\
i

FRFEERILIMNOZHIR
~HCRDTDCHMBLSOIEH—F T~

2009E7H17H
7O EENRARReEEFERETZE
i FHEE K (yasuo.arai@kek jp)
=LA F—INERTZTHEE (KEK)
FRFIR BT RAT



F SRS

OUTLINE

KEK DB
TDC LSID#B %
SOl Pixel D #B4t
Summary




.....

1. KEKD#E4T ol

KEK (http://www.kek.jp)
| Established in 1971.
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i) The Nobel Prize in Physics 2008

e

KEK Professor Emeritus

"“for the discovery of "for the discovery of the origin of the i
the mechanism of  broken symmetry which predicts the Makoto KObClYClShI

spontaneous existence of at least three families of
broken symmetry in quarks in nature”
subatomic physics"
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KEK-B Electron—Positron
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/ - N January 27, 2009.
¥ RBTYoNR Protons were acelerated up to 30 GeV, and

W— extracted to Hadron Experimental Hall !

Nuclear_
Transmutation §

Neutrino to

_ Kamiokande
3 GeV Synchrotron IRl 50 GeV Synchrotron

1 (25 Hz, 1MW) (0.75 MW)

4 J-PARC = Japan Proton Accelerator Research Complex

Joint Project between KEK and JAEA
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2008.9.10 LHC First Beam
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2. TDC LSID#275
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« 1980%

E . B I RILF—EEROD
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@M Super-Conducting Super Collider
(5SC) TlE. sz NEICFERALSIZESE MRS T=,
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SSC Summer
Workshop at
Snowmass, Colorado.

1986
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low field region high field region
—» drift — gas amplification
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B — 5 2 4 JLZE#a(Time-to-Digital Converter)

TDC —

— Time to Amplitude Converter (TAC) A= é J' oo T
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_ Counter (+Interpolator) A3
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Proceedings of the 1986 Summer Study on the Physics of the Superconducting Supercollider, June 23-July 11, 1986
AN IDEA OF DEADTIMELESS READOUT SYSTEM
LSITHJ + Jf 5 BY USING TIME MEMORY CELL

73 L5 Yasuo Arail
ﬁq: HE S "_,\ H#Fﬁﬁ 0)7:'3~ KEK, National Laboratory for High Energy Physics

WLWTDCEXEIRT 5IC and

B ottt o HEBAERDT =0
BIEEATE)—ZFIA,

installation ol these CNips O LE ugLevLulr 1s a
possible way to solve these problems. The microchip

ctores signals until trigger decision, it processes (a) =

signals to reduce their data size and send them to 1

outside with multiplexing after trigger decisicn. Signal

Those chips must be very low power device to avoid e .
elaborative cooling system. - E—¢— Read

We propose an microchip named TMC (Time Memory ; . W
Cell). which can be made with CMOS LSI of current
state of art technology. It would be low power device —J_
and has time resolution better than 1 ns. We have =
made & preliminary design and simulation of the TMC.
* * *

- 3 Transister RAM

*

(b) I

Virite

=

Next Cell Write

L

Read Delcn,r Element

= ——= Bit 3

o e X
& o &
. o | T |
Signal > -
i > L 5 ug L
1"1 8 I{ 9"{ 10,
“V Fig.1 (a) Basic Time Memory Cell. Charge is

Write |2~ ""13
1~ stored in the gate capacitance of M2 Transistor.
T-1ns (b} Row Memory Cells indi

. Numbers indicated are node
numbers.,

~455-
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Tracking Device

SSC Detector

Amp. Shaper
Discri 10" iz x 100K ch
: : ' |
~Jlens |
‘ ist Level
(16 bit x 6 row)jgyent: Trigger
/ <z |
‘I 10°Hz 5 2nd Level
HSOO”S' FIFO-1 I Trigqer
-——-——ﬁ
10°Hz
FIFO-2
J‘S_L_i
P
—"—|
T M C . 800 bgrfewent
- [—
MUX

Fig.5 Readout scheme for 5SC tracking device using the

THC.

Qutside Buffer

900 ns

iOPs

N ZE<T =6
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Delay Locked Loop (DLL)7A =X

TMC Feedback[m
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TEEE CAT. No. 88 TH 0227-9, 1988 Symposium on VLSI Circuits, Digest of Technical

Papers, August 22-24, 1988/ Tokyo
ﬁ CMOS Time to Digital Converter VLSI for High-Energy Physicx

Y. Arail

KEK, National Laboratory for High Energy Physics
Oho, Tsukuba-shi, Ibarak: 05, Japan

T. Baba

NTT LSI Laboratories
& 9-1 Morinosato Wakamiya, Atsugi-shi, Kanagawa 248-01, Japan /

IEEE IEEE JOURNAL OF SOLID-STATE CIRCUITS

Bruce A. Wooley PLEASE REPLY TO:

EDITOR
A. A. Abidi

IELE J8S8C
7752E Roelter Hall
University of California
Los Angeles, CA Q00241594
Ofc: (21F) 825 9490
Faxs (213) 2086 H495
De: ember 29, 1988

Dr. Y. Arai

EFE NMational Lab for High Energy FPhysics

Oho, Tsukuba-shi

Iharaki 305,

JAFAN

Manuscript No. M3I209
Dear Dr. Arai,
Ericlosed please find & manuscript with the above number that has been

submitted for possible publication in the IEEE Jowrnal of Solid State

Circuits. I would appreciate your reviewing the manuscript. A suggested 23



TMC(Time Memory Cell)

 Voltage Controlled Delay
EAE)—ZHAEE,

« FNREFFEELIZTRTD
E 7 5Lk,

e 1ns/bit x 1024 bit x 4ch

Y. Araietal., "ACMOS4chx1kTime
Memory LSI with 1 ns/bit Resolution", IEEE J.
of Solid-State Circuits, Vol.27, No.3, March
1992, p359-364.

Delay/Cell (ns)

BL| Dual Port Memory |BL*

WORD {/
[ 2l
!
TIN L R
TI
=
W bt | |

NS

Variable Delay="
TMC Cell Delay Simulation

—y
»

—h
i -9

i

—
N

Vth 10% up .

-
o

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

n : H
| T=27"C
i|Vth 10% Down
|

0 0.5 1.0 1.5 20 25 30
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TMC1004: 4ch x 1k Time Memory Cell LSI.
(CI\/IOS 0.8um process, Full Custom LSI, 1990)
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f PLL
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PLL OSC vs. Control Voltage(Vg)
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TMC304 (1994)

AE

-

N
F

- BH;:Z20.5um CMOS
*+ 6.4 x 6.4 mm?, 32 k gates

-

[ S S

L

P o,

M A(SELENE)

DO EE CKkE 7z /LIEIHEAT)
SS-520-2 ##&EA Y (FEHEEEHZRA)
SELENE A &&= (JAXA, 2007)

R kA A 5 #ras (KE lIonWerks Inc.)

Y. Arai and M. lkeno; “A Time Digitizer CMOS Gate-
Array with a 250 ps Time Resolution”, IEEE J. of Solid-
State Cir., Vol. 31, No. 2, Feb. 1996, p.212-220.
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RERA A ‘/f’é%ﬁ:‘*ﬁ%ﬁ

IONWERKS INC.

2472 BOLSOVER., SUITE 255
HOUSTON, TX 77005

USA

NEWS
PRODUCTS
PUBLICATIONS
COMPANY INFO
CONTACT
LINKS

lonwerks com. inc.

Eight Channel

Time to Digital Converter
TDCx8

http://www.ionwerks.com/
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AMTD Ov5

y

0.3um CMOS

24ch/chip

Data driven
BnsfEfmdD T

N

S

R

Channel Buffer -»
Level 1 Buffer ->
Readout FIFO 03[

B AE!)—

M)—HESIZHMoT-
EBEDT—FDHIER

[ZH A,

YT IL/INSUILE B

Control & Data /O

pr

JTAG signals

Serial
Data

Serial

Trigger :{>{]—b

g —
Strobe m{f

Parallel to Serial Converter

!

Readout

D

FIFO
(64W)

JTAG TAP
v L 4 Controller
Control Registers ]
Status Registers
Built In
Self Test

Trilgllger |Event Counter | |TrigTime Counter|

* J 29

.

Channel Buffer
(4W)

™S

=T

85
L |

-

Status | Event Count | Trigger Time ; i
Trigger| (3b) 425) U12b) [Reject Time Counter |
Trigger ‘ hask Window ‘
Matchlng‘ Matching Window ‘
I > ‘ Search Window ‘
Start Pointer | —m I -
Status | Channel | Pulse Width Edge Time
Read Pointer | —m (6b) (5b) (8h) (17 b)
Level 1 Buffer
(256W)
Write Pointer | —w
Channel > Encoder & Formatter
Controller
A

4,

(13+1)x 2
/ilq x24

Fine Time (Leading Edge)

Coarse Time

Fine Time (Trailing Edge)

Coarse Time

PLL

—Y

e

T(13b + parity)

Coarse Counter

Asym. Ring Osc.

80 MHz x2




AMT-3 (2002) - RiZ20.3um CMOS

S\\\772

WAL 7775

QW

/fﬁ}’,ﬁ.’fﬂmﬂunm\m

Y. Arai, et al., "Development of a New TDC LSI and a VME Module",
TEEE Trans. Nucl. Sci. Vol. 49, Issue 3, pp. 1164 - 1169, June 2002.
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Deep-submicron CMOS 7A+RATIX7 O EBDEE 5 fEaE
KYEH. TOFIEBSDRE D EEDAMEN TS,

Bk 4
EF

EMIE
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Analog PLL ---> Digital PLL FrELR E R AVER SN AL oT =,

m  IMEXR 7O EMOHER S AR EERETDC)
2009.4.6.4.205 BFTL VMO REE
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All Digital PLL.

1TDC (Texas Instruments)

UP

o -
FREF Phase Charge Loop | Ve HCLK
DFFEGI- Pump [ | Filter
vz Al —w et ector ——
& 'F DPLL DN
Divider
N ——»
N —
ADPLL(TI) 02 Phase pco ~ 2.0 6Hz
error LDDp HCLK
FREF {} Fitter [ >\ \/
26 MHz ’_, TDC
Fig. 1. TDC as a phase/frequency detector and charge pump replacement in

an all-digital PLL (ADPLL)-based RF frequency synthesizer. 'V is a fractional
frequency division ratio.

"1.3 V 20 ps Time-to-Digital Converter for Frequency Synthesis in 90-nm CMOS", R. B.
Staszewski, et al., IEEE Trans. on Circuits and Systems—II: Vol. 53, No. 3, Mar. 2006. (TI)
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Pseudo-Differential Delay Line

EAREEDS, ROVBEMLERFTHOINV/N—FEEERFELTHEA,
EIEH Tl (ED)EBRRLEL Ty ZEER,

Edge aligner Cell #1 #e #3 #48

> Symmetric
4,/ Flip-Flop

|
REF
N

Fig. 5. Implemented TDC core.

IEY TYmRI YD
= FICTHAE., (5
L) ZFERET S,

~20ps/stage

Fig. 6. TDC core layout.
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—»+ta— D1 le—»| T
m I —> L Vernier:
o+t Dual PLL/DLL
R RN T R s —— B

PLL1 A A - A . N
! PFD !
| —p» VCO1 (N1 stages) —e-{ 1/M1 . !
1 1 _."

o —»He— AT=TD2-TD1

vgn1 _—
S A .
Reference Clock (TO) ———» TD2 ]
r —————————————————————————————————— -I _h' -
' PLL2 —> : AIT*
: PFD | o
: VCO2 (N2 stages) 1IM2 — ; N=N1=N2=M2=M1-1 B
: |_> vgnz_| | T0 . :
. 1 T1= (oscillation period),
N+1

\ T1
(2D DPLLZE RV =1/ B T 2 [ B8 R OB AR oE [ TD1=—  (phase delay),
B% |, HiFE. $5RR2006-115274, EMHEES N
PCT/JP2005/018973 TD1

AT = N (delay difference).36



Dual PLL : TDCE A1

& A5

Fine Time (231 pshit)

Coarse Time(3.7 ns/hit)

£ 4

——»| latch  Coarse Time
Fine Time Latch & Counter
Phase Selector >
|—> hit Super Fine Time (29 ps/bit)
Hit Signal
g hit_phase sft15 sft14 sft0

= K N e e e ] - A A A
: 00| ¢1 015 — ' r==-=-==71°-°-- P

: DIV PEDT [T 'p15 p1d PO
: VCO1 (16 stages) | _ N TN
: 270MHz T1=3.7ns | | " > ' delay adjust -~
I i o r 1 |- TD1=231ps
: vgnl,vgpl| ' | . : + D@ 4D QH LD
R R - L —> —>
| Peteeredeskoaibiy —— O TS —_ The-260ps
. PLL2 . hisbt w4 bt
; . ; hit_in AL hi4 ho
- DIV2 PFD2| !
: VCO2 (16 stages) L L e a - -
1 1 B _» 1
! 240MHz, T2=4.17ns !
: vgh2,vgp2 !
L o o e e . J

PLLIZ{E-> TR EBEEFE
VermierC{EIEBIEZFMNELS
B WERENANE,



3. SOl PixelD#BAN

Alurninm Interconnect

Channel Oxide

Insulator
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\

\

Bulk and SOT (Silicon On Insulator) Wafer

20-200 nm

50-400 nrg
< Tcircuit —— 2 __circuit _——>

BOX(Buried Oxide)

\ A
v

-
~650 um

\ \

\
\ A
\\

N
Physical
Support

\

\

\

Bulk Wafer

SOI Wafer
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UNIBOND™ Process (1995, France LETI) -> SOITEC

Initial silicon wafers A & B Wafer B

- Oxidation of wafer A to
create insulating layer

~ Smart Cut 1on implantation
induces formation of an in-depth
weakened layer

microbubbles

hydrophilic
Cleaning & bonding wafer A to bonding
the handle substrate, wafer B
Smart Cut - cleavage at the mean ~5000CC|\/|OS
ion penetration depth splits off wafer A (Low R)

Wafer B undergoes annealing, CMP
and touch polish => SOI wafer complete

Sphit-off wafer A 1s recycled, becoming

the new wafer A or B Sensor

(High R)
40



Bulk CMOS vs. SOI CMOS

NMOS Gate Electrode PMOS Isolation Oxide NMOS Gate Electrode PMOS Body

/

/

Buried Oxide
P-Sub
P-Sub
Bulk CMOS SOI CMOS

In SOT, Each Device is
completely isolated by

Oxide.

Alurninim Inkerconnect

=" :-. ___-..-_.-: :. g : S ; o ;I--| 'l -._-_.'.:.-*_-.__ :.... :.. )
Channel Cxide Insulator }/
4



PD-SQOI vs. FD-SOI
PD-SOI (Partially Depleted) FD-SOI (Fully Depleted)

@ Thick SOI thickness (T¢g,) € Thin SOl thickness (T¢g,)
~100-200nm < 50nm
@ Depletion layer < T, @ Depletion layer > T,
m &
Olarge floating body effect Oless floating body effect
OHigh drive Current by kink effect ~ <Steep subthreshold slopes
— High speed application — Low power application
Neutral Resign Gate Depletion Gate
Layer
t
: : I > Buried Oxide
Buried Oxide
Si Substrate Si Substrate

FD-SOI has advantage in performance
under very low voltage operation.

Copyright 2007 Oki Electric Industry Co.,Ltd
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OK I Open up your dreams

FD-SOT Structure

Cross Sectional SEM
Photograph

Ultra Thin Si Layer
(40nm) Buried Oxide

- Si Substrate (High resistive)

Close up of MOSFET

BOX (Buried Oxide) —» |

Ultra Thin Si Layer (40nm)
Cross Sectional View of FD-SOI Device

Copyright 2007 Oki Electric Industry Co.,Ltd 43



OK I Open up your dreams

Current Status of PD-SOIl and FD-SOI

& PD-SOI (Partially Depleted)
High-speed microprocessors
- IBM: PowerPC , mainframe CPU’s, Wii(Nintendo), Xbox
- Free scale: PowerPC AMD
- AMD: Athlon processors
- Sony (with IBM and Toshiba) : Cell, PS3

@ FD-SOI (Fully Depleted)
Low-power application N
- Oki: solar cell watch, long-wave RF decoder 7| fincacd )

Technology Node option beyond 32nm, Next 3D Tr. § -
- Intel, many major companies T g

e

http://www.casio.cojp

At present, only Oki has an experience
of mass production of FD-SOI

Copyright 2007 Oki Electric Industry Co.,Ltd 44



Features of (FD-)SOI

 Full Dielectric Isolation :
Latchup Free, Small Area,
Good Circuit Isolation
No Back Bias Effect

o Low Junction Capacitance :
High Speed

o Steep Subthreshold Slope
Low Power

« No Kink Effect
Good for Analog Desugn

o Less Impurity in Body
Good Vth Matching,
Less 1/f Noise

Relative Performance

Year Technoloav Qualified

«No Well junction, Thin Film :

Low Leak,
Low Vth Shift (High Temp).

Small Active Volume :
High Soft Error Immunity

« [ID compensation by Back Bias

45



Bulk CMOS

Latchup Free Structure

SOl CMOS

P-type substrate

— T Silicon substrate

Ly

T

(Ref. 'SOI Technology' by Jean-Pierre Colinge, Springer)

No Parasitic PNPN Structure

46



Area reduction by SOT

5 N-WELL P-l-\
+—T— N
= - o
g1 = st
. | O .
Large Isolation gy Isolggion IZINO Isolation
& | g =
B o
| P-WELL
W E] (ww
| | =
m B ’. | [
Ay
o L I E ) SRAM-Cell
L] ——— : g Layout
" ;e mo
Area 1

No Well Isolation

47



Isolation between Analog and Digital Part

10-40dB lower than Well isolation of Bulk, when High-
Resistive Substrate is used

Bulk |
Noisy Digital Part : Quiet Analog Part |
- o \
Fox 7 ’ Fo?( Y C Fox
: -\- Well
Si Substrate
SOI |
Noisy Digital Part | Quiet Analog Part | |
MOSFET ! MOSFET | ‘
.
ox , Fox y C Fox
Buried Oxide (Box) ‘
""""""""" Si1 Substrate

48



Smaller Junction Capacitance
Bulk SOI

plare e t
T - =
n \jﬁ%, .Jlr

0]
-
el
——n—%

0.5
| 0.15 um CMOS
Inverter
Cj is 1/10 of Bulk technology. ol FIo=1
Gate Capacitance is 30-40% E sl .
Lower g High-Vth
' . B
2 Bulk
Low-Vth
0.1 } FD-SOI ‘
. Low-Vth
High Speed / Low Power
0

0.3 0j4 0..5 0:6 0..7 0:8 0:9 1 1-.1 1..2 1.3
Supply Voltage (V)

Copyright 2007 Oki Electric Industry Co.,Ltd 49



Steep Sub Threshold Slope

1E-02 | 105
:;l:lli(lmﬁ.aim L Idoff o 10 Vth/s
1E04 et et
il 107 [ i
Pch ™.\ soI i Nch . Bulk PMOS :
1E-06 s — (S=95mV)
= Bulkl g 10°I 7
;— . \ E L Bulk NMOS |
w $=67mV/dec 1up y
1E10 ot = 1on (S=70mV)
=L Ideal I
1 . 10 (S=58mV)
1E-14 V= AAN\P Al —_— | 1 1 1 L L y L
15 10 05 10 15 0.0 0.2 0.4 0.6 0.8
Vth (V)
Gate voltage is not wasted to F.Ichikawa et al., SSDM, 2004

deplete the bulk.

Lower Threshold (Leakage Current) is possible without
increasing Leakage Current (Vth).

Copyright 2007 Oki Electric Industry Co.,Ltd
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Kink Effect on PD-SOI and FD-SOI

PD-SOT (good for digital) FD-SOI(good for analog)
350
300 /
.: rg 250 /
2wl /
. = 100 —
50 Z/_
; "
0 0.4 0.8 1.2
vd (V)
Impact Lonization =
create electron-hole [} [l === ~~~~~~-5~:[ Ey
e e = - . -
near the drain, and BOX sl Bl | .
. : S
increase floating body ®

potential.

Copyright 2007 Oki Electric Industry Co.,Ltd 51



Vth (V)

0.45

0.4

0.35

0.3

0.25

0.2

Small Temperature Dependence

NMOS Tr

-1.22mV/°C

SO1

-0. 65mvV/°C

50

100

Temperature(°C)

150

PMOS Tr
0.65
-06 =
-0.55 e Bulk ]
e L. 19mmV/C
S -045 —
S -04 e o
-0.35 S0l
0. 46mV/°C
-03
-0.25
-0.2
0 50 100 150
Temperature(°C)

due to less change in depletion width

No latchup, Less leakage, Less Vth shift

==p FD-SOI can be operated in 4K to 300°C.

Copyright 2007 Oki Electric Industry Co.,Ltd
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High Soft Error Immunity

Charged Charged
Particle Particle

Gate Oxide

Si

I~ /
Depletio
Layer

Bulk Device SOl Device

Higher soft error immunity due to ultra thin body Silicon.
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TID(Total Tonization Doze) Damage

Leak Current and V,, resumes to nearly original
value by biasing back side even in 100Mrad.

Vback=0 -10 -30V
$001
= | 10%p/lem2z 4 ° .
ooo0s (<100 Mrad) . ¥ o« Dbefore
3 irradiatipn
0.0006] , 3
: ; i‘ L ]
o pre_
0.0004~ ¢ ¢ BG 0
S, *BG10
00002~ . & .EGQU
S BG30
ll'.. '..| l"
T | |
e ¢ S & S ¥ B TR

AV V]

| |
101 p/cm?

- (~100 Mrad)
L

Backgate Bias[V]

0.15

0.1

0.05

-0.05

-0.1
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SOl Pixel 241 28

e SHIESI EREIRLLIRINS I KR ZHZEEZ N L TERAEDE,
o SHIEEBICp-n junctionZ&ERK L. oY —LT 5B,
o ffifx= (BOX: Buried Oxide) IZyNZ B+t > H— & B F R,

Z
___Tk PMOS TT™ T NMOS
Si02 BOX(Buried Oxide)
L
n+ p+
Fansiz o v—oL cap

- Sensor
(High Resistive
Substrate)

>

X-ray) or Charged particle

Monolithic Radiation Sensor
ELCEEMNLGIEE
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Kt —LlatRE Y —

Xt

)

AR5

1l

A
@; >300um S

L +_+ _ | Il
- ~3um
Pixel H Si
‘.%I*)/b#“—%'-é% B5F...
:/ I ~40um Si

i/ Pixel

\ 4
EEE:
AR ~ 1 e-h / 1 photon
XK ~ 3000 e-h / X-ray@10keV
I ENLF ~ 3000 e-h / track@40um
BEHRITVEDT DR BT ENHKS,
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IRTE DSt imPixel#% Hi g8 (Hybrid Pixel)

semiconductor
sensor chip

flip-chip
bump bonding ;-
connections .

-
]

CHMOS pixel
read-out chip

read-out cell

insulator —— __

c RHEBREFELILIMNOZORZERIZIZ4EY,
ERN\VTIZKYIEET S,

o LB FEREICHIFR

s RNEYMENKREIZH S,

s FEBEICKDRE-FDIET,

sensor

particle track

H——]/‘ F |

electronics chip

single pixel |

0.1 mm

diode —implant

doped silicon

Bias voltage electrode
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SOl Pixel (£ a5 DiF#

s RNEMEBEMN VL. ZE
« BEBAEI/NEL DEUVE

MELZHB A LbND,

LD,

s W (CEVVE Y —) TKREES/NHTF

 EHTESNERREZEIILIZE-EToN5,
e SL—bk. BEREAH LA AEE,

BN S VL B0 R
. E‘%ﬁ@ﬁ‘:-ﬁﬁ
JOtEREEK(C
FRF,

Reft. (BEMBIEAED D,

SOI Pixel Detector ,Radiation
— — I\ ,,I Circuit i
T T-T /Pvo§ T T Nmos £ < l
(Buried S0, K =8
Odee) n+ ( 7-'-"""I p+
+f
[
/l
) Sensor
IF (High Resistivity
iz L Substrate)
f’
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S ETOiE1E

'05. 7: HESRESOI EVRILIRE DA ERI— .

'05.10: B KVDEC® 0.15um MPWZUIZEIRELTEAE.

'06. 3: RPIDEREF VT TR
JEROMSHRISXT T 5 RIFRICEZTERR.

'06.12: KEKEAEDO0.15um MPWZ> . BN DB ZEFR - KEH
L1715tz EDH 5,

'07. 6 : \EFO015umT A BEIEIZFEL, B0 2umS A~
1To

'07.10 : JSTSEumET BRI R Bl 70T S LITERIR,

'08.1: E£1[E B 0.2um MPWS 2 Z1T45,

'09.2: £2[A1H 0.2um MPWS U ZFH T3 vk,

'09.7: £3E B 0.2um MPWSU%F E,
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SRR

 BTRLE—IEBTREE ELH. R
FURKE. REPKRE. KIRKRF. RIEXRF. REBEKXZFE. .
T B R AR . S RIEH (JAXA/ISAS)
- BEELFEHE 2 —(Spring-8, JASRI)

- LSO AR

- Lawrence Berkeley National Laboratory

=
=

el

- Fermi National Accelerator Laboratory
 Univ. of Hawaii

- Stanford Linear Accelerator Center
- NASA-JPL
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20084 & ~
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Box (Buried
Oxide)
(200 nm)

SOl Pixel Process Flow

SOI (40 nm)

| o |

I -

50~650um
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OKT 0.2 um FD-SOT Pixel Process

Process 0.2um Low-Leakage Fully-Depleted SOl CMOS (OKIl)
1 Poly, 4 Metal layers, MIM Capacitor, DMOS option
Core (1/0) Voltage =1.8 (3.3) V
SOl wafer | Diameter: 200 mmyd,
Top Si: Cz, ~18 Q-cm, p-type, ~40 nm thick
Buried Oxide: 200 nm thick
Handle wafer: Cz, 700 Q-cm (n-type), 650 um thick
Backside | Thinned to 260 um, and sputtered with Al (200 nm).

VDET

50 HV Ring

\\_n+

Buried Oxide(200

A
Pixel Pixel

VGUARD_IO  VSS Rings « e

Bias Rlng 0~1.8V

NMOS PMOS

si~aonm) _ PIxel cross

High Resistive substrate (n-) section

Al(200nm)

VBACK ~

(This figure is not to scale) (Default unit is um)

|IO Buffer A I
J I Tm 1Y Hﬂ ;r! ofnaeg?)rlnp )



SOT Pixel X#R1

% HH 0 R

72 % FB/E150 umBs D X% H 5

Front

~20 keV BFEHZIE>10%

llllll

llllllllllllllll

— Back Illumination

80 —

“leseses Front lllumination |

3
|

D
o
L

Detection Efficiency[%]

20 0 AU S o s S —
O l ol | | 11 11 1 | 1 1 1 1 11 11 1 1 1 1
0 5 10 15 20 25 30
Photon Energy[keV]

HCRCHEKRDAD T, EHBE

TRHMN=EZ L

[T

13
(TAHEHHESD,

lllumination \X—ray
si02 (T Te um
v
? p+ A
e
.
(1 350 um
n
v
T
AP
T_: + 150 um
[ -
Back Al (200nm)
llumination ' X-ray -
EmFEE

HFERIZIESILIr D
Y —3,\[gE
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Z D SOI Pixel THIREICG S5

ESvIVEICERLET7IAY / TO2)LEIKREEHTHNDT.

Photon Counting (B§S/IN, &3 A4 F3IvoL>D),
IIILF—BIE. BRBIE. EVvrEHE(ERNTSEVY),
O—AJLEEEk (ERBIE) . iEEEVILEBE. LI A—. ..

EWVOT-HEREZ AR T HF M EIREICE D,

— —_ % Srf
FATTRE !
|
e >
-}
I S
test_in 1
o Discri. shift_in
) VthH
L 8 bit
reamp ol Control Counter/
Discri. Logic Memory
X2
VthL —
shift_out

Fine Adjust (Count/Time

Memory)

v

Count Clock 65




Metal contact & p+ implant

Copyright 2007 Oki Electric Industry Co.,Ltd
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KEK SOI MPW run (2008.1)

|Hawaii




Integration Type Pixel (INTPIX)

col_out

e e e e ) g ] o e e e -

128 x 128 pixels
5 X5 mm?

20 um x 20 um pixel

68



Counting Type Pixel

Energy window and
counting in each pixel.

)

v

+Vdet

e

N\
K
N
N
N
-
.
=
!-' 5

xout

Counter

111 ””47 74

vm\
\ \,\\\\\ \ |

vib Dual
L Discri
[

|

|| VthH —
o Double 1 16bit
*D{ t Discri Counter
o Logic
I - CLK
. 10.4 mm0O
Charge vy, >:J .
A i # 16 128 x 128 pix
Amp S rst
: : ® select
: i ; CSI_X
| L fineH3oit__ | _ g
| fineL 3bit Control
““““““““ ~ 7| Registers
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CNTPIX?2
Pixel

~600 Tr/pix
X 128 x 128
= 10,000,000 Trs

60x60 um?



[Ibacki[A]

Break Down Voltage & Leak Current

SBPIX1 Vback - Iback @VBIAS=0V, llimit=50uA (2008.12.2 by Horii)

Il'I['II[l['I['lIIl[['II[l['IIIl['I['II[l[['I|Il['I['Il[l['IIII[['III|['I['I|II['I[III[

SBPIX1

I TTT
L

) LY LU N B PR L

6 INTPIXA1

INTPIX2

- ;I.SI - IO.UI - r0?5I - I170I7 10-8
Vdet[V]
Vbreak down — 65V 10° Vbreak down — 130V

leak ~ L1ONA@50V leak ~ 100NA@100V

Ll IIIIII|
| LeakCurrent | [A]

[Iback{[A]
=}
—
Q
~

|

T

T T TTIT
Y
o

T

LI A T T TTTIIIT

Il 4 10°E;
Bt b oo bt b b s bevsstrena bt by i1 3 = '0 A= |2|0| . I4|Dl - |6|0| : IBIOI : I-“;DI I I12|0| =
0 10 20 30 40 50 60 70 80 | Vback [V]
Vback
SEk] ng TEG IV
1.0E-03
N
1.0E-04 =
— 1.0E-05 [
=
=
L 1.0E-06 |
£ ——D3
o —=— D2
% 1.0E-07
X
3
-
1.0E-08 Vbreak down 23OV
1.0E-09 | Ileak ~ 80nA@230V
1.0E-10
0 50 100 150 200 250
Vback [V] 71




SOl Pixel Laser Images

2008

2.56

2006

32x32

1
|

o

=
=

=

Column

128x128
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X-ray Irradiation Test

X-ray Generator : Rigaku FR-D
Target : Cu (Cu Ko, ~8keV)
Power : 30-35kV, 10-30mA (max 50kV,60mA)

=~ \

Intensity : ~10% photons/pixel/sec @30kV,10mA
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Position resolution
(pixel size=20um x 20pum)

‘:'l “i

X-ray Test Chart

| Result of int2-31-1567to1570ave (400%)
1281 28 pixels; 18-hit {inverting LUT); 32K

|£|
|2|
E

= o w
(=] =] (=]
(=] (=] (=]

Gray Value

(o]
(=]
(=]

25 um Slit is well separated.

I
slit W_Z'Sum

125 20

[lp/mm]
74



102

10E:

h1 | image I

-400

-200

Entries 16384

= 2] Mean107.7 + 1.57

RMS 200.9

Integral 1.638e4+04

200 400 600 80 1000

(ADC)-(pedestal)

Vdet=1.5V
800 us Integration Time

Entries

Mean x 63.42
Meany 62.88

RMS x  36.22

RMSy 37.54

16384
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127-ROW

Brass (Cu/Zn) mask image (CNTPIX2.1)

400

(Log scale!)

=

120 e

' 350 S
3 " i (_; 103:_
i - 1 > al
100[8 | B = s F
L8 [ # i —300 2

: ' 'S i r . (=]
F % % : ®

i L i : 250

g \ e
tmalbenicvpnal @ ¥ ! :

200

150

10

40

= b . —IIIt]IIII|ll|||lJII|!JlI|IIlJl
O 20 40 60 80 100 120 0 0 50 100 150 200 250 300 350 400

COL counts/pixel

Counter works fine!

Integration time 1.6ms
Vback =20V, Vref=1600mV, vthI=1400mV
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Electron beam-test: analog sectors

LBNL

* 1.35 GeV e beam extracted from the injection
booster at the LBNL Advanced Light Source

* First successful high momentum particle beam
test on SOI monolithic pixel sensors

 As a function of the increasing Vdep: cluster pulse

height increases and cluster multiplicity decreases,
up to Vdep~10 V, consistent with lab tests and back-

gating effects becoming important at Vdep=1 oV

51600

31400 1.8 V analog pixels
“6 ]

21200 , Vdep=1 oV

1000

800 oy

600

400

200

0 1500 2000 2500
Cluster Pulse Height (ADC Counts)

1.8 V Analog Pixels 1.35GeVe
: : LBNL ALS

Vg4 Clusters /Spill  Clusters / Spill Signal MPV Average
(V) (Beam on) (Beam off) (ADC Counts)  Signal/Noise

1 97 0.05 132 89

5 14.0 0.12 242 14.9
10 78 0.20 316 15.0
15 39 0.01 301 13.6

[NIM A 583 (2007) 526-528]

-,

. A
‘;}l |u|

Devis Contarato

\ Monolithic Pixels Sensors in SOl Technology

HERKELEY LaB
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st 4 HLAR—R(SEABAS)

100 Base-T 6 ;
oy

:A_<

Ethernet .

Power
(+5V, -5V)
Sub Board '.
Main Board

Connector 64pin x4 65MHz, 12 bit ADC
4ch 12 bit DAC




Max Readout Speed ~300 frames/sec (200 ns/pixel)
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CNTPIX3

64um

x
64um

» 4 kinds of Pixel Block
216 x 72 (15,552) pixels

e 5.0 X 15.4 mm? chip size
* 64 X 64 um? pixel size
* Enable Tiling

Pixel Block A Pixel C

(Standard) (64x8)
(64x64)

Tiling

Pixel Block B
(P well)
(64x72)

Pixel Block C
(P Well2)
(64x72)

Pixel Block D
(Time Count)

(24x72)

Column Control

50mmx 15.4 mm

ﬁ— 16 bit Data

Column Address Decoder

Control Signals

Address Signals
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di

Ci
16bit
window Counter
VthH— o
*—Doublg
-7 Discri » count
! (Time) <e
] ' Logic
VthL !
.
o A Y
L 16 L
|| fineH3bit | ] I _
L ___|__|_finel. 3hit _|______}____ I N _| Control
0 s
Pixel 8
tclk gate clr do sfti sclki  rst co

CNTPIX3 Pixel Circuit




SOl PixelDiEEE

EEANBELE Y —LIL YOS X EIRA
JEEIZIELY (~200nm)LE(ZH B,

-

¢« LY —DBERICKYISVORAEZ—DLEWMENEEIT S

(Back Gatexh&£)
e LY — <> ILHYMAZYRBOIVARAR—TNFEELK
EAAR

« BOXRNIZERLHSHE. MEGTHRIZKYRELI-e-hDBES
NIFIFoh . RRWIZRAEmIZHR—ILANS Y TSN EA
55F 5,

[On Going R&Ds]

*Buried P-Well process

3D Integration




Nmos - Threshold Variation pmos transistor

Back Gate Effect

sweep3D1_10V_disCS0_sg2.dists2.|

hreshold Voltage Vitsh(V)

| —e—10_NAOS

NMOS Floating body -0.6 [~ PMOS Floating body
Back side

-0.5
channel wags ON
s 04 A———
-0.3
-0.2
—a—u_
-0.1

|| ——I0_PMOS

0 :
! (@Vd=L1.8)

Threshold Voltage VisO(V)

@Vd= /
+§§1“edLi:f_) NMOS x 01 [&7 [| —— Core LVt PMOS
(@va=1.0) 0.2 H—t i (@Vd=1.0)
—— Core HVt NMOS \ [l / —&— Core HVt PMOS
(@Vd=1.0) 0.3 Lo (@Vd=1.0)
. - 0.4 |
15 10 S5 0 5 10 15 20 20 15 10 5 0 5 10 15 20

Back gate Bias Vb(V)

Back gate Bias Vb(V)

MOS Tr

A AESAT S
acl R

4 g
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Copyright 2007 Oki Electric Industry Co.,Ltd

Substrate Voltage act
as Back Gate, and
change transistor
threshold.
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BPW

Normal Implantation Buried P-Well (BPW)

B or P(~5E15¢cm2) B (~1E12 cm~)

e || sorsi LLLLL LI

Oﬂqi\ K// it Iﬁ

PSUB ! !

BPW
e Cut Top Si » Keep Top Si
* High Dose e Low Dose

» Suppress back gate effect.
* Reduce electric field around p+ sensor.

* Less electric field in BOX to improve
radiation hardness

39



BPW

Id [A]

Suppression of Back Gate Effect with BPW

2

Without BPW With BPW
40E-04 40E-04 : ' -
Vback Up ;//

3.0E-04 ~ / / 3.0E-04
20E-04 /// \ // EZOE—[M

W &
1.0E-04 y 7 ‘/ 1.0E-04 ‘/
0.0E+00 / ' 0.0E+00 /

0 05 1 15 2 0 05 1 15

Vg [V] Vg [V]

BPW Layer is very effective to suppress back gate effect.



Vertical (3D) Integration

ZyCube(Tohoku Univ.)
+ OKI + KEK/LBNL

ZyCubett M p-bump bonding (~5 um pitch) HE iz E->T. SHICHEFRE

EDMELITOTLNS.

PAD
N
il
- -

PAD
an
il
.

BOX(200nm)

Back Gate Adjust Electrod

'

L

<10um
pitch

BOX(200nm) \_JI

™~ -
+
50~ n p+
300um

High Resistive substrate (n-)

l Irlf"l r!1| FWIJE!ITHMQ
L ; -_— oy w L

Pixel Pixel

y Al(200nm)
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ZyCube + Tohoku Univ.

5um pitch p-bump

Upper Chip

“ BondPad

Upper Chip

Lower Chip

Cross section

ais Chain with 104 m-bumps

Plain View (IR microscope)
Tohoku Univ. /| ZyCube
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reErrrer

3D (on this submission)

Bump pad
ubump

Lower chip
(with high-p Si) \
\
Substrate
Contact

P.Denes Kyoto SOI Collaboration Meeting Feb_ 2009

Bump pad

I Upper chip\
I (high-p Si remoxed)

I \
Bond pad Substrate
metal Contact
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Vertical Integration

EEEmndaeenes

fasracy

Lower Chip Upper Chip
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(1) Stack Process Flow (after finishing wafer process)

Lower Chip

Si

Upper Chip

(Layout must be done with mirror inverted )

Form p'burﬂp—-— wbump polyimide

-Stack wafer with
p-bump and adhesive

Jadhesive

l -TUTIN/AI sputter
Al-pad -Metal Pad Litho.

: T
i - i T e s —

-Si etch

Si02 slight etch L

-P-SiNd deposition
-Pad Litho. .
P-SiN

VHEEEIRREEa |
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