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SOI Wafer (UNIBOND™) SmartCut(1991) |

(Michel. Bruel)
(1995, LETI -> SOITEC)

_ Imitial silicon wafers A & B Wafer B
- Oxudation of wafer A to
create insulating layer
*ions
Smart Cut 10n i?nplantation “ microbubbles
induces formation of an in-depth
weakened layer
Cleaning & bonding wafer A to bonding
the handle substrate, wafer B
~ o
- Smart Cut - cleavage at the mean S00°C CMOS
1on penetration depth splits off wafer A
| . / (Low R)
Wafer B undergoes annealing, CMP - _
and touch polish => SOI wafer complete S1 bulk SOI wafer v\
Split-off wafer A is recycled, becoming * Oor Sensor

the new wafer A or B

NewB (High R)3



Features of SOI Pixel Detector

« Bonded wafer : High Resistivity (Sensor) + Low Resistivity (CMQOS) .

« Truly Monolithic Detector (-> High Density, Low material, Thin Device).
« Standard CMOS can be used (-> Complex functions in a pixel).

« No mechanical bump bonding (-> High yield, Low cost).

« Fully depleted sensor with small capacitance of the sense node
(~10fF, High conversion gain, Low noise)

« Based on Industrial standard technology (-> Cost benefit and
Scalabllity) SOTI Pixel Detector RCIdlCI‘t'I.Oh

« No Latch Up, Low SEE o. E// /CMOS Circuit .~

o LOW Power BOX(Buried Oxide)

n+ p+ ——

o Operate in wide temp
(4K-300C) range.
Si Sensor

° ... (High Resistivity
Substrate)




Bulk CMOS vs. SOT CMOS

NMOS Gate Electrode "MOS  |sojation Oxide NMOS Gate Electrode PMOS Body

%/

Buried Oxide

P-Sub
P-Sub

Bulk CMOS SOI CMOS

Aluminun Interconneact

Oxide. } .. I f.
l; Chanmel Osdde Ihsulator }




Steep Sub Threshold Slope

1E-02 | 10
Wl 5 . Idoff o 107Vews
1E-04 e
R 107 [ l
E Nch I Bulk PMOS -
1E-06 - (S=95mV)
z E 10¢f 1
;; . E i Bulk NMOS |
$=67mVide¢ < 1pulf i
1E10 = (S=70mV)
N Ideal o
S R S / \/\ 10 (8=58mV)
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- Y AANAY D AM Lot | I T T A N SN SR
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Vgs (V
gs (V) 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



Ids[A]

Operation at Cryogenic Temperature

Bulk MOS

| |
| |
| |
| |
gate gate
source ' | drain . source | drain
T o™ o T To [
(:F-‘?-*EP?:::::::::::M scnnindype] [ e, T g PE s F e Dype
- ___,_,-'-') @ @ ‘.“‘ '''''''''''''''''
/ @ @ \ depletion layer o, P e
s y s depletion);

holes produced by the impaﬁt ionization

can't escape through the body

if the temperarure is below 30K _(freeze out)
v

Buried Oxide (BOX)

F oy holes produced by the impact ionization
| cant penetrate BOX, and escape into the channel
p-type Substrate P p Substrate
_ _
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I\VV characteristics at cryogenic temperature
Body tie type

Isolation Layer _ Gate Body
SOl F

N+ . Drain
— -!|- — —Gate— — — Poly-b— —
N+ .Source

Handle Wafer

Body-tied W(um)/L(um)=0.5/10

12 4.2K 0.2 4.2K
1 e 0
-
O 8 '_.'. [—— _02 ___1 ¢ ot
g 06 1 < 04 Jﬂ-:
8 04} r/f -------------------------------- UD'_')'_o_a f
—_— -'.' .._._"__,...—o—-"‘"'-""_ p— .'I.'
02| ool L
%2 0 0204 0608 1 12 1z T 08060402 0 02
VDS[V] VDS[V]

The kink effects do not occur for [VDS|<1.0V (L=10 um)



SOT Pixel Project Brief History

'05. 4 : Proposed to KEK Detector Technology Project.
(Generic R&D)

'05. 7 : Start Collaboration with OKI Semiconductor.
'05.10 : 18t Submission in VDEC 0.15 um MPW.
'06.12 : 18t (and last) 0.15 um KEK MPW run.
'07.3 : 0.15 um lab. process line was closed.

- move to 0.2 um mass production line at Miyagi.
'08.1 : 15t 0.2 um KEK SOI-MPW run.

'08.10 : OKI is owned by ROHM Co. Ltd.
(Lehman Shock)

'11.1: 6" KEK SOI-MPW run




Box (Buried
Oxide)
(200 nm)

SOl Pixel Process Flow
/ SOI (40 nm)

-

50~650um

10



OKT semi/ROHM 0.2 um FD-SOT Pixel Process

Process

0.2um Low-Leakage Fully-Depleted SOI CMOS
1 Poly, 5 Metal layers.
MIM Capacitor (1.5 fF/um?), DMOS

Core (1/0O) Voltage = 1.8 (3.3) V

SOl
wafer

Diameter: 200 mm¢, 720 um thick
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) ~7k Q-cm, FZ(p) ~40 k Q-cm

nf\ﬂ
DdebIUC

process

[
-~ 1

AAAAAAA Iﬁll\f\l f\lMll\f\l |_-I- If\:lf\ nf\l\l I\If\
LI CK SiGe

IVICLIIdIIIde UIIIIU Cllbllllbdl =tCni Ig, D
Implant, Laser Annealing and Al plating
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. MPW (Multi Project Wafer) run |

e I A e e
] et U BSf O 0<% 0000000004 N R
e :

. We are operating MPW runs Twice / year.
(Next MPW run is Oct. 31))
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32%x32

Vbias~10V

128x128
Vbias~100V

832x512

Vbias~250V

SOl Pixel Detectors

2010
p 13.8 mm ,

2000

2010 KEK OKIsemi [
SOI PIXEL DETECTOR [l

1000

INTPIX4 832x512

500

0 100 200 300 400 500 600 700 800

CA |



By the Way,
OKT Semi fab is located very near
to the Center of the Earthquake.

OKI Semiconductor

MIYAGI Co. Ltd.
&Tohoku Univ.

X s sen TMicro

KEK

JMA Seismic
Intensit
Y mg

{JMA Seismic Intensity)

ol
"‘_._‘_\_‘-\_\_
T 20171-03-11 14:44 (2011-03-11 05:44 UTC)
- I ZF1-F(Magnitude) 9.0
NG FFEDF&S(Depth of hypocenter) 2dkm
i (Source) : W Fr{Jopan Meteorclegical Agency) 14



SQOI Detectors
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Integration Type Pixel (INTPIX)

\dd
/I./ READ x
\_q STORE 4&
I
- 1
* Cstore ®

Vo P4
o—| |—0—q P3
RST_CDS \© .
25\
COL_ouT
V_RST_CDS
i
+Vdet

Size: 14 um x 14 um
with CDS circuit

e gt e

& 500mV/div
T 100mvidiv




Integration Type Pixel (INTPIX4)

A

Largest Chip so far.

o

i

i
it

Il

10 mm

17x17 um, 512x832 (~430k)
pixels. 13 Analog Out, CDS
circuit in each pixel.

B 2010 KEK OKIsemi
l 501 PIXEL DETECTOR
| INTPIX4 832x512

S 10
el v [P




Data Acquisition Board

e Soi EvAluation BoArd with Sitcp (SEABAS)
e A FPGA controls the SOl Pixel chip
e Directly transferred to Ethernet

INTPIXE e —

SEAMIML | =Ml | cpeasposooo

SEABAS

BINTPIXA No. 2 [Eaes

EIEITT Y CEEEE
____________

e e e ¥ - 5 1 1 i 8" - 1., & UL REE | |= - -

BRIC BE-mrd

-----

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ
nnnnnnnnnn

|;_ OIPIX-5{TCP f;-‘:f |’Fweru_

II|.HI!I
HAOE IHI.I!.\JPJ.H
: e " SEABAS w1
103 8 [N ]
T & Y‘Y PAN
3 I I [ L=
mr o i ¥
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Spatial Resolution (Contrast Transfer Function)

 Comparison of contrasts with commercial X-ray devices.
— SOl Pixel : INTPIX4, Flat Panel Sensor (FPS), CCD, and Imaging Plate (IP)

(A)

FPS

CTF [%] =B /A W”m ”l“
T [T : m 100
11 S 80
20 lp/mm 16 Ilp/mm 12 5_Ipfmm | ‘%
g . 1 ” E
N | ikl = 60
Upper Line G
f C
S 40
| Urwjler Lime %
il 8
............. .'}""f/B$Lse Lint : 20
............ Lnfy _. . % Mrl-. . "hrtlﬂffLJl'JJ ‘L-L_LL’IHI 0

|
o W

b il
Pif
| |

I|IIII|IIII|
- >

__0
o

T

_»

—8— SOl Pixel
~i- A(FPS)
-4 B(CCD)
-4 C(IP)

=
iy
- “.I.
R

.""r-. - ""'il-..- Ll

5

(%]
DT:II|IIII|IIII|III-|EIEI|I:II|IIII|III

10 15
Line Pair [Ip/mm]
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_L_‘T__!III|IIII|

e_ Slza 17 um X 17 um
of Pixel : 512 x 832 (= 425,984)
it Slze“ 10.3 mm x 15.5 mm
sor= "'_Ov 250us Int. x 500

Mo, 20kV, 5mA

=

' n ] RO -0

v
w“‘“' Tz

E-Flll"l"_:__'

X-ray Image of a small dried sardine taken by
a INTPIX4 sensor (3 images are combined).

(A. Takeda)
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XRPIX1

© XRPIX1-CZ Correlated Multi Sampling
© 39D (ST&BT Type) Single Pixel (25,25) Spectrum (Target: Cu + Mo)

5XER 2011/02/10@-50°C,100Vb

120
2 B Cu-Ka h1
?) ~ 8.04keV Entries 399115
61 00 :_ .......... AR | OB S Mean 0.3669 |
| RMS 2.137
1 %2 / ndf 0.4078/2
2] )| SRS SRR | RSO S Constant 116.8+8.3 |
1 Mean 33.41+0.03
i Sigma  0.5014 = 0.0305
60 I R S | P ) '
i Il<— FWHM=260eV
: Readout Noise=23 electrons rms
P01 NN SO | .Fano Noise= I5 electrons rms
i . Cu-Kb :
- . 8.90 keV Mo-Ka
20 g R 17.44 keV
i 7
0
0 40 60 80

Cu Ko and KB is
separated

Noise ~ 23e”
@-50"C

100
1ADU= 240 ev PH [ADU]

(Kyoto Univ.)




CERN SPS
200GeV/C m beam

Second Plane

Vbias=70V i
: c~1.2 um -
5 200 [ —
2 .
E 150 [— —
100 —
LBNL & Padove 50 |- =
. 0 :. AN IR AR A I T P | IR T IS T SR U .:
NIM A’ M BGTTGQIIG 61' Gl., -0.03 -0.02 -0.01 0 0.01 0.02 0.03

http://dx.doi.org/10.1016/j.nima.2011.05.081 Residuals [um]



e+ Beam Test at Tohoku Univ.

SOTI beam test 2010 collaboration

e+ Beam ~673MeV/c

3rd layer y
Entries 5473
| Mean 0.0002858

| L3y residual distribution |

otomultiplier tube for timind trigger

1400~ RMS 0.007503

E | Prob o P

. | Constant 1293 = 28.2 ABAS(R/O) board
1200 Mean 0.000395 = 0.000045

L | Sigma 0002921+ 0.000047
1000 |

800 c~2.9 um

(incl. multiple scattering)

600
400
200 J
III| |III|i:I|II|IlﬂI|I:I|III| |III -\-\-\--"\-\.\___
-%.1 -0.08-0.06-0.04-0.02 0 0.020.04 0.06 0.08 0.1 INTPIX sub T
mm .r./’/ Beam (positron)



Counting Ty

pe Pixel (CNTPIX)

Vib
S
[

fromito

CNTPIX5 Pixel i
3 pix

Dual Discri i T
ndow

Yy

Progra'm able

VthH —— VM
Counter Counter
_I -7 Control |
|
|

Charge  Shaper 9 bit | 9 bit
A VthL —
mp f | fine DAC_H Yy .
| f./
1 i Einieininieiniat Control
L e e e ] Registers
+Vdet fine DAC_L 3bit
2 /
Energy selection and
Counting in each pixel.
5 x15.4 mm?

combined.

4 pixels can be

72 X 272 pixels
64um X 64 um pixel




CNTPIX5
Pixel Layout

64x64 um?




120

CNTPIX X-ray Test

80

— 1000

ROW
g
L

Pixels are working but some
crosstalks are observed.

403

e ::.-ﬂ*"*

20
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120 5 s
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[ ///
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Count v.s. sensor bias. Count v.s. X-ray Tube Current



Developing Techniques




Buried p-Well (BPW)

Substrate Implantation BPW Implantation
P T T (RTHY
(BX(I)X"eﬁﬁﬁ / l

P+ BPW
e Cut Top Si and BOX » Keep Top Si not affected
e High Dose e Low Dose

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

e Less electric field in the BOX which improve radiation
nardness.
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I,-V,and BPW

w/o BPW

10 I B

10° * 2200000000

10-12:||||||;E|:;z|||||||;

ack channel open

- [Vback=

—8— 0V

2 5V

—— 10V

"'"—v—-sov '

 l—e—100V/|

-0.5 0.0 0.5 1.0
Vgs[V]

1.5

with BPW=0V

10 NN L L ) L L L

- |Vback=
- |-e— 0V
w8V |-
|10V
|—w— 50V |
~ |—e— 100V|

-0.5 0.0 0.5 1.0 1.5
Vgs[V]

Back gate effect is suppressed by the BPW.

29



Radiation Tolerance

SOI is Immune to Single Event Effect

Gate Oxide

\
\Gate

Si

Bulk Device

Debletior
Layer

But not necessary strong to Total Ionization Dose due to

thick BOX layer

Gate

Trapped
Holes

30



Radiation Tolerance and BPW

By adding the BPW layer, Electric field in the BOX is reduced and possibility
of charge recombination will increase. Thus increase radiation tolerance.

X-ray Irradiation

1T T T 1T T 1 | 1T T 1 | 1T T 1 | T
107 = ‘ 10"
' 107
| a a 10-3 a | |
NS T | e
10_5 """""""""""" .
< 0 |/ <0l S
2 I = 10_7 — Before Irrad. |
I )
........ 80 krad(BOX)_ 10 I rad( 3 )
T v o
Vback=100V @ Irrad.|| T i/ |Vback=100V @ Irrad.|—
Vds=1.8V @ Meas. b ) |vds=1.8V @ Meas.
I/O HVEt NMOS ] 10 S /J """" /O HVt NMOS N
10'12 [ | | | | | | I I | | | I I | | [ 10'12 [ I 1 | | | | L1 1 1 | | I | I 1
-0.5 0.0 0.5 1.0 1.5 0.5 0.0 0.5 1.0 1.5

Vgs[V] Vgsl[V]



TID(Total Tonization Doze) Damage Compensation

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

Vback=0 -10 -30V
$001
= | 10%plcmz & ¢
ool (~100 Mrad) . before
Irradiatipn
0.0006}— s §
‘
; o Pre_
0.0004— ¢ ¢ BG 0
AP *BG10
0.0002f~ . ¢, .BGEU
S ¢ BG30
l'. *u' .
e -l"' u"'. " | l l
e 15 s

Vas[V]

0.15

| |
101 p/cm?

" (~100 I\/Irag \ % :5
/ :05

Backgate Bias[V]

v V]

This can be done with nested
well or double SOI wafer




FZ(p and n) SOl Wafer

It was difficult to process 8” FZ-SOI wafer in CMOS process.

Before Oxidation Conventional SOI Improved SOI
Process Process

Slips
We optimized the process parameters, and succeeded to
perform the process without creating many slips.
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Walfer type and Leakage Current

237V
b 377V
VDET -‘ 320V
-5 ! -L
.1D E T T
- CZ(n) FZ(n) FZ(p)
i 0.7 kﬂcm--‘\ ME'_.EHE.NGE!.] 7 kQcm 40 kQcm
5| 260 um Grind 500um § 500 um
t [
(14 B i
= - . Over Deplete \ . /
o 7 —— Chemical
o 10 F I Etch
o m I
4] — i
- B 112V
3 B i
10° £ :
- 55V INTPIX3e
1D-Q||||||||||||I|||||||||I|||||||||I|||||||||||||||||||I|||||||||
0 200 400 600 800 1000 1200

Wdepletion[um]



Nested BNW/BPW Structure

ATHERMA

To amplifier * Signal is collected
B *To ground P 200-300 keV with the deep
B TE Buried P-well.

Cross Talk are
shielded with the
Buried N-well.

i

.....
\\\\\

......

] Microns 35

FEE2011 G. Deptuch (Fermilab)
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Double SOI Layer wafer

additional

I circuit
[ [ 1 I 1 [ 1 I 1 ]
1 %I_‘ [ |

v Sensor v

In addition to the shielding between sensor
and electronics,

* oxide trapped hole can be compensated

* able to control Tr threshold voltage block by
block

* additional components such as diode,
resistors can be implemented.

Wafer is ready.
Process study Is in progress.

conduction layer

Shield sensors
from circuit

HTE TEMBE (CMP)

Surface

. BOX

BOX

BASE



New Mask

‘ Larger Mask \

Present Mask

20.8 mm

run.
—> Larger Sensor &
Reduced cost per area.




Stitching

Stitching test is in preparation.

~66 mm >

~30 mm
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Vertical (3D) Integration T-micro + OKI Semi
+ KEK/LBNL/Fermilab

We have submitted 3D test chips on Feb. 2009 and Feb. 2010 to the
SOl process. These chips are being bonded with p-bump technology
(~5 um pitch) of T-micro Co (ZyCube).

We had a few technical problems and non-technical issues.

PAD PAD Back Gate Adjust Electrod

2
> <5

BOX(200nm) ul

o

50~ n
300um

High Resistive substrate (n-)

L Al(200nm)




(1) Stack Process Flow (after finishing wafer process)

Lower Chip

Upper Chip

(Layout must be done with mirror inverted )

-Stack wafer with
p-bump and adhesive ‘-" /adhesive

A ) 2 e = = IMI‘ - F__nﬁmf(m?!é«
=

T - = | G T

-Si etch

Si02 slight etch L

Form u‘bump_-_ n-bump polyimide

|

5

Si

-Ti/TiIN/Al sputter
-Metal Pad Litho.

-P-SiNd deposition
-Pad Litho.

m——




OKI T-Micro

Okl SEMICONDUCTOR

u-bumps fabrication

Copyright 2009 OKI semiconductor Co. Ltd.

e HM1H.HBEK 3.H8Bepm
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Difficult to Etching

i1 1 1 ...
: Hl_R Gl i

et ik

Easy to Etching

§i 3 3 1 L.
- - LO-R : !

Also Etched

' from side

Change Low
Resistive Wafer for
Top Chip
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We observed Resist is
melting into the u-bump
hole after back grinding.

Back Grinding

We changed the order, so the

back side is grinded before the

u-bump hole formation.
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T-Micro

Before adhesive
Injection

Before Si etching Si etching

Now Back side
Al plating Is

After Si etching  being done

Si etching
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4. Summary

e SOI technology has many good features; low power, large
range of operating temperature, low single event effect,
vertical integration, ...

e SOI Pixel process becomes more stable and practical to
use. Most of the technical problems are solved.

* We have ~twicel/year regular MPW runs with increasing no.
of users (Next MPW run is Oct. 31).

* Many pixel sensors are working and showing good
performance.

* The process IS still progressing; Higher resistivity

NlAc~ctAaA ihla CNI l ArvrvAr macnl, Aar1—A
INCSLTCU VVU” DllUblUlC LJUUUlC DUl LdlUUl |||db|\ DlLU

Stitching, ...

* \We welcome new users to the SOI pixel process.



