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| C =xperiment

ILC Experiment
* ete- linear collider
- Center of mass energy: 250 - 500 GeV (extendable to 1 TeV)
Precise measurement of the Higgs boson
Search for beyond the Standard Model

e+ bunch
Damping Rings IR & detectors compressor

e- source

e- bunch e+ source

compressor positron 2 km

main linac "
11 km

ILC detector concept (ILD)

electron
main linac »e
11 km
2km -~

ILC TDR vol.4: Detectors
ILD Concept Group, T. Abe et al., arxXiv. 1006.3396 [hep-ex].
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| O Vertex detector

1) Single point resolution: better than 3 pm
Pixel size: ~20 x 20 pm?2
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 um Si, (supports, cables and cooling add further material)
low-power ASICs (~ 50 mW/cmz2) + gas-flow cooling

5) Radiation hardness:
TID : <1 kGQGy/ year
NIEL: < 10" 1MeV neq / cm2 / year

Beam-bunch train ~ ~1300 bunches (every 554 ns)

We are designing and evaluating

L
prototype pixel sensor with SOI
technology to fulfill the requirements.
<€

200msec
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SOl Pixel

SOIl: Silicon-on-Insulator technology
Utilize 0.2 yum FD-SOI CMQOS process by
Lapis Semiconductor Co. Ltd. (Japan)

SOl Pixel Detector: Monolithic type detector

LSl is processed on Buried Oxide layer (BOX)
Smaller pixel size, complex circuit in pixel
Low material budget

High speed, low power

Less single event effects (SEE) probability
Low cost

Double SOI Pixel Detector
Middle Si layer suppresses

2020/06/12

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)

etector

/\
— Tyt Vsoi2
) \_ LSl circuit /_I_

SOl
BOX

Middle S
(SOI2)

Vbia

| (2]

Silicon Sensor

Back plane (p+)

Charged particle

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

It is able to compensate electric field generated by trapped holes in the BOX.
It can be used in high radiation environment (~1MGy).
(K. Hara, Vertex2017, Sep. 11-15, 2017, Las Caldas)
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—uNctions for ILC Vertex Deatector

Necessary functions for the ILC vertex detector:
Single point resolution
Pixel size: less than 20 yum
Calculate weighted center of charges (Charges are spread over multi pixels).
— Record analog signal of hit pixels.

Timing resolution
Bunch crossing occurs every 554 ns in 1-msec-long bunch train with an interval 200 ms.
|dentify the collision bunch of hits to reconstruct an event.
— Record timestamp of hit pixels.

Detector occupancy
Hit information has to be held during 1 beam-bunch train.
Increase pixel occupancy.
— Need multiple memories

High speed data transfer

next bunch train injection. f ! )
— Reduce the data to transfer.
We designed a prototype pixel
detector SOFIST. 1t .
<€ >

200msec

2020/06/12 SOIPIX for the EIC at BNL



Arcn

* Pre-amplifier
« Comparator

Keep the analog signal and time stamp

©C

if a signal exceeds a threshold V..

« Shift reqgister
Hit memory

Latch for multiple memories.

 Analog signal memory

/

ure of 0O

_____________________

—o” o o o

Ramp signal

Store signal charges for three (or more) hits.

« Time stamp circuit

Store time stamps for three (or more) hits.

On Chip
« Column ADC

Digitize analog signal and time stamp.

« Zero-Suppression logic

Vth

s

-

Comparator

[ NN U g g g —

oo
| |
I

I

\/

ZS Pre-amp

Extract hit pixels and reduce the data to transfer to backend.
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SOHST1

SOHST2

SOFIST3

SOFIST4 (3D)

Beam test at FNAL
in Jan. 2017
Analog signal

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

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

Beam test at FNAL
in Feb. 2020
Analog signal

=
L T
Chip Size (mm?) 2.9x%29 4.45 x 4.45 6x6 4.45 x 4.45
Pixel Size (um?) 20 x 20 25 x 25 30 x 30 20 x 20
64 x 64 (Time Stamp) 128 x 128 104 x 104

Pixel Array

50 x 50 (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)
or
Time stamp memory (2 hits)

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

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

Functions (On Chip)

Column ADC (8 bit)

Column ADC (8 bit)
Zero-suppression logic

Column ADC (8 bit)

Column ADC (8 bit)

Wafer

FZ n-type (Single SOI)

Cz p -type (Double SOI)

FZ p -type (Double SOI)

FZ p -type (Double SOI)

Wafer Resistivity (kQQ-cm)

2 <

1<

3-10

3-10

Status

Delivered (Dec. 2015)
Position resolution ~1.4 pm

Delivered (Jan. 2017)
Time resolution ~1.55 ps

Delivered (May. 2018)
Under evaluation

Delivered (Jan. 2019 ~)

2020/06/12

SOIPIX for the EIC at BNL



oM

Hit position reconstruction

Calculate weighted center of charges (6 x 6 pixels). Readout and Sensor depletion layer
Track reconstruction 12-bit external ADC, 500 pm (Full depletion)
Find track candidates by fQur Iayers Qf FPIX. 8-bit on-chip ADC, 500 um (Full depletion)
The track that has the minimum chi2 is chosen 12-bit external ADC, 200 pm (Partial depletion)
for calculating the residual.
Residual :
Difference between reconstructed track and actual hit Sensor Thickness: 500 ym
on the SOFIST,
Residual X Residual Y
” - h_resx_5 0 240F h—resy—5
< - Entries 2401 I - SOFIST #1 - Entries 2401
L|>J 220:_ SOFIST #1 Mean 0.1677 |_|>J 220:_ Mean -0.1204
200 Std Dev 2.721 200E- Std Dev 2.694
- %2 1 ndf 12.58/9 - %2/ ndf 11.4/9
180 - Constant 2277 +7.6 180 Constant 2312+ 7.9
160 Mean  0.1668 = 0.0386 160 Mean  0.06111x 0.03750
- Sigma 1.367 + 0.035 - Sigma 1.348 = 0.035
140 | 140 |
120F 1.37 + 0.04 ym 1208 1.35 + 0.04 ym
100" 1.49 = 0.06 ym 100" 1.38 + 0.05 ym
80F- 1.33 + 0.03 ym 801~ 1.32 £ 0.03 ym
60~ i 60~
40 40F-
20 20
obennn R B L 0Em o1, =0l .
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
Residual X [um] Residual Y [um]
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INTPIX4 INTPIX4 INTPIX4

Timing detector
(Scinti. + MPPC)

I

SOFIST2 SOFIST2 SOFIST2

i
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Events

S 12

Tracking by telescope (INTPIX4) is not performed.
Roughly aligned among SOFIST by hit position correlation.

Timestamp difference between #1 and #2.
(Hit position of #2 is within 2 pixels of #1.)

Sensor Thickness: 65 pm

# Alignment
> Beam ] .
Timestamp residual
Active area

[T T " IResdiduall ALL '0250us0 '

B Entries 8521

600 - Mean -0.966 _
— Std Dev 2.362 -

B Underflow 10 ]

— Overflow 13 ]
500 — Integral 8441
B x2 / ndf 159.8 /96

— Constant 608.1 = 8.5
400— Mean ~1.009 = 0.024
B Sigma 2.188 = 0.019 ]
300 —
200 — ]
100 =
O B | | | | | | | 1 1 | 1 1 1 1 | 1 1 1 1 Il L | LJ_ | | 1 l | | ILL_

20 -15 5 0O 15 20

Timestamp Difference (us)

Intrinsic resolution: 2.19/\/2 ~ 1.55 uys

SOIPIX for the EIC at BNL



o135

Timestamp residual Multi-memory readout test

Timestamp difference between #1 and #4. SOFIST3 has three hit, analog signal and timestamp memories.
Multi-memory readout scheme was tested by injecting a IR laser
three times ina 1 ms period.

H. Murayama, Univ. Tsukuba

(7))
= 700[— residual_time
QO — Entries 4630
— Std Dev 286 AR : Blue: Store éignal S
— Xz / ndf 19.63/10 ......... Red:Trigger of laser (2.6 kHz=385ps) = . .
500 Constant 672.8 + 12.7 ﬁ o eepop——
u Mean -1.187 £ 0.043
400 — Sigma 2709+0035 & | h
300 — , RERRIOTE SRR
- (1) 5.ohv VQ 1.00V Q v gov};sgg.uoous ?b?(orosifﬂnsts =
: Couplini7 Im[?egance Invertff Bangm:dth > Label
200 | DC At M 75 50 On [0}
[ Analog signal Time stamp Analog signal Time stamp Analog signal Time stamp
100 — memoryl memoryl memory2 memory2 memory3 memory3
0_..u|_.. N B B . N B
=20 -15 10 -5 0 5 10 15 20

Time difference (us)

Intrinsic resolution: 2.71/{/2 ~ 1.92 us

Analog signal
Represent stable laser pulses (~180 ADC).
] Timestamp
Sensor Thickness: 300 um Show different timing of the laser injection (110, 490, 880 ADC).

2020/06/12 SOIPIX for the EIC at BNL 10



2020/06/12

oOFS T4

SOFIST4 pixel has all necessary functions in a pixel.

Pre. amplifier and comparator are implemented in lower pixel.
Memories (hit, analog signal and timestamp for three hits) are implemented upper pixel.

Lower and upper pixels are connected by Au cylinder micro bump (Tohoku-MicroTlec Co., Ltd.)

~Ixel

Bump B I « 3 Memories
. . I '
d,scn\ ‘1 SISV o glsw2 [o o] swa
|
Vth — > [[I : T J— I
' Hit Memory ' ~~ Ramp
] R DR SW1 Ty
1
amp . . . I 1 1
Y . ] ! i : T : !
11 : * A e o o 777 e '
. SW3 : ! SW3 !
. 1 1 I 1
Bump : —o'/o—ro/o— v Lo l o o '
Y  (Analog Si N - Analog Signal | : —— Time Stamp !
(Analog Signal) Memory C Memory :
-HV ‘. 777 , . 777 ,
3 Memories 3 Memories
Lower Chip Upper Chip

SOIPIX for the EIC at BNL
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3ump8 for Pixe

Au cylinder bump
Diameter: 3umag

~ 3
GND SIGNAL VDD

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

under bump metal

5.0kV x3.00k 10.0um
Lower pixel i
pracs
|| = -
L = =
[Fcacs
I3CyCs
I3CE(S
I3Cy(>s
s @ |-
scacs . N
|8 - - - . --- -
s & @ & @ & & & ¥ ® = -
& & 8 8 = @ ’ Ll Bl
,nn!'.n)pp?'i‘b‘}’p NP5 ¢
| 8 8 ¥ ¥ ¥ & § 8 8 @ @
| 8 & ¥ ¥ & ¥ 8§ ¥ 9 = 7
20 XZO I“Im2 5.0kV x1.00k e
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A

o4 Chip

T Chip size: 4.45 X 4.45 mm?
aemil a1 Pixel size: 20 X 20 pm2
;?j e % if o Active area: 2.08 X 2.08 mm?2
t ”’—r’ § h [ | Sensor type: Double SOI, FZ p-type
f—. ; g H- Sensor thickness: 300 pm
; £ E w Sensor resistivity: 3 - 10 kQ - cm
!“E : F | n% ||| s Memory: Analog 3 hits
L—%‘ | i b Timestamp 3 hits
BEiEi Column Address Selector On-Chip: 8-bit Column ADC
;_: Wﬁnt Soe %';p,,:,z gy 4‘&'{ Total bumps: 32,448 for pixel array
BITTITITTITIT REEEEEEEEEEES v 3,520 for 1/0 cell
< >
4.45 X 4.45 mm?2
2020/06/12 SOIPIXfor the EIC at BNL 13



[-ray tracks

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

pray | |
L B
- v
External Trigger X
100 Hz
. ds; V’E_D 5 ;W1 S alSW2 o olswe
l l— Hit Memor Ramp
—0 ¢ J Readout 1st —<— Signal
._|R analog memory SW1
ﬂ |
'\ [
® tﬂp > [I] 4—0/0To/ O—O/O—T—o/o—o—>
—— : L S .
T Sense node o o
v —— Analog Signal T '
Memory 7;7
-HV 777

2020/06/12 SOIPIX for the EIC at BNL
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[-ray tracks

* Movie
T. Tsuboyama, KEK

SOFIST4 Pedestal
—30¢

250
—28(

Row

26( 200

24(
150

22(

100
20C

18( 50

16(

Illllllkl‘h/__llllﬂllllllllllll

0 20 40 60 80 100 0 1600 1800 2000 2200 2400 2600 2800 3000

Column

2020/06/12 SOIPIX for the EIC at BNL 15



* Movie

2020/06/12

Sump Connection Yielo

Row

100

Hit Map

SOFIST4

80
60
40

20

20 40 60 80 | 100
Column

SOIPIX for the EIC at BNL

T. Tsuboyama, KEK
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Sump Connection Yielo

T Tsuboyama, KEK 0 . E_
Q ¢
. _ ignal :
Hit Map (50 kEvents) X o Nolsy
20( al oo - N\
100 E
S 18¢ o -
E i No Signal 16( 2005_
14¢ =
60 ' - 5
N —10C °o_' ”110“' 20 30 40 50 60 “'7|o“"elonnglo““1oo
B Noisy " No Sighal Hit/Pixel
. "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.
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Scam |est 2020 @ |3

Fermilab Beam Test Facility
Beam time: Feb. 26th - Mar. 8th, 2020
120 GeV proton beam

Members
TMCIT, KEK, Univ. Tsukuba and Miyazaki Univ. (Japan)

Sensors (All SOIPIX)
SOFIST4 and XRPIX6E (DUT)
FPIX2 (Telescope)
XRPIX5 (Trigger)

2
2020/06/12 SOIPIX for the EIC at BNL 18



Setup

Telescope + Trigger counter + DUT

| Telescope Telescope
Irigger counter FPIX2 SOFIST4 FPIX2 XRPIX6E
XRPIX5 (Rol) ~0.7 um
P16 o ~U./ o ~0.7 um
IP-12 IP-13 IP-8 IP-11 IP-14 IP-15 IP-22
Cooling Jacket (~ O °C)
Spacer Spacer Spacer Spacer Spacer Spacer
3cm 3cm 3cm 3cm 3cm
«—> «—>
120GeV e B B >
Proton beam
Trigger . EVI-tag
out Reset oL Busy
*FPIX2 is a rolling shutter sensor.
. No reset signal from DAQ master for the FPIX2.
Trigger
enable
| | DAQ Master Board
Irigger in S (USAGI2) USAGI2 + Cmod S7

2020/06/12 SOIPIX for the EIC at BNL 19



DAQ Master (UsSAGEZ,

20
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Setup at the beam line

Setup
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H. Murayama, Univ. Tsukuba
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T Correlat

Ol

H. Murayama, Univ. Tsukuba

IP16_IP12_y IP16_IP13_y XRPIX5
- P16
RuniD_0243
Yy
XRPIX5 & D
KA R
yEERZ DFHES FPIX2
IP12-15
IP16 Y [um] IP16 Y [um]
IP16_IP14_y IP16_IP15_y
X
SOFIST4
P8, 11
e e y
7400 7600 7800 8000 8200 8400 Bm?[?xom] P16 Y fal
IP16_IP22_y IP16_IP08_y X
XRPIX6E
R—FER
i P22

IP16 Y [um] IP16 Y [um] E—LLERIHLDE
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Summary

Monolithic type pixel detector has been developed with SOI technology
for the ILC vertex detector.

We have already demonstrated 1.4 pm of spatial resolution and 1.55 us of
time resolution by the prototype, SOFIST1 and 2.

SOFIST4 is 3D integrated SOl pixel detector
— Three kinds of multiple memories, Hit, Position, and Timestamp are implemented
In 20 x 20 ym?2,
Demonstrated the images of the B-ray tracks of 90Sr with
a bump connection yield of 99.9%.
Data analysis of the beam test in 2020 is still working in progress.

We are planning to reprocess SOFIST4 to evaluate the full function.
Additionally, we’d like to try to integrate thinned SOFIST4 sensor (~65 pm thickness).

2020/06/12 SOIPIX for the EIC at BNL
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Backup
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—PIXY

VDD18 z
4| B

F:! l: - ‘conv | cg%v

- = — 4 & 85| READX

\ w0.5 mi1 _A_

E i — ~ O Pa

F - —dlrs B

s =

= = =l ’ q4[ pP3_ COL_OUT
- = oy

= u — N1 RST— b— RSTx LR
I=| ™ [conj N2 P2 | m2 |

™ - > N

f-' n —p &%35 conv \conv' gr=—p

= u mt) g VRST P — onp

b =} e i? wO0.5 .5

oW 1= GND — ‘mi ml

Position resolution ~0.7 ym

chip si'ze 2.9 mm X 2.9 mm tested at ETBE in 2017
pixel size 8 pm X 8 pm
# of pixels 128 x 128
active region 1024 pm x 1024 pm
parallel readout 8 (128 x 16 pixels / readout)
readout scheme rolling shutter

Sensor: Single SOI, FZ-p, ~25 kQ - cm, 500 ym thick

2020/06/12 SOIPIX for the EIC at BNL 2/



Vvater [ninning

DISCO
TAIKO Process by DISCO Corporation (Japan) KirusKezuru: Migaku Technologies
Back Grinding Cross Section
3 Y
l } BG Wheel
T~ Si Wafer
A /" BG Tape

v

Outer support ring

TAIKO Process Conventional Process

Stress relief with wet etching by TAIKO Process |
Mimasu Semiconductor Industry Co., Ltd. (Japan) with outer support ring
\ - Lower wafer warpage
Improve of wafer strength
HFeHNOy | | ) - Easy wafer handling
| & | e { Bhaus - Easy backside processing (ion implantation,
-~ i . No Dry S , o L
c i - o B $ching annealing, Metalizing etc) after thinning
Back Grinding Tape - g"m‘:' S\;V\::'Etching l
Lominating | | TAIKO Grinding | | Suess Feliet | [pack Qrncing Tepe
~100 um ~75 um s -

Back side process after thinning

Via Hole Drilling | lon Implantation |

N Electrode Filling ||  Annealing &~ - Boron implantation (ULVAC, Japan)
—— Interconnecting  Back Side Metalizing | - Laser Annealing (SHI, Japan)
\ Bumping Waler Testing '
=) L=l -
N l | BG Tape SiWafer k' ENps EWssating |

Full-cut Dicing | Wafer Mountlng/

Ring Grinding
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Vvater [ninning

DISCO
TAIKO Process by DISCO Corporation (Japan) KirurKezuru:Migaku Technologies
Back Grinding Cross Section
~
l } BG Wheel
‘ }‘-‘o Si Wafer
+ * BG Tape

TAIKO Process Conventional Process

QOuter support ring

CPIXPTEG2 VDET-BNW

LEO After thinning

~a)
N A~

4

1LE07 | _——= /’ <

Before thinning

Before thinning (#1)

Before thinning (#2) Sensor |-V after thinning (other SOIPIX)
Before thinning (#2)

Current (A)

1.E-08

sefore bhinningl(#4) Leak current increased by ~1.5 orders of magnitude.
1.6-09 TorE e No break down by 400 V after thinning.

Before thinning (#5)

VSOI2=0V

After thinning

LE-10 Still investigating these behavior,

0 -50 -100 -150 -200 -250 -300 -350 -400 -450
Voltage (V)
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Seam |est

Beam: 120 GeV proton (Fermilab Beam Test Facility, Jan. 2018)
DAQ rate: ~120 events/s

Event Trigger and Timing detector SOFIST ver.2
gger an g det . Pixel size: 25 x 25 pm?2
Record hit timing for checking consistency to SOFIST. .
Scinti. size: 3 x 3 mm?2 Pixel array: 80 x 64 (2.0 x 1.6 mm2)
MPPC size: 3 x 3 mm? Readout: External 12-bit ADC (SEABAS2)
Readout: Comp. + AND + NIM converter Sensor thickness: 75 pm

(Signal is sent to Master DAQ, SEABAS2)

.__ INTPIX4 INTPIX4 INTPIX4 INTPIX4
) #1 #2 #3 g #4
_ . _ SOFIST2 SOFIST2 SOFIST2  _

Timing detector #1 #2 #3
(Scinti. + MPPC)

I
l

|| .| Rol L Active area ||

INTPIX4 (SOIPIX)
Telescope for SOFIST
Pixel size: 17 x 17 pm?2
Pixel array: 832 x 512 (14.1 x 8.7 mmg2)
Function: Region of Interest readout
Readout: External 12-bit ADC (SEABAS2)

2020/06/12 SOIPIX for the EIC at BNL



(WA= a:
TLAO-TTEBRLICNZ YT & SOFIST LD

L MIBDZE
Readout and Sensor depletion layer

Seam |est

—esUlt

TALRY VT DIREE
— D SOFIST2 I TD Y A LAY > TDFE

(EWoby MIBEN2 EZE)LLIRNDSH D)

12-bit external ADC, 500 ym (Full depletion)
8-bit on-chip ADC, 500 pm (Full depletion)

L Lp
ﬁLIEﬁ‘ﬁg Be
SOFIST ver.1
o 240 h_resy_5
8 - Entries 2401
o 220 Mean ~0.1204
200F- Std Dev 2.694
- %2 / ndf 11.4/9
180 Constant 231.2+7.9
160 Mean  0.06111+0.03750
- Sigma 1.348 = 0.035
140 |
120 Sigma:
100F- 1.35 + 0.04 pym
80~ 1.38 = 0.05 pm
60 1.32 £ 0.03 um
40
20
O ;'W-‘—I_ | m W 1 L 1 1 1 1 I 1 1 L L L 4 |l
=15 -10 -5 0 5 10 15

Residual Y [um]

Intrinsic resolution: ~ 1.2 ym
(Position resolution of the telescope ~0.7 pm)

2020/06/12

12-bit external ADC, 200 um (Partial depletion)

FALRY > TDIEREE
SOFIST ver.2 #1 and #2

_.GL) - rfrrrrprrrrprr Tt |Ré_diduhll_ALL_'6250ué0' ':
S 600 Meon 0966
oof S -
500 " o:esﬂo\?vw 13|
| Integral 8441
- 2/ ndf 159.8/96
400 :— fn::rsntam -1 .0?128;1 ofoaéi—:
B Sigma 2.188 + 0.019
300 . .
- Sigma = 2.19 = 0.02 ps
2001 —
100f- -
0 :. T BT | A B R A B R A PRI SOTRRN SR W ! 1-4:
-20 -15 -10 -5 0 5 10 15 20

Timestamp Difference (us)

Intrinsic resolution: 2.19/,/2 ~ 1.55 ps
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Time Stamp and Analog Pixe

55nA,10ns _ 55 (=alb—23Y) | Pre. amp (#AX)
— ~3400 e- H 1 MIP Y (50 ym Bt > Y —) H 0.72V

Pre. amp
\\\—V*’___J/COMP - v*"__Ji
— — |

DFF SWH1

i 1Ey NEOTFOVESERE
P 4 '

1Y NBDOYALRY Y THREF

ioby NBOFFOSESERE

o : — N ——
z SOOAO r

3

|

| E

203 - OFF SWo

|

|

|

|

L2by NBOYALRY Y TERS

0 200 400 600 800  BEFI (ns)
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S0/

Pixel

Pre. amplifier (Charge sensitive amplifier)
Comparator (Chopper inverter)

Shift register

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

On chip
8 bit column ADC

Pixel size: 30 x 30 pm=2

S| ver3

Time
Store

Ramp
Signal

Analog
Store

o oo o] Foro
o b o [oro koo
o bl Loo oo

I

O
o
[
O
')
[
w
)
I

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

O )LNICHERETOMEEZEE U /.
J=72LEY Z)LY - XIE 30 ym A7 D TE S IR EEE D
S fipaNE=rAN= 1)
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1 event tag 7= b DEIRHEIZDENE

Event tag trigger "5 7+ )L Z = (FE > /= 5 DAQ period (1 eventtag) ZRFIthT 5.

SOFIST2 IFAEMIC ) 7> 7DV Ly hE{TWLWE00 us DHWEDby NDIYALRY Y T=ET)LNICREIRT 5.
INTPIX4 (& 500 uys D HWICTED UclT 6. KEIB#HIE event tag D &

) — R 7777 ~AE SOFIST2/INPIX4 5 DAQ master /\ busy 1% (event tag trigger Z= X (71772 \N)

DAQ period (1 event tag)

A

: ) Accumulation time (900 ps) ‘ : ) Read time :
START/STOP
2 US
C—
RESET for SOFIST?2 ﬂ H ﬂ ﬂ H ﬂ r
Pre. amp
SOFIST2 X Reset / Hit detection / Store X Readout X
AEPRESETICERE LT, EZ £ILADOIEAIL -
Ev hMEH - EEE (20 X T) =X
INTPIX4  Reset | Store | Readout |
STARTHilc2EZILE ) v k. START#
(%3 ICEB(NEFRESETIX#R)
Busy
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o> 1 ORE Moge

Operation of each detector in 1 event tag (DAQ period)

DAQ period (1 event tag)

A

I | I
: Accumulation time  (~500 uis) : Read time :
| - > | - > |
I | I
START/STOP
- 2 S
«—>
Reset for SOFIST2 H ﬂ H ﬂ r
Pixel Pre-amp.
SOFIST2 X Reset / Hit detection / Store X Readout X
Record hit timestamp in a event tag. Reset pre-amp. every 2 us / Hit detection /
Store (analog signal/timestamp).
INTPIX4 Reset | Store | Readout |
Time information is only event tag. Reset pixel amp. before START
Integrate signal for 500 us.
Timing detector X Time record X Readout X

Record elapsed time after START
for every hit detection for 500 us.

2020/06/12 SOIPIX for the EIC at BNL
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1ngger Mode

Readout time

A

TRIGGER IN ﬂ

BUSYsr D Trigger A 113 £E4R

RESET ] ]

T

(STOREU)ﬁ:b DIc E:Hg) RESET|ZMaster[= 48

SOFIST4 Store )(

Readout X

RESETICREHLT. EZ ILADOFHEA{L.

TRIGGERA 1 TDAQIC#1T

BUSY Il Il

RESET, Readoutf&FiZBUSY

ml

Event-Tag X

Counter value

TriggeriLE ENRND DY AT THhO Y R ER—ILR

2020/06/12 SOIPIX for the EIC at BNL
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oM T3

Time difference of cluster size 2 event
In principle, timestamp of two pixels (cluster size 2) are the same.

500

counts

400

300

200

100

.lllllllllll]ll|IIII|IIII|II

Cluster_residual

Entries
Mean
Std Dev
v? / ndf
Constant

Mean
Sigma

2628

0.05326

2.036

18.96 /18

546.8 + 13.4
0.03099 + 0.03723
1.897 + 0.028

IP11

'I\)O
o

2020/06/12

A_Aulln_xn

PRRTRRT TN R S TR ST PR PR
-15 10 -6 0 5 10 15

SOIPIX for the EIC at BNL
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o135

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

AnalogDatat AnalogData2 AnalogData3
(%)
T - _ AnalogData1 10000 — AnalogData2 8000 AnalogData3
3 - Entries 69997 - Entries 64773 C | [ Entries 59185
B Mean 278 2 Mean 275.8 - Mean 285.7
1 — il
© 10000 Std Dev 1415 B Std Dev 134 70001 Std Dev 129.2
- x2 / ndf 1.287e+04 / 26 8000 — x2 / ndf 1.15e+04 / 27 C (\ %2/ ndf 1.317e+04 / 27
- - 6000 [— |
8000 — Constan#.618e+04 + 4.214e+02 - Constan#.179e+04 + 3.579e+02 - Constan8.772e+04 + 4.617e+02
- MPV 173 + 0.4 - MPV 178.6 + 0.4 - MPV 192.6 + 0.6
N Sigma 25.34 +0.22 6000 [— Sigma 26.83 +0.22 5000 £~ Sigma 25.9 +0.3
6000 - 4000 [
4000 — 40001 3000 —
B - 2000 [—
2000 — 2000 [— =
¥ ; )
O—I‘l. 1 P P ol — 0_['[ . " N N ol " 0— P BT B T RS
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
ADC
TimeData1 TimeData2 TimeData3
2 8000 F
g - TimeData1 10000 — TimeData2 - TimeData3
o) B Entries 69997 B Entries 64773 - Entries 59185
O 0000 — Mean 110.5 B Mean 487.4 7000 — Mean 874.6
- Std Dev 3.964 8000 — Std Dev 3.218 - Std Dev 3.973
B x2 / ndf 9774 /26 L %2 / ndf 2020/ 28 6000 |— %2 / ndf 3035/51
8000 — Constantl.147e+04 + 5.683e+01 - Constant 9564 + 50.1 - Constant 7726 + 41.7
- Mean 109.4 +0.0 - Mean 487.5+0.0 5000 — Mean 874.7 £ 0.0
B Sigma 2.083 + 0.006 6000 — Sigma 2.603 + 0.009 - Sigma 2.885 + 0.010
6000 [— L 4000 |—
4000 — - =
- B 2000
2000 — 2000 [— -
: 4, : JAY
L ! — ul 1 1 P - L Iy " N - C I oL N ol ol "
%o 80 100 12 140 160 840 460 480 500 520 540 820 840 860 880 900 920
VES
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TEST

o H

Lower Pixel

TIN
CF_RST_X

o

CDS

EPIX?TRG_SEL_X COMP_EN

Upper Pixel

Shift-register

SOFIST4 Pixel

REGOUT_3

CDS_RST

Pre-amp
(Charge sensitive amplifier
+ N-SF)

2020/06/12

!

VB_CDS_RST

il

ol

SREG_IN REGOUT_1 REGOUT_2
; L I_ |—D Q | D Q | D
PIX_TRG _ _J _J
I'] : D o> Q —> Q —D>
/ PADE PAD REG_RST. 1) 1)
Comparator :
Analog signal memory x3
. REGOUT _1
: sml Output amplifier
PIX_SIG
{> [ID o/c L |,> AOUT _1 RAMP_IN
PAD: PAD —
Buffer-amp '
(N-SF) REGOUT 2 //7
swzJ_
o o T l'> AOUT 2
REGOUT 3 //7
sws_l_
o o T I,> AOUT 3
777

SOIPIX for the EIC at BNL

AOUT_1/2/3

Output selector x3

AOUT_SEL_X

(o)

TOUT 1/2/3 ——

REGOUT_1/2/3

TOUT_SEL X

REGOUT_SEL_X

Timestamp memory x3

TOUT_1

TOUT_2

TOUT_3

REGOUT_1
swi Output amplifier
0} o [\

1 7

REGOUT 2 //7

swzl
O/ o l\

1 -

REGOUT 2 //7

swal
O/ o ,\

1 -
777

COLOUT_1/2/3



SOl Based 3D Integration

Upper Chip

Bond Pad Passivation Back gate adjust electrode

High R-Si

Lower Chip

2020/06/12 SOIPIX for the EIC at BNL



SOl Based 3D Integration

CMOS
Circuit

> Sensor

Normal SOIPIX
Bonding Pad
Metal 5 I I !
Metal 4 [ l
Metal 3 ' |
' | | Metal 2
| | Metal 1
Gate
PMOS NMOS Eoly Si
S D
BOX
L n+ — BNW /
p_
Handle Wafer
D+
Al

2020/06/12

SOIPIX for the EIC at BNL
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SOl Based 3D Integration

SOIPIX for 3D
Lower Chip

Au Cylinder Bump (3 ymQ)
/

/

Au Under Bump Metal (5 X 5 umzZ
P ( pm2) N~
Metal 5 I I !
Metal 4 l l
Metal 3 ' |
' | | Metal 2
| | Metal 1
Gate
PMOS NMOS Eoly Si
S D
BOX
_ n+ — BNW /
p_
Handle Wafer
D+
Al

2020/06/12

SOIPIX for the EIC at BNL

via 5

CMOS
Circuit

> Sensor

42



Au Micro Cylinder Bump

Cylinder Bump
~_ Under Bump Metal

S

2020/06/12 SOIPIX for the EIC at BNL



SOl Based 3D Integration

Upper Chip
1 1 |
-
E= l
—/// T ]
I || I‘;—I
Lower Chip | —
-
[ 1 1

2020/06/12 SOIPIX for the EIC at BNL
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SOl Based 3D Integration

~~
Upper Chip > Remove Handle Wafer
_
I - N
' CMOS Circuit
= | (Digital)
S— i _
inject glue > =
— L )
Lower Chip | CMOS G
Ircuit
= (Analog)
CT 1 _
1N — ) ~
> Sensor
_
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SOl Based 3D Integration

Upper Chip

Lower Chip

2020/06/12

v

> Remove Sensor

by Wet Etching

Al
P+ Handle Wafer
p_
BOX
'S D
PMOS NMOS )Gate
Poly Si
[ Metal 1
| | | Metal 2
Metal 3 I
Metal 4 | |
Metal 5 | ! !

o

SOIPIX for the EIC at BNL
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SOl Based 3D Integration

Upper Chip

Al Wire Bonding Pad
Passivation / for Packaging

\\ /M - B

|

BOX

S D

PMOS NMOS )Gate
Poly Si

I Metal 1

| | | Metal 2
Metal 3 | |

Metal 4 [ |

Metal 5 | | |

Lower Chip

v

2020/06/12 SOIPIX for the EIC at BNL
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SOl Based 3D Integration

Wire bonding pad for packaging

Upper Chip ]~
' CMOS Circuit
= | (Digital)
— i _
— — ™)
. = =
Lower Chip | = CMOS Circuit
' (Analog)
CT T _
T — 7T 1~
> Sensor
-
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SOl Based 3D Integration

Metal 5 Alignment Mark

=ﬂ=

+

Cylinder bump

>
o

+

Cylinder bump
/

/ A

/
/

@/ 19 um

2020/06/12

IR Microscope

SOIPIX for the EIC at BNL

Upper Chip
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SOl Based 3D Integration

Metal 5 Alignment Mark IR Microscope

Cylinder bump

1
o

i
~ . u .

Upper Chip

o~ I
./
7
- -~
- - -
~” - -~
- -~
< ) 5

-~ ~ ’/,

Cylinder bump -‘—__’::::111::::’;;:'5.:75:::—_:-_:__._._:_____l,_,,,;f/’f*
/ —

/ 1 Lower Chip
/

/4 YV VY

@/ 19 um
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SOFSIT4 Pixel

Lower pixel Upper pixel

20 X 20 pm2

SOIPIX for the EIC at BNL
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TR/ —RMEDORT v )LiE V. BPW PX THIFEIL TWS.

D TEis

VBPW PIXDFv—I T 7P \DEEL?

I-IIIIII.

VDET VBl1as VePw_RING ""B.\vI RING GND E Verw_rPIx Ew ngjﬂw Vmsj"d'
P 1
Tateia’ | o it B g_u-_a ] ]
7 . [ BPW2 ] | | I
s BNW2
NRING] 1
I/O Buffer Peripheral Circuit " Pixel Array
/ P* a
"‘yback
Run 247 - 252
V_BPW PXScan: -1.1,-1.4,-1.6,-1.7,-1.8, -2.0V
2020/03/18 SOl meeting
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USAGIZ Conceptual

SOFIST3 x 4
03> <0:3>
Receiver
RJ45
SOFIST3 #1
<
STORE/TRIGGER
RESET ¢ LVDS D
N/A «—
(— ——
STORE/TRIGGER
b LVDS | «———
BT TAG. OLK [ Driver D E—
N/A «—
SOFIST3 #2 RJ45
RJ45
STORE/TRIGGER —
| | VDS [ —
INT7 #1 EVT TAG_CLK Dri —
/A rver —
STORE/TRIGGER D
INT7 #2 AESET | VDS |«—
EVT_TAG_CLK Dri «—
/A rver -
INT7 #3 | STORE/TRIGGER
RESET
INT /7 #4 EVT_TAG_CLK
N/A
2019/01/29

NMIZED B >7c5

Pmod Z#1E%.

Pmod

O 0 N O O & W N -

16
17
18
19
20 J3
21
22

24.':

J1 J2

J4

VCC5V

GND

48
47

46
45
44
43
42
41
40

33
32

OR circuit

J1 &Rk

esion

<0>

<23

LVDS version 4

XRPIX5 x 1
SEABAST NIMIN/OUT

STORE/TRIG_EN

EVT_TAG_CLK

31— |OR circuit| 04>

30 _——)

28 > FANOUT = 2
27

26:_ NIM

e <0:1>

EVT_TAG_TRG

USAGI2 LD X7 %3 RJ45 D LEMO

COTmeeting
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USAGIS and KoOUSAIGS

DAQ Master Board

Cmod S7 iS5 DAQ ICIEBERESZ S/ RET ZHD /O TRh—R
VEEDKREZIEFZTUSAGIS Z1E->T2h, IBMTHEED VDS K1 /\—[CREEHEE (BRE ?ESD ?)
B USAGI2 Z{E > Tz (slave D BUSY @ OR & NIM EY 2 —JLTE %) .

NIM_OUT

Cmod S7 (Spartan-7)
USAGI3

LF21L—F—T+5VEER R

LVDS_OUT: 3 ch (TRIG, EVTTAG_CLK, RST)
LVDS_IN: 1ch (BUSY)

',‘.";" iiii
\iauh

RJ45 to

KoUSAGI3 HIROSE connector (Flat cable)
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