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Fast Neutron Detector Based on Hybrid 2D Perovskite Thin
Films

Ilaria Fratelli, Felix Pino, Laura Basiricò,* Giulia Napolitano, Jessica Carolina Delgado,
Sara Cepíc, Andrea Ciavatti, Sandra Moretto, Gianluigi Maggioni, Marco Cinausero,
Sara Maria Carturan,* and Beatrice Fraboni

2D hybrid perovskites are a novel and promising class of semiconductors for
the realization of direct fast neutron detectors because they combine excellent
transport properties with a large organic cation, rich in low-Z elements, which
strongly interacts with fast neutrons. Here, this study presents the
employment of PEA2PbBr4 (PEA = C6H5C2H4NH3

+) thin films for the direct
detection of fast neutrons. By tuning the perovskite deposition process, it
achieves a stable and reproducible response capable to monitor in real-time
the flux of fast neutrons (energy = [1–4] MeV; beam flux = [0.4–3] · 105 n
s−1cm−2) by providing an output electrical signal proportional to the radiation
field intensity. Finally, the employment of a thin film-based device boosts the
discrimination capability of this technology and offers the possibility to realize
a flexible and easy-scalable detecting system very appealing for the
development of wearable personal dosimeters.
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1. Introduction

The detection of fast neutrons is of great
importance for several applications, includ-
ing medical imaging, medical therapy, and
non-destructive inspections. This kind of
detection presents a significant challenge
because of the small cross-section of in-
teraction between fast neutrons and mat-
ter, due to neutrons charge neutrality. In
essence, the primarymechanism for detect-
ing fast neutrons, using organic or hybrid
compounds, is their elastic scattering with
the nuclei of the atoms forming the active
material (mainly with hydrogen). This pro-
cess results in the transfer of a portion of
the neutron kinetic energy to the active ma-
terial, which is then detectable. Specifically,
the energy lost by the neutron is transferred
to the nucleuswithwhich it interacts, in par-
ticular, the relationship between the kinetic

energies of the incident neutron (EN) and of the recoil nucleus
(ER) can be expressed as:

ER
EN

= 4A
(1 + A)2

cos2𝜃 (1)

where A is the mass number of the target nucleus and 𝜃 is the
recoil angle. Equation (1) indicates that the low-Z elements (e.g.,
hydrogen) are the ones which maximize the energy transfer be-
tween incident neutrons and recoil protons or nuclei.[1]

Thismechanism can be exploited for the realization of two dis-
tinct classes of devices: i) indirect detectors, where a scintillating
material rich in hydrogen (e.g., plastic scintillators) is coupled to
a photodetector;[2–4] ii) direct detectors based on a semiconduct-
ing material optimized for neutron energy absorption. Direct de-
tectors convert the radiation into an electrical output signal in a
single step. This occurs when fast neutrons interact with low-Z
elements contained in the semiconductor, generating recoil pro-
tons (or more generally, recoil nuclei) that release their energy
by ionizing the material. The absorption of energy by the semi-
conductor induces the creation of electron/hole pairs, collected
as an electrical output signal. The main advantages of the direct
detection system, in comparison with the indirect one, are its su-
perior efficiency and spatial resolution, resulting from the com-
pact design of the device and lower cross talk. However, one of
the most challenging limitations of fast neutron direct detectors
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is that standard inorganic semiconductors currently employed
as direct ionizing radiation detectors active layers (e.g., Si) are
formed by high-Z elements, which according to Equation (1) ab-
sorb a small energy fraction from fast neutrons, leading to poor
detection efficiency.
Therefore, the search for novel functional materials is an es-

sential task for the development of an efficient class of fast neu-
tron direct detectors. Organic semiconductors, which are primar-
ily composed of low-Z elements, are considered as one of the
most promising classes of semiconductors to target this goal. To
date, some examples of solution-grown organic single crystals
have been reported in literature for neutron detection. Kargar
et al.[5] and Carman et al.[6] were the first demonstrating their
ability to detect fast neutrons using perylene and rubrene sin-
gle crystals respectively. More recently, Zhao et al. reported the
performances achieved by two different organic single crystals
(methyl 4-hydroxyben-zoate (C6H5O─COOCH3, 4MHB) and 4-
hydroxycyanobenzene (C6H5O-CN, 4HCB)).

[7] The devices have
been characterized under an 241Am-Be neutron source (energy
range of 0.1–10.8MeV, neutron activity of 6.6× 105 n s−1). The au-
thors demonstrated how to tune the neutron detection efficiency
by appropriate molecular tailoring. One important fact to take
into account is that organic semiconductors typically exhibit poor
transport properties (i.e low mobility-lifetime μ𝜏 product) which
affect the efficient collection of the radiation induced charges and
consequently the detection efficiency. Therefore, novel materials
combining low-Z composition with a high μ𝜏 are still an open
challenge.
In the last decade, metal halide perovskites emerged for their

employment as ionizing radiation detectors’ active layers thanks
to their low trap density and high charge transport properties
(μ𝜏 = [10−4–10−2] cm2 V−1).[8–12] They demonstrated excellent per-
formances under different kinds of radiation such as X- and 𝛾-
rays, protons and charged particles.[13–20] Among metal halide
perovskites, the hybrid organic-inorganic ones (structural for-
mula A+B+

2X
−
3) are the most promising for fast neutron detec-

tion since they contain an organic cation (i.e., formed by low-
Z elements) which acts as a fast neutron converter, producing
detectable recoil protons/ions. The heavy atom-rich inorganic
part of the material can then efficiently absorb the energy of the
charged recoil protons/ions (by means of the ionization of the
material) and directly provides an electrical output signal. Fur-
ther, in 2D layered perovskites (general structural formula (R-
NH3)2An−1BnX3n+1 with n = 1,2,3…, where R is an alkyl or aryl
group), the organic cation is formed by long-chain amine with
high hydrogen content, providing higher energy transfer from
fast neutrons than 3D perovskites (e.g., methylammonium lead
bromide MAPbBr3, formamidinium lead bromide FAPbBr3). 2D
perovskites offer other important advantages such as higher en-
vironmental stability, reduced ion migration, and a lower dark
current thanks to the quantumwell-like energetic structure.[21–23]

Despite such promising properties offered by this novel class
of materials, they have been investigated mainly as scintillat-
ing materials.[24–27] To the best of our knowledge, only two very
recent works report about the use of 2D perovskites, in form
of single crystals, as direct fast neutron detectors. In 2023 Gao
et al. demonstrated for the first time the fast neutron detec-
tion performance by employing a 2D perovskite single crys-

tal of (butane- 1,4-diammonium) Lead Bromide (BDAPbBr4).
[28]

The authors tested the device under an Am-Be neutron source
achieving a good detecting response thanks to the high μ𝜏 =
3.3 × 10−4 cm2 V−1 (higher than the one typically reported for
organic single crystals) and high absorption fraction. The au-
thors reported a sensitivity of 1.7 × 10−4 nA kW−1 (i.e., neu-
tron induced current divided per the neutron reactor power
source) and a signal saturation response time of 100 s. More re-
cently, Panaccione et al. reported on the fast neutron direct de-
tection by Methylhydrazinum Lead Trichloride MHyPbCl3 single
crystal.[29] They tested 330 μm thick single crystal under the neu-
tron beam provided by a research nuclear reactor, providing also
a further investigation on the discrimination ability of the detec-
tor by applying a combination of 𝛾-rays and thermal neutrons
shielding.
Here, we report direct fast neutron detection by a 2D per-

ovskite thin film-based flexible device, made possible by the high
density of low-Z elements (i.e., hydrogen and carbon atoms)
forming the PEA2PbBr4 (PEA = C6H5C2H4NH3

+) active layer.
We measured an electrical output signal proportional to the neu-
tron beam flux, allowing to monitor in real-time the intensity of
the neutron field. Thanks to the thin film configuration (i.e., per-
ovskite active layer [1–4] μm thick) we were able to minimize the
cross section of interaction with high energetic 𝛾-rays improving
the discrimination capability with respect to the perovskite sin-
gle crystal-based technology. Finally, the thin film configuration
allows to envisage for a flexible and easily scalable detector, very
appealing for personal dosimetry, where a compact, large area
and wearable device is highly desirable and still not addressed at
the state of the art.
Beyond their promising material properties and detection ca-

pabilities, the employment of PEA2PbBr4 and the possibility of
realizing flexible fast neutron detectors open new avenues for ap-
plications where conventional rigid detectors are impractical due
to weight, fragility, or geometrical constraints. Their lightweight
and conformability make these novel detectors particularly ap-
pealing for personal dosimetry, enabling real-time dose monitor-
ing for workers exposed to radiation in environments such as nu-
clear power plants, medical radiotherapy centers, and aerospace
missions. In these scenarios, neutron fluxes typically range from
102 to 104 n·cm−2·s−1, and accurate long-term monitoring is cru-
cial to ensure compliance with safety limits (e.g., 20 mSv per year
for radiation workers).[30]

As an example, in space applications, fast neutrons gener-
ated by cosmic ray interactions with spacecraft materials repre-
sent a significant component of the radiation field. Here, flex-
ible detectors integrated into garments, interior surfaces, or
spacesuits could provide real-time monitoring improving the
safety of the astronauts.[31,32] Moreover, in the medical field,
particularly in proton therapy, secondary neutrons are pro-
duced as fragmentation products during radiation delivery and
may pose secondary cancer risks; flexible detectors could be
used for mapping these neutron fields directly on patients or
equipment.[33,34]

In summary, the versatility, lightweight nature, and conforma-
bility of flexible fast neutron detectors enable their use in a wide
range of practical scenarios where traditional detectors are not
suitable.
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Figure 1. Fast Neutrons – Hybrid 2D perovskite interaction – Monte Carlo simulation. A) Schematic of the two terminal co-planar detector formed by
gold interdigitated electrodes (L = 30 μm, W = 50 mm, pixel area = 2 × 2 mm2) deposited onto flexible substrate (Kapton 50 μm thick) and (PEA)2PbBr4
thin film deposited by spin coating on the top. The inset shows the molecular structure of the (PEA)2PbBr4 2D hybrid perovskite. B) Fast neutrons
mainly interact with perovskite thin film by means of elastic scattering 1H(n,n)1H and 12C(n,n)12C. The fraction of energy transferred through these
interactions to recoil protons (up) and recoil carbon nuclei (bottom), and its deposition inside the 5 μm perovskite film, has been modelled by Monte
Carlo simulation (Geant4). The energy absorbed by the semiconductor can be directly detected by the device as an electrical output signal. The yellow
arrows indicate the highest energetic byproducts (i.e., recoil protons or carbon ions) able to release their entire energy within the 5 μm thick perovskite
layer. C) Plot of the fraction of byproducts, i.e., recoil carbon nuclei (violet circles) and protons (cyano squares) able to release their whole energy within
the semiconductor layer in function of if its thickness. D) Spectrum of the energy released inside a 5 μm thick perovskite layer after the irradiation with
2.5 MeV fast neutrons. The spectrum has been generated by Monte Carlo simulation (Geant4). For each event, the mean energy released inside the
perovskite is 192 keV.

2. Results

The reported detectors have a co-planar architecture, with two
ohmic contacts between the active layer and the electrodes. As
it is shown in Figure 1A, two interdigitated gold electrodes (L
= 30 μm, W = 50 mm, pixel area = 2 × 2 mm2) have been de-
posited by thermal evaporation onto a 50 μmpolyimide substrate
to guarantee the mechanical flexibility of the final device.[13,35]

The 2D perovskite (i.e., PEA2PbBr4) thin films have been de-
posited by spin coating on the top of the electrodes forming a
microcrystalline film. Details on the fabrication procedures are
reported in the Experimental Section. The molecular structure
of the 2D perovskite is reported in Figure 1A, showing the high
density of hydrogen and carbon atoms present in the long amine
chain forming the organic interlayer of the molecule (i.e., the hy-
drogen and carbon densities are respectively 4.25 × 1022 cm−3

and 2.84 × 1022 cm−3). The large presence of such low-Z ele-
ments is comparable with other active materials (e.g., plastic and

liquid scintillators, organic semiconductors and other organic
metal halide perovskites, see Table S1 (Supporting Information)
section[29]) that have been reported as active layers for fast neu-
tron detectors. To model quantitatively the interaction mecha-
nism, Monte Carlo simulations (using the toolkit Geant 4)[36–38]

have been performed (more details in Experimental Section). The
neutron energy has been set to 2.5 MeV since it is comparable
to the mean energy of the fission reactor,[39] and also, it corre-
sponds to the neutron energy emitted by aDeuterium-Deuterium
(D-D) neutron generator, which is commonly employed in fast
neutron applications. Figure 1B reports plots of the computed
energy deposited within a 5 μm thick perovskite layer by recoil
protons/fragments due to the elastic scattering of the fast neu-
tronswith the hydrogen (top) and carbon (bottom) atoms. It is evi-
dent how a portion of the recoil protons/fragments with a high ki-
netic energy may not be able to release their entire energy within
the film, as they escape from it (83% of protons and 13% of car-
bon ions considering the 5 μm thick perovskite layer). Figure 1C
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Figure 2. Fast neutron irradiation. A) Sketch of the 0° beamline at Laboratories of Legnaro (INFN-LNL) in the CN Van de Graaff accelerator. The fast
neutrons were produced by a 5 MeV deuterium accelerated beam (current range [1–30] nA) impinging onto a 9Be target (9Be(d,n)10B). Our detector
was enclosed in a dark box and placed in front of the beamline output window at 10 cm from the target. The neutron field flux was monitored by a
2″ × 2″ EJ-301 liquid scintillator cell coupled to a PMT placed at 2 m from the Be target. In the inset, the picture shows a flexible 2D hybrid perovskite-
based detector. B) Current–Voltage characteristics of a (1.90 ± 0.04) μm thick perovskite-based device before (black solid square) and after 108 total
neutrons irradiating the device (pink void square). The irradiation causes a decrease of ≈25% of electrical conductivity. C) Dynamic response of the
detector irradiated by three subsequent 10 s irradiation cycles (grey shadows) for four different neutron field flux ([0.4; 1; 2; 3] · 105 n s−1 cm−2). The
sample was biased at 15 V (0.5 V μm−1). D) The neutron induced current scales with the neutron field intensities. The maximum slope of the first
derivative of the curve represents the sensitivity of the detector S = (2.6 ± 0.2) · 10−18 C n−1.

shows the increase of fraction of byproducts able to release their
whole energy within the semiconductor layer with the increase of
its thickness. In other words, by increasing the perovskite thick-
ness it is possible to increase the percentage of recoil protons and
carbons which can release their entire amount of energy within
the film. Since the energy in this interaction is transferred via ion-
ization, the process is more efficient for higher-Z and more mas-
sive byproducts (i.e., carbon with respect to hydrogen). Moreover,
as it is illustrated in Figure S1 (Supporting Information), each in-
teraction event (via elastic scattering on hydrogen and carbon nu-
clei) results in significant ionization through high-LET byprod-
ucts. For instance, from these simulations we calculated that the
mean energy value released by each event 5 μm-thick perovskite
is on the order of 192 keV (Figure 1D).
In this work, we tested different devices based on three increas-

ing perovskite’s thicknesses. The devices have been realized onto
flexible polyimide substrates to guarantee the flexibility of the de-
tector as it is shown in the picture reported in Figure 2A and in
the characterization under mechanical stress reported in Figure
S2 (Supporting Information). After a careful optimization of the
deposition procedure well described in Experimental Section, we
obtained uniform and homogeneous films (film profile extrac-
tion and top-view / cross-section SEM images are reported in

Figure S3, Supporting Information) by decreasing the spin coat-
ing velocity (namely 6000 rpm, 2000 rpm and 1000 rpm), cor-
responding to thickness of the final layer of (0.92 ± 0.01) μm,
(1.90 ± 0.04) μm and (4.05 ± 0.06) μm respectively. In Figure S3
(Supporting Information) we report the current-voltage charac-
teristics measured for the three devices. These all show an ohmic
and uniform behavior for the entire set of samples. The electrical
conductivity values have been calculated as (𝜎 = 1

Rst
) and they are

(3.1± 0.1) · 10−11 Sm−1, (1.4± 0.1) · 10−11 Sm−1 and (0.29± 0.01)
· 10−11 Sm−1 respectively from the thinnest to the thicker film. By
increasing the thickness of the perovskite, the conductivity of the
polycrystalline film degrades probably due to the poorer unifor-
mity and homogeneity of the ticker polycrystalline film shown in
the SEM images (Figure S3, Supporting Information). The mo-
bility lifetime product for analogous devices (same geometry and
2 μm thick PEA2PbBr4) is in the order of 10

−5 cm2V−1, as we re-
ported in our previouswork,[35] which is comparable to the typical
value of one of the benchmark materials employed for large-area
radiation detection applications, such as amorphous selenium
(𝛼-Se).[40]

To experimentally assess the neutron detecting performance
of the devices, we tested them under the fast neutron field
provided by the Van der Graaff accelerator at the National
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Institute of Nuclear Physics – Legnaro Laboratory (INFN-LNL,
CN accelerator, 0° beamline). Here, a 5 MeV Deuterium beam
has been employed (Deuterium current = [1–30] nA) and has
been directed onto a 9Be target. The used target, designed for the
MUNES (MUltidisciplinar NEutron Source) project[41] is a three-
layer structure composed of a beryllium film with a thickness of
50 μm, a 2-mm-thick vanadium layer needed to suppress blister-
ing phenomena and a copper bulk for heat-sink purposes. The
fast neutrons are produced by the 9Be(d,n)10B reaction (energy
spectrum in the range [1–4] MeV and neutron flux = [0.4–3] ·

105 n s−1 cm−2 as already reported in literature by Meadovws et
al.)[42] at the end of the beamline, and the perovskite detector has
been placed 10 cm far from the emission point. The detector has
been electrically connected and enclosed in an experimental box
to keep the device in dark during the irradiation. The flux and
the energy spectrum of the neutron field have been monitored
during the experiment by an EJ-301 liquid scintillator (from El-
jen technologies Texas-US) coupled to a Hamamatsu photomul-
tiplier R7724-100 (operated at −1200 V) placed behind the per-
ovskite detector at 2 m from the Be target position. Figure 2A de-
tails the experimental setup and reports a picture of the flexible
perovskite thin film-based neutron detector.
As an example, Figure 2B reports the current-voltage charac-

teristics of one of the devices (perovskite thickness= (1.90± 0.04)
μm)before and after the irradiation test. The high resistivity of the
2D perovskite detector (𝜌 = (1.1 ± 0.5) ∙ 1012 Ω cm) guarantees
a low dark current, i.e., a crucial property of a well-performing
radiation detector. After irradiation with 108 fast neutrons, the
electrical conductivity shows a degradation of 25%, however pre-
serving an ohmic behavior. The long-term operational stability of
PEA2PbBr4 thin films under ionizing radiation and environmen-
tal exposure is also reported in Figure S5 (Supporting Informa-
tion). This devices demonstrated negligible degradation on the
detection capabilities after 6 months of storage in ambient con-
ditions (i.e., air and room temperature) and also after multiple
X-ray irradiation cycles up to 9.6 Gy of total dose. In fact, 2D
perovskite materials typically exhibit superior environmental sta-
bility compared to their 3D counterparts thanks to their layered
structure which increases the hydrophobicity of the material and
provides an effective barrier againstmoisture ingress.[43] Besides,
hybrid perovskite materials recently exhibit good radiation toler-
ance thanks to their good self-healing properties after radiation
damage. In particular, A. R. Kirmani at al. recently demonstrated
that ionization energy loss mechanisms, as the ones occurring
after the primary interaction between fast neutrons and hybrid
perovskite, can actually promote defect healing processes in this
class of materials.[44]

Figure 2C shows the dynamic response of the same detector
under fast neutron irradiation biased in direct current mode at
15 V (0.5 V μm−1). The electrical current has been monitored
in real-time (see detail in Experimental Section). The detector
has been irradiated by three subsequent 10 s irradiation cycles
(grey shadows) increasing the fast neutron flux ([0.4; 1; 2; 3] ∙

105 n s−1 cm−2). During irradiation the current flowing in the
detector channel steeply increases due to the release of energy
within the semiconductor and the consequent generation of ex-
cess charges. The radiation induced current increases with the
flux of neutrons following a sublinear trend as shown in the plot
in Figure 2D. In general, in photoconductors where the detection

process is strongly governed by a trap-mediated internal amplifi-
cation mechanism known as photoconductive gain, the radiation
induced current commonly exhibit this sublinear trend as a func-
tion of the radiation flux. In these devices, the PG intrinsically
amplifies the detecting response of the devices by a gain factor
G which is defined as the ratio between the recombination time
𝜏r of the minority carrier trapped and the transit time 𝜏 t of the
majority carrier across the channel of the device (G = 𝜏r / 𝜏 t). In
these devices the G factor typically decreases with increasing ra-
diation flux (whether referring to ionizing radiation dose rate or
visible light power). This behavior is primarily attributed to the
progressive filling of trap states that mediate the PG effect. In
fact, as the radiation flux increases, deep trap states for minority
carriers gradually become filled and the minority carriers start
to be trapped by shallower defects. This leads to a reduction in
effectiveness of the photoconductive gain activation (i.e., the re-
combination time 𝜏r of the minority carrier trapped in shallower
traps is lower) and, consequently, to a decrease in the detecting
signal.[45–47] We calculated the sensitivity of the detector as the
maximum slope of the first derivative of the curve S = (2.6 ± 0.2)
∙ 10−18 C n−1.
This device provides a stable response also when irradiated by

longer exposures (60 s, 2.4 · 105 n s−1cm−2, 1.44 · 107 neutrons
in total; Figure 3A). The rise and falling times, calculated as the
time for reaching the 90% of the signal starting from the 10%
(the opposite for the falling time) result respectively 𝜏rise = (1.6 ±
0.3) s and 𝜏 fall = (4.2 ± 0.3) s. These values are comparable with
the rise and falling times measured by exposing the device under
5 MeV proton irradiation that we recently reported,[48] suggest-
ing that such time-scales intrinsically characterize the heavy par-
ticle detection dynamics of this 2D perovskite when it absorbs
energy due to ionization processes. In fact, as discussed above,
the photoconductive gain arising in these photoconductors re-
lies on the presence of long-lived trap states for minority carriers
which induces an intrinsic amplification of the detecting signal
(PG). The characteristic rise and fall times of the detector signal
are therefore strongly influenced by the trapping and detrapping
timescales of these trap states (i.e., the reach of a dynamic equi-
librium between the filling and recombination of these states).
Further optimization of the response times would thus require a
deep investigation into the nature, distribution, and energy depth
of the trap states, followed by a device engineering to tailor their
properties. Noteworthy, the here presented devices show much
faster responses than other devices based on hybrid perovskites
previously reported in literature by Gao et al. for similar irradi-
ation (i.e., 100 s to reach the saturation of the response under
fast neutron irradiation).[28] Further, the detector shows a repro-
ducible and repeatable response when exposed to four subse-
quent identical irradiation cycles, decreasing and then increas-
ing the neutron field flux in the range [1.8–5.7] · 105 n s−1 cm−2

(Figure 3B).
To assess the charge collection properties of the here proposed

thin-film detectors, we investigated their response upon differ-
ent applied biases. In Figure 3C we report the sensitivity of three
devices with different perovskite layer thicknesses, and at three
different collection electric fields 0.1, 0.25, 0.5 V μm−1 (i.e., 3, 7.5,
15 V bias) respectively. The sensitivity is higher for the thicker
films, because of the larger perovskite interaction volume. Inter-
estingly, the response does not show instead a clear trendwith the
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Figure 3. Characterization of the fast neutron detector. A) 60 s long exposure at 2.4 · 105 n s−1. The device is (1.90 ± 0.04) μm thick and biased at 0.1 V
μm−1. The rise time (𝜏rise = 1.6 s) and the fall time (𝜏 fall = 4.2 s) are considered as the temporal interval in which the detector switch from the 10% and
the 90% of the detecting signal. B) Response of the device irradiated by 4 subsequent 10 s irradiation cycles at the flux: 5.3 · 105 n s−1; 3.2 · 105 n s−1;
1.7 · 105 n s−1 cm−2 and back. C) Sensitivity obtained by applying different electric field to the device. Three different samples have been tested with
three different thicknesses (yellow squares: (4.05 ± 0.06) μm; cyano circles: (1.90 ± 0.04) μm; pink triangles: (0.92 ± 0.01) μm). D) Dynamic response to
fast neutrons while the detector was placed in front of the beamline directly (black line) and by interposing 10 cm thick lead slab between the radiation
beam output window and the detector. The current response is normalized by the effective number of fast neutrons, to consider the attenuation of 50%
of the neutron field intensity by the lead shielding.

applied bias, suggesting that response saturation is reached even
at low voltages (i.e., 3 V) for the three different perovskite thick-
nesses. Such a feature is desirable to target wearable personal
dosimeters, where low-voltage operation is a mandatory require-
ment.
Another important requirement for neutron detectors is low 𝛾-

ray sensitivity. Since the generation of neutrons often occurs with
emission of 𝛾-rays, it is important to not count the false neutron
events from 𝛾-ray absorption. This can be done following differ-
ent strategies, for example by using a material formed mainly by
light elements that have low 𝛾-ray absorption coefficient (e.g., or-
ganic materials) or by using pulse shape discrimination enabled
by the different time scales between a neutron signal pulse and
a 𝛾 signal pulse.[49]

Here, to assess the 𝛾-rays discrimination capability, we exposed
the detector to four subsequent fast neutron irradiation cycles
(neutron flux = 8.0 · 104 n s−1 cm−2; bias = 15 V) with and with-
out interposing 10 cm thick lead slab between the detector and
the neutron (and also gamma-ray) emission point. This shielding
tool strongly reduces the 𝛾-ray intensity to 1% of the initial value.
This attenuation factor has been calculated by simulating the in-
teraction between a 1 MeV monoenergetic 𝛾-ray beam (i.e., good
estimation of the average energy value of the gamma spectrum
produced by the 9Be(d,n)10B reaction, coming from the measure-

ment done with the EJ-301 scintillation detector) with 10 cm of
lead shielding. Figure 3D shows how the detector response nor-
malized for the flux of fast neutron fields remains unchanged
with and without the lead shielding, clearly indicating that the
electrical current increase under irradiation is totally due to the
fast neutron interaction with the perovskite. In fact, even if fast
neutrons and 1 MeV gamma rays have similar interaction prob-
abilities in a PEA2PbBr6 perovskite thin film (i.e., in 1 μm of per-
ovskite the attenuation fractions are 0.0017% for neutrons and
0.0014% for 1MeV gamma),[50] the selectivity shown by these de-
vices is based not only on the attenuation coefficient, but on the
different linear energy transfer of the secondary particles gen-
erated by the primary interactions of fast neutrons or gamma
rays within the perovskite (i.e., respectively recoil protons/ions
or Compton electrons) as shown by the sketch reported in Figure
S1 (Supporting Information). For instance, while for each event
of interaction with fast neutrons the recoil protons and ions can
release 192 keV in 5 μm of perovskite (as reported in Figure 1D),
for each Compton scattering of 1 MeV gamma ray, the total en-
ergy released by secondary electrons is ≈1.5-2 keV.[51] Thus, al-
though the interaction probabilities with 1 MeV photons and fast
neutrons are similar, for each event the energy transfer from the
byproducts to the perovskite thin film differs by 2 orders of mag-
nitude, providing the basis for selectivity between gamma rays
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Figure 4. Impact of the perovskite thickness on the detecting performance. A) Neutron induced current by different neutron fluxes for three different
samples deposited at different speeds (yellow squares: (4.05 ± 0.06) μm, 1000 rpm; blue light circles: (1.90 ± 0.04) μm, 2000 rpm; pink triangles: (0.92 ±
0.01) μm, 6000 rpm). The applied electric field is 0.1 V μm−1. B) The sensitivity (black squares) and simulated neutron detection efficiency (pink circles)
of the three samples as a function of their thicknesses (i.e., the detector active volume).

and fast neutrons detection in our device. Finally, to further ex-
perimentally confirm the selectivity of our detector, we tested the
devices under gamma rays produced by a 60Co radioactive source
(Activity = 1000 kBq) (see Figure S6, Supporting Information).
At the energy and fluxes comparable to what was present in the
mixed field at the fast neutron facility, a negligible induced cur-
rent can be appreciated during the exposure to the gamma rays,
confirming the selectivity of the response offered by this class of
detectors.
Figure 4 shows the impact of the active layer thickness on the

detection performances. In Figure 4A reports the neutron in-
duced current as a function of the neutron field fluxes for three
samples of different perovskite thicknesses biased at 3 V. The
measured sensitivities for the samples are S4 μm = (3.7 ± 0.2) ∙

10−18 C n−1, S2 μm = (2.8 ± 0.1) ∙ 10−18 C n−1, S1 μm = (2.2 ±
0.1) ∙ 10−18 C n−1. This result can be better understood in the
light of Figure 4B, showing how by increasing the active layer
thickness we boost the cross section of interaction with fast neu-
trons and, consequently, the neutron detection efficiency scales
accordingly. The neutron detection efficiency is commonly used
in the literature as the most reliable and standardized parameter
to benchmark the performance of fast neutron detectors and it
has been estimated from the simulations discussed in Figure 1
and it has been calculated as the ratio between the number of
interaction events within the active layer and the total number of
neutrons passing through the device (whichwere calculated from
theMonte Carlo simulation performed with Geant4 and reported
in Figure 1). As it is reported in the Table T2 (Supporting Infor-
mation) The efficiency of our detectors is comparable with the
typical values reported in literature for direct and indirect detec-
tors based on hybrid and organicmaterials and one order onmag-
nitude lower than the value reported for CVD diamond.[7,24,29,52]

Plots of sensitivity as a function of the perovskite thickness for
different biasing conditions are reported in Figure S7 (Support-
ing Information), confirming the same trend for all the three ap-
plied electric fields.
Figure 4 clearly shows that the detector is able to collect from

the entire active layer thickness, even at low bias and even for
the thicker film, despite the electrodes’ planar configuration,
thanks to the extension of electric field fringes far from the
electrodes-perovskite interface. This is further supported by the

finite-element simulations reported in Figure S8 (Supporting In-
formation) where it is clearly shown that the electric field dis-
tribution benefits from strong fringing fields, allowing efficient
carrier collection throughout the full thickness of the perovskite
layer, even in our thickest configurations.
This result indicates that the optimization of the deposition

procedure and the tuning of the active layer thickness is a promis-
ing route to boost the detecting efficiency of this material tech-
nology. On the other hand, two important limitations are worth
to be considered: (i) this class of perovskites contains lead and
heavy elements in the inorganic part, and increasing the thick-
ness of the semiconductor layer also means increasing the at-
tenuation fraction of 𝛾-rays, which reduces the discrimination
capability of the detector in the mixed field. One possibility to
reduce the average Z of the perovskite (i.e., improving the selec-
tivity also in thicker films) could be based on the employment of
the lead-free 2D hybrid perovskites based on Sn (ZPb = 82; ZSn
= 50).[53,54] This approach would also mitigate issues related to
material toxicity and environmental impact, paving the way for
the substitution of lead with less hazardous B-site metals; (ii) us-
ing thick films causes the lowering of charge transport properties
and collection efficiency of the device (as shown in Figure S4,
Supporting Information), affecting thus the collection of excess
charges from the whole active volume. For instance, Gao et al.[28]

collected pulse-height spectra of a perovskite single crystal-based
detector (BDAPbBr4) under alpha particles and 𝛾-rays radioactive
sources (241Am and 137Cs respectively). Despite the higher crys-
tallinity and higher charge transport properties of single crystals
compared with our polycrystalline films, they observed a large
difference between alpha particles and 𝛾-rays detection. They jus-
tified this difference assuming that alpha particles interact with
the materials at a much shallower depth than 𝛾-rays and thus the
charge collection from electrodes is much easier in the case of
alpha particles detection.[28] Commonly, in polycrystalline films
where the long-range order is poorer compared to the single crys-
tals, the charge transport is dramatically reduced far from the
electrodes, thus it is not convenient to increase toomuch the film
thickness.
In conclusion, tomaximize the detection efficiency of thin film

perovskite detectors a trade-off between the maximization of the
active volume, the effective charge collection, the discrimination
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capability and the preservation of mechanical flexibility and scal-
ability onto large areas must be targeted.

3. Conclusion

In this work, we report on the direct detection of fast neutrons
by innovative detectors based on hybrid 2D perovskite thin films.
This novel class of material recently demonstrated, in the single
crystal form, a good potential for the detection of fast neutrons,
thanks to the high density of low-Z elements forming the cation
spacer, which maximize the fraction of energy transferred by the
neutrons through elastic scattering, combined with proper semi-
conducting properties of charge transport. Here, PEA2PbBr4 per-
ovskite active layer has been deposited from solution onto a flexi-
ble polymeric substrate forming a thin polycrystalline active layer.
By tuning the fabrication conditions, we varied the semiconduc-
tor thickness and optimized the film quality, enhancing the final
detection efficiency. By accurately and carefully increasing the ac-
tive volume we boosted the performances of the detector, achiev-
ing a stable and reproducible response and reaching a maximum
sensitivity of S= (4.5± 0.4) ∙ 10−18 C n−1. The thin film configura-
tion of our devices brings several innovative advantages: i) the de-
vice can be efficiently operated at low voltages targeting wearable
and personal dosimetry; ii) the low thickness of the active layer
limits the absorption of 𝛾-rays and enhances the discrimination
capability of this technology inmixed fields; iii) the perovskite ac-
tive layer can be deposited from solution by low-temperature and
easy-scalable deposition techniques envisaging the realization of
flexible and large-area detecting systems.

4. Experimental Section
Device Fabrication: The metal electrodes were fabricated on 50 μm

thick polyimide substrate by lithographic techniques. Before electrodes
deposition the substrates were cleaned by subsequent ultrasonic baths
in H2O and soap, deionized H2O and isopropyl alcohol. A positive pho-
toresist (S1818) was then spin coated on the substrate at 4000 rpm for
60 s. The layout has been projected exposing the resist through an optical
Microwriter (ML3DurhamMagneto Optic). The resist has been developed
by MICROPOSIT MF-139 developer and then rinsed with deionized water.
Electrodes were formed by 5 nm of Chromium and 45 nm of Gold thus
deposited through thermal vacuum evaporation and patterned by dipping
the whole structure into acetone bath for 4 h.

For the perovskite preparation, C6H5C2H4NH3Br (PEABr, Sigma–
Aldrich >98%) and PbBr2 (Sigma–Aldrich >98%) were mixed inside a ni-
trogen filled glove box in N,N-dimethylformamide (DMF, Sigma–Aldrich
99.8% anhydrous) to prepare a 1 M solution with 2:1 molar ratio. The
solution was mixed thoroughly for 5 h until complete dissolution of the
precursors.

The perovskite has been deposited by spin coating (1000 rpm 10s;
2000 rpm 10s; 6000 rpm 10s; 10 min of annealing at 60 °C). During the
spin coating an antisolvent (i.e., chlorobenzene) has been dropped on the
substrate after the perovskite solution.

Monte Carlo Simulation: Monte Carlo simulations were performed us-
ing the toolkit Geant4.[36–38] A simple geometricalmodel of the sensor was
built in the G4VUserDetectorConstruction class. It consisted on thin layer
of 2 mm-side with a variable thickness (1, 2, 4, 5 10 and 20 μm) and a
detailed composition and density of PEA2PbBr4 (PEA = C6H5C2H4NH3

+,
density= 2.27 g cm−3). The neutron transport was managed with the high
precision neutron model for low energy neutrons (<20 MeV) included on
the QGSP_BERT_HP physics list. The neutrons were emitted as a parallel
field of radiation covering the all surface of the sensing material. The ini-

tial energy of the neutrons was constant at 2.5 MeV. A maximum of 4 ×
108 primary neutrons were simulated during each run. With the use of the
G4Step and G4Track classes (implemented on the G4UserSteppingAction
class), it was possible to track the history of each event (primary and sec-
ondary particles) during each step, and for example, to access to the type
of interaction, secondary particles created, kinetic energy of the particles,
deposited energy in the volume of interest, etc.

Profilometer Characterization: Film thickness was estimated by ex-
tracting a line profile across the edge between the perovskite layer and the
Kapton substrate. Profiles were acquired using the GBS smartWLI white
light interferometer with a 10x magnification lens. The subsequent data
analysis was carried out with Mountains 9 software.

Neutron Irradiation: The detectors have been tested under the fast
neutrons provided by the Van der Graaff accelerator at the National In-
stitute of Nuclear Physics – Legnaro Laboratory (INFN-LNL, CN acceler-
ator, 0° beamline). A 5 MeV Deuterium beam has been employed (Deu-
terium current = [1–30] nA) and has been directed onto a 9Be target. The
Deuterium current has been monitored using a Faraday cup connected
to an amperometer Keithley 414S. The fast neutrons field was produced
via the 9Be(d,n)10B reaction (energy in the range [1–4] MeV and neutron
field fluxes = [[0.4-3] · 105] n s−1 cm−2). The perovskite detector has been
placed 10 cm far from the position of the Be target (emission point of
the neutrons). The flux and the energy spectrum of the neutron field have
been monitored during the experiment using a 2″ x 2″ liquid scintillator
cell (EJ-301) coupled to a R7724-100 Hamamatsu PMT and placed behind
the perovskite detector 2 m away from the Be target position.

The perovskite-based detector has been enclosed in a plastic box to pre-
vent the illumination of the device during the irradiation and to electrically
connect it to a commercial electrometer.

SEM Images: The images were acquired by using a Cambridge Stere-
oscan 360 SEM, operating at 20 kV. The cross-section samples were ob-
tained by cutting the Kapton substrate at the edge and pulling apart two
pieces by hand.

Finite Element Simulation: To analyze the electric field distribution
across the PEA2PbBr4 perovskite channel in our planar detector architec-
ture ANSYS Maxwell 2D package was employed. It simulated a transver-
sal portion of the channel by selecting the cross section of the material
between two fingers of the electrodes. The PEA2PbBr4 parameters used in
the simulations were selected based on experimental and literature data:
the conductivity value of the order of 1 × 10−11 S m−1 (in accordance was
adopted with the values extracted from the I–Vmeasurements reported in
the manuscript in Figure S4, Supporting Information), and a relative per-
mittivity ɛr = 3, in line with values recently reported in the literature.[55–59]

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