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Abstract

This study aims to investigate the responses of a perovskite-based direct-conversion dual-layer flat-panel detector (DL-FPD)
numerically. To this end, the X-ray sensitivity, spatial resolution quantified by the modulation transfer function (MTF), and
detective quantum efficiency (DQE) of the DL-FPD are evaluated numerically using a linear cascade model. In addition,
both the single-crystal (SC) and polycrystalline (PC) structures of MAPbI; are investigated, along with various other key
parameters such as the material thickness, electric field strength, X-ray beam spectrum, and electronic readout noise. The
results demonstrate that SC perovskite consistently exhibits better performance than PC perovskite owing to fewer material
defects. Increasing the layer thickness may decrease the MTF, but can also enhance the sensitivity and DQE. Moreover,
appropriately increasing the external electric field within the material can improve the sensitivity, MTF, and DQE. Finally,
reducing the electronic readout noise can significantly enhance the DQE for low-dose imaging. This study demonstrates the
potential of high-quality dual-energy X-ray imaging using direct-conversion perovskite DL-FPDs.

Keywords X-ray imaging - Dual-layer flat-panel detector - Perovskite X-ray detector

1 Introduction

In recent years, metal halide perovskites (MHPs), which are
denoted as ABX, (e.g., A: Cs*, MA™, B: Pb’*, Bi*", and
X: Br~, I") [1], as illustrated in Fig. 1(a), with high X-ray
absorption capabilities, high charge carrier mobilities g,
and long carrier lifetimes 7, have been considered prom-
ising alternatives to traditional semiconductors such as Si,
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Fig. 1 (Color online) Illustration of MAPbI;-based direct X-ray detection. (a) Crystal structure of ABXj, (b) structures of TFT, IGZO-TFT, and
CMOS, (c) direct conversion of X-ray photons into electric charges, (d) MHP-based dual-layer FPD, and (e) linear cascaded model

a — Se, CdTe, CdZnTe, diamond, Hgl,, and Ga,0; [2-7].
MHPs can be grown in both single-crystal (SC) and poly-
crystalline (PC) forms, and can be integrated with vari-
ous readout circuits. Owing to their orientation-depend-
ent transport behavior and low defect concentrations, SC
MHPs exhibit excellent potential for X-ray detection. For
instance, flat-panel detectors (FPDs) fabricated from hybrid
organic—inorganic SC MAPbBr; [8, 9] and MAPbI; [10, 11]
achieved significantly higher X-ray detection sensitivity
than the commercial @ — Se detector. Despite their superior
X-ray detection performance, the fabrication of SC MHPs
with scalable dimensions for large-area X-ray detectors is
challenging and expensive. Fortunately, experiments have
demonstrated that a conversion layer made of PC MHPs
can be more easily scaled up to cover large areas at a much
lower cost [12, 13]. The first PC MAPbI;-based FPD pro-
totype was demonstrated in 2015, which enabled the direct
detection of soft X-ray photons [14]. In 2017, Kim et.al.
reported the possibility of direct hard-X-ray imaging using
a thick CH;NH;Pbl; film on a thin-film transistor (TFT)
array for the first time [12]. In 2021, Deumel et al. devel-
oped a new procedure for manufacturing a direct X-ray
detector by soft-sintering CH;NH;Pbl; on a hydrogenated
amorphous silicon TFT array, employing a grid structure to
adhere the thick perovskite film mechanically [15]. In 2022,
Xia et al. prepared a TFT array via soft pressing and in situ
polymerization of a multifunctional binder (TMTA) for a
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CH;NH;PbI; film [16]. In 2024, Liu et al. developed a novel
complementary metal-oxide-semiconductor (CMOS) array-
based dynamic perovskite X-ray detector using a CsPbBr;
film [17]. Although many studies have demonstrated the
excellent potential of FPDs composed of MHP materials for
X-ray imaging, as illustrated in Fig. 1 (c), few studies have
extended this research to spectral imaging, which is a tech-
nique that captures X-ray attenuation information at multiple
energy levels. In this manner, X-ray spectral imaging allows
the distinction between different materials. Consequently,
X-ray spectral imaging can enhance the image contrast and
specificity, making it valuable for medical, industrial, and
security imaging applications [18, 19]. In 2022, Pang et al.
proposed a perovskite X-ray detector with a vertical struc-
ture that offers the opportunity for improved multienergy
X-ray imaging [20]. However, this innovative vertical design
presents challenges for fabricating detectors with large sur-
face areas. Therefore, alternative solutions for utilizing MHP
materials in spectral imaging require further investigation.
In biomedical X-ray imaging applications, the dual-
layer FPD (DL-FPD) has emerged as a promising tool
for quantitative dual-energy X-ray imaging [21-23]. The
DL-FPD comprises two stacked FPD layers with varying
thicknesses. In this configuration, lower-energy X-ray pho-
tons are detected by the top layer, whereas higher-energy
photons are detected by the bottom layer. Studies have also
explored the use of DL-FPDs in dual-energy computed
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tomography imaging [24-27]. However, current DL-FPDs
primarily employ scintillator materials, which pose a sig-
nificant challenge: the imaging performance of the bottom
detector, including its spatial resolution, sensitivity, and
detective quantum efficiency (DQE), is inferior to that of
the top detector. Consequently, the results of dual-energy
X-ray imaging are limited. Alternatively, the DL-FPD can be
constructed using MHP materials, as shown in Fig. 1 (d). As
opposed to scintillator-based indirect X-ray detectors, MHP-
based X-ray detectors can directly convert X-ray photons
into electric charges, which are then driven by the applied
electric field and subsequently collected by the electrodes.
DL-FPDs made of MHP materials offer improved imaging
performance compared with scintillator-based detectors.
For instance, because the applied electric field can be well
confined, signal spreading in direct-conversion X-ray FPD
is less severe than in indirect-conversion X-ray FPD, where
X-ray-converted visible light photons may spread across sev-
eral neighboring detector elements. Consequently, the spatial
resolution of the bottom layer of MHP-based DL-FPDs can
be enhanced. Despite the potential for the improved imag-
ing performance of MHP-based DL-FPDs, comprehensive
investigations to evaluate the imaging performance of direct
X-ray DL-FPDs have not yet been conducted.

This study mainly focuses on estimating and evaluating
the responses of a novel direct-conversion X-ray DL-FPD
made of MHP material. Specifically, the imaging perfor-
mance, including the X-ray sensitivity, modulation transfer
function (MTF), and DQE, of the MHP-based direct X-ray
DL-FPD is explored. To achieve this, numerical calculations
are conducted based on a linear cascaded model (see the
workflow illustrated in Fig. 1(e)). Moreover, the depend-
ency of the overall imaging performance on various fac-
tors, such as the thickness of the MHP material layer, X-ray
beam spectra, and external electric fields, is investigated.
Additionally, the electronic readout noise effect is analyzed
by considering three different readout arrays: hydrogen-
ated amorphous silicon TFT (a — Si: TFT), metal oxide
TFTs based on indium gallium zinc oxide (IGZO-TFT), and
CMOS, as shown in Fig. 1(b). To date, @-Si: TFT arrays have
been the leading choice for perovskite X-ray FPDs owing to
their simple structure, low cost, and suitability for large-area
applications. The TFT [28] consists of a substrate, a gate
electrode separated by a dielectric layer, an amorphous sili-
con layer, and source and drain electrodes, all of which are
arranged to control the flow of charge carriers in the semi-
conductor channel. The CMOS technology [29] combines
both p-type and n-type metal-oxide-semiconductor field-
effect transistors to achieve low power consumption and high
noise immunity, offering advantages such as a lower readout
noise and higher readout speeds, making them promising
alternatives. IGZO-TFTs [30] have a structure similar to that
of a-Si:TFT, with the primary difference being the use of

an IGZO layer instead of amorphous silicon, which results
in less readout noise and increased readout speed; these are
intermediate between those of @-Si: TFT and CMOS, posi-
tioning IGZO-TFT as a competitive option for fabricating
X-ray detectors.

The remainder of this paper is organized as follows. Sec-
tion 2 reviews the linear cascade model and deduces the
calculations for the sensitivity, MTF, and DQE. Section 3
introduces the main parameters considered in this study and
presents details of the numerical calculations. Section 4 pre-
sents the results of the DL-FPD responses obtained using
different parameters. Section 5 provides a discussion and
brief conclusion.

2 Detector response model
2.1 Linear cascade model

The seven dominant stages of the linear cascade
model [31-34], which describe the propagation of signals
and noise from X-ray photons to electric signals in a direct
FPD, are summarized as follows:

stage 0: X-ray input. (X-ray quanta ®,(E), fluctuation 6 (E).
See Egs. 10 and 11.)
stage 1: Absorption of X-ray photons. (Absorption effi-
ciency g,(E,x), variance ¢,(E, x). See Egs. 12 and 13.)
stage 2: Electron—hole cloud effect. (MTF, (E;f) owing to
charge cloud. See Eq. 14.)
stage 3: Electron—hole conversion. (Charge conversion mul-
tiplication g;(E), variance o5(E). See Eqs. 17 and 18.)
stage 4: Electron—hole collection. (Charge collection effi-
ciency g4(E, x), variance o,(E, x). See Egs. 19 and 20.)
stage 5: Electron—hole blurring by charged traps.
(MTEF,(E:f) owing to charge trapping. See Eq. 21.)
stage 6: Electron—-hole blurring by pixel aperture (MTF, (f)
owing to aperture collection. See Eq. 25).
stage 7: Signal output. (Additive noise power spectrum
owing to dark current shot noise o, and electronic
readout nOise 6,.,4.,- S€€ Eq. 28.)
The variables E, x and f denote the X-ray photon energy, ver-
tical position in the detector, and spatial frequency, respec-
tively. Essentially, the above seven stages can be divided
into three steps: the gain step, including stages 1, 2, and 4;
the stochastic blurring step, including stages 3 and 5; and
the deterministic blurring step, including stage 6. Further
details of the cascaded model can be found in Appendix 6.1.
For a given gain stage n, the propagations of the signal
quantum @, and noise power spectrum NPS, are expressed
as follows [31, 33]:
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®,(Ef) = g,(E)D,_(Ef), ®(E) = Dy(E),
NPS,(Ef) = g2(E)NPS,_,(E:f) (1) (©6)

+52(E)D,_ (Eif).

For a stochastic blurring stage n, the propagations of ®, and
NPS,, can be expressed as [31, 33]

@,(Ef) = @,_(E/)MTE,(E/),
NPS, (E;f) = MTE.(f)NPS,_, (E;f) 2
+[1 = MTEX(NID,_, (Ef).
To determine the blurring stage n, the @, and NPS, propaga-
tions are expressed as [31, 33]
®,(Eif) =®,_, (EifMTF,(Eif),

NPS, (Eif) =MTFA(E;f)NPS,_, (E;f). )

Note that the electronic noise o,44 in stage 7 contributes only
to the noise power spectrum, and can be directly added to
NPS;.

2.2 Response evaluation

To evaluate the responses of the perovskite DL-FPD, the
sensitivity, MTF, and DQE are calculated separately for the
top and bottom layers. Specifically, the sensitivity S’ rep-
resents the ability to convert X-ray photons into electric
charges for the i-th layer, where i =t or b denotes the top or
bottom layer in a DL-FPD, respectively. Mathematically:

g _ L OBV () Jo " 81(E. 0)34(E. x)dxdE
J ®(E)

where de) and L, denote the received X-ray quanta and thick-
ness of the i-th layer, respectively. In particular, S, (E),
which represents the maximum sensitivity, is expressed
as [35]

) “

5.45x 1083
(a(E)/p)airW

eE)

— 8 .
Smax(E) = 1.14 x 10 aE) 5)

where e (C) is the elementary charge, W (eV) is the average
energy for a pair of electron-hole creation, (a/p),;, (cm?/g)
is the mass-energy absorption coefficient of air, and «,, and
a (cm™!) are the energy absorption and absorption coef-
ficients of the detector material, respectively. The factor
1.14 x 10? converts the inverse exposure units from R~ into
Gy~! [36], resulting in a calculated sensitivity in units of
pC - Gy~ - cm™2. Note that the X-ray quanta QJB(E) received
on the top layer differ from <I>g(E) received on the bottom
layer, considering that X-rays are filtered by the top layer.
de)(E) can be expressed as follows:
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t
ég(E)=ci>O(E)[1— / gl(E,x)dx].
0

The MTF quantifies the contrast of an object at various spa-
tial frequencies f (in units of line pairs per millimeter, 1p/
mm). It is often used to quantify the spatial resolution of
X-ray detectors [37-40]. In particular, the MTF' of each
detector layer is expressed as

| ®LUEMTF. (Ef)MTF, (Ef)dE

MTF(f) =
") / d’);') (E)dE @)

- MTF.(f).

In addition, the DQE describes the spatial frequency
f-dependent signal-to-noise ratio (SNR) propagation effi-
ciency of the X-ray detector [41—46]. The DQE’ of each
detector layer is defined as the square ratio of the corre-
sponding output SNR' to the top-layer input SNR:

(SNR,,)> (D)’

DQE!(f) = = .
QE() (SNR{ > &, - NPSi(f)

®

Note that both the top and bottom layers utilize the same
input SNR as the input X-ray quantum.

3 Methods
3.1 Detector configuration

In this study, a metal--semiconductor--metal (MSM) struc-
ture with ohmic contacts is assumed for the perovskite detec-
tor, ignoring the internal photoconductive gain. Key param-
eters that may affect the DL-FPD imaging performance, such
as the input beam spectra, layer thickness, electric field, dark
current, readout noise, and material structure, are considered
during the numerical calculations.

3.1.1 Material structure

In this study, calculations are performed for both SC and
PC MAPbI;. The mobility-lifetime product for electrons
(ut,) and holes (ut,) is assumed to be equal, and it is set to
1 x 107%cm? - V™' for SCMAPbI;and 1 x 10™*cm? - V™! for
PC MAPbI,; [10-12, 15].

3.1.2 Beam spectra

In total, three X-ray beam spectra with different radiation
qualities (RQA) are simulated according to the International
Electrotechnical Commission (IEC) 61267:1994 guidelines:
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Table 1 Key parameters for different X-ray beam settings

Radiation ~ Tube Half-value  Added X-ray
qualities voltage  layer filtration  quanta
kV) (mm Al) (mm Al (mm2.pGy™

RQAS5 70 7.1 21 30174
RQA7 90 9.1 30 32362
RQA9 120 11.5 40 31077

e 100,

5006 —RQA5| & —RQA5

8 —RQA7 8 —RQA7

2] =

3 0.04 RQA9 g 50 RQA9
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= S
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Fig.2 (Color online) (a) Normalized input X-ray beam spectra. (b)
Attenuation efficiency of MAPDI; versus thickness for RQAS, RQA7,
and RQA9 beams

(a) RQAS, (b) RQA7, and (c) RAQ9 (see Table 1 and Fig. 2
(a)).

3.1.3 Layer thickness

The total thickness L of the top and bottom MHP layers is
fixed at 1.0 mm to ensure sufficient (>80%) X-ray attenua-
tion. As shown in Fig. 2 (b), the attenuation efficiencies of
the 1.0 mm MAPbDI, layer are 82%, 88%, and 96% for the
RQAS, RQA7, and RQA9 beams, respectively. In addition,
the thickness of the top layer, denoted by L,, increases from
100 pm to 500 pm at intervals of 100 pm. This corresponds to
a top-layer thickness occupation, denoted by L, /L, of 10%,
20%, 30%, 40%, and 50%. The sensitivities, MTF(f), and
DQE(f) of the top and bottom layers are calculated for dif-
ferent L, /L values.

3.1.4 Electric field

The electric field inside each MHP layer, as shown in Fig. 1
(c), is calculated as the ratio of the applied bias voltage U,
to the layer thickness L;, that is, F; = U;/L, (i = t or b), for
each layer. For the sensitivity estimations, the electric field is
explored within the range of 0.01 to 0.6 V/pm in increments
of 0.01 V/um. In addition, the MTF and DQE responses are
investigated under electric fields of 0.01, 0.05, 0.1, 0.5, and
1 V/pm.

3.1.5 Dark current

As discussed in Sect. 5.1.7, the dark current has an impact
on the DQE owing to the introduction of additive noise.
Assuming ohmic-type contacts, the dark current density
can be modeled as

Jy=04F, )

where o, denotes the dark conductivity of the material.
According to the literature [11, 12, 14, 15, 37], the o, of
PC MAPDI; can achieve values comparable to those of
SC MAPbIL,, with both being approximately 1 x 107!
(Q - cm)~!. Therefore, a 6,4 value of 1 X 107°(Q - cm)™' is
assigned to both SC and PC MAPbI;. Hence, the dark cur-
rent density depends on the electric field applied inside the
MHP layers. Its impact on the DQE is included in the influ-
ence of the electric field and is not discussed independently.

3.1.6 Readout noise

Similarly, the electronic readout noise 6,,,4., also affects
the DQE by introducing additive noise, as discussed in
Sect. 5.1.7. Three types of pixelated readout circuits are
compared in this study: CMOS, IGZO-TFT, and traditional
a-Si: TFT, with typical readout noise levels of 200 e, 700
e”, and 2000 e™, respectively [30].

3.2 Numerical study

Specifically, the RQAS, RQA7, and RQA9 beam spectra
are generated using SpekCal [38]. The pixel size is set to
100 pm.

The mass density .., of MAPbI,; material is 4.16 g/cm®.
The X-ray absorption coefficients are obtained from the
National Institute of Standards and Technology (NIST)
database. The electron—hole pair creation energy [12, 15]
W= is 4.7eV. The signal integration period At is set to
10.0ms. The incident X-ray exposure is examined at 1.0
and 0.1 pGy to investigate the effects of the electric field
and readout noise, whereas it is fixed at 1 pGy to investi-
gate the effects of the other parameters. More detailed set-
tings are presented in Table 2. All numerical calculations
are performed using Python (version 3.10) on a desktop
(Dell XPS, Intel i7-13700, 16 GB DDR5 RAM).

@ Springer



38 Page60of13

H. Cuietal.

Table 2 Key parameters used for numerical simulations

Parameter Specifications

X-ray spectra RQAS, RQA7, RQA9

Dose (pGy) 0.1, 1
Pixel size (um) 100
At (ms) 10

G readont (€7) [30] 200 (CMOS), 700 IGZO-TFT),

2000 (a-Si: TFT)

L (um) L+ L, = 1000, L,/L =10%,
20%, 30%, 40%, 50%

F (V/pm) 0.01, 0.05,0.1,0.5, 1

Material [10-12, 15] MAPbDI,

Ponass (g/cm?) 4.16

W= (eV) 4.7

ey (cm?/V) 1% 1073 (SC),
1 x 10~* (PC)

4 Results

4.1 Dependence on material thickness

The calculated sensitivity responses are presented in Fig. 3
for five different L,/L ratios: 10%, 20%, 30%, 40%, and
50%. The solid and dashed lines represent the sensitiv-
ity responses of the top and bottom layers, respectively.
The input beam spectrum is set to RQA7. The sensitiv-
ity increases as the electric field increases and reaches
its maximum when the external electric field exceeds a
certain threshold. In general, SC MAPbI,; achieves its
maximum sensitivity at a lower electric field than PC
MAPbDL;. This indicates that SC MAPbI; can achieve suf-
ficient charge collection efficiency at a lower electric field
than PC MAPbI;. Moreover, the sensitivity responses of
the top and bottom detector layers exhibit a competitive
relationship as L, /L varies. Specifically, the sensitivity of
the top detector layer increases as L,/L increases, whereas

S x10° 10
§3f o — —
3, 8y [
Qzllf__ ___________________ 02' ,f',,"'
O | e
21— P S
s S
= = ¥
) ] 20
S0 0.2 0.4 06 & O 0.2 0.4 0.6
F (V/pm) F (V/pm)
(a) SC (b) PC

= 10% = 20% = 30% = 40% = 50%

Fig.3 (Color online) Numerical results of sensitivities versus electric
field for (a) SC and (b) PC MAPDI; with L,/L varying from 10% to
50%. The input spectrum is set to RQA7. The solid and dashed lines
represent the results of the top and bottom layers, respectively
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that of the bottom detector layer decreases. This occurs
because more X-ray photons are absorbed by the top layer,
thereby reducing the number of X-ray photons collected
by the bottom layer.

Finally, the ratio L, /L is crucial for determining the rela-
tive sensitivities of the top and bottom layers. As can be
observed, the sensitivity of the top layer exceeds that of
the bottom layer when L, /L > 30%. Conversely, the sensi-
tivity becomes lower than that of the bottom layer when
L,/L £ 20%. Therefore, a ratio L, /L between 20% and 30%
is preferred to achieve similar sensitivities for the top and
bottom layers.

The estimated MTF(f) curves obtained from the five dif-
ferent L, /L ratios are plotted in Fig. 4. The input spectrum is
set to RQA7, and the external electric field is set to 0.1 V/pm
for both layers. The ideal MTF, which is determined by the
pixel aperture collection blurring, is indicated by cyan lines.

For the SC MAPDI; material, the generated MTF(Y)
curves are almost identical across different L, /L values and
closely resemble the ideal MTFE(f), as shown in Fig. 4 (a).
This indicates that the SC MAPbI; material has a minimal
impact on the spatial resolution of the detector. However,
under the same conditions, the MTF(f) of the detector
made of PC MAPbI, varies dramatically with different L, /L
ratios. Most of these values are lower than the ideal MTF(f),
except for the very thin top layer when L,/L = 10% (see
Fig. 4 (b)). Furthermore, the MTF(f) of the top detector layer
exhibits a competitive relationship with that of the bottom
layer as L, /L varies. For very thin top detector layers, such
as L, /L =10%, the top MTF(f) is notably higher than the
bottom MTEF(f), as indicated by the solid and dashed blue
lines in Fig. 4 (b). As L,/L increases, the MTF(f) of the
top detector layer decreases while the MTF(f) of the bottom
detector layer increases. This is because of the more severe

3 |deal
:
- 0.5
0 : 0 :
0 1 2 3 4 5 0 1 2 3 4 5
Spatial Frequency (Ip/mm) Spatial Frequency (Ip/mm)
(a) SC (b) PC

= 10% = 20% = 30% = 40% = 50%

Fig.4 (Color online) Numerical results of MTF(f) for (a) SC and (b)
PC MAPbI; with L, /L varying from 10% up to 50%. The solid and
dashed lines represent the results of the top and bottom layers, respec-
tively. The input spectrum is set to RQA7, and the external electric
field is set to 0.1 V/pm for both layers
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0 = 0 :
0 1 2 3 4 5 0 1 2 3 4 5
Spatial Frequency (Ip/mm) Spatial Frequency (Ip/mm)
(a) SC (b) PC

= 10% = 20% = 30% = 40% = 50%

Fig.5 (Color online) Numerical results of DQE(f) for (a) SC and (b)
PC MAPbI; with L, /L varying from 10% up to 50%. The solid and
dashed lines represent the results of the top and bottom layers, respec-
tively. The input spectrum is set to RQA7, the external electric field is
set to 0.1 V/pm for both layers, the entrance dose is set to 1 pGy, and
CMOS readout noise is assumed

charge trapping with increasing material thickness. When
the material thicknesses become equal, that is, L,/L =50%,
as expected, the MTF(f) of the top detector layer approaches
that of the bottom layer.

The estimated DQE(f) curves obtained from the different
L, /L values are plotted in Fig. 5. The input spectrum is set to
RQA7, the electric field is set to 0.1 V/um for both detector
layers, the entrance dose is set to 1 pGy, and CMOS readout
noise is assumed. As observed for both SC and PC MAPbI;,
the DQE(f) of the top detector layer increases with an
increasing L, /L. In contrast, the DQE(f) of the bottom detec-
tor layer decreases with a larger L, /L. This is because more
X-ray photons are absorbed by the top layer as it becomes
thicker, whereas fewer X-ray photons are absorbed by the
bottom layer. In addition, the DQE(f) values of the detector
made from PC MAPbI; decrease more rapidly in the high
spatial frequency range compared with those made from SC
MAPDbI,, especially for the bottom layer (see Fig. 5 (b)). This
is attributed to the more severe signal blurring effect caused
by charge trapping in PC materials. Similar to the sensitiv-
ity responses, the DQE(f) of the top detector layer is lower
than that of the bottom layer when L, /L < 20%, but exceeds
that of the bottom layer when L,/L > 30%. Thus, it can be
inferred that an L, /L ratio between 20% and 30% can help to
achieve similar DQE(f) values for the top and bottom layers.

Overall, the sensitivity, MTF(f), and DQEC(f) of the top
layer exhibit a competitive relationship with those of the
bottom layer for various values of L,/L. In the following
studies, we concentrate on scenarios in which L, /L = 30%.

4.2 Dependence on beam spectrum

The estimated sensitivities with respect to the three different
input beam spectra, that is, RQAS5, RQA7, and RQAY, are
shown in Fig. 6. For the top detector layer, the sensitivity
responses for RQAS and RQA?7 are identical but higher than
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Fig.6 (Color online) Numerical results of sensitivities versus electric
field for (a) SC and (b) PC MAPbI; under input spectrum of RQAS,
RQA7, and RQA9. The L,/L is set to 30%. The solid and dashed
lines represent the results of the top and bottom layers, respectively

those of RQAO (see the solid lines in Fig. 6). This is jointly
determined by the X-ray absorption efficiency and charge-
conversion multiplication. However, for the bottom layer,
the sensitivity response is the highest for RQA9 and lowest
for RQAS, as indicated by the dashed lines in Fig. 6. This
is because the bottom layer is sufficiently thick to generate
similar absorption efficiencies for X-ray photons of differ-
ent energies. As a result, higher sensitivity is achieved for
the higher-energy beam spectrum. Interestingly, the sensi-
tivities of the top and bottom detector layers are similar for
RQAO9. This indicates that an appropriately low L, /L should
be selected for the low-energy spectrum to generate similar
sensitivity responses in the top and bottom detector layers.

The obtained MTF(f) curves for different input spectra
are plotted in Fig. 7. The electric field is fixed at 0.1 V/pm
for both layers.

Ideal Ideal
= =
£ 0.5 £ 0.5 \
0 2 4 0 2 4
Spatial Frequency (Ip/mm) Spatial Frequency (Ip/mm)
(a) SC (b) PC
= RQA5 = RQA7 RQA9

Fig.7 (Color online) Numerical results of MTF(f) for (a) SC and
(b) PC MAPbI; under input spectrum of RQAS5, RQA7, and RQA9.
The solid and dashed lines represent the results of the top and bottom
layers, respectively. The external electric field is set to 0.1 V/pm for
both layers and L, /L is set to 30%
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Fig.8 (Color online) Numerical results of DQE(f) for (a) SC and (b)
PC MAPbI; under input spectrum of RQA5, RQA7, and RQA9. The
solid and dashed lines represent the results of the top and bottom lay-
ers, respectively. The external electric field is set to 0.1 V/pm for both
layers, L, /L is set to 30%, the dose is set to 1 pGy, and CMOS readout
noise is assumed

0 > 0 e
0 1 2 3 4 5 0 1 2 3 4 5
Spatial Frequency (Ip/mm) Spatial Frequency (Ip/mm)

(@) SC (b) PC
= 0.01V/um = 0.05V/um = 0.1V/um = 0.5V/um = 1V/um

Fig.9 (Color online) Numerical results of the MTFs(f) for (a) SC and
(b) PC MAPbI; with different electric fields. The solid and dashed
lines represent the results of the top and bottom detector layers,
respectively. The input spectrum is set to RQA7 and L /L is set to
30%

The MTEF(f) curves are almost identical and closely
resemble the ideal MTF(f) for the SC MAPbI; material
(see Fig. 7 (a)). However, the MTF(f) curves are consist-
ently lower than the ideal MTF(f) for the PC MAPbI;, as
shown in Fig. 7 (b). This is owing to the charge-trapping-
induced signal blurring effect inside the PC MAPbI; mate-
rial. Specifically, the high-energy spectrum tends to gener-
ate a slightly better MTF(f) than the low-energy spectrum
for the bottom layer.

The DQE(f) responses are plotted in Fig. 8. The
entrance dose is set to 1 pGy, and CMOS readout noise
is assumed. For the top layer, the DQEC(f) is the highest
for RQAS and lowest for RQA9 (see the solid lines in
Fig. 8. Conversely, the DQE(Y) is the highest for RQA9 and
lowest for RQAS in the bottom layer, as indicated by the
dashed lines in Fig. 8. Moreover, the high-energy spectrum
RQAUJ9 exhibits a narrower DQE(f) gap between the top and
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bottom layers than the RQAS and RQA7 spectra. Conse-
quently, a lower L, /L ratio is preferable to achieve similar
DQE(f) responses between the top and bottom layers.

4.3 Dependence on electric field

The MTF(f) responses with respect to five different electric
field strengths, namely 0.01, 0.05, 0.1, 0.5, and 1.0 V/pm,
are plotted in Fig. 9. The input spectrum is set to RQA7
and L,/L is set to 30%. For the SC MAPbI;, the MTF(f)
exhibits less dependence on the electric field, except for the
lower bottom detector layer with an ultra-small electric field
of 0.01 V/um (see Fig. 9 (a)). Conversely, for the detectors
made of PC MAPbI;, the MTF(f) of the bottom detector
layer depends heavily on the electric field. Increasing the
electric field can significantly enhance the MTF(f) response,
as shown in Fig. 9(b). At high electric fields, MTF(f) of the
bottom detector layer can become comparable to or even
outperform that of the top detector layer. For example, the
bottom layer with 0.5 V/pm exhibits a similar MTF(f) to that
of the top layer with 0.05 V/pm. However, increasing the
electric field would lead to a higher dark current density,
potentially compromising the detection limit and DQE(f)
response. Hence, the electric field must be optimized to
generate a comparable MTF(f) in the top and bottom layers.

The DQE(f) responses with respect to the different
electric fields are shown in Fig. 10 for 1 pGy and 0.1 pGy.
An RQA?7 input spectrum and CMOS readout noise are
assumed. For the SC MAPbDI,;, the electric field has a neg-
ligible impact on DQE(f), except for the ultra-low electric
field of 0.01 V/pm, as shown in the plots in Fig. 10 (a) and
(c). Conversely, reducing the electric field dramatically
degrades the DQE(f) of the detector made from PC MAPbI,
(see the plots in Fig. 10 (b) and (d)). This is owing to the
insufficient charge collection efficiency of PC MAPbI;. Con-
sequently, DL-FPDs made from PC MAPbI; can achieve a
similar DQEC(f) to that of SC MAPbI, if a higher electric
field is applied. Increasing the electric field does not always
enhance the DQE(f) because the charge collection efficiency
saturates once it exceeds a certain field strength. For exam-
ple, the DQE(f) curve obtained using 0.5 V/pm is similar
to that obtained using 1 V/pm, as shown in Fig. 10. Under
these conditions, continuously increasing the electric field
will lead to an increased dark current, but does not improve
the DQE(/).

4.4 Dependence on readout noise

The DQE(f) responses with respect to three different elec-
tronic readout noise levels are plotted in Fig. 11 for the
CMOS, IGZO-TFT, and a-Si: TFT circuits. The electric
field is set to 0.5 V/pm to ensure sufficient charge collection
efficiency for both layers. In addition, only the PC MAPbI,
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Fig. 10 (Color online) Numeri-
cal results of the DQEs(f) of
DL-FPD for (a) SC and (b) PC
MAPbI; with different electric
fields. The solid and dashed
lines represent the results of the
top and bottom detector layers,
respectively. The input spectrum
is set to RQA7, L, /L is set to
30%, and CMOS readout noise

is assumed
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Fig. 11 (Color online) Numerical results of the DQEs(f) for (a) SC
and (b) PC MAPbI; with different readout noise types. The solid
and dashed lines represent the results of the top and bottom detec-
tor layers, respectively. L, /L is set to 30%, the electric field is set
to 0.5 V/um for both detector layers, and the RQA7 X-ray beam is
assumed

material is investigated. The DQE(f) responses of IGZO-TFT
are comparable to those of CMOS and higher than those of
a-Si: TFT for a dose level of 1 uGy (see Fig. 11 (a)). For a
dose level of 0.1 pGy, the DQEC(f) responses of CMOS are
slightly higher than those of IGZO-TFT, but significantly
higher than those of a-Si: TFT (see Fig. 11 (b)). Therefore,

3

0
0 2 3 4 5
Spatial Frequency (Ip/mm)

(d) PC, 0.1 uGy

4

0.1V/um = 0.5V/um = 1Vium

the back-plate readout noise has a more pronounced impact
on low-dose imaging tasks. That is, a back-plate with
lower readout pixel noise is suggested in low-dose imaging
scenarios.

5 Discussion and Conclusion

In this study, the responses of a direct-conversion perovskite
DL-FPD were investigated numerically based on a linear
cascade signal model under various configurations. Specifi-
cally, the sensitivity, MTF(f), and DQE(f) were evaluated
and compared across settings, including the beam spec-
trum, material structure, material thickness, electric field,
and readout noise. Although some material parameters such
as the attenuation coefficient and mobility-lifetime product
(ut) were tailored to the MAPbI; material in this study, the
methods and results obtained can be easily generalized to
analyze DL-FPDs made from other MHP materials such as
CsPbBr;.

The material thickness has a strong impact on the sensi-
tivity, MTFE(f), and DQE(f) responses of the top and bottom
detector layers. In particular, the sensitivity and DQE(f) of
the top detector layer improve as the L, /L ratio increases,
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whereas those of the bottom layer decrease. In contrast, the
MTE(f) of the top layer is degraded with an increase in L, /L,
whereas that of the bottom layer is enhanced. Consequently,
the thickness should be optimized to ensure good low-energy
imaging performance, especially for the top layer. In addi-
tion, the X-ray beam spectra may significantly affect the sen-
sitivity and DQE(f) responses, whereas they have a minimal
impact on the MTF(f). In high-energy imaging scenarios,
the sensitivity and DQE(f) of the top layer may decrease,
whereas those of the bottom layer may increase. Increasing
the electric field can improve the sensitivity, MTF(f), and
DQEC(f), thereby potentially bridging the performance gap
between PC and SC materials. Nonetheless, the sensitivity
may become saturated when it exceeds a certain threshold.
Moreover, increasing the electric field may consistently
increase the dark current and potentially degrade the DQE
response. Therefore, an appropriate electric field is required
to achieve satisfactory imaging performance. In addition, a
pixel array with lower readout noise is necessary to achieve
high DQE performance for low-dose imaging applications.

This study has several limitations. First, a fairly ideal
detector setting was considered without taking into account
the non-uniform material responses. Clearly, these non-
idealities can potentially impact the detector imaging per-
formance. Second, we assumed that the detector functions
as a photoresistor with no photoconductive gain. However,
perovskite-based detectors may be photodiodes with a p-i-n
structure, which could have a much higher sensitivity owing
to their internal photoconductive gain [47, 48]. In addition,
traps that cause signal blurring may enhance the sensitivity
and SNR [49]. As a result, balancing signal blurring with the
SNR is important. Third, the pz values were assumed to be
equal for electrons and holes in MAPbI; [50]. However, ut;,
may be slightly greater than uz,. Consequently, the perfor-
mance of the MAPDI; detector, such as the sensitivity, MTF,
and DQE, could be slightly affected when the electrodes are
interchanged. Fourth, we assumed a uniform electric field
in the region directly opposite to the electrodes, with a zero
electric field at the pixel boundaries. In reality, a weak elec-
tric field exists at the boundaries, which may lead to issues
such as signal loss or charge sharing, thus degrading the
MTF and DQE of the detector. However, these issues can be
mitigated via advanced designs such as the implementation
of guard rings and nodal separation on CMOS chips [51].
Fifth, only one of the most popular MHP materials, MAPbI;,
was investigated in this study. For detector development, it is
necessary to explore other MHP materials in detail. Finally,
the imaging performance of the MHP DL-FPD was only
investigated for a total material thickness of 1.0 mm. For
MHP detectors made of a thicker material, it is necessary
to repeat the entire analysis. Finally, no experiments were
performed to verify the numerical predictions in this study,
owing to the lack of a DL-FPD prototype. In future studies,

@ Springer

detailed investigations should be conducted to validate the
findings presented in this work.

In conclusion, the direct-conversion DL-FPD made of
MHP material has the potential to achieve superior sensitiv-
ity, consistent spatial resolution, and high detection efficiency
compared with the traditional indirect-conversion DL-FPD
made of scintillator materials. In the future, performing high-
quality dual-energy imaging using novel direct-conversion
perovskite DL-FPDs will be very useful.

Appendix
X-ray input

The mean input quantum ®, of X-ray photons per unit expo-
sure of radiation and per unit area can be calculated as follows
[33,39]:

_ _/5.45><1013p(E)
= [ 22X PR

dE,
E-@@)/p) (10)

where p(E) is the X-ray probability density at energy E. @,
has a unit of cm=2 - R™! from Eq. 10, and it can be con-
verted in the unit cm~2 - Gy~! by multiplying by a factor of
(8.76 x 107%)~!' R/Gy [36]. The input X-ray quantum obeys
the Poisson distribution and has variance:

5y = \/&TO. (11)

X-ray absorption

The X-ray photons absorbed by the perovskite material with
attenuation coefficient a(E) and mean absorption probability
2, at any position x’ in the material can be expressed as

o=/ AE)

ECh 12

g1(E,x) =
where x is the normalized distance of thickness L, x = x' /L
(0 < x £1), and A is the normalized attenuation coefficient:
A(E) = 1/[a(E)L]. Because the interaction between the
X-ray and material is a binary selection process, g,(x) has
variance [33]:

01 (x) = g ()1 — g;(x)). (13)

EHP cloud blurring

The primary photoelectron deposits its energy and creates
electron—hole pairs (EHPs) within a distance in any direction.
This distance depends on the energy of the photoelectrons and
material. Therefore, an X-ray photon creates an EHP cloud that
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causes stochastic blurring and degrades the intrinsic spatial
resolution of the detector. The process that contributes to the
MTF can be expressed as [40]

MTF,, (E:f) = exp(—n’c(E)*f?), (14)

where o is proportional to the maximum range of the pri-
mary photoelectron R_,.. An empirical expression for R,
can be obtained from [41]:

MatE5/3
p28/9

(14 0.978 X 107°E)3/3

(14 1.957 x 10-6E)*/3’

Ry (E) = 2.761 X 1076 x
(15)

where M, is the atomic mass and Z is the atomic number.
According to [40], o can be approximated as

o =R, /25. (16)

EHP conversion

An X-ray photon with energy E is absorbed by the material and
emits a primary photoelectron that creates thousands of charge
carriers, that is, EHPs. The charge carriers are collected by the
electrodes to generate electric signals, and the mean quantity
of the carriers by an X-ray photon can be calculated as [33]

Ea,,(E)

5.(E) =
8(5) aW=*

; A7)

where «a,, is the energy absorption coefficient of the mate-
rial, and W* is the EHP creation energy. This process obeys
a Poisson distribution, and the variance can be expressed as

5, = V5. (18)

Charge collection

Charge carriers are collected by electrodes with an efficiency
g4 Assume that the electrons are collected by the bottom
electrodes. The mean efficiency g, at the normalized position
x is described by Ramo’s theorem [42] and can be expressed
as [43]

2,0 = (1 — ey + 4 (1 — 17910, (19)

where ., is the electron (hole) normalized schubweg
given by Yem) = HenTemyF'/L, and F is the electric field in
the detector bulk. The corresponding mean variance of g, is
calculated as [43]

54(0) = x2 + quh” — ype A — eI/ 0,
— Zlhxe_x/)(h — 2),/6(1 — x)e_(l_x)/)fe.

Trap blurring

Trapped charge carriers in the detector bulk also blur the
signals stochastically. The MTF owing to the charge-trap-
ping effect is denoted as MTF,., which can be modeled
by the Fourier transformation of the line spread function
of the induced charge caused by the trapped charges in
the bulk [44]. The expression for MTF,, is provided in the
literature [44]:

MTEF,, = G(f)/G(0), 2n
where G(f) and G(0) are given by

_ O + xe)(wcosechw — ¢ Swcotho — 75 /A)
nA2(1 = o /A1 + /D)1 /A — 0?)
1 1
wcosechw — e = wcothw — e = [y,

nA(L = /D) (x> — w?)
Lo 1 (22)

¢ 3 mwcosechw — €3 wcothew + e 3 /1
nA( + /D)2 — )

Kole s — V)
nA(l = y./A)

G(f)

+

and

et 2)(1— €75 =75 /A)
n(l = xo/D)A + x,/D)

1 4
_ )(e()(e_e = X€ le)

nA(l = x./A)
1 1 (23)

N _1L
In(me & m +e s — e )
nA(l+ x,/A)

1
wetoh)
nA(l = yz./A)°

G(0) =

+

where @ = 2xf, and 7 is the mean absorption efficiency that
can be calculated in combination with Eq. 12:

1
n(E) = / &1(E, x)dx. (24)
0

Aperture collection blurring
Electric signals are collected and averaged by pixels, which

results in deterministic blurring. This blurring can be
expressed as
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MTEF, = |sinc(af)|, (25)

where a denotes the pixel dimension.

Additive noise

Additive noise is mainly composed of the dark current noise
o4 and electronic readout noise 6,4, A dark current I,
exists in perovskite materials, and its fluctuations create
noise [34, 45]. The accumulated dark charge quantum Q,
contributes to the shot noise and can be calculated by inte-
grating [, over the interval time At. It follows the Poisson
distribution, which yields oy, = 1/Q,. In addition to shot
noise, the 1/fnoise is a dominant source of fluctuation [46].
However, it can only be determined experimentally and is
often unavailable for the materials of interest. Therefore, we
do not discuss the 1/f effect in this study. The dark current
contribution to the NPS can be modeled as

(26)

where e denotes the elementary charge (C). Furthermore,
the associated electronic noise includes the readout noise
O readont CONtribution. The noise is strongly dependent on the
readout technology, and its contribution to the NPS can be
modeled as

2
O-readout :

NPS 27

readout —

Overall, the NPS for additive electronic noise is calculated
as

NPS,,; = NPS, + NPS

readout*

(28)
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