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Our SOI Pixel Sensor for X-ray Astronomy
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“XRPIX” = Silicon-on-insulator (SOI) pixel 
sensor for X-ray astronomy

Si circuit layer (5 µm)
𝌀 Low resistivity

A buried oxide (BOX) 
layer (0.2 µm)

Si sensor layer (250-500 µm)

𝌀 High resistivity
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Fig. 8. Pulse height (PH) histogram of X-ray single-pixel events obtained by
XRPIX1 irradiated by the Cu-K X-ray, , and radioactive sources.
See description for the X-ray lines in Section IV-B. The experiments were run
at a temperature of and a back bias of 100 V. The effective exposure is
50 s. The energy calibration is shown in Fig. 9.

is possibly due to the gain variation among pixels. This needs
further investigations.
For the 8 keV X-ray, the fraction of single-pixel events with

respect to the total events is 82.7 0.3% at and
is 81.2 0.5% at 20 V. These results imply that the back-bias
dependence of the cluster size of X-ray signals is small.
As shown in Fig. 9, the output gain of XRPIX1 is well deter-

mined to be 3.56 at from the cali-
bration between energy (keV) and PH (in ADU from a Gaussian
fitting) of the resolved X-ray peaks in Fig. 8. Note that for every

Fig. 9. Calibration of XRPIX1 at with the observed X-ray
pulse height (PH) and corresponding energies. Data points from Fig. 8 and the
fitting model (linear function) are shown with filled circles and the solid line,
respectively.

1 keV of X-ray energy, elec-
tron-hole pairs are produced on average in silicon. The statistical
errors from the Gaussian fittings of peak center are typically
0.2–0.6 %. The measured gain may be subject to a systematic
error due to the imperfect charge collection. In the single-pixel
event, we do not detect the small amount of charge in the pixels
below the split threshold, which happens randomly in a neigh-
boring pixel. The split threshold (4 sigma to the noise level; c.f.,
Section III-C, Section IV-D) corresponds to the maximum sys-
tematic error. Considering the good linearity of gain in the wide
energy range (8–60 keV; Fig. 9), the systematic error is most
likely a small effect and will not affect the main conclusion of
the analysis.
The output gain is expressed as,

(1)

where is the gain at the sense-node which is proportional
to the inverse of the sense-node capacitance ;
is the circuit gain of the source followers and buffers from the
sense-node to the analog output, which is a unity gain in de-
sign and measured to be 0.91 by applying a known signal to
the reset nodes (e.g., CDS_RSTV; Fig. 4). Then the sense-node
capacitance is calculated to be 41 fF at
from the relation in (1). We also ran the same experiments at
a lower back bias of 20 V and found the to be 43 fF

.
In general, can be divided into three components:

the depletion component ( -dependent), the pixel-cir-
cuit component ( -independent), and the inter-pixel
component ( -independent). The results of de-
pendence on back bias of 100 V and 20 V approximates

, in a conventional
form. Accordingly, the major component of is not from
the depletion, but due to the pixel circuit and the inter-pixel
effect.
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1 keV of X-ray energy, elec-
tron-hole pairs are produced on average in silicon. The statistical
errors from the Gaussian fittings of peak center are typically
0.2–0.6 %. The measured gain may be subject to a systematic
error due to the imperfect charge collection. In the single-pixel
event, we do not detect the small amount of charge in the pixels
below the split threshold, which happens randomly in a neigh-
boring pixel. The split threshold (4 sigma to the noise level; c.f.,
Section III-C, Section IV-D) corresponds to the maximum sys-
tematic error. Considering the good linearity of gain in the wide
energy range (8–60 keV; Fig. 9), the systematic error is most
likely a small effect and will not affect the main conclusion of
the analysis.
The output gain is expressed as,

(1)

where is the gain at the sense-node which is proportional
to the inverse of the sense-node capacitance ;
is the circuit gain of the source followers and buffers from the
sense-node to the analog output, which is a unity gain in de-
sign and measured to be 0.91 by applying a known signal to
the reset nodes (e.g., CDS_RSTV; Fig. 4). Then the sense-node
capacitance is calculated to be 41 fF at
from the relation in (1). We also ran the same experiments at
a lower back bias of 20 V and found the to be 43 fF

.
In general, can be divided into three components:

the depletion component ( -dependent), the pixel-cir-
cuit component ( -independent), and the inter-pixel
component ( -independent). The results of de-
pendence on back bias of 100 V and 20 V approximates

, in a conventional
form. Accordingly, the major component of is not from
the depletion, but due to the pixel circuit and the inter-pixel
effect.

Pixel size: 30µm x 30µm

Sensor layer thickness: 250µm 

Energy resolution:  5.4% FWHM @ 22.2 keV 

First Prototype Device: XRPIX1

Readout noise:    129 e- (rms)

1.0 mm

Format: 32 x 32

Node gain:     3.6 µV/e- Node gain is not so high
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1 keV of X-ray energy, elec-
tron-hole pairs are produced on average in silicon. The statistical
errors from the Gaussian fittings of peak center are typically
0.2–0.6 %. The measured gain may be subject to a systematic
error due to the imperfect charge collection. In the single-pixel
event, we do not detect the small amount of charge in the pixels
below the split threshold, which happens randomly in a neigh-
boring pixel. The split threshold (4 sigma to the noise level; c.f.,
Section III-C, Section IV-D) corresponds to the maximum sys-
tematic error. Considering the good linearity of gain in the wide
energy range (8–60 keV; Fig. 9), the systematic error is most
likely a small effect and will not affect the main conclusion of
the analysis.
The output gain is expressed as,

(1)

where is the gain at the sense-node which is proportional
to the inverse of the sense-node capacitance ;
is the circuit gain of the source followers and buffers from the
sense-node to the analog output, which is a unity gain in de-
sign and measured to be 0.91 by applying a known signal to
the reset nodes (e.g., CDS_RSTV; Fig. 4). Then the sense-node
capacitance is calculated to be 41 fF at
from the relation in (1). We also ran the same experiments at
a lower back bias of 20 V and found the to be 43 fF

.
In general, can be divided into three components:

the depletion component ( -dependent), the pixel-cir-
cuit component ( -independent), and the inter-pixel
component ( -independent). The results of de-
pendence on back bias of 100 V and 20 V approximates

, in a conventional
form. Accordingly, the major component of is not from
the depletion, but due to the pixel circuit and the inter-pixel
effect.

Pixel size: 30µm x 30µm

Sensor layer thickness: 250µm 

Energy resolution:  5.4% FWHM @ 22.2 keV 

First Prototype Device: XRPIX1

Readout noise:    129 e- (rms)

1.0 mm

Format: 32 x 32

Node gain:     3.6 µV/e-

In order to increase the gain, we reduce the size of BPW

Node gain is not so high
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We found the node capacitance is dominated by a structure called BPW



Buried P-Well (BPW)

•Need thick depletion layer to detect high energy X-rays.　
•High Back Bias Voltage  ⇒  Back Gate Effect

NMOS w/o  BPW

Arai+2011 NIM A, 
636, S31
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Buried P-Well (BPW)

•Need thick depletion layer to detect high energy X-rays.　
•High Back Bias Voltage  ⇒  Back Gate Effect
•BPW is introduced to suppress the Back Gate Effect.

NMOS w/o  BPW

Arai+2011 NIM A, 
636, S31

with  BPW=0V

•BPW dominates parasitic capacitance of the device.

• In order to increase a gain of the device, we developed new device with small 
size of BPW
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Device with Small BPW, XRPIX1b
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A New Problem of XRPIX
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Pencil beam irradiation at SPring-8

• Irradiate XRPIX1b (Small BPW) with 
10 µm𝜙 pencil beam

Measure the sub-pixel response

• Scan the device with a 6 µm pitch

• Use 8.0 keV and 17.7 keV beams

Pixel: 30 µm

BPW: 14 µm

10 µm𝜙 Pinhole

Photo Diode

ChamberBeryllium
WindowDevice Evaluation board

Into 
Chamber X-ra

y B
eam

6 µm pitch

10 µm𝜙 pencil X-ray beam 
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Relative Quantum Efficiency 

NC: 97%
@ Pixel boundary

NC: 74%
@ Pixel corner

17.7 keV Beam

NC : 100% 
@ Pixel center

N
or

m
al

iz
ed

 C
ou

nt
s 

(N
C

)

1.0
0.8
0.6
0.4

0.2

NC 83%
@ Pixel boundary

NC: 25%
@ Pixel corner

NC: 100%
@ Pixel center

6 µm

30 µm

8.0 keV Beam

N
or

m
al

iz
ed

 C
ou

nt
s 

(N
C

)

1.0
0.8
0.6
0.4

0.2

A thick dead layer reaching
20 µm @ pixel boundary
100 µm @ pixel corner

Depletion layer thickness is 500 µm

8



Energy Spectra
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Energy Spectra
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Energy Spectra
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Back Bias Dependence
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Back Bias Dependence

N
or

m
al

iz
ed

 C
ou

nt
s 

(N
C

)

1.0
0.8
0.6
0.4
0.2

8keV beam,  Vbias = 20 V 8keV beam,  Vbias = 200 V

160

C
ou

nt
s 

/b
in

Channel [ADU]
80

100

C
ou

nt
s 

/b
in

Channel [ADU]
80

100

C
ou

nt
s 

/b
in

Channel [ADU]
80

8keV beam, Vbias = 200 V8keV beam,  Vbias = 20 V8keV beam,  Vbias = 5 V

N
or

m
al

iz
ed

 C
ou

nt
s 

(N
C

)

1.0
0.8
0.6
0.4
0.2

NC: 95%
@ Pixel boundary

NC: 79%
@ Pixel corner

NC : 100% 
@ Pixel center

NC 83%
@ Pixel boundary

NC: 25%
@ Pixel corner

NC: 100%
@ Pixel centerscan only a half 

of the pixel area

@ Pixel 
boundary

@ Pixel 
boundary

@ Pixel 
boundary

The thickness of the dead layer at lower back bias is smaller 
than that at high back bias 

10



Back Bias Dependence
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The charge-collection efficiency is better at lower back bias 
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Discussion

At lower back bias voltage

P+

P+

We simulate the electric field 
using TCAD simulator 

At higher back bias voltage

• Charge generated at the pixel boundary is 
not lost.

• Charge moves along the electric field in the 
sensor layer.

• So, we expect that the electric field converge 
into BPW.

• We found larger charge loss and larger dead 
layer

• Charge generated at shallow place does not 
arrive at BPW.

• Suggesting that the charge is transferred the 
interface not covered by BPW.

• The electric field will not be converged into 
BPW.
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TCAD Simulation of Electric Field

 Vback = 5 V 
Electric

Field
 [V/m]

Vback

30µm

BPW

Circuit
BOX

Sensor

20µm

 Vback = 200 V

• Electric field converge into BPW.

• Signal charge event at the pixel 
boundary is collected. 

• Electric field penetrates into BOX. 

• Signal charge moves to the interface 
region between Sensor and BOX.  

• The signal charge would be trapped and 
lost at the interface.  

Sensor-node
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Summary

•  We developed the device with small BPW in order to reduce the 
capacitance and increase the gain.

•  We investigate the sub-pixel response by irradiating with pencil X-ray 
beams.

•  Relative quantum efficiency and charge-collection efficiency at the pixel 
boundary are not well.

•At a high back bias voltage, we found a thick dead layer and lower 
charge-collection efficiency.

•  From TCAD simulation, we found that the electric field penetrates into 
the BOX layer and charge move to the interface region between Sensor 
and BOX.
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Energy Spectra

Channel [ADU]
0 20 40 60 800

100

200

300

C
ou

nt
s 

/b
in

0 20 40 60 80
Channel [ADU]

0

20

40

60

80

C
ou

nt
s 

/b
in

100

Channel [ADU]
0 20 40 60 800

100

200

300

C
ou

nt
s 

/b
in

0 20 40 60 80
Channel [ADU]

0

20

40

60

80

C
ou

nt
s 

/b
in

100
@ Pixel Center

8.0 keV

charge cloud 
accumulate in a pixel

Single-pixel event

Two-pixel event

charge is shared by 
two pixels

Singleのみの図

Channel [ADU]
0 20 40 60 800

100

200

300

C
ou

nt
s 

/b
in

0 20 40 60 80
Channel [ADU]

0

20

40

60

80

C
ou

nt
s 

/b
in

100
@ Pixel Boundary



Back Bias Dependence
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TCAD Simulation of Electric Field
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Experimental Setup
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2.4. Heat Sink and Thermo-Electric Cooler (TEC)

A three-stage thermo-electric cooler (TEC) is used to cool
the CCD to the nominal operating temperature of −90◦C. The
cold-end of the TEC is directly connected to the substrate
of the CCD, which is mechanically supported by 3 Torlon
(polyamide-imide plastic) posts attached to the heat sink. The
heat is transferred through a heat pipe to a radiator panel on the
satellite surface, and is radiated away to space. The radiator
and the heat pipe are designed to cool the base below −40◦C
under the nominal TEC operating conditions. Figure 5 is a
photograph of the inside of base with the frame-store cover
shield removed. Since the TEC is placed under the CCD, and
the heat pipe is running under the base plate, these are not seen
in figure 5.

2.5. Radiation Shield

The performance of any CCD gradually degrades due to
radiation damage in orbit. For satellites in low-Earth orbit like
Suzaku, most of the damage is due to large fluxes of charged
particles in the South Atlantic Anomaly (SAA). The radia-
tion damage increases the dark current and the charge transfer
inefficiency (CTI). The XIS sensor body provides radiation
shielding around the CCD. We found from the ASCA SIS
experiment that radiation shielding of > 10 g cm−2 equivalent
Al thickness is required. The proton flux density at 2 MeV on
the CCD chip through 10gcm−2 of shielding is estimated to be
∼ 2× 103 protonscm−2 MeV−1 d−1 in the Suzaku orbit (same
as the ASCA orbit) at solar minimum.

3. On-Board Data Processing

3.1. XIS Electronics

The XIS control and processing electronics consist of
AE/TCE (analog electronics/TEC control electronics) and DE
(digital electronics). The DE is further divided into PPU (pixel
processing unit) and MPU (main processing unit). Two sets of
AE/TCE are installed in each of two boxes, respectively, called
AE/TCE01 and AE/TCE23. Similarly, 4 PPUs are housed
in pairs, and are designated PPU01 and PPU23, respectively.
AE/TCE01 and PPU01 jointly take care of XIS 0 and XIS 1,
while AE/TCE23 and PPU23 are for XIS 2 and XIS 3. One
unit of MPU is connected to all the AE/TCEs and PPUs.

The AE/TCE provides the CCD clock signals, controls the
CCD temperature, and processes the video signals from the
CCD to create the digital data. The clock signals are generated
in the AE with a step of 1/48 pixel cycle (∼ 0.5µs) according
a micro-code program, which is uploaded from the ground.
The pixel rate is fixed at 24.4µs pixel−1. Therefore one line,
consisting of 4 under-clocked pixels, 256 active pixels, and
16 over-clocked pixels, is read out in about 6.7 ms. The CCD
output is sampled with 16-bit precision, but only 12 bits are
sent to the PPU. The 12 bits are selected to cover the full energy
scale of $ 15 keV in the normal setting of the gain. The full
energy scale of $ 60 keV can also be selected in the low gain
mode.

The AE/TCE controls the TEC (thermo-electric cooler) to
generate a temperature difference of ∼ 50◦C relative to the
base, while keeping the CCD chip at −90◦C. The AE/TCE

Fig. 5. The CCD and heat sink assembly installed in the base. The
cover shield is removed in this picture.

can also supply reverse current to the TEC, to warm up the
CCD chip in orbit. The CCD temperature may be raised a few
tens of ◦C above that of the base. In practice, the requirement to
avoid excessive mechanical stresses due to differential thermal
expansion of the copper heat sink relative to the alumina CCD
substrate imposes an upper limit on CCD temperature in this
mode. For example, with the heat sink at a typical operating
temperature of −35◦C, we have adopted a maximum allow-
able CCD temperature of about + 15◦C. The CCD temperature
upper limit is higher at higher heat sink temperatures.

The PPU extracts a charge pattern characteristic of X-rays,
called an event, after applying various corrections to the digital
data supplied by the AE/TCE. Extracted event data are sent to
the MPU. Details of the event extraction process are described
in subsection 3.3. The PPU first stores the data from its
AE/TCE in a memory called the pixel RAM. In this process,
copied and dummy pixels1 are inserted in order to avoid a
gap in the event data at segment boundaries, to ensure proper
event extraction at segment boundaries and to enable identical
processing of all segments of the data. The raw data from
AE/TCE may include a pulse height (PH) offset from the true
zero level due to dark current, small light leakage through the
OBF, and/or an electric offset. Since the offsets depend on
the CCD position and time, offset corrections are also position
and time dependent. To reduce the computing power and time
required for such corrections, the offsets are divided into two
parts, dark-level and light-leak. The dark-level is the average
output from a pixel with no irradiation of X-rays or charged
particles. The dark-level is determined for individual pixels,
and is up-dated by command only after each SAA passage in
1 The data of each CCD segment are transferred through independent lines

from the AE/TCE to the PPU, and are processed in parallel by the same
processing scheme in the PPU. For a proper event extraction at the
segment boundary, the data in the two columns of the adjacent CCD
segments must be used. Therefore hard-wired logic is installed to “copy”
the two column data in the adjacent CCD segments to the proper locations
in the PPU pixel RAM. These are called as “copied pixels”. In the case
of outer boundaries of segments A and D, such “copied pixels” can not be
prepared. Instead, two columns of zero data are prepared in the PPU pixel
RAM. These are called “dummy pixels” in the PPU pixel RAM.
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