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Abstract

X-ray detectors show potential applications in medical imaging, materials science, and nuclear energy. To achieve high
detection efficiency and spatial resolution, many conventional semiconductor materials, such as amorphous selenium,
cadmium telluride zinc, and perovskites, have been utilized in direct conversion X-ray detectors. However, these
semiconductor materials are susceptible to temperature-induced performance degradation, crystallization, delamination,
uneven lattice growth, radiation damage, and high dark current. This study explores a new approach by coupling an FC40
electronic fluorinated liquid with a specialized high-resolution and high-readout-speed complementary metal-oxide-
semiconductor (CMOS) pixel array, specifically the Topmetal II” chip, to fabricate a direct conversion X-ray detector. The
fluorinated liquid FC40 (molecular formula: C,;F,4N,) is an electronic medium that is minimally affected by temperature
and displays no issues with uniform conductivity. It exhibits a low dark current and minimal radiation damage and enables
customizable thickness in X-ray absorption. This addresses the limitations inherent in conventional semiconductor-based
detectors. In this study, simple X-ray detector imaging tests were conducted, demonstrating the excellent coupling capability
between FC40 electronic fluorinated liquid and CMOS chips by the X-ray detector. A spatial resolution of 4.0 Ip/mm was
measured using a striped line par card, and a relatively clear image of a cockroach was displayed in the digital radiography
imaging results. Preliminary test results indicated the feasibility of fabricating an X-ray detector by combining FC40
electronic fluorinated liquid and CMOS chips. Owing to the absence of issues related to chip-material coupling, a high
spatial resolution could be achieved by reducing the chip pixel size. This method presents a new avenue for studies on novel
liquid-based direct conversion X-ray detectors.
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1 Introduction

X-rays are electromagnetic radiation characterized by high
energy and penetration. When X-rays penetrate an object,
different materials absorb them to varying degrees. Materi-
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resulting in a relatively low spatial resolution and poten-
tial challenges in capturing fine structures and details [4].
Direct conversion detectors typically use materials with high
atomic numbers, such as silicon or selenium. When X-rays
penetrate such a detector, their energy is absorbed, creating
electron—hole pairs, which are collected by an electric field
and converted into charge signals. Direct conversion detec-
tors offer a higher spatial resolution than indirect conversion
detectors [5].

To achieve high detection efficiency and spatial resolution,
many semiconductor materials, such as amorphous silicon/
selenium, cadmium zinc telluride, and perovskites, have been
used in direct conversion X-ray detectors. In 1993, the first
amorphous silicon flat-panel detector with a PIN structure
was proposed [6]. Subsequently, amorphous selenium X-ray
detectors using inorganic materials have demonstrated
high X-ray sensitivity and spatial resolution, leading to
widespread commercial applications [7-9]. However,
amorphous selenium detectors are sensitive to temperature
changes, and rapid fluctuations (> 5 °C h™!) can result in
crystallization, leading to degraded detector performance
or even detachment of the selenium layer or film from the
detector surface. Furthermore, a high electric field bias can
cause irreparable damage to the detectors [10, 11]. Cadmium
telluride zinc (CZT) crystals, which have a large atomic
number, high resistivity, and a wide bandgap, are among the
most promising room-temperature semiconductor detector
materials. Compared with traditional material detectors,
they offer advantages such as high-energy resolution, small
size, and portability. However, CZT X-ray detectors face
challenges in crystal growth and the fabrication of large-
area detectors. Furthermore, nonuniform crystal growth
results in a nonuniform detector response, directly affecting
imaging quality [12]. In recent years, perovskite materials
have gained interest as a promising choice for the next
generation of direct conversion semiconductor materials
in X-ray detectors owing to their high X-ray attenuation
coefficient [13—16], long carrier diffusion distance, and
radiation stability. However, issues such as dark current
and noise caused by ion migration in perovskite materials
severely limit the detection limits and operational stability
of the devices [17, 18]. Moreover, perovskite materials
are susceptible to high-dose radiation damage, leading to
decreased sensitivity and performance of the detectors [19,
20]. The fabrication process for perovskite detectors is
still under development, and the achievement of large-area
high-resolution applications is challenging. In addition, the
relatively high cost of perovskite materials may limit their
widespread use in certain fields. The complex preparation
process of perovskite materials can result in significant
performance variations between different detectors, posing
challenges for calibration and interchangeability among
multiple devices. Regardless of the semiconductor material
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used in X-ray detectors, none of them are perfect. However,
as long as the corresponding application scenarios are
identified, further research is worthwhile.

In this study, FC40 electronic fluorinated liquid was
employed as a new alternative to address the limitations
of traditional semiconductor materials in direct conversion
X-ray detectors. These limitations include susceptibility
to temperature effects, delamination, nonuniform lattice
growth, and vulnerability to radiation damage. FC40
electronic fluorinated liquid is a colorless and transparent
perfluorinated chemical with excellent chemical inertness,
electrical insulation properties, thermal conductivity,
and an extremely low dark current. It is commonly used
as a thermal conductive medium in semiconductor
manufacturing facilities. Owing to its liquid form, the use
of the FC40 fluorinated liquid in the fabrication of X-ray
detectors addresses issues such as delamination and radiation
damage. Furthermore, the X-ray absorption thickness can
be customized to suit specific requirements [21-23]. This
novel approach provides possibilities for improving the
performance and reliability of direct conversion X-ray
detectors by addressing the limitations of traditional
semiconductor materials.

2 Materials and methods
2.1 Design of the detector

Figure la shows the prototype of a direct conversion X-ray
detector using FC40 electronic fluorinated liquid, compris-
ing the detector and readout system. Figure 1b shows the
schematic of the direct conversion X-ray detector using
FC40 electronic fluorinated liquid, primarily comprising the
Topmetal IT™ chip [24, 25], an FC40 electronic fluorinated
liquid device, and a beryllium layer. The top layer of the
Topmetal II™ chip consists of exposed electrodes, directly
in contact with the FC40 electronic fluorinated liquid. The
FC40 electronic fluorinated liquid device is fixed to the top
metal layer of Topmetal II” using an epoxy resin, creating
a cavity of 2 mm (the height can be customized). The top
of the cavity is sealed with a 200-pm-thick beryllium layer
using epoxy resin, enabling a convenient bias connection.
The chip bonding board supplies power, drives the chip, and
provides interfaces for connection with the readout board.
When X-rays penetrate an object and reach the FC40 elec-
tronic fluorinated liquid through the beryllium layer, a reac-
tion occurs. Under the influence of a negative bias voltage,
an electric field is generated, causing negative ions to be col-
lected by the Topmetal II pixel array within the electric field.
The collected charges are then output through the readout
circuit through a polling process.
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Fig. 1 (Color online) a prototype of a detector, with the chip mounted
on the driver board that provides power to the chip and interfaces
with the readout board. b Schematic structure of a direct conversion

2.1.1 Topmetal chip

The Topmetal IT™ chip is a pixel array chip, which collects
spatial charges directly using its top metal layer. Each pixel
has an exposed metal electrode at the top, enabling the col-
lection of spatial charges generated by the ionization of
charged particles. Under the influence of an electric field,
these charges drift to the surface of the chip and are collected
by the metal electrodes on each pixel, forming a two-dimen-
sional distribution of spatial charges. As shown in Fig. 2, the
Topmetal II” chip consists of a 72 X 72 pixel array, with a
total area of 8 mm X 9 mm. The area of the charge-sensitive
region is 6 mm X 6 mm. Each pixel has dimensions of 83 pm
X 83 pm, and the size of the top metal electrode exposed to
air owing to the opening is 25 pm X 25 pm. The design noise
target for the Topmetal II” chip is 30e™. Figure 3a shows
the overall structure of a single pixel; the Topmetal II” chip
offers two signal readout modes: analog and digital read-
out modes. Because these readout modes are independent,
the chip can operate in either an analog or a digital readout
mode or have all pixel analog readouts connected to a single
analog output buffer. In an analog readout mode, scanning
the entire pixel array enables the voltage signals from the
charge-sensitive amplifiers of each pixel to be read out by
the analog output buffer. Alternatively, the signal from any
single pixel can be selectively output. The principle of chip
simulation readout is shown in Fig. 3b. The digital readout is
stored at the bottom of each column and then output through
column polling.

ScanModule controls the selection of rows and columns
and outputs only the signal from one pixel to the output
buffer during a specific time. Each pixel has M,, M,, and
row select switches (ROW). Each column shares a column
select switch (COL). The entire pixel array shares one output

X-ray detector using FC40 electronic fluoride liquid, consisting of the
Topmetal II™ chip, FC40 electronic fluoride liquid device, and beryl-
lium layer

Fig.2 (Color online) schematic of the wire bonding of the Topmetal
II” chip, where the chip pins are connected to the pads on the bonding
board using wire bonds

buffer, M,;, and M,,. The current of the first stage of the
source follower, M, and M,,, is provided to all pixels. How-
ever, the second stage of the source follower is used for pixel
selection in scanning mode. Because of the limited driv-
ing force of charge-sensitive amplifiers within pixels, they
can be easily influenced by the row and column switches.
The first-stage source follower is necessary to isolate the
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Fig.3 (Color online) a overall structure of a single pixel in the Topmetal II™ chip. b Principle of the analog readout section of the Topmetal 11~

chip

row/column selection switches from the charge-sensitive
amplifiers [26].

2.1.2 FC40 electronic fluoride liquid

In this study, we attempted to explore the use of electronic
fluorinated liquid FC40 as an alternative material
for direct conversion X-ray detectors to address the
limitations of traditional semiconductor materials. FC40
electronic fluorinated liquid is a colorless and transparent
perfluorinated chemical with several advantageous
properties including excellent chemical inertness, electrical
insulation performance, thermal conductivity, and extremely
low dark current. It is commonly used as a thermal
conductive medium in semiconductor manufacturing
facilities. The temperature range of this liquid extends
from —57 to 155 °C, and it has wide applications in etching
equipment, ion implantation devices, testing equipment, and
other devices. The electrical resistivity of FC40 electronic
fluorinated liquid has been determined [27], revealing the
IV curve characteristics of the material. A polyethylene
container with inner dimensions of 1 cm X 1 cm X 1 cm
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was used. Copper plates were placed at both ends of the
container to serve as electrodes. The container, along with
the electronically fluorinated liquid FC40, was placed inside
a lead box and exposed to X-ray radiation. The X-ray focus
was positioned at a distance of 42.0 mm from the container
with X-ray tube settings of S0kV , voltage and 100 pA tube
current. The objective was to measure the resistivity of FC40
electronic fluorinated liquid under X-ray irradiation.

2.2 Readout system of detector

The back-end signal readout circuit comprises a
complementary metal-oxide-semiconductor (CMOS) chip
bonding board, mixed-signal conversion board, and control
board using a field-programmable gate array (FPGA) [28].
The bonding board houses the bare die of the CMOS chip.
Filter capacitors are placed on the bonding board to suppress
noise. The bonding board is connected to a mixed-signal
conversion board using pin headers. The single-ended
analog signals output from the CMOS chip are input to
the mixed-signal conversion board and then converted into
differential signals to match the input of the analog-to-digital
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converter (ADS5282, TI, USA). ADS5282 features a 12-bit
digital resolution, sampling rate of 65 Msps, and serialized
low-voltage differential signaling output interface. A 16-bit
digital-to-analog converter (DAC8568, TI, USA) on a
mixed-signal conversion board is used to configure the bias
voltage of the CMOS chip. The mixed-signal conversion
board is connected to the FPGA-based control board using
an FPGA mezzanine card connector. The control board,
which uses a Xilinx Kintex-7 FPGA, serves as a scalable
and minimal hardware core logic controller, including
Ethernet transceiver modules, two double-data rates, three
synchronous dynamic random-access memory modules
(DDR3 SDRAM), and flash configuration modules. The
FPGA-based control board receives serialized data output
from the ADS5282 and transmits the data to a computer via
Ethernet [29-31].

2.3 Digital radiography (DR) imaging platform

The self-developed X-ray DR imaging platform is shown in
Fig. 4. It incorporates two types of X-ray sources: a medical-
grade X-ray source (Varex G-242, Varex Imaging Corpora-
tion, UT, USA) and a micro-focus X-ray source (L9181-02,
HAMAMATSU, Japan). Moreover, it includes a horizontal
linear stage (model: LS12-X200, Hanjiang, China) with
a travel of 200.0 mm and a vertical linear stage (model:
STS06-X20, Hanjiang, China) with a travel of 40.0 mm.
The medical-grade X-ray tube G-242 has a maximum tube
voltage of 125 kV , and is equipped with a beam collimator to
modulate the beam shape using a fixed-beam filter of 1.5 mm
aluminum [32]. Spatial resolution testing, modulation trans-
fer function (MTF) evaluations, and PCB DR images were
obtained using the medical-grade G-242 X-ray source, and

Fig.4 (Color online) custom-built large light source X-ray (or micro-
focus X-ray) digital radiography (DR) imaging platform, where the
test object and detector are placed on a motion platform for vertical
and horizontal movements. Spatial resolution, modulation transfer
function (MTF), noise power spectrum (NPS), and DR imaging are
performed on this platform

noise power spectrum (NPS) and cockroach DR images were
obtained using the micro-focus X-ray source. The detector
enabled continuous scanning along the vertical and horizon-
tal directions on the linear stages, enabling rapid imaging
of samples larger than 5 cm X 10 cm. Specific experimental
parameter settings for each test group are presented in the
Results section. Multiple X-ray projection images obtained
from the CMOS were post-processed and stitched together
to form complete DR projections of objects. In particular,
signals corresponding to the same spatial positions were
combined, whereas those corresponding to different spatial
positions were systematically rearranged [33, 34]. For com-
parison, MTF and NPS measurements were conducted using
a commercial scintillator (CsI: TI)-based indirect conversion
CMOS flat-panel detector (model: Dexela 2329 NDT, Perki-
nElmer, USA). Notably, the experiment did not adhere to
IEC standards because of the prototype nature of the CMOS
direct conversion X-ray detector coupled with a fluorinated
liquid, which had a small size (72 X 72 pixels), preventing
compliance with IEC measurement protocols and impos-
ing restrictions on distance measurements. The experiments
were conducted under identical conditions to ensure com-
parable results.

3 Experimental results

3.1 Electronic properties of FC40 electronic
fluorinated liquid

To understand the electronic characteristics of FC40 elec-
tronic fluorinated liquid, the IV (current—voltage) curve was
measured using the test setup shown in Fig. 5a. The FC40
electronic fluorinated liquid exhibited an ideal linear current
response under X-ray radiation. With the X-ray tube current
maintained at 100 pA, the tube voltage was scanned at bias
voltages of 100, 150, and 200 V. As shown in Fig. 5b, the
current response of the FC40 electronic fluorinated liquid
was susceptible to high tube voltages.

3.2 Spatial resolution

The spatial resolution was obtained by acquiring standard
striped pattern DR images of the line-pair card (model: Type
18-d, QUART GmbH, Germany) through continuous expo-
sure to a medical-grade X-ray tube (G-242, Varex Imaging
Corporation, USA). The X-ray tube was operated at 50kV
with a tube current of 12.5 mA. The distance from the X-ray
focal spot to the center of the line-pair card was 474.0 mm
and that from the X-ray focal spot to the photosensitive layer
of the CMOS detector was 476.0 mm. While keeping the
line-pair card stationary, the detector moved at a speed of
3.0 mm/s in the vertical direction. The image of the line-pair

@ Springer



1 Page60of10 S-H.Liuetal.
Fluorinated Liquid (FC40) IV Table 1 Detector characteristics
*  Measured at 50 KVp Design feature FC40 detector Dexela 2923N detector

401 — Fc40_Fit
'<C? Pixel size (um) 83 74.8
=35 Array size 72 %72 3888 x 3072
g’ Sensitive area (mm?) 6x6 290.8 x 229.8
330 Material thickness (um) 2000 500

Detector type Direct conversion Indirect conversion
251 ; Material FC40 CsI
100 120 140 160 180 200

Voltage (V)
a

Current vs Tube Voltage

30

N
w

N
o

Current(nA)

=
(O]

-

20 25 30 35 40 45 50
Tube Volkt)age(KVp)

Fig.5 (Color online) a IV curve of FC40 electron fluorination liquid
under X-ray irradiation at S0kV, with a bias voltage range of 100
to 200 V, corresponding to an electric field increasing from 100 to
200 V/em. b X-ray tube voltage scanning at bias voltages of 100, 150,
and 200 V

card obtained by stitching is shown in Fig. 6a, demonstrating
the capability of the fluorinated liquid detector to resolve
structures with spatial frequencies greater than 4.0 Ip/mm.

3.3 MTF

The MTF measurement was performed using a medical-
grade G-242 X-ray source operating at a tube voltage of
50kV, and tube current of 12.5 mA. A 1.0 mm tungsten plate
was tilted at 3° and secured onto a linear horizontal stage.
The distance from the X-ray focal point to the tungsten plate
was 638 mm and that from the tungsten plate to the sur-
face of the CMOS detector was 2.0 mm. The tungsten plate
remained stationary while the detector moved horizontally
and vertically at a speed of 1.0 mm/s, capturing 5000 frames
per scan and conducting a total of 10 scans. The experiment
employed the tilted edge method to measure the edge spread
function (ESF) for fine sampling. Subsequently, the ESF was
differentiated to obtain the line spread function (LSF). The
obtained LSF underwent a fast Fourier transform, and its
value at zero spatial frequency was normalized to compute
the MTF [35, 36]. Under the same experimental conditions,
compared with the commercial indirect conversion Dexela
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2329 NDT detector, the FC40 electronic fluorinated liquid
detector exhibited superior MTF at low frequencies, as
shown in Fig. 6b. This demonstrates an advantage of the
FCA40 electronic fluorinated liquid material in direct conver-
sion applications. The parameters of the FC40 electronic
fluorinated liquid detector and the Dexela 2329 detector are
presented in Table 1.

3.4 NPS

NPS measurements were conducted using a micro-focus
X-ray source (L9181-02, HANAMATSU, Japan) with a
tube voltage of 50kV,, and tube current of 0.1 mA. A PCB
was fixed on a horizontal linear stage, with the distance
from the X-ray focal point to the surface of the CMOS
detector at 159 mm and that from the PCB to the CMOS
detector at 82 mm. While maintaining the PCB stationary,
the detector moved at a speed of 2.0 mm/s in both the
vertical and horizontal directions, collecting 8000 frames
per scan. The resulting NPS curve was not ideal, as shown
in Fig. 6¢, indicating a certain level of correlation within the
CMOS detector. Under identical experimental conditions,
it might exhibit slightly weaker characteristics than the
current Dexela commercial detector, particularly displaying
a reduced correlation at high frequencies. This could
potentially be attributed to the direct conversion process,
where, because of the thickness of the material, ion drifting
might cause some cross talk among ions arriving at different
pixels on the detection surface [37, 38].

3.5 Signal to noise ratio (SNR)

To measure the SNR, a 2.0-mm aluminum plate and 4.5-
mm PMMA plate were stacked non-overlapped and fixed
on a horizontal platform. The distance from the X-ray focal
point to the surface of the CMOS detector was 476.0 mm
and that from the PMMA plate to the CMOS detector was
76 mm. The PMMA plate remained stationary while the
detector moved at a speed of 3.0 mm/s in both the vertical
and horizontal directions, acquiring 5000 frames per move-
ment. The CMOS detector was biased at —3kV, and the
chip Vrest was set at 700 mV. Six tube currents and their
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Fig.6 (Color online) a

spatial resolution of the FC40 a
electronic fluorinated liquid
detector was tested using
QUART GmbH line-pair pat-
terns. The spatial resolution
stripes of ROI-1 (4.0 Ip/mm)
can be distinguished. However,
the regions of ROI-2 (4.5 1p/
mm) and ROI-3 (5.0 Ip/mm)
appear more blurred. b MTF
was measured using X-rays at

a tube voltage of 50kV  and
12.5 mA and compared with
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corresponding dose rates were scanned six times using a
medical-grade G-242 X-ray source with a tube voltage of
50 kV. The detector moved at a speed of 3 mm/s on a verti-
cal linear stage for each scan, collecting 5000 frames per
scan. Because of excessive experimental interference, the
obtained experimental results were unsatisfactory, and the
SNR results were not computed [39].

3.6 DRimaging results

The tube voltage of the micro-focus X-ray source was set to
20kV,, with a tube current of 200 pA. The cockroach was
placed inside a transparent plastic bag and suspended on
a platform. The distance from the X-ray focal point to the
CMOS detector was 159.0 mm and that from the cockroach
to the CMOS detector was 82.0 mm. Keeping the cockroach
stationary, the detector moved at a speed of 3.0 mm/s in
both the vertical and horizontal directions, collecting
10,000 frames per movement. The stitched DR image of the
cockroach obtained through this process is shown in Fig. 7a,
displaying a clear resolution of the spines on the legs of the
cockroach.

The tube voltage for the medical-grade G-242 X-ray
source was set to 50 kVp, with a tube current of 12.5 mA. A
PCB was fixed onto a horizontal linear stage, with the dis-
tance from the X-ray focal point to the CMOS detector set

o
N
~
o

to 204.0 mm and that from the PCB to the CMOS detector
set to 43.0 mm. While maintaining the PCB stationary, the
detector moved at a speed of 3.0 mm/s in both the vertical
and horizontal directions, collecting 6000 frames per move-
ment. The stitched DR image of the PCB obtained after this
process is shown in Fig. 7b, displaying a clear resolution of
the pin information of the chip on the PCB.

4 Conclusion

In this study, a CMOS direct conversion X-ray detector
coupled with FC40 electronic fluorinated liquid was devel-
oped. The setup employed a specialized high-resolution
and high-readout speed CMOS pixel array, the Topmetal
IT™ chip, coupled with FC40 fluorinated liquid. FC40, an
electronic fluorinated liquid, circumvents performance
issues, such as delamination and uneven crystal growth,
observed in traditional semiconductor materials, offering
the advantage of customizable X-ray absorption thickness.
To validate the feasibility of coupling CMOS chips with this
liquid arrangement and offer a new direction for researching
novel liquid direct conversion X-ray detectors, preliminary
experiments demonstrated imaging performances consist-
ent with expectations. The spatial resolution reached 4.0 Ip/
mm, showing an advantage in the low-frequency domain
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Fig.7 (Color online) a detector displaying the image of a cock-
roach using a micro-focus X-ray source (HAMAMATSU) operating
at a tube voltage of 20kV, and tube current of 200 pA, revealing the
spines on the cockroach’s legs. b Detector displaying the image of a

for MTF compared with commercial Dexela scintillator
indirect detectors under the same experimental conditions.
However, because of the design-related thickness of the
fluorinated liquid layer, the NPS did not meet expectations.
The experiments also produced relatively visible DR images
of the cockroach and PCB. These preliminary findings dem-
onstrate the viability of using FC40 electronic fluorinated
liquid coupled with CMOS chips to fabricate X-ray detec-
tors. This alternative approach to traditional semiconductor
materials has distinct advantages when coupled with CMOS
chips, presenting an extremely low dark current and negligi-
ble radiation damage. These characteristics suggest promis-
ing potential applications in low-energy and high-radiation
environments.

However, some limitations are also associated with
CMOS fluorinated liquid X-ray detectors. The slow charge
migration resulting from the use of FC40 electronic
fluorinated liquid, which is inert, may limit the response
speed and sensitivity of the detector. Additionally, because
of the relatively low atomic number of FC40 electronic
fluorinated liquid, its ability to block X-rays is comparatively
weak. Consequently, the performance of CMOS fluorinated
liquid detectors may be constrained in high-energy X-ray
detection.

Future studies will investigate the electrical character-
istics of the FC40 fluorinated liquid and explore methods
to test the charge-transfer efficiency. Moreover, to leverage
its advantages when coupled with CMOS chips, further
research can focus on combining FC40 with smaller pixel
Topmetal chips to create high-precision X-ray detectors that
are suitable for low-energy applications. This will assist in
expanding the application prospects of CMOS fluorinated
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PCB using a medical-grade G-242X X-ray source (Varex) with set-
tings of 50kV,, and 12.5mA, resulting in a stitched PCB DR image
that distinctly delineates the chip pins on the PCB

liquid detectors in areas such as medical imaging, materi-
als analysis, and other low-energy and high-radiation detec-
tion fields. The investigation of the electrical properties of
FC40 and the development of improved detector designs will
contribute to enhancing the performance and capabilities
of CMOS fluorinated liquid detectors. Further studies and
development will enable the exploration of new applications
and advancements in the field of X-ray detection.
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