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Outline

s From physics driven requirements to sensor design specifications

*» High granularity digital pixel prototypes for CEPC R&D

O JadePix2 & MIC4 in CMOS technology

O CPV1/2: in SOI technology

s Summary and outlooks
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Physics driven requirements

ﬂ?ﬂe Paths ~_

Particle Origin

B Efficient tagging of heavy quarks (b/c) and t leptons:

b
Impact parameter resolution: Grp = a © (p-sin3/26) Hm
a depends on single point resolution o, , & on the lever arm
b depends on the distance between the innermost layer to IP and on the material budget

B Design constrains on vertex (to achieve a =5, b =10, and B= 3T):
Spatial resolution near the interaction point <3 um

Material budget < 0.15% X,/layer
First layer located at a radius ~1.6 cm
Detector occupancy <1%
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Design goal: o, < 3 um

How to reach: oy, < 3 um? *: either a small pixel size or more data information
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Spatial resolution vs pitch obtained from Mimosa* sensors @ IPHC

of2

For CEPC: Binary output, with digitization electronics integrated into each pixel <18 um pitch size

+J.Baudot, “An ILD vertex detector with CMOS sensor —status report”, in Linear Collider Power Distribution and Pulsing workshop, LAL Orsay, May 2011.
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Sensor design Specifications

Physics driven requirements Running constraints Sensor specifications
Osp, A s > Small pixel 16 um
, 0.15% X,/ layer o

Material budget ---------==---=--------oooeeoo ool > Thinning 50 pm

R ICETCTEEEERTPRREPRERER >Air cooling ~~""""""TTTTTTTTTT72 Low power 50 mW / em?

16 mm

r of Inner most layer ‘"“““‘“““‘“*“Peam-related background ~~~2 Fast readout1 ~ 100 ps

i Detector occupancy <1%

bommmmmmmmmmmsmmmnmmmmmne s > radiation damage -~ > Radiation tolerance

3.4 Mrad / year
Ref: Y. LU, CEPC workshop, Beijing, Nov. 2018. 6.2x10%nq / (cm? year)

Difficulty: meet all the specifications at the same time.

Promising technologies:

HR-CMOS pixel sensor DEPFET

3D-I1C

SOI pixel sensor
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High granularity digital pixel prototypes for CEPC

Pixel size Collection o R/O
Prototype Technology (um?) diode bias (V) Matrix size architecture
MIC4 25X 25 -1 —-6V 128 X 64 Asynchronous
0.18um HR-
CMOS
JadePix2 22X 22 1—10V 96 X112

Rolling shutter
CPV1/2 0.2um SOI 16 X 16 <-40V 64 X 64

To achieve a digital pixel size as compact as possible, while maintaining other
specifications (power, speed)
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MIC4: technology

CMOS technology: TowerJazz 0.18 um CIS process

Quadruple well process, deep PWELL shields NWELL of PMOS: full in-pixel CMOS
Thick (~20 um) and high resistivity (>1 kQecm) epitaxial layer: more depletion

Thin gate oxide (<4 nm): robust to total ionizing dose

6 metal layers: layout benefited

Could be back-thinned down to 50 um C

GND
N+ | N+

P well

Particle

N well

Deep P well

P Epitaxial layer

P++ substrate

> Latest Mimosa series @ IPHC for STAR
» ALPIDE @CERN for ALICE upgrade
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B Chip overview:

YV VYV VY

MIC4: overview

3.1 X 4.6 mm?; 128 X 64 pixels

2 Pixel front-end versions,

both two pixel versions pitch size=25 um;

Processing speed: data-driven asynchronous

« 25 ns/pixel;
Matrix Power:

¢ <20 mW/cm?;
Data driven readout:

* Real time readout

* High speed data link of 1.2 Gbps

Matrix (128 X 64)

8 super pixel columns

 Super pixel<0>

|
|
|
|
|
|
|
|
|
: g
Super pixel<14> | |
|
|

Super pixel<15>

__f_‘[‘__ — o) *_

8b current
DACs

F 3

DACs

10b voltage | |

F 3

SZ

SZ

ST —
Column-level priority
encoder readout

Y

Analog readout {;
chain for test

Data Formatting

!

Bandgap

Serial out port
Pixel config Serializer :> (lszpF;}
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MIC4: in-pixel front-end

Far Test Cascode Amplifier Threshold Bias Circuit — Current Comparator PVDD_1.0 AVDD_1.8
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Clipping Circuit

B \ersion 1: B \ersion 2:

» Same structure as ALPIDE* (@CERN, for » CSA based front-end, feedback capacitance
ALICE upgrade), with different parameters 0.2fF

> Peaking time < 1ps, pulse duration < 3 ps, » Peaking time < 1ps, pulse duration < 10 ps,
110 nW/pixel (increased by a factor of 3) 50 nWi/pixel

* Ref.: D. Kimetal., 2016 JINST 11 C02042
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MIC4: readout architecture

SIN STATE

ADDR_EN

Super pixel

RESET_PIX
ADDR_EN

SELECT RESET_PIX_8B 8*8 plxe|S
souT
RESET_PIX
Q 2 A
pvDD ADDRX S '; ™
RESET_PIX_B ;/< ,V_ kv
o ADDRY oc o aoﬁ
(@] (@]
ol al o
RESET_PIX < < <

Pixel OR_logic/

— 20 address lines to the Periph

o

M Data driven readout architecture:

» Hit registered by the latch in each pixel,

» 64 pixels as a group called “Super pixel”;

» OR-gate chain inside each super pixel to
do zero-suppression: two dimension
projection (ADDRX & ADDRY) to
identify the hit pixel;

» Super pixels using AERD* structure to
readout (same as ALPIDE)

44—
l

4 state[0] valid[0]
[Bockto)fe— R
b.state[1] SELECTJ[0]
Block[ ] < REsET()
| €—— RESET[2] ADDRPIX[1:0]
Block[3]  le=—P state[3]
RESET[3]
-Block[4] == state[0] valid[1]
RESETI[0] . VALID !
= state[0] valid |—-=->
Block[S] 71 o stare[1] SELECT([1] SELECT[0]
RESET[1] 1 state[1] CLK
Block[6] —|_1> statel2] SELECT[1] SELECT [¢——-——| s
: C
RESET[2] ADDRPIX[1:0] state[2]  ADDRPIX[1:0] 2
Block[7] H_l% state[3] SELECT[2] %
ery RESET[3] state[3] ADDR<3:7} O
— | sErECT[) \ o1
= state[0] valid[2]
Block[8] r RESET[0] \ ADDR<1:0>|
10
—3} state[1] SELECT[2]
Block[9] [ RESET(1]
p state[2]
RESET[2] ADDRPIX[1:0]
Block[11] [——7 state[3]
RESET[3]
HIERARCHY N-1 HIERARCHY N HIERARCHY N+1
Block[12] |=— state[0] valid[3]
Block[13] [Z—# state[1] SELECT[3] |P“‘”“‘“L°G|‘
r RESET[1] Priory |
Block[14] state[2] RESET ADDRESS —ﬁg:iiﬁ
DECODER ENCODER
RESET[2] ADDRPIX[1:0]
RESET[3] Unit block of the hierarchical tree element (repeated block)
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MIC4: test results

B Pixels with FE versionl:

> TN:~6¢€;
» FPN:~30e¢;

@ T T T T T T T — T Endries Ll iral
i;_-‘ | Mean 000174
* soo— MNoise Sid Dew 0.0006455
aoal Temporal
[ noise: 6 e -
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% 0002 0004 0006 0008 0.01
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s LA L L L B B L etk
& 500 — Mean 00696
- o o -
400[ —
300 E
: Threshold :
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100 3

0.3

AUV]

B Pixels with FE version2:
» TN: ~18¢-;

» FPN:~120¢€;

h1_enc
¥ OF Entres o
Esuu:— Noise -|— Mean 000272
E RS DNRTTS
i Temporal
noise: 18 e-
M0 L
”l:-' B T T T m!ul S T T '”:_i:_".u
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L C Enines 7554
f”"'_ 1 el Mean 02477
. J' I | s RMS 008437
)ﬂl:l'- |l
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JadePix2: overview

. Chlp OverVieW: IHEP Iogol lAnangue out buffer (><12)|
> 3 X 3.3mm?; 96 X 112 pixels with 8 sub-matrix B
» Two pixel versions: both pitch size=22 um
> Processing speed: rolling shutter mode b1 < < b2
« 100 ns/row (version 1); g
e 80 ns/row (version 2); ;T
» Power: o ol o
« 3.7 uAlpixel (version 1); <
* 6.5 pA/pixel (version 2);
» Data: _
« Binary output: 16-to-1 serializer, | PISO16in1 (<) |
LVDS transmitter @160MHz clock Floorplan of JadePix2
« Analogue output: 4 column pixels for each version
D1 Al A2 D2 D3 A3 A4 D4
Diode size 4 pm? 8 um?
Design Version 2: Single-end 1: Differential 2: Single-end 1: Differential
Matrix size:
(D48 row X 44 col.
248 row X 4 col. @ @ @ @ @ @
(348 row X 60 col.

12 IAS Program on High Energy Physics 2019.1.21-24



JadePix2: in-pixel structures and operation timing

2 pixel versions: in-pixel offset cancellation and high precision comparator

Vot V of_latch Latch
1 l Latch Viefz I are
Calib Read Read 1 Vrefa_ Rov_sel
ni.Re/ad Calj Out+ ‘ Out+ Out
LATCH [~ Rov el LATCH
AP Out- Out |—l— Out—
+ .—l— —
1 Read \ Read e
Power on £ \ Ed \ Power_on Power_on
v, Vrefilatch
ef_latch
Version 1: differential amplifier + latch \ersion 2: two stage CS amplifiers + latch
! PrePower_on | A D conversion | Read_out | Power_on& AD
|<— 100 ns —>| €«— 100 ns —>| «— 100 ns —>| | ! conversion | Reset& Readout
: ‘ | } } 14— 80 ns —> <«— 80ns —>
Power_on ! ! | ! ! Power_on | i
Latch | 3 [ ! ! Latch d—|_| ! 1
‘ 1 ‘ ‘ RST1 | e S |
Read | 3 1 — i 3 | RST2 | L |
i I
Calib : BN : : : Calib ‘ 1 1 1
Clamp ! L L. : : Clamp —+— I

Select ‘ ‘ "—‘—i_ Sel_b i ‘I—g— 1
| | | i L
M ' | |—==; @ i i  —

i |—|'+—+— Next row i i ! —
Next row } i i I_I-i—i— ] ! ) T
| | | | | ==
| | [ 1 |
Operation timing of pixel version 1 Operation timing of pixel version 2
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Numbers per entry

JadePix2: test results 1/2

0.8[—

0.6[—

Hit Ratio

S-curve measured on pixel version 1:

04—

Total ENC ~3le

Z A
L — } T IR
0.566 0.57 0.578

ref 2

FPN: 1.08mV @input node ENC: ~29 e TN: 0.4mV @input node ENC: ~11 e
Threshold Distribution Temporal Noise
E Entries 1536 350 ; Entries 1536
400 — Mean 0.575 B Mean 0.0004174
- Std Dev  0.00108 - Std Dev 0.0002302
350— 300—
- >
300— £ 250
o o C
2501 8 200
200:— 2 -
. & 1s0f
150 g -
= Z 100
100— -
50— L o]
O:||||||||_|||-_n I T A N B A ) 0;\\\\\\\\\ co e v b b b
0566 0568 057 0572 0574 0576 0.578 0.58 0 0.0005 0.001 0.0015 0_.002 0.0025 0.003 0.0035 0.004
Threshold [V] Noise [V]
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Vref4=0.50V

JadePix2: test results 2/2

Hit Ratio

S-curve measured on pixel version 2:

Total ENC = /292 + 552 = ~30 ¢

85 09 095
Vref_2 [V]

FPN: 53/52(G,)=1.02mV @input node ENC: ~29 e TN: 0.2mV @input node ENC: ~5.5 ¢

Threshold Distribution Temporal Noise

E 10— Entries 768 E" - Entries 768
& = Mean 0.7046 § 50— Mean 0.01027
E L Std Dev  0.05332 e r Std Dev  0.002514
@ - < -
2 g 8t
E E 401
3 = =] B
=z L = B

o sol

i sl

2 ? ‘ H 10—

0_ P PR AR |||l OIII |1|J]I'IILI|||| ||I1H1I||ﬂl'|"|1|1 | [ |

055 06 065 07 075 08 08_ 0 9 095 0 0005 001 0015 002 0025 O os 0035  0.04
Threshold [V] Noise [V]
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CPV: technology

SOTI Pixel Detector Radiation
SOI: LAPIS 0.2um Process Device Layer (40nm) —_ N/ cmos ciraut
Fully depleted sensor Buried Oxide (200nm) —> || socistaa ] L=
Full in-pixel CMOS " i =
Substrate (260um
5 Metal |ayerS ( K )_> Si Sensor
: . i i
High resistive substrate (=1 kQecm). g oo Al Layer (200nm)
Could be back thinned down to 75 pm | y —_

Sandwiched structure of SOI

Concerning about granularity

MNWELL NMOS FMOS

SOI pixel technology potential advantages: TRANSISTOR, [ TRANSISTOR

Thicker sensitive layer: simplify the electronic design

- 2-3 times signal charges for MIP even after back thinning down to = 50um

: i . Sensitive layer: 10-20 umt
More compact layout: shrink the pixel size Epitasia Loyer -

- PMOS & NMOS transistor could be closer (no NWELL PWELL used for transistors in SOI)

CMOS technology
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CPV1: overview

First digital pixel of 16um pitch size

CS voltage amplifier, gain ~ 10

Inverter as discriminator

Threshold charge injected to sensing node
Pixel array: 64*32 (digital) + 64*32 (analog)

Double-SOI process for shielding and radiation
enhancement

m  Submitted June, 2015

|

reset —o||§|_ l;l_ :

. 0—4| —o/o— .

o o— " Vin i I
|

|

RATIEA

Pixel schematic of CPV1
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CPV1 prototype layout: 3 x 3 mm?

CPV1 digital pixel layout
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CPV2: overview

3 X 3 mm?, with 64 X 64 pixel array, 16 pm
pixel pitch
Readout: rolling-shutter
100ns/row
Protection diode added
Enable full depletion on sensor
In-pixel CDS stage inserted
improved RTC and FPN noise
replaced the charge injection threshold Protection

Sensor thickness was thinned to 75 um "

Vdiode

|6pum

Voltage

CPV2 digital pixel layout

CDs

amplifier stage

&

Submitted June, 2016 rei‘ii/o__|

Vin | H

Y
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Velamp

Inverter Column bus

L & o—|

Pixel schematic of CPV2
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CPV2: noise performances

Full depletion confirmed with %Fe and

) Digital pixel array S-Curve
Infrared laser respectively at v, < - 30V

Calibration with >Fe 5.9keV X-ray, CVF =

- 0.8
123.3uV/e .
Noise performances £ osf-
S L
TN: ~6e s
z L.
FPN:~114¢"; need to be improved. oof
obla 1oty
0.88 0.9
- Entries 1991 140— -
300 } Mean  0.0007141 - Enes o
. 120 Mean 0.9704
250 o RMS 0.0003154 r RMS 0.01428
E Constant 3305 100 - Constant  111.9
8 200 Mean  0.0006986 o F Mean 09707
5 E Sigma  0.0002894 é 30:— Sigma  0.01342
g 150~ 2t
a r 2 60|
C g "L
100 C
F 40_—
50 -
L 20_
b Lol WP TR P DR PR B C
0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005 L 2 L
temporal noise [V] 8.9 0.92 0.94 0.96 0.98 1 1.02

threshold [V]
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CPV2: laser position scan with different intensity
B Scan across two adjacent digital pixels oixel0  pixell

— Step size: 1um faser scan
— Threshold is fixed at minimum value without noise hits

— Different beam intensity is used

s s
[0 L [0 L
£ 08 2o
g L pixel0 ixel | a T pixel pixel
©ge P C o6
B L B L
N N
Zo4- . Zo4-
g Slgga;lélcharge g Signal charge Normalized response
2 = - 2 - - .
o2 ¢ o2 = 2308e =number of hit/number
o) IS R N S I S R U S W o) I I I S U B P S O S N 0pr|Se
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
position[um] position[um]
1: 1i
o - L
%:0-85 3 0.8
e - . . Q L .
- I 2 ixell
2,6l Pixe 0 pixel | 2 0el P
B L 2 T
N L N r
T 04— : g 0.4 :
£ Signal charge E™F Signal charge
s - C
02 3148e P = 4722¢
Coovtnn i b b b b b b b a1 :H N T
24 6 8 10 12 14 16 18 20 22 % 8710 1214 16 18 20 22
position[um] position[um]
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CPV2: spatial resolution by laser

= Responding position reconstructed by Center of Gravity; RMS value of residual
distribution indicates its single point resolution

45000 Entries 393190 50000 — Entries 393216
E Mean -0.2123 C Mean -0.02889
40000 RMS 4117 L RMS 2.556
35000 40000/
30000 -
25000 soooo;
20000~ 20000
o3 Signal ch ? Signal ch
10000 _I?Q%C_ arge 10000E _lgggSC_ arge
5000 B € - - €
) S I RN NN U N AN (VAN AN P bt b e e LT i L
0 8 6 4 2 0 2 6 8 10 S0 8 6 2 0 2 6 10
residual[um] residual[um]
Residual distribution changes with beam intensity (threshold is fixed)
50000 —— oa” —o.90ep4 | 50000C Eniies 363210
- RMS 2.209 L RMS 2.751
40000 40000
30000 30000
20000[ ) 20000 )
i Signal charge F Signal charge
10000/~ = 3148e- 10000~ =4722¢
OZI\\I\\III’\_\\I‘\III\\II\IIII\‘\II‘II\ 07”"“‘I““\\llll\llllww\\—v—iwwllll
0 8 6 4 -2 0 2 4 6 8 10 -0 8 6 4 2 0 2 6 8 10
residual[um] residual[um]
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CPV2: spatial resolution by laser

= Single point resolution versus signal charge
Get the best resolution of 2.3um at ~ 3000e- signal level

0 1000 2000 3000 4000 5000 (e7)
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Summary

B A variety of pixel prototypes has been designed for CEPC R&D, on the

specifications of high spatial resolution, low power and fast readout.

M Spatial resolution < 3um has been demonstrated on CPV2, with 16 um digital

pixel pitch size;

Pixel size Collection R/O Readout time
Prototype Technology (um?) diode bias Noise ()  architect (us) for
H (V) ure ~1.5%3.0cm?
MIC4 25X 25 1—-6V ~30 Asynchro <10 s
0.18um HR- nous
_ CMOS
JadePix2 22X 22 1—10V ~30 _ ~ 60 us
Rolling
shutter
CPV2 0.2um SOI 16X 16 <-30V ~114 ~80 pus
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Outlooks

B Explore novel readout scheme

B Design prototypes with large pixel matrix

B Radiation hardness study

B Explore 3D integration technology or new process with

smaller feature size
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H(240) | W(160) | Z(91)

Hit density (hits - cm™2 - BX™1) 2.4 2.3 0.25

Speed Bunching spacing (js) 0.68 0.21 0.025
L

Occupancy (%) ~0.08 | 0.25 0.23

Table 4.2: Occupancies of the first vertex detector layer at different machine operation energies: 240
GeV for ZH production, 160 GeV near W-pair threshold and 91 GeV for Z-pole.

size sume of readout time for the silicon pixe sor and an average
cluster size of 9 pixeld per hit, where a pixel is taken to u@ The resulting
Vertex detector Power dissipation Cooling method  Material budget
requirement/layer
Alice ITS 300 mW /em? water 0.3%
Power STAR PXL 170 mW/em? air 0.39%
ILD vertex % air or N, @
(CPS an iy
 35Winside cryostat  two-phase CO,
(FPCCD)
H (240) W (160) Z (91)
Radiation Hit Density [hits/cm?-BX] 2.4 2.3 0.25
tolerance TID [MRad/year] 0.93 29
NIEL [10** 1 MeV n.,/cm®-year] 2.1 5.5

Table 9.4: Summary of hit density, total ionizing dose (TID) and non-ionizing energy loss (NIEL) with
combined contributions from pair production and off-energy beam particles, at the first vertex detector
layer (r = 1.6 cm) at different machine operation energies of /s = 240, 160 and 91 GeV. respectively.
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