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What is SOI pixel sensor ?

Sum
40nm \j_
200nm ——
)/
BPW
(Buried p-Well)
50~500um
Si Sensor
(High Resistivity
Substrate)
) / Z
Backside Implant,/
Laser Annealing, Charged Particle
Al deposit

(X-ray, Electron, A

* Monolithic Detector using Bonded wafer (SOI: Si
* Thick Depletion Layer in the high resistivity Si su
e Standard CMOS circuits can be build in the low resistivity Si.

* Seamless connection between the two layers @ No bump bonding.

pha, ...)

icon On Insulator)

pstrate.

* Based on Industrial Standard Technology — Stable
* No latch Up & High Radiation Tolerance.
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SOIPIX CoIIaboratlon

Regular Multi-Project Wafer
(MPW) run. (~twice/yar)
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* With OKI semiconductor — Lapis semiconductor
e Kyoto joins the collaboration in 2008.



SOIPIX Applications




The standard Imaging Spectrometer of
modern X-ray astronomical satellites

> X-ray CCD

Suzaku F-g- E‘§ < 1 XIS ® Fano limited spectroscopy with
Y the readout noise ~3e- (rms).

® Wide and fine imaging
with the sensor size of ~20-30mm

pixel size of ~30um@

Non X -ray background
® Non X-ray background above | of XIS (BI)

|OkeV is too high to study - ﬂ
WL ¥
) :? r':‘"'*.";‘?f.*. \

?
faint sources. 8 sl UL A
g o ‘4”%‘1‘*"9'*/*‘,‘"\ \' 1
® [ he time resolution is too 3 | AP
poor (~ sec) to make fast ' Due to high energy /
timing obervation of time particles on orbit.

03
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variable sources. : S ® ‘



“XRPIX” = Monolithic SOI pixel sensor
for future X-ray astronomical satellites

s, | e Xray | 0oR T

igh p, |

depleted Si) \ Fecron o (high energy
Insulator S Y H:;W particle)
(SiO2) oS

Fast CMOS /, y : v'éJ\_Lm -
(low p Si) Our SOIPIX (XRPIX) on-board processor

Each pixel has its own trigger and || Realize Very Low BGD by

analogue readout CMQOS circuit. Anti-coincidence

Imaging area > 25x25mm?2, pixel ~ 30-60uma (1” @ F=9m)

Energy Band 0.3-40keV with Bl, and thick depletion (>300Lm)
Target Spectroscopy AE < 140eV @ 6keV, Fano limit (<10e-)
Specification Timing <l Usec

Dark Current <|pA/cm?2

Function Trigger signal & pixel address output, built-in ADC

Non X-ray BGD 5e-5 c/s/keV/10x10mm?2 at 20keV (1/100 of CCD)




Applications for X-ray Astronomy
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XRPIX|: Pixel Circuit

O, e
| ;/o_ ;/o_ Comparator

vbbis ¢ ! ! * Trigger

o oOutput

Analog  i-mmmmmmmmmmmmmmmmmm e e Analog
Readout output
. . :
' VDDI8 :
1 coLamP ?  out BUF !
| Sensor : . lE} lb’ :
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. | Sample C | ChS C : : :
: | 00fF - | 00fF : ' ‘—l — ._l — :
: —| [ Sample = ] | | ;
: l /Store | | TEST_ECA  EOXX :
. GNDI8 PD _VRST CDS _VRST! VTH! :
1 { @ @ 7 ]

[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
|
|
|
|
|
|
|
r
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |
[ |



XRPIX Series - Road Map -
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XRPIXIT-CZ : X-ray Spectra in the frame mode

. 160[
%250_— . Red: 109Cd : : : | |
o <7V Blue: 241Am P S S N S i "
200~ | | | | |
120
150( -
FWHM = 1.1 keV I
100 13.9 keV -,
i 17.7 5 80
sol keV o ]
o = I
! 24.9 keV o i
60
| | | | | | | | | | | | | i

40 60 80 100 120 140

Channel 40 i

Good Linearity

Sensitivity = 4.0 pV/e- (including SF amps)oz
Sensor C = 34 fF !

° _Illlilll | 11 | 11 | Illill
Energy Resolution % 5 10 15 20 25

X-ray Energy [keV]
AE = 1.1-1.2keV (FWHM) » Fano limit
Readout Noise = 100e- (rms) Ryu et al., IEEE TNS 58, 2528 (2011)




XRPIXI-CZ : Readout Noise

* See whether the readout noise of 100e- (rms) is|The sum of these noises
explained by the sum of circuit noises or not. |is almost consistent
e Measure the noise of individual circuit element |With the observed
through several DC voltage input points. readout noise of 100e.
I VDE)IS !
SFI STORE
. 0—| a 1 CDS
' Sensor 4 |
: Sensor C ] ———— | ! _:—h'_
: |< " I" Sample C CDS C
E A 100fF | 00fF : :
— [ Sample = =
: /Store | TEST JECA EOXX :
| GNDI8 PD VRST CDS _.‘IRST: VTH! :
VB Vc VD
SF| CDS kTC SF2| (cOL AMP OEUT_BLfF
|3e 70e |3e 3le xterna
on PCB
(100fF = 51e) 53e

€ Sum = 94e¢ T Ryuefal, IEEE TNS 58, 2528 (20 1%




XRPIX2-CZ-FlI (Small Pixel) : Spectrum

Cu Ka (8.0 keV) Mo Ka(17.4 keV) - :
| 150r  XRPIX2 Gain
_ 1500 M 200 | b 6.5pV/e-
S S| Sk
S 656 eV gooey G| =109F
> 1000 FWHM FWH ol &
U e — e {5 = % :
1..| Mok | 3 sof !
008 Lty (19.65keV) o F XRPIX1 Gain
;,WJ* P LA 3 3.6 uV/e-
O """"" e T e O O:""'I"'I"'I"'I"'I"'I"'I"'I"'
40 38 120 160 0 10 20
Pulse Hight (ch =244 pV) X-ray Energy (keV)
Readout Fano Pixel-Pixel Gain
Observed Noise Noise  Dispersion 1% Sum
CuKax| 656 eV 548 eV (FWHM) 139 eV 255 eV 620 eV
MoKa| 800ev | S*e(MS)  so5ev 5536V 805 eV

Nakashima et al., 2012, NIM A submitted



XRPIX1b-CZ :Single Pixel Readout

In order to study the limit of the spectroscopic performance.

Observe the waveform of analogue output from a single pixel by fixing the
readout address without clocking (Single Pixel Readout like a SSD).

Detect an X-ray as a “step”’ and measure the pulse height. = X-ray spectrum.
No reset during the measurement — Free from the reset noise

Reduce noises other than the reset noise by introducing LPF.
high_v(100 samples average) - low_v(100 samples average) = LPF with T=100ps

PH [ADU]
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Nakashima
et al.,

2012,
NIM A

|AE = 278eV @ 8.0keV (FWHM), readout noise = 14.6e (rms)| occepted
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Accepted (2012)




XRPIXITb-CZ :Trigger-driven Readout of X-ray Events

. Trigger Address
Trigger !  Readout Clock

I
moour 1T 1 WTRITT

I\llllﬂﬂ\\lﬂ\illlﬂ T

ADDR[31] ADDR][O0]

CA [31 - O]

2Usec

RA [31 - O]

& 2.00V ® 200V 5 S SO00MS/s & - 200V
- W->v4.00000us 110k points

Fig. 12. Raw X-ray trigger signals fgcorded by the os@lloscope (c.f., Fig.

- Address of
Triggered Pixel

Column Row

- Trigger-driven mode basically
operates as designed.

Counts / ADU
= 3
= =

N
—

30

20

10

X-ray Trigger-driven Spectra

26.4 keV

_|| | [ | [ | [ | rrryprrrprrr1rp 1T T 7 T T B
N Data | VTH |Exposure|-
- 13.9 keV .
- Cu+Mo |10 mV| b5sec [
:_ I Am-241|15 mV| 20 sec E
:_ 8 keV 17.4 keV _:
- | .
— | —
- FWHM .
- 1.4 keV 17.7 keV ]

0 20 40 60 80 100 120 140 160
X-ray PH (ADU)

- The gain is different from that

of the frame mode.

- We are now investigating.

Takeda et al., IEEE Accepted (2012)



XRPIX1-FZ (ZkQ)cm): Depletion Depth

Depletion Depth [um]
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* The X-ray measured thickness of the depletion layer of XRPIXI-FZ
reaches ~250um at 30V and stops its growth there.

®* The 250um is nearly equal to the hi-p Si thickness (260pum).

* Full depletion is achieved at VBB=30V.

Nakashima et al., 2012, NIM A accepted
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XRPIX1-FZ-FI (7kQcm) : Dark (Leak) Current

XRPIXI-FZ, with CMP
PchNeXT4 (normalized to 30.6pumo)
100 T

Requierment at -40C

10’ - Vgg=30V

(0 5 20V
7& 10V

= 0.le/msec/30.6umC pix
(depletion = 250um)
= 2pA/cm?2
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Back lllumination is Essential

= ' T T T
— | Dead Layer =Si 0.1um /,,---”T“" //‘/
// g / ( ‘ / d
|/ / ‘ / |
W v | / Si lum / / )
Qo | / / i
_ Si 10U | / |
/ /
x"f; ‘ /
o L |~ A
0.3 |.0 5.0

Energy (keV)

* Scientific Target : observe C-K& X-ray line at 0.3keV.

* The front side of SOIPIX has a circuit-layer of 10pum thickness.
(Note: XIS FI-CCD~| pm, BI-CCD~0.07pum)
e Difficult to detect Soft X-rays with Fl.

e Difficult to reduce the thickness of the circuit layer.

— Bl is essential




QE of LBNL’s BI-SOIPIX / SOlmager-2-CZ-BI

1 l 1 ] ] I ] l ] ] ) l ]
12 Dead Layer
- 0.620.2um
0.8 |
g [
& B
g 06
g Of
w -
04 [
0.2
oL
Energy (keV)
e CZ-Bl with Back-thinned to 70um.
* A thin phosphor layer is implanted. Battaglia+|2 NIM-A

X INIEFFEADRTFTIREL, AUz /\=Z2ERULIEAORFTTY.




XRPIX1b-CZ-FI/Bl (100pum): Spectra in Single Pixel Readout (2011.11.22)

Target= Al;O3, Front-l, Back-l, V_tube=6 kV,
V_bais = 100V, Temp==50°C, Hit Threshold= 2 ADU, Exposure=400 sec, PIX=RT10C10, 2us_sample, 300 Us_ave

Cts

10°

10

_l L | L | I | L | I | L | Frrrprrrrp il |_L . . .
- o ~ED- Bl BLUE Il Back illumination type.
B e-rms |
_ 18 eorme ﬁggf . : J X-ray generator (target = Al,
- 1000 13 6kV).
- Alka ™ 1:
N (1.48\1,keV) o0f -7 * Al-K + Bremss
3 T 11 sl '3 (+O-K from Al203?)
i Okaze T L -]  AE (FI) = 188eV,
3 b e D AE (BI) = 351eV (f line)
- + -
i “‘ HV -
(6kV)

§_ || Detection _§
- Threshold Si Edge ‘ 7]
- (2ADU) (1.84 keV) W | -
—I— Ll ] | I I | | I I | | I 111 | I I | | I 111 | I I | | I el | l nm o B
-5 0 5 10 15 20 25 30 35 40

PH [ADU

Results on Fl : Ryu et al., IEEE Accepted (2012)



XRPIX3 and after

Spectral Performance
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Conclusion
o X IR K XEERD X#ESsoIEY LILiEHaEE(XRPIX) Z F .
o RFIETENIC & B IBIEXIRBGDZHIEL, MY HBEEZRFD.
*4.5mmA DR T DFEFEICAIS

o EZEIEH~250um, EHEARE~0.6um

oEHHU /1 X64e-(rms), AE=656eV @ 8.0keV (FWHM)
e N AEH U ICAKTh
oS, mAHUL/ M X, BEHARE, RAFKFTHOELEZITS

A-R-Tec

Analog and RF Technologies




