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Abstract. We have been developing the monolithic active pixel detector XRPIX onboard the
future x-ray astronomical satellite FORCE. XRPIX is composed of complementary metal-oxide-
semiconductor pixel circuits, SiO, insulator, and Si sensor by utilizing the silicon-on-insulator
(SOI) technology. When the semiconductor detector is operated in orbit, it suffers from radiation
damage due to x-rays emitted from celestial objects as well as cosmic rays. From previous studies,
positive charges trapped in the SiO, insulator are known to cause degradation of the detector per-
formance. To improve the radiation hardness, we developed XRPIX equipped with a double-SOI
(D-SOI) structure, introducing an additional silicon layer in the SiO, insulator. This structure is
aimed at compensating for the effect of the trapped positive charges. Although the radiation hard-
ness of the D-SOI detectors to cosmic rays has been evaluated, the radiation effect due to x-ray
irradiation has not been evaluated. Thus, we then conduct an x-ray irradiation experiment using an
x-ray generator with a total dose of 10 krad at the SiO, insulator, equivalent to 7 years in orbit. As a
result of this experiment, the energy resolution in full-width half maximum for the 5.9 keV x-ray
degrades by 17.8% =+ 2.8% and the dark current increases by 89% =+ 13%. We also investigate the
physical mechanism of the increase in the dark current due to x-ray irradiation using technology
computer-aided design simulation. It is found that the increase in the dark current can be explained
by the increase in the interface state density at the Si/SiO, interface. © The Authors. Published by
SPIE under a Creative Commons Attribution 4.0 International License. Distribution or reproduction of this
work in whole or in part requires full attribution of the original publication, including its DOIL [DOI: 10
1117/1.JATIS.8.2.026007]
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1 Introduction

Since the 1990s, the charge-coupled device (CCD) has been the standard detector used in x-ray
astronomy satellites. The x-ray CCD has an excellent position and energy resolution; however,
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it has a poor time resolution of a few seconds and a narrow observable energy band of 0.3 to
10 keV. To realize broadband and high-sensitivity x-ray observation, we have been developing
the monolithic active pixel detector XRPIX onboard the future x-ray astronomical satellite
FORCE.'? FORCE will be equipped with two x-ray supermirrors, with angular resolution that
will be better than 15” in half-power diameter. The focal plane detector is composed of two
stacks of Si sensors (XRPIX) and CdTe sensors, and these detectors cover the x-ray energy
ranging from 1 to 79 keV. XRPIX is composed of complementary metal-oxide-semiconductor
(CMOS) pixel circuits, the SiO, insulator called the buried oxide (BOX) layer, and the Si sensor
by utilizing the silicon-on-insulator (SOI) technology.® This makes it possible to implement Si
with low and high resistivity in the circuit and sensor layers, respectively. Because the sensor
layer has high resistivity, the depletion layer thickness can be a few hundreds of micrometers.
In addition, the CMOS circuit in each pixel has a self-trigger function, so only the pixels for
which an x-ray is incident can be read out, achieving a time resolution of <10 us.

XRPIX will suffer from radiation damage due to the irradiation of bright x-rays from com-
pact stars as well as high-energy cosmic rays. When the detector is irradiated by charged particles
or x-rays, electron-hole pairs are produced in Si and in SiO,. In the former case, carriers are
collected by electrodes. On the other hand, in the SiO, insulator, electrons are immediately col-
lected to electrodes, but some parts of holes are trapped there because of their low mobility u;,
compared with that of electrons p, (u;,/u, ~107'° at 300 K).* It is known that the trapped
positive charges in the SiO, insulator cause a shift of threshold voltages of CMOS pixel circuits
and degradation of the detector performance.’

To improve the radiation hardness, we introduce a double-SOI (D-SOI) structure, which has
an additional Si layer called “middle-Si” in the SiO, insulator, as shown in Fig. 1. It is effective
against radiation damage because the negative voltage applied on the middle-Si negates the
effect of trapped positive charges in the SiO, insulator caused by radiation exposure.®

In a prior experiment, to evaluate the effect of cosmic rays mainly composed of high energy
protons, we evaluated the radiation hardness of the D-SOI detector by 6-MeV proton beam
irradiation.® In this experiment, we found that, even after irradiation of ~5 krad, degradation
of the energy resolution was as small as 7%. Moreover, we found that the gain degradation can
be quantitatively explained by the sense-node capacitance increased by the trapped positive
charges. On the other hand, because high-energy x-rays up to 79 keV emitted from celestial
objects are focused with x-ray supermirrors at the focal point with a high angular resolution
of <15”, the focused high-energy x-rays can cause serious radiation damage against XRPIX.’
Thus, in this paper, we conduct an x-ray irradiation experiment to evaluate the x-ray radiation
hardness of the D-SOI detector.® The x-ray irradiation experiment is described in Sec. 2, and
we show its results in Sec. 3. In Sec. 4, we discuss the possible cause of the degradation of
detector performance, mainly regarding the dark current using device simulation. Section 5 pro-
vides the conclusions of this study.
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Fig. 1 Schematic cross-sectional view of XRPIX6C with D-SOI structure.
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Table 1 The chip design of XRPIX6C.

Parameter Value

Chip size 4.45 mm x 4.45 mm
Sensor area 1.7 mmx 1.7 mm
Pixel size 36 yum x 36 um
Number of pixels 48 x 48
Thickness of sensor 300 xm

Type of sensor layer Froating zone p-type Si
Sensor resistivity 4 kQcm

2 X-Ray Irradiation Experiment

We conducted an x-ray irradiation experiment on D-SOI detector, called XRPIX6C. Figure 1 and
Table 1 show the schematic cross-sectional structure and chip design of XRPIX6C, respectively.
The sensor layer, with a thickness of 300 um, is p-type Si bulk, and its resistivity is 4 kQ cm.
With this thickness, the back-bias voltage Vg should be higher than ~—216 V for full
depletion. In this experiment, we applied a back-bias voltage Vg = —250 V. In this device,
each pixel is isolated from each other by a p-stop and has a sense node surrounded by a buried
n-well (BNW). BNW was introduced to prevent interference between the sensor layer and the
circuit layer.” A buried p-well (BPW) was introduced to generate a lateral electric field structure
from the pixel boundary to the sense node so that electric charges collect at the sense node.
It is also effective in suppressing dark current by covering the Si/SiO, interface. We call this
device D-SOI because an additional Si layer called middle-Si is introduced in the BOX layer.
It compensates for the effect of positive charges trapped in the BOX layer by biasing negatively.
We applied a negative voltage of —2.5 V to middle-Si during the experiment.

Figure 2 shows the schematic view of our experimental setup. XRPIX6C was installed in a
vacuum chamber and cooled down to ~ — 65°C to reduce the shot noise of the dark current. We
irradiated x-rays on the back side (sensor layer side; see Fig. 1) of XRPIX6C using an x-ray tube
(Mini-X2, AMPTEK) attached to the vacuum chamber. The x-ray tube was operated at 20 kV
with a target of Au. The energies of L-shell fluorescence lines of Au are 9.7 keV (L,), 11.4 keV
(Lp), and 13.4 keV (L,). XRPIX6C was irradiated with x-ray to a total dose of 10 krad at the
BOX layer. Assuming that we observe the Crab Nebula, one of the observational targets of
FORCE, for 100 ksec per month based on a previous study,” 10 krad corresponds to 7 years
of in-orbit operation.

AMPTEK mini-X2
(Au target)

Readout board

XRPIX

Vacuum chamber

Fig. 2 Schematic view of experimental setup. We irradiated x-rays on the back side of XRPIX
using an x-ray tube and irradiated x-rays of %Fe on the front side to evaluate the performance
of XRPIX.
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The degradation of the detector performance was monitored by iterating the x-ray irradiation
and data acquisition of Fe. These evaluation data were taken after irradiations of 0.1, 0.5, 1, 2,
4,7, and 10 krad. To avoid the large dark current after the irradiation, the evaluations were
performed after the dark current settled down to steady values.

3 Results of Irradiation Experiment

We evaluated the spectral performance of XRPIX by irradiating x-rays of the >>Fe radioisotope
from the front side (circuit layer side). We took 5 x 10° frames of the x-ray data with a 1-ms
integration time. Figure 3 shows the spectra of single-pixel events, which are extracted when a
pulse height of one pixel exceeds the event threshold (100 ADU =~ 2.1 keV), whereas the pulse
heights of the surrounding 8 pixels are below the split threshold (60 ADU =~ 1.3 keV). The hori-
zontal axis is the uncorrected pulse heights in analog-to-digital unit (ADU), and the vertical axis
is the number of counts. The tail structure on the low-energy side of the peak becomes noticeable
as the dose increases. This is probably caused by the charge loss due to the increase in the inter-
face trap at the Si/SiO, interface by x-ray irradiation.'

We also evaluated the conversion gain and energy resolution of XRPIX6C using the mea-
sured peak position and FWHM of the MnK,, line derived by fitting with the Gaussian function.
Figures 4(a) and 4(b) show the gain and energy resolution as functions of the total dose, respec-
tively. Both of them were almost constant up to 2 krad, but after that, they degraded with increas-
ing dose. Although an outlier of the gain at 2 krad indicates a possibility of a nonlinear relation to
the dose, we assume a linear relation for simplicity. After 10-krad irradiation, the gain and energy
resolution degraded by 2.84% =+ 0.34% and 17.8% =+ 2.8% compared with that of nonirradia-
tion, respectively.

Figures 5(a) and 5(b) show the dark current and readout noise as functions of the dose,
respectively. To evaluate the dark current, we measured the pedestal levels as a function of the
integration time by reading pulse heights from all of the pixels with integration times of 0.1, 1, 2,
4, 8, 16, and 32 ms. Although this measurement was performed under the irradiation of x-rays
from >3Fe, its count rate was much <0.1 count/frame/pixel, even with the longest integration
time of 32 ms. Thus, the effect of x-ray events on the pedestal measurement was negligible. In
this measurement, the longer the integration time is, the more charge is accumulated and the
higher pedestal level is output. Thus, we estimated the relationship between the integration time
and pedestal level as a linear function and evaluated the dark current from the slope of the func-
tion. In addition, we evaluated the readout noise by measuring the pedestal width of each pixel.
As shown in Fig. 5, both of them increased in proportion to the dose. After 10-krad irradiation,
the dark current and readout noise increased by 89% + 13% and 12.4% =+ 0.9% compared with
that of nonirradiation, respectively.
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Fig. 3 35Fe energy spectra of XRPIX6C before and after x-ray irradiation. The horizontal axis is
the uncorrected pulse heights in ADU, and the vertical axis is the number of counts.
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Fig. 4 (a) Conversion gain and (b) energy resolution of XRPIX6C as a function of dose level. Solid
lines and shaded regions indicate the best fit linear functions and 95% confidence intervals,
respectively. The confidence intervals are calculated on the assumption of Gaussian uncertainty
of the data.
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Fig. 5 (a) Dark current and (b) readout noise of XRPIX6C as a function of dose level. Best fit linear
functions and 95% confidence intervals are overplotted similarly as in Fig. 4.

We also evaluated the fraction of “noisy pixels” to all pixels. The pixels above 3¢ in the
histogram of readout noise is judged to be noisy pixels. As shown in Fig. 6, there was little
change from nonirradiation to 10 krad. Because the noisy pixels are not remarkably different
from the normal pixels, the noisy pixels at 0 krad were not exactly the same pixels as those at
10 krad. As shown in Fig. 7, distributions of the readout noises in each pixel were almost the
same shape with a slight shift. Therefore, these results suggest that there is an increase in noise on
average, but no pixels show any extreme increase in noise.

4 Discussion

4.1 Energy Resolution

Figure 8 shows the > Fe energy spectra corrected for the gain degradation at 0 and 10 krad.
The horizontal axis is the x-ray energy, and the vertical axis is the number of counts. In Fig. 8,
the peak positions are aligned to focus on the change in spectral shape rather than the gain
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Fig. 6 Noisy pixel ratio of XRPIX6C as a function of dose level.
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Fig. 7 Distributions of readout noise in each pixel of XRPIX6C before and after the x-ray irradi-
ation. The noisy-pixel thresholds at 3 — ¢ are shown in black (0 rad) and red (10 krad) vertical thick
solid lines.

degradation. The increase in the tail structure of the x-ray spectra was obviously observed after
10-krad irradiation. It contributes to the degradation of spectral performance.

This tail structure can be seen even before the irradiation, and we investigated this issue
in a previous study.'” This effect is likely caused by the charge loss at the Si/SiO, interface.
When carriers generated in the sensor layer drift toward the sense-node along the electric field,
they pass through the Si/SiO, interface, and some of them are captured in the trap level.
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Fig. 8 5°Fe energy spectra of XRPIX6C corrected for the gain degradation before and after x-ray
irradiation. The horizontal axis is the x-ray energy, and the vertical axis is the number of counts.
The tail structure increased at 10 krad compared with pre-irradiation.

As anticipated from prior studies, the interface state density increases due to radiation damage, "’
increasing the effects of charge loss and leading to an enlargement of the tail structure, as
observed in Fig. 8.

4.2 Gain

The chip output gain is degraded by 2.84% =+ 0.34% after 10-krad irradiation. According to a
previous study, the gain degradation due to radiation damage is caused by the enlargement of
BNW.® This is explained by the effect of the positive charge trapped in the BOX layer due to
x-ray irradiation. Its potential attracts electrons and enlarges the area of BNW. This phenomenon
results in an increase in the sense node capacitance and the degradation of the gain. The relation
between the inverse of the gain G and BNW size Sgnw is described in the previous study® as

1 AS
A<G> ~34x%x1073 x <1 BNV2V> fF. 1)

um

According to this equation, the change in the inverse of the gain A(1/G) ~ 0.11 fF after 10-
krad irradiation is equivalent to the enlargement of BNW by ASpyw =~ 31 um?. As the BNW

width wgnw is designed to be 3 um, wgnw = V3% + 31 ~ 6.3 um at 10 krad. It is a reasonable
value because the distance between BNW and BPW is designed to be 7 um. In addition, it is
considered that the charge loss at the Si/SiO, interface due to the increase in the interface state
density contributed to the peak shift and caused the gain degradation.

4.3 Readout Noise

The readout noise increased by 12.4% + 0.9% after 10 krad irradiation. The gain degradation
discussed in the previous section affects the increase of the readout noise. According to a pre-
vious study,'” the readout noise ¢ in XRPIX is related to the gain G with an empirical relation of
6 & G™7, Therefore, the gain degradation of ~2.8% after 10 krad contributes to the increase in
the readout noise by ~2.2%. In addition, the increase in the shot noise due to the dark current
increase also contributes to the increase in the readout noise. As the readout noise and dark
current were evaluated using an integration time of 1 ms, the dark current increase of ~89%
after 10 krad contributes to the increase in the readout noise by ~1.7%. Therefore, it is assumed
that the gain degradation and shot noise increase due to the increased dark current do not con-
tribute significantly to the increase in the readout noise.
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To solve the physical origin of readout noise increase, a more comprehensive analysis is
needed. We are now formulating the readout noise due to the 1/f noise and thermal noise gen-
erated in the MOSFET in the main amplifier in each pixel circuit. In the radiation environment,
the 1/f noise increases due to the increase in the interface trap.'* Also, the increase in the sense-
node capacitance® must affect the propagation of these 1/f and thermal noise. These full noise
analyses will be our future work.

4.4 Dark Current

The dark current increased by 89% =+ 13% at 10 krad due to x-ray irradiation. We investigated
its physical mechanism using technology computer-aided design (TCAD) device simulator
HyDeLEOS, which is a part of the HYENEXSS.'* In the simulation, we implemented the device
structure as shown in Fig. 1 and calculated the dark current flowing in a one-pixel region.
Detailed profiles for p-stops, sense nodes, BNWs, BPWs, and middle-Si layers were imple-
mented based on the parameters provided by LAPIS Semiconductor Co. Ltd. In addition, it
is generally known that the fixed positive charges are accumulated in the BOX layer during
the wafer process. Therefore, we placed the fixed charge Qgy of 2.0 x 10" cm™2 uniformly
between 1 and 3 nm above the Si/SiO, interface in reference to a previous study.'

We also implemented the radiation damage effects in the simulation. We reproduced the
accumulation of positive charges by placing positive fixed charges Qpox in the BOX layer.
We assumed that the concentration of Qpgx increases in proportion to the dose based on the
experimental results of a previous study.’ In addition, to consider the carrier generation through
the interface traps, we used the surface recombination model, expressed as'®

n? — pn
n+n;)/S,+ (p+n;)/S,

Usur = ( (ecm™2/s), ()

where n; is the intrinsic carrier density, p is the hole density, # is the electron density, and S is the
surface recombination velocity. Subscripts p and n represent hole and electron, respectively. In
this study, for the sake of simplification, we assume S,, = S,. The surface recombination velocity
is expressed as S = ovy, Ny, where o is the carrier capture cross section, vy, is the thermal veloc-
ity, and N, is the interface state density.'® We can calculate the carrier generation rate through the
interface traps by applying this model to the Si/SiO, interface. According to a previous study,'”
Nj, increases due to radiation damage, and thus the surface recombination velocity S must
increase after x-ray irradiation. In Eq. (2), p and n are calculated by device simulation, and
n; is a constant. Therefore, because only S, , is an unknown parameter and depends on the
dose, it is necessary to model S, , as a function of the dose based on the experimental results
shown in Fig. 5(a).

To model S, pasa function of the dose, we first need to reproduce the measured dark current
in the simulation. Because the dark current is reproduced by the SUR [Eq. (2)] and Shockley—
Read-Hall (SRH) models'® in the simulation, the unknown parameters, S, , in the SUR model
and carrier lifetime 7, , in the SRH model, are adjusted. In HyDeLEOS, it is possible to adjust
the carrier lifetime z,, , in the Si bulk by the coefficients of the carrier lifetimes of electrons (A4,,)
and holes (4,) as

n.p

T, =A, X Ty, T, =A,XTp. 3)

In this study, for the sake of simplification, we assumed A, = A, and S, = §,. 7,0 =~ 12.9 us
and 7,9 ~ 0.4 ps are the fiducial values of the carrier lifetime defined as default parameters in
HyDeLEOS for the sensor layer of XRPIX6C composed of p-type Si with a resistivity of
4 kQcm, which corresponds to the doping concentration of 3 x 10'> cm™.

To evaluate the reproducibility of the measured dark current by simulation, we calculated Al,
which is the average value of the differences between the measured and simulated dark currents
at multiple back-bias voltages Vgg. This takes into account the dark current generated from the
sensor layer depleted by Vpg. Then, we adjusted the parameters S, , and A, , to minimize Al.
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Fig. 9 The difference between the measured and simulated dark current A/ as a function of the
simulation parameters S, , and A, ;. The white squares indicate the best parameters, which have
a lowest A/ for each dose. (a) 0 rad, (b) 2 krad, (c) 4 krad, (d) 7 krad, and (e) 10 krad.

As shown in Fig. 9, the optimal values of A, , do not change before and after radiation damage
because the lattice defects in Si bulk, which shorten the carrier lifetime, do not increase due to
x-ray irradiation in principle. The carrier lifetime 7, , remains at the same value (7, =~ 30 pus,
7, = 1 ps) after 10-krad irradiation. These values are reasonable compared with those measured
by the microwave-detected photoconductance decay method in a previous study.'®

On the other hand, the optimal value of S, , increased with increasing dose, as shown in
Fig. 9. Then, we modeled the dependence of S, , on the dose assuming a linear relationship
between them. Figure 10 shows the optimal values of §,, , as a function of the dose, the best
fit linear function, and its confidence intervals for 95% and 99%. As a result of linear fitting,
slope 18.0 2.1 cm - s~ - rad™! and intercept (7.6 4+ 1.2) X 10°> cm/s were obtained as the
best-fit parameters. According to the obtained linear model, the surface recombination velocity is
S,p = 17X 10° cm/s after 10-krad irradiation. This value of the surface recombination velocity
is consistent with a previous study'” for an irradiation of 10 krad.

Using the linear model of §,, , against the dose shown in Fig. 10, we compare the dose
dependence of the measured dark current with the simulated dark current. Figure 11(a) shows
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Fig. 10 The optimal values of S, , as a function of dose level. The solid line indicates the best fit
linear function. The shaded regions represent its confidence intervals of 95% and 99%.
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Fig. 11 Comparison of the experimental dark current degradation with the simulation in the cases
(a) with Qgox and (b) without Qgox. The solid lines show the simulated dark current using the
assumed linear model. The shaded regions show the simulated dark current using S, , at the
upper and lower limits of the confidence intervals for each dose in Fig. 10.

the comparison between the measured dark current and simulated dark current using the assumed
linear model. The shaded regions show the simulation results corresponding to the confidence
intervals for each dose in Fig. 10. However, because S, , never takes negative values, S, , at
0 rad of the linear model and the lower limits of the confidence intervals at O rad and 2 krad
are set to 0 cm/s. As shown in Fig. 11(a), TCAD simulation successfully reproduced the
experimental result by taking into account two radiation damage effects, i.e., accumulation of
BOX charges and increase of interface traps.

To understand how the accumulated positive charge Qpox and the interface traps contribute
to the dark current, we discriminate these effects. In Fig. 11(b), Opox is not added for any doses.
In both Figs. 11(a) and 11(b), the parameter S,, , increases approximately in proportion to the
dose as shown in Fig. 10, and the simulated dark current tends to increase as the dose increases.
Therefore, the increase in the interface traps contributes to the dark current increase.

Comparing Figs. 11(a) and 11(b), the simulated dark current in Fig. 11(a), which contains
Opox With different concentrations at each dose, is slightly lower than that in Fig. 11(b), which
contains no Qgox- To reveal the physical mechanism of this difference, we focus on the electron
density distribution near the Si/SiO, interface. Figures 12(a) and 12(b) show the electron density
map around the BNW without Ogox and with Ogox, respectively. In the case without Qpox of
Fig. 12(a), both ends of the BNW are depleted and the Si/SiO, interface is bare. On the other
hand, in the case with Qgox of Fig. 12(b), the region of high electron density extends horizon-
tally because the Qpox attracts electrons near the Si/SiO, interface. These electrons fill the
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Fig. 12 The electron density distribution near the Si/SiO, interface (y = 0). (a) and (b) The cases
with and without Qgoyx, respectively.

Si/SiO, interface, making it difficult for carriers to be generated, resulting in a lower dark
current. Therefore, Opox does not increase the dark current, but slightly decreases it.

5 Conclusion

We performed an irradiation experiment on D-SOI XRPIX using ~10 keV x-rays with a total
dose of 10 krad and investigated the physical mechanism of the degradation of detector perfor-
mance. As the results, we found that the energy resolution at 5.9 keV x-ray degraded by 17.8% +
2.8% and the dark current increased by 89% =+ 13%. Especially regarding the dark current, we
found that the increase in the interface trap density predominantly contributes to the increase in
it. Moreover, the accumulated positive charge in the BOX layer does not increase the dark cur-
rent. Thus, in the case of XRPIX and possibly the other SOI pixel sensors as well, it is important
to reduce the dark current due to the interface traps to suppress the increase in dark current under
the radiation environment.
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