R&D status of DuTiP SOI sensor

- | e Do

Silicon-On-Insulator Pixel Detector Project




Silicon on Insulator Pixel Detector
(SOIPIX)

* SOIPIX

— Si0, BOX insulator layer is sandwiched by CMOS circuit layer and high
resistive silicon substrate layer

— High resistive silicon substrate layer is a good radiation sensor

— Complicated high density circuit can be fabricated since circuit layer is
isolated from sensor layer.

— Circuit layer and sensor layer are connected with through-silicon Vias.
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Silicon on Insulator Pixel Detector
(SOIPIX)

* SOIPIX
— Fast
— Small parasitic capacitance
— Low power consumption

— Complicated circuit can be fabricated in a pixel

* Suitable for high energy physics application
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Lapis Semiconductor

 0.2um Low Leakage Fully Depleted SOI CMOS

* We have been collaborating with them since 2005.
— 20km from Tohoku Univ to Miyagi factory

— Many Pixel sensors are developed
* SOPHIAS, XRPIX, PIXOR, CNTPIX, FPIX etc
* X-ray, IR, particle physics, stress test

Production line is fully controlled with Robots.
Good for production of small quantity and also
for HEP level mass production.




Lapis 0.2um FD-SOI Pixel Process

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

Core (I/O) Voltage =1.8 (3.3) V
SOl wafer | Diameter: 200 mm¢, 720 um thick
(single) Top Si: Cz, ~10 Q3-cm, p-type, ~40 nm thick
Buried Oxide: 200 nm thick
Handle wafer: Cz (n) ~700 Q2-cm,
FZ(n) > 2k Q-cm, FZ(p) ~ 7 k Q-cm etc.

Backside |Mechanical Grind, Chemical Etching, Back side
process |Implant, Laser Annealing and Al plating




Closer look at the SOI structure

Cross Section of SOIPIX

Aluminum metal layer—

Tungsten Plugs

Transistor (40 nm thick Silicon)
SiO, layer (140-200 nm)

Substrate (Sensor Silicon)
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MPW Runs

* About once per year, KEK holds a
Multi-Project Wafer (MPW) run.

— Multi-sensors in a single set of reticle.

* Lasttime, 12 projects joined the
MPW run including DuTiP3.

— KEK, Japanese Universities, China,
Japanese Company (Hitachi).

* |f you want to submit your chip to
the MPW run, please contact Arai-
san
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Developments

* Recent or Important Developments
— Double SOI -TID tolerance
— 3D integration — Pixel size reduction keeping circuit functionality 7-Micro_
— Active Merge — Circuit area reduction
— Digital Library and Automatic Routing — common tools
— Stitching — Bigger sensors



SOl for Belle Il

Originally considered for upgraded SuperKEKB with luminosity of 4x103°

But of course we can use it for upgrade in 2027~28 for the design
luminosity of L= 6x10°".

system layer radius hit rate [6] occupancy TID neutron
[mm] [MHz/cm?] (%] [kGy/smy] [10"n.q/cm? /smy]
PXD 1 14 22.6 1.3 19.9 40
DEPFET
2 22 11.3 0.5 4.9 20

Concept
— Binary detector to reduce data size and power consumption.

— Fast clock to reduce the occupancy of O(103) or less at upgraded SuperKEKB with
L=4x1036

— Global shutter readout based on L1 Trigger to reduce data size.
— Hold signals at least 4.4us trigger latency
— Small power consumption ~0.1W/cm?

We invented the “DuTiP” concept for this purpose.

20240116



A. Ishikawa et al, NIM A 789, 164404 (2020)

The Concept “DuTiP”

* Dual Timer Pixel

* Analog Circuit
— In Pixel Amplifier/Shaper/Discriminator.
— Binary signal sent to digital circuit in the pixel.

One Pixel
Analog circuit i
Test pulse Threshold adjust. : :
(Capacitive input) (~bit DAC) | |
I : | (f-rltm
| D_D_i i Address
! R Ar_bi‘[gr encoder
ZS Pre-amp  Shaper Comparatof! ! (7 th)
i (i+1th)
Pixel: Analog block Pixel: Digital block ' Scan block
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https://doi.org/10.1016/j.nima.2020.164404

The Concept “DuTiP”

* Dual Timer Pixel
— Dual Timer (down time counters) in a Pixel to store signal and wait for trigger signal
— 7bit timer can wait upto 127 x CLK.
— Two timers allow the second hit during trigger latency
— Hit registers for three time buckets, previous, current and next for timing scan

One Pixel
Analog circuit Digital circuit I
. Trigger input )
Test pulse Threshold adjust. | :
(Capacitive input) (~bit DAC) | Pixel mask PCN: 3 bit |
l ! L ' (i-11h)
| : Trigger it :
| : Latch 7bit counter comp. Re{g :
| ! i 1 : Address
! 1R Ar_bi‘[gr encoder
ZS Pre-amp  Shaper Comparator! Sequencer ! (7 th)
i 1 1 , i
' Latch 7bit counter Trigger Hit |
comp. Reg o i (i +11h)
Pixel: Analog block Pixel: Digital block ' Scan block
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Sensors for Layerl

* layerl:R=1.4cm, Z=/cm
* maximum mask size for SOl is 2.46 x 3.08 cm?

* We need three chip to cover the acceptance in Z.

— Row :45um x 320ch = 14.4mm
— Column : 45um x 1920ch (640ch x 3) = 86.4mm (28.8mm x 3)

— Thickness : 50umt
— (Stitching buffer width: ~10um if we adopt stitching)

* 8 ladders to cover the acceptance in phi

86.4 + oo mm
28.8mm )\
|

) |

320ch x 320ch x 320ch x

14.4mm - Pixel Arra
640ch 640ch 640ch Y

Afew mm? — {= Readout peripheral

J 12
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DuTiP1 with SOI technology

* Dimension
— 6mm? chip
— Pixel Size 45um x 45um = 45um/v12 ~ 13um resolution
* charge sharing improves the resolution
— 64x64 pixel array
— 300umt (to be thinned to ~50um?)

* Analog circuit

— ALPIDE analog circuit fabricated on SOI by Strasbourg and modified by KEK.
* This is the first time to test the ALPIDE analog circuit on SOI PIXOR2 digital flow

— Low power amplifier
e Digital Circuit
— 7bit timer x 2
— 15.9MHz(62.9ns) CLK (SuperKEKB 509MHz/32(1.97ns*32) )
* Trigger latency of at most 8us (4.4us requirement)
— Only current and previous time buckets (no next bucket)
— PIXOR digital circuit, which works with 50MHz, adopted

"Development of the Pixel OR SOI detector for high energy physics experiments",
Y. Ono, A. Ishikawa, H. Yamamoto, Y. Arai, T. Tsuboyama, Y. Onuki, A. lwata, T. Imamura, T. Ohmoto,

NIM A 731, 266-269, 2013, doi:10.1016/j.nima.2013.06.044

20240116 No sophisticated readout circuit not fabricated


http://www.sciencedirect.com/science/article/pii/S0168900213008772

Estimation of Occupancy and Data

Rate/Size

e QOccupancy is enough small O(10%) or less

Layer| hit rate

hit occupancy

[Hz/pixel]
1 458
2 229

) 4 system layer radius hit rate [6] occupancy — TID neutron
in PCON [1077] . 2 o 10 2
[mm] [MHz/cm?| [%] kGy/smy] [10'""n.q/cm”/smy]
0.86 PXD 1 14 22.6 1.3 19.9 40
2 22 11.3 0.5 4.9 20

0.43

» Data rate/size are enough small even for layerl.

Layer|data rate per SS chip|data rate per ladder|data rate per layer| data size

Mbps] [Mbps| Mbps] [TB/smy]
1 11.3 34.0 272 340
2 5.65 22.6 271 339




T. Li

Intrinsic and Impact parameter
Resolutions with GEANT4

e Sensor intrinsic resolution and impact parameter resolution has been studied
with simple geometry using GEANT4 MC.

— Intrinsic resolution is better than binary limit thanks to charge sharing

2layer DuTiP + 4Layer SVD

impact parameter resolution for theta=90deg
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Characterization

Sequencer/Dual Timer

800ns interval which is less than trigger latency

are injected.
* Triggers are also injected to previous timing

25MHz CLK

799.6ns
<—b

Bty

 Test hit

- 1800.4ns
P
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= Trigger

<|:' atch 7bit counter comp.
Seq 8

[ Latch l."m counter }_a ngger

comp

Pixel: Digital block




Characterization
Timers and Time Buckets

e test hit signal

— 7bit counters (127*40ns=5080ns) are working fine
— Correctly assigned to previous and current time bucket

* Digital Circuit is working perfectly.

File Edit Utility Help

i T
Test hit

Delayg time of aata _out depends on initial value of
_time counters: |n5|de the pixel circuits. ...

m 2 s
5. 18us(coun1: 1:|me can be ad_]usted)

data outO(current) _

‘ 5.22us . : )

. Chip output
. Clear output

25MHz CLK

20240116

. Test hit input
. Timer counts

Output of tlmer

Digital circuit

I Latch I bit counter }—'
Sequerfer
[ Latch l bit counter }_.

Pixel: Dicktalblock

Trigger

comp

Trigger

comp

Results
Table Pl
Meas 2

Delay
' 5.179 ps

Dly
" 5.217 uis




Timing Resolution for single pixel

* DuTiP + Scintillation counter .
° Tested Wlth 9OSr and SOMHZ CLK (ZOHS) ETinE'nedelayfromtestpulsetochipoutput

TIN test pulse

— Timing resolution is 11.2ns

hist

*  With test pulse ~10ns 00~ - Enties %

i / \ ;?iagev ??B:

— Enough smaller than time bucket of 63ns ' f \ B oas7o
F | Constant 2906 = 17.5

200 — I|l Mean 2886 +0.6

Sigma 12.55 = 0.48

ok I
12.6ns inclugdiné\binning effect

25mm so|~ \.\.
5 5a0 o0 560 300 aé;f 40560580400
10mm - Single pixel amplifier time delay[ns]
= s . . ..
s %0Sr irradiation
';j—ji— - " T [ st
IDEHD 5 o -
2.7x2.7mm"2 £ :
90Gy 3 sof

Acrylic light guide

Sr-90, 3.7 MBq. from 2009/02/09. Half-life 28.79 y

fig. Setup of the Beta ray measurement triggered by the scintillator

20240116 fig. The histogram image of the beta ray. 18
Triggered by the electrons
restricted by the collimator.



Efficiency

* Tested with 29Sr
— DuTIiP + Scintillation counter

Acrylic light guide

— Efficiency
* Using ?Sr: ~98+-2%
e Cosmic or accidental noise hit are
subtracted with dry run data.

Sr-90, 3.7 MBq. from 2009/02/09, Half-life 28.79 y

fig. Setup of the Beta ray measurement triggered by the scintillator

* Large systematic uncertainty 90Sr irradiation

hist

 KEK ARTBL new electron beam line so- ' s
with upto 5GeV was used for the o _
efficiency measurement.

00;.4_ bl PR AN ST IO I M r il

10 20 30 40 50 60
fig. The histogram image of the beta ray.
Triggered by the electrons
restricted by the collimator.
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Structure made by T. Tsuboyama and KEK mechanical center

| Setup at ARTBL

— XRPIX Trigger System
— 5layers of INTPIX4

 Downstream station (about 19cm is displaced from upstream)

— 2 layers INTPIX4 Since the DuTiP1 firmware for test beam was finalized just before the
— DuTiP beam test, DuTiP1 should be placed most downstream.

e Each layer has 32mm displacement in z direction

XRPIX 5x INATPIX4 2 x INTPIX4

—— DuTiP

Electron beam

20240116 20




Picture of the Setup

DuTiP layer is located at most downstream

R T

“'*.n;"J_LAJJA 1181 'd d
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H. Tagashira

Correlation of hits

* We check the correlation of hits between DuTiP and INTPIX4 (closest to DuTiP)
without alignment.

* Still there are some noisy pixel, we see clear correlation both in horizontal and
vertical directions.

We will perform masking noisy pixels, tracking, and alignment, then measure the
efficiency (and possibly resolution)
— Omori-san already performed tracking and alignment with upstream station.
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DuTiP2

* Almost Full functionality
— Circuit NOT fabricated for DuTiP1 should be in

* Fast data transfer circuit from the periphery to outside
— 300MHz 1.8V LVDS

* Except for PLL and pixel array scan system

— Full size chip just for row direction (r-phi)
* Chipsize: 17.2mm x 6.0mm

* Pixelarray : 14.4mm (row) x 2.88mm (column)
— Full size chip 14.4mm (row) x 28.8mm (column)

* Increasing the size to z (column) direction is trivial

e Delivered in 2022 June.
* Firmware development is on-going.

pitch|row x column|array r-¢ x z|array area|chip r-¢ x z

[p1m] [pixels] [mrnzl [sz] [mmz]

45 320 x 640 14.4 x 28.8 4.15 17.2 x 29.6

20240116 23



DuTiP3

Since analog signal was not seen in DuTiP1 and gain might be too small,
our designer modified the analog circuit of DuTiP1 which is named DuTiP3.

— Other functionalities are the same as DuTiP1.
— We can use the same firmware as that for DuTiP1

The subboard for DuTiP3 was also modified
— Subboard for DuTiP3 can be used for DuTiP1.
— We can easily compare characteristics of DuTiP3 and DuTiP1

The chip was already submitted in Nov 2023
Will be delivered in Mar 2024



Summary

SOl is suitable for high energy physics experiment.

Since 2005, Japanese group is developing the SOI pixel
detector with Lapis semiconductor

— Several technology were developed
— Already used for X-ray material science

DuTiP concept for Belle Il and ILC were invented.
DuTiP1 was firstly tested with electron beam at ARTBL.

Second prototype DuTiP2 was delivered and now the
firmware is being developed.

DuTiP3 was submitted and to be delivered in Mar 2024.
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Backup



Two difficulties for SOl Solved

Back-gate effect
— Applied E-field affects the circuit

— Suppressed by buried P well (BPW)

e Additional well below the circuit.

Radiation tolerance (hole trapped

by BOX)
— E-field by holes affects the circuit
— compensated by Double SOI

* Additional silicon layer in BOX layer applied

LV.

— Upto 20Mrad was tested with
transistor TEG.

20240116

Substrate Implantation

BPW Implantation

LI LT

Buried ul SOISi
Oxide
| |
(BOXT~T=— 4
P
P+ BPW
* Cut Top Si and BOX * Keep Top Si not affected
* High Dose * Low Dose
— : : 4
s CMOS Circuit i =
[ — - //’ o /r'//l :
1 T 1t / [
_BOX(Buried Oxide) |
p+ / S+ n+ T—
Buried-N  Buried-P T —_—
Si Sensor =
(High Resistivity =
Substrate) ! Q p--
|
Back Plane Radiation

(X-ray, Electron, Alpha, Charged Particles, ...)
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Possible Configuration

e 7-layer VXD

— Layer 1-3 : S type chip
— Layer 4-7 : L type chip with issuing input signal to track trigger

TABLE IV. Possible pixel detector c

Beam pipe and Layer 1-2

* Binary detector can easily issue the signal by taking digital OR of hit information

* Trigger cell is 1.44x1.44mm? - displaced track trigger for LLP possible?

TABLE II. The size of Small (S) and Large (L) DuTiP chips.

Layer|Radius|z Length|Number of

[mm] | [mm] Ladders

1 14 70 8

2 21 105 12

3 35 175 20

4 55 275 20

5 80 400 28

6 105 525 38
135 675 48

7
20240116

sensor |pitch|row x column|array r-¢ x z|array area|chip r-¢ x z
type | [pm] [pixels| [mm?] [cm?] [mm?]
S 45 320 x 640 14.4 x 28.8 4.15 17.2 x 29.6
L 45 480 x 640 21.6 x 28.8 6.22 24.4 x 29.6
TABLE TITI. The trigger cell configuration.
sensor|input signal |trigger cell row x column| cell size
type | for trigger | [pixels] [cells] [mm?]
S no - - -
L yes 32 x 32 15 x 20 144 x 1.44
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Characterization of DuTiP1 Digital Circuit

* Digital Circuit
— Test hit # AT trigger 5 EREILT= hit A
IELLY timing (previous/current) THTL%H
— Input clock 25MHz (40ns)

* faster than 15.9MHz for real operation
* 7bit-1 2>127CLK - 5.08us latency

DUTIiPOE S+ )LEKBO T Oy RIZ L TFIZAEYES, DIGITAL
Il I . Il I I N E E =EE N r H I I I E E E =E E = = =E E EEEE N BN N ~SBE®~BNNBN8mNm
.
[ |
1 T1
0 SYNC [| SEQ ) =
: T2
: : ‘ 1 T !
[ |

TIN  VDET TESTEHIT

MIP | —¥ee oo M2P
ANALOG =

M1C [—¥etes—ev—— M2C

3 | o : .
{_TRG1__PREVIOUS CURRENT _ TRG? ]
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Double SOI

TID

— Holes trapped by BOX generate E-field affects [vidges |—+ = PMO'T'ZEE (ITL

the circuit

compensated by Double SOI

— Additional silicon layer in BOX layer.

— LV applied to the layer compensates the E-

field generated by holes

— Upto 2MGy was tested with transistor TEG.
Kazuhiko Hara et al, PoS(Vertex2014)033
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Cross section of a double SOI pixel sensor

Middle Si

x9.0k TE 12/10/16
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3D Integration

SOFIST3

e SOFIST3 for ILC Vertex

— Pixel size requirement 20um
— Real size 30um

* Need to reduce the pixel size
— =>» 3D integration
— Two SOI chips are connected by Au micro bump  7-Micro

Advanced 30 & MEMS Tecknologier

e Complicated circuit in smaller pixel
Upper

Bond Pad Passivation Back gate adjust
—=L %E %E

%Eﬁii

High R-Si

High R-Si

20240116 33
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e Au cylindrical micro bump.
* The bonding efficiency is more than 99.96%
* [-raysignal seen

Upper chip
(additional
circuit)

Thinned to
6 um thick

Lower chip
(SOl pixel
sensor)

20240116

M. Yamada and I. Kurachi at VERTEX2020

SOFIST4 3D

f‘
-< ~611m
. ; 5.0k\/><3.00k """""""
i -
I _Fuun 0Sr B-ray signal seen
| — 90
100
< p+ Buried n g\n+
500um 80
60
High Resistive substrate (p-)
- v Al(200nm) .
20
% 20 40 60 80 100
T-Micro  The president Motoyoshi-san is joining this workshop -

Advanced 10-IC & MEMS Tecknologies



Active Merge Technique

e Cirucit area can be smaller than bulk CMOS with the same process rule.

— While finer commercial process can be used for CMOS (ex. 65nm).

* Circuit area of DFF can be reduced to 16.5% with active merge

— 84um? - 13.8um?

SOIl: Smaller Layout Size

SOl

PMOS NMOS

"W -

Bulk CMOS

_.PMOS_____. NMOS___ [
! :
| D | O
C (Dl H N
! I
' (H] W H N
L N N N :

N-Well P-Well

Much smaller layout is

possible while keeping Salicide

high analog operating Connectlon

voltage.

20240116

Share
Contac:ts

EE
g

Example: D-type Flip/Flop Designs

Standard D FF

Half Dynamic Active Merge D FF
25% of previous design area

Full Dynamic Active Merge D FF

67% of previous design area

Prehm[nary
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Digital Library and Automatic Routing

* First digital library for Lapis SOl process was established by
IPHC, Strasbourg group
* Prof. Cong-Kha Pham from the U of Electro-Communications

developed automatic routing from Verilog source.

— 8-bit RISC open source CPU, named Open8 SoC, was fabricated on SOI
with the tools.

— Test with real CPU will be performed.

Open8 SoC summary

At Synthesis
#Cell 11.109
Area (um?) 486.001
Fyax (MHz) 27

AtPnR

20240116

#Cell

11.691

Area (um?)

798.470.7
(928.8%859.68)

Density (%)

43.92

Fpgax (MHz)

52

Power (mI¥)

2.098

#MOSFET

219.454
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Stitching

* To make bigger chip, stitching technique was developed by
RIKEN group for X-ray material science at SACLA.

Stitching for SOPHIAS (X-ray sensol
Stitching Exposure for Large Sensor 26.7mm x 64 mm single chip

Produce 26.7 mm x 64 mm -

Sensing Area (3 Stitching). =

* Accuracy of Overwrap is better than 0.025um.

20240116 - 1-direction stitching at present.

[- Width of the Buffer Region can be less than 10um. }
37
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