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Vertexing at the ILC

« Spatial resolution near the IP better than 3 um
« Material budget below 0.15% Xo/layer
« Low-power ASICs (~50mW/cm2)+gas-flow cooling Occupancy /(20um)?/train and the efficiencies (vs #memories)

« The first layer located at a radius of = 1.6 cm at the innermost layer
- Pixel occupancy not exceeding a few % z e AN/N! (%)
- Radiation: TID<1kGyl/y, NIEL<10'" n/cm?2/y Ecm(GeV) + A
N=0 1 2 3 4 7 8
<l1)m§1 .
Beam-bunch train  ~1300 bunches (every 554 ns) 250 | 0.09 9142 9962 9999 100 = 100 | 100 = 100
350 | 0.12 8938 9942 9998 100 .~ 100 | 100 = 100
500 | 0.20 8195 9826 9989 9999 100 | 100 = 100
< 11
200msec g 1000 | 2.04 1300 3952 6658 8498 9436 99.88 @ 99.97

« We choose SOl monolithic, pixel size 20x20 um
- store data during the train, readout them in
between trains
- 3 memories each for the signal charge and 0.75x10%/em?/s @0.25TeV?
arrival time 1.8x1034/cm?/s @0.5TeV

] _ 3.6x10%*/cm?/s @1 TeV
= SOFIST (SOl fine measurements of space and time)

numbers are scaled from study of Mori (Tohoku U, master thesis)
made for (5um)? FPCCD, 2014, using Guinea Pig+Mokka
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40nm — - ——
200nm —=

50~500um

fabricated in a conventional LS| process.

T#

Sum

SOl monolithic sensor

Monolithic sensor using silicon-on-insulator (SOI) technology: Lapis 0.20um FD-SOI
Pixel nodes (in handle Si) are electrically connected to readout circuit (SOI layer) through small vias
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Advantages of SOl Monolithic Sensor

Metal-5

Passivation

Bonding Pad

Metal-4 I-:-:-:-:-:-:-:-;E [t

| BEEEEI|
Metal-3 E:-:-:-:-:-:-:-:: | SRERERREARRARE |
IREARERARERARERAE | o] Metal-2
[Ernnnnnn] Fronnnannnneeene] Metal-1
Gate Poly Si
N-MOSFET P-MOSFET
BOX
@ Lo 4

- Bonded wafer (SmartCut™) - sensors can be fully depleted
- Commercial CMOS process is used to fabricate SOI detector
- Extremely Low material budget (can thin down to 50 um)

- Easy to embed circuits on top of BOX

- Low parasitic capacitance, FETs fully isolated
- Very good compatibility with 3D stacking

Handle Wafer

~ Sensor

— Circuit 8 Mm

MIM cap

50-500 pm
p-Fz, n-Cz
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SOFIST layout

the ILD vertex geometry
62.0mm 5

10mm

V V NV

ADC x 3125ch + Zero-suppression

Data transfer interface
Readout/Output

Data output
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SOFIST on-pixel circuit

5 e et L e e et e D L L e L e L D L DL DL L -
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: Lower Chip E Shift-register Upper Chip
' |EXT.TRG EN REGOUT_1 REGOUT.2  REGOUT3
? N e S i e
:miUN / 0: [0 ) '—°>15 — T'5 —°>T5
: . Gomparator 5 Separa.tlor? in 3D.
| ‘{ & cos ' Both circuits are in
] ll> | ] one chip, otherwise
CSA \T Analog signal memory x3 Timestamp memory x3
SIGNALE ﬂiaim 1 _/— REGOUT 1
[> {] E [] 3/3 _[_ D AQUT_1 RAMP_IN—T——%© °—_‘_—D— TOUT_1
Bufferamp | . T T
Eu E u_ REGOUT 2 ij 2
PAD! R l[> AQUT_2 v T D TOUT_2

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

Multiple memories: dead-time less data store possible
Timestamp data: distinguish hits associating to individual events
- separation of beam bunches (554ns) is ideal, but separation O(1us) would help a lot
Readout all memory data (charge and time) in a column by one ADC 5/21



SOFIST in development
| vert | ver2 [ ver3 | verd _

Produced /Tested® 2016/2017 2017/2018 2018/2019 2018/2020
Wafer SOl DSOI DSOI DSOI
Pixel size (uLm x um) 20x20 25x25 30x30 20x20
#Charge memories 2 0 3 3
#Time stamp memories 0 2 3 3
Chip size (mm x mm x um?) 3x3x500 4.5x4.5x75 6x6x300 4.5x4.5x300
Notes Spatial Time Both Both**
column ADC  column ADC column ADC column ADC

Zero-suppr. 3D

S i * Yearly test beam activities at FNAL
§ This year is planned for SOFISTv4

l: ** timestamp function is not testable due to mis-match of
e the readout and sensor wafer types
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SOFIST-v1 spatial resolution

SOFIST residual to FPIX track (c_track~0.57/0.65.m)
ol Bias=130V (~500um depletion) =>15V (~200um depletion)
o pixe Readout: external 12-b ADCs =>on-chip 8-b column ADCs

SOFIST#1(BPW14x14) SOFIST#2(BPW16x16)

plots are for “black case” _ Residual X: 4 Residual X: 5

20x20

* h_resx_4 > — h_resx_5
s Entries 1784 s o Entries 2401
& 140 Mean 0.1503 o 220 Mean 0.1677
Std Dev 2.795 200 Std Dev 2.721
120F- X2/ ndf 12179 E x2 / naf 125879
Constant 139.5 = 5.8 180~ Constant 227.7 7.6
[ Mean 0.2746 = 0.0553 160 Mean 0.1668 = 0.0386
H 100~ Sigma 1.504 = 0.054 E Sigma 1.367 = 0.035
Residual X ™} 10
80— 120
g 1.50 = 0.05 um oF 1.37 == 0.04 um
60— E L
: 1.57 = 0.08 pm  =of 1.49 = 0.06 um
40— 60
: 1.58 £ 0.05 pm  ,f 1.33 = 0.0B um
20 :— 205_
o35 ,n:‘-c‘)*n e I 15 IS T S0 s 10 15
Residual X [um] Residual X [um]
Residual Y: 4 Residual Y: 5
- h_resy_4 @ 240 h_resy 5
S 160[~ Entries 1784 < Entries 2401
o r Mean 0.01972 o 220 Mean -0.1204
140~ Std Dev 2.825 200 Std Dev 2.694
%2/ ndf 16.79/9 %2/ ndf 11.4/9
120 Constant 148.5 = 6.4 180 Constant 231.2+7.9
. E Mean 0.1282 = 0.0481 160 Mean 0.06111+ 0.03750
Re S I d u a | Y 100 :_ Sigma 1.378 = 0.048 140 Sigma 1.348 + 0.035
soF- 1.38 £ 0.05 pm = 1.35 £ 0.04 um

1.55 & 0.08 UM
1.54 = 0.04 pm ©

1.38 = 0.05 um

S/N~300 (130V) o 1.32 =+ 0.03 pm
~120 (15V)

E n ! o oo
-15 -10 -5 0 5 10 15 = -10 -5 (o] 5 5

10 ! 1
Residual Y [um] Residual Y [um] 7/2 1
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o
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Sensors with O(1um) spatial resolutions

Spatial resolution improves with S/N as charge-weighted mean position calculation
Mostly SOl sensors in this competition
World record is 0.65um achieved by FPIX 8um

DEPFET(24um)
— (b)
g. 700F ﬁffnm -voeszgsfﬁogvz;
d o Sigma 0.6834 + 0.0068
c SOFISTv1 (20um) 800~
.g tracking error subtracted 500 pyTt=
% n correction (calculation)  400f- 2nd FpIX2 o = 0.683
8 : 3002_ £ 0.006 pm
= 0.8~ ; s a0k
© - | —— Ref.[21] 13.75um FPIX (8um) :
% 0% | Retizz124um o T
8‘ 0.4 v FPIX 8um é 02 0 24 CE T
0.2F |- SOFIST20um | o — FPIX residuals including tracking error
0_035 i E N B I R i i K. Hara et al., PoS(Vertex 2017)035 pdf
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3 Xe\S

=™ SOFIST-2 Time stamp resolution

SOFISTv2 for timing study thinned to 75 um . . :
Timestamp correlation of two sensors in a beam

Test input
é\ —o/o— ? E500E
| | EN S E4505 . .
L S cos W1 W2 = Sk Combinatorial

(o' -

T ‘ | > N g background due to

(L Gomparator O = '_3005 th t I . th

(ChargeF:;::\rsz;mpHﬁer) \T fhift—register U 2505 O er par IC es In e
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1 Qutput amplifier 100§
9/0 1 D—C’/ Pixel output 50 E_
ST PO TR PR RN PO POV PRI NSO
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w
3
H

W ext 12_b ADC Timestamp (IP-08) [us]
mug B s4n25v7onme  Chip-A[us]
; SOFIST ver.2 #1 and #2
Timestamp memory ‘UE) L IE:.[T:is'd“u-ALLomo 1‘_
g T
Beam gate(500us) simulates 500F W
the ILC beam train 400 e 1000 -01ar]
300F
~1300 beam bunches (every 554nsec) E Sigma = 2.19 x 0.02 IJS
200 E
-0 T 7
< P — L T T RS R S T/ R T
(= Timestamp Difference (us)
‘ ILC beam structure 9/21

Intrinsic resolution: 2.19//2 ~ 1.55 uys



Row szlector

SOFIST-2 zero-suppression logic

Response to -ray (time data)

Pixel array
(Time stamp)
64x64

Pixel array

I(Analog signal)|

16x64 !

X

1

£ P f P P
8bit 8ot | _ o ____ 8bit 8bit | ______ 8oit
ADC | ADC ADC | ADC ADC

| — 1. [
| 0-suppression logic Column szlector
|
Digital output Digital output

Data flow

ADC data

data l

Pixel-column arbiter

1 data & address

Memory

Digitised column data are examined and only hit pixels are stored in FIFO
Total scan time= AD conv. ~5 us/colmn(64) x columns(64)~320us
vs 340us measured @25MHz clock

Hit map: SOFIST2
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Zero-suppr. (whites are not R/0)
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SOFIST-3: time resolution w/ laser

Sg==5s= Egr=5% Time resolution of SOFISTv3 was investigated by injecting

AnalogDeta2D

time _ pulsed IR laser with fixed delay times

>

TimeData2D

-left) Repeatability of the ADCs (converted to us)
pulses for all the illuminated pixels

-right) Same but calibrations using simple linear
s was used for ADC to time conversion
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Oluster residuel

Cluster residual

SOFIST-3: time resolutionin TB

Time resolution of SOFISTv3 evaluated from time
difference of two sensors
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SOFIST-4: 1st 3D stacked
OIPIX sensor

SOFIST Ver. 3
SOFIST Ver. 4

Lower chip Upper chip
20 um 2

Beam-tested and under final evaluation
13/21



SOFIST-4 3D stacking

3D stacking of SOI chips (chip-on-chip)

— Electronics circuits in two chips are fused using cylindrical micro-
bumps to extend the circuit functionality in limited space

65nm Transistors
PAD PAD

Back Gate Adjust Elect rods

Tohoku MicroTech

e e Pixel size: 20 x 20 um
Upper - : B Under bump metal: 4 x 4 um
. f: f Cylinder bump: 3 um¢
Lower T T T — _
ch|p SSgumAT‘  Buied n
Sensor 1 High Resistive substrate (p-)

Al(200nm})

A O™ T ™
- - B -
=
v a 34l a §
- -> - -
ig & $al a §
- - ES -
ey & 3al ad
- - - -
5.0kV x3.00k = i - i = s: = s
- - - -
2% 3 %5:% 2 %
B8 S & 8 .8 8 8 8 8 8
g8 8§ 8§ 8 8 8 8 8888 8§
B e & 8 & & 8 8 s s s s S
B s & & & & & & 8 8 8§ 8 8
B3 - - - - S - - - - - - -
= = k4 E 4 - E 3 k4 £ : : : : :
5.0kV x1.00k

2 bumps + 2/2 for power&return
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Process flow of Au cylindrical bump

Key Technology : inverse-tapered photoresist
& low incident-angle Au sputtering Processed by T-Micro

Phoforesist Under Bump Metal

e e T TS ST
e PR PRl

Si0,

Bump Hole Patterning Bum P Resistance

1.0E-3
1,4096-stage bump chain

0.86-3 |- R

*R
'chain resistance bump

0.6E-3 =
® chip#2 167.80 | 041Q

@ chip#1 15390 0380 ;~"i ’

0.4E-3 |—-|® Chip#3 1339Q | 033Q

*Reump : Include parasitic resistance of interconnect

0.2E-3 |=

Low incident angled

Au Sputtering 0.2E3 =

-0.4E-3

-0.6E-3 i

-0.8E-3

Micro-Bump

1063 Ll l
1.0 0.5 0 05

Vi(V)

Au cylinder bump

[ A T A

Resist Lift-off

0.3~0.4Q)/connection

Cross section of junction 15/21



Response to [} source

SOFIST4 #pixels Pedestal
2503—
2oof—
150?—
0 l:u....I...I.JI..,mA...I...I...
0 20 40 60 80 100 1600 1800 2000 2200 2400 2600 2800 3000

ADC
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u-bond yield by [ source

50k event accumulation

100

0

H#Hits

IIII|IIIIIIIIIlIIIIIIIIIlIIIIIIII

Pixel ADC

100

0 20 40 60
# bond failures : (2~4) of 102 X 102
good bonds~99.96%

V_THRESHOLD

_I—l—H—IIIIIIIlIIIIIIIlIII

80

Analog signal memory x3
REGOUT 1

comp |

FEST_IN
T F :1 oo
1 1 T !
} 17 :

* csA \
SIGNAL!

l/ PAD,

Buffer-amp '

l
T >—a

2.5

2.0

1.5

1.0

Bump bond
failure

Genuine channels

1 Preamp failure
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Concepts for chip-on-chip connections

In the case of SOI chips ...

Back Side

Upper
Chip

Front Side

Lower
Chip

Note: Renesas’ 65 nm TB-SOIl and ST’s 28 nm TB-SOI
also utilize “through BOX via” technology

Etch down Si and

\ pads are placed

for WB:

Relatively thick
(150-200nm) BOX
of Lapis helps
terminate etching
as required

Inject epoxy for
reinforcement

Typical concepts for electrical
connections between front and
back sides

Back Side

Through Silicon Via (TSV)

size ~5 um, complicated
Through BOX Via (TBV) Our

size ~0.3 um, simple technology

Front Side

Cu-Cu direct bonding (SAB)
require quite flat surface
u-Bump  Cu/Ni/SnAg
In
Au (cone, cylinder)
oxidation-resistant metal
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Advantages of SOl micro-bump bonding

* Requirement on the surface flatness is moderate, as the height of the cylinders
can be self adjusted by deformation: a few um tolerance. of. Cu-on-CU 3D

» Soft cylindrical gold bumps result in high-connection yield, as shown.

* No TSV, but Through BOX via (TVB) are processed in the SOl CMOS circuit
processes. Fine TVB (0.3um) can be fabricated.. cf. TSV 3D

* Relatively thick BOX (150-200nm) easies top S

silicon removal etching process

* Upper chip: Only CMOS circuit below SiO, remains. W

- The remaining thickness is about 8 um.

* Circuit chip has SiO, layers on both sides:

stacking can be further repeated

SOl and 3D are in very good compatibility High R-Si
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Rad-hardness of adhesive glue

Proton irradiation : 400 kGy
Upper Chip Peeled Portion (5 % 1024 cm2 in 1 MeV neutron equivalent)

EATRpEn

L) A e

Before irradiation After irradiation

No obvious damage was observed
even though the dose level is threshold to create Si displacement defects.

An test chip from process condition tuning was evaluated. The upper chip had some peeled edges but still good enough to evaluate glue damage.

- Color difference is due to lighting 20/21



3D design tool

e Virtuoso with dedicated rule files.

* Virtual layers are automatically generated between upper and lower chips that unify
the chips geometrically and logically.

* DRC (design rule check) and LVS (layout versus schematic) can be applied for the
whole pixel system.

3D can be designed as for conventional SOI

Upper pixel

- METS (upper) -

B e ™ e ™ Lower pixel e =
Upper-tier [ 7 PV (upper): VIA Upper chip Lower chip i * &l
ort — l l
P ZC1 (upper): Bump [ Layout ]— Special VIA Gen. —[ Layout ]

- M ZC5 (upper): Bump ID v ) v

| DRC,LVS H LSt <€ DRC,LVS |
(Virtual connect)
ZC6 (lower):Bump ID
- s |
. . Stacking . Stacking
port N N\ DRC/LVS rule | J/ -/
7 PV (lower): VIA ‘1,
- METS (lower) DRL(J)ngiI(_a\d/SZ Dummy Gen.
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Summary

* In the past 7 years, we have been developing SOFIST for the ILC vertex tracker

* Excellent performance has been demonstrated on the spatial and timestamp resolutions,
verifying superiority of SOFIST as a deadtime-less device recording timestamp at O(1us) precision
over the ILC train duration. Column ADCs, sensor thinning to 50um have also been verified.

» 3D stacking allows to keep the pixel size small (20x20um). SOl is in very good compatibility to the
3D stacking.

However, to adopt SOFIST to the ILC vertex

- Power consumption needs to be lowered. As the demonstrated detector performance is well
within the requirements, compromise of the preamplifier speed (hence power) is foreseen.

- Periphery circuits to analog power-off in between trains, to transfer digitized data, and etc., with
micro-channel cooling incorporated are to be investigated.

- have a full size chip
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Lapis is the closest foundry to ILC
T-Micro is in Sendai
Proton irradiation at Tohoku U

https://mapandnews-japan.com/mapsearch_touhoku.html






Power dissipation

Current SOFIST: preamp + NMOS SFs: (2.75 uA) x 64 x 64 pixels x 1.8 V ~ 13mW =0.86W/full chip=126W/146chips
or 138mW/cm?

We started investigating ALPIDE type low power preamp*

*Comparison of preamp characteristics

Parameters SOFIST ALPIDE for SOI*
Preamp Gain 40 pV/e- ~4 mV/e-
Sensor capacitance 34 fF 3 fF
Pixel power 2.75 pA/cell 80 nA/cell
*50um depletion *i_reset 0.2nA

From TDR
CMOS 600W=10W by 2% duty cycle — air cooling
FPCCD 35W inside the cryostat (50um CFRP sheets) — two-phase CO2 cooling
DEPFET — air cooling
For 10W for the entire barrel (S*1600cm?) =6.3mW/cm?2 ?
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3D stacking (1) TSV

* For the commercial image sensors, the first trial is to move the

peripheral circuits to the second chip and stacked by using TSV, through
silicon via.

Pixel Peripheral

TSVar
(Pixel-DRAM)

Pixel 1 o=

Interface betlween|.
Pixel and DRAM

TSV
(DRAM-Logic)

DRAM 7

Interface between| |
DRAM and Logic [ |

Logic —

* This is not an answer for HEP. We have to increase the performance of
circuit in each pixel. Pixel-by-pixel connection is necessary.

* Parallel data processing.
* Low power operation thanks to minimum parasitic capacitance.



3D stacking methods (2)

Direct Bonding Interconnect

Two wafers are prepared.

The bonding surface is flattened and
cleaned.

Aligned and attached. Apply
suitable pressure and heat for the
diffusion bonding of pads.

SiO2 surfaces is also fused, resulting
in the stable structure.

Widely used for the mass

production of high-end image
Sensors.

A || RS

ire/b
Y ond pads
E_ SECOND WAFER
o\l
BB ey
:: \:]’_# . |
| EREESTE

= EL@ I:IL&! = = ﬁk‘ bond pads
[
Jﬁ E @ FIRST WAFER

From the slide of Valerio Re,
Vertex2018



