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Abstract

Quasi-two-dimensional (Q-2D) perovskite exhibits exceptional photoelectric properties and demonstrates reduced ion
migration compared to 3D perovskite, making it a promising material for the fabrication of highly sensitive and stable
X-ray detectors. However, achieving high-quality perovskite films with sufficient thickness for efficient X-ray absorption
remains challenging. Herein, we present a novel approach to regulate the growth of Q-2D perovskite crystals in a
mixed atmosphere comprising methylamine (CH3;NH,, MA) and ammonia (NHs), resulting in the successful fabrication
of high-quality films with a thickness of hundreds of micrometers. Subsequently, we build a heterojunction X-ray
detector by incorporating the perovskite layer with titanium dioxide (TiO,). The precise regulation of perovskite crystal
growth and the meticulous design of the device structure synergistically enhance the resistivity and carrier transport
properties of the X-ray detector, resulting in an ultrahigh sensitivity (297214 uC Gy, cm ™) for low-dimensional
perovskite X-ray detectors and a low detection limit of 20.9 NGy, s~ '. We have further demonstrated a flat panel X-ray
imager (FPXI) showing a high spatial resolution of 3.6 Ip mm™" and outstanding X-ray imaging capability under low
X-ray doses. This work presents an effective methodology for achieving high-performance Q-2D perovskite FPXIs that
holds great promise for various applications in imaging technology.

Introduction

X-ray detection is widely utilized in medical imaging,
product inspection applications, and scientific research
fields'™®. Metal halide perovskites have emerged as
highly promising materials for exceptionally sensitive
X-ray detectors owing to their remarkable detection
properties, superior X-ray stopping power, large
mobility-lifetime (u7) products, tunable bandgap char-
acteristics, and reduced free charge carrier density® ®.
X-ray detectors utilizing 3D perovskite materials have
demonstrated exceptional sensitivity (>10° uC Gyaif1
cm ?) and an impressively low detection limit
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(~1 nGyair s 1”1 However, the well-known phenom-
enon of ion migration poses a significant challenge to
achieving long-term stability in these materials, thereby
impeding their widespread commercialization''. It has
been observed that by incorporating spacer layers and
harnessing quantum well effects through the introduc-
tion of long-chain insulated cations into low-
dimensional perovskite structures, it is possible to
effectively suppress ion migration and enhance device
stability’>~"”. In particular, the Q-2D perovskite exhibits
remarkable photoelectric properties and stability by
carefully selecting spacer cations and precisely control-
ling the number of [BX¢] ™ layers, thus making it highly
promising for future commercial applications'®.

The strong penetrability of X-rays makes their weak
interaction with detection materials. Thus, perovskites
with a thickness of hundreds of micrometers are needed
to ensure an effective utilization of incident X-rays.
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Solution preparation is a convenient method for prepar-
ing perovskite due to its simplicity and short preparation
period'®. Currently, the primary methods for preparing
perovskite films are spin-coating and blade-coating'®*.
However, these traditional approaches face challenges in
achieving such thicknesses. Firstly, due to the limited solid
content and wet film thickness, films obtained through
these methods typically have thicknesses below 10
micrometers, resulting in poor X-ray absorption cap-
abilities that do not meet the requirements of X-ray
detection applications. Secondly, the crystallization of the
perovskite precursor solution on the surface can impede
solvent escape at the buried interface, leading to holes and
cracks in annealed thick films®"*>. Thus, a novel synthesis
route for growing large-scale halide perovskite thick films
directly on a thin-film transistor (TFT) substrate is badly
needed for high-performance perovskite X-ray
detectors™.

In this study, we developed a novel approach to control
the crystallization of Q-2D perovskite in a mixed atmo-
sphere consisting of NH; and CH3CH,. We employed a
high solid content liquid perovskite,
BA;MAgPb;pl31-xCH3NH,, prepared through solid-liquid
conversion by CH3NH, intercalation, which offers
advantages of high solid content, fluidity, easy processing,
and easy solidification through the rapid release of
CH;3NH,. Through precise modulation of the crystal-
lization driving force in the wet perovskite film using a
mixed NH3; and CH3CH, atmosphere, we achieved
bottom-up crystallization of perovskite, leading to suc-
cessful preparation of high-quality perovskite films
exceeding 100 um in thickness. Additionally, by con-
structing a TiO,-perovskite heterojunction, we effectively
reduced the dark state current density and enhanced
carrier extraction efficiency in X-ray detectors. The
results demonstrate that our Q-2D perovskite hetero-
junction X-ray detector exhibits an ultrahigh sensitivity
(29721.4 uC Gy,;, ' cm™?), surpassing previously reported
low-dimensional perovskite polycrystalline X-ray detec-
tors, and achieves a low detection limit of 20.9 nGy,;, s
More importantly, the flat panel X-ray imager (FPXI)
achieves clear X-ray images at low X-ray doses and shows
a spatial resolution of 3.6lpmm ' (0.721ppix ') at
modulation transfer function (MTF)=0.2, which is
among the highest spatial resolution for all the reported
perovskite FPXIs.

Results

The preparation of a thick perovskite film relies on a
high concentration of the precursor solution. The liquid
perovskite of BA,MAgPbyl3; was prepared through a
solid-liquid conversion method utilizing CH3NH, ga524.
Additionally, acetonitrile (ACN) was introduced in an
appropriate quantity to fulfill the requirements for
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blade-coating. Figure. 1 illustrates the rationale for
developing the atmosphere assist method by comparing
with direct annealing method to fabricate perovskite
films. We first scrape liquid perovskite onto the sub-
strate to obtain a fresh film, the wet film preferentially
solidifies near the surface through homogeneous
nucleation and growth as solvent evaporation, which
preventing the escape of remaining CH3NH, and ACN.
During the annealing process, the film quality deterio-
rates as a result of the solvent’s rapid evaporation and
the crystals’ accelerated growth. However, when the wet
film is exposed to CH3NH, gas, it does not reach
saturation at the top surface and crystallization is
inhibited. Therefore, crystallization occurs from the
bottom to up during annealing process, and the solvent
can escape effectively. Notably, we employed a semi-
enclosed environment to ensure gradual discharge of
excess solvent and gas during the heat annealing pro-
cess, thereby facilitating complete crystallization of the
perovskite surface.

The scanning electron microscope (SEM) images in
Fig. 2 present the surface and cross-section morphology
of the Q-2D perovskite films. It is observed that annealing
the perovskite film in a CH3NH, atmosphere results in a
more uniform and dense film compared to those
obtained by direct annealing (Fig. 2a, b). This implies that
the presence of CH3NH, gas hinders the initial crystal-
lization of the film surface during annealing, while the
bottom-up crystallization process effectively mitigates
any adverse effects on film quality caused by solvent
volatilization. We found that when NH; gas was used, the
grain size of the perovskite films was obviously increased,
which indicates that NHj can effectively delay the crys-
tallization rate of perovskite. However, the perovskite
film still tends to crystallize on its surface first, resulting
in numerous voids due to the solvent evaporation process
during annealing (Fig. 2c). To realize high-quality dense
perovskite film with large grains, a mixed CH3NH, and
NH; atmosphere was used. As shown in Fig. 2d, the
perovskite film obtained under a certain proportion of
CH3NH, and NH; mixed atmosphere is relatively dense,
and the cracks and holes on its surface and cross section
are less, indicating that the coordination of mixed
atmosphere can regulate the crystal growth process of
perovskite and make it crystallize slowly from bottom to
up, and obtain high-quality films. More importantly, the
method enables the fabrication of perovskite films with
controlled thickness ranging from tens to hundreds of
micrometers by modulation of the precursor solution
volume and atmosphere (Fig. S1). We further fabricated
perovskite films on 5 x 5 cm?® quartz glass substrates. The
results presented in Fig. S2 demonstrate a clear
enhancement in the quality of perovskite films achieved
through controlled crystallization in a mixed atmosphere.
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Fig. 1 Schematic diagram illustrating the mechanism of film formation. Comparison of the normal perovskite fabrication process and the
atmosphere-assisted process, highlighting the distinctive ability of the latter to fabricate high-quality thick, dense perovskite films

Simultaneously, the steady-state photoluminescence (PL)
of the perovskite film prepared with a mixed atmosphere
further supports its superior quality (Fig. S3).

In order to investigate the influence of atmosphere on
the crystallization behavior of Q-2D perovskite, we fur-
ther characterized the phase structure of Q-2D perovskite
film under different atmospheres, and the XRD results are
shown in Fig. 2e. The perovskite films prepared under MA
and mixed atmosphere both exhibited the higher crys-
tallinity, thereby demonstrating that atmosphere effec-
tively retards the crystal growth process and facilitates the
formation of films with larger grain sizes, which was
consistent with the results of SEM. Notably, the per-
ovskite films synthesized in an NHj-rich atmosphere
exhibited diffraction peak corresponding to NH4PbI;,
indicating that NH; can incorporate into the lattice and
form the NH,PbI; phase (Fig. S4). However, no diffraction
peak corresponding to the NH,PbI; was observed in the
perovskite film prepared under a mixed atmosphere,
indicating the complete removal of NHj following
annealing. Therefore, mixing a certain proportion of NH3
can effectively delay the crystal growth rate to improve the
quality of perovskite film by forming the NH,Pbl; inter-
mediate phase.

As shown in Fig. S5, the absorption edge of all
BA;MAgPbol3; films is ~790 nm, and the corresponding
band gap is ~1.59 eV, which is in the ideal band gap range
of X-ray detectors at room temperature®. The E, of the
BA;MAGPbl3; film was determined by the Tauc equa-
tion for the direct band gap:

(ahv)® = A(hv — Ey)

where «a is the absorption index, / is the Planck constant,
v is the frequency, and A is a constant. All
BA;MAgPb;ol3; films have similar band gaps, which is
same as the XRD results, indicating that no NH4PbI3
remains after annealing.

A high resistivity is essential to reduce the noise of the
X-ray detector. We further characterized the resistivity of
BA;MAgPbjl3; film. As shown in Fig. 2f, the bulk resis-
tivity of the Q-2D perovskite obtained by Control,
CH3NH; atmosphere, and CH3NH,/NHj3 atmosphere are
1.80x 10’ Qcm, 8.65x10" Qcm and 248 x 10°Q cm,
respectively. The film prepared in mixed atmosphere has a
highest resistivity, which is due to fewer cracks and
defects inhibit leakage current.
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Fig. 2 Microstructure and electronic characteristics of the perovskites. SEM images for BA,MAGPb;ol3; films prepared under different
conductions: (a) Control, (b) CH3NH,, () NHs, and (d) CH3NH./NHs atmospheres. e X-ray diffraction patterns of BA,MAGPb;ol3, films; (f) Resistivity of
BAMAGPb10l31 films; (g) Activation energy for ion migration of the BA,MAgPb1l3; films prepared under various conductions

The ideal X-ray detection material should have a high
activation energy (E,) for ion conduction, thereby effec-
tively restricting ion migration and enhancing the stability
of the device'*. We calculated the E, of BA;MAgPb;l5;
and MAPDI; films (prepared in mixed atmosphere) by
temperature-dependent conductivity curves (Fig. S6). The
E, value of Q-2D perovskite film prepared in Control,
CH3NH, atmosphere, and CH3NH,/NH3 atmosphere is
0.365eV, 0.589¢V, and 0.632 eV, respectively (Fig. 2g),
and higher than that of 0.301 eV of MAPbI;. The higher
E, of Q-2D perovskites means more difficult ion migra-
tion in BA,MAgPb,yl3; films, and it allows the utilization
of larger bias to enhance carrier drift length and improve
carrier collection. The results also demonstrate that the
mixed atmosphere can effectively enhance the quality of
Q-2D perovskite films, further inhibit ion migration, and
improve the stability of the device.

Subsequently, we investigate the ur product in
BA;MAgPb,l3; films by using photoconductivity method.
Figure S7 shows the typical bias-dependent photo-
conductivity of BA;MAgPb,l3; film under negative and

positive bias. The pr product of the Q-2D perovskite
obtained by fitting the modified Hecht equation®®:

o5

where J; is the signal current density, J, is the saturated
photocurrent density, d is the thickness of the film, V is
the applied bias voltage, y is the carrier mobility and 7 is
the average carrier lifetime. The Q-2D perovskite
prepared in the mixed atmosphere have higher g7 product
than that of CH3NH, atmosphere, indicating the higher
quality of film can improves the charge transport
performance of device. The p.7. of the mixed atmosphere
perovskite film is 7.81 x 107> cm® V!, which is signifi-
cantly higher than that of 107" cm®V ™' of commercial
a-Se2728,

Js= [l—ex

To further evaluate the charge transfer performance of
Q-2D perovskite, we characterized the mobility of charge
carriers in these Q-2D perovskites using the time of flight
(TOF) method. The transient photocurrent response of



Dong et al. Light: Science & Applications (2024)13:174

Page 5 of 11

—o— MA&NH,
—o— MA&NH;-TiO,

Current density (nA cm™)
cpD (mV)

-300 -200 -100 O 100 200 300

12.6 mV -192.5 mV

cpPD (mVY)

©
o¥ A0 «

-54.6 mV —498.6 mV

error bars represent the standard deviation

Electric field (V cm") ITO/BA2MA9waI31 ITO/TiOQ/BA2MA9Pme31
d e f 10°p
) —@— MA (=100 V cm™) ® MA
\ TOTTIOAMAGNH, | ~o— MA&NH; (100 V cm™) o MA&NH;
1.0 ®p \ ' 10° | 9 MA&NH;-TiO, (-100 V cm™) @ MA&NH;-TiO,
. \ ° —~@— MA&NH;-TiO, (-300 V cm™ V) 2
N‘u_ \ T N 10 -
6‘73 + $% 6- -0—o 9 ° %
o b Q oo o ° o o »
,,g 05 F @ ; 10° 10 L 20.9 nGy,;, s~
B 3 £ %o o o o . 42.9 nGyg, s~
2 067V £ 00— o o ° 55.8 NGya, s~
e a S oA e
%%L 2 SNR=3
7] 0
0.0 P S 10° L 5 5 5 5 5 10° k, L L
0.0 0.2 0.4 0.6 0.8 1.0 0 500 1000 1500 2000 2500 3000 10 100 1000
Voltage(V) Dose rate (nGy,;, s™') Dose rate (nGy,, s)

Fig. 3 Effect of TiO, functional layer on the device performance. a Dark /V curves for devices with/without TiO,; (b) CPD maps (KPFM images) of
ITO-based; and (c) TiO,-based devices under dark and light conditions. The Surface CPD of light conditions were recorded under 20 mW cm~? white
light illumination. d Mott-Schottky curve calculates the V4, of TiO,-Q-2D perovskite X-ray detector; (e) The sensitivity of the X-ray detectors with dose
rate from 70 NGy, s~ ' to 2726 nGy.; s~ . f X-ray dose rate-dependent SNR of the X-ray detectors under an electric field of —100Vcm ™', and the

the BA,MAgPb(l3; device under different external elec-
tric field, from which the transit time (¢,) of the carriers
can be obtained by the intersection of the asymptote from
the platform and the tail line in the double logarithmic
diagram. The mobility is then obtained by the following
formula:

dZ

”:VTtr

where Vis the bias, and d is the thickness of the film. The
mobility for holes and electrons can be obtained by
changing the polarities of the applied bias. The carrier
mobility of perovskite prepared in mixed atmosphere is
19.3cm? V™ 's™!, surpassing the value of 18.1 cm®* V!5 ™!
obtained for CH3NH, under the same bias (Fig. S8), which
further proves that mixed atmosphere can effectively
enhance the carrier transport performance of the Q-2D
perovskite.

High attenuation efficiency of the perovskite is crucial
for excellent detection performance of the X-ray
detector which can reduce both the needed thickness
of the absorber and the challenges in collecting low-
dose X-ray-generated carriers. Figure S9a shows the
absorption spectra of BA,MAyPb10I3;,, CZT, Sij,
MAPbBr;, and MAPDI; in the photon energy range of

0.01-10 MeV. Due to the large average atomic number
and high density, BA,MAgPb,l3; has a good radiation
attenuation ability and is favorable for complete X-ray
absorption. Figure S9b shows that the attenuation effi-
ciency of different materials for 40 keV X-ray photons
changes with thickness. The attenuation efficiency of
BA;MAGPbyol3; and CZT and 3D perovskite is similar
and much higher than that of Si, which indicates
BA;MAgPb;ol3; can achieve similar or better X-ray
photon absorption than commercial materials with
same thickness.

Currently, the prevailing configuration for X-ray
detectors involves an electrode/perovskite/electrode
structure, and there are less reports on heterojunction
X-ray detectors constructed by charge transport layer
and perovskite. Heterojunction is predicted as an effec-
tively strategy to improve the charge transport features
in perovskite X-ray detectors, thereby improving sensi-
tivity of the device® >, We next integrate TiO, with
ITO substrates at low temperatures to boost the per-
formance of the device (Fig. S10). The IV curve of TiO,-
Q-2D perovskite films exhibited a pronounced rectifi-
cation phenomenon (Fig. 3a). Under negative bias, the
dark current density was hundreds of times lower than
that observed without TiO,. The TiO,-Q-2D perovskite
heterojunction can effectively reduce device noise by
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increasing the resistivity under reverse bias, leading to
better detection limits.

We further studied the effect of TiO, layer on charge
extraction properties by Kelvin probe force microscopy
(KPEM). Figure 3b, ¢ shows the surface contact potential
difference (CPD) of Q-2D perovskite in dark and light
states with different substrates. Compared with the per-
ovskite integrated on the ITO, the dark state CPD of
perovskite with TiO, layer decreases from close to 10 mV
to about —190 mV, which indicates exist an inherent
electric field in the perovskite/TiO, heterojunction and
promotes the separation of charge, making the perovskite
surface have more P-type semiconductor properties. In
addition, the CPD of TiO,-Q-2D perovskite changes more
obvious in light and dark conditions, represent the faster
separated of photogenerated carrier. The rectification of
the IV curve also indicates the presence of a built-in
electric field (V4;) in TiO,-Q-2D perovskite X-ray detec-
tor. Therefore, the capacitance-voltage(C-V) curve was
measured to investigate the Vj,; of the TiO,-Q-2D per-
ovskite film according to the Mott-Schottky relationship
(Fig. 3d). The V4,; value of TiO,-Q-2D perovskite device is
0.67V, leading to more efficient charge separation.
Moreover, time-resolved PL (TRPL) spectra were mea-
sured to gain insight into the electron transport perfor-
mance of devices TiO,-Q-2D perovskite (Fig. S11). The
average lifetime (7,,) of the Control (Q-2D perovskite/
quartz glass) and TiO,-Q-2D perovskite film is 113.4 ns
and 55.8 ns, respectively, which represent the faster elec-
tron transfer in TiO,-Q-2D perovskite devices. Therefore,
the improved carrier separation and transmission per-
formance from the device structure design leads to higher
sensitivity of the TiO,-Q-2D perovskite X-ray detector.

The sensitivity and the limit of detection (LoD) are the
two most crucial performance metric for X-ray detectors.
The sensitivity describes the ability of a detector to con-
vert X-ray photons to electronic signals. And LoD is the
lowest dose rate at which the detector still produces a
signal-to-noise ratio (SNR) of 3, indicating the lowest dose
rate required for high-resolution images acquisition®*, We
first prepared a film detector with Au/BA;MAgPbl3;/
ITO vertical device structure, and characterized the X-ray
detection performance at the X-ray dose rate range of
70-2726 nGy,;; s, and the average X-ray photon energy
is 42keV. At =100V cm ™! electric field, the X-ray sen-
sitivity and detection limit of Q-2D perovskite X-ray
detectors prepared in CH3NH,/NH;3; mixed atmosphere
and CH3NH, atmosphere are ~ 6000 uC Gymf1 cm 2, ~
3700 uC Gy, ' cm ™2, and 44.2 nGy,;; s, 55.8 NGy, s
(Fig. 3e, f), respectively, which proves that the mixed
atmosphere regulating perovskite crystallization can
effectively improve the performance of X-ray detectors.

Due to the enhanced electron transport performance
and resistivity of the heterojunction structure, the
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sensitivity and LoD of TiO,-Q-2D perovskite X-ray
detector are approximately 13,700 uC Gy, 'cm > and
20.9 nGy,y, s ! under —100Vem ™! (Fig. 3e, f), which is
much better than that device without TiO,. Additionally,
the incorporation of a TiO, layer enhances the anti-bias
performance of the X-ray detector, enabling it to operate
at a higher electric field (-300 V cm™') and achieving a
recording sensitivity of 29721.4 uC Gy, * cm > for the
Q-2D polycrystalline perovskite detector. The signal
current shows linearly increase with X-ray dose-rate (Fig.
S12c). Figure S12d shows the bias-dependent sensitivity of
the TiO,-Q-2D perovskite device under varying X-ray
dose rates. We further calculate and compare the detec-
tion efficiency of different devices. Theoretical sensitivity

S() bY262

where @/X is the number of photons per unit of exposure,
E is the mean energy of the X-ray photons, /3 is the energy
absorption efficiency of X-rays, W+ is the mean ionization
energy to create an electron—hole pair, e is the elemental
electron charge, and # is the charge collection
efficiency of the

device. The W+ for BA,MAgPb¢l3; is calculated to be
4.61 eV with an E; of 1.59 eV according to the empirical
model:

W. =2E, + 1.43eV

The mean energy E of the X-ray photons is 42keV in
this work. ¢/X is ~545,106 photons mm >mR ™", which
equals 622x10' photons cm * Gy, ' (1
mR=8.76x 10~ GvVair)- B and # are assumed to be 100%
to obtain the theoretical detection sensitivity. The Sy is
9070.8 uCcm 2 Gy, ' for the BA;MAoPbygls; device.
Then the detection efficiency of 151.5% is calculated by S/
So when the TiO,-detector under -100 V cm ', higher
than that of the CH3NH,/NHj (67.2%) and CH3;NH,
(40.7%) devices without TiO,, which indicated the
atmosphere-assisted control of perovskite crystallization
and device structure design significantly improved the
detection performance of BA;MAgPb;ol3; X-ray detector.

Notably, the built-in electric field enables the detector
to have a significant X-ray response without external bias,
and achieves a sensitivity of ~1500 uC Gy,;, ' cm ™ * and a
LoD of ~40.1 nGyy;, s tatOVem (Fig. S13). Through
the design of heterojunction devices, the realization of
self-driven X-ray imaging is also an important direction of
future development®>3°,

In addition to the X-ray detection performance, the
operational stability of the detector is the other crucial
aspect governing its application. Therefore, we first
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Fig. 4 Device structure of the imaging detectors. a Photograph of the 64x64-pixeled TFT substrate and its microstructure; (b) Edge image
processing for MTF calculation; (c) MTF curve of the TiO,-Q-2D FPXI; and (d) Schematic illustration of the X-ray imaging process. The X-ray detector
structure from top to bottom is Au, Q-2D perovskite, TiO, and TFT, respectively

evaluate the dark current stability of X-ray detectors
under specific operating electric fields. As shown in Fig.
S14, the dark current of device does not shift significantly
within 1h under —100Vem ! electric field, which is
attributed to weak ion migration in Q-2D perovskite.
Figure S14b further presents the operation stability of the
device under an operating bias of -100 V ¢cm™ and high
X-ray dose rate of 72.5 mGyy;, s~ L. The detector exhibited
stable signal output following exposure to an X-ray dose
of 456 Gy,;,, which is equivalent to more than 4.5 million
times the dose required for a standard X-ray chest
radiograph (~0.1 mGy,;, per exposure for current com-
mercially available instruments). This outstanding
operational stability under harsh working conditions
positions the detector as a compelling candidate for
applications in medical diagnostics and nondestructive
testing.

Next, the imaging capability of the TiO,-Q-2D per-
ovskite FPXI (64 x 64 pixels) was evaluated. Figure 4a
presents the photograph of the 4096-pixeled TFT sub-
strate and its microstructure. Spatial resolution is an
important indicator to verify the performance and image
quality of FPXI. We next measured the Modulation
Transfer Function (MTF) of the imager using the
slanted-edge method. A tungsten plate with a sharp edge
was placed on the imager, and the edge profile was
derived from the resulting X-ray image (Fig. 4b). The
line spread function (LSF) was derived by differentiating
the edge spread function. The MTF value was defined by
the Fourier transform of LSF. Figure 4c shows the spatial
resolution of our TiO,-2D-perovskite FPIX. To mitigate
the impact of variations in pixel size and quantify the

extent of signal crosstalk within the device, we employed
the widely accepted metric of “line pairs per pixel” to
assess the spatial resolution of the imager®’. We sur-
prisingly found that the TiO,-Q-2D perovskite FPXI
exhibited an exceptional resolution of 3.6 Ip
mm '@MTF=0.2. The exceptional resolution of
3.6lpmm™~ " corresponds to 0.72 lp/pixel at a pixel size
of 200 pm, which surpasses the values reported in lit-
erature for FA(oMAg05Csg05Pb(IgoBrg)s (0.46 lp/
pixel), MAPbI; (0.22 Ip/pixel) and MAPbI; (0.16 lp/
pixel) FPXIs, further corroborating the reduced spatial
signal crosstalk compared to 3D perovskites'>*”*®, The
higher spatial resolution of our devices can be attributed
to the suppressed ion migration in perovskites and an
amplified effect due to the microfocus-X-ray-source. It
is well known that signal crosstalk primarily originates
from charge-sharing effects between adjacent pixels™’.
In imaging devices, we share a common top electrode, so
the electric field is not strictly vertical. Hence, lateral
migration of ions and electrons is inevitable. Just like
electronic signals, ions also experience crosstalk
between neighboring pixels. For samples without ion
migration, this crosstalk contribution can be eliminated,
thus benefiting the attainment of better spatial resolu-
tion. Moreover, an amplified effect is always existing in
the imaging system, especially when we use a
microfocus-X-ray-source*>*!, Although we conduct
tests with the object placed directly on the detector,
considering the use of a microfocus X-ray source and
the certain thickness of the perovskite functional layer,
there will still be a certain amplification effect on the
signal collected by the TFT pixels.



Dong et al. Light: Science & Applications (2024)13:174

Page 8 of 11
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45.2 UGYair

84.1 uGy,;

\

Fig. 5 X-ray imaging properities. X-ray images of (a) metal letters at different dose rate, (b) ball-point pen, and (c) data line

Commercial X-ray instruments typically require high-
dose imaging, so further lowering the radiation dose will
reduce the health risk to patients. We evaluated the low-
dose imaging properties of the TiO,-Q-2Q perovskite
FPXI, whose structure and imaging process are shown in
the Fig. 4d. The signal was transmitted via Bluetooth,
which is very useful for portable use scenarios.

Figure 5a present the imaging of the stainless-steel mask
letters “C”, “A”, “E”, and “P” as the target object under
different X-ray doses (Fig. S15). With an X-ray dose of
18.5 UGy, the contour of the metal letters can already be
discerned. As the X-ray dose is further increased, the
clarity of the images significantly improves, and high-
quality X-imaging can be obtained under an X-ray dose of
~50 YUGYa Typically, an X-ray dose of 100 uGyy, is
needed to acquire a high-quality image with commercially
available X-ray instruments. Thus, the X-ray dose used
here are lower than that used in commercialized
equipment.

We also used the TiO,-Q-2D perovskite FPXIs to
acquire X-ray images of a ball-point and data cable
adapter. As shown in Fig. 5b, ¢, the FPXIs can clearly
represent the outline of the object under X-rays in the
64x64 matrix with gray information. Both the outline of
the spring in the ball-point pen and the internal circuit of
the data line are clearly visible under a low X-ray dose of
45.2 uGy,;,- These images highlight the potential value of
the technology in a variety of applications. It is known
that the spatial resolution of the device is largely limited
by the pixel size and pixel number of the detectors, and
better resolution in the X-ray imaging can be realized by
increasing the pixel number and reducing the pixel size in
a future study.

Discussion
In summary, we successfully regulated the crystal-
lization process of perovskite through the mixed

atmosphere of CH3NH, and NHjs, and obtained high-
quality Q-2D perovskite films grown from bottom to
top. We further integrated Q-2D perovskite films with
TiO, layers to enhance the electron transport perfor-
mance of the detector, ultimately achieving an ultrahigh
sensitivity of 297214 pC Gy, ' cm 2 for low-
dimensional perovskite polycrystalline X-ray detector,
and a low detection limit of 20.9 nGy,;, s L. The TiO,-
Q-2D perovskite FPXI achieves a high spatial resolution
of 3.6 Ip mm ' and produces clear X-ray images at
lower doses compared to commercial devices. Further
optimizing the pixel size and increasing the pixel
number would facilitate practical applications in medi-
cal diagnostics and nondestructive inspection. By
adjusting the film-forming mechanism of perovskite and
the device structure design, we obtained a sensitive
portable FPIX, which enhanced the competitiveness of
low-dimensional perovskite detector as the next-
generation X-ray detector.

Materials and methods
Materials

Ethanol (99.5%), anhydrous (99.8%), Terpineol (95%)
and Ammonium chloride (NH4Cl, 99.99%) were pur-
chased from Aladdin Reagent Ltd. Methylammonium
iodide (MAI, 99.5%), Methylammonium Chloride
(MACI, 99.5%), 1-butanaminium iodide (BAI, 99.5%)
and Lead iodide (Pbl,, 99.9%) were purchased from
Xi’an p-OLED Corp. Potassium hydroxide (KOH,95%)
was purchased from Macklin. Titanium dioxide nano
powder (TiO,, P25) was purchased from Degussa.
Titanium (IV) isopropoxide (98%) was acquired from
J&K Scientific. TFT substrates was purchased for Link-
Zill Corp., and data was collected by a homemade
readout circuit. All chemicals used in this work were
used as received.
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Preparation of low-temperature titanium dioxide
interfacial layer

Firstly, TiO, precursor slurry was prepared: 0.2 g TiO,
nanoparticle powder was mixed with 4.5 mL terpineol and
ground for 10min, then transferred to glass bottle,
33.4 uL Titanium (IV) isopropoxide was added, ultrasonic
for 30 min for reserve. The interfacial layer of TiO, was
prepared by scraping coating method. The ITO or TFT
substrates was first treated with UV for 30 minutes, and
the precursor paste was evenly applied with a scraper at
the speed of 2 mm s~ ", Finally, the wet film was placed on
the 80 °C hot plate, slowly heated to 200 °C and held for
30 min to obtain the solid film.

Preparation of perovskite layer by atmosphere-
assisted method

The preparation process is shown in the schematic
diagram. The preparation of liquid perovskite was refer-
red to our previous preparation process. 400 puL acetoni-
trile was added to dilute liquid perovskite to obtain
precursor solution. The ITO and TFT substrates with/
without TiO, were treated with UV for 15 min, and the
100 uL perovskite precursor was evenly applied with a
scraper under a speed of 5 mm s~ ', Then, the wet film was
subsequently placed in a partially enclosed glass container
containing NH; and CH3NH, gases, subjected to gradual
heating using a constant temperature oven, and ultimately
maintained at 100 °C for a duration of 30 min. The NHj
and CH3NH, are synthesized through the combination of
NH,CI/MAC] with KOH, resulting in the following
reaction formula:

MACI/NH4Cl + KOH — CHsNH,/NH; 1 +H,0 + KCl

Device preparation
Detectors was prepared by evaporating 80 nm-thick
gold on the perovskite layer as top electrode.

Characterization of materials

X-ray  diffraction = (XRD)  measurements  of
BA;MAgPbyl3; films were performed under Empyrean
X-ray diffractometer (Cu tube with wavelengths of
1.54184 A) with a scan rate of 2°/min. UV—vis absorption
spectra were acquired in reflection mode on a Shimadzu
Corporation UV-3600 spectrophotometer, utilizing
BA;MAgPbyol3; films deposited on glass substrates.
Scanning electron microscope (SEM) images were cap-
tured at accelerating voltages of 5kV (SIGMA HD ZEISS
Company) and 10kV (thermo scientific Apreo 2).

lon conduction measurement
The activation energy of ion conduction (E,) was mea-
sured by temperature-dependent conductivity in dark.
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The ionic conduction is a thermally activated process.
Thus, we can find two typical regions in the temperature-
dependent conductivity curves, where electronic con-
duction dominates the low temperature region and ion
migration dominates the high temperature region. The E,
was obtained by fitting the slope of the straight line in the
high temperature region using the Nernst-Einstein rela-
tionship:

a

ln(UTT) = 1110’0 —

kg
where, T is the temperature, or is the conductivity, oy is
the theory of electrical conductivity, kg is the Boltzmann
constant.

Carrier mobilities analysis

The time of flight method (TOF) measurements were
conducted by irradiating the devices with 6 ns width,
532 nm laser pulses on the Au electrode. To apply bias
and detect the current of the device, we utilized the
Keithley 2400 source meter and SR570 low-noise current
preamplifier (Stanford Research Systems), respectively.
For mobility measurements, when the laser was irradiated
on the transparent ITO electrode, the transit times of
electrons and holes were obtained by changing the
polarity of the voltage applied to the transparent ITO
electrode, and then the corresponding mobility was
obtained.

Kelvin probe force microscopy measurements

KPFM measurements were performed using amplitude
modulation mode and MESP probe (Co/Cr coated)
(Brucker Icon). BA;MAgPbl3; with several microns
thickness was deposited onto ITO glass or TiO,/ITO
substrate to prepare ITO/BA;MAgPb,¢l3; and ITO/TiO,/
BA;MAgPbyol3; samples, respectively. The contact
potential difference of the perovskite surface was mea-
sured in both dark conditions and under white light

irradiation at an intensity of 20 mW cm ™2,

Detector performance measurement

For X-ray detection, a tungsten anode X-ray tube
(Oxford Insturments’ Series 5000) was used as the source,
and the Be window thickness was 127 um. The X-ray tube
was fixed with a constant of 50 kV acceleration voltage,
and the operational current was tuned from 0.02 to
0.80 mA to adjust the emitted X-ray dose rate from 70 to
2726 nGY,;, s7L. Dose rate calibrations of the X-ray were
carried out by the 10x6-180 measurement chamber and
Accu-Gold+ system (Radcal). BA;MAgPbypls; films
detectors were measured at different voltages and the
X-ray response was recorded by the low-noise current
preamplifier (SR570, Stanford Research Systems).
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Signal-to-noise ratio
The noise current density (/) is obtained from the
variance of the photocurrent density (J,):

1/2

Jn = lXNj(/-—/_)2
n — lel l P

where N is the number of current sampling points.

The J; is obtained by:
Js = ]p —Ja

where /4 is the dark current density of the detector. Then,
signal-to-noise ratio (SNR) is obtained by calculating the
ratio of J; to J,,.

Mean energy calculation of the continuum bremsstrahlung
X-ray spectrum

The mean energy of the continuum bremsstrahlung
X-ray spectrum was derived by following equation:

E= / Emp(E)dE

0

p(E) is the distribution probability of X-rays with the
energy of E.

E=) p(E)AE;

where p(E;) and AE; are the distribution probability and
the energy bin width of the X-rays at the energy bin. For
the tube operating at 50 kV tube voltage, the mean energy
is calculated to be 42 keV with a 2.6 cm quartz glass filter
layer).

TRPL measurement

The PL decays were fitted with a biexponential function
containing both a fast and slow decay process using
Equation:

f(t) = Ajen + +Azen + Azens + C

Where, A, and 1, represent the amplitude and delay time/
lifetime of the n th component (here, n=1,23),
respectively, and C is a constant that represents the
baseline offset. The average life can then be calculated by
the following formula:

- A1T12 —|—A2T22 —|—A3T32
A1 + ATy + AsTs

TﬂVE -
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Calculation of modulation transfer function

The modulation transfer function (MTF) was calculated
by the slanted-edge method. Sharp-edge X-ray imaging
was obtained on the standard tungsten plate. Then the
edge spread function (ESF(x)) was derived from the edge
image. The line spread function LSF(x) was the derivation
of the ESF(x) and the MTF(v) was the Fourier transform
of LSF(x) by the following equation:

MTF(v) = F(LSF(x)) = p("”gili(x))

where v represents the spatial resolution and x means the
position of the pixels. The spatial resolution of the X-ray
imager was derived when the MTF value decreases to 0.2.

Supporting information

Figures S1-S15 show the XRD patterns, absorption
features, activation energy for ionic migration, put product
test, TOF transient curves, X-ray absorption coefficients,
TRPL results, dose rate-dependent signal current, bias-
dependent sensitivity, X-ray response under 0 bias, device
operational stability, and photograph of the objects for
X-ray imaging tests, and Table S1 shows performance
comparison of polycrystalline X-ray detectors reported in
literature.
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