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LHC(Large Hadron Collider)3E &




2008.9.10 LHC First Beam

ATLASHRH S
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3 | first beam event seen in ATLAS
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2. SOIBMTD#B&ESOI PixelfAFEF1E

Aluminum Interconnect

Channel Oxide In=sulataor
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7€ D Pixelts H 8 (Hybrid Pixel)

semiconductor
sensor chip

flip-chip
bump bonding ;
connections

—_—

L
1
1

single pixel

CMOS pixel
read-out cell

read-out chip

insulator ——_ ™y

BRESREFHLILIMNOZIORFRI < Z4EY.,
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particle track

metal

sensor

0.1 mm

bump

~ diode —implant

doped silicon

Bias voltage electrode



Bulk and SOI (Silicon On Insulator) Wafer

50-400 nm § 20-200 nm
< lcircuit > 2 ___circuit >
| BOX(Buried Oxide)
650 um ¢ -
2 Physical
B 1 L Support L
i T T )]
Bulk Wafer SOI Wafer
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UNIBOND™ Process (1995, France LETI) -> SOITEC

Imitial silicon wafers A & B

- Oxidation of wafer A to
create insulating layer

- Smart Cut 10n implantation
induces formation of an in-depth
weakened layer

Cleaning & bonding wafer A to
the handle substrate, wafer B

Smart Cut - cleavage at the mean
ion penetration depth splits off wafer A

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

Sphit-off wafer A 1s recycled, becoming
the new wafer A or B

Wafer B

microbubbles

hydrophilic
bonding

~500 CCI\/IOS

(Low R)

SOI wafer
or N\ \

New B Sensor
(High R)
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PD-SOI vs. FD-SOI
PD-SOI (Partially Depleted) FD-SOI (Fully Depleted)

@ Thick SOI thickness(T¢y,) € Thin SOI thickness (Tgg,)
~100-200nm < 50nm
&®Depletion layer < Tg, @ 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

Gate Depletion Gate
Layer

1 tSOI

Neutral Resign

Buried Oxide

Buried Oxide

Si Substrate Si Substrate

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

Copyright 2007 Oki Electric Industry Co.,Ltd
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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: Athlon processors
- Sony (with IBM and Toshiba) : Cell, PS3

€ FD-SOI (Fully Depleted) ==
Low-power application ¥ =
- Oki: solar cell watch, long-wave RF decoder o

Technology Node option beyond 32nm, Next 3D Tr. ¥ i
- Intel, many major companies W

e

http://www.casio.co.jp

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

Copyright 2007 Oki Electric Industry Co.,Ltd 15



Features of (FD-)SOTI

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

« Low Junction Capacitance :
High Speed

« Steep Subthreshold Slope
Low Power

« NO Kink Effect
Good for Analog Desugn

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

10
L] e .

Relative Performance

Year Technoloav Qualified

N0 Well junction, Thin Film :

Low Leak,
Low Vth Shift (High Temp).

«Small Active Volume
High Soft Error Immunity

« [ID compensation by Back Bias

16



Smaller Junction Capacitance
Bulk SOI

P TN

- ]

O
—-
'

0.5
0.15 um CMOS
Inverter
Cj is 1/10 of Bulk technology. el FiO=1
Gate Capacitance is 30-40% % 03 | .
Lower. £ L\ v
& 02} High-Vth
g Bulk
Low-Vth
0.1 1 FD-SOI ‘
. Low-Vith
High Speed / Low Power
0

0.3 0:4 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 17



High Soft Error Immunity

Charged Charged
Particle Particle

Gate Oxide

Si

Bulk Device SOl Device

Higher soft error immunity due to ultra thin body Silicon.
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SOl Pixel £ 25

c SHIEMSI AR EIELIBISI B ZHBEEZN L TEEDHE.
o S LEIEITERIZp-n junctionZ &R L. oY —& T 5,
o #@%% = (BOX: Buried Oxide) Iy ZRT& oY — & B Z i,

/r/f _{LﬂQH_'TNMOS 4

Si02 BOX(Buried Oxide)

-

i

- 4 4

Sensor
(High Resistive
n- Substrate) ////////

FEBsSiztzY &L THIF

I [
X-ray Jor Charged particle
Monolithic Radiation Sensor
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- Lawrence Berkeley National Laboratory
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- Fermi National Accelerator Laboratory
* Univ. of Hawaii

- Stanford Linear Accelerator Center
- NASA-JPL
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= 1 e-h /1 photon
~ 3000 e-h / X-ray@10keV
~ 3000 e-h / track@40um
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SOl Pixel £/ a5 D ¥+

« ROGEPENDEL ZEREZHSALONS,
s BBERENPSK DENEFMENELY—) TREGS/NM T
2Y (R
c BT ESLERBZEEE/RILICHEE=ELNS,
s EL—k. EEHAHLHETRE,
s RIS LI, Bk, EMBIENEDHSD,

c EXRDIEM SOT Pixel Detector /Radmtlo” e -
ToEREEKIC —
. L ——
+ P+

Sensor
(High Resistive
Substrate)




SOl Pixel Process Flow

SOI (40 nm)

&

Box (Buried
Oxide) 650
(200nm) P2 um

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

Process 0.2um Low-Leakage Fully-Depleted SOI CMOS (OKI)
1 Poly, 4 Metal layers, MIM Capacitor, DMOS option
Core (1/0O) Voltage = 1.8 (3.3) V
SOl wafer | Diameter: 200 mm¢,
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 L

M4

HV Rin
<504 g

P|xel F’IX8|

D~‘I 8V

VGUARD 1O VSS Rlngs

Bias ng

I __ 0 Buffer_ T T
FaFy Freyy Fa _| ?_‘1 [ WA
Buried Oxide(200nm) I

N+

NMOS PMOS
Si(~40nm)

High Resistive substrate (n-)

Al(200nm)

VBACK

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

A

A

An example
of a SOI
Pixel cross
section

~260
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Metal contact & p+ implant

Copyright 2007 Oki Electric Industry Co.,Ltd



3. SOI Pixel Detector M BIFIK;
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KEK SOI MPW run (2008.1)
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Integration Type Pixel (INTPIX)

vdd /I

B

RsT | 1 L e J
i ] }imd T 00fF 4 col_out

128 x 128 pixels
5 X 5 mm?

20 um x 20 pum pixel
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meml i f#{f/

Counting Type Pixel

S RN f
Energy window and
counting in each pixel. s5f
==
test in xout .

1 Discri Counter S— :

|
J L 7

@ —| —— VthH —
N Double B 16bit
° t Discri Counter
o Logic L | mlcLk
| 10.4 mm[Ql
Charge v >:_/ :
A i 16 128 x 128 pix
Amp i : b rst
! e select
! : : (.1) CsI_X
I I
+Vdet | fineH3bit | _ 9
| finelL 3bit Control
""""""" 7| Registers
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TN ATIA
H i :
2

CNTPIX?2
Pixel

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

60x60 um?
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|Iback|[A]

Break Down Voltage & Leak Current

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

i,||ll|[l|rl|rl|l|l|l|||l|l||li|i1||l||ll|[!|i1|l1|l]l|ll|£1|l]|l1||1||| = E E
1 S G il PR L B X = B
b [ i SBPIX1 1 3wk INTPIX1
10° |- . - 3 &
< 7 _ 1 £ [ INTPIX2
5 8 E e f ol
H =10° . 3 =107
I R = I -
; 10-10_|II:1IIII|kJJI|I_ _E B
3 05 0.0 05 10 | 10° =
H Vdet[V] i =
: ~ : 10° Vireak down ~ 130V
P B RSN : loa ~ L0ONA@100V
= ] E ~ N
: s ~ LONA@50V - - leak @
§_IIII|IIIl|IlIr|IIIl|IlII|II1II|III|IIllllIFI|I|II|III1|kIII|IIII|IIII|IiII|IIIE 10—10: L B e e e
0 10 20 30 40 50 60 70 80 0 20 40 60 80 100 Lzbuack [V]
¥hacklv] ng TEG IV
1.0E-03
1.0E-04 |
— 1.0E-05 [
5
€
L 1.0E-06 [
% 1.0E-07 |
%
(0]
-
1.0E-08 | Vbreak down 230V
1.0E-09 Ileak ~ 80nA@230V
1.0E-10
0 50 100 150 200 250
Vback [V] 33




SOl Pixel Laser Images

2008

2.56

2006

32x32

e Jmrs L ="El- RETE e

40 60 80 100 120

20

128x128

Column
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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

385



128128 pixels; 18-hit (nverting LUT); 32K

Position resolution
(pixel size=20um x 20um)

N oW
LT
£
1 )
{
|

Il
800 :25HI
X-ray Test Chart

"125
25 um Slit is well e
separated.
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h1 [image

= =| Entries 16384

2| Mean107.7 = 1.57

= =| RMS 200.9

= =f Integral 1.638e4+04

10

16384

Entries

Mean x 63.42

200 0 200 400 600 80 1000

(ADC)-(pedestal)

-400 Meany g62.88

RMS x  36.22

RMSy 3754

L N O O W

Vdet=1.5V
800 us Integration Time




127-ROW

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

400

-
[
=

350

100
300

80} 250

L - 200
60

150
40

100

20

0 20 40 60 80 100 120
COL

# of pixels/2bin

—
‘R,
| igigtaal

10

-
o
[

IIl]II

(Log scale!)

| L1

| Ll

L1 |

0 50

Counter works fine!

Integration time 1.6ms

100 150

Vback =20V, Vret=1600mV, vthI=1400mV

200

250

300

350
counts/pixel

400
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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- 200

gating effects becoming important at Vdep=1 oV

1

1.8 V analog pixels
Vdep=1 oV

Nb of Clusters
— =9 —
s & =
(=] [ —] (=]

1000
800 my
600

400

el Bl - m

% 1000 1500 2000
Cluster Pulse Height (ADC Counts)

1.8 V Analog Pixels 1.35 GeVe
: : LBNL ALS

V4 Clusters/Spill Clusters /Spill Signal MPV Average
(V) (Beam on) (Beam off)  (ADC Counts)  Signal/Noise

1 9.7 0.05 132 8.9

5 14.0 0.12 242 149
10 7.8 0.20 316 15.0
15 3.9 0.01 301 13.6

[NIM A 583 (2007) 526-528]

-

rf_;m ‘,4\, Devis Contarato

\ Monolithic Pixels Sensors in SOl Technology

BERKELEY LAB
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HLR—K(SEABAS)

100 Base-T *«.‘

Ethernet L] N

Power
(+5V, -5V)
Sub Board
Connector 64pin x4 65MHz, 12 bit ADC
4ch 12 bit DAC




image

120

100

Max Readout Speed ~300 frames/sec (200 ns/pixel)
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o INTPIX3 | A-R-Tec e
KEK JAXA KEK
3D-A Ikeda 3D-B
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KEK KEK Kobayashi KEK
Hawa | ONTPIX3 | i | men | LBAL
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KEK KEK
Krakow | Tohoku
OKI OKI
KEK KEK
cDS TDC




Pixel Block A Pixel C
. . (Standard) (64x8)
e 4 kinds of Pixel Block (64x64) ’
216 x 72 (15,552) pixels
e 5.0 x 15.4 mm? chip size
e 64 X 64 um? pixel size ey
. (64x72)
« Enable Tiling
Pixel Block C
(P Well2)
(64x72)
Pixel Block D
Time Count
( X7 ) 50mmx 15.4 mm
1 | '5—16 bit Data
Column Control
p— Control Signals
Column Address Decoder _—Address Signals

43



di Ci

Vb l
; 16bit
window Counter
VthH— ol
®—Doublg
-7 Discri » count
! (Time) -<s
' Logic
VthlL l
.
o A v
L 16 L
L || fineHsbit | T ___ I _
L _____|_finel 3hit |______|}____ I R R _antr_ol
T@— ~
Pixel 8
tclk gate clr do sfti sclki  rst co

CNTPIX3 Pixel Circuit




SOl Pixel D:ERE

EERANBELGE Y —LIL IO ZAERH
JEFEITIELY (~200nm)BLEIZH Do

\ 4

e U —DERIZEYINSUVDRAI—DLEMENEENIT S
(Back Gatezh &)

e Y — <> ILHMOZHORABOIORAR—TOMNFEAELKO
CEAR

« BOXRNIZERNHSE, MHIRICKYFEELI-e-nDBIES
NiFIFS5h . REBRMIZEBEICA—ILANS YT IR EH
55F 5,

[On Going R&Ds]

*Buried P-Well process

3D Integration




Back Gate Effect

sweep3D1_10V_disCS0_sg2.dists2.|

MOS Tr

 arad AT N

1
t
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t
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aralE SRR N

s e, g i U SR T NI L

— — — —_ T

B s ety W RSP S S S O A

nmos T hreshold Variation

PMOS transistor

0.6 4 NMOS Floating body -0.6 [~ PMOS Floating body
0.5 Back side 05
~ o4 channel was ON _
‘:, T At _ '}‘_"0'4
Z 03 = Z -03
> -
g‘n 0.2  ——— g[_u_z
= 01 = 01
- . . | | - ,
= Y[ ——10NMOs = 0 . R —#—10_PMOS
2 01 (@Va=1.8) E / | (@Vd=138)
£ " | —— Core LVi_NMOS \5 g 0.1 / +(£¥dL—‘11E|PMOS
g 02 @va=L.9) - Z 02 AL @vely
" g3 || 7t Core HVt NMOS A = o / | —*— Core HVt PMOS
' (@Vd=1.0) \ - C (@Vd=1.0)
0.4 ' : 0.4 |
20 15 10 5 0 5 10 15 20 20 15 10 5 0 5 10 15 20
Back gate Bias Vb(V) Back gate Bias Vb(V)
1.008+05 . : :
l ; Copyright 2007 Oki Electric Industry Co.,Ltd
;; : 2.518+04
[ ] G SubSTr'aTe VO|T096 GCT
LR E R B
kb4 A s #2 X F 7 B k G d
]
il e @S Back Gate, an
SRR e s S
S SR :
AN change transistor
A . ]
} ; ; ; ; ; ; ? 1.588+03
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B
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¥
R t
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1.008+02
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Buried P-Well Technology

Implant through SOI layer
(Buried P-Well)

e Suppress back gate effect.

* Reduce electric field around p+
sSensor.

e Less electric field in BOX to
Improve radiation hardness

Tested in next submission. —




Buried P-Well

Electric field (@ back bias 100V Viem

Z00e+04
P concentration 1e17/cm3
1.60e+04
1.20e+04
g.00e+03
-45 | ' . e
-26 -21 -14 -7 0O 7 14 21 28 4.00e+03

0.0



Buried P-Well

Back gate effect to nmos transistor

05
~
R it ad Ty
04 -+ e S o .l. *,
¢ - ! @ b , AA " "
e YL " ¢ 1 00E+17
~ | @ - e : A ¢
03 + e N L= AR 9 00E+16
| ' | . ]
o ® Ay, Tm % 4 8.00E+16
- 02 & L & Tl ”
= Ve N ®  * = R < 7.00E+16
= - Yo X __ R |
S : ~ ., = o L 6. 00E+16
% 0.1 ’ * X N ® 5 00E+16
| ._ it 4. 00E+16
+
0 ® 5 - 3. 00E+16
° N ¢ 2 00E+16
0.1 ® . . ¢ 1 O0E+16
F )
' 1O0E+12
0.2 >
0 100 200 300 400 500 600

Back bias (V)

Nmos tr. threshold doesn’t decrease so much up to ~100V

OKI process simulation results are consistent with these results
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Vertical (3D) Integration ZyCube(Tohoku Univ.)

+ OKI + KEK/LBNL

ZyCube#t M u-bump bonding (~5 um pitch) ¥ ffiZE->T., SHIZEERE

oo 4 4=
{EDIARHITOTLS.
PAD PAD Back Gate Adjust Electrod
A BO%EZOOnm;
~6le
A
‘ BOX(200nm) | — F EI | J .
o n+ p+ Pixel Pixel
300um
High Resistive substrate (n-)
v Al(200nm)
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ZyCube + Tohoku Univ.

5um pitch p-bump

Lower Chip

Cross section

Plain View (IR microscope)
Tohoku Univ. / ZyCube
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Sio,
SiO

3D (on this submission)

Bump pad
ubump

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

=1 ! P.Denes Kyoto SOl Collaboration Meeting Feb. 2009

Bump pad

I Upper chip\ \
| (high-p Si remwed)

I \
Bond pad Substrate
metal Contact
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Vertical Integration
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