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¢ Introduction & overview of pixel sensor R&D
¢ Introduction of SOI-3D process
¢ Design of the CPV4-3D prototype
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Introduction

€ Physics motivation drives the required performance of the CEPC sub-detectors

Physics Detector Performance
Measurands
process subsystem requirement
ZH. Z < ete ,utp m, o(ZH) A(l/pr) =
H T BR(H ST Tracker 9% 10-% @ 0.001
THH (H = p"pu7) * @ N(GeV) sin3/7 g
5 7 Orp = -
[ H = bbjcc/gg BR(H = 0b/cc/gg)  Vemex ] (umﬁ% ---------- Impact parameter resolution
ECAL A E =
H —qq, WW*, ZZ* BR(H — qq, WW*, ZZ7) E /
HCAL 3 ~ 4% at 100 GeV
AE/E =
H — vy BR(H — vv) ECAL 020 o001
E(GeV)

€ High spatial resolution, low material budget and fast readout pixel sensors
constructed vertex detector required by the flavor tagging

Physics driven requirements Running constraints Sensor specifications
O p = e > Small pixel  ~76um
Material budget __0.15% Xp/layer _____________________________________ 5 Thinningto 50 um

L s > Aircooling __________________ >  low power 50 mW/cm?
r of Inner most layer _16mm_____ . > beam-related background _____s  fastreadout ~7 us

L e e e e e e > radiation damage -----—---___ > radiation tolerance

<3.4 Mrad/ year
Ref: CEPC Conceptual Design Report, Volume IT - Physics & Detector, http://cepe.ihep.ac.cn/ <£6.2x1 ()Izneq/ (szyea r)

3 FEAHEFAZHRHEL,AF T ZA42A 4 TFT#HEF RKEHK 2021.8.17



Overview of R&D activities

€ Step #1: Optimize the key performances of pixel sensor with current technologies tmeste__f . *
» 200 nm SOI technology Spatial resolution: 3-5 um
~ spatial resolution
° T.me reSOI t'On: 1_ 100 S -like double-sided concept withou
CPVl/Z@ Dr. Jing Dong’ talk today ! ut H L]:RVLIE pﬂlsill:;moﬁed ptwithout
> 180 nm CMOS technology ‘ Power consumption: 50 -100 mW/cm?

Thinning: 50um for CMOS; 75um for SOI

+  JadePix1/2(3)4, MIC4 o
Radiation tolerance: ~ 1Mrad
Dr. Yunpeng Lu’ talk today

® Step #2: explore new technologies «  Contradiction of more in-pixel 7l
functionalities vs fine spatial resolution oy Econ, Ak, Chacged Puren, . /
» 3D technology » » Sensor & circuits technology could be Ry o SOl pixel sensor
different
e SOI-3D process: CPV4-3D  thistalk |, e e
» Advanced process technology: 65nm or below i 5

P well Nowell

potentially lower power consumption; smaller pixel size or more in-pixel functionalities

» Stitching CMOS technology: potentially ultra light detector structures

P Epitaxial layer

On going

CMOS pixel sensor
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Introduction of SOI-3D process
Lower Chip Upper Chip /’/ ‘\

SOI Pixel Detector Radiation tF == ‘ ‘ 'S
Device Layer (40nm) ~, I oo Lo - S oS I -1 % A =3 X | i
Buried Oxide (200nm) —> ‘Tﬁ leTonu-nﬁiE:TII 7 T 1 1 —— ' ' ‘ A (e)bum[;b::ll:::igonglueinjection ' = EE]
Subslrele GOSN ™ g oprtemn - FEEL [EEEERE 3
Sputtered Al Layer —» | _ e —
(200nm) Sandwiched structure of SOI B s s0s ! o g (1) upper Si removal ' L TER
(¢) Au bump formation T¥ ,-_'{: éai | f}ﬁjﬁé E*_,‘ [expose through BOX via] | :i:_% ;ﬂg! i{.
SOI: Silicon-on-Insulator technology | ]
« Utilize 0.2um FD-SOI CMOS process by o — el E =
lapis Semiconductor Co. Ltd. > FelgIF § rortmgpasmeeet [F 3328
(d) lower & upper chip alignment i
SOI pixel detector: monolithic type detector  F3if £ |
» Highresistivity (>1kQ-cm) , thick (50-500 um) drs | (k) pasivation depositon & patring I
sensitive layer; more signal charges v
» Fully depleted (high basing voltage); fast collection
* Low power dissipation 3D chip stacking process flow proposed for detectors using in
» Almost no single event effects (SEE) probability; High Energy physics Experiments
radiation tolerance @*Ikuo Kurachi, etall, Oct.7, Vertex 2020
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Introduction of SOI-3D: design resources
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€ Shrinking pixel size always pushed to the physical limit

« 0.35upm CMOS process: ~10 transistors and 6 metal layers, pixel size ~ 20*20 um?
upper @ ALTIMATE for STAR, ~ 2000 - 2014

tier * 0.18um CMOS process: ~100 transistors and 6 metal layers, pixel size ~ 26*28 pm?

J{ @ALPIDE for ALICE, ~ 2014 - 2021

€ 0.2um SOI-3D process: ~100 transistors and 5 metal layers in each tier
» lower tier: sensing diode and analog front-end
» upper tier: digital readout

lower » Pixel size can be cut half without compromise of functionality

tier

*Credit of the conceptual drawing: Miho Yamada
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Introduction of SOI-3D: minimum Increase of material

Wire bonding pad for packaging

/ BOX, Buried Oxide
f"\i il /

A /’ 7 Y
-~ /
— | . CMQOS Circuit
— = = | (Digital)
- - _/
. | | [ B T
T = .
- }TJ__, CMQOS Circuit
= | ' (Analog)
Fall =y
T = T =~
>~ Sensor
—

*Credit of the conceptual drawing: Miho Yamada
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€ The bulk of upper tier is removed by wet-etching

» Thickness of upper tier: 260 um - ~10 um
« Wet-etching stopped by the box layer automatically, which makes SOI

quite compatible with 3D integration

€ Lower tier can be thinned as a conventional sensor

e 75 umin SOI case and 50 um in CMOS case (lower tier not necessarily
an SOI sensor)

* Currently SOI-3D demonstrated on a lower tier of 260 xm thick

2021.8.17



Introduction of SOI-3D: backside connections

Wire bonding pad for packaging

@ \ ) — € Backside connection is Through Box Via (TBV)
== = - CM(%_S _Cilr)GUit e 0.32 um hole which implemented already in the SOI process
— ! Igita
. # T | « Smaller than Through Silicon Via (TSV) hole by a factor of 10
| # :' [ )  Additional metal layer formed for the bonding pad
L | # | - CMOS Circuit
— | ' (Analog)
C = T =~
>~ Sensor
—

*Credit of the conceptual drawing: Miho Yamada
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Introduction of SOI-3D: frontside connections

€ 3 um diameter cylindrical Au bump

Multiple vertical connections per pixel, necessary and feasible

lower pixel upper pixel

V x3.0

SEM image

20 X 20 um?
Layout of SOFIST4 designed by KEK for 4 connections per pixel: power/ground, analog signal and comparator output
ILC. Evaluated at 2020 in the SOFIST4 by KEK, first demonstration of SOI-3D process.
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CPV4-3D: prototype sensor overview

Division of upper and lower functionalities

1 _ :
Lower tier | Upper tier ~ Control register
- | Test-EN
A-Pulse : Mask
1 D-Rulse
I S
\¢ <K i States,
s ! J Hit AERD
T I - eset
g D— D-FF |4 readout
I
ZS Amplifier/ |
PDD Comparator | Strobe
Pixel size 17.24 X 21.04 um? » Lower tier: PDD sensing diode + amplifier/comparator
Time resolution | ~1 s or ~3 pss in different » Upper tier: Hit D-Flipflop + Control register + AERD
operation mode readout
Pixel array 128 % 128 > 2 vertic_:al connections in each pixel: comparator output and
Chip si 4.5mm X 4.5mm test SWItCh;
ip size . . . .
» Analog and Digital power/ground are also separated
I—ayOUt of CPV4-3D Delivered Nov. 2020
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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:
BNW“BNW) » Sensing node (NS) and the buried n-well (BNW1) form a charge collector;
Ll BPW”BPW’@ I_i « BPWa1:shielding layer between circuits and the charge collector;

BPWZ(BPE)
BNWZ(BNS) BNW3(BN6)

« BNW2, BPW2, BNW3 form a lateral gradient electrical field, benefit to
IS 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 M the sensor part.

ontrol back-gate of transistors

» Maximize charge collection efficiency Detail of PDD structure characterization

«  Suppress leakage current of Si-SiO, interface results shown by Dr. Jing Dong s talk today

* Minimize the capacitance of electrode (Cd)

Shield the capacitive coupling between the sensor and pixel circuit

Il FEAMBEFAZHRDEIAF 848 4L TFHIEF KA 2021.8.17



CPV4-3D: Lower tier pixel

€ Lower tier pixel integrate the functions of

For Test Cascode Amplifier Threshold Bias Circuit Current Comparatar

R : S— - remsesemsmr e . » Charge collection;
e (U2 oo : ' i ; o
sy i ; 3 i - Amplification;
: e[— "7  Digitization;
; ; 4 : :
i @ WD—E ¥ ] OUTD‘D e Threshold tuning;
. “O‘SNZD—{D“?‘ «  Structure for pulse inject test;
winst—{D‘% i € -4V on the back-gate of MOS transistors required (BPW shown last
E D—{ " 5 i page) in order to minimize electrode capacitance Cd.
: : Piooura | E
' IEMB ; * Vth decreased 70 mV for PMOS and increased 50 mV for NMOS
i « Characterized and modeled in HSPICE by KEK
5 A HE— @ Influence on the front-end assessed
Clipping Circuit « Current mirror matched and placed in a -4V N-well (Counter-part branch of
i i . . . MO, M4, M7)
Pixel schematic of CPV4-3D lower tier. The structure original
from ALPIDE designed by CERN for ALICE « 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

Far Test Cascode Amplifier Threshald Bias Circuit Current Comparator

_______________________________________________________________ @ Transistor size selected according to ALPIDE design* to minimize FPN as a first order approximation
VR!;e‘h‘:‘\'fF:ﬂse ™ hoo : : i E :
H ! i Y
" IDBEHEW | VM Transistor | MO ML | M2 | M3 | M4 M5 M6 | M7 | M8 | M9
== i R % LoamD
ot T2 T " oL H D o WiL 1.8/85 | 1/04 | 1/04 | 1/5 | 2/805 | 0.63/494 | 0.63/3 | 1/5 | 1/04 | 11
Do s KMI T: : P , 7 ¥ ouT_4
: : : T ‘ I E‘j.mNZD_’H:MQ i threshold
w27 — _
mD_“jMZ T (z §  — # Simulation results of threshold and noise
'/. D_{ e » E i l ! Y Puluoam(hg'lﬁ(f[)
S8 ’ 1 : ‘.‘ : : T4 M8 i i
: s PJ_ /5//:1 ! ||: \ f Threshold Gain@Thr Vnoise@Thr ENC
'\ : s i ! ] Pre-layout 75¢e 32mV/10e 4.33mV 134¢e
a5, TC“"—“ Vs e i :
e / --------------- A et Post-layout 125 ¢ 8.6mv/10e 2.92 mvV 4e
» s Clipping Circuit
4
s @ TID radiation enhancement
A » Smallest working current path at M5 = 0.5nA, the same order of
T . . . .
,,_‘1 magnitudes with leakage after radiation (TID: ~1-10 Mrad)
N « H-gate transistors used for M5 in test pixels for TID
il : » Compensation of TID-induced Vth shift to be applied on the BPW layer
i :
: ', ,' Leading edge of comparator o=
l“" i output used for timing < 1us . ‘ .
LA
‘L | fﬂa -

H-gate NMOS layout used in this design

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

AERD COLO

Mask_en_x

\

ulse | o Q [ o q :fe =

o Q c G ate<2>

State<3>

G CLR CLR
il I . ) H
pixel oLl — z<7 Syncgo>] |
\ Syncgl> N
J/ Synci ] Reser ‘ Address | | Adgress=1:0>
Synci3= [ ] Decoder | Encorler
1
Syne
Grst
Strobe
AERD_EOC
ate<Q>
Valid State<1x>
State<2>
State<3>
Friority Logic
4 Freeze | L

s l ‘ Syncs0>
Sync<1>
Address43:2> Address Reset [Sindal
Encoder ¥ Decoder ({5235

D, \ e f ),
Address<1w\ /
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
+ Continuous readout mode

» Triggered readout mode
*Ping Yang, NIMA 785 (2015) 61-69

Continuous readout mode:
e Strobe ==1;

» Timing by falling edge ~ 1us resolution

* New hits are freeze while reading

pelowet — ) T
pixel_out2 T
strobe _lfJ
grst _| I\‘
vaid ST

read
freeze 4,_|_|_|
sync [ [
addr<3:0> X1/ XaX

Triggered readout mode:

+ Strobe as gate signal;
* Timing by trigger ~ 3pus resolution
* Read after trigger
pixel_out1 —\—ﬁ
pixel out2 — | T
strobe A
grst | :

valid

read

freeze

sync

addr<3:0>

14-bit output for fired pixel address information
|4 FPEAMEFZAZHRHEH)AS A4 EETHIEFE KA
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CPV4-3D: 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 )

|

Layout of 2*2 pixels in lower tier
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Summary and outlooks

Exploration of SOI-3D has started with the first prototype of CPV4-3D
@ Targeting on the full specs of pixel sensors:

> Spatial resolution: pixel size ~ 17 X 21 um? (~1/2 area of 26*28 um?)

» Time resolution: ~ 1us;

» Power dissipation: ~50mW/cm?;

» Material budget: could be thinned down to (75+10) um; or possibly to (50+10) um;

» Radiation tolerance: TID tolerance enhanced design; initially less SEE benefits from SOI process.
@ Sensors have just received; lower/upper tier separate test is preparing;
€ To examine the scheme, implementation and yield of SOI-3D;

€ 2 ~3 MPW run planned in 5 years
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Dummy 3D bumps

m Dummy 3D bumps, to relieve the mechanical stress of upper tier

m  Generated automatically in the user-designated area

» Excluded area for the dummy 3D bumps

The pixel matrix

The p-stop of guard ring

The alignment marks

Alignment marks

Metal 5 Alignment Mark

19 ym

~ Upper Chip

= -

i

Lower Chip

= ~
g L
=

dummy 3D bumps avoids UBM and Masking ZC4

Upper chip / / /- : /m /

- Upper Bump
B Lower Bump




Design for test

» Signal and power access to the chips ,
» Internal signal waveform are routed out of test

pixels and buffered for oscilloscope observation
Internal node OUT_A and OUT_D

Two-stage buffers: Source-Follower and
Operational Amplifier

Conventional 1O pad equipped on both lower and upper
chips, accessible before 3D integration

Functional 1O always stacked up with dummy 1O to
avoid conflicts of buffers

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

OA

3D 10 pad 3D 10 pad

MUX

>/

?ﬁ f%% N S S W

= -=-=-==-== N P 3
: IO Buffer : : % 10 Dummy :
I I
] : Lower chip I :
! I ) I
I < | W— Iu K P | —
—

—

pix(0,1) pix(1,4) pix(0,5) pix(1,7) pix(0,9) pix(l,!11) pix(0,13) pix(0,15)
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Design flow established

Conventional SOI tape-out plus a special 3D add-on process
* Upper and lower chips manufactured with the LAPIS 0.2um process
* Chip-to-chip 3D integration implemented by T-Micro originated in Tohoku-U.
* Driven rules of 3D design and verification integrated into the EDA tools

stack-up of 3D layers flow chart of SOI-3D design

_- METS5 (upper) Upper chip Lower chip

U . PV (upper): VIA ( Schematic, Layout )——» 3D VIA Gen. ,__( Schematic, Layout ]
pper-tier [ 7 :

port —
£C1 (upper): Bump (" General DRC, LVS General DRC, LVS )
- L7 ZC5 (upper): Bump ID 3D VS
| v (V|rtual connect)
ZC6B (lower):Bump ID
- acking Stacklng j
Lower-tier ZC1 (lower): Bump DRC /LVS /’
port rules
7 PV (lower): VIA

3D _DRC & 3D_LVS2
METS (lower) [ J—{ Dummy bump Gen. J

(Direct connection)
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