°
o
v e
“-’/' — ] | Ead P %‘u
ﬁ Silicon-On-Insulator Pixel Detector Project

R&D Status of Monolithic SOI Pixel
Sensor for Vertex Detector

Miho Yamada (TMCIT), myamada@metro-cit.ac.jp
S.0no, T. Tsuboyama, Y. Aral, I. Kurachi, A. Ishikawa, T. Takayanagi (KEK)
H. Murayama, S. lwanami, K. Hara (Univ. Tsukuba), A. Takeda (Univ. Miyazaki)
and SOI PIXEL R&D Group

<
!



| C =xperiment

ILC Experiment ILC detector concept (ILD)

e o+ linear collider

« Center of mass energy: 250 - 500 GeV (extendable to 1 TeV)
e Precise measurement of the Higgs boson

e Search for beyond the Standard Model

e+ bunch
Damping Rings IR & detectors compressor

=
/ (g™ » ot -
e- bunch e+ source |
compressor 2 positron 2 km
main linac
11 km
S -

central region

5 km
electron /
main linac
11 km
/

ILC TDR vol.4: Detectors
ILD Concept Group, T. Abe et al., arXiv: 1006 .3396 [hep-ex.
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Vertex detector geometry
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| O Vertex detector

1) Single point resolution: better than 3 um
Pixel size: ~20 x 20 ym?

Requirements:

2) Time resolution: single-crossing (554 ns interval) time resolution

3) Detector occupancy: < 2 %

4) Low material budget: X < 0.1 — 0.2 % Xo / Layer

corresponds to ~ 100 - 200 ym Si, Including supports, cables and cooling
low-power ASICs (~ 50 m\W/cm?) + gas-flow cooling

5) Radiation hardness:
7D <1 kGy / year

NIEL: < 1011 1MeV neq / cm? / year .
! / Beam-bunch train  ~1300 bunches (every 554 ns)

I I 1
We are designing and evaluating
orototype pixel sensor with SOl technology e e
to fulfill the requirements.
<€ > '

200msec
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ILC TDR v4 Detector
LC Vertex / Tracking R&D 2nd Nov. 2015



SOl Pixel

SOIl: Silicon-on-Insulator technology
Utilize 0.2 um FD-SOI CMOS process by

oCLor

Double SOI Pixel Detector

Lapis Semiconductor Co. Lid.
- . _/m‘u_SI circuit / Vsol2
SOl Pixel Detector: Monolithic type detector " % :F % L
LSl is processed on Buried Oxide layer (BOX) BOx | —Fwos W
- Smaller pixel size, complex circuit in pixel < & Vb
Low material budget Middie ST BNW  BPW i =
. 1(SOI2) | i L
|—||gh Speed’ |OV\/ pov\/er EP it A - ~ -
Less single event effects (SEE) probability o type high-resistivity -
Low cost Silicon Sensor
Back plane (p+)

Double SOl Pixel Detector
Middle Si layer suppresses
Back gate effect
- Sensor-Circuit cross talk

Middle Si layer shields coupling between sensor and circuit.

It is useful for analog and digital mixed circuit in pixel.

Radiation damage (TID)

[t is able to compensate electric field generated by trapped holes in the BOX.

[t can be used in high radiation environment (~1TMGy).
(K. Hara et. al., TIPP2017, May 22-27, 2017, Beijing)

2020/10/07

Charged particle

Sensor thickness: 50 - 500 yum
Sensor Resistivity: > 1 k()-cm
SOI2 thickness: 150 um (n-type)
SOI2 Resistivity: < 10 (Q-cm

VERTEX2020 g



—JNctions for ILC Vertex Detector

Necessary functions for the ILC vertex detector:

e Single point resolution
Pixel size: less than 20 um
Calculate weighted center of charges (Charges are spread among multi pixels).
— Record an analog signal of a hit,

* [Iming resolution
Bunch crossing occurs every 554 ns in 1-msec-long bunch train with an interval 200 ms.
[dentify a collision bunch of a hit to reconstruct a event.
— Record a time stamp of a hit.

* Detector occupancy
Hit information have to hold during 1 beam-bunch train.
INncrease detector occupancy.

* High speed data transfer

—
—

— Need multiple memories Beam-bunch train  ~1300 bunches (every 554 ns)
A

Data have to be send to backend before

next bunch train injection. e

— Reduce a data to transfer.
We designed a prototype pixel detector <€

>
SOFIST 200msec

2020/10/07 VERTEX2020 5
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©C

ure of SOFS T

naPixel
. 1 Timestamp memory |

- Pre-amplifier | swi 5

- Comparator / o oo o1
Keep the analog signal and time stamp Ramp signal | - ;;

if a signal exceeds a threshold Vin. 1 B S :

- Shift register :_O/TO/O_:
Latch for multiple memories. A N .

- Analog signal memory (TTTTTTTTII T :
Store signal charges up to two (or more) hits. o oPMp P2

- Time stamp circuit Vth Ie >
Store time stamps up to two (or more) hits. °i° I_> F sm_ﬂ_';gister

[ Comparator ~ —--ayz---------=----~ :

On Chip ™S - r
- Column ADC L —
Digitize analog signal and time stamp. A\ pre-amp | sw2 |

- Zero-Suppression logic o~ o—1—o" o
Extract hit pixels and reduce the data to 5 T 5
transfer to backend. Anatog signal memory

2020/10/07
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Timestamp
output

Signal output



SOl sensor for ILC: SO

SOFIST: SOi sensor for Fine measurement of Space and Time

AST

Conceptual SOI pixel sensor for the ILC (inner most layer of the vertex detector).

62.5mm

<€

10mm

N \/

ADC x 3125ch + Zero-suppression

Data transfer interface
Readout/Output

Data output

2020/10/07 VERTEX2020
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SOHST

ver.

Beam test at FNAL
in Jan. 2017
Analog signal

ver.?2

Beam test at FNAL
in Feb. 2018
Analog signal or
Timestamp

ver.4 (3D)

Beam test at FNAL
in Feb. 2020

Beam test at FNAL
in Feb. 2019
Analog signal and
Timestamp

Chip Size (mm) 29x29 4.45 x 4.45 6x6 4.45 x 4.45
Pixel Size 4 m?) 20 x 20 25 x 25 30 x 30 20 x 20
, . 64 x 64 (Time Stamp) 128 x 128 104 x 104
Pixel Aray 50 x 80 (Analog Signal) 16 x 64 (Analog Signal) (Analog signal and Time stamp) (Analog signal and Time stamp)

Functions (Pixel)

Pre. Amplifier (CSA)
Analog signal memory (2 hits)

Pre. Amplifier (CSA)
Comparator (Chopper inverter)
Shift register (DFF x 2)
Analog signal memory (2 hits)

Pre. Amplifier (CSA)
Comparator (Chopper inverter)
Shift register (DFF x 3)
Analog signal memory (3 hits)

Pre. Amplifier (CSA)
Comparator (Chopper inverter)
Shift register (DFF x 3)
Analog signal memory (3 hits)

or , . .
Time stamp memory (2 hits) Time stamp memory (3 hits) Time stamp memory (3 hits)
Functions (On Chip) Column ADC (8 bit) Column ADG (8 bit) Column ADC (8 bit) Column ADC (8 bit)
Zero-suppression logic

Wafer FZ n-type (Single SOI) Cz p-type (Double SOI) FZ p -type (Double SOI) FZ p -type (Double SOI)
Wafer Resistivity (kQ-cm) 2< 1< 3-10 3-10 '
Status Delivered (Dec. 2015) Delivered (Jan. 2017) Delivered (May. 2018) Delivered (Jan. 2019 ~) :

Position resolution ~1.4 um Time resolution ~1.55 us Time resolution ~1.92 us Under evaluation .

2020/10/07
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oM [

Pixel
- Pre. amplifier (Charge sensitive amplifier)
- Comparator (Chopper inverter) g't’;‘li
- Shift register (three hits) Ramp

Signal

Analog signal memories (three hits)
Time stamp memories (three hits)

On chip Analog
8 bit column ADC Store

o ooy Lot foe-
o] foo| orod foo-
P odbood oo oo

I

Pixel size: 30 x 30 pm2

O
o
[
O
')
[
w
)
I

Sensor thickness: 300 or 65 pm
i Substrate Sensor type: FZ p-type, DSOI

All necessary functions which are the same as SOFIST4 are
implemented into a pixel.

Evaluation of pixel circuit is the main purpose of SOFIST3 due to
large size pixel (30 x 30 um2)

2020/10/07 VERTEX2020



Timestamp residual

o0

Timestamp difference between #1 and #4.

.f'é) 700— residual_time
) u Entries 4630
Lﬁ 600 — Mean -1.152
— Std Dev 2.836
~ %2 / ndf 19.63/10
500 — Constant 672.8 + 12.7
— Mean -1.187 £ 0.043
400 Sigma 2.709 + 0.035
300 —
200 —
100 —
O "S5 0 5 0 5 10 15 20

Time di

fference (uS)

Intrinsic resolution: 2.71/{J2 ~ 1.92 us

Sensor Thickness: 300 pm

2020/10/07

o135

Multi-memory readout test
SOFIST3 has three hit, analog signal and
timestamp memories.
Multi-memory readout scheme was tested by
iNnjecting a IR laser three times in a 1 ms period.

" Blue: Store signal ]
. Red: Trigger of laser (2.6 kHz=385 ps) ]

1 .....“‘

Y 5 Dec 20
—800mV [18:39:44

. . . —_[200us 5.00MS/s
@ 500V 1.00V @ +v399.000us 10k points
Impedance
Q

Coupling

Invert Bandwidth
DC AC 4y Full

on  Off

2 label

™M 75 S0

Analog signal Time stamp Analog signal Time stamp Analog signal Time stamp
memoryl memoryl memory2 memory2 memory3 memory3

Analog signal
Represent stable laser pulses (~180 ADC).
Timestamp
Show different timing of the laser injection (110, 490, 880 ADC).

VERTEX2020 10



o0l Based 3D stacking

Two SOl chips are connected by micro bump (3 pum diameter) pixel by pixel.

shown by I. Kurachi (KEK)

— Keep pixel size small and implement complex circuit three dimensionally. Detail of technology I
today [CO6].

Upper
Bond Pad Passivation Back gate adjust

High R-Si

High R-Si

Lower

Lower Chip (Pixel): used as sensor and implement analog circuit in a pixel.
Upper Chip (Pixel): sensor layer is removed by wet etching and then formed Al pad for wire bonding on the BOX.
digital circuits/memories are implemented in a pixel.

2020/10/07 VERTEX2020



oOFS T4 Pixe

All necessary functions are implemented in a pixel.

Lower pixel. Pre. amplifier and comparator

Upper pixel: Hit, Analog signal and Timestamp memories (up to 3 hits)
Output of pre. amplifier and comparator are sent to upper pixel via micro bump.

------------------------

Shift register _
Bump | e e e e e e mmm .- - .3 Memories
‘ ) |
discri\: : ’\/_D oISV TD o ISW2 [ o [SWs, .
! —>
Vth — :: [D ' S :
Pt I_ Hit Memory ' Ramp
—0 | M I I R RN ’ l—/_ Signal
| e e e eee====== . I .
0%4 Nl " oy v SWi '
' )
® I'> [>> U] : oaykbijt—o/a—c——a>. : 0«7%}t1:ﬂ7’0—0——b>.
e T s T I
i VDD m . * 7 ' e 7 e \
A V| | e :
| I L 1 1
N' : —O'/C O/G ' ' —O|/ oO— 1
GND T o . !
 / —|“—' —— Analog Signal , —— Time Stamp |
L Memory . Memory ,
-HV | A} 777 R . 777 ,
|
!

Lower Pixel 3 Memories  ypper Pixel 3 Memories

2020/10/07 VERTEX2020 12



Au Micm im@r ump

Au cylinder bump
Diameter: 3um
(by T-Micro)

] . 3
GND SIGNAL VDD

= E 3
AN S e /K
High R-Si

under bump metal

o ‘(,- " 4 i
5.0kV x3.00k

[ I R I R N I B |
10.0um

Lower pixel

piacs
|| = -
L = =
s
I3CyCs
g (e (& |
I3ty
B - |- -
& S s W N
scacs ety Pt et
s & @ & @ & & & ¥ ® = -
& & 8 8 = @ ’ Ll Bl
,nn!'.n)pp?'i‘b‘}’p NP5 ¢
| 8 8 ¥ ¥ ¥ & § 8 8 @ @
| 8 & ¥ ¥ & ¥ 8§ ¥ 9 = 7
2 — e e e e o g
20X20 Um 5.0kV x1.00k Perrnd
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SOFS T4 Cnip
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2020/10/07 VERTEX2020

Design:

Chip size: 4.45 X 4.45 mm?

Pixel size: 20 X 20 pm?2

Active area: 2.08 X 2.08 mm?2
Sensor type: Double SOI, FZ p-type
Sensor thickness: 300 ym

Sensor resistivity: 3 - 10 kQ - cm

Memory: Analog 3 hits
Timestamp 3 hits
Hit 3 hits
On-Chip: 8-bit Column ADC
Total bumps: 32,448 for pixel array
3,520 for 1/0 cell

14



[-ray tracks

*The sensors we have evaluated were single-SOI FZ-n type sensor Ej
due to the process issue of the 3D integration.
— Comparator, Shift-register and Timestamp functions does not work at this time.

p-ray |
LI "
e v4
External Trigger v
100 Hz
discri T_ SW1 SW2 SW3 .
v 1P @ D Q D Q=" g
Vth — [I] /
::>>— I_ Hit Memor Ramp
—0"¢ J Readout st _«— Signal
o—|03_‘ analog memory %
N —> .
1 Enp L~ il a—o/o—ro/ O—O/o—T—o/o—H
L] 1 - : z%- :
A\ Sense node o R
—Ol/OTo’ oO— O/l O T C/O—
 / —— Analog Signal Time Stam|
Memory Zgrl
-HV 777

2020/10/07 VERTEX2020
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*The sensors we ha
due to the process i
—Comparator, Shift

L

External Trigc
100 Hz

Vth —

—0 ¢
i

amp
1 1

T Sense

\/
-HV

2020/10/07

Row Address

[-ray tracks

100}
180
70
80
60
60 50
40
40 30
20
2 B-ray track 10
0
1
% 20 40 60 80 100 ¢

Column Address

777 5’

VERTEX2020

90Sr

Analog Signal (ADC) i
—90 ;o

16



Sump Connection Yielo

Row

_ 3 ‘No Signal -
Hit Map (50 kEvents) X o oo | Noisy
20( al oo - N\
100 =
18( 200 B
80 No Slgnal 16( ZOOE—
14¢ =
60 ' - 5
—10C °o_' ”110' ~"20 30 40 50 80 '7|o' - 'elo' - 'glo' 100
\ Hit/Pixel
* Noisy No Signal ! IXe
. "4
Connection Yield:
% 20 40 60 80 100 (1 02 x 102 - 2) /102 x 102 ~ 99.98 %

Column Reject the outermost pixels for the calculation.

2020/10/07 VERTEX2020 17/



Scam 1es

Beam: 120 GeV proton (Fermilab Beam Test Facility)
DAQ rate. ~120 events/s

—

SOFIST4 FPIX2 (SOIPIX)

Pixel size: 20 x 20 um?2 Telescope for SOFIST
P-16 Pixel array: 104 x 104 (2 x 2 mm?) o ~0.7 pm

Readout: External 12-bit ADC Pixel size: 8 x 8 um?2

P12 P-13 P-8 P-11 P-14 P-15 Pixel array: 128 x 128 (1 x 1 mm?)
Readout: External 12-bit ADC

................ , 120 GeV
Proton beam

Trlgger EVI-tag
oLk BusY

Trigger T T T l
enable

Tiaoer in DAQ Master Board

99 > (USAGI2)
XRPIX5 (SOIPIX)
Trigger counter

Pixel size: 36 x 36 pum?2

Pixel array: 608 x 384 (24.6 x 13.8 mm?2)
Region of Interest function
Readout: External 12-bit ADC

2020/10/07
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Correlat

Hit position correction between telescope (FPIX2) and SOFIST4 IP-8 in x and y-direction.

x-direction
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“ Active area: FPIX2: 1 x 1 mm2, SOFIST4: 2 x 2 mm?
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Correlat

Hit position correction between telescope (FPIX2) and SOFIST4 IP-11 in x and y-direction.

x-direction
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“ Active area: FPIX2: 1 x 1 mm2, SOFIST4: 2 x 2 mm?
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—t Correlat]

Hit position correction between SOFIST4 IP-08 and SOFIST4 IP-11 in x and y-direction.

x-direction y-direction
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Both SOFIST4 have successfully detected hit of proton beam and
shown hit correlation between telescopes and SOFIST4 themselves.
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-uperKeKB Upgrade

SuperKEKB: Target luminosity 8 x 108 cm-2s-!
SuperKEKB upgrade: 5 times higher luminosity (integrated luminosity: 250 ab-1 )
— 5 times higher beam background level (hit rate: 113 MHz/cm? at layer 1)

We propose new pixel detector for upgraded SuperKEKB

e much faster readout (trigger latency is 8 us)

e trigger based global shutter

e low occupancy < O0.1) %

 position resolution ~10 um (B mesons decay position inside beam pipe)
low material budget (sensor thickness ~50 pm) raeo™  Belle Il detector
radiation tolerance ~100 Mrad, 5 x 1014 Neg/CMZ

, o
b\ _— : :\
~_ “

electron ring
positron ring

T~

e-: 7 GeV
e+: 4 GeV

|

—_—
\' electron / positron

linear injector
& )
r 7

positron damping ring \E E! |
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DU P Pixel Concept

DuTiP (Dual Timer Pixel) Trigger Decision
Two down time counters for hits in a pixel (Latency 8 ps)
|_‘ * Timing:
. Trigger input PreViOUS, Current and Next
Test pulse Threshold adjust.
(Capacitive input) (~bit DAC) Pixel mask PCN: 3 bit

Down Time Counters —_

l : : :l i L.ﬂ : e | Trigger ||l i [N
E ) La:fch 7“b|t counter comp. ‘ Rég
| Timer 1

5) Timer 1 is reset if the trigger decision is not received at PCN timing
6) Timer 2 is used for second hit during trigger latency

/\  Pre-amp  Shaper Comparator ! Sequencer | Readout block
ALPIDE | — LaIch =7"bit counter || Trigger | il ) i
Sense Node . comp. Reg | ¥ !
. . ~Timer2 !
Pixel: Analog block Pixel: Digital block | Peripheral
1) Analog block: usual configuration for the binary detector
2) Binary hit signal is sent from analog block (output of comparator) to digital block
3) Timer 1 starts counting down (7, 6, 5 ... us)
4) Hit timing is readout as current timing if the timer 1 = 1 when pixel received trigger decision
)
)

Occupancy
Layer 1 hit rate = 113 MHz/cm2, Trigger latency = 8 ps: 0.012 %

2020/10/07 VERTEX2020 23



DUPT Pixel Design

Pixel
Pre. amplifier (ALPIDE type) Chip Floor Plan
Shaper
Comparator Chip size: 6 x 6 mm?2 (Active are: 2.88 x 2.88 mmg?)
Dual down time counters (7 bit)

.
Timing memory (Previous/Current)
Readout
Row address (5 bit), column address (5 bit) :
2 bit hit (Previous/Current) . :
— Single 2471 Mbps LVDS line : 3 :
; O ;
Pixel size: 45 x 45 pm?2 : 3 Pixel Array E
S : - 64 x 64 pixels :
S 1 ; :
\ : ) :
: = :
: FIFO E
| : Column Decoder :
| s | : :
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Ssummary

We are designing and developing a monolithic type pixel detector with SOI technology for the
ILC vertex detector (SOFIST) and Belle Il upgrade pixel detector (DuTiP).

SOFIST 3

Hit, analog signal and timestamp functions worked (infrared laser test).
Time resolution is ~1.92 us (120 GeV proton beam test).

SOFIST 4 (3D stacking sensor)
3D stacking bump connection vield ~99.9 %
Successfully detected hits by 120 GeV proton beam.
Confirmed hit correlation between telescopes.

— Still working on the beam test data analysis (alignment, tracking and position resolution).

DuTiP
Developing new pixel detector for Belle Il upgrade.
First prototype DuTiP1 will be submitted in November 2020 (deliver: ~Spring in 2021).
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