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CEPC TRiRMZ2Es

Circular Electron Positron Collider (CEPC) proposed as a Higgs factory.
Efficient tagging of heavy quarks (b/c) and T leptons

=» Impact parameter resolution,

10
oo = 2 O 5z (um)

Physics driven requirements Running constraints Sensor specifications
Ogp - 28 M s > Small pixel ~16 ym
Material budget - - 9:13% Xo/layer _____________________________________5  Thinningto 50 pm
L e o o ool > Air cooliNg -----ccccmomao- > lowpower 50 mW/cm?
r of Inner most layer Jemm > beam-related background----->  fastreadout ~1 us
e LY > radiation damage------------ >  radiation tolerance
<3.4 Mrad/ year
Baseline design parameters for CEPC vertex detector 56.2x1012neq/ (cm2year)

R (mm) |z|(mm) |cosf| o(pm)

Tayer! 16 625 097 28 O

Layer 2 18 62.5 0.96 6

Layer 3 37 125.0 0.96 4

Layer 4 39 125.0 0.95 4

Layer 5 58 125.0 091 4 Ref: CEPC Conceptual Design Report, Volume Il - Physics &
Layer6 60 1250 090 4 Detector, http://cepc.ihep.ac.cn/
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Silicon Vertex Detector Prototype - MOST (2018-2023)

Sensor technology CMOS TowerJazz

Double sided ladder 2Yer 1(11 mm x62.5 mm)

- F . . Chip size: 11 mm X 20.8 mm
+ Design sensor with large area and high resolution

+ Integration of front-end electronic on sensor chip --- 3 X 2 layer = 6 chips
) 62.5 mm "

Benefit from MOST 1 research program
Ref: Introduction to the Pixel MOST2 Project, Joao Costa, 2018.6

3-layer sector Baseline MOST2 goal: Goals:

3-layer prototype 1 MRad TID
3-5um SP resolution

Default layout requires different size ladders

Keep it simple for baseline design Integ rate electronics
readout

L1

3-layers

same size Design and produce
same chip light and rigid

support structures

|
L2

—
L3

|

iode
NMOS FET N Well NMOS FET PMOS FET
- . - - = - .

P well P well N Well

Motivation for TaichuPix chip design
> Large-scale & full functionality pixel chip
> Fit to be assembled on ladders with backend Elec. & DAQ

CMOS pixel sensor
2023/5/12, F=FFXSAEFIRNEHIS 4



TaichuPix & EigiHET \CER

Hit Density vs. VXD Radius

= Bunch spacing

% ) 2 Pair P.roduction:Bkg
> Higgs: 680 ns; W: 210 ns; Z: 25 ns g O fs= 91 Gev
E &N fs= 160 Gev
> Max. bunch rate: 40 M/s 8 O - 240 Gev
. . 2
= Hit density e A5
> 2.5 hits/bunch/cm? for Higgs/W; 0.2 i .
v
hits/bunch/cm? for Z 1y : 54
m Cluster size: ~3 pixels/hit A
> Epi-layer thickness: ~18 pm - o
1I 23456

> Pixel size: 25 um x 25 ym VXD Radius [cm]

Ref: CEPC Conceptual Design Report, Volume |1

For Specs For High rate Specs. For Ladder | Specs.
Vertex Vertex Prototype

Pixel pitch <25 um Hitrate 120 MHz/chip Pixel array 512 row x 1024 col
TID >1 Mrad Date rate 3.84 Gbps Power < 200 mW/cm?
--triggerless Density (air cooling)
~110 Mbps
--trigger
Dead time <500 ns Chip size ~1.4 cm x 2.56 cm
(for 98% efficiency)

2023/5/12, F=EFSHBESIRN=RHTS 5



‘ TaichuPix /%13

Motivation: a large-scale & full
functionality pixel sensor for the first 6-
layer vertex detector prototype

Pixel Matrix (512 x 1024) Block x4
—————————————————— [yttt | astunient B Tanfaniead |
[ Group 1 x32 || Gr.2 || Gr.3 || Gr.4
(= |
| ] I |
Il 512 pixels 2| 512 pixels I K I I
' s I K I I
: g : | [ I |
| Sensor § [ Sensor ] | : :: : : :
e s )
| FE & FE | I ¥ I |
| N ) A A L A A A AAI A O |
S e B S E
bit- @40 WMHz =
[ %32 2 3P 2
DACs Double col. Reader Dcol. Reader ||| Dcol. Reader ||| Dcol. Reader
trigger and match & FIFO1 -& FIFO1 & FIFO1 & FIFO1
| [[22b@ 40 MH: Iji Iji Iji
Bandgap Group Read.out Unit 1 Group Region Region
Data driven & Readout Readout Readout
AddressI IPriotity Ur}i.t 2 Ur?i.t 3 Ur}ilt 4
Pixel | Hierarchical - MUX 2:1 : : |
config ierarchica tﬁ\ta :
| FIFO2 (256*32bit) | 1
Slow 4 JUL &
control | Hierarchical data MUX |
T T T 5 MHz @ trigger
120 MHz @ triggerless
CLK 40 MH
5 Pl Clock Serializer Periphery
generator —

~~—

CEP

» Continuously active front-end, in-pixel
discrimination

Pixel 25 pm x 25 ym

> Fast-readout digital, with masking & testing
config. logic

Column-drain readout for pixel matrix

> Priority based data-driven readout

» Time stamp added at EOC

» Readout time: 50 ns for each pixel
2-level FIFO architecture

» L1 FIFO: de-randomize the injecting charge

> L2 FIFO: match the in/out data rate between
core and interface

Trigger-less & Trigger mode compatible
> Trigger-less: 3.84 Gbps data interface

> Trigger: data coincidence by time stamp, only
matched event will be readout

Features standalone operation

» On-chip bias generation, LDO, slow control, etc.

2023/5/12, FH=EFSMEFTHRN=RFITS
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TaichuPix BB E- kR \CER

= Major challenges for the CMOS sensor
» Small pixel size = high resolution (3-5 pym)
» High readout speed (dead time < 500 ns @ 40 MHz ) - for CEPC Z pole
» Radiation tolerance (per year): 1 Mrad TID

= Completed 3 round of sensor prototyping in 180 nm CMOS process

> Two MPW chips (5 mm x5 mm)
o TaichuPix-1: 2019.06 — 2019.11
o TaichuPix-2: 2020.02 — 2020.06
» 1Stengineering run
o Full-scale chip: TaichuPix-3, received in July 2022 15.9 mm

-
e B W W S

J ‘M“.""ll“"""m'n """""""""

25.7 mm

TaichuPix-3
TaichuPix-1 TaichuPix-2 Pixel size: 25 um X 25 um

2023/5/12, FE=EFSMEFHRN=RFTS 7



‘ Electrical test \E?g

= Electrical performance verified by injecting external voltage pulses
into pixel front-end

Vresest == - ——=——————-—-x
- : Front-end |
|
XN | oUT_A _‘F: QuUT_D In-pixel C.hlp
Collection Ir— —j_— = : : readout logic perlphery
diode | Cinj : S S | \
Vpwell : :
|
APULSE_PIX | BUF OUTA_Buff . -
| - Threshold\dispersion

4"

08r

o
[=2]
T

- Threshold

Probability

S
~
T

02r

0.05 0.1 0.15 0.2 0.25 03 0 35 0. 4 0. 4
_ _ Vin [V] Nqse (peak-t peak)
Analog output of a pixel @ Vin=0.9 V ) >
Measured “S-curve” for 128 pixels
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‘ Functionality of complete signal chain of TalchuPl&ZS' e/

= Functionality of the complete signal chain (including sensor, analog front-end,
in-pixel logic readout, matrix periphery readout and data transmission unit)

was firstly proved with an X-ray source and a laser source.

Transient Fri Oct 23 09:06:09 2020 1

reame |Vis, viow |

bon e 700.0

620.0
540.0

460.0

V (mV)

380.0

300.0

22004 I
A UM R b L L U R MR L L

T TTTTTT T
0.0 200.0 400.0 600.0 85(
time (ns)

TaichuPix2 response to X-ray tube (cutting energy @ 6keV) Simulated analog output with different input signal

c 1% - @
E : &
: : 3 :
T © =
- — " . - — _ 20 40 60 80 1 120 140 160 180 ROW
ROW - - - -
Hit map of the TaichuPix-2 under X-ray from the X-tube Letter imaging obtained with a 1064 nm
voltage of 8 kV for 5 min. laser spot scanning on the TaichuPix-2
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TaichuPix2 test with °0Sr

TC2 exposure to °Sr source at different threshold setting (ITHR)

07 . Analog output of one 241 Average cluster size vs. threshold |~

pixel under %°Sr exposure e _:;

N
N
T

0.6

o
)
N
T

Pixel analog output [V]
o
~

o
w

Average cluster size [pixel]
o ©
T T

S1-S4 features different thresholds for
the same DAC code

—
N
T

0.2

01 | I IR B R B BRI SR B | 12 1 1 1 1 1
2 4 0 1 2 8 4 5 6 7 8 4 6 8 10 12 14 16

fime sl <o DAC code of ITHR
« Shape and amplitude of analog signal as expected, but peaking time and pulse

length larger than simulation.
« Average cluster size decreases with threshold as expected
* Average cluster size for S1-S4 less than 3 as expected
« Indicates the estimated maximum hit rate (36 MHz/cm?) reasonable

« Cluster size >1, benefits the spatial resolution (better than pitch/v12 = 7.2 um)
2023/5/12, B=IFFSKEFTHRNBEHITE 10



Large-scale sensor TaichuPix-3 \_,-_r;-ye/

= 6 TaichuPix-3 wafers arrived at IHEP in July
» One wafer thinned down to 150 ym and diced

8-inch wafer Wafer after thinning and dicing Thickness after thinning

> Complete wafer testing on probe-station - chip selecting & yield evaluation

5 wafers tested

» 2 wafer based on standard process
> Reasonable yield achieved

» 3 wafer based on modified process

» Preliminary result indicates
lower yield than the std. process

Probe card for wafer test An example of wafer test result

2023/5/12, FE=EFSMEFHRN=RFTS 1



TaichuPix-3 S EBEIERS Gt

= Pixel threshold and noise were measured with selected pixels

» Average threshold ~215 e-, threshold dispersion ~43 e-, temporal noise ~12 e- @
nominal bias setting

Threshold distribution, W9RS5, Entries = 1919 Noise distribution, W9RS5, Entries = 1919

300 300
I 14=01983V, 7 =00397 V| [ 1u=00110V, 7 =0.0025V]|

250 f 1 250 f
[%2] [%2]
= 200 = 200
= =
o o
G G
= 150 = 150
ik} ik}
L L
§ §
= 100 = 100

50| measured | 50| measured
D i I i =" i I D —1 i —r1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.01 0.02 0.03 0.04 0.05
Threshold voltage [V] Noise Voltage [V]

2023/5/12, FE=EFSMEFHRN=RFTS e



TaichuPix-3 telescope

= The 6-layer of TaichuPix-3 telescope built

» Each layer consists of a TaichuPix-3 bonding
board and a FPGA readout board

= TaichuPix-3 telescope achieved the expected

goal in the DESY testbeam

> Basically works well during the beam test time

Spatial resolution at DUT [um]

Efficiency [%]

> The preliminary offline results indicate the best spatial

resolution could be <5 pm

j
432

. —¥— X-direction j
—o— Y-direction

|

Spatial resolution vs.
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Detection efficiency vs. pixel threshold
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Ladder readout
= Completed detector module (ladder) design

>

>
>
>

Detector module (ladder) = 10 sensors + readout board + support structure + control board
Sensors will be glued and wire bonded to the flexible PCB

Flexible PCB will be supported by carbon fiber support structure

Signal, clock, control, power, ground will be handled by control board through flexible PCB

3D module of the ladder

Schematic of Izladder readout

7 f% — f% — % — % — :;: %1— % «— % — % — _g\
RERERERERERERERERER
| i L —
Ladder readout system Uuliofuo |u8 | U7 (U6 | US5|U4|U3|U2|UlL
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Detector prototype w

= 6 double-sided layers assembled on the detector prototype

» 12 flex boards with two TaichuPix-3 chips bonded on each flex

> Readout boards on one side of the detector

2023/5/12, FE=EFSMEFHRN=RFTS 15
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