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Outline

‣ Detectors for X-ray astronomy 

‣ Our concept for the new detector

‣ Characterization of the latest device, “XRPIX2”  
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X-ray Astronomy & Detector
Detectors for X-ray astronomy are 
launched by satellites.

Since the ASCA satellite launched in 
1993, CCDs are widely used for X-ray 
astronomy.

‣Fine pixel pitch (~20 µm)

‣Fano limited energy resolution (~130 eV)

‣High sensitivity for low energy X-ray (0.5 - 
10 keV)

No. S1] Suzaku Observation of SN 1006 S143

As shown in figure 2, we found clear K-shell (K˛) lines
from Ar, Ca, and Fe, for the first time. With a power-law plus
Gaussian-line fit, we determined the line center energy of the
Fe-K˛ to be ! 6.43 keV. This energy constrains the Fe ioniza-
tion state to be approximately Ne-like.

3.3. Iron Line Map

We show in figure 3a an image in a relatively narrow band
(6.33–6.53 keV) that contains the Fe-K˛ line. This image was
generated by subtracting the continuum flux at energies of 6.1–
6.3 keV. (The image in this band is shown in figure 3b.)

We can see that the Fe-K˛ flux is enhanced at the
southern part of the remnant (outlined in red with a ellipse),

Fig. 2. Background-subtracted XIS spectra extracted from the whole
SE quadrant (SN 1006 SE). The black and red points represent the FI
and BI spectra, respectively.

Fig. 3. XIS intensity map at the Fe-K˛ line (a: 6.33–6.53 keV band), from which the continuum flux at 6.1–6.3 keV band [shown in (b)] is subtracted.
In both images, exposure and vignetting effects are corrected. The data from the three FIs are combined. Two corners of the calibration sources are
removed. The black squares indicate each FOVs of the XIS. The red ellipse shows the region where we extracted the spectra for a detailed analysis.

except for the NE and SW quadrants where the non-
thermal emission is dominant. The mean surface bright-
ness at 6.33–6.55 keV within the elliptical region is 8.5
(˙0.5) " 10#9 photons cm#2 s#1 arcmin#2, while that outside
it (only in the SE and NW quadrants) is 4.6 (˙0.3) " 10#9

photons cm#2 s#1 arcmin#2. In order to study the thin-thermal
spectrum with the best S/N ratio for Fe-K line, we extracted the
X-ray spectrum from within the elliptical region, excluding the
corner of the calibration sources. The background subtraction
was made in the same way as that of the full-field spectrum.
The results are given in figure 8. Hereafter, all detailed anal-
yses are made using this spectrum.

3.4. Energy and Width of the Emission Lines

In order to study the line features, we fitted the spectra
extracted from the elliptical region with a phenomenological
model; a power-law for the continuum and Gaussians for the
emission lines. The best-fit center energies and widths for the
emission lines are shown in table 1. Since the absolute energy
calibration error is ˙0.2% above 1 keV (Koyama et al. 2007),

Table 1. The center energies and widths of the emission lines.

Line Center energy$ (eV) Width! (eV)

Mg-K˛ 1338 (1337–1340) < 5.4
Si-K˛ 1815 (1813–1816) 40 (38–42)
S-K˛ 2361 (2355–2365) 60 (54–65)
Ar-K˛ 3010 (2991–3023) < 50
Ca-K˛ 3692 (3668–3724) < 57
Fe-K˛ 6430 (6409–6453) < 60

$ Errors (statistical only) are given in parentheses (see text).
! One standard deviation (1").

ASCA (1993-2000) 

Suzaku (2005-) 

45 mm

25 mm

Suzaku/XIS

X-ray spectrum
of Suzaku/XIS
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New Imaging Sensor for X-ray
Problems of CCDs

‣Charge transfer causes... 

- Low timing resolution (a few sec)

- Charge loss due to lattice defects
-> Radiation tolerance is low

‣High background above 10 keV
-> restricts hard X-ray observation

Suzaku/XIS
Cosmic-ray Background

High Background
>10 keV

Count rate ~ 1 kHz
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New Imaging Sensor for X-ray
Problems of CCDs

‣Charge transfer causes... 

- Low timing resolution (a few sec)

- Charge loss due to lattice defects
-> Radiation tolerance is low

‣High background above 10 keV
-> restricts hard X-ray observation

“Active Pixel Sensor” is being developed in various institutes

‣Convert signal charge to voltage within a pixel
-> Flexible readout pattern and faster timing resolution
-> High tolerance to radiation damage

‣Built-in integrated circuitRo
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Our Concept = Intra-pixel trigger system 

Onboard Processor
 ● Anti-coincidence (NXB rejection)
 ● Direct Pixel Access (X-ray Readout)

CMOS Pixel
with Trigger

Field of View
Cosmic Ray 

(Non-Xray-BG)

Active 
Shield

X-ray 

Intra-pixel trigger system acheives

‣Very fast timing resolution 

‣Background rejection with an anti-
coincidence system and wide bandpass

pixel pitch
Energy

Resolution
Radiation
Tolerance

Timing
Resolution Bandpass

CCD <30 µm Fano limited Poor ~1 sec 0.5-10 keV

other APS 30-100 µm Fano limited Good ~1 msec 0.5-10 keV

our APS <60 µm Fano limited Good <1 µs 0.5-40 keV
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X-ray SOI Pixel Sensor (XRPIX)

We use Silicon-On-Insulator (SOI) wafer for a new APS

X-ray SOI Pixel Sensor 
(cross-section) 

                            

one pixel pitch 

Back Bias

Insulator (SiO2)
200 nm

Sensor layer 
250 µm

Hole

Electron

X-ray 

CMOS layer
~5 µm 

Amplifier 
with Trigger

Amplifier 
with Trigger

Amplifier 
with Trigger

Si substrate
(~700 Ω cm)

Amplifier
with Trigger

(figure is not to scale)

Trigger 
Analog Sig 

Buried p-well 
(BPW)

increase the input 
capacitance...

Monolithic

p+ and
contact via

6/21



Pixel Circuitry in X-ray SOI Pixel Sensor
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Achievements & Issues of Our Development

Achievements 

‣Small pixel pitch (<30 µm)

‣Trigger-driven readout of X-ray signals

‣Full depletion of the sensor layer (250 µm)

‣Small crosstalk in adjacent pixels (<0.5%)

Issues
‣Poor energy resolution in full frame readout (~1.2 keV 

@8 keV X-ray)

‣Gain degradation in the trigger-driven readout

‣Backside illumination test

‣Anti-coincidence test

XRPIX1 in 2010

XRPIX1b in 2011
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Achievements & Issues of Our Development

Achievements 

‣Small pixel pitch (<30 µm)

‣Trigger-driven readout of X-ray signals

‣Full depletion of the sensor layer (250 µm)

‣Small crosstalk in adjacent pixels (<0.5%)

Issues
‣Poor energy resolution in full frame readout (~1.2 keV 

@8 keV X-ray)

‣Gain degradation in the trigger-driven readout

‣Backside illumination test

‣Anti-coincidence test

XRPIX1 in 2010

XRPIX1b in 2011 most important issue !
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New device “XRPIX2”

Large Pixel 2
36 x 18 pixSmall Pixel

64 x 144 
pix

Large Pixel 1
36 x 18 pix

Chip design:

‣0.2 µm FD-SOI process provided by Lapis 
semiconductor Co. Ltd.  

‣Resistivity in the sensor layer = 700 Ω cm

‣Resistivity in the CMOS layer = 18 Ω cm

‣2 type pixel pitch (30 µm & 60 µm)

Scope of this presentation is characterization of the XRPIX2 
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Experimental Setup

Vacuum Chamber
with

Mechanical Cooler
10-6 torr & -50 ℃

X-ray Generation System

Heater

FPGA

Cold Finger

Thermometer

ADC

EthernetCold Plate

Primary X-rays:
Mini-X, 30 kV 0.1 mA
Ag "uorescence 
+ bremsstrahlung

Secondary X-rays:
Cu "uorescence or
Mo "uorescence

Target
(Cu or Mo)

Secondary X-rays

Primary X-rays

XRPIX2
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Con#guration of Small Pixel

Large Pixel 2
36 x 18 pixSmall Pixel

64 x 144 
pix

Large Pixel 1
36 x 18 pix

‣Half BPW area (400 µm2 -> 200 µm2) 
‣Large pixel format (256 pix -> 9216 pix) 

XRPIX1 BPW  21 µm sq.

XRPIX2 BPW
14 µm sq.

Object of Small Pixel  -> Increasing the Gain and check Uniformity

1 pix =
30 µm sq.

BPW increases
the input capacitance

Capacitance ∝Area
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X-ray Sensitivity (Small Pixel) 

‣Gain of XRPIX2 is 1.8 times higher than that of XRPIX1 
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‣Full-frame readout (not trigger driven 
readout)
‣X-ray event selection
- discard multi-pixel (charge sharing) events 

and pick up only single-pixel events
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Gain Uniformity (Small Pixel) 

‣Gain uniformity is very good even with the large pixel number

0 10 20 30 40 50 60
0

20

40

60

80

100

120

140

5

5.2

5.4

5.6

5.8

6

6.2

6.4

6.6

6.8

7

0 6030
Column

0

140

70Ro
w

5.0

7.0

6.0

5 5.2 5.4 5.6 5.8 6 6.2 6.4 6.6 6.8 7

1

10

210

310

5.0 7.06.0

RMS (>6 µV/e)
= 1.35 %

10 <6 µV/e pixels:
2 % of the total

102

Pi
xe

l N
um

be
r

Gain (µV/e-)

1

Gain histogramGain map

G
ai

n 
(µ

V/
e-

)

13/21



Energy Resolution (Small Pixel)
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‣Achieve 1.8 times higher resolution than that of XRPIX1  

Readout noise = 64 e-  (⇔ 129 e- in XPRIX1)
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Con#guration of Large Pixel 1

‣Same layout of Small Pixel
‣Twice pixel pitch (30 µm -> 60 µm) 

Large Pixel 2
36 x 18 pixSmall Pixel

64 x 144 
pix

Large Pixel 1
36 x 18 pix

Object of Large Pixel 1  -> decreasing charge sharing and 
Increasing  single-pixel events

                            

                            

multi-pixel
event

single-pixel
event

1pix 
30 µm

1pix 
60 µm
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Investigation of Charge Sharing

Single pixel event fractionSingle pixel event fraction

Small Pixel Large Pixel 1

Cu Kα 86.1% 96.4%

Mo Kα 66.5% 86.3%

‣ Increase single pixel events in Large 
Pixel 1
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Investigation of Charge Sharing

Single pixel event fractionSingle pixel event fraction

Small Pixel Large Pixel 1

Cu Kα 86.1% 96.4%

Mo Kα 66.5% 86.3%

‣ Increase single pixel events in Large 
Pixel 1

                            

charge collection 
inefficiency at the 
pixel edge
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‣Spectral shape is obviously worse 
than Small Pixel 
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Con#guration of Large Pixel 2

‣9 vias + BPWs
‣Total BPW area = 130 µm2  

                            

low charge collection 
efficiency at the pixel 
edge

                            

Multi-via structure 
can improve 
efficiency

Large Pixel 2
36 x 18 pixSmall Pixel

64 x 144 
pix

Large Pixel 1
36 x 18 pix

Object of Large Pixel 2  -> Improving the charge collection efficiency

Via + Small BPW 

17/21



Charge Collection Efficiency

PH [ADU]

4 6 8 10 12 14 16 18 20 22

C
o
u
n
ts

0

50

100

150

200

250

300

350

8 12 16 20
Energy (keV)

4

100

200

300

Co
un

ts

PH [ADU]

4 6 8 10 12 14 16 18 20 22

C
o
u
n
ts

0

20

40

60

80

100

120

8 12 16 20
Energy (keV)

4

100

50Co
un

ts

PH [ADU]

4 6 8 10 12 14 16 18 20 22

C
o
u
n
ts

0

100

200

300

400

500

600

8 12 16 20
Energy (keV)

4

200

400

800

Co
un

ts

- Small Pixel - - Large Pixel 1 - - Large Pixel 2 -

‣Multi-via structure successfully improves the charge 
collection efficiency.  
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Charge Collection Efficiency
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‣Multi-via structure successfully improves the charge 
collection efficiency.  
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Gain in Large Pixel 2

Small Pixel Large Pixel 1 Large Pixel 2

Gain 6.5 µV 6.5 µV 3.3 µV1/2

Why does gain decrease in Large Pixel 2 ?

due to  
BPW area

Parasitic capacitance
due to  BPW boundary length ? Large Pixel 1 Large Pixel 2

BPW boundary length is ...

56 µm 128 µm

‣Simulation for con$rmation is underway.
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Plan to the Next Chip Design

‣ Large Pixel Size
-> Reduce charge sharing 

‣ Multi-via Structure
-> Increase charge collection efficiency

‣ One BPW
-> Increase the gain

‣ Intra-pixel Charge Ampli$er
-> Increase the gain

1 pix = 60 µm

BPW

Contact Vias
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Summary & Ongoing Work

‣ We are developing X-ray SOI pixel sensor for X-ray Astronomy.

‣ New device, “XRPIX2”, achieve 1.8 times higher gain and 
energy resolution than that of XRPIX1. (Gain = 6.5 µV/e-, 
Energy resolution = 656 eV @8 keV)

‣ Large pixel pitch decreases charge sharing and multi-via 
structure improves the spectral shape.

Summary

‣ Feedback the results into the next chip design.

‣ Trigger driven readout with XRPIX2. 

Ongoing Work
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