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Air-Stable and Flexible Photodiode for X-Rays Detection
Based on a Hybrid Perovskite Active Layer and Organic

Interlayers
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Solution-processed organic and hybrid semiconductor materials have great
potential for ionizing radiation direct detection, as they combine high
sensitivity, low-power consumption, and flexibility. There is, however, an open
challenge related to the stability in ambient/operational conditions of this
class of devices. In this work, an air-stable, solution-processed and flexible
X-ray detector is reported, based on the integration of hybrid perovskite and
organic thin films used as active layer and functional interlayers, respectively.
The diode architecture and the engineering of the interface between the
hybrid perovskite and the organic hole transporting material (solvent-modified
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate) is the key to achieve
enhanced detector’s air stability and performance. The unencapsulated
flexible device, measured in air and in passive operation (0 V), shows a

in some cases (e.g., solution processing).
However, the low atomic number of or-
ganic materials limits their absorption
coefficient for X-rays, restricting their
potential application as X-ray detectors
only to high-energy X-rays at low doses.

In the past few years, part of the
research for new materials capable
of direct X-rays and visible radia-
tion detection has focused on hy-
brid organic/inorganic halide per-
ovskites (hPVKs), where hPVKs are
ionic semiconductors with the gen-
eral formula ABX; with A indicat-
ing a monovalent organic/inorganic

limit-of-detection of 0.37 + 0.04 pGy s~' and a sensitivity as high as
5.2 uC Gy~! em=2, which is retained within 25% after 42 days exposure to

ambient conditions.

1. Introduction

Organic electronics are maturing as advanced non-conventional
technology in different application fields, including energy
conversion and storage,'*] sensing and biosensing for ther-
apeutics and diagnostics,[*®! environmental and healthcare
monitoring.!>®! Some of the most distinguishing characteristics
of organics refer to the possibility to obtain flexible, large area and
nanometer-thick devices through fabrication processes that are
simpler and cheaper with respect to their inorganic counterparts,

cation, B a metal bivalent cation
and X a halide anion.'” hPVKs
can be processed from solution to
form polycrystalline thin films whose
chemical-physical properties can be
tuned through chemical design,'!l to
combine a certain degree of mechanical flexibility, large electri-
cal mobility and absorption coefficient in the visible as well as
in the X-rays range.l'?] In our recent works, we already demon-
strated the effective use of hPVKs in flexible direct radiation
detectors.['>1%] Our previous works aimed at developing hPVK
materials that can achieve improved sensitivity and balanced am-
bipolar transport in the form of thin films, compatible with flex-
ible substrates, employed in device architectures that allow low
operating voltage. hPVKs in vertical photodiode structure have
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shown great potentiality for X-ray direct detection but suffer from
limited stability in air,['®! and no stable flexible devices have been
reported to date.

In this work, we demonstrate that an hPVK-based photodi-
ode is stable under operating conditions (applied bias 0 V or
within + 1 V) and X-ray irradiation (from 255 to 1334 pGy s™)
on both rigid and flexible substrates of glass or polyethy-
lene terephtalate (PET). We employed a mixed-cation mixed-
halide hPVK composition already applied in solar cells show-
ing over 17.6% efficiency.l') Using a blend of Cs and for-
mamidinium (FA) in the A-site, Pb in the B-site and a mix-
ture of I and Br in the X halide site, the general structure
can be written as Csj;;FA;g;Pb(I,,,Br,,;); that will be re-
ferred to in the text as “Cs17Br23.” This active layer is com-
bined with a chemically engineered (solvent-modified) poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (w-PEDOT:PSS)
layer as a hole transporting material (HTM).[*®) In addition, [6,6]-
phenyl-C, -butyric acid methyl ester (PCBM) and bathophenan-
throline (BPhen) bilayer are implemented in the structure
as the electron transporting materials (ETM) in a diode-like
architecture.l'! Indium Tin Oxide (ITO) and gold (Au) are used
as the bottom and top electrodes. Overall, the choice of HTM,
ETM, and Cs17Br23 hPVK perovskite composition aimed at im-
proving the performance and stability of the device. We demon-
strate here that the resulting unencapsulated X-ray photodetec-
tor, processed by low-temperature solution-based techniques on
both rigid and flexible plastic substrates, shows an efficient and
stable direct conversion of X-ray irradiation, operating in air and
in passive mode (zero voltage bias).

2. Results and Discussion

2.1. Interface Engineering and Stability

The vertical stack of the hPVK-based photodiode is reported
in Figure 1a. In Figure 1D, it is represented that the solvent-
modification procedure applied to obtain the chemically-
engineered HTM (w-PEDOT:PSS).

Both interfaces of the Cs17Br23 hPVK film with the ETM and
HTM organic thin films, within the HTM/ Cs17Br23 hPVK/ETM
stack, are engineered to have strong chemical stability. As the
first step, the morphological, chemical and electrical effects of the
post-processing of the PEDOT:PSS by solvent treatment are stud-
ied. For a deeper insight into the change of the physical, chem-
ical and electrical properties of the PEDOT:PSS thin film before
and after post-processing by solvent washing, we analyzed the
morphology and surface potential of the pristine and washed PE-
DOT:PSS by atomic force microscopy (AFM) and kelvin probe
force microscopy (KPFM) (Figure 2).

The AFM topography of the two PEDOT:PSS films
(Figure 2a,d) confirms that the solvent treatment of PEDOT:PSS
does not alter macroscopically the film surface. However, at
nanoscale level, the w-PEDOT:PSS exhibits a fine reorganization
of the surface morphology with formation of relatively smaller
and more structured domains compared to those of the pristine
PEDOT:PSS film, as confirmed by the slightly increased sur-
face roughness. Based on Figure 2a,d, the Root Mean Square
(RMS) roughness varies from 1.9 to 2.5 nm for the standard
PEDOT:PSS and the w-PEDOT:PSS, respectively. As we already
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‘ Solvent washing with
Doctor Blading technique

Figure 1. a) Schematic representation of the device structure of the hPVK-
based photodiode, including the optimized HTM based on w-PEDOT:PSS.
b) Representation of the solvent-modification procedure on PEDOT:PSS,
applied to obtain the HTM w-PEDOT:PSS.

demonstrated,['®! the washing treatment on the PEDOT:PSS
surface partially dissolves and removes the excess of insulat-
ing (polar) PSS chains, thus determining a conformational
reorganization of the resulting PEDOT-enriched film surface.
This is confirmed by the AFM phase images (Figure 2b,e) that
show a slightly different phase distribution, before and after the
washing, of the (hard) PEDOT and (soft) PSS chains.

KPFM provides information on the local changes occurring
on the PEDOT:PSS work function (WF) upon solvent treat-
ment. Figure 2¢,f shows the KPFM images of PEDOT:PSS
and w-PEDOT:PSS, respectively, acquired on the same region
of the AFM images. The distribution of the relative WF val-
ues is shown in Figure 2g. The image shows a slight de-
crease of the surface potential (SP) toward less negative poten-
tials in the w-PEDOT:PSS thin film. The mean value and the
Full-With Half Maximum (FWHM) were extrapolated by fitting
Figure 2g with a Gaussian distribution. The SP mean values
obtained for pristine PEDOT:PSS and w-PEDOT:PSS thin film
were —0.33769 + 0.00003 mV and —0.33469 + 0.00003 mV, re-
spectively. The SP FWHM extracted for pristine PEDOT:PSS
and w-PEDOT:PSS thin film were 0.01417 + 0.00008 mV and
0.0188 + 0.0001 mV, respectively (Figure S1, Supporting Infor-
mation). In percentage terms, w-PEDOT:PSS SP distribution is
less negative by 1% and has a FWHM higher than 25% with re-
spect to pristine PEDOT:PSS. This analysis is in accordance with
the above-discussed removal of the insulating (polar) PSS chains
from the film surface. In principle, a WF increase enables a better
alignment of the frontier energy levels toward Cs17Br23 hPVK
thin film,1?” and a larger built-in voltage for holes extraction at
the ITO.[?Y] However, the observed SP shift of the w-PEDOT:PSS
as compared to that of the pristine PEDOT:PSS is probably too
low to expect any observable effect on the resulting device per-
formance. Rather, some very small effects could be observed due
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Figure 2. a) AFM topography, b) phase, and c) KFM surface potential of PEDOT:PSS. d) AFM topography, e) phase, and f) KPFM surface potential of
w-PEDOT:PSS. g) Surface potential distribution of PEDOT:PSS and w-PEDOT:PSS.

to the slightly different SP distribution in the two films.[??) In
addition, the electrical characteristics of a w-PEDOT:PSS film
extrapolated from the I-V curves in a hole-only device (device
structure: ITO/w-PEDOT:PSS/Au; Figure S2, Supporting Infor-
mation) revealed an ohmic behavior similar to that of the refer-
ence device based on the pristine PEDOT:PSS film. The vertical
conductivity of PEDOT:PSS and w-PEDOT:PSS films are compa-
rable, resulting in (1.6 £ 0.2) 107° S cm and (1.3 £ 0.2) 107° S cm,
respectively.

The morphological and physical-chemical properties of the
Cs17Br23 hPVK active layer grown on the pristine and w-
PEDOT:PSS thin films were investigated before incorporation in
the complete photodiode structure. To investigate the influence
of solvent post-treatments on the wettability of w-PEDOT:PSS
and pristine PEDOT:PSS films, we conducted water contact an-

a)
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» = «W-PEDOT:PSS (HTM side)
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=
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gle measurements (see the Experimental Section). The water con-
tact angle when passing from the pristine PEDOT:PSS to the w-
PEDOT:PSS varies from 15 + 1° to 13 + 2°. This indicates that
the film surface, on average, is still dominated by the hydrophilic
PSS even after the solvent post-treatment.!?}] In Figure 3a,b, we
show the scanning electron microscopy (SEM) images of the
Cs17Br23 hPVK grown on pristine and w-PEDOT:PSS, respec-
tively. A slightly increased compactness of the Cs17Br23 hPVK
thin film growth on top of w-PEDOT:PSS is observed, probably
promoted by the roughness increase of the w-PEDOT:PSS with
respect to PEDOT:PSS and (RMS 1.9 vs. 2.5 nm) (Figure S3, Sup-
porting Information). However, the grain dimensions and distri-
bution are perfectly comparable for the two hPVK thin film sam-
ples, consisting of a pinhole-free perovskite with a 100% surface
coverage and an average grain size of 350 nm.

d)

——PEDOT:PSS (ETM side)
p=——=w-PEDOT:PSS (ETM side)
24 ™ =PEDOT:PSS (HTM side)
= -w-PEDOT:PSS (HTMside)
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0+ T T T
700 720 740 760 780
Wavelength (nm)

Figure 3. a) SEM morphology of Cs17Br23 hPVK grown on PEDOT:PSS and e) on w-PEDOT:PSS (scale bar: 400 nm). c) Emission spectra of Cs17Br23
hPVK grown on PEDOT:PSS and on w-PEDOT:PSS. Normalized PL spectra of Cs17Br23 hPVK grown on PEDOT:PSS and on w-PEDOT:PSS before and

after 54 days aging.
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Table 1. Peak wavelength and relative peak wavelength shift (A1) of the PL spectra of the glass/ITO/PEDOT:PSS/H-PVK and glass/ITO/w-PEDOT:PSS/H-
PVK samples, with excitation at the HTM or ETM interface, for pristine samples and after 54 days of ageing in air.

Interface Sample Peak 4 [nm] A after aging
Glass (HTM) glass/ITO/PEDOT:PSS/hPVK/ PCBM/BPhen 734 nm +15 nm

+ new emission shoulder
Top (ETM) glass/ITO/PEDOT:PSS/hPVK/ PCBM/BPhen 729 nm +4nm

+ new emission shoulder
Glass (HTM) glass/ITO/w-PEDOT:PSS/hPVK/ PCBM/BPhen 731 nm +9 nm
Top (ETM) glass/ITO/w-PEDOT:PSS/hPVK/ PCBM/BPhen 731 nm +3 nm

We used steady-state photoluminescence (PL) and Raman
spectroscopy to characterize the HTM/hPVK and hPVK/ETM
interfaces and monitor the stability after 54 days at ageing con-
ditions defined in I1SOS-D-1.*] PL spectra were acquired by
exciting the front and the back sides of the samples. In this
way, it is possible to selectively investigate the HTM/hPVK and
hPVK/ETM interface, due to the thickness of the hPVK film
(~500 nm) and to large absorption coefficient at the wavelength
of excitation (375 nm).[*]

In Figure 3c we show the PL spectra of the pristine-
PEDOT:PSS/hPVK sample in red and the w-PEDOT:PSS/hPVK
in black. The maximum peak wavelength is 730 nm for both sam-
ples (731 + 3 nm, Table 1). The emission intensity is larger for
excitation at the ETM side with respect to the interface with the
HTM, for both samples. In addition, the emission intensity is
slightly larger for the PEDOT:PSS-based sample than for the w-
PEDOT:PSS-based sample. The emission quenching at the HTM
is probably due to the more efficient hole extraction by the HTM
layer with respect to the ETM layer. To note, quenching occurs
with a slightly higher efficiency from the w-PEDOT:PSS with re-
spect to the pristine PEDOT:PSS maybe due to the slightly larger
SP distribution at the interface with the hPVK of w-PEDOT:PSS
versus that of pristine PEDOT:PSS, rather than being due to a
shifted SP peak promoting a better energy level alignment of
w-PEDOT:PSS with hPVK, as discussed above (see the KPFM
measurements). The emission spectra on the same samples af-
ter 54 days of aging were acquired and compared to the spectra
of fresh samples. Figure 3d reports all normalized spectra, and
Table 1 summarizes the emission spectra characteristics.

For both the PEDOT:PSS- and the w-PEDOT:PSS-based sam-
ples, excited at the ETM side, a slight bathochromic shift (by
+3/+4 nm) is observed. Instead, a pronounced bathochromic
shift is observed when exciting at the HTM side after aging.
In particular, we observe a larger redshift of 15 nm in the
PEDOT:PSS-based sample, and a smaller shift of 9 nm for the w-
PEDOT:PSS-based sample. After aging, the samples have a new
emission shoulder between 760 and 780 nm. The pronounced
bathochromic shift and the rise of a new emission peak indi-
cate a partial degradation of the PEDOT:PSS-based sample. Both
changes in the emission spectra have already been observed,
i.e., for methylammonium (MA*) mixed-cation perovskite dur-
ing aging. In that case, such changes have been attributed to
i) deformation of the perovskite crystal structure, due to an in-
creased content of a (large) (CH;),NH, " cation; ii) phase separa-
tion into a new crystalline phase (rich in (CH,),NH,*), occurring
when the (CH;),NH,* cation exceeds its solubility limit in the
perovskite.[?%] In the case of the hPVK considered in this work,

Adv. Mater. Interfaces 2024, 11, 2300968 2300968 (4 of 9)

which is a Cs* and FA* mixed cation hPVK, it is expected an anal-
ogous phase deformation and separation. Indeed, it is reported
in the literature that the most efficient Cs* and FA™ mixed cation
hPVK is formed in a crystalline phase which is not the most ther-
modynamically stable 6 phase.?”] It is also known that hydrogen
bonding with moisture molecules in a hPVK bulk film or at the
interface with other layers disrupts the ionic bonding in the hPVK
lattice while lowering the energy barrier for phase transition to-
ward the more stable § phase.[?®] At the same time, §-FAPDI, and
6,-CsPbl; are structurally incompatible and 6-phase transition
of Cs* and FA* mixed cation hPVKs is accompanied by phase
separation into §-FAPDI, and 6,-CsPbI;. Taking into account the
considerations above, phase transformation and separation are
expected to occur for the studied hPVK during aging, in particu-
lar at the interface with pristine PEDOT:PSS, due to the possible
activation by hydrogen bonding at the strongly acidic (and polar)
PSS-rich surface of pristine PEDOT:PSS. These degradation pro-
cesses could explain the different evolution of the emission spec-
tra observed for aged PEDOT:PSS-based samples. In the case of
w-PEDOT:PSS-based samples, only a slight bathochromic shift,
without occurrence of new emission peaks related to degrada-
tion processes is observed in the emission spectra of aged sam-
ples as compared to the pristine ones.[?>3% The chemical stabil-
ity or instability of the hPVK at the interface with w-PEDOT:PSS
or PEDOT:PSS is expected to have a large impact on air-exposed
devices, especially under operating conditions (e.g., application
of an external bias, X-rays exposure). In presence of degradation
products at a buried interface (in the case of PEDOT:PSS), their
diffusion throughout the bulk hPVK perovskite film in the de-
vice is likely accelerated and facilitated by ambient humidity and
oxygen, by the application of an external bias, and/or by X-rays ir-
radiation, causing a fast degradation of the whole hPVK film and
of the device performance.l?’]

To confirm the improved chemical stability of the
w-PEDOT:PSS/hPVK interface with respect to the PE-
DOT:PSS/hPVK interface, we monitored the evolution of the Ra-
man vibrational spectra of the PEDOT:PSS/hPVK/PCBM/BPhen
and w-PEDOT:PSS/hPVK/PCBM/BPhen stacks over a period of
54 days (Figure 4). To avoid any damage or photo-transformation
of the hPVK layer during Raman measurements as well as
to avoid interference due to the superposition of photolumi-
nescence on the low-intensity Raman peaks we worked out
of resonance exciting at 1.16 eV.’!l All the Raman features
observed above 200 cm™! are associated with PEDOT:PSS film
and are not influenced by the washing procedure (Figure S4,
Supporting Information). The Raman features associated with
the hPVK layer are clearly detectable in the spectral region below
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Figure 4. Raman spectra of the hPVK active layer embedded in the diode
structure, fresh and aged samples. The area in the graph evidenced in
green highlight Raman features associated with the hPVK layer that are
clearly detectable in the spectral region below 200 cm~". The star symbols

indicate the peak at 84 cm™ associated with X-Pb-X (X = I, Br) bending,
cross and circle symbols indicate Raman features at 105 and 150 cm~',

respectively, appeared after aging.

200 cm™! (area in the graph highlighted in green in Figure 4). In
particular, all the investigated samples show a peak at 84 cm™!
(indicated with a star in Figure 4) associated with the bending
of X-Pb-X (X = I, Br).??] The aged PEDOT:PSS/hPVK exhibits
the appearance of new Raman features at 105 and 150 cm™!
(indicated with a cross and a circle in Figure 4). The new peak
at 105 cm™! is observed also in aged w-PEDOT:PSS/hPVK stack,
but with a normalized intensity that is 70% smaller than the one
observed for the pristine PEDOT:PSS-based sample. This new
peak is associated with wagging of PbBr,, a product of partial
degradation of the perovskite film.[1%]

Overall, we see that in ambient conditions the ETM/hPVK
interface is the most stable, as observed from PL experiments
where the maximum PL emission peak of the hPVK excited at the
ETM/hPVK interface is maintained after 54 days. In contrast, af-
ter aging, the HTM/hPVK interfaces in the pristine PEDOT:PSS
— based samples degrade, as observed from the redshifted emis-
sion peak of the hPVK excited at the HTM/hPVK interface. In
contrast, in the w-PEDOT:PSS-based samples instead of the pris-
tine PEDOT:PSS ones, the redshift is less pronounced (by 6 nm)
and the degradation products evidenced from the Raman spectra,
such as PbBr,, are 70% less relevant.

2.2. Performance and Air Stability of hPVK-Based Detectors for
X-Rays

Photodiodes were fabricated first on rigid glass substrates and
then on a flexible PET substrate, with the vertical structure re-
ported in Figure la. To have a first assessment of the perfor-
mance of the fabricated devices, their functioning was tested as
photodiodes for visible-light conversion. Figure S5 (Supporting
Information) reports the current density-voltage (J-V) measure-
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ments in the dark and under visible light irradiation (illumina-
tion at an optical power density of 100 mW cm~2 with a spectral
distribution following the solar spectrum AM1.5G). The result-
ing performance parameters for the devices on glass and on PET
are listed in Table S1 (Supporting Information). The overall op-
toelectronic performance of the photodiodes fabricated on rigid
substrates (glass) and on flexible substrates (PET) is comparable.
In particular, in passive operation, only the photocurrent at 0 V
(Jsc) should be considered, and this parameter is perfectly com-
parable for the two classes of devices. Overall, a responsivity R of
~0.1 A W~ and a specific detectivity D* of about 10!! Jones are
obtained for both classes of devices, those fabricated on PET and
on glass. Even though efficiency improvements are feasible after
device optimization (i.e., by increasing the active layer thickness
or increasing the crystalline size in the hPVK polycrystalline thin
film), reaching a record efficiency is out of the scope of this work,
which instead focuses on the long-term operational stability of
the photodetector in air. Overall, the good performance as visible
light photodetectors confirms that the fabricated photodiodes are
good benchmark devices suitable for testing under X-rays irradi-
ation.

As for the X-rays detection, we tested the photodiodes respon-
sivity under 40 kVp X-rays generated by a tungsten target X-ray
tube. Thanks to the rectifying diode architecture it is possible to
operate in passive mode (driving the photodiode at zero bias) and
to employ the internal electric field to separate and collect the
photogenerated charge carriers. This is a substantial difference
compared to other flexible thin film X-ray detectors working in
photoconductive mode in coplanar architecture.['>14%3] Passive
mode allows to avoid possible accelerated degradation effects due
to the combination of the bias stress with the other adverse fac-
tors (air exposure and X-rays exposure) in view of an improved
shelf and operational stability of the proposed X-ray detector.**

In our previous works,[1>16) hPVK-based photodiodes were un-
stable in air and the characterization under X-rays was carried
out in nitrogen atmosphere. Thanks to the new perovskite for-
mulation and interlayer structure, the photodiodes in this work
resulted to be more stable and able to resist a shelflife of 60 days.
Figure S6 (Supporting Information) shows identical behavior of
a device, operating in passive mode, in nitrogen and ambient at-
mosphere exposed to a modulated X-ray beam. All the following
characterization was performed in air at room temperature.

Figure 5a shows the -V curves of two photodiodes on glass
and PET substrates in air. The high on/off ratios of 3.8-10* and
3.0-10% for glass and PET substrates, respectively, indicate the
good quality of diode structure. The deposition of high-quality
thin films on flexible substrates is challenging compared to flat
rigid ones. Notably, the low reverse current for both devices, be-
low 1077 A (corresponding to 10~ A cm™2), confirms high quality
of the deposition process of the blocking interlayers also on PET.
The J-V of the same devices after more than a month (54 days
for glass and 42 days for PET) of shelf storage in air reveals per-
fectly working diode behavior with still very good on/off ratios
(dotted lines in Figure 5a). It is visible a decrease of one order of
magnitude of the forward current at 1 V, due to a partial degra-
dation of the transport properties of the devices. On the contrary,
the reverse current in the range from 0 to —1 V does not show
any modification (glass substrates) or it is even slightly reducing
(PET substrates). The blocking layers are then stable over more
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Figure 5. a) J-V characteristics in dark for glass and PET-based samples acquired after the fabrication (pristine) and after 54 and 42 days of storage

respectively. b) Dynamic response of samples fabricated on Glass and c)

on PET substrate under 40 kVp X-rays with dose ranging from 255 up to

1334 uGy s-1 operating in passive mode. d) Linear behavior of the photocurrent as a function of the incident dose rate for glass and PET-based devices.

e) Operational stability under continuous X-ray exposure for 40 min with a
Aging stability of the dynamic responses under 40 kVp X-rays for PET and
conditions.

than 40 days of storage in air, and no degradation of the dark cur-
rent is present in the operative conditions of the detectors.
Figure 5b,c reported the dynamic responses under X-ray irra-
diation. The devices, exposed to increasing dose rate from 255 to
1334 uGy s~! with 10 s modulation period, showed a clear box-like
response to X-rays scaling with the dose rate. From the dynamic
curves, the photocurrent (Al = |Iyy — Iy, | where I, is the dark
current and Iy; is the measured current when the detector is
exposed to X-rays) is extracted and plotted as a function of the
dose in Figure 5d. The devices on glass substrate present higher
photocurrent and faster response time, 780 + 60 ms needed for

Adv. Mater. Interfaces 2024, 11, 2300968 2300968 (6 0f9)

total delivered dose of 3.2 Gy for devices fabricated on glass substrates. f)
glass-based devices measured after 54 and 42 days of storage in ambient

the signal to increase from 10% to 90% of the total amplitude
at 0 V under 1334 pGy s7! radiation, with respect to the de-
vice fabricated on PET substrate (950 + 50 ms). The slower re-
sponse time could be attributed to a slightly higher defects con-
centration when the photodiode is built on the PET. The slope
of the linear fit of the photocurrent versus the dose rate rep-
resents the device’s sensitivity to X-rays. The top sensitivity of
6.95 + 0.09 uC Gy~ ! cm~? was reached by glass-based devices
operating in passive mode while the top PET-based photodiodes
reached 5.20 + 0.15 pC Gy~ cm~2. These sensitivity values are
comparable or even higher with values reported in literature for
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perovskite thin film X-ray detectors.[**! Another important Figure
of merit for X-ray detectors is the limit of detection (LoD), defined
as the incident dose rate value at which the photocurrent is three
times the RMS value of the dark current.®> The measured LoD
at 0 V for glass photodiodes is 0.31 + 0.03 pGy s~! comparable to
the one obtained for PET devices at 0.37 + 0.04 uGy s! and both
are well below other thin film hPVKs devices.!1634]

Figure 5e reports the stability of the detector when irradiated
continuously for 40 min, equal to a total dose of 3.2 Gy. The
signals, after a conditioning of the first few minutes, are per-
fectly stable with no monotonic drift and total standard devia-
tion from the mean value below 1.3 pA. The detector signal is
very repeatable even when working in pulsed mode. A contin-
uous pulsed on/off X-ray irradiation has been delivered to the
sample more than 60 times, and the recorded signal deviation is
below 1% (Figure S7, Supporting Information). We also verified
the effect of aging on the X-ray output of the devices. Figure 5f
shows the comparison of the pristine and aged X-ray dynamic re-
sponse. Although there is a reduction of the X-ray induced pho-
tocurrent (by about 25%), the detectors are still perfectly working
and the stability of dark current grants a good signal-to-noise ra-
tio event after 54 days of storage in air. To strengthen the effect of
w-PEDOT:PSS, as comparison, we fabricated and characterized
as a detector an identical device with standard PEDOT:PSS layer
(Figure S8, Supporting Information). Even if the pristine charac-
terization is comparable with treated w-PEDOT:PSS, already after
8 days, the X-ray sensitivity is reduced by 23%. Figure 5f confirms
what has been observed in the |-V of Figure 5a: i) the fabrication
process is reliable even on flexible plastic foils and the interlay-
ers do not degrade in air, proven by the dark and reverse current
stability; ii) the reduction of X-ray photocurrent in Figure 5f is
probably linked to the reduced forward current of -V (Figure 5a)
due to the degradation of the transport properties of the layers.
The mixed perovskite employed in this work is already stable,
allowing more than 40 days of characterization in air. However,
the inclusion of a passivating polymer in the perovskite solution
could further improve the stability of the absorbing layer.[**]

3. Conclusion

We report an air-stable, solution-processed, passively operated
and flexible X-ray detector, based on the combination of a hybrid
perovskite (hPVK) thin film active layer with organic semicon-
ductor functional interlayers. The organic hole transporting ma-
terial (solvent-modified PEDOT:PSS) is engineered to produce
a chemically stable interface with the hPVK. The solvent post-
treatment of PEDOT:PSS films is demonstrated to have no evi-
dent impact on the initial morphology, crystallinity, and photo-
physical properties of Cs17Br23 hPVK thin films fabricated on
top. Rather, photoluminescence and Raman spectra taken after
aging in air at the interface between the hole transporting mate-
rial and hPVK indicate that none or negligible degradation prod-
ucts are formed at the interface between hPVK and the solvent-
modified PEDOT:PSS, contrarily to pristine PEDOT:PSS. The
hPVK s thus fabricated on the solvent-modified PEDOT:PSS and
embedded within the compact optimized organic stack in a ver-
tical diode structure for X-rays detection. The diode structure al-
lows minimization of the air exposure of the hPVK layer and in-
terfaces and allows detection of X-rays at low or zero bias, further
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limiting the diffusion of possible degradation products through-
out the bulk hPVK perovskite film. Overall, the unencapsulated
flexible X-ray photodetectors, working in air and in passive oper-
ation (0 V), show a limit-of-detection LoD of 0.37 + 0.04 uGy s~}
and a sensitivity of 5.2 pC Gy~! ecm~2, under 40 kVp X-rays with
doses ranging from 255 uGy s™! up to 1334 uGy s™!, and a stable
operation during time. The air-exposed (unencapsulated) X-rays
photodetectors on flexible substrates retain their sensitivity dur-
ing a period of 42 days under air exposure, with a reduction of
only 25% of the photocurrent and a very stable dark and reverse
current. These results contribute to the understanding and de-
sign of performant, stable and flexible X-ray detectors.

4. Experimental Section

Materials:  Lead iodide (Pbl,, 99.99%), lead bromide (PbBr,, 99.99%),
and cesium iodide (Csl, 99.99%) were purchased from Alfa-Aesar. For-
mamidinium iodide (FAl) was purchased from Greatcell Solar Materi-
als. PCBM was purchased from Solenne BV. BPhen was purchased from
Lumtec. PEDOT:PSS was purchased from Heraeus (Clevios, P VP Al 4083).
Gold (or Au, 99.99%) was purchased from nanoVision. Substrates covered
with ITO were purchased from Visiontek Systems Ltd. All the other mate-
rials and solvents were purchased from Sigma-Aldrich and were used as
received without further purification.

Diodes Fabrication: The diodes were fabricated in a clean room facil-
ity. The substrates consisted of glass (thickness 1.1 mm) or PET (thick-
ness 0.175 mm) coated with a 150 nm thick layer of ITO working as
the anode electrode (ITO nominal resistance 15 ohms sq~"). The sub-
strates were cleaned sequentially in ultrasound sonicating baths of ace-
tone and isopropyl alcohol, each step lasting 15 min. After cleaning, sub-
strates were dried with a nitrogen flux and treated with oxygen plasma
(at a UV lamp power of 200 W) for 5 min just before use. PEDOT:PSS
was deposited in air, onto the ITO surface, by automatic doctor blad-
ing technique, onto a hot plate at a temperature of 65 °C. For the mod-
ified PEDOT:PSS thin films (w-PEDOT:PSS), a washing step was imple-
mented by doctor blading isopropyl alcohol onto the PEDOT:PSS films.
Both PEDOT:PSS and w-PEDOT:PSS films were annealed at 80 °C for
20 min in air. The preparation of the organic and Cs17Br23 hPVK so-
lutions and their deposition in thin films was done inside a nitrogen-
filled glove box (O, < 0.1 ppm, H,O < 0.1 ppm). The Cs17Br23 hPVK
precursor solution was prepared by mixing the FAI, Csl, PbBr,, and
Pbl, precursors in the exact stoichiometry so to obtain the Cs17Br23
hPVK with composition Csg 1,FAgg3Pb(lg77Brg3)3 (total concentration
1.45 M). The precursor solution was prepared in a mixture of anhy-
drous N,N-dimethylformamide (DMF) and anhydrous dimethyl sulfox-
ide (DMSO) at a volume ratio of 4:1. The precursor solution was stirred
overnight and used after filtration with a PTFE filter with a pore size of
200 nm. The Cs17Br23 hPVK polycrystalline thin film was deposited by
a multi-step spin coating procedure of the filtered precursor solution:
1000 rpm for 5 s (acceleration 200 rpm s~'), 5000 rpm for 30 sec (ac-
celeration 800 rpm s™'). The anti-solvent anisole was dropped onto the
spinning substrates 40 s after the start of the spin-coating process to
allow the formation of the polycrystalline Cs17Br23 hPVK thin film. The
Cs17Br23 hPVK thin films were then annealed at 100 °C for 50-55 min.
A PCBM solution in chlorobenzene (CB) and 1,2-dichlorobenzene (vol-
ume ratio 3:1) at a concentration of 20 mg mL~" was spin-coated onto
the Cs17Br23 hPVK thin film at a speed of 2000 rpm for 20 s (accelera-
tion 1000 rpm s~') and annealed at 100 °C for 5 min. Subsequently, an
isopropanol BPhen solution at a concentration of 0.5 mg mL™" was spin-
coated onto the device multi-stack, at a speed of 4000 rpm for 20 s (ac-
celeration 2000 rpm ~'s), followed by thermal annealing at 100 °C for
1-2 min. The diodes were finalized by thermal sublimation of Au elec-
trodes (thickness = 100 nm) deposited through shadow masks to define
the pixel area (8 mm?), in a high vacuum thermal evaporator chamber
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directly connected to the nitrogen-filled glove box, so to avoid air expo-
sure of the Cs17Br23 hPVK and organic layers before the device comple-
tion.

Atomic Force Microscopy (AFM) and Kelvin Probe Force Microscopy
(KPFM):  Scanning probe microscopy characterizations were performed
with a Park NX10 system operated in non-contact mode using Point
Probe Plus (PPP)-Non-Contact High Resonance Frequency— Reflex Coat-
ing (NCHR) or PPP-Non Contact/Soft Tapping Mode (NCST) Au probes
(nanosensors). In KPFM mode an alternated signal of amplitude 1V was
applied to the tip at a frequency of 17 kHz. All the measurements were
executed under controlled ambient conditions. Tip wear effects could be
excluded here due to strict non-contact operation that minimizes the me-
chanical shear forces between the sample and the tip.

Scanning Electron Microscopy (SEM): SEM was implemented to study
the morphology, structure, and chemical compositions of the Cs17Br23
hPVK thin films either grown on PEDOT:PSS or onto w-PEDOT:PSS. The
field emission-scanning electron microscope (FE-SEM) used to investi-
gate the glass/ITO/PEDOT:PSS or w-PEDOT:PSS/ Cs17Br23 hPVK mul-
tistack was a 1530 ZEISS instrument equipped with Schottky emitter, op-
erated at an acceleration voltage variable from 5 to 15 keV, and Everhart-
Thornley and In-lens detectors for secondary electrons imaging.

Water Contact Angle: The measurements were made with Contact An-
gle Meter from GBX Scientific LTD, Ireland, on glass/ITO/PEDOT:PSS and
on glass/ITO/w-PEDOT:PSS thin films, using double-distilled water. Con-
tact angle images were examined with the Image) software (Contact Angle
plugin) and the procedure for the analysis followed the sessile drop tech-
nique, as reported in the previous work.['l The contact angles reported in
the text were the averages and errors of three measurements from differ-
ent regions of the samples.

Raman Spectroscopy: Raman spectra were recorded at room tempera-
ture in back-scattering geometry using a Bruker RFS-100 FT-Raman spec-
trometer and exciting with a 1064 nm Nd/YAG diode-pumped continuous
wave (cw) laser. The laser spot on the sample was 2 mm in diameter. The
spectra were collected with a liquid-nitrogen-cooled Ge diode detector, a
5 mm aperture, and a quartz beam splitter. The scan velocity was 5 kHz
and the resolution was 4 cm~". Exciting in off-resonance conditions, there
was no or minimum light absorption by the sample, avoiding photo de-
composition and/or laser-induced damages also keeping laser at relatively
high power during the Raman measurements. To ensure a good signal-to-
noise ratio despite the small Raman cross-section of the film, measure-
ments were performed by collecting more than 8500 scans with 200 mW
laser power.

Photoluminescence (PL): To obtain the PL spectra, the complete de-
vices were excited either through the top ETM or bottom HTM sides, us-
ing a laser diode at 375 nm. The resulting luminescence was filtered with
a long-pass filter with a cut-off wavelength of 400 nm and subsequently
recorded using an optical multichannel analyzer (PMA-11 from Hama-
matsu).

Electrical Characterization: ~ For the electrical characterization of the PE-
DOT:PSS and w-PEDOT:PSS, hole-only devices were fabricated. In detail,
these devices have the architecture ITO/PEDOT:PSS or w-PEDOT:PSS/Au.
The vertical conductivity (¢) of PEDOT:PSS and w-PEDOT:SS had been
extracted from the slope (m) of the |-V curves measured in the dark
of the corresponding hole-only device, considering the PEDOT:PSS or
w-PEDOT:SS thickness (¢ = 40 nm for PEDOT:PSS, t = 37 nm for w-
PEDOT:PSS) and the area of the hole-only device (a = 0.04 cm?), following
the equation: o = m-t/a. For the characterization of the complete diodes
under visible light irradiation, their current density-voltage curves (J-V)
were recorded by a Keithley 236 source-measure unit, under dark condi-
tions or under illumination with a solar simulator (AM1.5G illumination of
100 mW cm™2, Abet Technologies Sun 2000 Solar Simulator). During test-
ing, each cell was covered by calibrated mask to prevent an extra photocur-
rent generated from the parasitic device regions outside the area from the
overlapped Au and ITO electrodes. The J-V curves under dark and visible
light illumination were recorded by keeping the diodes inside the glove
box, in an oxygen- and moisture-free environment. The performance pa-
rameters extrapolated from the J-V curves include the short-circuit current
density (Jsc), the open-circuit voltage (Voc), the fill factor (FF), the power

Adv. Mater. Interfaces 2024, 11, 2300968 2300968 (8 of 9)

www.advmatinterfaces.de

conversion efficiency (PCE), the Responsivity (R), and the Specific Detec-
tivity (D).

The samples were irradiated by a microfocus X-ray tube with W-target
model Hamamatsu L12161 with accelerating voltage between 40 and
150 kVp. The filament current spans from 10 to 500 pA, corresponding to
incident dose rate on the samples (in air kerma) of 10 and 1334 uGy s~'.
The modulation of the X-ray beam was obtained with a 4 mm-thick me-
chanical lead shutter placed in front of the X-ray tube Be window. Electrical
characterization was performed in a dark Faraday box with a 70 um front
Al window, using a Keithley SMU 2614 current signal acquisition.

Supporting Information

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