a
reliable identification and differentiation of electron traps and
migrating ions. Thus, thanks to their superior stability and re-
duced ion migration, 2D perovskites represent an ideal labora-
tory to investigate electrically active defects, avoiding most of the
concerns of DLTS/PICTS applied to 3D perovskites.[21] Moreover,
single crystals, as ordered systems, are more prone to the iden-
tification of specific defect states, compared to polycrystalline or
2D/3D mixed systems. Finally, metal-Br perovskites are expected
to have a smaller intrinsic charge carrier density (larger bandgap)
compared to metal-I ones, and to be less prone to oxidation by
environmental O2, thus further improving time and radiation
stability.

Here we investigate the role and evolution of electrically ac-
tive defects in the prototype 2D perovskite PEA2PbBr4. To achieve
this, we do not employ DLTS due its limitations on high resistivity
semiconductors,[22] and instead we demonstrate the applicability
of PICTS to 2D perovskites. Millimeter-size PEA2PbBr4 single
crystals were synthesized, and their quality and stability demon-
strated through UV and X-ray photo-response performance as-
grown and after 1 month. Performing PICTS we retrieved stable
and reproducible spectra. Three deep levels were clearly identi-
fied, and their evolution under 200 Gy of X-ray and over 1 year
investigated and discussed.

2. Results and Discussion

2.1. Optoelectronic Properties of PEA2PbBr4

The growth of PEA2PbBr4 single crystals follows the slow solvent
evaporation technique. Starting from the precursors PEABr and
PbBr2 the following reaction proceeds:

2 PEABr + PbBr2 → PEA2PbBr4 (1)

The precursors, mixed in stochiometric fractions, are dissolved
in DMF (N,N-Dimethylformamide) solvent to form a 1:3 molar
solution (slightly above the supersaturation value of the solute
in the solvent). The solution is passed through 0.22 μm filters
and put to rest in a beaker covered with Parafilm where small
holes of about one millimeter of diameter were punched. Over

days, as the solvent evaporation continues, the solute molarity
passes the saturation threshold causing a single crystal to nu-
cleate. After about three weeks, the PEA2PbBr4 crystal is grown
to an approximately octagonal shape with sides ranging from
a few millimeters to about one centimeter. Interdigitated metal
electrodes are deposited through shadow mask by thermal evap-
oration of gold or chromium, with channel length L = 30 μm
and total width of W = 18.23 mm (Figure 1a). In this archi-
tecture, the crystal behaves as photoconductor with co-planar
electrodes.

The surface of the single crystals has been optically inves-
tigated through optical microscope under polarized light and
through White Light Interferometer (WLI). The crystals show rel-
ative flat and uniform surfaces, as few holes area present under
direct polarized light microscope (Figure SI 1a, Supporting In-
formation); further, the picture with cross-polarized light is dark
and uniform, indicating an absence of crystalline discontinuities
(Figure SI 1b, Supporting Information). Further, White Light In-
terferometer (WLI) microscopy images highlight the size of the
feature visible at the surface (Figure 1b; Figure SI 2, Supporting
Information). They show: i) few holes, which height is below 1
micron; ii) occasional plane steps ≈2 μm height; iii) large region
of flat crystal surface with roughness < 100 nm. Figure 1c shows
the photoluminescence (PL) spectra collected changing the an-
gle between the excitation source (nitrogen laser at 337 nm) and
the samples. Angular-dependent measurements allow for deeper
penetration of light into the crystal bulk when the source is at 90°,
whereas at 45°, the excitation predominantly affects the surface
region of the crystal. The PL spectra reveal two emission peaks at
415 and 435 nm. The emission peak at 415 nm is higher when
the excitation angle is 45°, indicating that this peak is predomi-
nantly associated with surface emission. In contrast, the peak at
435 nm is more intense at 90°, suggesting it is primarily linked
to the bulk response of the crystal.[23,24]

When an external voltage is applied to the electrodes, an elec-
tric field is present along the high-conductivity in-plane direction
(i.e., the direction of inorganic PbBr6 layers). Current-Voltage
characteristics in dark and under the excitation of a 375 nm
LED source are reported in Figure 1d. The metal electrodes form
an ohmic contact with the crystal, with a very high resistance
of ≈1012 Ω,[25] granting an extremely low dark current of few
pA at 10 V. Despite the large exciton binding energy, the pho-
tocurrent response under UV illumination (LED at 375 nm)
is very efficient, showing an on/off current ratio up to 104 at
0.8 mW cm−2 and a signal-to-noise ratio (SNR) equal to 440 al-
ready at 30 μW cm−2. The Responsivity reaches 12 mA W−1, in
accordance with pure PEA2PbBr4 single crystals[8] and 20 times
higher than the responsivity of polycrystalline PEA2PbBr4 films
grown by spin coating (Figure SI 3, Supporting Information).[9]

These values confirm the good quality of the crystals used in this
study. In the photocurrent spectrum of Figure 1e two high sig-
nal regions are identified: the large exitonic peak at 3.02 eV and
the continuous band. Appling the Elliott Formula[26,27] in the con-
tinuous region in the vicinity of the threshold, an energy gap Eg
= 3.08 eV is determined with an excitonic peak ≈0.06 eV below
the bandgap. The temperature-dependent electrical conductivity
in the 200 – 340 K range follows the Nernst–Einstein equation,
with one single activation energy (Figure SI 4a,b, Supporting In-
formation) equal to 0.11 eV, meaning that only one crystalline
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Figure 1. Device fabrication and optoelectronics properties. a) Sketch of device fabrication from crystal growth to electrode’s evaporation and optical
image of the device before wiring. b) White Light Interferometer colormap image of the crystal surface. c) Photoluminescent spectra with angular-
dependence for 45° (blue line) and 90° (purple line). d) Current–Voltage characteristics of PEA2PbBr4 single crystals in dark and under 375 nm LED
light. e) Normalized UV–vis photocurrent spectrum PEA2PbBr4 single crystals where large exciton peak and band edge are visible.

phase is present in the considered temperature range. On the
contrary, 3D perovskites like MAPbBr3 typically undergo crystal
phase transitions and present two (or more) temperature ranges
with different activation energies (Figure SI 4c, Supporting In-
formation). In particular, high activation energies are extracted
at high temperatures, associated to ionic transport.[28,29] Activa-
tion of ionic transport have been observed in PEA2PbBr4 only
at temperature above 340 K,[21] much higher that 3D perovskite
counterparts, indicating that close to room temperature (or be-
low) the ionic transport is strongly reduced.

The response of the devices under X-ray has been tested at
different voltages (5 – 50 V) and at different dose rates (2.5 –
25 μGy s−1) under a W-target X-ray tube in the 40 – 150 kVp
range, see Figure 2a,b. The crystals showed linear response to in-
creasing dose rates for all applied biases, reaching a maximum of
sensitivity of 64.8 ± 0.7 μC Gy−1 cm−2 at 50 V. Figure 2d reports
the X-ray photocurrent response spanning over three orders of
magnitude of dose rate, from 2.5 to 1330 μGy s−1. Although the
signal is continuous, PEA2PbBr4 crystals have small sublinear
behavior equal to a slop of 0.75 ± 0.02 in Figure 2d for all the
bias voltages. This effect it is well established in perovskite de-
tector and several examples are present in literature.[9,30] Extend-
ing the range to lower dose rates, a minimum detectable dose
of 200 nGy s−1 has been calculated (Figure SI 2, Supporting In-
formation). To evaluate the mobility-lifetime product (μ𝜏) we ac-
quire the signal output from the detector under the irradiation
of an alpha emitting source of 226Ra. The 𝛼-particles have a low-
penetration depth in solid state materials, and they stop within
few tens of microns from the impinging surface of the perovskite
crystal. Due to the interdigitate geometry of the electrodes and to
the layered structure of the 2D perovskite crystals, the charges
are collected only close to the top surface where the metal elec-

trodes were deposited. The use of 𝛼-particles allows to achieve full
charge collection and to reach the saturation of photocurrent with
the applied bias. Further, we consider uniform carrier generation
linearly distributed throughout the channel length. Under these
assumptions, the commonly used Hecht formula[31,32] could not
be applied. We employ a specifically modified expression that
considers uniform carrier generation[33,34] (see Technical Note 3).
Figure 2c reports the experimental data and the corresponding
photocurrent versus voltage fit, resulting in a μ𝜏 value of (1.96
± 0.13) x 10−6 cm2V−1. Indeed, the general equation for uniform
carrier’s generation foresees the contribution of both positive and
negative charges. However, in our architecture we cannot distin-
guish between them. Therefore, we should consider the μ𝜏 value
evaluated from this coplanar structure as the sum of holes and
electrons parameters.[35]

2D perovskites are generally considered stable materials in op-
erating environment and under physical stress effects like exter-
nal bias or impinging radiation. The (PEA)2PbBr4 single crys-
tals presented in this work exhibited very good stability to ra-
diation (Figure 2e) and aging (Figure 2f). Figure 2e reports the
electrical resistance in dark conditions and the X-ray sensitiv-
ity before and after exposure to 200 Gy of X-ray irradiation at
150 kVp: the values are perfectly overlapped within experimen-
tal errors. Figure 2f displays X-ray photocurrent and sensitivity
for as-fabricated crystals (t = 0) and for the same crystals after
30 days of storage in ambient conditions. Further optoelectronic
properties, like sample resistivity in dark, photocurrent output
at 10 V for 385 nm LED (ΔI), Responsivity (R) and Specific De-
tectivity (D*), have been monitored for as-grown crystals and af-
ter two years of shelf storage (Table SI 1, Supporting Informa-
tion). The sample display remarkable stability in all of the above
parameters.
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Figure 2. X-ray characterization, radiation hardness and aging. a) dynamic X-ray response at fixed dose rate of 1334 μGy s−1, for bias 5, 10, 20, 30, 40,
50 V. X-ray source W-target at 40 kVp. b) Linearity of X-ray photocurrent versus dose rate and corresponding values of X-ray sensitivity. c) Photocurrent
versus bias for alpha-emitting source of 226Ra (red triangles) and corresponding Hecht-like fit (solid line). d) X-ray photocurrent versus dose rate in the
range 2.5 – 1330 μGy s−1. e) X-ray sensitivity versus applied bias (solid lines, left axis) and detectors resistance (vertical bars, right axis) for pristine
crystals (blue) and after 200 Gy of X-ray at 150 kV (red). f) X-ray sensitivity (left axis) and photocurrent at 1330 μGy s−1 (right axis) at 40kVp versus
applied bias for samples as-fabricated (t = 0, black dots) and after 30 days (blue dots).
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Figure 3. PICTS: identification of trap states. a) experimental setup for PICTS measurements. b) Normalized photocurrent pulses at different temperature
at 13 Hz for PEA2PbBr4 crystal. c) Example of rate window applied to current transient of plot (b). d) PICTS spectra for selected rate window of 708, 531,
354, 303, 236 and 193 Hz in the range 100 – 350 K. e) Arrhenius plot for peak T1, T2 and T3 identified in PICTS spectra of (d). f) 2D colormap of ln(en)
versus 1000/T as an alternative representation of Arrhenius plot.

2.2. Photo-Induced Current Transient Spectroscopy on
PEA2PbBr4 Single Crystals

We have performed PICTS measurements on PEA2PbBr4 single
crystals to investigate deep energy levels and to follow their evolu-
tion over time and under ionizing radiation. PICTS is a spectro-
scopic technique developed to study electrically active defects in
highly resistive photoconductive materials, where the most com-
mon DLTS is not applicable. In a PICTS experiment, a pulsed op-
tical excitation is used to generate charge carriers inside the mate-
rial, allowing them to flow and fill intragap trap states. When the
optical excitation is switched off, the relaxation transient of the
electric current is measured through two ohmic contacts. Optical
excitation and transient acquisition are repeated during a temper-
ature scan (typically from 60 K to 450 K), allowing to extract the

(thermal) activation energy of each identified deep trap. As the
trap thermal emission rate (en) has a dependence with tempera-
ture (T) as follow:

en (T) = 𝛾T2
𝜎 e

− Ea
kB T (2)

where, 𝜎 is the electron/hole capture cross-section, Ea is the level
activation energy, and 𝛾 is a proportionality constant related to
charge carriers’ effective mass and to conduction/valence band
availability. From the full dataset of current transients as function
of temperature it is possible to experimentally identify specific
levels, access their thermal emission rate en (or ep for holes), and
therefore measure the capture cross-section, and activation en-
ergy. Figure 3a shows a sketch of the PICTS experimental setup.
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The ohmic behavior of samples under test have been verified
(Figure SI 6a, Supporting Information), as it is an important
requirement of PICTS. Perovskite samples are placed inside a
cryostat with controlled temperature from liquid nitrogen tem-
perature up to 450 K. A 365 nm LED illuminates the sample
through an optical window, with a driving excitation frequency of
13 Hz and optical power of 14 mW cm−2. The sample is biased at
10 V through a low noise current transimpedance amplifier con-
nected to an oscilloscope to display and collect the output signal.
Figure 3b shows the PEA2PbBr4 output current pulses taken at
different temperatures, from 100 K to 340 K. The PICTS signal
S is obtained from the relaxation transient in Figure 3b applying
the rate window concept: we choose two successive instants dur-
ing the relaxation transient, which start at t0, such as t1 > t0 and t2
> t1, and express the PICTS signal as the difference in the value
of the currents in these two instants, resulting in:

S
(
T, t1, t2

)
= i

(
T, t1

)
− i

(
T, t2

)
(3)

as shown in Figure 3c. A typical PICTS spectrum resulting for
PEA2PbBr4 is reported in Figure 3d in the temperature range
from 100 K – 350 K for selected rate windows equal to (t2 – t1)−1.
Each pair of (t1, t2) has a biunivocal relation with emission rate
en through a non-linear transcendental equation (see Technical
Note S1, Supporting Information). If an electrically active trap
state is present, thus giving a contribution to the photocurrent
relaxation transient, a peak in the PICTS spectrum appears, cor-
responding to a specific emission rate. The emission rate of a trap
state has a dependence with temperature T described by Equa-
tion, thus different rate windows are followed by a shift of the
Tmax of each peak. In the PICTS spectra of Figure 3d three peaks
can be identified: we labeled them T1, T2 and T3. Despite a few
DLTS spectra have been recently reported of 3D or mixed 2D/3D
perovskite solar cells,[36,37] no other references for DLTS/PICTS
on high-resistivity 2D perovskite spectra are known.

T1 and T2 are the two dominant peaks, visible in the tempera-
ture range between 150 – 180 K and 175 – 200 K, respectively. T3
is the least pronounced peak, but it clearly emerges at high-rate
windows (i.e., high emission rates). Noteworthy, the PICTS spec-
trum results stable over multiple runs, meaning that continuous
applied bias and pulsed light in vacuum for several hours and for
multiple temperature ramps do not affect the material proper-
ties and response. The same technique applied to 3D perovskite
crystals (like MAPbBr3), where mixed electronic–ionic conduc-
tion governs the charge transport, yields photocurrent transients
with much slower response and continuous variation in time
under illumination, due to ionic charges redistribution.[21] The
Tmax and the corresponding en are plotted in the Arrhenius plot
of Figure 3e where each series of points is associated to a spe-
cific trap state. From linear fits in the Arrhenius plot and follow-
ing Equation it is possible to measure the activation energy Ea,
reported in Table 1. Thermal transient techniques are powerful
tools for the analysis of electrically active defects, with a high sen-
sitivity even to small concentrations of trap states,[15,38] however,
attention must be paid in the interpretation of peaks in the PICTS
spectrum or in the Arrhenius plots to avoid misinterpretations
due to artifacts associated to wrong choice of rate window.[39] To
better display the full dataset in one plot, and to verify the relia-
bility of our data, an alternative representation of an Arrhenius

Table 1. Activation energies of traps states from Arrhenius plot.

Ea [eV] T1 T2 T3

Sample 1- dry 0.28 ± 0.01 0.32 ± 0.01 0.52 ± 0.08

Sample 2 – dry 0.22 ± 0.01 0.35 ± 0.02 0.92 ± 0.02

Sample 3 – wet 0.38 ± 0.04 0.33 ± 0.01 0.97 ± 0.02

plot is presented in Figure 3f. Here a 2D colormap ln(en) versus
1000/T represents all the possible combination of (en, T) for the
acquired dataset.[40] In this representation, a trap state is charac-
terized by a maximum in the 2D map whose values are stretched
from high en at high temperature (top left in the plot) to lower en
at lower temperature (bottom right in the plot). Every other maxi-
mum (symmetric peaks, horizontal/vertical lines, reverse shift) is
an artefact to be excluded. The PICTS map confirms the correct
interpretation of T1, T2 and T3. To summarize, in Table 1 are
reported the activation energies of T1, T2 and T3 for two “dry”
samples (fabricated as described above) and for one “wet” sam-
ple, which will be discussed later. All the three peaks are clearly
identified in both sample 1 and sample 2. While T1 and T2 are over-
lapped in the Arrhenius of Figure 3e, T3 varies from sample to
sample and it is the most sensitive traps, as we will see later. Note-
worthy, the level T2 could be compatible with an interstitial defect
of bromide (Bri) whose theoretical energy is expected at 0.34 eV
from valence band (PEA2PbBr4 has dominant hole transport),[41]

while T1 and T3 cannot be assigned at this stage.
After having assessed that PICTS can successfully identify and

characterize deep levels in 2D perovskites, we used this technique
to investigate radiation tolerance and environmental effects on
traps states, that can be correlated with the observed macroscopic
stability in the device performance in Figure 2e,f. The ionizing
radiation effects on defect levels in sample 1 have been evalu-
ated using the following protocol. i) A first PICTS measurement
has been performed on pristine crystal. ii) A second measure-
ment was repeated after ≈2 weeks to assess the stability of the
sample. iii) Immediately after the second run, the sample was
irradiated with a dose of 200 Gy of X-ray at 150 kVp, and then
tested again with a third PICTS run. A direct comparison of three
PICTS spectra taken for each one of the above steps (identical
rate window) and the corresponding Arrhenius plots are shown
in Figure 4a,b. The complete spectra evolution for various rate
windows and corresponding PICTS maps are reported in Figure
SI 3 (Supporting Information). Figure 4a,b shows a substantial
stability of peaks T1 and T2 even after strong X-ray irradiation,
while T3 becomes more prominent after X-ray irradiation. Levels
T1 and T2 have completely overlapping Arrhenius plots and their
activation energy is very stable both over two weeks of ambient
storage and after X-ray irradiation (Table 2). On the other hand,
the Ea of level T3 shifts of 0.1 eV after a two-week storage, and
dramatically changes under ionizing radiation, presenting a very
pronounced peak with Ea = 2.2 eV (Figure 4a,b). Such a strong
modification could suggest that an additional state has been ac-
tivated. Noteworthy, the absolute photocurrent saturation value
recorded under 365 nm LED irradiation varies between pristine
and irradiated samples, and the PICTS/saturation current ra-
tio is proportional to relative trap concentrations.[42,43] Figure 4b
emphasizes that, while the energy level of the traps remains
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Figure 4. Trap states stability: radiation tolerance and aging. a,b) Arrhenius plot (a) and PICTS signal/photocurrent at 265 Hz (b) of sample 1 for pristine
(blue), after 2 weeks (orange) and after 200 Gy of X-ray (green). c,d) Arrhenius plot (c) and PICTS signal/photocurrent at 265 Hz (d) of sample 2 for
pristine (blue), after 3 months (orange) and after 1 year (green). e,f) Photoluminescence spectra of PEA2PbBr4 crystals collected at angle 45° (black)
and 90° (red) respect to the incident pumping laser. e) Before (solid line) and after 200 Gy of X-ray (dashed line); f) for sample 2 – dry (yellow and red
lines) and sample 3 – wet (light blue and blue lines) crystals.

Table 2. Activation energies of levels T1, T2 and T3 calculated from
Figure 4.

Ea [eV] T1 T2 T3

Pristine 0.28 ± 0.01 0.32 ± 0.01 0.52 ± 0.08

Two weeks 0.31 ± 0.01 0.37 ± 0.01 0.62 ± 0.08

X-rays 0.29 ± 0.01 0.37 ± 0.01 2.2 ± 0.3

Pristine 0.22 ± 0.01 0.35 ± 0.02 0.92 ± 0.02

3 months 0.23 ± 0.01 0.30 ± 0.01 n/a

1 year 0.23 ± 0.01 0.32 ± 0.02 1.02 ± 0.09

Wet 0.38 ± 0.04 0.33 ± 0.01 0.97 ± 0.02

unchanged, their concentration is affected by X-rays with a gener-
alized reduction of relative trap concentrations. Interestingly, the
photocurrent transient is faster in the irradiated samples (Figure
SI 4, Supporting Information), and it is a phenomenon generally
associated with the presence of a lower density of trap states. The
reduction in trap concentration (i.e., the decrease of the normal-
ized peak intensity) is more pronounced for T1 and T2, while T3
emerges from the irradiated PICTS spectrum in Figure 4b.

In sample 2, we followed the evolution of the PICTS spectrum
of the same samples during a period of one year to evaluate
the long-term aging effects. The samples were stored in stan-
dard ambient condition during the whole year, and their dark

Adv. Funct. Mater. 2024, 2405291 2405291 (7 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Wet crystals. Arrhenius plot (a) and normalized PICTS signal/photocurrent at 265 Hz (b) of pristine dry (blue), dry after 200 Gy (green) and
wet sample (pink).

current remained stable (Figure SI 6b, Supporting Information).
Figure 4c,d report the Arrhenius plots and the relative traps con-
centration (PICTS/photocurrent spectrum) for pristine crystal,
after 3 months and after 1 year. The level T1 results to be the most
stable, showing data points in the Arrhenius plot of Figure 4c
perfectly superimposed and no difference in trap concentrations
within 3 months. The level T2 slightly reduces its relative con-
centration after 3 months but its activation energy is stable, as
the slight variation of Ea is within experimental errors. After 1
year, the relative concentration of T1 increases, while the activa-
tion energies of both T1 and T2 are stable. Level T3 has a pe-
culiar evolution. It is detectable in the pristine sample, after 3
months its concentration decreases below the detection limit of
the technique and then increases again, as after 1 year a broad
peak with relative trap concentration above the pristine condition
is recorded.

PL measurements provide additional information on the trap
states, helpful for the identification of T1, T2 and T3. Figure 4e
reports the photoluminescence properties of sample 1 before and
after X-ray irradiation. No significant differences are observed in
the spectra at 45° configuration, dominated by surface related ex-
citation. On the contrary, at 90° configuration the light penetrates
deeper in the bulk and the intensity of the peak at 435 nm clearly
increases after X-ray irradiation. The enhancement of PL emis-
sion in perovskites is generally associated to a reduction of self-
absorption, correlated to the presence of deep trap states that ab-
sorb the light.[23,44] The rising of bulk-related PL emission is thus
in line with the generalized reduction of deep traps concentra-
tion observed in the PICTS spectrum after X-ray irradiation, re-
ported in Figure 4b. Additionally, the two-year-old PL spectrum of
sample 2 (dry plots in Figure 4e) displays the same peaks and fea-
tures of the as-grown crystal reported in Figure 1c, confirming the
considerable time stability, as expected when comparing these re-
sults with the small variations observed in the PICTS spectrum
of one-year-old sample.

Overall, following the above discussion of the reported results,
we can infer that level T1 and T2 are traps mainly related to the
material intrinsic properties, which are stable over at least 1 year.
Level T3 has variable behavior, it is present in lower concentration
with respect to T1 and T2 and, importantly, plays a minor role in
the macroscopic detector performance.

2.3. Wet, Highly Defective PEA2PbBr4 Crystals

It is well known that environmental humidity has a strong im-
pact in perovskite opto-electronics characteristics,[45] and 2D per-
ovskites, even if less reactive than 3D ones, do not make an excep-
tion. To identify the role of water molecules, we prepared a “wet”
crystal (sample 3), i.e., an excess of 150 nL of water was added
to the starting solution, thus these crystals grew in an environ-
ment with very high-water content. The surface of one of such
wet crystals is extremely rough (Figure SI 1c, Supporting Infor-
mation) and the 90° polarized light displays several bright zones
of crystalline cracks (Figure SI 1d, Supporting Information). Nu-
merous large features are visible with WLI microscope on the
surface, with several plane discontinuities, at least five different
crystalline planes, with total step height above 50 μm, (Figure SI
2, Supporting Information). The highly defective structure of wet
crystals is macroscopically confirmed by the comparison of PL
emission intensity of dry crystals, reported in Figure 4f under
the same excitation conditions. No substantial differences are ob-
served when the surface emission dominates (PL at 45°). How-
ever, at 90° (i.e., when bulk emission dominates), the highly de-
fective wet sample exhibits a peak intensity that is only half in
comparison with the dry sample, suggesting the presence in the
wet sample of bulk defects causing strong self-absorption of emit-
ted light. A comparison of the optoelectronic characterization of
a dry and a wet sample (Table SI 1, Supporting Information), pro-
vides quite interesting insights. First, the wet sample resistance in
dark is two orders of magnitude higher than the dry one, as the
high concentration of trap states reduces the effective mobility
of the charge carriers. On the opposite, UV photocurrent signal,
responsivity and specific detectivity are much higher in the wet,
more defective crystal than in the dry one, suggesting that the
mechanism of photocurrent generation is strongly trap-assisted
in PEA2PbBr4 crystals. Regrettably, contrary to what has been as-
sessed for dry crystals, wet more defective crystals are strongly af-
fected by ageing, as their optoelectronic properties are completely
degraded after two years.

The PICTS spectrum of sample 3 – wet shows three peaks
corresponding to T1, T2 and T3 levels (Figure 5a,b). It shows a
higher concentration for all the traps, as highlighted by the high
values of PICTS/Photocurrent in Figure 4f, with respect to the dry
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crystals we have discussed so far (sample 1 and sample 2). Even in
such a highly defective crystal, levels T1 and T2 are clearly iden-
tified also in the Arrhenius plot, with small variation of Ea values
respect to sample 1 and sample 2.

2.4. Trap States: Origin and Nature

The results obtained from dry and wet PEA2PbBr4 crystals ex-
posed both to 200 Gy of X-ray radiation at 150kVp and to aging
up to 1 year, allow us to propose an identification of the observed
deep trap states. We do not know the origin of T1, but, based on
energetic consideration of simulated point defects,[41] we could
tentatively assign T2 to Br interstitials. In addition, in our recent
paper we proposed that comparable X-ray exposure of MAPbBr3
single crystals creates Br vacancies.[27] If an analogous effect also
occurs in PEA2PbBr4 crystals, we could speculate that the X-ray
induced Br vacancies balance the Br interstitial defective states
already present in the as-grown crystal, resulting in a net reduc-
tion of the total concentration of trap states. From the compari-
son of dry and wet PEA2PbBr4 crystals, we tentatively assign the
trap state T3 to the interaction of water with the perovskite lattice.
It is noteworthy that the peak corresponding to T3 is strongly
pronounced and dominant in the high temperature region of
the PICTS spectrum of wet samples and that its activation en-
ergy agrees with the one of the X-rayed and 1-year aged samples
(Figure 4e and Table 2). This last observation suggests that en-
vironmental stress effects on 2D PEA2PbBr4 perovskite are trig-
gered and associated to the interaction with water molecules, as
both wet and aged samples have a significant concentration of
level T3.

Additional information on the disorder regime of each trap
state could be determined by the broadening of the PICTS
peaks,[46] as detailed in Technical Note S2 (Supporting Informa-
tion). The here reported results indicate that trap states T1 and T3
are clearly in the weak disorder regime, (as 𝜎/E0 < 0.1) and that
no distribution of multiple activation energies should be consid-
ered. More caution should be used for the interpretation of T2, as
its large peak broadening (𝜎/E0 = 0.21, particularly pronounced
toward higher temperatures) could hide a more complex wide- or
multi-band structure.

3. Conclusion

We grew from solution 2D layered PEA2PbBr4 perovskite single
crystals to study electrically active defect states in such material
systems. First, we showed that such crystals are promising and
reliable candidates for UV–vis and real-time direct X-ray detec-
tors (for energies from 40 to 150 kVp), thanks to their very low
dark current, high quality optoelectronic properties and stability
to aging and radiation harsh environment. Then, we used PICTS
technique to investigate their electrically active defective states.
Three levels have been identified within the bandgap: i) T1 with
Ea = 0.26 eV, of still unknown origin; ii) T2 with Ea = 0.33 eV, that
we tentatively assigned to Br interstitials; iii) T3 with a variable
activation energy and a non-constant presence in PICTS spectra.
Considering the large Ea variation (0.52 – 2.2 eV), we refrain from
assigning it a specific value, but we could relate its presence to the

interaction of perovskite with H2O molecules. Overall, levels T1
and T2 showed a great stability and robustness, as the PEA2PbBr4
perovskite crystals, exposed both to 200 Gy of X-ray radiation at
150kVp and to aging up to 1 year, maintain their optoelectronic
and radiation detecting properties.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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