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Introduction: requirements (CDR)

* On the pixel sensor for the efficient tagging of heavy quarks o . =5 £m 10 4m
* To achieve S.P. resolution ¢ p(GeV) sin¥? @
- Digital pixel with in-pixel discriminator ~ 16 um time stamp B

- Analog pixel ~ 20 um (heavily rely on power pulsing as in the ILC) |
To lower the material budget ET S L
. PN
- Sensor thickness ~ 50 pm et 0% .
- Heatload <50 mW/cm? constrained by air cooling N ® \

* To tackle beam-related background * _ ,
- ~ us level readout, 25 ns beam spacing @ Z-pole operation _spatial resolution
- 3.4 Mrad/year & 6.2 X 1012 Neq / (cm?-year) ILD-like d01.1b1e-sided concept without
power-pulsing mode
Physics driven requirements Running constraints Sensor specifications
O p. - UM elillls > Small pixel  ~716um
Material budget __0.15% Xp/layer _____________________________________5 Thinningto 50 um
L e e e e e e e > Aircooling __________________ > lowpower 50 mW/cm?
r of Inner most layer _16mm > beam-related background _____5  fastreadout ~1pus
L e e e > radiation damage -----_______» radiation tolerance
<3.4 Mrad/ year
Ref: CEPC Conceptual Design Report, Volume I - Physics & Detector, http://cepc.ihep.ac.cn/ <6.2x10%n,,/ (cm?®year)

Wy
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Overview of R&D activities

CMOS pixel sensor SOI pixel sensor

LS Circuit PMOS

Towerjazz CIS 0.18 um Coei o meees o LAPIS 0.2 pm process
process % High resistive substrate (>/
Quadruple well process kQecm)

Thick (~20 um) epitaxial Double SOI layers available

layer Mmm;m;:m“_)f—“*"" * Thinning and backside
with high resistivity (21w process
kQecm)

Towards Baseline Requirements: CMOS and SOI R&D in Synergy

Fine pitch
Low power
frontend

+ Fast readout
architecture

l

Readout speed
Digital power

Spatial resolution
thinning
Analog power

| |

CPV1/2/3 JadePixi/2/3 MIC4
(SOI) (CMOS) (CMOS)
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Overview of R&D activities

CMOS pixel sensor SOI pixel sensor

LS Circuit PMOS

Towerjazz CIS 0.18 um Coei o meees o LAPIS 0.2 pm process
process % High resistive substrate (>/
Quadruple well process kQecm)

Thick (~20 um) epitaxial Double SOI layers available

layer Mmm;m;:m“_)f—“*"" * Thinning and backside
with high resistivity (21w process
kQecm)

Towards Baseline Requirements: CMOS and SOI R&D in Synergy

YP Lu, Development of the
Silicon Tracker for CEPC,
ICHEP2018, Seoul

Fine pitch
Low power
frontend

+ Fast readout
architecture

l

Readout speed
Digital power

cPVA//3  JadePixi/2)3

(son_(cmosf“’ (CMOS)

Spatial resolution
thinning
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Overview of R&D activities (cont.)
[2015 ] [ 2016 | [ 2017 ] [ 2018 | [ 2019 | [ 2020 |

SOI pixel Double-SOI process
CPV1

SOI-PDD process
6 X6 mm?

Compact Pixel for \Vertex

HR-CMOS pixel Tower-Jazz CiS process 373-3mm* fig

Sensing node study JadePix1 SR |
Small pixel size, in pixel digitization { JadePix2

and low power design
3.2X3.7 mm?

Fast readout, time stamp (25ns) MIC4 TaiChuPix1/2

il 10.4X6.1 mm?

Ladder and prototype

. : : Another team
Single-sided ladder with MIMOSA28 sensors, 0.39%X0/layer

‘l
S

Double-sided prototype

®)
(
l\q
R\
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CPV3: an novel design with SOI-PDD process
® Pinned Depleted Diode process proposed by Shoji Kawahito (Shizuoka U.)

e Pinned Si surface layer = reduction of surface leakage by 2 orders
e Depleted charge collection electrode = reduction of diode capacitance
e Lateral electric field = improved charge collection efficiency

X Coordinate (um)

¥ SOl Circuits 0 0 0.0 10-0 20-0 30.0 40-0
X & = GND 0. = - o
£ o o[ ——— = —
—_——————— = /x/,.----‘\::\ ol B s i PREORCLRRES, pyes
T i b T 20
Seh::gtir BNW N6 s BP6 s L4/ 5 301 NN NNV Ve
- (Mask:BP2) b S 8 s0olll. "N\ NS Vi L] -
©
£ 50 :
P’ VBPW_A VSENS VBPW_A -g 6.0 h*: _
S 70 ¢
sew1 |PS] L] N 8.0 H
BPW2
s o i NN S i 2
100l e e eiipg ig
p-- substrate
Ref: Sensors 2018, 18, 27; doi:10.3390/s18010027
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8P separated

- ar <s_analog ~ coscode_andlog e cascade
eslgn M D M D M D M o_Ms wma_ D _

m  Sensing node AC-coupled to the amplifier to allow V. up to +10V —
e Minimize the capacitance at pixel pitch 16 umx20 pm

Common Source (CS) amplifier, DC gain =13
Cascode stage + current source, discriminator 7G Wu. HSTD12. 14-18 32,1“
Statistical simulation, FPN =12 e~ * CPV2: 114 e Dec.2019, Hiroshima, Japan s
Mask area: 6mmx 6mm —

e Optimized for low FPN "

e Pixel matrix divided as 45 regions, to verify design options , , = — =

_ p— .

e Rolling shutter readout R I e
R GO T L LR P PP PR S e e e ttehly
E Viias 1! Viest RST_x RST Cd(F) Sl
| ¥ CI A -

. : : inj e-14 ] :

¥ : M :

! | ! | T 1NS to backplaM 2.1fF
! : H I CS-stage i T
fie o |

: bp d : L o e e e e g oastiq] ///I\IS to BPW1 :

i :I:i In-pixel circuit ] // :

: Vsu : "49'14: /1// :

. b ! Col_sel ‘/ :

T e | !

Sensing node Vbias (V)

®)
(.
l\q
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Leakage current components

e Dominated by the peripheral

and bpw
e Sum of sensing diode ~ nA

Viioge = ¥4V suppressed leakage
on bpw and peripheral
e Increased barrier potential

Sensor tests

Vdiode

Idiode

| peripheral

Vback

b current from backside C current from backside
5-_ current from peripheral s:—- current from peripheral
B current from bpw E ~——— current from bpw
B 1 5 fomattiany et
= 4 current from diode = ’:_ current from diode
2 r = |
s I §4- =<
3 3 3 r
& - S 3 :
gt P N~
E 21— g - = L
: 2 o
1_— 1__
- L
c_lllll I \17\1L_11|x|||l|| IIIII ojlllllllllllll IILIIA!IIIIIIIIII]{
-80 —70 —60 -50 —40 -30 -20 -10 0 24 26 28 3 32 34 36 38 4
Veoack [V] Viiode

Calibration with >5Fe X-ray

. Vdiode=+4'V ! prw=oV 1 Vback='
60V

m  Charge collected in a 3*3
cluster

m  Wider peak spread of 5*5
cluster due to electrical noise

m  Equivalent C4 = 12fF

22 /ndf =119.5/22

: Constant 3028 = 29.6
3000— Mean 3858004
~ Sigma 5,696 = 0.034
2500~
2000}~
1500
1000F
500
0 C RS T N 0 0 D L O
50 0 50 100 150 200
ADC
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fF

Verification of C, reduction

® Vpa=-60V, V,,,=0V , increase Vg;,4,

e Proof of PDD bias concept

m  Expected to be 4fF@4.4V + parasitic capacitance

e Parasitic capacitance from the routing, AC capacitor and input transistor

e Patially confirmed by RC extraction (simulation)

1B
16
14

12

2 3 4 3 &

v
Vdiode

50

40

cap between BNW and BPW1

capb BNW and backpl

30

total cap

cap = 4fF @4.4V

- cap=2fF @8V

-20

|!II||IIII|IIII|IIIIlIIl|llIl[IT1"l\¥|‘\||

TRIT

Illllllllllllilll]lll

L llll[llllllilllllllll
o 1 2 3 4

o

5 6 7 8

Vdiode [V]

More tests to do

m  Optimize the operation of
pixel circuit
e Compare different
structures
m  Noise and threshold
measurement
m Laser test or beam test
next year
e the outcome of full
characterization
e and possible
scheme together
with CMOS sensor
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JadePix3: fully functional prototype with small pixel design

m  Specification:
*  Spatial resolution
— ~3um
— Initial pixel size 16 pm X 20 pm
— FPN < 20e
*  Power consumption
— <100mW/cm?
— Measureable

®  Rolling shutter readout
e 512row x192 col
e Onerow selected at a time
e 102 usto finish 512 rows

e Every 48 columns fed into the Priority Encoder

at the end of columns.

Small pixel: Low power FE + Rolling shutter Readout

D a Matrix
I 512 row * 192 col.
RST
5 row n |
- I
g T lk l% Ll ) L4
o
E CLK
3 pixel RS
2 — L Y )
[a]
= D Qoo —o o — & o oo —o o —¢ 0 —o o—
—9q CLK
RST
col. 0 col. 47 col. 45 col. 95
Priority Encoder ‘ Priority Encoder ‘
Valid Addr[5:0] Valid Addr{5:0]
Level 1 buffer @
Multiplexer

Periphery data processing

I
J

Serializer & LVDS
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JadePix3: Diode & Front-end design

Mismatch

.
1)

m  Sensing diode: negatively biased for high Q/C rootPRlt
. . . Electrode
e Electrode size 4 um?, with a small footprint 36 pm?
m  Frontend: tradeoff between layout area and FPN 1
e Reduction on the layout area, ~200 um? |
e Improvement on the FPN = 3.1e" (simulation) ‘F
e Alow power version (20nA), equivalent to 9 mW /cm? j
:
AVDD I gi
Area-limited : )
I

o
®
T

Probability

. '4__6 ? ) 0s ': M7Out_D
PIX_IN —_ ITHR_' ': —{>
|:_>—| VCASIN2_| ': "

M2
] Vs e[ e
—| M3
)
OutI_A | 04 -
: | M9
v ouual
threshold

02

o
>

—

I
]
Amplification I' Discriminati 110

Discrimination
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*  Submitted in Oct. 2019
*  Process finished in May 2020
*  Diode, minimum size

JadePix3: chip status

P Yang, CEPC workshop, Nov.2019
YP Lu, HSTD12, 14-18 Dec.2019, Hiroshima, Japan

Estimated: ~55mW/cm2;

Sdiode=4um2’ Sfootprint=36um2’ Cdiode~4_5fF B 9mW/Cm2 (plxel array)

*  Front-end, 2 versions

— FE_VO, FE_V1 (20nA, 60nA)

»  Pixel digital, 3 versions

— DGT_VO, DGT_V1, DGT_V2

. Pixel area
— 16X26 um?
— 16X23.11 um?

30mW/cm?2 (zero suppression & data buffer)
6.25mW/cm? (Serializer)

5mwW/cm? (PLL)

AmW/cm? (LVDS) Test plan

m  May - Aug. 2020
e Sub-board to mount the
chip into readout system

Sep 2020 - Feb. 2021

2+2um FE_VO
1 2 +2um FE_VO
2 2+2pum FE_VO
2! 2+2um FE_V1

DGT_VO0 16X 26 pm? Characterization of
individual parts on chip
DGT_V1 16X 26 pm? e Optimization of operation
® 5°Fe 5.9 keV X-ray
DGT_V2 16X 23.11 pm? calibration
DGT VO 16X 26 prm? ®  Sometimein 2021

e Beam test

July 30" ICHEP2020 Q.Ouyang

Pixel sensors for the CEPC vertex detector 13 (=R



E

1850

Perspective for the R&D of next few years

1800

300F
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~7| |cosb|=0.969

g

Design parameters of the CEPC vertex system in CDR

R{mm) | Z |(mm) o(um)  material budget
Layer1 16 62.5 2.8 0.15%/Xg
Layer2 18 62.5 6 0.15%/Xg
Layer 3 37 125.0 4 0.15%/Xy
Layer4 39 125.0 4 0.15%/X
Layer5 58 125.0 4 0.15%/Xy
Layer 6 60 125.0 4 0.15%/Xg

e Optimization for system requirements: resolution, radiation level, Z-pole operation mode, ...
e Development of CMOS sensors with fast readout and time stamp
e Exploration of new process
- 3D process — SOI-3D accessible via SOIPIX
- Ultra-light, self-supported layers with stitching CMOS sensors

July 30" ICHEP2020 Q.Ouyang
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SOl based 3D integration

o s SOFIST

SOFST1 SOFIST2 SOFIST3 SOFST4 (30)
Miho Yamada, 3D Integrated Pixel 3D Iitearad
. - integration
Sensor with Silicon-on-Insulator g
) Upper Chip Upper Chip Remove Handle Wafer by T' M ICro
Technology for the International . e
Linear Collider Experiment, IEEE L .
H = e (Digital)
3DIC, Sendai, October 8th, 2019 = | g
" _ inject glue ———>
H i t M a p (5 0 kE ven tS) Lower Chip = oo } CMOS Ciruit
— (Analog)
Y e
1l
} Sensor
No Signal
Wire bonding pad for packaging l
{ Upper Chip
Upper Chip | . oo £ Handle Waler
il = o g , Remove Srr
CMOS Circuit Piewn b by Wet Etching T =
(Digital) A L S
\ i BOX BOX 20 x 20
Nois i T i il o 104 104
y No slg nal ‘ puos]| j NMOS Sﬂy& — Pmosi | tos[ [ A e i TSI
Lower Chip chios G - ot 1 =L T
/ (Analog) = =] Metal 2 Pre. Amplifier (CSA)
y - e - Comparator (Chopper inverter)
[ Veuls —— Shift register (DFF x 3}
Lower Chip Analog signal memory (3 hits)
. Tins s ey ]
00 20 40 60 80 100 Y
C OI umn Functons (On Chip) Column ADG (8 bit) Ze‘;;‘;u‘g;;;gﬁ E;\c Column ADC (8 bif) Column ADG (8 bif)
Wafer FZ n-type (Single SOI) Cz p -type (Doudle SO FZ p-type (Double SOI) FZ p-type (Double SOI)
Waler Resistivity (k(-crm) 2< 1< 3-10 3-10
Connection yield > 99.9% Status Dobvored Dec. 2010) Délhered i, 2017) Detvered ey 2016 Deivered (Jan. 2019 ~)
Paosition resolution ~1.4 pm Time resolution ~1.55 ps Under evaluation
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Development of SOI-3D chip for CEPC

m  Faster and low power

e Timing ~ 1us, hit registered at the fast falling -

edge

e Power consumption ~ 50mW/cm?
e Shrink the pixel size by SOI-3D

®m  Continuous readout mode (AERD)
e Compatible with trigger mode

m  (CPV4_3D submission plan ~Nov.2020

AERD COLD

21 State<0>

Stata<1>

State<2>

State<3>

valid

L0 4

2
z

b "/ 90e- > 160e-

mmmmmm

22.36 um

" .
o — \_—g'—f—'m: ot % R Address<1:0>
Sz L] pocoder Ll £
T =1
sync £ ™~
Grst i )y
Strobe
AERD_EOC e
Valid State<1>
e
s [
sme [ o
sttrsse<z s [T e, o
' e . Digital Pixel
R |/ PrTm—— : ! pixel layout (analog) Section
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ALICE ITS3 with stitching CMOS technology

Beam pipe Inner/Outer Radius (mm) 16.0/16.5

IB Layer Parameters Layer O Layer 1 Layer 2
Radial position (mm) 18.0 24.0 30.0
Length (sensitive area) (mm) 300

Pseudo-rapidity coverage +2.5 2.3 2.0
Active area (cm?) 610 816 1016
Pixel sensor dimensions (mm?) 280 x 56.5 280 x 75.5 280 x 94
Number of sensors per layer 2

Pixel size (um?) 0(10x10)

Similar layout with CEPC layer 1-3

» New beam pipe:
- “old” radius/thickness: 18.2/0.8 mm
- new radius/thickness: 16.0/0.5 mm

» Extremely low material budget:

- Beam pipe thickness: 500 pm
(0.14% XO0)

- Sensor thickness: 20-40 pm
(0.02-0.04% XO0)

» Material homogeneously distributed:

- essentially zero systematic error
from material distribution

M. Mager | ITS3 | VERTEX 2019 | 17.10.2019 | 14
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An ultra light structure vertex layout

R(mm) |Z|(mm) o(um) (layoutl/layout2)  material budget
Layerl 16 62.5 4/2.8 0.05%X,
Layer2 24 62.5 4/4 0.05%X,
Layer3 32 125 4/4 0.05%X,
Layerd 40 125 4/4 0.05%X,
Layer5 50 125 4/4 0.05%X,
Layer6 60 125 4/4 0.05%X,

m  Technology to be explored with 55 nm CiS process

Joint effort of CCNU and IHEP

6, [um]

ZG Wu, Optimization on silicon detectors at CEPC, CEPC
workshop, Nov.2019, Beijing

10?

10
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fast simulation(8=85°), baseline

fast simulation(6=20°), baseline

fast simulation{8=85°), new layout 1
fast simulation{8=20°), new layout 1
fast simulation(8=85°), new layout 2
fast simulation{6=20°), new layout 2
requirement(6=85°)
requirement(6=20°)

absolute momégtum p [GeV/c]

Comparing with baseline layout

- better performance (~20% improvement)
for layout1 at low momentum, but poor
performance at high momentum

- both within the requirement

July 30" ICHEP2020 Q.Ouyang
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Summary

m Stringent requirements for CEPC vertex detector have driven R&D programs
m CMOS and SOI development in synergy

e Following the same roadmap

e Using the same readout system
m JadePix3 and CPV3 produced, and tests underway in parallel

m CPV4_3D design is ongoing, and stitching CMOS technology will be explored
m A Pixel Vertex prototype being built (to be finished in 2023) but it was not covered in this
talk
Fine pitch Fast readout Stitching CMOS
Low power + architecture technology
frontend

Spatial resolution Readout speed ﬂ

thinning Digital power Ultra light structure
Analog power

| {

CPV1/2/3 JadePix1/2/3 MIC4
(SOI) (CMOS) (CMOS)
: :
1 1
1 1
-----> 3D-SOI €----- '
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Updated Parameters of Collider Ring since CDR

- HWgs zEn
I T
Beamenergy (GeV) 120 : - : 45.5 : : :
Piwinskiangle 2.58 3.78 23.8 33
_ 242 (0.68ys) - 218 (0.68us) - 12000 15000
GinchotGnidatonpowerBeMMY 0 0 - . tes L we
S B R R T
_ 0.36/0.0015 0.33/0.001 0.2/0.001 -
_ 1.21/0.0031 - 0.89/0.0018 - 0.18/0.0016 - -
_ 20.9/0.068 17.1/0.042 6.0/0.04 -
LuminosityIP L (10%em2s) 293 .82 32.1 e gl016
SN—0x”
Luminosity increase factor: x 1.8 x 3.2 .
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Br(H->bb, cc) measurement

* Br (H -> cc) is extremely sensitive to the vertex design

* Br (H -> bb) is not really sensitive to the vertex design

ZG Wu, Optimization on silicon
detectors at CEPC, CEPC
workshop Nov.2019

Scenario A (Aggressive) Scenario B (Baseline) Scenario C (Conservative) ;:“ 0.15

Material per layer/Xg 0.075 0.15 0.3 p 0.14
Spatial resolution/pm /1437 5/ 28-6\ 5-107 0.13
Rin/mm JKU/ \I()/ 23 0.12

Ogp<2.8 pym
very difficult

0.11
Scenario A Scenario B Scenario C 0.1
e-p 0,133 +£0.002 0.095 = 0.001 0.078 = 0.001
0.
A41% -22% 09
0.08

Table 4. Maximum € - p value comparison for the Br(H — bb) measurement. 0.07

..ll1|'|1I'I'I|'I'II'I]I'III'IITII[IITIITII1|I'III]II'II|'III'I

—— material budget
——————— resolution
—— inner radius

Scenario A Scenario B Scenario C 0.06
€-p 09250001 0,914 = 0,001 0900 = 0,001 ol e w o bow b v v bwww blww v lo v o bawa by vl vus
0.05 04 06 0.8
194 -1.5%

1 1.2 1.4 16 1.3 2

relative scanned parameter

e-p= 0.095(1 — 0. ]4ﬂxnrarerfaf (1 — D.Ggﬂ.TresohtrfDn (1 — 0.233.1(,.34;“3)

material Xresolution

Z. Wu, et al., Study of vertex optimization at the CEPC, 2018 JINST 13 T09002

Xradius
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Same layout as in CDR

Q Ouyang, CEPC CDR review, Sept.2018

10

© 0y, =4pm for L1 and L2 - X full simulation(6=85°)
* 0g,=3um for B fast simulation(6=85°)
combination of L3 and | = | —— fast 3layers(6=85°)
L4, and combination of - —> — fast 4layers(6=85°)
L5and L6 I requirement(6=85°)

E N

% 10—

: :\

| 1 1 1 | | | 1 1 I | | | 1 1 | 11 |
1 1 10°

absolute momé?wtum p [GeV/c]
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JadePix3: Periphery data processing

. Matri
Zero suppression at the end of column w

e Each 48 columns divided into 16 blocks Cache [ 1 || __. 2 |3 | 4
e ‘Fired’ blocks identified sequentially by sﬂiq PRoset  Hit] fReset  Hit] fRoset  Hit] fReset
. . . 9 bit Row Addr Priorit d Priorit g Priorit d Priorit g
a 4—blt prlorlty encoder — 1‘101‘1‘ y‘enco er riori ‘Y ?nco er 10rl y‘ 67’100 er riorl ‘y e‘nco er
{}ISbit {}lﬁbit {}IGbit {}lﬁbit
e 12.5ns*16 blocks=200ns/row
N _ _ FIFO FIFO FIFO FIFO
Only hit information fed into FIFO W/R CLK r _ r r
80 Mh 8bit 8bit it 8bit
Row # Block # hits in block ’ ¢ M . ¢
Multiplexer
9-bit 4-bit 3-bit iy
e FIFO R/W clk: 80 MHz FSH

8bit

e FIFO depth: 48

Data stream steered by a Finite State Machine

Zero Suppression

400 Mhz T
PLL > Serializer
Data after 8b/10b: 800 Mbit/s i
Sensor Out
Estimated Power consumption 76 mW LS ——

e 15mW (Zero suppression), 25mW (Serializer), 20mW (PLL), 16mW (LVDS)

2
(y
\‘1
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Continuous readout
® strobe==1

e Timing by falling edge ~1us

CPV4_3D: Readout mode

B Triggered readout
e Strobe as gate signal
e Timing by trigger ~5us

. 1
/,
/
/
/
7

pixel_outl

!

pixel_out2 |

strobe

grst

i
I
'
i
1
I
'
'
1
]
'
'
'
\
—\ \
v
\
\
\
\
N
\

valid 7|

> |
L] read L]
\_/ | freeze
L[] sync L]
0 XX addr<3:0> 0 X
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