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Development of Advanced Pixel Detectors for
Astronomy with SOI Technology
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Summary of thesis contents

X-ray astronomy is the one of the important research fields
to understand the universe. The first X-ray detection in the
universes other than the Sun was observed with the rocket by
B.RossiandR.Giacconi in1962. X-rayastronomy has grown quickly
since then.

Asof 2013, threeX-rayastronomical satellites, Suzaku, X-ray
Multi-Mirror Mission (XMM-Newton), and Chandra, are operated
in the space. The standard imaging spectrometers of these modern
X-ray astronomical satellites are X-ray Charge Coupled Device's
(CCD) . The X-ray CCD offers Fano limited X-ray spectroscopic
performancewith the readout noiseof about 3electrons. Itallows
us to do wide and fine imaging with the sensor size of 20 - 30
mm square andapixel sizeof ~30 um. However, it has some weakness.
The most serious issue is a non-X-ray background (NXB) generated
by high energy particles on orbit. Especially it has serious
influence above 10 keV. The rate of the NXB is too high to study
faint sources. Therefore, a low background detector is desired
in the next generation. Moreover, time resolution is too poor
to make fast timing study of time variable sources (e.g.,
millisecond pulsar).

Future X-ray astronomical satellite missions will require
a new type of detectors that can distinguish X-rays and charged
particle tracks, so as to reduce the background level. The new
detector must have good coincidence time resolution (~50 ns),
superior hit-position readout time (~10 us) in order to reduce
the NXBby cosmic rays. By introducingananti-coincidencemethod
between the hit signal and the external active shield detector,
the background produced by the cosmic ray tracks can be greatly
reduced. This is particularly important for the observation of
hard X-rays with energies above 10 keV. In addition, it must
have wide bandpass (from soft to hard X-rays, 0.3 - 40 keV),
and comparable performance in terms of imaging spectroscopy.

In order to realize the detector described above, we have
been developing a new type of active pixel sensor (APS) called
XRPIX based on the semiconductor pixel detector with the
silicon-on-insulator (SOI) complementary metal-oxide
semiconductor (CMOS) technology. This new technology, i.e., SOI
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pixel detector (SOIPIX), has been developed by High Energy
Accelerator ResearchOrganization (KEK) inrecent years. Thereby,
we designed “Event-Driven SOIPIX” with a trigger information
output function as “XRPIX series”. And we realize the
spectroscopy system which reduce background rate of the NXB by
two orders of magnitude compared with the CCD. Finally, we aim
to employ the XRPIX in the next generation X-ray astronomical
satellite.

The SOIPIX utilize a thick handle wafer of SOI structure as
a radiation sensor to detect charged particles and X-rays. The
SOI wafer is a bonding of two silicon wafers and a thin oxide
film in between. Thus optimum resistivity can be selected for
sensing part and circuit part respectively. By making contacts
between top and bottom silicon through an oxide film, it becomes
the detector which unify a sensor and readout circuitry. This
is the reason that the SOIPIX is called “ideal” monolithic pixel
sensor.

In this thesis, a new detector called XRPIX based on SOIPIX
technology developed for future X-ray astronomical satellite
mission is described. This detector has a voltage comparator
circuit in each pixel. Therefore, it has a capability to output
timingandahit-positioninformationsimultaneouslywhenX-rays
and charged particles signal crosses the threshold voltage of
the pixel. This function offers us new operation regime of
“Event-Driven readout” which judges whether it is a “real X-ray
signal” for every detection events.

XRPIX series has designed six devices of XRPIX1/1b/2/2b/3/3b
until now. In each chip, Event-Driven readout and spectroscopic
performance are tested and improved. The XRPIX2b has a middle
size of sensing area (effective area is 4.6 mm sqg., pixel size
is30umsg., numberof pixelsis 20 k) and succeededinacquisition
of the spectrum by Event-Driven readout mode. We think this is
a world first detector realized this function. The event rate
tolerance is over 1 kHz.

In view point of the spectroscopic performance, XRPIX3
achieved best performance in the SOIPIX detectors. It includes
a charge sensitive amplifier in each pixel for the first time
in the XRPIX series. Thegain of X-ray responsivityis1l7.9uv/e-.
The readout noise is 33 electrons rms from the pedestal peak

and the energy resolution is about 300 eV FWHM at 5.9 keV from
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55Fe radio isotope. Furthermore, XRPIX3 resolvedMn-K, (5.9 keV)
andMn-K;, (6.4 keV) successfully forthefirst time inour series.
Thereby, XRPIX reached the spectroscopic performance accepted
as an X-ray detector.

In this study, I have done many basic studies for the XRPIX
by using device and circuit simulators. Then I have designed
many prototype chips and measured performance of the chips with
X-rays. In addition, I have done cooling test of the detector
and analyzed the source of the leakage current etc. Through
these work, I think I can demonstrate the possibility of the
XRPIX for future X-ray astronomy satellite missions.



(Separate Form 3)

iR L OFAEROEE
Summary of the results of the doctoral thesis screening

AFw XL, Silicon On Insulator (SOI) & FEIEAL 2 B LW 8K T /S 252 R L7,
XM R ST O HEF ) e X o A7 L OFF AT —~ L LT\ 5, BRIk~ 72
FI T, RIEDL OS2 ERZRME L TR, XRbZ O L7 a—7 L LTFEHBHIO
BERTFETHDL, LLARRL, ZHE CTOXBBMER CTIX, 10keVEBZ DT R/LF
—FEICIX, MIERLTOT 7T U BNV EER LB TNy I T U RL~L
MAERIZ B L T, ARRBINNSREER TH 72,

29 L7 RS, XERHE R 2 SR D CCD 2 B X A1E BN G | 4 < 7 LR
SIRISFIREIR S AT ARSI HIUL, IR T 52N TE S, 29 LIET AT LTI,
S8 JE % BT ff FERL - OVETOH 7 v & 72 E DIF R &l - T, EHE L7 BIG & 2 Izl 5
HTENARRERDINDTE, £ ) LICHEEE A FTRE L T 27 /34 2 & LT, HE#HIZCCD
(222 0 SOIEATIZ S S EF e T N A AR T 5 Z & 2R TR Z e -72, SOIE:
W L AXE o —DBAIZKEKZR S8BT, 2 0 0 6452 A L 0 Bt S B D
HILTWD, ZOHM X, £FEEE (LSD 723>V avEiitkzE (BOX) o Lo
e LTHEM S, BOXIFMIN. Lz U a iR EICEED EbEbnTng, 2Dl o
VHMAEXRE o — & U CEM L EELSTA EREE O[5 BB RIEE & L CIE 35 2 & T,
SHIEREE FF OB 7 B AV OXRE V=N EH T 5, ABFETIEE D LI-HEEE LTH
DIZITMAIN 7 T4~y NEREY ) O RA B L, R XRELIRIN R L 70 2 T 31 A%
SEAk L7,

AR MEEENT, EROCCDAFIA L72Xf v A7 AEb & LD, ZHLETDSOI
B BNATNA ZATIEERT S Z LIXTE o7, HEEEIX, TR aMsiar L —%
BRI L DB T N T —HEREE FTT- A AT T, BEx 2Bl %2 6 I £ 72085
Fv 7 (XRPIXV U —X) OFRMEIC LV Fiifbd 52 & Trlagd Lz, 29 LIEIEOK
Ft. LSI~OMAIATL, RIET A AOFMIX HFEE B 52T, AT R coo T
DA Ry NEREV T 7R 5ER. 80eD ) A A L~L 5.9 keVOXFRIZ % L CFWHM T300
eV T X /)LFX —fRHET, #0 K U1kHzDFe A H U 2 35 L7,

Z 9 LB RIE, T CIZIEEEZ L U & 3 2 5 25T B4R 0 B Ap [ FR 25 TR
A=K OAHBEENLRSINTEY, @mWEHEA STV 5,

AFEZEE LTI, AL CHFEE 2SBA% LioA X MEREgRELZ b o X e 7 kv
P—OENERERBD, EZORBIIRORRE £ L DI FRHGR N, AR TPE
DENFH LS SO LVWARERIOb D L, 22 —HTRE LT,



(Separate Form 3)

iR L OFAEROEE
Summary of the results of the doctoral thesis screening

AFw XL, Silicon On Insulator (SOI) & FEIEAL 2 B LW 8K T /S 252 R L7,
XM R ST O HEF ) e X o A7 L OFF AT —~ L LT\ 5, BRIk~ 72
FI T, RIEDL OS2 ERZRME L TR, XRbZ O L7 a—7 L LTFEHBHIO
BERTFETHDL, LLARRL, ZHE CTOXBBMER CTIX, 10keVEBZ DT R/LF
—FEICIX, MIERLTOT 7T U BNV EER LB TNy I T U RL~L
MAERIZ B L T, ARRBINNSREER TH 72,

29 L7 RS, XERHE R 2 SR D CCD 2 B X A1E BN G | 4 < 7 LR
SIRISFIREIR S AT ARSI HIUL, IR T 52N TE S, 29 LIET AT LTI,
S8 JE % BT ff FERL - OVETOH 7 v & 72 E DIF R &l - T, EHE L7 BIG & 2 Izl 5
HTENARRERDINDTE, £ ) LICHEEE A FTRE L T 27 /34 2 & LT, HE#HIZCCD
(222 0 SOIEATIZ S S EF e T N A AR T 5 Z & 2R TR Z e -72, SOIE:
W L AXE o —DBAIZKEKZR S8BT, 2 0 0 6452 A L 0 Bt S B D
HILTWD, ZOHM X, £FEEE (LSD 723>V avEiitkzE (BOX) o Lo
e LTHEM S, BOXIFMIN. Lz U a iR EICEED EbEbnTng, 2Dl o
VHMAEXRE o — & U CEM L EELSTA EREE O[5 BB RIEE & L CIE 35 2 & T,
SHIEREE FF OB 7 B AV OXRE V=N EH T 5, ABFETIEE D LI-HEEE LTH
DIZITMAIN 7 T4~y NEREY ) O RA B L, R XRELIRIN R L 70 2 T 31 A%
SEAk L7,

AR MEEENT, EROCCDAFIA L72Xf v A7 AEb & LD, ZHLETDSOI
B BNATNA ZATIEERT S Z LIXTE o7, HEEEIX, TR aMsiar L —%
BRI L DB T N T —HEREE FTT- A AT T, BEx 2Bl %2 6 I £ 72085
Fv 7 (XRPIXV U —X) OFRMEIC LV Fiifbd 52 & Trlagd Lz, 29 LIEIEOK
Ft. LSI~OMAIATL, RIET A AOFMIX HFEE B 52T, AT R coo T
DA Ry NEREV T 7R 5ER. 80eD ) A A L~L 5.9 keVOXFRIZ % L CFWHM T300
eV T X /)LFX —fRHET, #0 K U1kHzDFe A H U 2 35 L7,

Z 9 LB RIE, T CIZIEEEZ L U & 3 2 5 25T B4R 0 B Ap [ FR 25 TR
A=K OAHBEENLRSINTEY, @mWEHEA STV 5,

AFEZEE LTI, AL CHFEE 2SBA% LioA X MEREgRELZ b o X e 7 kv
P—OENERERBD, EZORBIIRORRE £ L DI FRHGR N, AR TPE
DENFH LS SO LVWARERIOb D L, 22 —HTRE LT,



