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Integrated 4H-SiC Photosensors With Active
Pixel Sensor-Type Circuits for MGy-Class

Radiation Hardened CMOS UV Image Sensor
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Abstract— For radiation-hardened CMOS image sensor
(CIS), 4H-SiC photosensors with active pixel sensor (APS)-
type circuits were developed and demonstrated. The dark
current of 4H-SiC photodiodes was <2 nA/cm2. The spec-
tral sensitivity characteristics were also evaluated in the
wavelength from 200 nm to 400 nm. The maximal quantum
efficiency was 63% at 270 nm. The photosensors with APS
type circuits showed high responses to UV light, demon-
strating their operation. High gamma-ray dose experiments
were also carried out. The dark current after 2 MGy (SiO2)
irradiation was 25 nA/cm2. The photosensors with APS-type
were successfully working after 2 MGy exposure.

Index Terms— 4H-SiC, image sensors, radiation hard-
ened, active pixel sensor, photodiode, MOSFETs, UV.

I. INTRODUCTION

EXPANDING the physical boundary of the application
of electronics, allow us to develop new frontiers like

space, deep underground, and new industrial applications. For
example, radiation hardened electronics has been required for
the decommissioning of nuclear power stations, e.g., for the
Fukushima Daiichi nuclear power station accident in Japan.
So far in the decommissioning, robots have been utilized in the
power station, however the available time for the operation is
limited by the electronics, particularly image sensors. The radi-
ation hardness of standard Si electronics is 0.2 kGy owing to
the total ionization effects on Si MOSFETs [1]. Recently, there
are some studies of Radiation-Hardened-By-Design (RHBD),
which use an enclosed layout transistor (ELT) or guard ring,
thin gate oxide [2], [3], [4], [5]. Using this technique, at Si
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CMOS image sensor (Si CIS), radiation hardness up to several
MGy has been demonstrated [5]. On the other hand, these
technologies cannot employ standard and versatile designs,
which may result in a lower fill factor, increased pixel size,
and increased circuit area.

4H-SiC (Silicon Carbide) is a wide bandgap semiconductor
and has excellent properties for harsh environment applica-
tions. 4H-SiC has a wide bandgap of 3.26 eV. The carrier
density is therefore very low, so we can apply this to high
temperature applications. Operation of 4H-SiC bipolar junc-
tion transistors (BJTs), junction field effect transistors (JFETs),
and metal-oxide-semiconductor transistors (MOSFETs) have
been demonstrated in high temperature environments [6],
[7], [8], [9]. In addition to this feature, SiC has a higher
atomic replacement threshold energy [10], and higher radiation
ionization energy [11] than silicon. These properties mean SiC
crystal has a hardness to radiation and has potential to realize
an electronic device with low soft errors. Radiation-hardened
SiC devices have been reported [1], [12], [13]. 4H-SiC BJT
and MOSFETs were demonstrated at up to 3.4 MGy [12]
and 1.13 MGy [13], respectively. When 4H-SiC is used as
a photodetector, ultra violet (UV) light can be accurately
detected by this photo detector due to its wide bandgap. Thus,
the development of 4H-SiC image sensors has two advantages:
they can be adapted to harsh environments such as high
temperatures and high radiation, and they can specialize in UV
light detection. 4H-SiC has already demonstrated operation
as a UV imaging system based on 4H-SiC bipolar transistor
[14]. However, if we apply SiC MOSFETs to the pixel device,
we can make the device fully planar one, and make the circuits
simple ones. In CIS, each pixel has a photodiode (PD), which
is a photodetector, and MOSFETs for charge reset and charge
amplification. We propose a 4H-SiC CIS as an image sensor
for harsh environments.

In this letter, to realize 4H-SiC CIS, 4H-SiC photosensors
with active pixel sensor (APS)-type Circuits were fabricated
and their radiation hardness was demonstrated by gamma
irradiation tests. Our target specifications for imaging are
dark current <1 nA/cm2, dynamic range (DR) > 50 dB,
and quantum efficiency (QE) > 60 % [5], [15]. In addition,
considering the use in nuclear power plants, the target radiation
hardness is >1 MGy.

II. EXPERIMENTAL DETAILS

In this experiment, photosensors with two APS-type
circuits, a 3-transistor active pixel sensor (3T-APS)-type
and a 4-transistor active pixel sensor (4T-APS)-type, were
designed and fabricated. The circuit schematics are shown
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Fig. 1. Photosensors with APS-type circuits:3T-APS-type (a) circuit,
(b) layout and (c) micrograph of the fabricated device, 4T-APS-type
(d) circuits, (e) layout and (f) micrograph of the fabricated device.

in Fig.1 (a) and (d), respectively. Typically, the 3T-APS-
type consists of one photodiode and three MOSFETs. Three
MOSFETs serve as reset (M3), source follower (M1), and
row selector (M2). On the other hand, the 4T-APS-type has
another nMOSFET (M4) for charge transfer between the
photodetector and nMOSFETs, resulting in low noise and high
sensitivity. The photosensors with APS-type layouts in this
experiment are shown in Fig.1 (b), (e). In this devices, the
row selector (M2) was not included in the circuit, however a
load transistor is added to tune output voltage of the source
follower amplifier. At the 4T-APS-type, Simple PD structure
was formed, and pinned PD (PPD) with additional p+ layer
was not formed. The size of the PD was 100 µm square.
Taking into account the capacitance of the prober needles
during measurements and the gate overlap capacitance in the
process, the nMOSFETs of M1, M3, Load were designed with
L/W = 5/60, 5/10, and 5/10 µm, respectively.

The device fabrication process is as follows. A p-type
epitaxial layer of 5 µm was grown on SiC bulk substrate.
The impurity in the p-epi layer is aluminum (Al) with a
concentration of 5.4 × 1016 cm−3. After a first cleaning
of the substrate, impurity doping was performed. Since this
impurity doping was a high-temperature ion implantation at
500◦C, a dummy gate process using a SiO2 hard mask was
employed. Ion implantations were carried out at the n+/n-/p+
regions shown in Fig.1. (b) and (e). The n-, n+, and p+
concentrations are 5.0 × 1017 cm−3, 5.0 × 1019 cm−3, and
5.0 × 1020 cm−3, respectively. These regions formed the PD,
the S/D of the nMOSFET, and contact to substrate. Next, after
forming the passivation layer by LPCVD, the gate region of
the nMOSFETs was etched and dry oxidized. The thickness of
the gate oxide film was 22 nm. Then, nickel(Ni)/ niobium(Nb)
thin films were deposited, and silicidation were carried out at
a temperature of 930 ◦. After that, interlayer dielectric SiO2
layer and Al metal wires were formed. The cross-sectional
structure of the fabricated device is shown in Fig. 2. As can
be seen, the device is a front-side illuminated sensor without
a microlens.

Gamma-ray irradiation on the devices was carried out at a
cobalt-60 irradiation facility in Japan; the Takasaki Advanced
Radiation Research Institute, National Institutes for Quantum

Fig. 2. Cross section of 4H-SiC devices.

Fig. 3. Responsivity and quantum efficiency of 4H-SiC UV-PDs.

Science and Technology (QST). The devices were irradiated
with a gamma-ray dose rate of 7.5 kGy/h. The total gamma-ray
dose was 2 MGy(SiO2). During the irradiation, the substrate
with the devices was grounded and bias voltage was not
applied to all electrodes. The electrical characteristics were
measured at room temperature prior to irradiation and after
irradiations up to 2 MGy.

III. RESULTS AND DISCUSSION

A. Responsivity and Quantum Efficiency of 4H-SiC PD
In the 4H-SiC PD fabricated on the same chip, reverse

current was measured as dark current. The PD dark current
before gamma irradiation was <2 nA/cm2. The responsivity
of each wavelength between 200-400 nm was measured with
a monochromator (MLS1510 Asahi spectra). The results are
shown in Fig. 3. This graph shows the UV photodiode had
a sensitivity from a wavelength of 230 nm to 380 nm and
took a maximal value at 270 nm. At 270 nm, the responsivity
was 0.136 A/W and the quantum efficiency was 63 %. This is
sensitive enough for imaging. 4H-SiC has the energy bandgap
of 3.26 eV, and the corresponding threshold wavelength of
light absorption is 380 nm. The sensitivity threshold of the
PD at the longer wavelength side took the same value. Below
a wavelength of 250 nm, the absorption coefficient becomes
an order of 1.0 × 105 cm−1, and then UV light penetration
length becomes a value below 100 nm. The thickness of the n+
region in the PDs was 70 nm, and then at the short wavelength
side electron-hole pairs were annihilated easily, and then the
responsivity became a lower value.



102 IEEE ELECTRON DEVICE LETTERS, VOL. 44, NO. 1, JANUARY 2023

Fig. 4. Output characteristics of fabricated devices: (a) 3T-APS-type and
(b) 4T-APS-type (with PD).

B. Photosensors With 3T/4T-APS-Type Circuits
Fig. 4 (a) and (b) shows output characteristics of photosen-

sors with 3T/4T-APS-type circuits. Under UV light irradiation,
changes of output voltage were measured. The wavelength of
UV light was 320 nm. At the 3T-APS-type, after the reset
operation in the dark condition, the output voltage remains
constant. By the UV light irradiation, the output voltage
decreased, and by increasing the UV power, this amplitude
became a higher value. This is because by UV light irradiation,
electron-hole pairs are generated at the 4H-SiC PD, and
the electrons are stored in PD capacitance. By storing the
electrons, the output voltage decreases. At the 4T-APS-type,
after the reset operation, by UV light exposure, electrons were
stored in the PD, and after the transfer gate was turned on,
and the electrons were transferred from the PD to floating
diffusion (FD). After the transfer gate was turned off, the
output voltage took a constant value, and the value became
lower by increasing UV light power.

The relationship between signal voltage and UV power
before gamma irradiation is shown in Fig. 5(b). Here, the
difference between the voltage values immediately after a reset
(VRST) and immediately before the next reset, is the signal
voltage (Vsig). At both 3T-APS-type and 4T-APS-type, when
the UV light exposure time was 29 msec, the dependency
showed linearity at below a UV power of 20 µW/cm2. Above
this power, the output voltage was saturated. The DR obtained
from the dark current and the photocurrent at the saturation
was 62.5 dB. The conversion gains for 3T-APS-type and
4T-APS-type are 0.018 µW/e, 0.021 µW/e, respectively. They
are relatively small value compared to 5.7 µV/e, which is the
conversion gain of Radiation-Hardened CMOS APS [4]. This
is because the size of our fabricated photosensors are very
larger than that of them [4], and the capacitance of the PD or
FD is large. The larger capacitance makes the voltage swing
lower for each collected charge.

C. 2 MGy Radiation Hardness
The output voltage of the 3T-APS-type after 2 MGy irra-

diation is shown in Fig. 5 (a). The UV responses and charge

Fig. 5. (a) Output characteristics of photosensor with 3T-APS-type
circuits after 2 MGy irradiation. (b) Output signal as a function of UV
power (λ = 320 nm).

resetting were observed as being the same as before irradi-
ation, and this result indicated that the device was working.
In addition, the voltage shift in the dark is almost negligible.
The dark current after 2 MGy irradiation in 4H-SiC PD was
25 nA/cm2. The rate of dark current increase of Si PD, which
is designed to be hard against radiation, is 1 to 2 pA/cm2/krad
[4]. In comparison, 25nA/cm2 at 2 MGy is sufficiently low,
indicating the radiation hardness of 4H-SiC.

On the other hand, compared to Fig. 4 (a), the entire
output waveform is shifted upward. This is related to
threshold voltage shift in nMOSFETs due to the total ionizing
dose (TID) effect. Fig. 5 (b) shows output voltage as a
function of UV power before and after gamma-ray irradiation.
The sensitivity to the UV light decreases with increasing
TID. However, the output signal after 2 MGy irradiation
shows a linear curve to the UV power. Operation was also
demonstrated in the 4T-APS-type after irradiation. The above
output waveform shift and sensitivity reduction were also
confirmed in the 4T-APS-type. No significant leakage current
leading to failure was observed, successfully demonstrating
the radiation hardness of the 4H-SiC photosensors with
APS-type circuits up to 2 MGy.

IV. CONCLUSION

4H-SiC photosensors with APS-type circuits were fabri-
cated and demonstrated for radiation hardened CIS. 4H-SiC
PD spectral response characteristics were evaluated and a
maximum quantum efficiency of 63% was obtained at a
wavelength of 270 nm. The dark current was <2 nA/cm2. The
photosensors with 3T/4T-APS-type circuits showed a response
to UV light and operated. Finally, the fabricated devices were
irradiated up to 2 MGy. The dark current was 25 nA/cm2 after
irradiation. Photosensors with 3T/4T-APS-type circuits show
a liner output signal to the UV power and were successfully
demonstrated.
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