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Introduction
Progress of SOI sensors

Sensor layout
Pixel layout and circuit

Current issues and solutions

Future plan and summary

Outlines
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SOl Wafer for monolithic sensor

Smart cut™ by Soitec

Y
q Soitec |Smart Cut”
w

Splitting

Ieaning and
bonding

OX|dat|on

. HighR
SOl wafer

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

circuit T Initial silicon sensor

L}

High Resistivity Silicon: Two choices
N-type Czochralski, NCZ, 700 Ohm-cm, 300 um-thick
N-type Float Zone, NFZ, 2-7k Ohm-cm, 500 um-thick
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SOI Monolithic pixel sensor

Insulator © Rey.Hori

: LowRS—ot—
(Si0,) > A mv{qo_sraox (AB.urled.,?xlde) Taraets
. n- “' Vﬁpi . j £ “1 High-Energy Physics
(Bl Semar) i [ ' X-ray astronomy

__BPW Buriedp-Well) - L -\ 1aterial science

8 —

High R Si W

Al Non-Destructive inspection
CRH ] Medical application

Charged particles 1— Al —

The features of SOI monolithic pixel sensor

*No mechanical bump bonding. Fabricated with semiconductor process only
* Fully depleted (thick & thin) sensing region
with low sense node capacitance (~10 fF@17 um pixel) = high sensor gain

-SOI-CMOS; Analog and digital circuit can be closer = smaller pixel size
» Wide temperature range (1-570K)

 Low single event cross section
 Technology based on industry standards; cost benefit
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Process Summary im0

25mm x 30mm |&

» KEK organizes MPW runs twice a year
» Mask is shared to reduce cost of a design
* Including pixel detector chip and SOI-CMOS circuit chip

Process 0.2um Low-Leakage Fully-Depleted (FD) SOI CMOS

(Lapis 1 Poly, 5 Metal layers (MIM Capacitor and DMOS option)
f‘:(;”)‘cond“mr Co.| core (1/0) voltage : 1.8 (3.3) V

SOl wafer Top Si : Cz, ~18 Q-cm, p-type, ~40 nm thick

(200 mm ¢ Buried Oxide: 200 nm thick

=8 inch) Handle wafer thickness: 725 um = thinned up to 300 um (Lapis)

or ~50 um (commercial process)
Handle wafer type: NCZ, NFZ, PFZ, double SOI

Backside Mechanical Grind > Chemical Etching - Back side Implant
process (2011~) —>Laser Annealing = Al plating
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7123 An example of Sensor layout (1) HV ring (p+)

INTPIX7 (MPW FY13-1)

Integration-type pixel sensor

Bias ring (n+)

18mm

SiO2(yellow)
275-490 um

N(OV) o P(+HV)

Enge of the chip (side view)
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An example of Sensor layout (2)

18mm
< >

INTPIX7 (MPW FY13-1)

Pixel array

Raw Address (RA) decoder
Column Address (CA) decoder
Column buffer, analog buffer,
Bias circuit

1O pad array
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Pixel layout and circuit (1) INTPIX7

VRST CDS
VRST
READ
\ - -
s —aL Pixel size 12um
RST R
*—d[ or—d[ grore . CDS circuit in pixel
Vsense hCﬂTl?ﬂs l:ml
9. Cstore ] 94fF Sense
dmos
node
- - Sy 130fF coL_our  N0d€

77

-Vdet

Sense node 1
+

Transistor 9
+

MIM capacitor 1

12um

in 12 um?
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Pixel layout and circuit (2) FPIX

Pixel size 8um
No STORE, no storage capacitor

VDD

(sensor)

|
*¥05:

NoO+V VRST- < Sum S

| Sense node 1+Transistor 6
= GND In 8 um?

Min. distance between sense node and transistor ~ 1um

10
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Current 1ssues and solutions

Back Gate Radiation Sensor-Circuit
Effect Damage Cross Talk
SIO,
w MOther SOl layer
Buried P-Well (BPW) Hole Trap
Coupling
Electric
Field
Si

_—

+HV
1. BPW process : effective to analog circuit in a pixel

2. Double SOI wafer : effective to digital circuit in a pixel
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Back-gate effect

TCAD simulation

HYENEXSS (TAC, Japan)
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13/25 Dope density [/cm?]

Geometry of TCAD simulation
for BPW effectiveness study

[um]
...................................... Lg-=.0.3
i source | drain _
W <€ N v Tsoi=40nm
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............................................ ;
BOX S
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oum
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o
©
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n- bulk (6e12)
backbias 0-500V

HYENEXSS (TAC, Japan)



% Simulation result for BPW effectiveness study

Back gate effect with p dose

0.5 ] _
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Transmon analy5|s

SmmeSOI
~w/o BPW
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BOX
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Crosstalk study (TCAD Simulation)
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125 An example of crosstalk observation (XRP1X2/2b,3/3b)

TIPP2014 X-ray

cosmic ra
A. Takeda field of view hard ...... SOft __________ (non X-ray EG)
(Kyoto Univ.) o )

."
.....

For X-ray astronomy
Event-driven R/O circuit

Comparator in pixel

XRPIX

I TRIG_COL (SR)
g

: %/ active shield

TRIG_ROW (SR) |

30um pixel

i CSA Pixel Circuit
# CSA # + CDS + Trigger Circuit

Anti-coincidence (NXB rej.) C
Hit-pattern (NXB rej.) : M '_>%E
Direct pixel access (X ray RO) —Ié

Comparator

. 5| & '
R PR TRIG_OUT (OR);

Trigger Info. Output

GND —
. . . m . - . - . . . . 1
Normal Pixel Clrcmt 'vnms '
VDD18 1 VB_SF SF ROW_RIAD COL_READ
1 'WB_CSA e |
VB_SF " : _ r 1 oo 1
a A ' ! ANALOC
1 o 1 H |
F ¥ . o[ ¢ STORE CDS Cap. : ouT
ol 2 STORE £ - I !
Sense-node | £ H f i COL_AMP | OUT_BUF
g 2 " E LR S :
PD J Lo 4 : v ,_—l i Column Readout
!: % [] ense-node _D. I.é'l
= E £ [
E| & PD g 8
GND - ‘ L - GND F (@]
16

1 P T
PD_RSTV ' A r
. _RS . . i , , CS . . - CDS_RSTV
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An example of crosstalk

A. Takeda,PIXEL2014 XRPI1X2/2b (Kyoto Univ.)

- The waveform of an oscilloscope when X-rays enter (1°°Cd : 22.2 keV).

TRIG_OUT

Event Assert

Analog Signal

- s st A baton iy s AL M 4 b

P 5

X lay InjectlonT

~ Due to Wiring of an analo'g’;' It
and a trigger signal lines -

TRIG_OUT : The logic output signal of a comparator circuit.
- Event Assert : The asserting signal of an X-ray event .

Analog Signal : The analog signal of a certain pixel. |
@GP +1.00vV e @EBLI0OV O | ;*I-PBESSO.OOOOM %M?Op(z)sn/lsts | 220 \.—GOOmV.‘

TIPP2014 @ Amsterdam, The Netherlands - A.Takeda - Jun. 5, 2014




Double SOI pixel sensor

- STEM image
q . Soitec | Smart Cut Negative View
a
- a B
o N’ "‘
Initial silicon

* Substrate: NCZ or PCZ wafer

Additional shield layer

Shield the back gate effect
Compensate effect of box charge
Shield the sensor to circuit crosstalk

18
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Geometry of TCAD simulation Dope density [/cm?]

For double SOI effectiveness study
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o . Crosstalk(TCAD Slmulatlon)

Transition analy5|s

o seal " pulse 1V at Blue: Vsource
" +S|ngle SO\ ,~~ NMOS source’ Black: Ipl
1 Red: Ip2
0.80 —‘
i |
0.30 - = [uml
Ziz: -5.0e-08 |- O:I.H,A \Sensel’z : w OV‘IV: vsource - Wd:m :, Tsoi=40nm :
-0(.’;2:-1.%-07_ 1nS ; l | el o - box - g
-0.20 |- | ’—‘h J | | | ] pl Sum Sum p2
0 1e-09 2e-09 3e-09 4e-09 50-09 p+(1e20)
' ) .5Hll; < J p+(1e20):
: | | "~ PulselVat | e g
walp [ = NMOS SourceA n- bulk (6e12)
-t Double SOl S ~
ol Sensel //
ol T[]0 LA
Sense?2
A4
Crosstalk can be suppressed in double SOI sensor 2
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Development of double SOI pixel sensors

2012 The first prototype = breakdown study

2013 The second prototype = pixel sensor, rad. hard study
(TIPP2014, VERTEX2014, IEEE-NSS 2014)

2014 The third prototype

—> Still under fabrication! = chips will be delivered in October
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Shaper output of beta-ray signal (PIXOR)
Double SOI (d-SOl) : The second prototype Tohoku Univ.

“Superpixel” includes pre-amp.,

shaper, discri.
readout circuit

SuperPixel\ > Y

O i .40V
Y. Ono et al., NIMA 731 (2013) 266-269
N. Shinoda, Master thesis, March, 2013 Sr-90 beta'ray

beta-ray signals were observed successfully from Pre-amp.&shaper cir. with d-SOI
Discriminator output is not confirmed yet.
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—Pream

VIH—

AN

P-type sensor
(p- bulk)

-Vdet

di

-

15bit
counter

Test on/off
Fine vth (3bit)

P F

do

Future plan; Counting-type pixel (double SOI)

Under development

sfto _
sclko Cil0:3]
é I
..... 2. .. $—Control
I Hregister

Co[0:3]
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Future plan; Counting-type pixel (double SOI)

Under development
A

SOI2
contact

50um

24
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Summary

Several SOI pixel sensors have successfully been fabricated

3 issues; the back-gate effect, radiation hardness, sensor-circuit crosstalk
1. The back-gate effect
Integration-type pixel sensors works thanks to BPW process

2. Sensor-circuit crosstalk ] SPRIT (SOl Portable Radiation imaging Terminal)
can be suppressed by applying double SOI

3. Radiation hardness /
(is not mentioned in this talk) :

Double SOI pixel sensors:
The 18t trial 2012

The 2" trial 2013

The 3 trial 2014 Chips will be delivered in October. http://rd.kek.]p/project/soi/
optimize pixel design with p-type DSOI sensors

25
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Various Implantation Options in Sensor part

SOI2
BP2
BPW BNW BNP
PS2 PS | (=BP3) NS NSP
by - . "
|| | i N
.E?T , : : , . ' 26S
. \i — —
[P ] [Csorm ]
BOX '
BNP(p)
p- Sub : . p- Double SOI Process
BOX '
BPWI(p) BNW(n)
BP3(p)
CPIX14 P
n- Sub

n- Single SOl process

Y.Aral



Requirements to the Pixel Detectors

Hadron colliders:

* High total integrated dose and neutron flux
LHC ATLAS inner Pixel detector:
~160 kGy and 10% n,/cm? (x10 for HL-LHC)

* Immunity to Single Event Effects

\>

. . E,ATLAS Online 2012, Vs=8 TeV  |Ldt=21.7 fb* ,
* Very high event pile-up 140F J ,

120; /= <m =207 é

100
80

Linear colliders:

60

Recorded Luminosity [pb™%/0.1]

40

* High granularity

20
* Complex readout scheme G510 15 20 25 30 35 40 45 50

Mean Number of Interactions per Crossing

=>» S0l pixel detector fulfill these requirements.

ATLAS Luminosity Public Results:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/L

M. Yamada, PIXEL2014 uminosityPublicResults



M. Yamada, PIXEL2014 -m

Cancelling the TID effects

Compensation of TID effect

Threshold of transistor shifts negatively due to positive potential from BOX .
=>» Applied negative potential to SOI2 (VSOI2).

Test samples (NMOS and PMOS)
« several L and W of Tr
* |ow, normal and high threshold V

» Three kinds of body connections Several types of transistors are

SGD SGD . SGD used for readout circuit.
T T T T T T T We evaluated the radiation
BOX L | | damage of transistors

body floating  source-tie  multi-body-tie processed on double SOI.
(BF)  (S-TIE/S-TIE2) (MULTIB-TIE)

)

Irradiation: ®°Co y-ray from 3 kGy up to 2 MGy

at Takasaki Advanced Radiation Research Institute, JAEA
(http://www.taka.jaea.go.jp/index_e.html)



M. Yamada, PIXEL2014 -m

I5-V after Irradiation with VSOI2

|-V curves with VSOI2 to cancel positive potential from BOX after

irradiation of 200 kGy.
NMOS Body-tie
10—
10°E :
10
10°
10°
10-7 . .
10’3
10° :
10—10 - _
10 L r——
10-12
10—13' L

PMOS Body-tie

LA |
"

Idrain[A]

______________________________________________________

Idrain[A]
3,

N N\ Vth Recover 3

®VSOI2=0V eVSOI2=-1V eVS0I2=-2V
VSOI2=-3V

VSOI2=-4V ®VSOI2=-5V ®VSOI2=-
10V @VSOI2=-15V

We observed recovery of 15-Vs curve after irradiation with VSOI2.

2014/09/01 PIXEL2014 30



M. Yamada, PIXEL2014

Row Adr

pulse duration.

VSOI2=0V

182
180
178
176
174

600

172
170

16898200 202 204 206 208 210 212 214216 218
Column Adr

Row Adr

Double SO

Response to infrared laser of 1064 nm wavelength and 10 n

180 u
178 (m
176

174

172
170

e VSOI2=-10V is..

16858200 202 204 206 208 210 212 214216 218
Column Adr

The average ADC count as
function of the square root of
the bias voltage for sensor.

=» Obtained similar linearity and
sensitivity to pre-irradiation with

VSOI2=-10V

S. Honda et al., TIPP12014, 2-6 June 2014, Amsterdam

2014/09/01

PIXEL2014

Pre-irrad

Row Adr

166168 170172174 176178 180 182184 186
Column Adr

The pixel images after 100 kGy
could not obtain but recovered with

VSOI2=-10V.

= 6000 R BRI I
% - ® preirrad o
o N _]
Q 2000F ¢ j00kGy VSOI2=10V o o ]
% 4000F o -
2 C * » ]
£ 3000k ° ]
O B ® o ]
i ) i
2000 .. o’ -
B ® V_RST(preirrad)=550mV -
10001 V_RST(100kGy)=950mV
- INT_TIME=120ns -
&l 1l 1 1l 1 1l 1 11| 1 L | 1 | - 1 11| 1 11| 1 11 l_

0 2 4 6 10 12 14 16 18 20
\'Sensor Bias (W)

31



. Hera, VERTEX20M4  11D: Target Radiation Levels

SOl'is immunity from SEEs for smaller active
area, enclosed in oxide layers
|f‘> ideal for space applications

Gate

Source |/Drain

50nm

200nm

TID: Total lonization Damage is rather complicated ...

Wide dose range of applications:
LHC pixel ~ 500 kGy, 1015neq/cm2@ATLAS (x10 for HL-LHC)
Belle-Il  ~ 10 kGy/y, 2x10%*n.,/cm* /y
ILC (e.g., ILD @ r=15 mm) ~ 1 kGy/y, "’lOllneq/cmz /y
X-ray imaging: kGy/y ~MGy/y

Radiation damage studies done so far:
proton irradiation to 101% neqg/cm?
60Co vy irradiation to 5 MGy

for DOUBLE-SOI: °Co vy irradiation to 2MGy

K. Hara, VERTEX2014, Macha Lake, Czech 32
Sep.16-19



M. Yamada, PIXEL2014 P |XO R

Digital part

It manages holding of binary data from discriminator and timing comparison of hit and
trigger.

Generally a trigger decision takes several micro seconds from the actual event time in
high energy experiment (trigger latency).

Evaluated the overall circuit of digital part with a test-pulse.

Pixel OR part Analog part Digital part

Vdet X Y
CLK

Sensor DAC
node i
Down counter
Synchronizer Sequencer 9bit Trigger CIOCk
compare ¥

_( | "s count==0
| n o NNV UUVUY
«{:‘ Preampifier Shaper Discriminator ( teSt DUIse . S s eniiin b ol Tt it i SRl & oo
IN ’ | |<— 40 ns 4
P Toage ey 90" e < —s hes trigger
1 pixel ~__Trigger latency =
Digital circuit could store the hit information ™ Hitinfo.
. . . T
of the signal during the trigger latency and | -
sent a binary hit information as expected. p ' —
'g—! 5.00V @ "50.0mV 100ns 2.50G5/s @ 7 ]
@D 2.00V €D i500mvV Q 5+v296.000ns 10k points 27.0mv
Y. Ono et al., NIMA 731 (2013) 266-269

N. Shinoda, Master thesis, March, 2013

2014/09/01 PIXEL2014 33



M. Yamada, PIXEL2014

PIXOR
Vertex Detector of Belle Il

Two layers of pixel detector DEPFET
Four layers of silicon strip detector SVD

20 —
L Rectangular (122. .6 mm’, 240/ 75 pm pitch)
r [em] S layers  eeceeeen Rectangula .8 x 38.4 mm’, 160 / 50 pm pitch) 16 vy [cm]
I S L 7 : GE
L A K R I g \
0 / e e = z [cm] s | -".JE.'-. N VP P T P I
| | | | | | | "I | | | | | | | | | | | N | | | | | 1 | | | | | | | | -15 |-10 :I -5’\ ~E /5 'I 10 |I -'I15 X[cm]
-30 -20 /' -10 0 10 20 30 40

DEPFET

We are aiming PIXOR is installed as 1st layer of SVD for Belle Il upgrade.
M.Friedl et al., “The Silicon Vertex Detector of Belle II”, VERTEX2011, 19-24 June 2011, Rust, Lake Neusiedel, Austria

2014/09/01 PIXEL2014 34



