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Silicon-On-Insulator (SOTI)
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SOI Wafer{E Y 77 1 (SIMOX)

HATHHTSOIVT/NEERIE,
BRRAT 2T AAHRNETRIEIRZ £,

BEFR T A - BB (BRSO DY EEESEL S

Oxygen Ion Implantation SIMOX
120-200 keV, 4-20x10" cm (Separation by Implanted Oxygen)
l l l l l l l l l K. Izumi (NTT Japan, 1978)
Si Overlayer
annealing Bur'|ed Odee Layel"
3-6 hours
Si Substrat ~13OO:C Si Substrat
| oUDsSTrarte I oUDsSTrarte
e (Handle Wafer) .. S (Handle Wafer) .




SOI Wafer® {E Y 75 11 (SmartCut) BEOMER

EERESIi DT /N—

,» KFA A ATAH ’
4 - B ' N

Layer Transferf i
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On-Insulator (SOI)
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CERN LHC=EERTHL b T SPixelt&H Z5(Hybrid Pixel)

semiconductor
sensor chip

flip-chip
bump bonding ;---"
connections "

4
& ]/ )

electronics chip

0.1 mm

single pixel

CMOS pixel
uf read-out cell

read-out chip
metal bump

insulator

« RHSBEFHLILIMAZIRZER 2 IZ4EY,

SR/ TITEYEET S, o
o BN HRZEEIZHIMR, © | doped silicon
s ROTEMENKEIZHS, sensor
s FEBEICKDHRE-FDIET, N
« FEMMNEL FaX, st Bias voltage clectrode
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Hybrid Detector

Silicon-On-Insulator (SOI)

To use SOl technology for pixel detector is already
discussed in 19900).

(*) Jean-Pierre Colinge, 'An overview of CMOS-SOI technology and its
potential use in particle detection systems', NIM A305 (1991) 615-619.




Il. SOI Pixel Process %




SOI Pixeltx i 2& D 4512

« BWAES AV, FEFMMENIOHTRIE,
=SSR, S fReE, BEMENEHS,

« BEE LY (~50um)I2LD, ZERMELZMSCRAER FIRE,
BWZEZE(~500um)IZLD, XiR - FONMRANDENEE,

o IUFTVITHEL, MSFHRICKDEFEIBRICHMEL,

s EEESLEREBOAE)—ZFH2IUTIOIVMESEILATEREIZ,
o BELIREE (KR, BETHR) ~ D3&EL V1%,

o BARZEZROBERIN, e
(R EDRYAHNES) - Tl st ;1
Q—T_

B A& ETimi. o BPW (Buried p-Well)

X-rays Al
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« BFAARTHEDOFEAPixeliZHIZDRAFENGEMN>I=2EM L, SOl Pixel
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Issues in SOl Pixel

 Transistors does not work
with Detector High Voltage.
(Back-Gate Effect)

« Circuit signal and sense node
couples.
(Signal Cross Talk)

» Oxide trapped hole induced
by radiation will shift transistor
threshold voltage.

(Radiation Tolerance)

" HvV

1990 FE (2, LM DSOIEHFZIR&DMNRE2—k,
LHAL. 7OEREMHERAT, LELREERBRTEOH o1,
F-. BLBRYEHHED T/ N\ Eh o=,

> [FEAEDREDITEKBDHIBIZERT,



Revolution of Measurement

Conventional Radiation Detector SOIPIX

<

Measure Total bharge Detect a Quantum
generated by radiation in each Pixel

12



Revolution of Scale
Hybrid Detector SOIPIX

1 Pixel \0\)'“\
e
Q

/@cﬁon of SOIPIX

1/100 of Pixel Area!

Substrate




Lapis Semi.”) 0.2 um FD-SOTI Pixel Process

Process |0.2um Low-Leakage Fully-Depleted SOl CMOS
1 Poly, 5 Metal layers.
MIM Capacitor (1.5 fF/um?), DMOS
Core (I/O) Voltage =1.8 (3.3) V
SOl Diameter: 200 mm¢, 720 um thick
wafer Top Si: Cz, ~18 Q-cm, p-type, ~40 nm thick
Buried Oxide: 200 nm thick
Handle wafer: Cz (n) ~700 Q-cm,
FZ(n) > 2k Q-cm, FZ(p) ~25 k QQ-cm eftc.
Backside | Mechanical Grind, Chemical Etching, Back side
process |Implant, Laser Annealing and Al plating

™) Former OKI Semiconductor Co. Ltd.




Main Issue in the SOIPIX:
Back-Gate Effect

E VN WY | BTN N N W N R N N
-0.5 0.0 0.5 1.0 1.5

Vgs|[V]

6.31e+0

10

1.58e+03

Detector Voltage act
as a Back Gate of the
== Transistors, and open
back channel.

3.38e+02

15



Buried p-Well (BPW)

Substrate Implantation BPW Implantation
suiea || sosi LD L
Oxide
(Box/u
o BPW
» Cut Top Si and BOX » Keep Top Si not affected
* High Dose * Low Dose

» Suppress the Back Gate Effect.
» Shrink pixel size without loosing sensitive area.
* Increase break down voltage with low dose region.

* Reduce electric field in the BOX which improve radiation
hardness.

16



l4s=Vs.and BPW

w/o BPW with BPW=0V
10-2 10-2 1 1 1 1 1 1 1 T l | T - Bl | I T L I 1 |
10° . 10° -
10™ 10
10° 10° -
_10* ___10‘ -
< <
' 10”7 2107 -
o =
10°® Vback= 10° - Vback=
s =8~ OV . - 0V
10 - 5V | 10 -2 5V |
10 —A— 10V Nl 10 —h— 10V .
0 —y— 50V 10 —v— 50V
10" - —— 100V| _ 10" —— 100V| _
10-12 PO A S L (N NN RN T (TR 10-12 T S S
0.5 0.0 0.5 1.0 1.5 0.5 0.0 0.5 1.0 1.5
Vgs[V] Vgs[V]

Back-gate effect is completely suppressed by the BPW.

17



Issues in SOI detector

Sensor and Electronics are located very near. This cause ..

Back Gate Radiation Sensor-Circuit
Effect Damage Cross Talk
1 “ar

B Hole Trap
Coupling
Electric
Field
l
+HV

At first, we successfully introduced BPW layer to remove the
back gate effect.

Then we newly introduced additional conductive layer under the
transistors to reduce all effects (= Double SOI).

18




l

-— S Circuit/,v,j
From Single SOT to Double SOT —“E_T-T._ iRy T 7~
e ap/w s pr(n)
(Buried p-Well)
(HsihSRen:t?vﬁty
Double SOI I Substate) n-(p-) /
=g 1
cfmoscireuitﬁ"ﬁ—/?] Single SOI
——

5

Middle Si

— |+ Shield Crosstalk
« Compensate

( HS_ih SRen_Stt?ay 4 radiation induced

igh Resistivi e 2

Substrate) / L p-- oxide charge
_— g :

Back Plane Radiation

(X-ray, Electron, Alpha, Charged Particles, ...)
19



Cross section of the Double SOI Pixel

Middle Si




Effect of Double SOI

Shield:

Cross Talk
between Circuit
and Sensor is
reduced to 1/20.

Cross Talk from Clock line

008 — \ -
- o . —— Double SOI chi "
. = N /Slngle SOl w ;A
06— \
- ] i LI |
- \ N
- = 'l “ M SOI Ch.lp 'l |‘
- 'a Sy L preamplifier - : " . ' \‘,,\#—‘-
(] v -
002+— () o
E Double SOl !
e 0l ’\ ‘l' ’y
% - : ) :v : .
8 \ | \ |
= — ! - shaper ' ' [
w —002 V‘;‘t_'k 4 =t ‘\ 7 -\A 'T“ T"'"" S
- —‘I ' \ ! ' by i ‘ I |
-0.04 [ I : £ \ ,' VI : : v
- \ ! Vo .
-0.06 — ' v ! .
- 1, 128 frame averaged 1 ! 1
~0.08 — v ! &
[ sync for clock A
-0.1 [T T O A N O o Y O T O O N WY NG VA N O GO AN o o o o I T T
0 2 4 6 8 10 12 14 16 18 20
tume(us)
(by Lu Yunpeng (IHEP))
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Effect of Double SOI

Coupling:

Gain of Charge
Amp increases ~3
times by cutting
parasitic C.

Single SOI

20003'—
1800 f
16005
14oo:~

1200~

1000 "

aoo[
600"

400}

200} |

Ofxl wlaaaalay

0

W‘ Gain
| 15.3uV/e-

I

i

waleasalieralyenaligaalogsy
50 100 150 200 250 300 350 400

Am241

Double SOl

1000 faln
9.2uV/e-
8001
| ﬁ
600 h ‘

2001

0 100 200 300 400 500 600 700 800 9001 0



Gamma-ray Irradiation Test

(Id-Vg Characteristics v.s. SOI2 Potential)

I/O normal Vth
Source-Tie Tr.

NMOS L/W =0.35um/5um
Vsop=0V Vsop=-2V Vsop=-9V
< o8 < 1% sl
i }g;[ 100 kG.. = }g:’ 100 kGy ':./
10% | &7 10° \ F
10—y 73 107 o *
10 |4 /¢ \ 10 { o — \ ¥/
1% %+ ¢/ 10°) 4 ;-\ 10°
1010. ; 0 kGy 10719} ‘ J 0 kGy 10 il 0 kGy
011 {4 011 e 10-11_? -... _“" -"',
10725108 0, 0 107258 s 10712] Wit o
i o I Y Tl I -130%, * e | ok 0,
013-1 050 05 1 1.5 10°5 050 05 1 15 10°3 050 05 1 15
. oKy VoIV] Vo[V] VoIV]
e 0.5kGy . . . . :
1kGy By setting Middle Si potential (Vsoi2) to -5V, Id-
e 2kGy Vg curve returned nearly to pre-irradiation value
5kGy at 100 kGy(Si) (10 Mrad).
e 10kGy
20kGy
100kGy (by U. of Tsukuba)




Dose Increase in Lightly Doped Drain (LDD) Region

Major cause of the drain current degradation in PMOS with radiation is Vth
increase at gate edge due to positive charge generation in spacer.

Charge in spacer control the Vth of the parasitic transistor.
To reduce this effect, lightly doped drain (LDD) dose should be increased.
Present process has rather low dose in LDD region to aiming lower power.

Parasitic transistor

Parasitic transistor

............

\
LDD (Lightly Doped Drain) - Kurachi’s Talk



Recovery of the drain current reduction

Previous Process LDD Dose x 6

L=0,2pm, W=10um y L=0.2um, W=10um 4

——0GYS  gFeore /// o —b ey BF core S

- = 11 DS e — Z
: 5_ E w—0 (] OkGy ,/‘/,—’/' ” -
T e 7 g | e AE
= y 7/ 2
5 :

Vds=-0.1V

By increasing Implantation dose of PLDD region 6 times higher than present
value, the degradation is reduced from 80% to 20% at 112 kGy(Si).

Ref.) I. Kurachi, et al. "Analysis of Effective Gate Length Modulation by X-Ray Irradiation for
Fully Depleted SOI p-MOSFETs, IEEE Trans. on Elec. Dev. Vol. 62, Aug. 2015, pp. 2371-2376.



Charge[ADU]

higher than 50 Mrad radiation

It now looks tolerant

5000

FPIX3:500kGy : -
3750 :
2500 -
1250 V(10)=-6 Lo

V(DecN/P)=-20/-30
0 'Y \“E.xN ,”E):-Q'g"- I |
0 J 6

.“h'd"D =T
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DS (A)

Operation at Low Temp.

 JAXA, KEK, Tsukuba
* Essential for low temp. sensor circuit for IR, SC

sensors.
NMO 00 um, L=Eum _:_,._.--/
_ —J Kinks
‘\'" ~ hysteresis ~f"“
L = - . a

0 1 2 .
T VoSV

Merken et al. 2004, SPIE 5498, 622

IDS[uA]

- p—

1 - 4 /,’—T——_
Fd

08 bt - -

06} // | |

." e p————

04} | / ‘ | .

) M —

02720 0204 06 08 1

VDS|[V]
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Stitching Exposure for Large Sensor

Mask Layout




Layout Shrink (Active Merge) SOl

Bulk CMOS
PMOS NMOS
T T P :‘ """""
!
1 Limmm
{
BLILIEE L
. |
ey A Do oo oo
N-Well P-Well

In the SOI process, it is
possible to merge NMOS

& PMOS Active region
and share contacts.

PMOS NMOS

Salicide
Con nectior\ .

Share
Contacts
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Hexagonal Countlng type Plxel (submltted In June)
r : | Charge Amp
+

Shaper
+

Discriminator
+

~+

19bit Counter
+

7bit register

(m 2 340 um2)



IIT. SOT Pixelf&t

i 2 DA ST
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1205 oD ray : 7 K-ray - l
SR Fa ] -
P TR o, 3 [+ 300
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o 5 , # electron E 100
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From Science to Society

Fundamental Science (Big Variety of Sciences Industrial ,
Science) (medium/small scale) medical ,commercial

» Advanced Accelerator e : appllcatlons
; » Material, Life Science
* Innovative detector * Reliable, High Yield

h * Photon and neutron
> HE Computing/Network/ » Compact accelerator
* ASIC development

» Compact detector system

[iEl&E@ﬁﬁE e A ﬁf?ﬂt%;ﬁ
MEZDOHF

 Cost effective
* Mass productive




Multi-Project Wafer (MPW) run.
(1~2 times/year)

m w Shizuoka u. AIST | NAOJ | Osaka u

Tohoku U. . Kanazawa |.T.

U. Heidelberg

.*‘

Mask Size 24.6 x 30.8 mm



\ On-6oing SOII Projects /
 INTPIX : Genera Purpose Integration Type -2 KEK

« SOPHIAS : Large Dynamic Range Large Area for XFEL,
SR -2 Riken

« XRPIX : X-ray Astronomy in Satellite —> Kyoto, Shizuoka,,,

« SOFIST : Linear Collider Vertex Detector - KEK, Tsukuba,
Osaka, Tohoku,,, (China, Poland)

« CNPIX : General Purpose Counting Type - KEK, China

« STJPIX : Superconducting Tunnel Junction on SOI v
- Tsukuba Univ.

« MALPIX : TOF Imaging Mass Spectrometer
-2 KEK, Osaka Univ.

R _
LB

and Many Other Project are being planned "~




Integration Type Pixel (INTPIX)

Pixel Size : 12x12 pm?
'896x1408 (~1.3 M) pixels,
11 Analog out port, Column CDS.

®
STORE

L?“:T LOAD —( [
122 mm || vewe | e s

120 fF

1 - l E E 7 7
c

T 60fF

7 COL_OuUT|

+Vdet VRST

GAIN

—— 184 mm ———
! a5 | | INTPIX5



PF-AR NE7A 33.3keV
: Acrylic resin 40
X-ray Image with the INTPIX zéglslcxrggg fanrZs
Arb. unit

Needle | | | O

RA

8.704mm

g e -46000

14.144mm CA
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3D Tomography with Synchrotron X-ray

Collimato | ' error . /'J A\
: N - [=
Sample Y, . ‘,.‘,; -
..’5#;. :
INTPIX4 | '} - | .
—— g “\\ - J Dried

Sardine

—
- .
‘\f

'. . N - \“w‘ ’

—

-

\‘§

:'
’
-
‘:: — 1
: ) \ S
r R \
V. S - ,’-\,
- ! Ay
L

!
‘. N i ™~

* Sensor:INTPIX4 FZn, Backside lllumination

* HV:200V. Integration Time: 1ms. ScanTime:320ns/pix, 1000frame/event
* KEK PF, X-ray Energy:9.5keV

* Took images for 0~180° at every 1 degree.

(by R. Nishimura, K. Hirano (KEK)



INTPIX4: Computed Tomography with Syncrotron X-ray

(by R. Nishimura, K. Hirano (KEK) 39




pos .
. _ XRPIX (SOI Pixel sensor for X-ray Astronomy)

ASTRO-H (20|5)

>

Timing resolution of CCD IS too poor to make antl-comc1dence.

handra (1999)

Sensor

3 (high p,
| depleted Si)

(SiO2)

Insulator

Fast CMOS

(low P S) | Eomrorgy <\

Each pixel has its own trigger and
analogue readout CMOS circuit.

Anti-coincidence Shield

by Scintillators
Rate ~kHz

FORCE (Forcusmg On Relatlwstlc universe and Cosmic Evolutlon)ﬁIEf\

uLal\u \LUVJ, S




XRPIXS5: Event Driven X-ray Astronomy Detector

15.3 mm > - Chip size : 24.6 mm x 15.3 mm
== : A - Pixel size : 36 ym sq.

- # of pixel : 608 x 384 (= ~233k)
- Thickness of sensor layer : 310 ym (CZ wafer)
500 ym (FZ wafer)
_ 139 keV
w . PR R N B OB TR
£ sool o
S I 241 Am Spectrum -
O ]
400 17.7 keV o
- v ]
:58({°ev Readout Noise : 48 e” (rms) |
300 (FWHM) Temp : -60 °C ~
——>||€) VBB:100V i
P 35 &~ (rMs) of XRPIX3b. i
b)) [ ]
- 100} zo 8 keV 3
: = 1 595 keV -
! le V26.3 keV L -
; 5 ’ ~ K v ol I 4+ A L_AL OO ey S | O R I IO e 1oy ]
DECODER & TRIGGER ’ 0 200 800 1000 1200

PROCESSOR Pulse Height (ADU) 44



Improvement of Spectral Performance in Frame Mode |E

increase the node-gain by applying Introduction of in-pixel
smaller BPW (parasitic Capacitance). charge-sensitive amplifier
2009 Early 2013 Late 2013
200 nm § SF B — ﬁ"_“—— _41%
/ — / —
BPW smaller BPW

Spectra of Am-24| X-rays in Frame mode

Noise Peak 13.95 keV . 13.95 keV
w & a

§° RED : 24! Am g {51
3. BLACK : BG 3 13 ]
10 readout noise : ' r;;dout noise : .
. d n e (rms) k
10° $00 " bmad 17.74 keV . -
" l " 1 17.74 keV .
mal P al CSA Pixel ‘ p
10’ (RN 1 % (720 eV) b 4 1 VHM : 2.9 % (400 V) 3
13.95 keV 1 o il p
1 - 80 <]
10’ 9.71 keV H “
60 .
10 40 20.77 keV -
» { :

1
0 20 40 60 B0 100 120 140 180 180 e 100 200 300 400 500
Pulse Height (ADU) Pulse Height (ADU) Pulse Height (ADU)
~600e (rms) ~68e (rms) ‘~35¢ (rms)

Takeda+2015 JINST



SOl Photon-Imaging Array Sensor (SOPHIAS) Sp'ﬁ&i“)‘* *0//
for X-ray Free Electron Laser (XFEL) SACLA SACLA

Utilization of SOPHIAS has been started for various
experiments in SACLA@RIKEN.

* Dynamics of Atomic Structure

* Direct Observation of Chemical Reactions

* etc.




Implementation: Charge Collection

D low gain channel

Entrance X-ray ’ Low Gain Channel

Windo% 4‘ Collecti
Il - Lx i"‘r‘i_‘ 18 "/fco;nc?har'ge

/._:3\
| High Gain Channel
| (\\ high gain channel
AT
30 um pixel i’?{‘

0.25 uyW/pixel without power pulsing

CMOS CIPCTHW



Signal [photons /pix/shot]

SIO, nano particle, D=17nm E= 8keV
Small angule scattering

}O
Photons/shot

I 10 /pix
10
2

1.00E+05
1.00E+04 © X1
X 0.28
1.00E+03 . X 0.076
1.00E+02 © X 0.045
O
1.00E+01 s

1.00E+00 -5
1.00E-01 +f-ivn

3 i "
T L - >

I M = - -'i'",.g,'hv ""‘é

B R e A

. RN e 0 S0y {

e o s - . f_M‘t‘,‘ 4 ’:‘::

1.00E-02 T fesciimet 5o ENE ait. se S ET g et W

1.00E-03 ..
1.00E-04

1.00E-05

1.00E-06
-1000 -500 0 500 1000

Pix

Beam Intensity to sample 3 x 10'photons/s



SOPHIAS SPrms- /'/

. .. SHC A
Beautiful Pix size : 30um X 30um -
High gain Image! 64.8mm (2160 pix)

<€ >

26.7mm (891pix)

22kV 200uA Target Cu Ka 8keV
1000 shot averaged

1.9M pixels !!

46

0.5 photon/pix/shot



Pixel for futureCollider

« SOI pixel is now one of the most promising LC vertex

detectors
CLICdp by AGH in For ILC by KEK
SOlpix collaboration ... . .

Results from June test beam — standalone analysis |
: Resicdunl between expected and actual hit position on SOAST ver. 1

Posten OMsol
omtionOFpet
i ) Pl ‘
oy Lo Mean = 5 32 mm
« Very first results show spacial resolution on the . [“1 eyt 9 S5 -
level of 6-7 um (pixel pitch 30 um) | ‘ e — - |
- |
+ Significant improvement is expected ‘ ' i |
* No bad pixel rejection
« No rotation correction " 4 l ‘
* Preliminary results obtained for the whole wif il : \
matrix (different pixel archaectures doesn't o e Lt LR i Ly ' J ‘
laken into account - differences In gains not PosionOmset A G Dwe mE mE 7 - i““i"‘ 6‘
included) - hYPantonCfyet
fo - - Multiple scattering at the stave DAQ board,
) - a socket, and a caramic package for SORST
1‘ g i are causes of coarse spatial resokution
| l e 4+ -— e
|‘ 1 However we successiuly consucied Te entre Sy
/ \ for charged partcie tackng
'
! \ " D oo ¥ Sasacs o M Togass LUrne Oue
- 2l Sl As o o
o 4w
i




Comparison to previous studies

“Physical limitations to the spatial resolution
of solid-state detectors”, M. Boront et al.,
IEEE TNS 62-1, p381 (2015)

“a simple formula o~p/(S/N) saturates
due to & electrons at higher S/N”
0.2

® DEPFET TB 2009

[ [ + smearing
£015F § 2 - G o p
[ —— GEANT4 + digitizer

------- no é-electrons

d=450um  (1.4/24

lllllllllll

~

solution/pit
o
T

S0.05F -
0...l...l...l...l...l...l.-
20 40 60 80 100 120

Fig.4 S/N ratio

Using a combination of Monte Carlo simulation and test
beam data we establish that energetic electrons forming sec-
ondary tracks known as d-electrons limit the resolution to
the level of approximately 1 pm, checking the improvement
of the resolution with increasing S/N ratio predicted by [2].
It seems impossible, therefore, to produce position-sensitive
devices based on interpolation of the signal in adjacent pixels
or strips with a resolution significantly below 1 pm.

Other device with ~“1um resolution
13.75um pixel (SOI) =1.07 = 0.05 um
M.Battaglia et al., NIMA676,50(2012)

T 16 N —
= | + DEPFET
o z
S 1220 Ll
= e
8 1.0:— FPIX
S o8| | S | -
% 0.6;— —%— Ref.[4] 13.75um | . I
8. 0.4 | % Ref.[5] 24um
0_22_ —¥— This Work 8um
oo;lllllljlljlLJlLLlLlIAJllJllJ[ALIA
’ 50 100 150 200 250 300

SIN

FPIX2 achieved a sub-micron spatial
resolution




FPIX2:DSOI 100kGy

5x5 cluster charge about the maximum charge
pixel in an event

600

500

300

200

100

5x5 cluster charge [ADC]

Wirrad ~150um/300
. depleted
e nonirrad —
i
' il
=
el
£l
LDD/KEZEEG DT /34 X
100 200
5

VVDET [VV]

15

‘for ILC, Belle Il

cluster_3_only [ ‘m‘..‘WJ.W —
§ oof | e 4
I nat 724/ 200
== Prob 2508 M
! Constant 8497 .78
MPY 47021210
0 | Sigma (A AEN Rel
Non-irrad (200V)
VSOI2=0
cluster_3_only —
100 ?':,;VM"" :;f:g:y;;
. 100kGy (200V)
i ] VSOI2 : 1/0=-4V ,
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Innovative double-SOI allows operation
of SOI devices to 100kGy
Recent study extended to 1MGy
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