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Fast fabrication of pm-thick perovskite films by
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Deposition of large-area perovskite films for direct X-ray detectors under ambient conditions is highly
desirable for commercial application. In this work, we employ a one-step doctor-blade coating method
to prepare a perovskite film with the advantages of rapid fabrication, easy scalability, and raw material
savings. We incorporate a high content of 20-wt% crown ether, namely 18-crown ether-6 (18C6), into
the perovskite precursor solution to prepare a um-thick perovskite film, which effectively attenuates the
X-ray irradiation. The large cyclic structure of 18C6 bonding with the DMSO solvent and solutes via the
hydrogen and van der Waals forces increases the viscosity of the precursor solution from 3.4 mPa s
(0-wt% 18C6) to 41.3 mPa s (20-wt% 18C6). A continuous, compact, and uniform perovskite thick film
with a thickness of 6.2 um is fabricated by the doctor-blade coating in just 10 seconds. The direct X-ray
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Received 1st August 2023, detectors based on the doctor-bladed perovskite thick film achieve a dark current density of 1.6 nA cm

Accepted 14th December 2023 under an electric field of 1/20 of that required for the commercial a-Se-based X-ray detector. The device
DOI: 10.1039/d3tc02736h sensitivity reaches 33.51 uC Gy, * cm2, and the limit of detection is determined to be 70.17 pGyay s

Our study paves a way toward industrialization with the merits of scalable, fast and easy production, and
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1. Introduction

Halide perovskite-based solar cells (PSCs) have attracted enor-
mous attention due to their boosting power conversion effi-
ciency (PCE)."™ The record PCE of PSCs is certified to be over
26%.> Besides the PSCs, halide perovskites have been applied
in various devices, such as light-emitting diodes (LEDs),°
memory,” lasers,® light detection and ranging (LiDAR),>°
X-ray detectors and so on. A halide perovskite has a high
attenuation coefficient (o) for the X-ray irradiation due to its
composition with large atomic-number (Z) elements, such as Cs
(55), Pb (82), Br (35), I (53) and so on."' Compared with the
commonly used X-ray-sensitive semiconductors (like Si,">** a-
Se,'¥1® CdTe,'®"” Pbl,,'®'® and Hgl,**?"), the halide perovskite
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demonstrates a larger charge mobility-lifetime (ut) product, a
lower defect density, and a lower carrier recombination.??
Moreover, the large resistivity of the perovskite film can achieve
a low dark current density for the X-ray detectors, which is
beneficial for enhancing the signal-to-noise (S/N) ratio for
sensing high energy radiation, specifically gamma-rays and
X-rays.>*?® Unlike the expensive vacuum process for producing
the aforementioned semiconductor materials, the halide per-
ovskite film can be fabricated by a low-cost solution process in
an ambient environment.>® Although the X-ray detector using a
single-crystal perovskite delivered a remarkable performance
due to its low defect density and low carrier recombination,
the harsh synthesis conditions, time-consuming synthesis, and
limited crystal size hinder the real application of single-crystal
perovskites to integrate with the thin-film transistor (TFT)
panel array for direct X-ray imaging.

Currently, several up-scale fabrication approaches, such as
spray coating,* ™ slot-die coating,***" doctor-blade coating,***®
air knife,"” and inkjet printing,"®>° are implemented for the large-
area PSCs. In addition, doctor-blade coating,*** spray coating,”
inkjet printing,>* tablet pressing* and bar coating® are conducted
for the fabrication of large-area perovskite-based X-ray detectors.
Among these up-scale methods, the doctor-blade coating is a
simple, versatile, and continuous fabrication process to produce
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a large-area perovskite film with high material utilization.** Usually,
the thickness of the perovskite film for the X-ray detection must be
larger than 50 pm, which is much thicker than the perovskite active
layer in the PSCs (<1 um). The experimental conditions and
parameters for fabrication of perovskite thick films are completely
different from that for fabrication of perovskite thin films. Spray
coating is a facile method to fabricate perovskite thick films;
however, it usually takes at least 3 or 4 h to reach a thickness of
over 50 um. Even though the processing period for spray-coated
thick films is substantially shortened compared to that for vacuum-
processed a-Se (at less 10 h),>® the processing period for fabrication
of large-area perovskite films should be further reduced.

Doctor-blade coating technology is one of the great potential
candidates to reduce the processing period. Therefore,
although there are many literature studies on the fabrication
of perovskite solar cells by doctor-blade coating,’”>° there are
still very few works involving the use of doctor-blade coating for
the perovskite-based X-ray detectors. At first, Kim et al. used a
polyimide/methylammonium lead iodide (MAPDI;) composite to
fabricate an 830-um-thick perovskite film by doctor-blade coating.
Additional two interlayers of polymer/perovskite composites pro-
vide conformal interfaces between the perovskite films and the
electrodes that can regulate dark currents and temporal charge
carrier transportation for the X-ray detectors. The as-fabricated
devices exhibited a sensitivity of 11 pC mGy,; ' cm >*' Dong
et al. employed non-toxic solvent of methylamine acetate (MAAc)
and additive of methylamine chloride (MACI) to fabricate a
methylammonium bismuth iodide (MA;Bi,ly) perovskite for the
X-ray detector by doctor-blade coating. The corresponding X-ray
detector exhibited a sensitivity of 100.16 UC Gy, * cm™ > with a
limit of detection (LoD) of 98.4 nGy, s '. For increasing the
thickness of perovskite detection films, the doctor-blade coating
was repeated twice, thereby increasing the period of fabrication of
perovskite films.>

The fabrication of perovskite films with thicknesses in the
range of hundreds of micrometers is critical to significantly
attenuating X-rays, thereby improving X-ray detection.
However, employing a doctor-blade coating technique to pre-
pare such thick perovskite films presents certain challenges.
First, in typical practice, the perovskite precursor is doctor-
bladed onto a substrate that has been heated to a specific
temperature. The heating temperature can rapidly evaporate
the solvent from the perovskite precursor loaded on the pre-
heated substrate and the bladed perovskite wet film. Moreover,
the solvent evaporation and perovskite condensation can be
balanced by the heating temperature which allows the for-
mation of a stable wet film with a suitable viscosity that can
yield a smooth surface. When aiming to coat a perovskite film
with a thickness in the hundreds of micrometers, it becomes
necessary to increase the amount of perovskite precursor
loaded on the substrate while simultaneously reducing the
blading rate. This adjustment facilitates achieving the desired
thickness of the perovskite film after the doctor-blade coating.
However, this also means that the increasing amount of
perovskite precursor on the substrate can solidify quickly,
potentially hindering the blade-coating process. Secondly,
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during the doctor-blade coating, the temperature near the
surface of the thick perovskite film is significantly lower than
that near the substrate. This temperature gradient can lead to
convection within the perovskite wet film, potentially impact-
ing the growth process and morphology of the perovskite film.
Therefore, well-controlled preparation conditions for these
hundreds-of-micrometer-thick perovskite films are essential,
including optimizing the perovskite precursor loading rate,
substrate temperature, and blading rate.

Recently, we have introduced an eco-friendly solvent system
composed of y-butyrolactone (GBL), dimethyl sulfoxide
(DMSO), and isopropanol (IPA) for the ambient-processed
perovskite film via doctor-blade coating. Adding IPA in the
precursor facilitates the DMSO evaporation, and suppresses the
DMSO-perovskite intermediate phase and the trap density in
the perovskite film.®® Moreover, we introduce 18-crown ether-6
(abbreviated as 18C6) as a crystallization control agent in the
doctor-bladed perovskite film to effectively improve the film
uniformity along with the performance of PSC.>° Based on
these works, in this study, we add 18C6 in the perovskite
precursor to increase its viscosity for the aim of increasing
the perovskite film thickness via doctor-blade coating. A thick
methylammonium lead bromide (MAPbBr;) perovskite film
with a thickness of 6.2 um is successfully fabricated by one-
step doctor-blade coating under an ambient environment. This
process just takes only ten seconds to fully demonstrate the
advantages of blade coating due to its time-saving process. This
doctor-blade coating MAPDbBr; perovskite film is further
applied for the direct X-ray detector with a device architecture
of FTO/TiO,/MAPbBr;/Au. The X-ray detector presents a sensi-
tivity of 33.51 uC Gy, ' em > and a LoD of 21.31 uGyair s,
when the device is exposed to an X-ray tube operated at 90 kvp.
The performance of a MAPbBr;-based X-ray detector is greater
than that of the a-Se-based counterpart, which is commonly
used in the field of medical X-ray testing. The one-step doctor-
blade coating for perovskite-based X-ray detectors is much
faster and simpler than the previous works using doctor-
blade coating. This time-efficient fabrication of a perovskite-
based X-ray detector with acceptable sensitivity is critical for
commercial applications.

2. Results and discussion

To achieve a great performance for the direct X-ray detector, we
must first understand the factors affecting the X-ray detection.
Eqn (1) presents the relationship between the X-ray attenuation
ratio and the thickness of the photoactive material:

e=1— exp(—al), (1)

where ¢ is the X-ray attenuation ratio, o is the element’s
attenuation factor, and L is the thickness of the material. The
X-ray attenuation ratio increases with the thickness of the
photoactive layer. To enhance the X-ray attenuation, we attempt
to fabricate a several-um-thick MAPDbBr; film by overlapping
multiple doctor-bladed perovskite films. At first, the

This journal is © The Royal Society of Chemistry 2024
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concentration of the MAPbBr; precursor is controlled to
enhance the doctor-bladed perovskite thickness. When the
concentration of the perovskite precursor increases, the
amount of solute in the perovskite precursor increases to
enhance the doctor-bladed perovskite film thickness. A mixed
solvent composed of GBL and DMSO is employed in the
perovskite precursor solution, since they are ecofriendly and
have low toxicity. The optimal ratio of GBL/DMSO for perovskite
precursor solution is 4/3 based on the Hansen solubility para-
meter model. The use of a mixed solvent system allows
increased amount of solute to be dissolved in the precursor
and thereby promotes the precursor concentration. Moreover,
the enhanced viscosity of the high-concentration perovskite
precursor is beneficial to produce a continuous perovskite film.
The MAPbBr; perovskite precursor solutions with various con-
centrations are prepared for the doctor-bladed perovskite film.
The surface morphology and roughness of the doctor-bladed
perovskite films with different concentrations are compared
using 2D and 3D optical microscopy (OM) images, as shown in
Fig. S1 (ESIf). In the 3D OM images, the color bar represents
the height of the perovskite film relative to the bottom. When
the precursor solution concentration is at 2.0 M, as shown in
Fig. S1a (ESIt), the fabricated perovskite film presents a com-
pact, continuous film surface with closely packed dendrite
domains (marked by a yellow dashed line) and low roughness.
However, when the precursor concentration is increased to
3.0 M or even 4.0 M, as shown in Fig. S1b and c (ESIt), the
fabricated perovskite films exhibit a rough surface, and on top
of it, multiple square-shaped perovskite domains (marked by a
red dashed line) are observed.

During the doctor-blade coating process, the substrate is
heated to facilitate solvent evaporation from the doctor-bladed
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wet perovskite film. The evaporation of the solvent leads to the
oversaturation of the perovskite, inducing perovskite growth.
As the concentration of the perovskite precursor increases, the
rate of oversaturation becomes faster, resulting in an acceler-
ated perovskite growth rate. This rapid growth rate causes the
formation of square-shaped domains. Consequently, the
square-shaped perovskite domains grow larger with increasing
concentration, leading to an uneven surface morphology of the
doctor-bladed perovskite films. The high surface roughness of
the perovskite films hinders the full coverage of the top
electrode on the surface of the perovskite films, resulting in
an increased dark current and a noticeable decrease in the
charge carrier transport efficiency. In the subsequent experi-
ments, a MAPbBr; precursor solution with a concentration of
2.0 M is carried out to produce the perovskite film.

To enhance the X-ray attenuation ratio of the perovskite
photoactive film, it is necessary to increase the thickness of the
perovskite film. In order to demonstrate the advantages of the
blade-coating process, which is a facile and a fast fabrication
process, we first apply a multiple doctor-blade coating
approach to increase the thickness of perovskite films. As
shown in Fig. 1, when a single-layer MAPbBr; film was prepared
using the blade-coating method, vertically oriented perovskite
domains (Fig. 1a) are well-arranged laterally to create a compact
and crack-free perovskite film. When a second layer is blade-
coated on the top of the first layer, as shown in Fig. 1b, a
distinct interfacial boundary is observed between the first and
second doctor-bladed perovskite layers, and some debris,
which is presumably the PbBr,, are detected near the interface.
During the blade coating of second perovskite precursor
solution onto the surface of the first-layer perovskite film,
the precursor solution dissolves the surface of underlying

Fig. 1 Cross-sectional SEM images of MAPbBr3 perovskite films with a concentration of 2.0 M doctor-bladed with (a) one time, (b) two times, and
(c) three times. Cross-sectional SEM images of doctor-bladed MAPbBr3 perovskite films with a concentration of 2.0 M added with (d) 15, (e) 20, and

(f) 25 wt% 18C6.

This journal is © The Royal Society of Chemistry 2024
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perovskite film. Due to a slightly lower surface temperature of
the first-layer perovskite film compared to the underlying
heating plate, the re-crystallization process after the dissolution
near the interface proceeds at a slow rate. This preferentially
led to the formation of PbX, through the binding of coordi-
nated lead polyhalogeno ([PbX;]”, [PbX,]*”, [PbXs]’~, and
[PbXe]*"), rather than the preferential formation of perovskite
structure by binding with MA" cations.*"®> Therefore, a notice-
able residual of PbBr, debris appears at the interfacial bound-
ary between the first- and second-deposited perovskite layers.
Additionally, clear cracks are observed within the first-layer
film, suggesting that the solvent of the perovskite precursor
during second doctor-blade coating infiltrates into the first-
layer perovskite film. The penetration of solvent into the first-
deposited perovskite film disrupts the continuity and induces
cracks in the first-layer perovskite film. It is noted that the
morphology of the upper layer corresponding to the second-
deposition perovskite layer remains compact and crack-free.
Fig. 1c shows the cross-sectional SEM image of the perovskite
film after stacking three-layer of doctor-bladed perovskite and
reveals that the solvent, which constituted nearly 90% of the
precursor solution, greatly changes the morphology of pre-
deposited perovskite layers. The uppermost layer of doctor-
bladed wet film, in contact with air, would rapidly initiate the
perovskite nucleation. The solvent of next deposition concur-
rently dissolves the pre-deposited perovskite layers and remains
in the dissolved perovskite layer. When the residual solvent
vaporized during heating, the evaporating solvent could cause
surface disruptions of the perovskite film, leading to apparent
cracks in the perovskite thick film. Moreover, a great tempera-
ture gradient across the perovskite wet film in a large thickness
may result in different growth rates of perovskite crystals in the
surface and the bulk of wet films. Although the doctor-bladed
perovskite after triple deposition achieves a thickness of
24.58 pm, a rough and a loose perovskite film results in an
extremely high dark current to mA for the X-ray detector due to
the direct contact between the top and bottom electrodes and a
low charge carrier transport capability, which is unfavorable for
the X-ray detection.

To address the issue of insufficient film thickness via the
one-step doctor-blade coating, for the first time, this study
employs the addition of a high proportion of 18C6 in the
perovskite precursor solution as a thickening agent for the
doctor-bladed perovskite film. The molecular structure of 18C6
is presented in the inset in Fig. S2 (ESIf). The large cyclic
structure of 18C6 creates spatial hindrance and impedes the
flow between 18C6 molecules.®® Moreover, Fig. S2 (ESIf) com-
pares the Raman spectra of the perovskite precursor with and
without 20-wt% 18C6. Given that the solvent constitutes about
90% of the perovskite precursor, the majority of the signals
correspond to the solvent. Despite the prevailing DMSO signal
over the MAPbBr; signal, we were still able to identify the C-N*
stretching of MAPDbBTr; (at the wavenumber of 953 cm™') from
the background of the DMSO spectra.®* We observed that in the
presence of 18C6, the C-N" stretching signal exhibits a blue
shift, moving from 953 to 966 cm ™. Typically, a blue shift in a
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signal arises from changes in the molecular structure or an
increase in intermolecular interactions. Therefore, it can be
speculated that the addition of 18C6 leads to the formation of
hydrogen bonds or van der Waals forces with the MAPDbBr;
perovskite, thereby causing the observed blue shift in the C-N*
stretching signal. The strong chelating 18C6 coordinates
with the cations in the perovskite precursor via the hydrogen
bonding and the van der Waals forces to increase the precursor
viscosity. The chelating 18C6 molecules in the perovskite pre-
cursor could further render the aggregation via the electrostatic
interaction and affect the viscosity of the precursor solution.
The results reveal that the film thickness of the perovskite
fabricated by one-step doctor-blade coating increases from
1.8 to 3.4 pm after adding 15 wt% of 18C6 to the MAPDbBr;
precursor solution as seen in Fig. 1d.

It is observed that the average viscosity of the perovskite
precursor solution, measured using a handheld viscometer
(VL7-100B-d15, Rixen), gradually increases from 3.4 mPa s to
51.9 mPa s when the 2.0 M MAPbBr; perovskite precursor is
added with 18C6 from 0 to 30 wt%, as revealed in Fig. S3a
(ESIT). An increased viscosity of perovskite precursor solution
aids in retaining a high solid content of perovskite solute
during the doctor-blade coating. Furthermore, when a 20 wt%
18C6 is added in the precursor solution, the perovskite film
reaches a thickness of 6.2 um as shown in Fig. le. The
corresponding photo of the as-deposited perovskite film is
shown in Fig. S3c (ESIt). The resultant perovskite thick film
exhibits a continuous and a uniform film surface without
macro cracks as seen in Fig. 1e. In contrast, the perovskite film
prepared by a spray coating method often encounters issues
with an uneven film surface.®®®° It is noted that the one-step
blade coating of a thick perovskite film with an area of 1 cm?
can be completed within ten seconds in this work. The result
highlights the major advantages of the doctor-blade coating
method for a fast production of perovskite thick films. The
amount of 18C6 not only affects the precursor viscosity but also
changes the solubility of the solute. When 25 wt% of 18C6 is
added to the MAPDbBr; precursor solution, as shown in Fig. S3b
(ESIT), a white turbidity, attributed to the formation of pre-
cipitates, is observed in the precursor solution. This turbidity
persists even after heating the precursor overnight at a tem-
perature of 90 °C, and the white turbidity is presumably due to
the light scattering of large-sized aggregation, which is
composed of the DMSO-coordinated and 18C6-coordinated
complexes.®”” When the MAPbBr; precursor solution with
25-wt% 18C6 is doctor-bladed on the substrate, as shown in
Fig. 1f, numerous pm-sized fractures appear in the resultant
perovskite film, rendering the film discontinuous with many
surface cracks. The corresponding photo of doctor-bladed
perovskite film is presented in Fig. S4 (ESIt), indicating an
incomplete coverage of perovskite film on the substrate. Adding
excess amount of GBL solvent into the perovskite precursor
solution effectively enhances the solubility and eliminates the
white turbidity owing to the reduced complexation of metal
cations with DMSO and 18C6 by GBL;*® however, excess of GBL
significantly reduces the concentration of precursor solution

This journal is © The Royal Society of Chemistry 2024
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and further reduces the thickness of the doctor-bladed
perovskite film.

The photoluminescence (PL) spectra of doctor-bladed
MAPDBr; perovskite films with difference weight ratios of
18C6 are shown in Fig. 2a. It is found that addition of a high
weight ratio of 18C6 doesn’t cause any shift in the PL emission
peak resulting from perovskite films. Moreover, even though
the perovskite film with 25 wt% 18C6 exhibits numerous
cracks, the PL peak intensity still increases with the rising
concentration of 18C6. This is attributed to the increased
thickness of the perovskite film, varying from 1.86 um (0 wt%
18C6) to 11.1 pm (25 wt% 18C6), as well as the improved
crystallinity along the (003) facet (refer to Fig. 2b). Fig. 2b shows
the X-ray diffraction (XRD) profiles of MAPbBr; thick films
prepared by doctor-blade coating with different weight ratios
of 18C6. The XRD profiles reveal that the characteristic peaks at
15.12°, 21.37°, 26.23°, 30.3°, 33.97°, 37.35°, 43.4°, and 46.08°
correspond well to the (001), (110), (111), (002), (210), (211),
(220), and (003) facets of the MAPbBr; perovskite, respectively.
The MAPDBr; perovskite film without adding 18C6 presents a
preferred orientation along the (002) facet. Notably, after add-
ing 18C6 in the doctor-bladed perovskite film, the resultant
perovskite films exhibit a preferred orientation along the (003)
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Fig. 2 (a) PL spectra and (b) XRD profiles of perovskite films with different
wt% of 18C6.
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facet. The perovskite film added with a 25 wt% 18C6 shows a
higher XRD peak intensity along the (003) facet than the others.
This suggests that addition of 18C6 in the perovskite precursor
can assist the crystal growth along the preferred orientation of
the (003) facet. The enhanced XRD intensity along the (003)
facet may be attributed to the molecular interactions between
18C6 and the perovskite cations, possibly through the hydrogen
bonding or non-covalent bonding. The 18C6 molecules could
create a spatial hindrance to restrict the growth direction of
perovskite crystal along (001) and (002) facets. There is no
noticeable shift on the characteristic XRD peaks of doctor-
bladed perovskite films with different 18C6 contents, suggest-
ing that 18C6 facilitates the perovskite crystallinity toward the
preferred orientation instead of incorporating into the perovs-
kite lattice structure.

The impact of different wt% of 18C6 on the photoresponse
of direct X-ray detector is securitized. The device structure is
based on the heterojunction architecture and is composed of a
fluorine doped tin oxide coated glass (FTO) substrate, ultrathin
TiO, as blocking layer (b-TiO,) as electron transport layer (ETL),
a perovskite active layer, and a gold (Au) electrode (denoted as
FTO/b-TiO,/perovskite/Au). The measurement setup is illu-
strated in Fig. S4 (ESIf). The distance between the detector
and the X-ray source is 15 cm. The dose rate of X-ray tube
operated with different voltage and current is calibrated using a
dose meter and summarized in Fig. S5 (ESIt). The active area of
the perovskite-based X-ray detector is 1.5 cm”.

The current density-voltage (/-V) and current density-time
(J-?) curves of the perovskite-based X-ray detector with 20 wt%
18C6 are shown in Fig. 3. The operating voltage and current for
the X-ray tube is 90 kVp and 10 mA, respectively. Under an
electric field of —0.5 V um™', as shown in Fig. 3a, the dark
current density of the perovskite-based X-ray detector can reach
—1.54 nA cm™ %, which is the lowest reported value among the
perovskite-based X-ray detectors using a photoactive thickness
less than 50 pm.”* The doctor-bladed perovskite thick film with
20 wt% 18C6 exhibits a uniform and a compact film surface,
which can effectively prevent the direct contact between the top
Au electrode and the bottom FTO substrate and the leakage of
dark current. By considering the difference between the photo-
current and dark current, the sensitivity of the X-ray detector is
determined to be 9.6 PC Gy,;; ' cm™>. Furthermore, from the J-
¢t curves shown in Fig. 3b, when the device is biased at an
external electric field of —0.5 V um™', the sensitivity is deter-
mined to be 10.89 pC Gy, ' ecm 2 On the other hand, the
perovskite-based X-ray detector exhibits a dark current density
of —1.6 nA cm ™2, whose value is close to that of commercial a-
Se-based X-ray detectors (0.45 nA cm ). Due to the poor
optoelectrical properties of a-Se, the a-Se-based X-ray detectors
are usually biased at a higher electric field (10 V um™"), which
is 20 times higher than the electric field used in this study
(—0.5 V um ™). Such a high electric field applied in a-Se-based
X-ray detectors would result in an excessive background noise
in the 2D X-ray flat-panel imaging.

In the previous published literature reports, it has been
observed that the lowest current density in the J-V curves is not
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Fig. 3 (a) J-V curves and (b) J-t curves of MAPbBrz-based X-ray detec-

tor. The operating voltage and current of X-ray tube is 90 kVp and 10 mA,
respectively. (c) J-V curves MAPbBrs-based X-ray detector under forward
and reverse scan directions.

at zero bias voltage. This phenomenon is presumably attributed
to the asymmetric band diagram design in the existing device
structures, which often incorporate n-type semiconductors
such as TiO, or SnO,, but typically lack p-type semiconductors
such as 2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-
spirobifluorene (Spiro-OMeTAD) or polymer poly[bis(4-phenyl)
(2,4,6-trimethylphenyl)amine] (PTAA). This asymmetry in
energy levels leads to different carrier extracting rates within
the perovskite film, when the device is operated with forward
and reverse scans, as shown in Fig. 3c. When a negative voltage
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is applied on the device, the applied electric field favors the
carrier transport through the n-type semiconductor to be
collected and the lowest dark current density occurs at a
negative bias voltage of ~—0.25 V. Conversely, when the
electric field is unfavorable for carrier transport, the lowest
dark current occurs at a positive bias voltage of ~0.25 V.

As mentioned previously, increasing the perovskite film
thickness can effectively enhance the X-ray attenuation ratio.
We further explore the sensitivity of X-ray detectors with
different film thicknesses and electric field as shown in
Fig. 4. For the device with the doctor-bladed perovskite film
added with 20 wt% 18C6 (the thickness of perovskite photo-
active film is ~6.2 pm), the sensitivity of X-ray detector
increases with the increasing electric field. The maximum
sensitivity of 33.51 pC Gy, ' ecm™? is obtained for the device
biased at an electric field of —0.9 V um™'. The X-ray detector
prepared by printing processes requires multiple folding of
flexible X-ray detectors to achieve a comparable sensitivity of
25-35 UC Gy, * em 2% Our study demonstrates a facile
fabrication process for X-ray photodetector fabrication with a
fast fabrication period. On the other hand, for the X-ray
photodetector without adding 18C6 (the thickness of perovskite
photoactive film is ~2.5 pm), the maximum sensitivity of
4.33 uC Gygr cm ™2 is achieved under an electric field of
—0.4 V um ™. The device with a perovskite film with 15-wt%
18C6, whose thickness is ~3.8 um, delivers a maximum
sensitivity of 16.33 LC Gy, ' em > under an electric field of
—0.8 V um ™. However, when the electric field continues to
increase to —1.0 V um™', the sensitivity does not further
improve. These findings indicate that film thickness proudly
affects the X-ray attenuation ratio and the maximum sensitivity
of the detector.

Additionally, different operating voltages on the X-ray
tube are used for different applications, such as using 60 kvp
in non-destructive testing in industrial applications. We further

35

—a— 20 wt%
30 o— 15 wt%|
—A— 0 wt%

25 -

20

Sensitivity (uGy'1cm'2)

-04 -06

Electric filed (V/um)

-08 -1.0

Fig. 4 Sensitivity of MAPbBrs-based X-ray detector with different wt%
of 18C6 as a function of electric field. The operating voltage and current of
X-ray tube is 90 kVp and 10 mA, respectively.
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investigate the effect of X-ray source operating voltages on the
perovskite-based X-ray detector under a fixed operating current
(10 mA) and an electric field (—0.9 V um ™). The Aj~t curves (the
difference between photocurrent and dark current as a function
of time) of device irradiated with X-ray tube under different
operated voltages are presented in Fig. 5a—e, and the relation-
ship between sensitivity and operating voltage is summarized
in Fig. 5f. The results indicate that a stable photocurrent can be
rapidly achieved regardless of whether the X-ray tube is oper-
ated at a low operating voltage (e.g., Fig. 5a at 50 kVp) or a high
operating voltage (e.g., Fig. 5e at 90 kvp). The AJ-t curves of
perovskite-based X-ray detectors show a rapid response to the
X-ray pulse irradiation with an illumination duration of 30 s.
When the X-ray irradiation is turned off, the X-ray detector
immediately delivers a current that is close to the value of the
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dark current, and no tailing or signal below the baseline is seen
in the AJ-t curves. As shown in Fig. S6 (ESIt), the rise time (the
time required for the photocurrent to change from 10% to 90%
of the saturated photocurrent) and fall time (the time needed
for the photocurrent to change from 90% back to 10% of the
saturated photocurrent) of the as-fabricated device is approxi-
mately 20 and 10 ms, respectively. The overall response time of
the device is about 30 ms. This fast photoresponse facilitates
signal collection and processing without the need for addi-
tional signal normalization in the capacitors of lower readout
panel during 2D imaging, thereby improving the imaging
speed. The results demonstrate that the fabricated X-ray detec-
tor is a fast-response detector in response to the X-ray irradia-
tion. The sensitivity of X-ray detectors under different operating
voltages are presented in Table 1. It can be observed that the
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Fig. 5 AJ-t curves of the MAPbBr3-based X-ray detector irradiated with an X-ray tube operated at a voltage of (a) 50, (b) 60, (c) 70, (d) 80, and (e) 90 kVp
and a current of 10 mA. The electric field is —0.9 V um™™. (f) The sensitivity of the MAPbBrs-based X-ray detector as a function of the operating voltage of

the X-ray tube.
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Table 1 Sensitivity of the MAPbBrs-based X-ray detector irradiated
with an X-ray tube operated at different voltages and a constant current
of 8 mA

Operating voltage (kVp) 50 60 70 80 90

Sensitivity (uC Gy, ' em %)  10.89 20.21 22.26 26.55 33.51

sensitivity increases with the operating voltage of the X-ray
tube. When the X-ray tube operating voltage is increased, high-
energy X-ray photons interact with the perovskite sensing film
to enhance the number of photogenerated electrons. Under
a sufficient external electric field, an increased number of
carriers can be easily extracted, resulting in an increase in
sensitivity.

To estimate the LoD of X-ray detectors, there are two main
measurement methods in the existing literature reports. The
first one involves the use of lead foil filters of varying thickness
to attenuate the X-ray radiation from the X-ray source.®® By
gradually increasing the filter thickness, the dose rate received
by the X-ray detector is reduced. When the filter thickness
reaches a certain level, the X-ray detector will no longer receive
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Fig. 6 Photocurrent density of the MAPbBrs-based X-ray detector
as a function of the dose rate for the X-ray tube operated at a voltage of
(a) 50 and (b) 90 kVp.
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X-ray radiation. This method can help us to determine the LoD
of X-ray detectors. The experimental results are shown in Fig. S7
(ESIt). For X-ray irradiation filtered with 0.3-mm-thick Pb foil,
the device still presents a photocurrent in response to X-ray
pulse irradiation (Porta 100HF). However, when the thickness
of the Pb foil filter increased to 0.4 mm, negligible photocur-
rent is detected. Based on this method, the minimum LoD of
device is calculated to be 76 PGy, s~ (X-ray tube operated at
50 kvp). The second method involves linearly fitting the photo-
current density against the dose rate and the LoD can be
estimated by the following eqn (2):"°

LoD = I/(A x S), (2)

where LoD represents the limit of detection, I is the standard
deviation of the dark current, A is the device area, and S is the
sensitivity, which is the slope in Fig. 6. By linear fitting the
curves in Fig. 6a and b, the sensitivity can be obtained.
Substituting the obtained sensitivity values into eqn (2), the
LoD of the X-ray detector irradiated with an X-ray tube that is
operated at 50 kVp and 90 kvp is estimated to be 239.95 and
70.17 uGyair s, respectively. This method provides a relatively
reliable values of LoD and avoids operational errors caused by
the lead foil filter.

3. Conclusions

In summary, we incorporate a high content (20 wt%) of crown
ether in the perovskite precursor to effectively increase its
viscosity, which has a positive impact on the preparation of
perovskite thick films by one-step doctor-blade coating. In a
rapid fabrication, a continuous, a compact, and a uniformly
deposited perovskite thick film with a thickness of 6.2 pm is
prepared within just 10 seconds. The steric effect of crown ether
promotes the preferential orientation of doctor-bladed perovs-
kite along the (003) facet. A direct X-ray detector using a doctor-
bladed perovskite thick film delivers a dark current density of
1.6 nA cm > under a 1/20 electric field of that required for
commercial a-Se materials. Furthermore, the as-fabricated
devices irradiated with X-ray pulse irradiation show a fast
photoresponse, which is beneficial for the future X-ray 2D
imaging applications. The perovskite-based X-ray detector
exhibits a sensitivity of 33.51 uC Gy, - cm™ 2 with a LoD of
70.17 puGyair s . Our study demonstrates a facile, fast, and low-
cost fabrication process for the up-scale perovskite-based X-ray
detectors toward industrialization.
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