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Outline
“* Requirements of the CEPC Vertex detector

® |n perspective of the pixel sensors
A floor planning in pixels
® CPV-2, an explorer on the position resolution

¢ First trial with the SOI process + 3D integration technique
® CPV-4, a principle prototype for 3D-SOI

‘s Summary & acknowledgements
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Requirements of the CEPC Vertex detector

10
B Impact parameter resolution o,, = 5@ ——— (uum)
pactp / p(GeV)sin™* @ /

B | ow occupancy < 1%

W |Low material budget 0.15%/ X,/layer Baseline design parameters
.
] ] o R(mm) | Z |(mm) ( a( /.zm)\ material budget
First detector layer at different colliding modes Layer 1 16 625 \28/ 015X
ayer 2 2.5 .15%
Operation mode H (240) W(160) 7 (91) Ayt e B - el
Layer3 37 125.0 4 0.15%/Xy
Hit density (hits - cm 2 - BX™1) 24 23 0.25 Layer4 39 125.0 4 0.15%/Xg
Bunching spacing ( ps) 0.68 0.21 0.025 Layer5 58 125.0 4 0.15%/Xg
Occupancy (%)  (at 10 us) 0.08 0.25 0.23 Layer 6 60 125.0 4 0.15%/X¢
Physigssdriven requirements Running constraints Sensor specifications
0. -LOUM e S >  Small pixel ~16 um . .
s.p. .
Material budget __0.15% Xp/layer _____________________________________5 Thinningto 50um Pixel deslgn'
'L______________1_6________________> Aircooling __________________ > lowpower 50 mW/cm? contradictory
mm . N .. ) .
rof Inner mostlayer -2 __________. > beam-related background _____,  fastreadout ~1pus optimize direction
Lo eeemeeeeee oo - - radiation damage - - _____ > radiation tolerance
<3.4 Mrad/ year
Ref: CEPC Conceptual Design Report, Volume II - Physics & Detector, http://cepc.ihep.ac.cn/ <6.2 x1 szneq/ (szyea r)
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Trade off between Position resolution & Time resolution

B Rules of thumb concerning the pixel (learned from the R&D

on 180 nm CIS process)
Sensing diode + Analog FE: 16 X 16 um? = 256 um?;
Hit registers and logic gates: 16 X7 = 112 um?;
Readout structure:

* Rolling shutter: < 430 um? ;

« Datadriven: > 580 um?;
B More advanced process or new techniques to accommodate
more transistors (more functionalities) within a pixel area

< 400 um? (e.g. 16 X 25)
65nm CIS process
200nm SOI + 3D integration

(for Position resolution)
(for Time resolution)

Pixel size

Position

Time Resol.

Readout |

Name [um?2] Resol. [um] [us] scheme | Pixel area
MIMOSIS 26.88x30.24 5 5 Data driving | 812
ALPIDE 28x28 5 3 Data driving 784
TaichuPix 25x25 5 0.025 Data driving 625
JadePix4 20X29 4 Vil 580
Ultimate 20.7x20.7 4 186 Rolling shutte 428
JadePix3 16x23.11 3 98.3 Rolling shuter 370
e e e e e o e ]
4
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SOl Pixel Sensor

SOI Pixel Detector Radiation
Device Layer (40nm) = _— . Jowscea 2  SOI pixel detector: monolithic type detector
N T s/ TTL S _
Buried Oxide (200nm) — | BOX(Buried Oxide) |/ / * High resistivity (>1 kQ-cm) , thick (50-500 pum)
pt . .. . .
& L sensitive layer; more signal charges, low material
Substrate (50'500]J,m) —> iy budget pOSS|bIe,
(High Resistivity > . . .
Substrate) 4 » Fully depleted (high basing voltage > 100V possible);
Sputtered Al Layer (200nm) — | 1 | 4 fast collection
Sandwiched structure of SOI L dissipati
» Low power dissipation
SOI: Silicon-on-Insulator technology » Almost no single event effects (SEE) probability;
- Utilize 0.2um FD-SOI CMOS process by radiation tolerance
lapis Semiconductor Co. Ltd. * Lowcost

A promising candidate to be used in high energy particle detection
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R&D of SOI pixel sensor for Vertex (In China)

2015 2017

CPV-1

Investigation of Spatial resolution Investigation of 3D-integration

CPV series sensors developed by IHEP group

This talk
Design guideline in general: adopted 1-bit binary readout in pixel

» Small pixel size to enable spatial resolution < 3um;

» In-pixel discriminator to eliminate the excessive driven current;
» In matrix zero-suppression to minimize data load;

» Hit processing within ~1us to keep low occupancy;

The 2022 International Workshop on the High Energy Circular Electron Positron Collider
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Investigation on the position resolution

:002.1e5mry2.’2 0003_pix1_des.tdr 0-0

B 16pm pixel pitch size & 50um sensor thickness
B Low threshold is essential for the high position
resolution
« Threshold < 200 e-
« ENC~20e-

’g 36 __ 004, Y-Blice 2 [0D2, testAry2/2 DDDBpiH des.idr 0-0]
= L » - - - - )
N B ]

34— ]
c - a0 -
(@) B ]
5 ez T
o I s
(72 3 0 -
[¢b] - 1
m : CEPC 0 ] elensity [ ™3]
Lt 2. 1 B 29E7
.g N SINNBANN NN N e
[al 26 :— -40 —zlo X [Iﬁm] zlo .)SEE:SZ

- I‘10|0I = I2|I|l(3rI I |3C|l0‘ = ‘4II|IOI I I50|CrI = Iﬁélol I
Threshold (e) TCAD simulation of the charge carrier transportation
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Investigation on the position resolution: CPV-2

B CPV-1/2 dedicated to validate the simulation

» Simplified in-pixel architecture to keep pixel pitch =16 pm;

Sensing diode + Analog FE + Inverter (as a discriminator);
No hit register or logic gate;

Rolling shutter readout of HIT state;

» In-pixel CDS to eliminate the KT/C reset noise;

» Thinned to 75 pm and characterized electrically;

Normalized response

0.8

0.6

0.4

0.2

Minimum threshold <200 e, ENC =6 ¢

Entries 1991

Mean 0.0007132

§II T

Std Dev  D.0003116
Canstant 330.5

pixel numbers

]
n
=

Mean 0.0006586

Sigma 0.00028594

C . . I They I
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noise [V]
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Investigation on the position resolution: CPV-2

M Infrared laser test setup

B The position resolution was related to the cluster size

Wavelength 1064 nm » Pixel pitch size, depletion, charge collection

Pulse energy adjustable 060 pJ « Signal charge/ threshold optimized with threshold fixed to 200 e-

F dtoW,=1.7 .- i i i i
ocused to Wy Hm B Position resolution < 3um achieved with Pitch = 16um,

3-dimension motion stage, repeatable positioning resolution 1um
threshold < 200 e

‘720 E H

T v - 2 45F -

w(z) “““-nk_“ Wo N woVZ > 5 4f-
———————————————————————————— = - _5_-:_———————-———————————————————% b~ ~ :

T -7 T T T é 3.5F
5] C i

=0 = = 3;_ .........................

beam waist 2'55 e = sy S
- li
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CPV-4 architecture

PeakingTime: sbout 1uS

Far Test Cascode Amplifier Threshald Bias Circuit Current Comparator
iy mmme, FTTTTIIIssssssssssennn e [SRCEEEEEL LR '
W!seh‘:'UF\J\se ! |q\,DDC\ ! ; E
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' : ; : PIX_IN
1 MO 1 !
' IBIASD—{[ : IDBD—{ M7
: TS ! 4 b oamo
' c ITHR : oo
' ! : ——{> t
Input: H ! i H
' [ H W
H
' H
1
L]
:
1
L]

OuT_A
F } threshold
_—

t
Pulse Daratio n: <3a§
ouT_D

'
//
»
7
l" ‘J
li‘;" —‘I
l T
Aoy
1IR% Leading edge of comparator
iR output used for timing < 1ps
NS
\ g
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Syne
Grst
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te<Q:
Valid State<1:
State<2>
State<3>
syme [
I e
nes1>
Address<3:2>. Address ! Reset [eindion
e oecoaer P52
Read _.D_ >0 Syne f
L \_/ Address<1:0>.

Data readout structure (simplified) of CPV4

*Ping Yang, NIMA 785 (2015) 61-69
B | ow power front-end:

» Topology same as JadePix-3/4 (originally from ALPIDE);
« Compatibility with PDD diode to be verified,

B Data-driven readout (Asynchronous Encode Reset Decode*)
* Targeting time resolution < 1ps

W Pixel area targeting < 400 um?
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CPV-4: 3D implementation

W \ertical integration of
» Lower tier: PDD sensing diode + amplifier/comparator;
» Upper tier: Hit D-Flipflop + Control register + AERD readout;

» 2 \ertical connections in each pixel: comparator output and test switch;

W Pixel size: 17.2 X 21 =361 um?

* Resources of layout area and metal layers for routing X2

B Thickness of the upper tier: ~ 10 um

Au cylinder Bump (3 um diameter)

v

Lower tier
A-Rulse
\ %
O\ < 4
1
PDD Amplifier/
Comparator

Hs__D;;Jlse

Upper tier

Control reqiste

=

Strobe

| SN
"D

Test-EN
Mask
- State>
Hit
D-FF LReset

AERD
readout

Division of upper and lower functionalities
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Wire bonding

o / V4

pad for packaging

BOX, Buried Oxide

V4

7

- ~10 um
- CMQOS Circuit
(Digital)
—
-~
CMQOS Circuit
(Analog)
—
Sensor
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CPV-4: pixel layout implementation

€ A lot of efforts to minimize the layout size: 21.04 um * 17.24 um
»  Upper tier: 88 transistors for in-pixel control registers;
66 transistors for a single stage of AERD;
* Lower tier: Compromise between noise and transistor size;
Y-axis mirrored, sensitive input node protected

against the output node to minimize the crosstalk

17.24 pm

Single pixel

P
«

21.04 ym

3D bump positions in 2*2 pixels of upper and lower tier (Metal_1 only).
2 bumps for each pixel (Comparator output & test switch )

i |
Layout of 2*2 pixels in lower tier

12 The 2022 International Workshop on the High Energy Circular Electron Positron Collider
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CPV-4: upper and lower chips verified before 3D integration

200 150

Layout of CPV4-3D

_-100
Bias voltage (V)

—— |bias —@— Iperipheral

0.001
0

I-V response of the lower chip.

Indicate the sensor can be biased

at -200V.
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Pixel size 17.24 % 21.04 um?
Time resolution | ~1 us or ~3 us in different .
operation mode
Pixel array 128 X128
Chip size 4.5mm X 4.5mm
Leakage current on CPV-4 (k)

; | Discriminator

|-V curve of the sensor:;

Discriminator

Amplifier

ne “E 4 /0 a/x BERE &
W®(;  188nv 185.420v 1780V 191av 6.5052m% 3

[l iciny R

Analog frontend w/o PDD
Test charge injected ~ 100 e~ Test charge injected ~ 750 e

Amplifier

Analog frontend with PDD

B Characterization of Upper and Lower chips separately

« Waveform of analog Front-end;

» Digital control and readout of the upper chip;

Output of the upper chip (Valid):

low -> High: test pulse injected to 4
pixels;

High ->Low: all the addresses of the 4
pixels readout (Read),;
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CPV-4: chip to chip 3D implementation

3D chips delivered in Aug. and Oct.

Bond Passivation Back gate adiust

Hiah R-Si T v o ol -
Hiah R-Si Aoy Sy .. -
Lower Chip to Chip alignment S o [
IR Microscope IR Microscope
Metal 5 Alignment Mark n
Cylinder bump P . Uppel" Chlp
- A
+| |+ == Upper Chip
Ciﬂnderbump = '~/
/ = 2 2z
D /@ ’//,/‘f &> ' —»;_;,\‘h/
o Lower Chip
D EI 4.5mm —
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CPV-4-3D: ready for the 3D chips test

A test system is ready for the 3D chips tests:

» Firmware and DAQ system have been verified
during the upper & lower tiers separate tests;

»  Wire bonding has done on some 3D chips for

. Ky 5 conditioning
CPV4-3D-05 % ) ) ]
By B - » For the formal 3D chips, wire bonding and tests are
underway;
. DAQ SOl Hitmap
DAC DAC software -
Refresh Configuration -
100
\ | 80 10°
- o N Digital chip
- Config IPbus / Configuration . .

20
Readout Data Readout mmm)p Data Parse =)  Hitmap /

0 100

0 20 40 60 80 100 120

An example obtained during upper chip test
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Summary and Outlooks

B The position resolution < 3 um is required by the physics programs at the CEPC experiments, along with

Time resolution < 1us for low occupancy;

Low power consumption < 50mW/cm? for low material budget;

Trade off between position and time resolution due to the pixel circuit floor

Pixel area <400 um? is critical for the position resolution;

More advanced processes than 180 nm, or new techniques needed;

CPV-2 explored the position resolution of binary readout

Pixel size 16 pm X 16 um, threshold < 200 e

3D implementation of the CPV-4 design, targeting Position and Time resolution simultaneously

Pixel size: 17.2 X 21 = 361 pm?; Resources of Layout area and metal layers for routing X 2

Data driven readout: ~ 1 pus

Recent progress on the 3D-SOI:

Upper and Lower chips have been characterized separately

Test on the 3D chips is underway

The 2022 International Workshop on the High Energy Circular Electron Positron Collider
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Single point resolution (um)

12

10

——=a—— Mimosa 9 Analog (12bits)
——a—— Mimosa 18 Analog (12bits)
B Mimosa 16 binary (1bit)

——&——  Mimosa 22AHR binary 1bit;
——*—— Mimosa 28AHR blnag? 1bit
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Double SOI

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)
It is able to compensate electr

It can be used in high radiation environment (~1MGy).

(K. Hara, Vertex2017, Sep. 11

20

Double SOI Pixel Detector

a ircui Vsor
F _/ \_ LSl circuit !
SOl e -
BOX — PMOS N
T
Mmiddle spi P* BNW  BP ( LA n+ Vb'_a'_s_
(SOI2) = -
- b |
+
. ; p type high-resistivity -
¢ field generated by trapped holes in the BOX. Silicon Sensor . E )
-15, 2017, Las Caldas) Back plane (p+)
Charged particle

liustrated by T. Tsuboyama (KEK)

Sensor thickness: 50 - 500 pm
Sensor Resistivity: > 1 k()-cm
SOI2 thickness: 160 um (n-type)
SOI2 Resistivity: < 10 Q-cm

The 2022 International Workshop on the High Energy Circular Electron Positron Collider
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<«——— Pixel —> GND

PDD (Pinned Depleted Diode)

VBB=-15V
VBB=-4V
25kQcem, 200um
36um x 36um
A SOl Pixel Detector Using p-
Pinned Depleted Diode Structure (SOIPIX-PDD) , ————

1. SOI Circuits - 20)6 Coordiggtg(um)
DD /|
-6.0 : . -

@A

. _-4.0

S
VBB g '2 o ,/-—'//MW

Charge Pixel % o0 TR

Detector Boundary o P .....
t p- / 2.0 R
z pt

* Pinned Surface of Si Substrate with High Density Holes
-> Very Low R-G Dark Current
* Buried Channel = No Carrier Loss Due to Si-SiO, Interface Traps
- Nearly 100% Charge Collection Efficiency
* Lateral Electric Field to Gather Electrons into an n* Sensing Node

- \
1\
N’

. o ; . . Higl potentnai”
I -> High Sensitivity and Low Noise Due to Small Sensing Capacitance ) in!iketector
Shizuoka University, University of Kyoto, University of Miyazaki and KEK of SOIPIX R&D Group €SP S \’”?é; ""
co°
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CPV4-3D: PDD sensing diode system

CPV4-3D employs the PDD (Pinned Depleted Diode) sensing diode system for charge collection

i VSENS — Composed of several layers of doped structures with different depths interface:

= = Wl(BNW » Sensing node (NS) and the buried n-well (BNW1) form a charge collector;
Ll BPWI(BZ?LZMM) Lol « BPW1:shielding layer between circuits and the charge collector;
snwsens) | « BNW2, BPW2, BNW3 form a lateral gradient electrical field, benefit to
s=silisei charge collection efficiency;
Schematic view of PDD diode structure. » High negative voltage is backside applied to obtain a fully depleted substrate.

€ Not 3D-specific, but the most active part of study in SOI pixel sensor technology

* Evolution of years’ development: BPW, Nested-wells, Double SOI, and PDD (Pinned Depleted Diode)
€ All-in-one solution in the sensor part:

» Control back-gate of transistors

« Maximize charge collection efficiency
» Suppress leakage current of Si-SiO, interface
* Minimize the capacitance of electrode (Cd)

» Shield the capacitive coupling between the sensor and pixel circuit

22 The 2022 International Workshop on the High Energy Circular Electron Positron Collider 2022.10.24



3D chip stacking process

(a) after Via 5 formation
[receiving chip for 3D process]

(e) bump bonding
& adhesion glue injection

(b) under bump metal
deposition & patterning

(f) upper Si removal
[expose through BOX via]

(¢) Au bump formation

(g) upper metal deposition &
pattering
[bonding pad & backside gate]

(d) lower & upper chip alignment

» 23 The 2022 International Workshop on the High Energy Circular Electron Positron Collider 2022.10.24



3D IO pad

24

Configuration for the signal of lower tier(left) and upper tier(right)

3D IO pad

The 2022 International Workshop on the High Energy Circular Electron Positron Collider

Upper chip

Lower chip

3D 10 pad
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CPV4-3D: Lower tier pixel

For Test Cascode Amplifier Threshold Bias Circuit Current Comparatar

PRt ]
o, .
WReseh ,“WPuls *
A

[1
]
1y '
b ¢
“l--‘
]

Clipping Circuit

Pixel schematic of CPV4-3D lower tier. The structure original
from ALPIDE designed by CERN for ALICE

€ Lower tier pixel integrate the functions of

» Charge collection;

Amplification;

Digitization;

Threshold tuning;

Structure for pulse inject test;
€ -4V on the back-gate of MOS transistors required (BPW shown last

page) in order to minimize electrode capacitance Cd.
* Vth decreased 70 mV for PMOS and increased 50 mV for NMOS
 Characterized and modeled in HSPICE by KEK
€ Influence on the front-end assessed

 Current mirror matched and placed in a -4V N-well (Counter-part branch of
MO, M4, M7)

« The other transistors compensated by proper offset on their bias voltage
(VCASNe.g.)

+ Confirmed by simulation
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CPV4-3D: Lower tier pixel

Cascode Amplifier

Far Test

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

Threshold Bias Circuit

Current Comparator

t
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R
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l“" i output used for timing < 1us
TR
\
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@ Transistor size selected according to ALPIDE design* to minimize FPN as a first order approximation

Transistor MO M1 M2 M3 M4 M5 M6 M7 M8 M9
W/L 1.8/8.5 1/0.4 1/0.4 1/5 2/8.05 0.63/4.94 0.63/3 1/5 1/0.4 1/1
© Simulation results of threshold and noise
Threshold Gain@Thr Vnoise@Thr ENC
Pre-layout 75e 32mV/10e 4.33 mV 134 ¢
Post-layout 125 ¢ 8.6mv/10e 2.92 mV 4e

€ TID radiation enhancement

» Smallest working current path at M5 = 0.5nA, the same order of
magnitudes with leakage after radiation (TID: ~1-10 Mrad)

» H-gate transistors used for M5 in test pixels for TID

« Compensation of TID-induced Vth shift to be applied on the BPW layer

L
H-gate NMOS layout used in this design

i mem
*Ref: D. Kim et al., 2016 JINST 11 C02042
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CPV4-3D: upper tier

, / \ Continuous readout mode: Triggered readout mode:
Pulse == D o q : -
- T - Strobe == 1, - Strobeas gatesignal;
2 ) « Timing by falling edge ~ 1ps resolution * Timing by trigger ~ 3us resolution
/B = [ 2 I 3 « New hits are freeze while reading * Read after trigger
pixel oLl PN 1 _— g:::;iz: i Address<1:05
rneaZ ] it Ll Eneoder pixel_out1 7
! pixel_outl - | 7
e / pixel_out2 e
_e.t:,r:: pixel_out2 '.’ | 7 I_l
AERD_EOC ' strobe L
Valid g::?:zz strobe _J'I ;
Shieoas grst _l “‘ grst |‘
sme [ SynceQs d
Xi Address43:2>. press : o peset —%,',%“c_%i read [ ][] rea
Read \ Syne T ) freeee [ [ 1 freeze
{ nddress<1\>\ / sync |—| |—| sync

addr<3:0> :)@D@( addr<3:0>

Data readout structure (simplified) of CPV4-3D

1. Lower tier pixel: convert hits information into digital signals
2. Upper tier pixel: Hit D-Flipflop + Control registers (Musk/D_test/A_test/hit_response)
3. Data-driven readout (Asynchronous Encode Reset Decode*)
» 4 stages AERD in each double column for 128 rows
» 3 stages AERD under matrix for 64 double columns
4. SYNC/FREEZE generation block: outside the matrix

e Continuous readout mode

» Triggered readout mode

*Ping Yang, NIMA 785 (2015) 61-69 14-bit output for fired pixel address information
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