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ABSTRACT This study proposes a new silicon X-ray sensor structure for photon-counting computed
tomography (CT), which is a next-generation low-dose X-ray imaging technique. Silicon, which is
inexpensive and has excellent processability and a lower reverse bias voltage of several tens of volts, as well
as charge transport properties, is used as the sensor material. Using silicon trench photodiodes and horizontal
X-ray irradiation method, we can achieve the performance required for photon-counting CT, including a
signal response time of less than 100 ns and an exposure dose two orders of magnitude lower than that of
conventional CT at a low cost, long device lifetime, and high reliability. The proposed sensor was fabricated,
and its photon-counting effectiveness was estimated using 4.2 MeV single o-ray and 60 keV single y-ray
photon. The pulse height spectra derived from the a-rays and y-rays were obtained with a low bias voltage
of 20 V. For the first time, a single radiation detection pulse was observed, and the pulse height spectra were
obtained using silicon trench photodiodes. Furthermore, y -ray count rate, detection efficiency, and pulse rise
time proportional to the signal charge collection time were estimated using 60 keV y-rays.

INDEX TERMS X-ray detectors, silicon radiation detectors, photodiodes, semiconductor device,

microfabrication, single y-ray photon counting.

I. INTRODUCTION

With the spread of Artificial Intelligence (AI) and the
Information and Communication Technology (ICT), society
is connected via innumerable sensors and non-destructive
imaging techniques such as X-ray diagnoses, which con-
tribute to human society.

X-ray detectors [1]-[3] have been widely developed
for non-destructive imaging. Conventional X-ray computed
tomography (CT) method (tube voltage: approximately
80 kV) and mammography (tube voltage: approximately
30 kV) use high-flux X-rays. Furthermore, the integrated
value of the energy of the transmitted X-rays is measured
from the standpoint of high-speed data processing. Therefore,
the actual X-ray energy information is lost, and the image
obtained is monochromatic information. Furthermore, the
dark current of the X-ray sensor is integrated, implying
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that an excessive X-ray irradiation dose should surpass this
dark current, and patients thus receive unnecessary exposure
doses [4].

Recently, a next-generation non-destructive X-ray imaging
technique known as photon-counting-type X-ray CT, which
uses the energy information of transmitted X-rays, has been
developed [5]-[9]. This technique provides element mapping
in X-ray images. Because only an X-ray photon detection
signal pulse that exceeds the threshold value is measured
in this method, the required irradiating X-ray flux can be
reduced, and the exposure dose can also be reduced by an
order of magnitude compared with conventional X-ray CT.
The general requirements for the photon-counting CT are an
X-ray energy range of 80 kV tube voltage, a spatial resolution
of 1 mm, a time resolution of 10 to 100 ns, and a count rate of
1 to 10 million counts/s. This technology can also be applied
to mammography.

By sharing the CT image information with not only the
patient but also physicians, hospitals, and other medical
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TABLE 1. Properties of X-ray sensor materials [2], [10]-[24].

Parameters Si CdTe Hgl, TIBr CsPbCls
Effective atomic number 14 50 62 58 69.8
 Demitygem) 2 85 04 e 42
Penetration length (mm) at 100 keV 233 1.01 0.46 0.32 0.72
 Bamdgpey) e o 25 283
Pair creation energy (eV) 3.62 443 4.2 6.5 8.1
Electron pt product (cm? V") >1 3x1073 3x10* 5x107* n/a
Hole pt product (cm* V™) ~1 2x107* 4x107 2x10°° 3.2x10*
FWHM AE (keV) at 60 keV 0.4 1.1 3.5 79 ~20
| Metngpoint®) to8s ;e o TR S
Price ($/g) 0.11 13.6 5.9 8.98 160
Notes excellent processability, harmful toxicity toxicity toxicity
harmless
institutions via ICT, there are advantages such as saving is exponentially shorter.
the diagnosis time, communicating disease information, and
avoiding unnecessary radiation exposure by omitting another Tp=Aexp(—=B-V) (H

CT scan. In particular, the image information obtained from
photon-counting CT is digital, not analog like conventional
photosensitive film images. Therefore, the photon counting
CT image is highly compatible with the Al and ICT.

Table 1 shows the properties of X-ray sensor materials.
In addition to silicon used in this study, the following
properties are presented for cadmium telluride (CdTe),
mercury(Il) iodide (Hgl,), thallium bromide (TIBr), and
CsPbCl3 materials used in other studies.

1) The effective atomic number and density related to the

penetration length of X-rays into the sensor material.

2) The mobility lifetime product (ut) related to the

collection efficiency of the photoelectrically generat-
edcharges, the charge collection time, and the energy
resolution.

3) Melting point related to the temperature tolerance

during sensor fabrication.

4) Other special notes (e. g. price).

APbX3 perovskite, TIBr, Hgl,, and CdTe have been
studied previously for use as X-ray sensor materi-
als [2], [10]-[13]. Although these materials offer high X-ray
detection efficiency owing to their high effective atomic
number and density, they have low energy resolution and slow
charge collection times because of their mobility lifetime
product (u7), which is approximately two or three orders of
magnitude lower than that of silicon [14]-[20]. Furthermore,
these materials are expensive and harmful to the global
environment. According to the following Eyring model (1),
the applied bias voltage required is also several hundred
volts or more, and the device lifetimes are short [21];
regarding the applied bias voltage, the time to device failure
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where TF is the time to failure, V is the voltage applied
to the sensor, and A and B are positive constants. These
properties are intrinsic to materials and are difficult to
improve. Furthermore, the processing technologies for these
materials have not progressed to the same level as those
available for silicon.

For instance, CsPbCl3 perovskite semiconductors have
been used as radiation sensor materials [2] using recent
crystal growth technologies. Because of its highly effective
atomic number of 69.8 and high density of 4.2 g/cm?,
radiation can be detected efficiently. Additionally, this
material has a large bandgap of 3.03 eV, which enables it
to be used as a radiation detector at room temperature. The
electron and hole mobilities are reported to be 30 cm?/(V-s),
and the hole mobility lifetime product is 3.2 x 10~ cm?/V.
A prototype Schottky-type planar CsPbClz detector was
fabricated and successfully used to detect radiation, such as
gamma rays. In [6] and [7], stripline-type silicon photodiodes
have been used as the radiation sensors. The bandgap
of silicon is 1.12 eV, which enables it to be used as a
radiation detector at room temperature. Furthermore, silicon,
the second most abundant element in the crust, is several
orders of magnitude less expensive than other elements
such as CdTe. Because silicon is harmless to the global
environment, no special equipment is required during the
sensor manufacturing process, and no special treatment is
required for its disposal. Although it has a high electron
mobility of 1350 cm?/(V-s) and a high mobility lifetime
product of 1 cm?/V [22]-[24], it has a low atomic number
of 14 and a low density of 2.33 g/cm®, which requires
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sufficient silicon thickness to detect radiation efficiently.
A silicon X-ray sensor was proposed [6], [7], in which
elongated photodiodes formed by stripline were fabricated
on a silicon substrate and incident X-rays were irradiated
along the side of the sensor to ensure sufficient thickness for
efficient X-ray absorption.

Although the silicon used in this study is a common semi-
conductor material, it has excellent processability, as well as
charge transport properties. Silicon also has a high melting
point, making it resistant to high temperatures and suitable for
high-temperature semiconductor manufacturing processes.
Moreover, silicon has been chemically processed in a way
that allows the creation of sensor structures freely. Using
this excellent processability and forming a trench photodiode
on a silicon substrate using microelectromechanical sys-
tems (MEMS) technology, a proposed silicon X-ray sensor
with the following advantages can be developed:

1) A high X-ray-to-current signal conversion efficiency
that reaches a theoretical limit of more than 80% [25]
using horizontal X-ray irradiation.

2) An X-ray photon count rate of 10 million counts/s,
which is an order of magnitude higher than that of
CdTe.

3) A sensor interior that can be completely depleted using
a low reverse bias voltage of several tens of volts.
Therefore, from the Eyring formula, the time to failure
is exponentially longer and more reliable than other
CdTe, Hgly, etc. which leads to a long device lifetime
and high-speed signal charge collection.

Therefore, with the proposed silicon X-ray sensor, it is pos-
sible to achieve a low-cost, long-lifetime, and high-reliability
photon-counting X-ray CT device with low exposure doses,
shorter inspection times, and a high-speed element-mapping
process.

In this study, we propose a silicon trench photodiode
with the aforementioned advantages for photon-counting-
type X-ray CT applications, and can detect X-rays of 80 kV
tube voltage with a high detection efficiency of 83.8% by
applying the X-ray horizontal irradiation method [25], [26].
An X-ray sensor is fabricated, and its effectiveness as a
photon counter is estimated by irradiating it with a-rays
and y-rays to observe a signal pulse to obtain pulse-height
spectra. The a-rays are a type of single radiation and are
used initially to confirm the correct operation of the radiation
sensors. The 60 keV y-rays are used to estimate y-ray photon
detection efficiency and pulse rise time proportional to the
signal charge collection time for photon counting method.

Il. SILICON TRENCH PHOTODIODES

The silicon strip sensor has been evaluated for photon
counting type CT (X-ray energy: 40 to 120 keV) [7], and
irradiation X-rays from the horizontal direction of the sensor
confirmed high detection efficiency even for hard X-rays with
long penetration length. However, because the PN junction
photodiodes are formed only on the substrate surface, and
there is poor X-ray detection area in the depth direction
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of substrate, the X-ray incident area size of the voxel
viewed from the horizontal direction of the sensor is narrow.
Moreover, a reverse bias voltage of 600 V is required to
deplete the entire sensor to ensure a complete X-ray sensitive
area.

As shown in Fig. 1, an X-ray sensor structure for photon
counting was proposed [25], [26]. PN junction photodiodes
are formed in a trench shape on a P-type silicon substrate
using MEMS technology. As shown in Fig. 1(a), trench
photodiodes with PN junctions are formed in the depth and
horizontal directions of the substrate. As shown in Fig. 1(b),
X-rays are irradiated from the horizontal direction of the
sensor; the X-rays penetrate along the trench photodiode;
and the photoelectrically generated electron—hole pairs are
immediately collected by the trench photodiode without the
diffusion and recombination of the generated charges.

In conventional PIN diodes, electrodes are formed on the
sensor surface. Therefore, the time for the charge generated
inside the sensor to reach the surface electrode is necessarily
longer, resulting in a longer response time. On the other hand,
in the proposed method, charge collection electrodes are
formed inside the sensor by trench photodiodes. Therefore,
the charge collection time can be shortened, and a high-speed
response can be achieved. In addition, since a PN junction
is formed inside the sensor, a wide depletion region can be
formed with a low reverse bias voltage of several tens of
volts. Since X-rays are photoelectrically absorbed directly in
the completely depleted sensor, the generated charges can
be collected immediately by drift without waiting for the
diffusion of the charges.

By thickening the silicon substrate and fabricating
a deeper trench photodiode with applying conventional
frontside-irradiating method to improve the quantum effi-
ciency for detecting hard X-rays, the trench photodiode
can collect the generated charges before the diffusion and
recombination of the charges. However, as shown in Fig. 2,
the deeper the trench photodiode is, the more difficult it
is technically to fabricate the trench photodiode, and the
trench photodiode tip tapers off. Under this condition, the
electron-hole pairs photoelectrically generated in the deep
position of the substrate by the incident X-rays diffuse and
recombine before being collected by the trench photodiode,
and charge sharing occurs between two or more surrounding
pixels (voxels).

In the proposed sensor, the X-ray incidence window of a
voxel from the horizontal direction of the sensor can be wider.
Moreover, the effective length of the trench photodiode can be
formed long within the diameter of the wafer substrate, which
greatly improves the detection efficiency of X-rays irradiated
from the horizontal direction. Even the electron—hole pairs
photoelectrically generated by long-penetrated X-rays can
be immediately collected by the horizontally long trench
photodiodes before the electron-hole pairs diffuse and
recombine; therefore, charge sharing among voxels can be
suppressed. The proposed silicon X-ray sensor chip with a
substrate thickness of 550 um and an effective horizontal
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FIGURE 1. Proposed silicon X-ray sensor [25]. PN junction silicon photodiodes are formed in the trench shape in the depth direction of the wafer
substrate and the horizontal direction. In the horizontal direction, a trench photodiode can be formed within the diameter of the substrate and with a
length that is approximately the X-ray penetration length. X-rays are irradiated along with the trench photodiode from the horizontal direction of the
sensor substrate. (a) The cross-sectional structure of the proposed X-ray sensor. The interior of the sensor can be completely depleted with a lower bias
voltage. Multiple trench photodiodes are electrically connected in parallel to form a single pixel (voxel). (b) The principle of the high detection efficiency
of X-rays. Because hard X-rays penetrate the trench photodiode, even the electron-hole pairs photoelectrically generated at a long penetration length can
be collected immediately and efficiently before the electron-hole pairs diffuse or recombine. Moreover, charge sharing among voxels due to the diffusion

of the electron-hole pairs can be suppressed.

length of 20.0 mm using arraying pixels was fabricated,
and hard X-rays with a tube voltage of 80 kV were
continuously irradiated along the horizontal direction of
the sensor, and the operation of the sensor in the current
mode was estimated [25]. Consequently, X-rays detection
efficiency of 83.8%, which reaches the theoretical limit
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at a low reverse bias voltage of 25 V, was demonstrated,
indicating that the proposed sensor is suitable for hard X-ray
detection.

In the proposed method of horizontal X-ray irradiation,
the sensor chip itself is a line sensor and can function as an
X-ray sensor for an X-ray CT scanner. As shown in Fig. 3,
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FIGURE 2. In the conventional frontside-irradiating method, the quantum
efficiency increases if the silicon substrate thickness is thicker. However,
there is a technical limit to the fabrication of deep trench photodiodes,
and the trench photodiode tip tapers off. As a result, the electron-hole
pairs photoelectrically generated in the deep position of the substrate
leak to surrounding pixels (Pixel (n — 1) and Pixel (n + 1)) via diffusion,
and charge sharing occurs.
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FIGURE 3. The proposed sensor chip itself as a line sensor and can be
used as an X-ray CT; however, two-dimensional imaging is available by

arraying or stacking multiple sensor chips using bump-bond technology
as needed.

two-dimensional X-ray imaging can be performed by array-
ing or stacking multiple sensor chips as needed.

Conventional indirect X-ray detection methods using
scintillators have an absolute fluorescence efficiency of
approximately 10% [27]-[30]. Therefore, using the proposed
method, an X-ray CT image equivalent to that obtained using
conventional CT can be obtained at an exposure dose one
order of magnitude lower than that of conventional CT.

Furthermore, using the proposed method to perform
photon-counting-type X-ray CT, which indicates a low
exposure dose in principle, and an acceptable exposure dose
two orders of magnitude lower than that of conventional
CT can be achieved. Furthermore, because the PN junction
photodiodes are formed deep within the sensor substrate,
the interior of the sensor can be completely depleted
using a low applied bias voltage of several tens of volts.
Therefore, the signal charge generated photoelectrically
through X-ray absorption can be collected quickly and
without loss, resulting in a long device lifetime and high
reliability.

A P-type floating-zone silicon wafer with a resistivity
of 1500 = 500 Q-cm (impurity concentration: 1.0 x
10'3 cm™3), and a substrate thickness of 550 um was used
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FIGURE 5. Photograph of the fabricated sensor. Part of the sensor is cut
away to enable cross-sectional scanning electron microscope (SEM)
observation.

as the sensor substrate to completely deplete the interior of
the sensor using a lower bias voltage of several tens of volts.
Because the electron drift mobility of silicon at 300 K is
approximately twice as high as that for holes [22]-[24], the
signal detection side of the photodiode is the N-type cathode
side, and a positive potential is applied to this cathode during
reverse bias. The photodiode anode is P-type, and the sensor
substrate has a negative potential.

Fig. 4 shows a pixel-layout diagram. In each pixel, multiple
trench photodiodes are formed, and these trench photodiodes
are electrically connected in parallel.

The space between these trench photodiodes is set to be
approximately twice the width of the depletion region that is
formed when a reverse bias voltage of approximately 20 V
is applied, and this width is set at 120 um as a result of
device simulations. The width of each trench photodiode
is set to 17 um. The pixel size is 1 mm square, and eight
trench photodiodes are formed in each pixel. The sensor
was fabricated with only the first metal layer with a film
thickness of 300 nm, and no interlayer dielectric film was
deposited. X-rays can be detected efficiently along the trench
photodiodes, or the effective sensor length can be elongated
by arraying or stacking multiple sensor chips, resulting in a
high X-ray detection efficiency. Fig. 5 shows a photograph
of the fabricated sensor, and Fig. 6 shows a cross-sectional
image of the sensor acquired by scanning -electron
microscopy. The trench photodiodes are formed at a depth
of 170 pm.
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FIGURE 6. Cross-sectional SEM image of fabricated sensor. The trench
photodiodes are formed at a depth of 170 um.

Ill. «-RAY DETECTION EXPERIMENT

A. o-RAY SOURCE

The fabricated sensor is irradiated using «-rays, the «-ray
detection pulse is observed, and the pulse height spectrum
is obtained. The X-ray detection efficiency that reaches the
theoretical limit has been demonstrated using the trench
photodiode and horizontal X-ray irradiation method in the
current mode irradiating continuous X-rays [25]. Therefore,
the proposed silicon sensor is suitable for X-ray detection.
However, because the X-rays used in [25] are generated from
an X-ray tube and show a continuous spectrum, estimating
the peak of the energy spectrum is difficult. The operation
of the proposed sensor in pulse mode has been estimated
by uraninite as the unregulated radiation source, which has
a weak intensity of radiation and emits monochromatic
4.2 MeV «-rays. Uraninite is a natural uranium oxide with a
uranium composition ratio of>>U:>38U = 0.7:99.3. Because
the majority of the atoms in this radiation source are 233U,
it mainly emits single 4.2 MeV «-rays and decays with a
half-life of 4.5 x 10° years [31]. In the initial development
of radiation sensors, -rays have been used to confirm their
operation [32], [33].

Fig. 7 shows a photograph of the fabricated sensor,
the signal measurement circuit, and the radiation source.
The sensor is irradiated with a-rays. The distance between the
radiation source and the sensor is 1.0 mm. When a charged
particle such as an a-ray penetrates a substance, the incident
particle decelerates while repeatedly scattering and colliding
with atoms inside the substance. According to the Bethe-
Bloch formula [34], [35], the incident particle displays a large
ionizing effect immediately before reaching the penetration
range as the stop position.The depth of the conventional
PN junction photodiode is 1 wm. The penetration range of
4.2 MeV «-rays in silicon is approximately 19 um [36]-[38].
Because a trench photodiode at a depth of 170 pm is formed
in the sensor substrate, the charges generated by ionization
due to a-rays can be completely collected. Therefore, the
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FIGURE 7. Photograph of the fabricated sensor, radiation source, and
signal measurement circuit. The radiation source uses uraninite, which
emits 4.2 MeV a-rays. The sensor is irradiated with «-rays to obtain a
single «-ray detection pulse from its signal measurement circuit. The
distance between the radiation source and the sensor is 1 mm.

effectiveness of the trench photodiode can be confirmed using
a-rays.

B. SIGNAL MEASUREMENT CIRCUIT

Fig. 8 shows the configuration of the signal measurement
circuit. A constant reverse bias voltage Vs is applied to the
anode of the trench photodiode. The reset transistor P1 is set
to operate in the subthreshold region, and a potential based on
Vpix 18 applied to the trench photodiode cathode. The cathode
potential of the trench photodiode decreases transiently with
a pulsed shape because of radiation absorption. This decrease
in the cathode potential is converted into a current pulse by the
amplified MOS image transistor P2. In the subsequent stage,
the current—voltage conversion circuit comprising N1, N2,
and P3 converts this current pulse into a voltage signal Voy;.
The Vg of the signal measurement circuit shown in Fig. 8 is
connected to N2 and P3. An operational amplifier (OPAMP:
model number HFA1100IBZ, Renesas/Intersil Inc.) with Vier
set to 2.2 V is connected to Vg to perform impedance
conversion. Vo, is converted to the stable detection pulse
signal Vamp, which indicates a low output impedance. During
irradiation, the Vmp is observed via a digital oscilloscope,
and the pulse waveform data of Vymp are stored in a PC;
the oscilloscope is also controlled using the PC. An original
C-language program with a peak-hold analysis function is
then used to obtain the pulse-height spectrum from the stored
pulse signal data.

C. MEASUREMENT RESULT

Fig. 9 shows an example of an observed «-ray detection pulse
signal. The «-ray measurements and analysis conditions are
listed in Table 2. The pulse rise time is proportional to the
generated charge collection time, and the pulse height is
proportional to the «-ray energy. The rise time was observed
to be 114 ns and the pulse height was observed to be 1.24 V.
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C-language program
with a peak hold analysis
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OPAMP
Trench Photodiode M1 N2
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Vbias %/

int main( 4
Digital voltage=atof{vx);
Vamp Oscilloscope FC fscanf(fp2,"%s¥n" vi);

¥
[Pulse height spectrum |

FIGURE 8. Circuit diagram for signal measurement. The trench photodiode absorbs the radiation, which is converted into a current pulse at transistor P2.
A current-voltage conversion circuit comprising N1, N2, and P3 then converts the current pulse into a voltage signal Vout, and the stable voltage pulse
Vamp is generated by the operational amplifier (OPAMP) as impedance conversion. The detected pulse signal data are stored in the personal computer
(PC), and the pulse height is analyzed using an original C-language program to obtain the pulse height spectrum.

0'2 1 1 1 T 1 T 1

0.0

Vout [V]

-1.0

-1.2

_14 1 1 1 1 1 1 1

.05 0.0 05 1.0 15 20 25 3.0
Time [ps]

3.5

FIGURE 9. Example of an «o-ray detection pulse waveform Vamp. The
measurement conditions are given in Table 2. The output offset voltage is
calibrated to be 0 V. In this example, the rise time was observed to be
114 ns and the pulse height was observed to be 1.24 V.

This pulse signal is the first single radiation detection signal
observed. Therefore, we have demonstrated that the proposed
sensor can detect radiation in pulse mode for the first
time.

Fig. 10 shows the obtained pulse-height spectrum. The
blue solid line represents the pulse height spectrum when
the sensor is irradiated with «-rays, and the gray solid line
represents the pulse height spectrum when the sensor is not
irradiated with «-rays. Such a radiation energy spectrum is
the source data for element mapping in photon-counting CT.
At a pulse height of 1.24 V, a peak was observed. This peak
is derived from the 4.2 MeV «-rays emitted by the radiation
source.
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TABLE 2. Parameters used for o-ray detection experiments.

Symbol  Quantity Value

Vbias bias voltage 20V
CPpix pixel reset voltage 50V
va power supply voltage 50V
Vet control voltage for operating point 46V
Vref reference voltage 22V
R resistancel 200Q
R resistance2  2kQ
ot irradiation time ¢ 6h
N number of stored pulse signals | 13100
o signal samplingrate ~ 250GS/s
ET binnumber 500
Wi | binwidh  4mv___

The peaks in the spectrum also have an observed width.
Between the sensor and the signal measurement circuit is
a long bonding wire of approximately 1 cm in length.
Furthermore, the sensor and the signal measurement circuit
are not stored in a shielded box. Noise components were
picked up for the reasons stated above. Therefore, a spectrum
with a peak in this width appeared. The noise components
are also distributed from O to 0.5 V. Furthermore, the width
of the 1.24 V -ray detection peak width is symmetrical, and
a broad-spectrum distribution is observed on the lower pulse
height side. The reasons for these observations are as follows.

1) The o-rays generated within the radiation source are
decelerated by the radiation source itself and emitted
to the exterior of the radiation source. Therefore,
the sensor absorbed «-rays with energies lower than
4.2 MeV.

2) These «-rays were absorbed around the pixel, and
part of the generated signal charge leaked out of the
pixel. Therefore, the number of charges collected was
reduced.
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FIGURE 10. Pulse height spectrum of «-ray detection pulse Vamp. The
blue solid line represents the spectrum at the time of «-ray irradiation,
and the gray solid line represents the background (BG) spectrum.

3) The electric field is weak around the outer perimeter
of the depletion region of the trench photodiode.
Before these charges are collected, part of the sig-
nal charge generated around the outer perimeter of
the depletion region disappears after recombination.
Therefore, the number of collected charges was

reduced.
The fabricated sensor was irradiated using «-rays; the

signal pulses were observed, and the pulse height spectrum
was obtained. We have demonstrated for the first time that
the proposed sensor structure can detect a single radiation in
the pulse mode, and developed the fundamental technology
for a radiation sensor.

IV. y-RAY DETECTION EXPERIMENT

A. y-RAY SOURCE

The energy of X-rays used in photon-counting X-ray CT is a
tube voltage of 80 kV. In this study, the y-ray detection pulse
rise time, pulse height spectrum, and detection efficiency
were estimated using 60 keV monochromatic y-rays. The
mass attenuation coefficient of the photoelectric absorption
for 60 keV y-ray in silicon is 1.29 x 10~ cm?/g [39]. >*! Am
(americium-241) was used as a radiation source emitting
60 keV y-rays. This source, with a half-life of 432 years,
emits 60 keV y-rays with a probability of 35.9% per decay.
The prepared 2*! Am source has a radioactivity of 8 kBq and a
disc shape with a radius of 1.2 mm; it is not regulated because
the radioactivity is low. This radiation source also emits
a-rays; however, by covering the source with plain paper,
«-rays can be shut out and only y-rays can be irradiated to
the sensor.
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FIGURE 11. New signal measurement circuit diagram. The trench
photodiode absorbs the radiation, and the generated charge Q is collected
in the feedback capacitance C; of the operational amplifier (charge
amplifier) to obtain the output signal Vamp = Q/C;. This output signal
Vamp is independent of the photodiode capacitance. The pulse height of
the output signal Vamp is proportional to the generated charges Q. The
pulse signal from the charge amplifier is shaped by a main amplifier, and
the pulse height spectrum is obtained by a multi-channel analyzer.

B. SIGNAL PROCESSING CIRCUIT SYSTEM FOR y-RAY
PHOTON DETECTION

The signal charges Q generated by the absorption of radiation
are collected once in a trench photodiode itself with a detector
capacitance Cq in the measurement circuit (Fig. 8) used in
this study, and the cathode potential of the trench photodiode
transiently decreases with AV ,. The equation is expressed
as AV = —Q/Cq. Therefore, the output pulse signal
Vout observed by the signal measurement circuit used in this
study depends on the photodiode capacitance C4. Under the
detection experiment of 60 keV y-rays, the pulse height of
Vout 1S low and signal-to-noise ratio is low because the trench
photodiode has a large capacitance of ~1 pF. Furthermore,
the photodiode capacitance Cq fluctuates with the number of
collected charges, making it difficult to estimate the correct
incident radiation energy.

As shown in Fig. 11, a charge amplifier with a feedback
capacitance Cr as a new signal measurement circuit was
designed. In this new circuit, the generated charges Q are
collected in the feedback capacitance Cf, and the output
pulse height signal V., from the charge amplifier is
directly determined by Vamp = O/Cy, and then the pulse
exponentially decreases because of the discharge through
the feedback resistance Ry. Therefore, the output signal
Vamp is independent of the large and fluctuating photodiode
capacitance Cq. Furthermore, because the pulse height of the
output signal V,mp is simply proportional to the generated
charges Q, estimating the energy of the detected radiation is
easy. In this circuit design, an operational amplifier (OPAMP:
model number LTC6268-10, Analog Devices/Linear Inc.)
with a slew rate of +1500 V/us, —1000 V/us, supply voltage
of £2.5 V approximately limited by LTC6268-10 datasheet,
and a gain bandwidth product of 4 GHz was used as a
charge amplifier. By designing the feedback resistance Ry
of 1 MQ and feedback capacitance Cr of 25 fF with a gain
of 40 V/pC, which is sufficient to prevent the charge amplifier
from oscillating, the circuit simulation estimates that even the
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FIGURE 12. Estimation systems of the y-ray detection experiment.
Fabricated sensor is attached on the printed circuit board containing the
designed charge amplifier. Printed circuit board and 24! Am y-ray source
installed inside a metal enclosure. The sensor and radiation source were
placed by facing each other and the distance between them was 1.5 mm.
y-rays are irradiated from the horizontal direction of the sensor. The
output of charge amplifier in the printed circuit board (PCB) is connected
to the main amplifier, and this main amplifier is connected to the
multi-channel analyzer (MCA). The pulse height spectrum is obtained by
the MCA, and is shown in red in the PC monitor.

hard single y - rays of 60 keV can be observed as a high pulse
height of approximately 107 mV. Note that this electronics
is no longer designed for 4.2 MeV «-rays detection, but for
60 keV y-rays because the pulse height of «-ray detection
pulse 7.5 V exceeds the supply voltage of +2.5 V of the
charge amplifier.

Experimental system for y-ray photon detection is shown
in Fig. 12. A dedicated printed circuit board (PCB) con-
taining the designed circuits is fabricated as a new signal
measurement circuit. A fabricated X-ray sensor with voxels
of effective sensor length of 20 mm, width of 20 mm, trench
depth of 300 wm, and sensor chip thickness of 550 um was
attached to this PCB. The pitch of the trench photodiode
of the proposed X-ray sensor is 166.6 um. It can be used
in X-ray imaging as it is, but if the amount of information
is reduced and spatial resolution is not so much required,
a wide pixel can be set up by electrically connecting the
cathodes of neighboring trench photodiodes in parallel with
each other with a wiring layer, thus widening the pixel pitch.
For example, six trench photodiodes can be connected in
parallel to form a pixel pitch of 1 mm. Thus, the pixel pitch
can be selected at the time of sensor design.

In the target voxel, a reverse bias voltage of —20 V is
applied to the anode of the trench photodiode, which is the
substrate, and the cathode is connected to the charge amplifier
by wire bonding. In both sides of the target voxel, the cathode
is connected to the GND level to prevent photoelectrically
generated charges from leaking to the target voxel. A *! Am
radiation source was attached in front of the sensor and the
response of the proposed sensor is obtained using 60 keV
y-rays emitting from the radiation source. The distance
between the radiation source and sensor was 1.5 mm.
y-rays are irradiated from the horizontal direction of the
sensor. The sensor, PCB, and radiation source were installed
inside a metal enclosure. The pulse signal from the charge
amplifier is shaped by a main amplifier (model number
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FIGURE 13. Example of a 60 keV y-ray photo-electric detection pulse
waveform Vamp from charge amplifier. The measurement conditions are
given in Table 3. The output offset voltage is calibrated to be 0 V. In this
example, the rise time was observed to be 12 ns and the pulse height was
observed to be 104 mV.

TABLE 3. Parameters used for 60 keV y-ray detection experiments.

Symbol  Quantity Value

distance between 2*' Am radiation source
and sensor

G gain of main amplifier 15

4467A, CLEAR-PULSE CO., LTD), and the pulse height
spectrum is obtained by a multi-channel analyzer (model
number MCA-8000D, AMETEK/Amptek Inc.).

C. MEASUREMENT RESULT

Fig. 13 shows an example of an observed single 60 keV
y-ray detection pulse signal from the charge amplifier.
Table 3 lists the y-ray measurements and analysis conditions.
The pulse rise time is proportional to the generated charge
collection time, and the pulse height is proportional to the
y-ray energy. In this example of a pulse signal, the rise
time was observed to be 12 ns and the pulse height was
observed to be 104 mV. The decay time was ~100 ns,

VOLUME 10, 2022



T. Ariyoshi: Response Properties of Silicon Trench Photodiodes to Single «- and y-Ray in Pulse Mode

IEEE Access

TABLE 4. Parameters used for numerically calculating the y-ray counting
rate using (4)—(7).

Symbol Quantity Value
By yrayenergy 00keV
liner attenuation coefficient of silicon 0.30 cm”!
s substrate at 60 keV y-ray . .
distance between radiation source and
do 1.5 mm
____________ sensorvoxel T .
R, radius of the radiationsource ~~ 12mm
20 incident window size of the voxel 300 ym
2b  incident window size of the voxel 120 pm
_Vwenn ____Tatio of trench region tovoxel 012 .
Lo effective voxel length 20mm_
(I radioactivity of the radiation source 8kBq
P emission probability of y-ray from the 35.9 %

241 Am radiation source per decay

and these properties are sufficiently suitable for the target
photon counting type CT. The future challenge is to realize
faster photon observations by increasing the density of trench
photodiodes and optimizing circuitry, including feedback
capacitance and feedback resistance. The CsPbClz sensor
with a high attenuation coefficient [2], which requires a bias
voltage of several 100 V, shows a rise time of 20 us, and the
stripline-type silicon photodiode [6], [7] shows a rise time of
100 ns. In this study, the proposed sensor can achieve a rise
time of ~10 ns. Under a low bias voltage of several tens of
volts, we demonstrated a rise time that is more than an order
of magnitude faster than the abovementioned sensors.

The pulse height spectrum with and without the radiation
source was observed. The former is called gross and the
latter is called background. The measurement time was
55.5 h (200,000 s). As shown in Fig.14, the net pulse
height spectrum of the y-ray detection pulse was obtained
by considering the difference between gross and background.
The discrimination level was set to 1300 channel. Because
the irradiated y-ray is 60 keV, a peak is confirmed at
1365 channel number in the pulse height spectrum. The
bin width Wy, of the pulse height spectrum is 1.22 mV,
and the gain of the main amplifier G is 15. Therefore,
this peak is calculated to be 111 mV, which is the pulse
height from the charge amplifier, and is almost the same
as the estimated value. The measurement time ¢, and 1, for
gross and background were both 55.5 h (200,000 s), and
the counted values were Ny = 794,963 and Ny, = 773,144,
respectively. The net counting rate r of y-rays is the following
equation:

rErg—rbzﬂ—& 2)
1g tp

The calculation result of 7 was 1.09 x 10~! cps. Assuming
that the y-ray count follows the Poisson distribution, the
standard deviation of the net counting rate oy is as follows
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FIGURE 14. The net pulse height spectrum of the 60 keV y-ray detection
pulse. This spectrum was obtained by subtracting the background
spectrum from the spectrum during y-ray irradiation. The measurement
time is 55.5 h (200,000 s). A peak is confirmed at 1365 channel
corresponding to the y-ray energy of 60 keV.

from the propagation of errors:

3

The calculation result of o, was 0.063 x 107! cps. Therefore,
the relative standard deviation of the net counting rate is 5.7%,
and it is inferred that y -rays were detected by the sensor.

D. COMPARISON WITH THEORETICAL CALCULATION OF
y-RAY PHOTON COUNTING RATE

In this experiment, the detection pulses of y-ray photons
are observed with a disc-shaped radiation source and a
fabricated sensor facing each other. Therefore, the y-ray
counting rate is determined by the detection efficiency of the
sensor, the geometric conditions between the radiation source
and the sensor, and the intensity of the radiation source.
In this section, we examine these factors that determine the
y-ray counting rate, compare the theoretical value of the
y-ray counting rate with the measured value obtained in
the previous section, and demonstrate the validity of the
experiment. Fig. 15 shows a schematic of the configuration
of the disk-shaped radiation source and sensor in this
experiment. The probability that y-ray penetrates through
the sensor from the incident window to a distance / and is
absorbed during d/ is given by the following equation: the
differential intrinsic detection efficiency de;y;,

deins = exp (—pl) - pdl 4)

where  is the linear attenuation coefficient. The distance
between the radiation source and sensor with the rectangular
incident window is dp. The solid angle 2 (/) at which the

56227



IEEE Access

T. Ariyoshi: Response Properties of Silicon Trench Photodiodes to Single «- and y-Ray in Pulse Mode

effective Voxe| length ;

y-ray incident window
" (2a % 2b)

y-ray radiation source(¢p=2R,)

FIGURE 15. Layout of the disk-shaped radiation source and the sensor
(voxel). The distance between the radiation source and the sensor is dj,
the radius of the source is Rs, the size of the y-ray incident window of the
voxel is 2ax2b, and the effective voxel length is L.

radiation source looks within the detector (distance: [ from
the sensor surface) is given by the following equation:

4 Ry 2 a b
sz(l)=—/ dr~r/ d(p/dx/dy
As-do+D*Jo 0 o *Jo 0
2 5

2
X [1 + — 5+
(do+1) (do+1)
T x2 4 y2
-2 3 cos {pg
do+1V\ (dy+1)

-3/2
-1 X
— COS <x—ﬁy2) }i| (5)

The geometric condition and equation for this solid angle
are based on the textbook [40] by Tsoulfanidis ef al., where
Ag and Ry are the area and the radius of the disk-shaped
radiation source, respectively, and 2a x 2b is the active area of
the rectangular incident window of the voxel. With a reverse
bias voltage of —20V, the depletion layer of the voxel shows
a rectangular incident window with an area of 2ax2b. This
solid angle €2 (/) considers that although y-rays enter into
the voxel, they are not absorbed by the isotropic diffusion of
y-rays and exit through the side of the voxel. This amount
depends on the distance / from the y-ray incident window
of the sensor. The trench region in the voxel is insensitive to
y-rays and requires to be corrected for this insensitive part.
The ratio of trench area to voxel is Vencn. The effective length
of the voxel viewed from the horizontal direction of the sensor
is L. The absolute detection efficiency &, is given by the
following equation:

(do +1)*

1
Eabs = (1 = Virench) - — / Q) -dejm
4

1 L
= (1 = Vo) - / Q1) -exp (—ul) - udl (6)
7 Jo

The radioactivity intensity of the radiation source is 7, and
the emission probability of y-rays from the radiation source
is P. The y-ray counting rate r of voxel is given by the
following equation:

r=1-P-ggps @)
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Table 4 lists the parameters used to calculate the theoretical
value of the y-ray counting rate r. Under the conditions
shown in Table 4, the y-ray counting rate r from (4)—(7)
was numerically calculated and found to be 1.07 x 10~! cps.
From the previous section, the measured y-ray counting
rate is 1.09 x 10~! cps, which almost corresponds to the
numerical calculation.

The ratio of this counting rate » (L = 20mm) to the
counting rate r (L — oo) when the sensor length L is set
to infinity, n:

_ r (L =20mm)
T (L > 00)

®)

n is the detection efficiency of y-ray photons. In this study,
n = 97.5%, indicating that most of the incident 60 keV y-ray
photon into the fabricated sensor can be detected.

For a conventional silicon photodiode with a PN junction
depth of 1 pum, the y-ray counting rate was calculated to
be 6.61 x 1073 cps. Therefore, by forming the photodiode
in a trench shape and elongating the effective sensor
length L of the voxel, y-ray photons can be efficiently
detected in pulse mode by horizontal y-ray irradiation
method.

E. COMPARISON WITH OTHER STUDIES

In a CsPbClz sensor [2], a bias voltage of several hun-
dred volts should completely expand the depletion layer.
According to Eyring’s formula [21], the application of a high
bias voltage results in a shorter device lifetime and lower
reliability. Furthermore, the material is expensive, harmful
to the global environment, and has poor processability.
Furthermore, the lower carrier mobility limits the dynamic
range in the photon-counting method, resulting in a slow
signal rise time of 20 us.

In stripline-type silicon photodiodes [6], [7], to increase
the collection efficiency of the generated signal charges
from the incident X-rays, it is necessary to completely
deplete the sensor thickness of 500 pum, which requires
an extremely low impurity concentration of the sensor
substrate at the limit of 1.0 x 10'> cm™3 and a high bias
voltage of 600 V. Although the signal rise time is <100 ns,
there are problems of exponentially shorter device lifetime
and lower sensor device reliability according to Eyring’s
formula.

In the proposed sensor, a photodiode with a silicon
substrate impurity concentration of 1.0 x 10'3 cm=3 was
formed in a trench shape on the substrate. The entire
sensor can be easily depleted with a low bias voltage
of several tens of volts, and the generated charges can
be effectively collected and faster using horizontal X-ray
irradiation. In this study, a silicon sensor that is inexpensive,
harmless, and has excellent processability can achieve a fast
signal rise time of 12 ns at a lower bias voltage of 20 V.
This can ensure a long device lifetime, high sensor device
reliability, and a wide dynamic range in the photon-counting
method.
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FIGURE 16. A proposal to form slits between two voxels to suppress charge sharing further. (a) The cross-section of the proposed X-ray sensor with the
slit. (b) A 3-D view of the proposed X-ray with the slit. The X-rays are irradiated from the horizontal direction of the sensor chip along with the
lengthened trench photodiode with high quantum efficiency. The effective sensor length is several tens of millimeters. Multiple trench photodiodes are
electrically connected in parallel to form a single pixel (single voxel). The simple slit can be easily formed between two pixels (voxels) using the
semiconductor microfabrication technology. Because the charge photoelectrically g ted in the pixel (voxel) does not leak to surrounding

pixels (voxels) through this slit, no charge sharing between two or more pixels (voxels) occurs.

V. FUTURE WORKS horizontal direction, the charges photoelectrically generated
A. TO SUPPRESS CHARGE SHARING FURTHER in the voxel are immediately collected in that voxel,
A long and deep trench photodiode is fabricated in the and charge sharing between surrounding voxels can be
voxel, so that when X-rays are irradiated from the sensor’s suppressed. A separation slit will be fabricated between two
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voxels in future, as shown in Fig. 16(a)(b). This device
structure prevents the generated charges from leaking out
to surrounding voxels, and charge sharing can be further
suppressed. Creating a simple slit is possible because the
fabrication technology of the trench photodiode has been
developed. This slit can be fabricated using semiconductor
lithography technology simultaneously with the trench pho-
todiode groove. This slit is masked to fabricate a simple slit
during the later fabrication of an N-type trench photodiode
and metal wire deposition. The slit may be designed without
adding a new fabrication process by simply drawing the slit
pattern to the photomask for the deep reactive ion etching
procedure of trench photodiodes. Compared to a bump-bond
design, because only a portion of the sensor chips are bonded
when the chips are stacked in bump-bond arrangement, the
insulation between most chips is considerable and charge
sharing is not possible. Owing to the use of horizontally
long trench photodiodes and horizontal X-ray irradiation
in this study, the signal charges photoelectrically generated
from X-rays with long penetration length can be efficiently
and quickly collected before they diffuse or recombine,
preventing charge sharing among voxels. Although trench
photodiodes are simple to fabricate in the horizonta0Ol
direction, fabricating deeper trench photodiodes in the depth
direction to enlarge the X-ray-sensitive region of the sensor
is a challenge. The fabrication of the slit that does not leak
signal charges to surrounding voxels is the same as that for the
trench photodiode mentioned above. To preserve an X-ray-
sensitive region, this slit must be fabricated deep and narrow
in the silicon substrate.

B. TO IMPROVE SIGNAL-TO-NOISE RATIO

If the gain of the charge amplifier is increased, the pulse
height of the y-ray detection signal pulse can be increased,
resulting in a higher signal-to-noise ratio. Therefore, the
threshold for measuring pulse height in photon-counting can
be raised, and the rate at which the signal is buried in noise
is reduced. As a result, the dynamic range accounted for by
noise can be suppressed, and the broad dynamic range of the
photon signal is determined.

The prepared charge amplifier uses a feedback capacitance
of 25 fF and a gain of 40 V/pC. In practice, two chip
capacitors of 50 fF, the smallest capacitance available, are
connected in series and mounted on a printed circuit board
with a signal processing circuit. Although connecting more
chip capacitors in series would provide smaller feedback
capacitance and further increase the gain, the limited
mounting area on the printed circuit board makes this
impractical. We are considering using a chip capacitor with
a smaller capacitance of 10 fF, but it has been unavailable
for a long time. In the future, as soon as this 10 fF
chip capacitor is available, we would like to use it as a
feedback capacitor and conduct re-experiment with a gain
of 100 V/pC.

Currently, only simple noise shielding and noise reduction
are applied, and we would like to consider noise shielding
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using shield materials with high magnetic permeability in the
future.

Despite these circumstances, the proposed silicon X-ray
sensor in this study demonstrated the first single photon
detection (Figs. 13 and 14), fast charge collection time (12ns),
and high photon detection efficiency (97.5%) with low bias
voltage of 20 V. In the future, a sequel study will be conducted
by increasing the gain of the charge amplifier with a 10 {fF
chip capacitor and firm noise suppression to achieve the
higher dynamic range as described above.

VI. CONCLUSION

For the first time, a silicon radiation sensor that uses trench
photodiodes was fabricated, and its effectiveness for single
radiation pulse detection was estimated. 4.2 MeV single
a-ray and 60 keV single y-ray photon were used to irradiate
the fabricated sensor to demonstrate the observation and
counting of single a-ray and y-ray photon detection pulse.
Furthermore, the pulse height spectra of the «-ray and
y-ray photon detection pulse signal with a low bias voltage
of 20 V were obtained. Based on these results, using 60 keV
y-ray photon, we estimated the effectiveness of the proposed
sensor for photon counting and its ability to achieve fast
response time and high photon detection efficiency required
by X-ray photon-counting CT applications with a long device
lifetime and high reliability using the proposed silicon trench
photodiodes.
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