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ABSTRACT 

Low-dimensional perovskite photodetectors attract significant attention due to their tunable optoelectronic properties, quantum 

confinement effects and solution processability. Among them, phenethylammonium lead bromide (PEA2 PbBr4 ) is more stable 
than its 3D counterparts. However, degradation under environmental stress remains an obstacle to practical applications, 
particularly with prolonged exposure to temperature and humidity. This study systematically evaluates the impact of these 
stressors on the morphology, crystallinity, and optoelectronic performance of PEA2 PbBr4 photodetectors. The impact of the 
halogen-bonding additive 1,4-TFIB (1,4-diiodotetrafluorobenzene) on the stability of the devices is also considered. Here, the 
devices were subjected to an increase in temperature (20◦C–120◦C) and humidity (40%RH–98%RH) in five steps, with each 
condition maintained for two days. Morphological and structural analyses are performed, as well as optoelectronic analyses 
under UV light and X-ray irradiation. The results show that, while pristine films undergo significant physical degradation and 
material loss at elevated temperature and humidity, the incorporation of 1,4-TFIB significantly enhances material endurance. 
Although the additive reduces the photocurrent signal of the device under UV and X-ray irradiation, it mitigates physical loss of 
the material and maintains structural integrity in harsh conditions, thereby enhancing device longevity in optoelectronic sensing 
applications. 
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 Introduction 

ow-dimensional hybrid perovskites are promising materials
or optoelectronic applications due to their high absorption
oefficients, excellent charge carrier mobility, large carrier dif-
usion lengths, and high photoelectric conversion efficiency
nd low-cost solution processability at low temperatures [ 1–3 ].
heir structures can be finely tuned using chemical mod-
fications, allowing for bandgap engineering and multifunc-
ionality [ 4 ]. Thanks to these advantages, perovskites have
merged as a major research focus for various applications,
uch as solar cells [ 5, 6 ], high-efficiency radiation photode-
ectors [ 7, 8 ], personal dosimeters and medical devices [ 9,
0 ], space applications [ 11, 12 ], light-emitting diodes (LEDs)
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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[ 13 ], low-power transistors [ 14 ] and many others. However,
ensuring their stability and durability under diverse environ-
mental conditions remains a critical challenge, limiting their
commercialization. 

Compared to traditional metal halide perovskites, characterized
by an isotropic crystalline structure over three dimensions (so-
called 3D perovskites), low- dimensional halide perovskites could
offer enhanced environmental stability, greater hydrophobic-
ity, and superior resistance to temperature- and light-induced
degradation. These advantages arise because 2D layered per-
ovskites incorporate hydrophobic organic spacer layers that
block moisture, while their reduced dimensionality provides
natural encapsulation and improved surface passivation. In
se, which permits use, distribution and reproduction in any medium, provided the 
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ddition, compositional engineering (e.g., incorporation of Cs+
r FA+ cations) can further enhance their intrinsic stability
 15, 16 ]. They consist of 2D sheets composed of corner-sharing
MX6 ] octahedra, where M+ 2 is usually Pb or another metal
ation, and X− is a halide anion. Connected through electro-
tatic forces to octahedral [MX6 ] units are large-sized organic
ations [ 17 ], which contribute to their hydrophobic nature and
oisture resistance [ 18, 19 ]. Despite these advantages, exces-
ive moisture can still degrade lead halide perovskites, either
y initiating perovskite decomposition into precursor salts or
y forming hydrated phases that disrupt device performance
 20, 21 ]. In contrast, small amounts of water can facilitate
erovskite crystallization, improving film quality and device
erformance [ 22–26 ]. 

nother major factor affecting perovskite stability is thermal
egradation. This challenge is particularly critical for practi-
al applications in solar cells or other electronic sensing, as
egradation processes typically begin close to about 85◦C, a tem-
erature commonly reached during the day under full sunlight
r in the space environment under direct sun AM0 exposure
 27, 28 ]. Moreover, humidity accelerates thermal decomposition,
xacerbating material instability [ 29 ]. 

everal strategies have been explored to improve perovskite dura-
ility under environmental stress. These include encapsulation
echniques [ 30 ], compositional engineering like doping [ 31 ] or
ncorporation of additives for surface and grain boundaries pas-
ivation [ 32, 33 ], or environmental control during the fabrication
rocess [ 34 ]. Encapsulation is effective in isolating the material
rom external agents such as oxygen and moisture. However,
t increases fabrication complexity and cost, specifically for
lexible or large-area devices. Additionally, encapsulation layers
an introduce optical absorption, signal losses, and increase
evice thickness or mass [ 35, 36 ]. Encapsulated devices may also
xperience internal mechanical stress during thermal cycling due
o the mismatch between the relatively high thermal expansion
oefficients of perovskites and those of typical encapsulation
aterials. Compositional engineering, including cation substi-
ution or the formation of mixed-dimensional structures, can
nhance intrinsic stability, but it often modifies the electronic
tructure and bandgap of the material [ 36 ]. Furthermore, it
requently introduces lattice strain, phase segregation, and carrier
ecombination centers, increasing overall carrier losses [ 37–39 ].
dditive-based passivation has emerged as a versatile approach
o reduce defect density, yet many commonly used additives rely
n relatively weak interactions, such as hydrogen bonding or
lectrostatic interactions. 

n this work, we couple the intrinsic stability of low-dimensional
erovskite with the employment of a halogen bond (XB) as
 passivation strategy to bind free ions on the perovskite sur-
ace, potentially enhancing its stability. XB is a noncovalent
lectrostatic interaction between the electropositive region of a
alogen atom (the sigma hole) and a nucleophilic site, such
s a lone pair of a Lewis base or π-electrons. This highly
irectional interaction allows precise molecular engineering and
ontrolled self-assembly by selecting an appropriate halogen
tom [ 40 ]. Additionally, fluorine atoms, frequently present in XB
onor molecules, enhance material hydrophobicity and increase
ond strength, improving resistance to moisture degradation
of 15
[ 41 ]. Moreover, XB has been shown to enhance charge trans-
port by lowering the HOMO-LUMO gap due to the presence
of halogen atoms [ 42–44 ]. Previous research on XB-mediated
surface passivation has yielded promising results, suggesting its
potential for improving perovskite stability [ 40, 45–48 ]. This
approach represents a surface-level chemical treatment that
differs fundamentally from bulk compositional modification
or encapsulation. Rather than altering the crystal lattice or
introducing a thick physical barrier, XB exploits supramolec-
ular interactions to selectively target and neutralize surface
defects without inducing additional mechanical stress. A land-
mark study by Abate et al. demonstrated that supramolecular
halogen-bond complexation effectively passivates undercoordi-
nated halide defects, enabling solar cells to maintain stable power
output under continuous operation [ 49 ]. Recent progress has
shown that XB interactions can form supramolecular networks
at the perovskite surface and grain boundaries, reducing defect
density and limiting moisture ingress. Devices incorporating
fluorinated XB donors exhibit improved environmental stabil-
ity, with reduced performance degradation under prolonged
humidity exposure and extended operational lifetimes com-
pared to non-passivated counterparts. Such approaches aim to
provide intrinsic stabilization of the perovskite lattice by address-
ing degradation pathways that persist even in encapsulated
devices [ 49, 50 ]. 

While standard perovskite degradation, like methylammonium
lead iodide (MAPbI3 ) films, under humidity and thermal stress
has been extensively studied for solar cell applications [ 51–54 ], the
assessment of phenethylammonium lead bromide (PEA2 PbBr4 )
thin-film photodetectors under similar conditions remains less
explored, even if low-dimensional lead halide perovskites are
becoming widely used as an interlayer in solar cells [ 16, 55,
56 ] as well as in UV–vis and ionizing radiation sensing [ 9,
57, 58 ]. Furthermore, most XB studies have focused on 3D
perovskites in photovoltaic applications [ 59 ], while investigations
on photodetectors and sensing devices, particularly those based
on 2D perovskites, remain limited. This is a critical gap, as
photodetectors operate under fundamentally different conditions
compared to solar cells, involving continuous electrical bias
and, in the case of ionizing radiation detection, exposure to
high-energy photons that can accelerate defect formation and
material degradation. In addition, due to the required low dark
current noise in photodetectors, their device performance is
highly sensitive to trap states, making defect passivation and
long-term stability even more crucial. The literature comparison
between different strategies for mitigating environmental impact
is summarized in Table S1 . 

This study systematically investigates XB passivation in 2D lay-
ered thin-film photodetectors under thermal and humidity stress.
It provides insights into the degradation mechanisms of 2D lead-
halide perovskite PEA2 PbBr4 , evaluates device stability under
extreme humidity conditions up to 98% RH, exceeding typical
laboratory testing ranges, and directly compares the impact
of environmental stress on UV responsivity and morphology.
Furthermore, by correlating optoelectronic performance with
morphological and structural evolution, we identify the onset of
irreversible degradation in pristine films and demonstrate the
role of XB in mitigating material loss and enhancing device
robustness. 
Advanced Electronic Materials, 2026
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TABLE 1 Short names of the investigated samples and corresponding recipe descriptions. 

Short name Perovskite solution Antisolvent 

PEA + CB Phenethylammonium lead bromide Chlorobenzene 
PEA + CB_A Phenethylammonium lead bromide Chlorobenzene containing 

1,4-diiodotetrafluorobenzene 
PEA_A + CB Phenethylammonium lead bromide containing 

1,4-diiodotetrafluorobenzene 
Chlorobenzene 

FIGURE 1 Schematic representation of 1,4-TFIB interacting with perovskite in an asymmetric way (A,B) or symmetric (cross-linking) (C,D), 
attacking two binding sites, a cation vacancy (A,C) or halide anions (B,D). Schematic representation of the device with patterned electrodes (E). 

2

P  

d  

a  

d  

s  

P  

a  

f  

s  

s

T
 

s  

c  

c  

d  

i
 

s  

t  

e  

c  

d  

T  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

 2199160x, 2026, 16, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aelm

.70505 by A
rea Sistem

i D
ipart &

 D
oc, W

iley O
nline L

ibrary on [04/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable 
 Results and Discussion 

EA2 PbBr4 thin films were fabricated by spin-coating onto inter-
igitated metal electrodes deposited on a flexible plastic substrate,
s described in detail in the Experimental Section. Three different
eposition recipes were investigated across three batches (of 3
amples each) for each recipe, labeled PEA + CB, PEA + CB_A and
EA_A + CB, respectively. A summary of the three compositions
nd short name labels used throughout this manuscript can be
ound in Table 1 . The first batch was used for the humidity-stress
tudy, the second for the temperature-stress study, and the third
erved as the reference batch. 

he PEA + CB recipe consists of a consolidated PEA2 PbBr4
olution (see Experimental methods) with the addition of
hlorobenzene as an antisolvent during deposition to enhance
rystallization [ 60 ]. The other two recipes incorporate the XB
onor 1,4-diiodotetrafluorobenzene (1,4-TFIB), either dissolved
n the antisolvent (PEA + CB_A) or directly in the PEA2 PbBr4
olution (PEA_A + CB). The XB donor (1,4-TFIB) is expected
o interact with the perovskite structure through XB, targeting
lectron-rich halide anions or monovalent cation (A-site) vacan-
ies. Researchers have studied various configurations for how XB
onors bind, particularly using bifunctional modulators like 1,4-
FIB. The envisaged modes of XB donor interaction with the
dvanced Electronic Materials, 2026

C
rea
perovskite surface are classified based on their symmetry and the
binding site, as shown in Figure 1A–D . The asymmetric mode
involves XB donor binding to the A-site vacancy (Figure 1A )
or halide anion (Figure 1B ) on the perovskite surface. The two
sites on the bifunctional modulator are chemically distinct. The
symmetric mode (or cross-linking) involves the bifunctional XB
donor linking two sites in a configuration that maintains chemi-
cal equivalence between the reactive groups on the modulator. It
can bridge two A-site vacancies (Figure 1C ) or two halide anions
(Figure 1D ). Bifunctional modulators, which are capable of
halogen bonding on two sites, have shown promise as structure-
directing agents. We expect that 1,4-TFIB forms an ordered
self-assembled monolayer at the perovskite surface, where the
iodine atoms engage in XB with surface halides or vacancies.
This interaction can strengthen surface passivation, reduce defect
density, and enhance hydrophobicity, as previously reported [ 61 ].
The schematic representation of the device structure is shown in
Figure 1E . 

The study was conducted using a Binder climatic chamber
to precisely control the environmental conditions. The exper-
imental procedure consisted of three sets of experiments. In
the first, the temperature was kept constant at 20◦C, while
relative humidity (RH) was increased every 48 h, starting
from 40%RH and progressing through 60%RH, 70%RH, 80%RH,
3 of 15
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FIGURE 2 Electrical characterization of the devices of the three recipes at 20◦C and 40%RH. Dark current vs. voltage, where the shaded area 
represents the variability of the samples (A). Photocurrent dynamic signal for three ON/OFF cycles of UV-LED ( λ= 385 nm, 100 mA) with 1 V of applied 
bias at room conditions. The shaded area represents variability in samples (three samples for each recipe) (B). Responsivity and specific detectivity of the 
samples for three different recipes measured under UV-LED ( λ= 385 nm, 100 mA) with 1 V of applied bias, for each sample measured at room conditions 
(C). Dynamic response at a dose rate of 2130 µGy s− 1 for three different samples (D). Photocurrent dependence on dose rate (E), and sensitivity (F) to 
X-ray irradiation (40 kVp, Dr = 2130 µGy s− 1 ) for each sample measured at room conditions. 
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0%RH, and 98%RH. In the second study, the humidity was
eld constant at 40%RH, representative of standard indoor
onditions, while the temperature was increased every 48 h,
overing the range of 20◦C, 40◦C, 60◦C, 80◦C, 95◦C, and 120◦C.
lectrical parameters, resistivity in the dark, and responsivity
nder UV light, at standard room conditions, were evaluated
t every step. A third set of measurements has been performed
n a reference batch, which was kept constantly at 20◦C
nd 40%RH for the same amount of time. Each study lasted
2 days. 

o establish a baseline for comparison, the performance of the
amples before any treatment was characterized under X-ray and
V-LED exposure, allowing for a direct assessment of sensitivity
nd responsivity across the three different formulations. Figure 2
resents the results for the three deposition recipes under the
nitial conditions (20◦C and 40% RH), prior to any temperature
r humidity treatment. Figure 2A shows the dark current–voltage
 I–V ) characteristics, where curves represent the average current
alues obtained from samples of two independent batches. The
esults clearly indicate that incorporating the XB donor leads
o a reduction in conductivity, as evidenced by the lower dark
urrent values ( ∼ 10− 12 A) and an increase in sheet resistance ( ∼ 8
1015 Ω) compared to those of the PEA + CB devices without any
dditive (with dark current value 4 × 10− 11 A and sheet resistance
 3.2 × 1014 

o evaluate responsivity, devices were irradiated using a UV-LED
 λ = 385 nm) operated at 100 mA in three ON/OFF cycles. The
ED was placed 3 cm above the samples. A 1 V bias voltage was
of 15
applied to collect the photogenerated charges. Responsivity was
calculated using the following formula: 

𝑅 =
𝐼𝑝ℎ 

𝐸 ⋅ 𝐴 

where Iph is the photocurrent (i.e., Iph = ILED ON − Idark ), E is the
irradiance (5.36 mW cm− 2 ) of the LED, and A is the active area
of the device (0.04 cm2 ). The specific detectivity ( D *) was then
obtained using: 

𝐷∗ = 𝑅 
√
2 𝑒𝐽𝑑 𝑎 𝑟 𝑘 

where Jdark is the dark current density under a 1 V bias, and e is the
elementary charge. Figure 2B shows the typical dynamic response
to UV light ON/OFF cycles for the three formulations. Averaged
responsivity and specific detectivity values for each recipe across
two batches are shown in Figure 2C . 

Sheet resistance ( ρ∎) was calculated using the formula: 

𝜌■ = 𝑅 ⋅ 𝑊 

𝐿 

where R is the Resistance extracted from the slope of the linear I–
V response, W is the length of the finger multiplied by the number
of fingers, and L is the channel length (30 µm). 

For X-ray testing, the devices were irradiated using a tungsten-
target X-ray tube operating at 40 kVp. The tube current was
Advanced Electronic Materials, 2026
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aried from 100 to 500 µA, corresponding to a dose rate range
f 430–2130 µGy s− 1 . Samples were positioned 30 cm from the
ource. A 6 V bias voltage was applied across the devices to enable
harge collection, generating a measurable photocurrent upon X-
ay exposure. Each sample was subjected to three ON/OFF cycles
t five different dose rates. Photocurrent was calculated as: 

𝐼𝑋𝑅 − 𝑝 ℎ = 𝐼𝑋𝑅 𝑂𝑁 − 𝐼𝑑 𝑎 𝑟 𝑘 

igure 2D presents the dynamic response to X-ray ON/OFF cycles
or the three formulations. A linear relationship between dose
ate and photocurrent was observed, as illustrated in Figure 2E .
he slope of the linear fit represents the device sensitivity. By
ormalizing this sensitivity to the device’s active area (0.04 cm2 ),
ensitivity per unit area was obtained and is reported in Figure 2F .

he pristine PEA + CB samples exhibited the highest responsivity
alues among all tested configurations, comparable to expected
alues under similar bias and irradiance conditions [ 8 ]. Notably,
he recipe with the additive directly dissolved in the solutions
PEA_A + CB) has the lowest responsivity and the lowest specific
etectivity. Further, the X-ray sensitivity follows the same trend of
esponsivity under UV light for all the recipes. This behavior was
xpected, as both UV and X-ray detection in these devices rely on
he same fundamental charge transport and collection principles,
lthough the primary carrier generation mechanisms differing
non-ionizing optical excitation versus ionizing radiation). 

.1 Stability under Increased Humidity 

he results from the humidity stress study, the first experiment,
re reported in Figure 3 . Dark current–voltage ( I–V ) and respon-
ivity measurements were performed at standard environmental
onditions, after two days of exposure to each stress: at 20◦C and
or six different relative humidity (RH) conditions. Figure 3A
isplays the I–V characteristics in the dark for the pristine
EA + CB samples across varying humidity levels. A clear trend
s observed: as humidity increases, the sample’s conductivity
ncreases until 98%RH, where a notable drop in conductivity
ccurs. 

igure 3B shows the relationship between sheet resistance and
elative humidity for all the recipes. Sheet resistance increases for
he samples with additives. For all additive recipes, an increase in
esistivity up to 60%RH, followed by a decrease with further %RH
ontent, is observed. The non-additive sample shows a constant,
radual decrease in sheet resistance value with %RH. 

he dynamic response of the typical PEA + CB samples to LED
N/OFF cycles across different humidity levels is shown in
igure 3C . The photocurrent increases with humidity, peaking
efore sharply declining at 98%RH. Responsivity for all recipes is
lotted as a function of humidity in Figure 3D . While the pristine
EA + CB exhibits the highest responsivity overall, it shows a
arked drop at the highest humidity level. In contrast, the recipes
ontaining XB additives appear more stable under extreme mois-
ure conditions, maintaining or gradually increasing responsivity
hroughout exposure up to 98%RH. Calculated absolute deviation
or the PEA + CB sample is 8.8 × 10− 3 while for the sample with the
dvanced Electronic Materials, 2026
additive, this value is reduced by 45% across the humidity range
(4.8 × 10− 3 ). 

The progressive decrease in sheet resistance of PEA + CB with
increasing relative humidity (Figure 3B , green) is attributed
to water-assisted ion migration. At moderate humidity, water
molecule adsorption through grain boundaries and defect sites
facilitates halide ion mobility, leading to increased ionic con-
ductivity without immediate structural degradation [ 62 ]. At 98%
RH, both the partial recovery in sheet resistance (Figure 3B ) and
the sharp drop in responsivity (Figure 3D ) indicate a transition
from reversible hydration to irreversible degradation. At near-
saturation humidity, water penetration leads to the formation
of hydrated intermediate phases, which are poorly conductive
and optically inactive [ 62, 63 ]. The apparent increase in sheet
resistance is therefore attributed to material degradation and
loss of conductive pathways, rather than recovery of the pristine
structure. This interpretation is supported by optical microscopy
and AFM (Figures 5B and 6 ), which show clear evidence of
grain dissolution and morphological redistribution after expo-
sure to 98% RH. In contrast, XB-treated samples (PEA + CB_A
and PEA_A + CB) exhibit a significantly attenuated response to
humidity. The smaller variation in sheet resistance and the
absence of responsivity loss at 98% RH indicate that moisture-
induced degradation is effectively suppressed. This behavior is
attributed to halogen bonding at grain boundaries, which passi-
vates defect sites and limits water interaction, thereby reducing
ion migration and preventing the dissolution–recrystallization
processes observed in pristine films. 

2.2 Stability under Increased Temperature 

The results from the temperature stress study, the second exper-
iment, are shown in Figure 4 . Under thermal stress, pristine
PEA + CB films exhibit a continuous decrease in both dark
current and photocurrent (Figure 4A,C ), indicating progressive
degradation. This behavior is consistent with thermally induced
material loss and structural disruption, as supported by macro-
scopic observations (Figure S4A ) and XRD analysis showing
an increased relative contribution from the Kapton substrate
(Figure 7B ). The reduction in active material directly decreases
the effective charge generation and transport pathways, resulting
in degraded device performance. 

In contrast, PEA + CB_A maintains nearly constant responsivity
across the 20–95◦C range, while pristine PEA + CB shows a
significant decline ( ∼ 51%, Figure 4D ). The reduced variation in
performance (83% lower standard deviation) indicates enhanced
thermal stability. This improvement is attributed to XB pas-
sivation, where directional interactions between iodine atoms
in 1,4-TFIB and surface Br− ions reduce defect formation and
suppress ion migration under thermal activation. As a result,
charge transport pathways remain more stable. Supporting this
interpretation, white-light interferometry (Figure S4A ) shows a
substantially smaller increase in surface roughness for XB-treated
films (38%) compared to pristine films (138%), indicating reduced
thermally induced morphological degradation. 

For PEA_A + CB (additive incorporated in the precursor solution),
the continuous increase in sheet resistance with temperature
5 of 15
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FIGURE 3 Humidity stress effects: Dark Current variation as a function of humidity for pristine PEA2 PbBr4 (PEA + CB) samples (A). UV LED 

response variation as a function of humidity for pristine PEA2 PbBr4 (PEA + CB) samples (C). Sheet resistance (B) and responsivity (D) variations as a 
function of relative humidity for all 3 types of tested samples (green: pristine sample—PEA + CB, cyan: recipe with additive dissolved in antisolvent—
PEA + CB_A, red: recipe with additive dissolved in perovskite solution—PEA_A + CB). 
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Figure 4B , red) suggests that bulk incorporation of 1,4-TFIB dis-
upts charge transport. This likely arises from structural disorder
r increased scattering within the lattice. The differing behav-
or compared to PEA + CB_A samples highlights that effective
assivation is achieved when the XB donor is localized at grain
oundaries and surfaces, rather than distributed throughout the
ulk. 

ull I–V characteristics for all three sample types, along with
heir responses under UV-LED exposure, are presented in the
upplementary Information (Figures S1 and S2 ). 

o better explain the opto-electronic behavior, the morphologies
f the films are analyzed. Figure 5A,B illustrates the effects of
ncreasing temperature and humidity on the standard PEA + CB
ample and on the most promising additive-based sample,
EA + CB_A, respectively. A concerning observation is the signif-
cant degradation of the active material, which visibly disappears
rom the substrate under environmental stress. For temperature
tress, this deterioration becomes evident after just three days
i.e., two days at 20◦C and two at 60◦C), as shown in Figure S3 . 

orphological transformations under thermal stress
uggest recrystallization of the material into distinct crystal
orphologies—round and needle-shaped structures (Figure 5A ).
hile the additives did not prevent degradation at 120◦C, a
oticeable enhancement in thermal endurance is observed up
o 80◦C. The difference in surface roughness between 20◦C and
0◦C was quantified using white-light interferometry (Figure S4 ).
of 15
The film without additive (PEA + CB) exhibited a 138% increase
in roughness, whereas the sample containing the additive in the
antisolvent (PEA + CB_A) showed only a 38% change. Enhanced
resistance to humidity-induced degradation is also evident for
the additive-containing films, as shown in Figure 5B . 

The AFM analysis (Figure 6 ) reveals significant differences in
degradation behavior between pristine and XB-treated samples
after humidity exposure. For the PEA + CB films, the original
elongated grain morphology is largely lost, with clear evidence
of grain dissolution and recrystallization into more irregular,
squared crystallites. This morphological evolution is accompa-
nied by a substantial increase in surface roughness, increasing
by approximately 56% compared to the initial condition, indi-
cating severe surface degradation and material redistribution.
In contrast, the XB-treated PEA + CB_A films exhibit a more
preserved grain structure, with more clearly defined grain shapes
and recognizable boundaries. The increase in surface roughness
is significantly smaller (approximately 29%), indicating improved
structural stability. Although degradation is still present, it
appears more localized at the grain level, rather than resulting
in large-scale morphological disruption. Roughness values were
obtained from measurements on three samples for each recipe.
These observations are further supported by crystallite size
estimates obtained from the Scherrer equation using the (001)
diffraction peak. For the pristine PEA + CB sample, the calculated
crystallite size decreases from 64.07 nm to 22.51 nm after humidity
treatment, consistent with a reduction in coherent crystalline
domain size caused by structural degradation. In contrast, the
Advanced Electronic Materials, 2026
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FIGURE 4 Temperature stress effects: Dark Current variation as a function of temperature for pristine PEA2 PbBr4 (PEA + CB) samples (A). UV 

LED response variation as a function of temperature for pristine PEA2 PbBr4 (PEA + CB) samples (C). Sheet resistance (B) and responsivity (D) variations 
as a function of temperature for all 3 types of tested samples (green: pristine sample—PEA + CB, cyan: recipe with additive dissolved in antisolvent—
PEA + CB_A, red: recipe with additive dissolved in perovskite solution—PEA_A + CB). 

FIGURE 5 Optical microscopy images in reflection mode, showing the morphological changes in samples fabricated with different recipes exposed 
to temperature (A) and humidity (B) treatment. 
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FIGURE 6 AFM images of film morphology for pristine (PEA + CB) and XB-treated (PEA + CB_A) samples, comparing the initial state at room 

conditions with the morphology after humidity treatment. The color scale represents the relative surface height ( µm), with darker colors corresponding 
to lower topographical regions and lighter colors corresponding to higher surface features. 
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alculated crystallite size for the XB-treated sample increases
rom 85.97 to 211.02 nm after humidity exposure. Since the AFM
mages do not show a corresponding increase in lateral grain
imensions, this result likely reflects an increase in coherent
omain size along the out-of-plane direction associated with
he (001) reflection, rather than physical grain growth. The
reservation of grain boundaries observed by AFM suggests that
he layered structure remains largely intact and that degradation
s primarily localized near the film surface, sheltering the bulk
nd bottom interfaces connected to the collection electrodes. It
hould be noted that Scherrer analysis should be considered a
elative indicator of structural changes rather than an absolute
easure of grain size. 

or the temperature stress case, both film types undergo exten-
ive degradation, leading to large height variations and partial
aterial loss. Under these conditions, reliable roughness quan-
ification was not feasible, and high-quality AFM imaging could
ot be consistently obtained. 

he degradation of halide perovskites under humidity typically
roceeds through the following pathways. In 2D perovskites, the
ydrophobic organic spacer (such as PEA in PEA2 PbBr4 ) initially
inders water penetration by forming a van der Waals barrier
etween inorganic layers, which contributes to their enhanced
tability compared to 3D systems. However, at high humidity
evels, water molecules can penetrate through grain boundaries
nd surface defects. Then, the water interacts with underco-
rdinated Pb2 + sites and forms hydrogen bonds with halide
of 15
ions and organic cations, leading to the formation of hydrated
intermediate phases and ultimately to irreversible decomposi-
tion into PbBr2 and organic salts, as widely reported in the
literature [ 21, 62–64 ]. At intermediate humidity levels, adsorbed
water molecules partially solvate halide ions and lower the
activation energy for ion migration, resulting in increased ionic
conductivity and a corresponding decrease in sheet resistance.
However, when the humidity approaches saturation, water pen-
etration becomes sufficient to induce the formation of hydrated
intermediate phases and initiate dissolution of the perovskite
grains. These processes are consistent with the experimentally
observed increase in conductivity at intermediate humidity
and the subsequent performance loss at high RH, visible in
Figure 3 . 

The incorporation of 1,4-TFIB addresses these degradation path-
ways at the molecular level through halogen bonding inter-
actions. The electrophilic σ-hole on the iodine atoms forms
directional noncovalent interactions with electron-rich halide
ions or vacancy sites at the perovskite surface and grain bound-
aries. This results in effective passivation of defect sites, reducing
trap-assisted recombination and limiting the accumulation of
charge that can trigger degradation reactions [ 45 ]. In addition, the
fluorinated nature of the XB donor introduces local hydrophobic-
ity, which reduces moisture adsorption and slows water ingress
into the film. XB interactions also contribute to stabilizing halide
ions, thereby increasing the energetic barrier for ion migra-
tion and suppressing thermally activated degradation processes
[ 65–67 ]. As a result, XB passivation acts simultaneously on
Advanced Electronic Materials, 2026
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FIGURE 7 X-ray diffraction (XRD) patterns for three samples with different fabrication recipes at room conditions (A). X-ray diffraction (XRD) 
patterns for the pristine PEA + CB sample in the room condition, after humidity treatment, and after temperature treatment (B). Temperature-dependent 
XRD patterns for PEA2 PbBr4 measured over the range from − 80◦C to 160◦C (C). Comparison of XRD patterns acquired with and without a Kapton 
substrate beneath the material (D). The intensities in panels (A) and (B) are normalized, and the diffractograms are vertically offset for clarity. 
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ultiple degradation pathways, including defect passivation,
oisture resistance, and ionic stabilization. Importantly, XB
nteractions are sufficiently robust to persist under the harsh
onditions explored in this work. Halogen bond strengths for
odinated perfluoroarenes typically lie in the range of tens of
J/mol [ 68 ], comparable to or exceeding many hydrogen bonds,
hile benefiting from high directionality. Fluorination enhances
he σ-hole on iodine, strengthening the interaction and reducing
ompetition from water molecules. Previous studies have shown
hat XB interactions remain effective in polar and even aqueous
nvironments [ 69, 70 ], and can stabilize interfaces under ther-
al stress. Moreover, because XB is a reversible, non-covalent
nteraction, it can dynamically reform if temporarily disrupted by
hermal fluctuations, contributing to sustained passivation over
ime. While a direct calorimetric measurement of the binding
nergy is beyond the scope of this study, the observed stabil-
ty enhancement is quantitatively consistent with established
B-mediated suppression of ion migration and defect activity
eported in similar halide perovskite systems. Finally, the AFM
esults presented in Figure 6 provide indirect experimental sup-
ort for these mechanisms. The significantly reduced roughness
dvanced Electronic Materials, 2026
increase and better preservation of grain morphology in XB-
treated films indicate suppressed dissolution–recrystallization
processes and reduced mass transport under humidity stress,
confirming the stabilizing effect of XB at the grain boundaries. 

Figure 7A presents the X-Ray diffraction (XRD) patterns of
the three film recipes measured at 20◦C and 40% RH. The
diffractograms show that all samples exhibit reflections charac-
teristic of the layered perovskite phase PEA2 PbBr4 , with major
peaks at 2 θ = 5.12◦, 10.64◦, 15.88◦, 21.25◦, 26.73◦, 32.23◦, and
37.70◦, corresponding to the (001)–(007) planes, respectively [ 71 ].
Additional reflections originating from the Kapton substrate
are observed at 2 θ = 14.01◦, 16.83◦, 18.58◦, and 25.53◦ [ 72 ].
Purple dashed lines represent the pattern calculated from the
reported crystal structure, which shows a good correlation with
our experimental peak positions (FoM = 0.998). Among the
three recipes, PEA_A + CB samples exhibit the sharpest and
most intense diffraction peaks, suggesting a higher degree of
crystallinity and larger coherent domain size compared with the
other films. In contrast, PEA + CB_A samples show broader and
less intense peaks, indicative of smaller crystalline domains or
9 of 15
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TABLE 2 Averaged values for thickness, roughness, dark current, resistivity, and responsivity for the samples that went through humidity 
treatment. 

PEA + CB PEA + CB_A PEA_A + CB 

Thickness [ µm] 2.33 ± 0.69 2.27 ± 0.49 2.04 ± 0.26 
Roughness Sq [ µm] 0.38 ± 0.03 0.78 ± 0.10 0.75 ± 0.20 
Dark current at − 5 V [A] 40%RH ( − 2.6 ± 0.1) ×

10− 12 
( − 1.3 ± 1.9) × 10− 12 ( − 1.1 ± 0.1) × 10− 12 

60%RH ( − 8.3 ± 7.8) ×
10− 11 

( − 1.1 ± 0.3) × 10− 12 ( − 8.5 ± 1.0) × 10− 13 

70%RH ( − 2.4 ± 1.9) ×
10− 10 

( − 1.9 ± 0.8) × 10− 12 ( − 1.3 ± 0.2) × 10− 12 

80%RH ( − 2.0 ± 0.1) ×
10− 10 

( − 3.1 ± 1.0) × 10− 12 ( − 3.8 ± 3.5) × 10− 11 

90%RH ( − 5.4 ± 1.4) × 10− 9 ( − 2.8 ± 0.6) × 10− 12 ( − 1.9 ± 0.1) × 10− 12 

98%RH ( − 4.6 ± 3.1) × 10− 11 ( − 1.7 ± 0.2) × 10− 12 ( − 1.2 ± 0.4) × 10− 10 

Sheet resistance [ Ω ] 40%RH (4.2 ± 0.1) × 1015 (1.0 ± 0.7) × 1016 (1.5 ± 0.1) × 1016 

60%RH (9.0 ± 8.3) × 1014 (1.3 ± 0.4) × 1016 (1.6 ± 0.2) × 1016 

70%RH (1.1 ± 0.8) × 1014 (5.7 ± 1.0) × 1015 (1.2 ± 0.1) × 1016 

80%RH (7.0 ± 3.2) × 1013 (4.6 ± 0.1) × 1015 (5.8 ± 5.5) × 1015 

90%RH (2.4 ± 0.3) × 1012 (5.9 ± 0.2) × 1015 (1.1 ± 0.2) × 1016 

98%RH (4.4 ± 2.5) × 1014 (5.3 ± 4.4) × 1015 (1.4 ± 0.5) × 1014 

Responsivity 
[ µA W− 1 ] 

40%RH 31 ± 8 12 ± 3 4 ± 1 
60%RH 40 ± 10 14 ± 5 4 ± 1 
70%RH 47 ± 10 16 ± 5 5 ± 1 
80%RH 50 ± 14 20 ± 5 5 ± 1 
90%RH 56 ± 15 22 ± 4 6 ± 1 
98%RH 39 ± 9 24 ± 9 9 ± 2 
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ncreased structural disorder. PEA + CB and PEA_A + CB samples
isplay comparable crystallinity, with only minor variations in
elative peak intensities. The similar positions of the main
iffraction peaks across all recipes indicate that the underlying
rystal structure remains consistent, as expected when the addi-
ives predominantly influence the film surface while the XRD
easurement primarily probes the bulk. 

s shown in Figure 7B , neither thermal nor humidity stress
reatments introduce significant structural changes, confirming
he phase stability of PEA2 PbBr4 under these conditions. This
onclusion is further supported by temperature-dependent XRD
easurements (Figure 7C ), performed between − 80◦C and 160◦C,
hich reveal no evidence of phase transitions. However, films
ubjected to thermal treatment exhibit increased intensity of
he Kapton-related peaks and a corresponding decrease in the
erovskite reflections. The apparent increase in the relative
ntensity of the Kapton-related broad feature after environmental
tress is attributed to degradation-induced loss of perovskite
aterial. As the perovskite layer partially dissolves, redistributes,
r detaches from the substrate during prolonged humidity or ther-
al exposure, the diffracting volume of the crystalline perovskite
ecreases. Consequently, the contribution of the underlying
0 of 15
Kapton substrate becomes more pronounced in the measured
diffraction pattern. This interpretation is consistent with the
optical microscopy and white-light interferometry observations,
which show significant material redistribution and surface
degradation after environmental stress. 

The Kapton-derived features are highlighted in Figure 7D . Com-
parative diffractograms for the remaining recipes are provided in
the Supporting Information (Figure S5 ). 

Tables 2 and 3 summarize all observed figures of merit. Sample
thickness and surface roughness were measured using white light
interferometry, with profiles provided in Figure S4 . Reported
values represent averages from multiple samples of each recipe
exposed to identical conditions, ensuring statistical relevance. 

Figure 8 presents the change in specific detectivity under UV irra-
diation, expressed as the metric (D* max − D* min )/D* avg , to quantify
the stability and fluctuations of the devices. The values are
shown for all three formulations across the reference, humidity-
treated, and temperature-treated batches. Error bars present the
coefficient of variance for each group. As expected, the reference
samples exhibit the smallest variation. 
Advanced Electronic Materials, 2026
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TABLE 3 Averaged values for thickness, roughness, dark current, resistivity, and responsivity for the samples that went through temperature 
treatment. 

PEA + CB PEA + CB_A PEA_A + CB 

Thickness [ µm] 1.66 ± 0.24 2.22 ± 0.26 3.55 ± 0.59 
Roughness Sq [ µm] 0.65 ± 0.05 0.73 ± 0.07 0.53 ± 0.05 
Dark current at − 5 V [A] 20◦C ( − 6.4 ± 5.9) ×

10− 11 
( − 2.2 ± 1.7) ×

10− 12 
( − 1.2 ± 0.1) ×

10− 12 

40◦C ( − 6.8 ± 9.8) ×
10− 11 

( − 1.3 ± 0.8) ×
10− 12 

( − 6.3 ± 0.1) ×
10− 13 

60◦C ( − 2.3 ± 2.6) ×
10− 11 

( − 1.6 ± 0.5) ×
10− 12 

( − 2.0 ± 0.1) ×
10− 13 

80◦C ( − 2.0 ± 0.1) ×
10− 12 

( − 2.7 ± 1.3) ×
10− 12 

( − 3.6 ± 0.1) ×
10− 13 

95◦C ( − 2.1 ± 1.2) ×
10− 12 

( − 2.1 ± 0.9) ×
10− 12 

( − 3.4 ± 0.1) ×
10− 13 

Sheet resistance [ Ω ] 20◦C (3.2 ± 3.2) × 1014 (8.0 ± 5.5) × 1015 (9.8 ± 0.5) × 1015 

40◦C (3.0 ± 2.2) × 1015 (1.3 ± 0.3) × 1016 (1.8 ± 0.1) × 1016 

60◦C (1.2 ± 1.1) × 1015 (8.2 ± 2.6) × 1015 (3.2 ± 0.2) × 1016 

80◦C (4.7 ± 0.9) × 1015 (6.8 ± 5.0) × 1015 (3.4 ± 0.2) × 1016 

95◦C (7.4 ± 3.0) × 1015 (7.6 ± 3.0) × 1015 (3.2 ± 0.2) × 1016 

Responsivity [ µA W− 1 ] 20◦C 98 ± 5 43 ± 1 14 ± 0.1 
40◦C 91 ± 1 46 ± 3 15 ± 0.2 
60◦C 90 ± 1 45 ± 4 12 ± 0.2 
80◦C 75 ± 19 50 ± 10 8.8 ± 0.2 
95◦C 48 ± 19 41 ± 10 8.2 ± 0.2 

FIGURE 8 Comparison of variations in specific detectivity under 
UV irradiation for reference samples (one sample per recipe) and samples 
after temperature (average of samples from the first batch) and humidity 
(average of samples from the second batch) stress treatments. 
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 Conclusion 

n this study, we investigated the impact of humidity and tem-
erature on the performance and morphology of 2D perovskite
EA2 PbBr4 thin-film photodetectors. The collected data suggest
dvanced Electronic Materials, 2026
that the degradation in photocurrent and dark current, partic-
ularly at elevated temperatures and prolonged exposure to high
relative humidity, is due to the physical degradation and loss of
the active material. 

As observed in previous studies, low humidity levels can enhance
crystallization and improve the performance of perovskite films.
While PEA2 PbBr4 shows good resistance to humidity in mod-
erate conditions, temperature-induced degradation becomes evi-
dent within two days at 60◦C. In addition to performance
loss, powder X-ray diffraction analysis confirmed structural
changes. 

The incorporation of 1,4-TFIB, an XB donor, was found to
enhance the material’s resistance to humidity, effectively prevent-
ing the perovskite layer from physically disappearing. However,
this additive also resulted in a decrease in photocurrent, sensi-
tivity, and responsivity, suggesting that its integration into the
perovskite matrix may introduce structural defects that negatively
impact device performance. Overall, the surface passivation
through the inclusion of an XB additive in the antisolvent
(PEA + CB_A) has been demonstrated to offer the best balance
between performance and stability to humidity and temperature
stressing agents. Such stability studies are particularly important
for assessing the potential applicability of these materials in
harsh operating environments, such as space technologies, where
devices face extreme temperature fluctuations, and solar cell
11 of 15
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pplications, where combined thermal and moisture stress often
xceeds 85◦C. 

urther work should explore varying the additive concentrations
o avoid excess XB incorporation into the crystal lattice, which
owers electronic performance. This would help to balance
tability and functionality. 

 Experimental Methods 

.1 Device Fabrication 

quimolar amounts of C6 H5 C2 H4 NH3 Br (PEABr, Sigma-Aldrich
 98%) and PbBr2 (Sigma-Aldrich > 98%) were dissolved in
,N -dimethylformamide (DMF, Sigma-Aldrich 99.8% anhydrous)
o prepare 1 m and 0.7 m solutions. The solution was stirred
vernight to ensure complete dissolution of the precursors. Before
he deposition, Kapton substrates (75 µm) were ultrasonicated
ith acetone, IPA, and water (for 10 min each). After that, they
ere dried under a nitrogen blow. A Cr/Au (6.2 ± 3.2 nm Cr
nd 32.6 ± 11.3 nm Au) interdigitated electrode pattern was
abricated on a substrate using photolithography. S1818 positive
hotoresist was employed, and the electrodes were deposited
ia evaporation. The area of the electrodes was 4 mm2 . Post-
ift-off, the Cr/Au patterns were sonicated in water (for 10 min)
nd then cleaned with air plasma (for 5 min) before perovskite
eposition. The perovskite material was deposited by spin-
oating at 2000 rpm (for 60 s), with the addition of antisolvent
hlorobenzene C6 H5 Cl (Merck > 99.5%) in the last 10 s. After
he deposition, samples are annealed at 50◦C (for 10 min). As an
dditive, XB donor C6 F4 I2 (1,2,4,5-Tetrafluoro-3,6-diiodobenzene,
igma-Aldrich 98%) is used with PEA2 PbBr4 in a stoichiometric
atio of 1:1, dissolved either in chlorobenzene or PEA2 PbBr4
olution. 

.2 Electrical Characterization 

–V characteristics were obtained using a Keithley 6517A elec-
rometer. All the electrical measurements were carried out in a
robe station at lab atmosphere. 

he dynamic response under UV, LED with wavelength 385 nm,
s used, powered by a Keithley 2614B precision Source/Measure
nit driven in current mode at 0.1 A. Measurements were con-
ucted outside the climatic chamber. Samples were temporarily
emoved for a few hours to perform the necessary measurements
nd then returned to the chamber 

.3 X-Ray Irradiation 

lectrical response under X-ray irradiation was acquired by a
eithley 6517A electrometer. The fabricated devices were placed
n a Faraday box with an aluminum window for the X-ray
easurement. The radiation source was a Hamamatsu L12161
icrofocus X-ray tube with a W target used at 40 kVp accelerating
oltages and filament currents ranging from 100 µA to 500 µA.
 lead mechanical shutter was employed to control the ON/OFF
2 of 15

C
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beam switching. The dose rates were previously calibrated by a
Barracuda radiation detector (RTI Group). 

4.4 X-Ray Diffraction 

X-ray diffraction (XRD) measurements were performed using
a Malvern Panalytical Empyrean diffractometer operating in
Bragg–Brentano geometry (reflection mode) over a 2 θ range of
3◦ to 50◦. The diffractometer was equipped with a scintillation
detector and a monochromator. Data acquisition followed a θ –
2 θ scan method using Cu K α radiation with a weighted average
wavelength of 1.5406 Å (K α1 = 1.5406 Å, K α2 = 1.5445 Å, intensity
ratio K α1 : K α2 = 2: 1). 

Temperature-dependent measurements were carried out using an
Anton Paar TTK 600 chamber, enabling precise thermal control
from − 80◦C to 160◦C, maintained in an air atmosphere and cooled
with liquid nitrogen. 

4.5 Atomic Force Microscopy 

The surface morphology and grain structure of the perovskite
films were characterized using a NX-10 Atomic Force Micro-
scope (Park Systems, South Korea). All measurements were
performed in Non-Contact Mode (NCM) using an NCHR can-
tilever (Nanosensors) with a nominal resonance frequency of
∼ 320 kHz and force constant of 42 N/m. Images were acquired
with a resolution of 256 × 256 pixels. Topographic data were
processed and analyzed using the Gwyddion software package. 
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