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Silicon-on-Insulator (SOI) Pixel Detector

K. Hara

e SOl pixel devices - introduction

* Tsukuba HEP group involvement in SOIPIX group
* FPIX /SOFIST / INTPIX

e Radiation hardness

e 3D stacking

* Summary
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: ~ g CMOS Circuit —/ -
e 7 s
SOIl: SILICON-ON-INSULATOR o ; |
CMOS circuitry fabricated on [V99eS_— 2 '
buried oxide(BOX)
\ LAPIS 0.2um FD-SOI )
Features:
« monolithic (no metal bumps) & ‘Bavas ;‘+
- SOI-CMOS (FETS fully iSOIated) (High Resistivity __,",,,
« Can choose” substrate of optimum Substrate) J,” L \, p-=
resistivity (fully depleted CMOS _— 1
sensors possible) Back Plane Radiation
*SOITEC SmartCut™ (X-ray, Electron, Alpha, Charged Particles, ...)
- many excellent features
 Material budget - speed » single event effects
« S/N . cost  latch up

- power dissipation . Pixel size °* Operation temp. (0.3K~570K)

TID tolerance improved to 1MGy by introducing double SOl wafer
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2005: SOIPIX group formed (leader Y. Arai) at establishment of KEK Detector Technology Project
HEP, Tsukuba (K. Hara) joined from the beginning

FET evaluation pixel evaluation
2007 TrTEG ) onificant d dati t 3 fow kG
3z (Ikegami) 9 INTPIX1,2(Arai)« — significant degradation at a few kGy
._g' 2‘ INTPIX3(Arai) +— thinned (100/50um): 1%t fully depleted pixel
2012 © > <Double SOI>
1 (S
5o v . i N
S - = |NTh2(MIVOShI)<F 100 kGy -
(Honda) | | FPIX2(Honda) «— "~200 kGy 2
world-best spatial resolution O
0.65um achieved (2017) =
FPIX3(Aoyagi) «— ~1 MGy SOFIST1(Ono)
2017 FPIX4(Hara)
. TG INTPIX4(Arai) SOFIST2(Ono/Yamada)
Abe/l i
(Abe/lwanami) for telescope at FNAL
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Fine Pixel Detector

FPIX

E D IvEid it U RIS
VDD18
i P1
r N1 RST b—RSTx
E N2 P2
‘ ' VRST
GND —
FPIX4 layout PIXEL Size 9x9um (same as FPIX3)
256x256 pixels 8x8 um : minimum achieved in FPIX2
16 parallel outputs « VLSI design

Sub-board=>SEAB$ _

DIPIX-$1TCP
1 KEK JAPAN =
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(LAPIS MPW run)
Sub-board design
SEABAS readout



St dienies:  FPIX2- Testbeam (2017 Jan)

(a) (b)
600 cMgr;ilam 02531523;; 700 = ;:r;:mm -0.0632965 z;é:a;
SO FiST FE I4 SCi nt. FPIXZ 500 i_ Sigma 0.8326 = 0.0082 500 ;_ Sigma 0.6834 + 0.0068
) SOFIST ao0r-OVT= 500 DUT=
- 1¢' FPIX2 o= 0.833 400f- 2nd FPIX2 o = 0.683
: + 0.008pm s00f- 0,008 fin
S 200F
120GeV 100F -
proton o5 5 8. 10 L T S S 6 8 10
residual [um] residual [um]
: i 1 I I ©
! 1 i i 600 Constant 5153£75 [Constant 107516
1 1 J N} E Mean  -0.1453+0.0092 E Mean 1172+ 0.049
[ e ] 0 (] ] s - DUT= Sigma 0.8237 +0.0084 120 EDUT: Sigma 3.791+ 0.050
20mm 30mrp 30mm 30mm 20m e 100r4™ FPIX2
20mm s00 3" FPIX2 : 0=2379
F 80 &+ 0.05un
300 c
. = 60~
susy | | ] Trieeer
TimeStamp g E
N N N 100¢ 20F
Trigger Logic Unit o .
SEA BASZ ) an i R "gs"dl‘ﬂ? '“"'?10 et Lo B N B rgsidua? lum1]0

I N S

Measured residual 0.953 =+ 0.009 0.791* 0.008 0.822=* 0.008 3.80 = 0.05
Intrinsic resolution 0.711 0.648 0.703 0.75

I N 2 A T
Measured residual 0.833 = 0.008 0.683=%x 0.006 0.824=* 0.008 3.79 £ 0.05
Intrinsic resolution 0.622 0.600 0704 0.75
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0 5:— ¥ Ref [21] 13 75um
T |4 Ref.[22] 24um

0.4 FPIX 8um

0.2 - | —#— SOFIST 20um

FPIX2 (8um)

0_0—;i % EEERELY
10 10°

First result demonstrating semi-conductor
device can achieve sub-micron resolution

Sub-micron neutron detector may be possible?

SOFIST (500um thick) vs ILC requirements
(50um thick, <3um resolution)

FPIX2 -World best Spatial

Resolution

Press release (June 23, 2017)

nnnnnnn =0l & UIRT [ sALWaDE—H @ PrtezvyT
sy /N TN SO T
University of Tiukuba
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# HOME > BRISE - Bl > ZEOHR > BRES
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e i
— 2017/06/23 WIS L =Eae
REHEATEE ABTALEIIREFRME (KEK) . FRAY., AWAY. FIAFDSOIE HL R
EEOM FRRF— L8 ERTIDHTmAT £\ S BEREDEBEEATESO (Siicon-on-Tnsulator) EZ L
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- 2015
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* Sub-micron neutron detector may be possible?

a(1.47 MeV) + 7Li*(0.84 MeV) +y (0.48 MeV) (93.9 %)

10 -
a(1.47 MeV) + “Li (0.84 MeV) (6.1 %)

n+

10 » detect a or ’Li (~2um flight before absorbed)
* Flight direction information is useful for

determining better n position

o,

ﬁ v" Quantum states of UCNs trapped in gravity

= = > -
3. 2 e a
~ w0 L] -
- o 7 v
z [um] hy Iy Ty ur
— W o % ¥
| =4 = =4 =
50
v’ (2)
40 /

A
N =

20

10 .. -

(a) X7 (NU) (b) 10%iR#&EV7 - (c) B5%RIET T =
platics+etching+microscope -> SOIPIX
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SOFIST: sol Fine measurement of Space and Time
SOFISTv2 for timing study 00

Timestamp correlation

Ramp signal input

Test input thinned to 75 um B asobl i
& 0 '2' 400
i { I = SWi1 SW2 @ 3 St
Vih ! 850f- 7
‘ — D Q D Q o i
T H > Vb c | G R
i Comparator 7/ o (@) R e
Pr&amp ft-reqist 250
(Charge sensitive amplifier) \T $I i Jr e
‘ / 200F S i
CDS input > e 3 i Fiie e
S 1 Output amplifier 1501~ R W A N O N IR
—/- "o Pixel output 100 st Saphin A v O  . L
oAl IR O il R AN Al L AN A R il SIS Sk s IR A
2

100 150 200 250 300 350 400 450 500
Chip-A [us]

SW
TDC_residual
; 12 b ADC - Entries . 39418
2000— Mean 0.1007
Timestamp memory 15003_ Prellm ﬁjj StdDev___ 11.87
ot Tohoku U
1400? 0-T~4.5us O O U .
~1300 beam bunches (every 554nsec) 12001 T. Li (J PS)
1000~ ‘ ’
aaof—
III"" Il"l =f ch calibration
t==ad 400— .
~f hoise
€ > e 2 ='ors DA PR PR B i 2l e e
200msec =50 -40 -30 -20 10 0 10 20 30 40 50

ILC beam structure
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Beam telescope
4 INTPIX4 sensors

Pixel size : 17x17um

-> 300 fps

e bbbt bbb bt " el e e

Sensitive area (8.7x14.1mm)

13 parallel readout

512x832 pixels

faster by Rol selection

Testbeam (2018 Feb/Mar)

i e
18 :}i?‘i‘"i‘-ﬁh{{: = !ll" “NI - J
-~ = - . : = 5

' -

. s

First testbeam data for tracking with
large area fine pitch SOI pixel sensors

may become competitive with EUDET
(Mimosa 18.4um pitch, 576x1152 pix)

L YL T L T T TL
LI
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Radiation-hardness

@ FPIX2 (100kGy) Testbeam results: OK for ILC

g . fidly Mirrad § : (b)Non-irrad (200V)
500 . & .
I<>_tl ® non irrad _.' A * - VSOI2=0
o 400 |
e
=
300 | L. 2:( . . . .
e - b N o mADlIM
20 o E. | (©100kGy (200V)
100 e
o VSOI2 : |/0=-4V
0 Pixel=-8V
40nm 0 25 100 25 7 Dec=-12V
VDET [V] oE ,..JL iy b st bl s
ADU
TID (total ionization dose) effect
PMOS @ FPIX3 (1IMGy): as good as other CMOS devices
VSOI2
T f — T 526000 :
% 40 (a) TrTEG it i é " (b) FPIX3 A ‘:
2 2~ - - modified LDD ';'2000037-, - d i
ugof—..' Liii 1 Ll 2 L 1
< bl B 515000: .
3 s 0=
_40:—. *Vsorz= OV - 51— % 10000:_ i . S
* introduce 2" electrode (DSOI: 2011) Y 5000} :;“;;‘g"a“ =
~|*Vsorz=-20Vv| i + y R
. imi - OO I 1 R L R 4 am denind
optimize LDD for rad-hardness (2016) -0 s s L OOt Y DU SR PSS
Dose [kGy] Bias [V]
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3D: more functionality

@ Innovative detectors in TIA

National Institute of
Advanced Industrial Science
and Technology

SOl is 3D by itself, stacking further for more functionality

Au-cone micro-bump

: High
_ Density

radiation *

0.2um SOl process is not at leading edge as VLSI process ...

e Latest VLSI technology adaptable -> detectors at collider experiments, and others
e Other material (e.g. CdTe) stackable -> X-ray detectors
e Stacking multiple sensor layers -> Compton camera, 4D detector

TIA-Kakehashi:[ 3R T EF EREF A A—D LY —DREMZR]
KEK (Kurachi)-AIST(Kikuchi)-U Tsukuba(hara)-U Tokyo(lkeda)
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Lower pixel Upper pixel

Shift-register
A |TRG_SELX  COMP_EN SREG_IN REGOUT_1 REGOUT_2 REGOUT 3
VTH COMT*OFF L L D Q | D Q | D a
L PIX_TRG _ J _ J .
N D |] +——oP> Q —op>  Q —3> Q
CF_RST_X
e e PAD| | PAD I 7 7
RST_COMP1
| | RST_COMP2
TEsT [ Comparator
i | i
PEOER! : : .
| charge memaories tlmestamp memaories
VB_CSA VB_NSF CDS_RST
REGOUT_1 REGOUT_1
Pre-amp Output amplifier Output amplifier
(Charge sensitive amplifier VB.CDS_RST | PIX_SIG SW1J_ | SO@ |
N-SF T
+N-SF) P I o o | AOUT 1 RAwPIN ° | TOUT_1
VB.NSF PAl | PAD
Buffer-amp
Cone-Bum p (N-SF) REGOUT_2 REGOUT_2
pad{5x5Um) Svf} | SV:} |
o AOUT_2 ©
1 REGOUT_3 REGOUT_3
swsJ_ swsJ_
o AOUT_3 o
: 3 | . | | _ | TOUT_3
; AOUT_SEL_X ;
B AOUT_1/2/3 ©0—y— COLOUT_1/2/3
i TOUT_1/2/3 ————&~
TOUT_SEL_X
REGOUT_1/2/3
REGOUT_SEL_X
20um _ :
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SOl pixel technology has advanced significantly after 5-year Kakenhi research

numerical goals set by KEK DTP PL (Prof. J. Haba):

* lum spatial resolution: achieved by FPIX2 (0.65um)

* 1lustime resolution < SOFIST2 (4.5us prelim.—>3us probably)
 le energy resolution < XRPIX (10¢e)

* 1MGy radiation hardness: achieved by FPIX3(1MGy)

SOl pixels at work

* FPIX4 as a larger precision device

* TrTEG for rad-hardness evaluation: gamma+proton damage evaluation
SOl pixels in collaboration

* INTPIX4 (INTPIX8) as a large tracking system
* SOFISTv3, v4 - ILC pixel
* 3D high functionality pixels
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