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Perspective
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Belle Il

ALICE-(HL)-LHC

ALICE | ILC LHC HL-LHC-pp CEPC Belle
PP Outer | Inner Upgrade
BX-time (ns) 20000 | 350 25 25 25 25-760 ~100
Hit Rate (MHz/cm?) 1 25 100 100 4 000 ~30 100-500
D (ngy/cm?)” >10%3 | 1012 | 2x10%° 10%° 1x1016 <10 <108
TID (Mrad)” 0.7 0.4 80 50 > 500 30-40 10-50
Pitch (um3) 28x28 50x250 | 50x50 | 50x50 16x16 ~40x40
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Design for Sensor Radiation Tolerance

In the context of HL-LHC
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Hybrid Pixel Detectors

4

/ Depleted Monolithic Pixels

o
- p-well
Passive Pixel Sensor
n-well (colecting node)
/ particle track depletion zone
HV bias
MOHO'IthIC PlXEIS particle track

| pwell

\'
\ n-well
depletion zone

p++ substrate

/ particle track
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Sensor Design Paramters "
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* Substrate doping concentration (resistivity)
* Maximum sensor bias voltage
 Geometry (thickness, fill-factor)

20pum

< > I particle

NetActive ([cm™-3)

- 1.48%e+20

2.35T7e+13

2.7 1e+04
1.672e-01
-2.674e+04
-1.687e+13
-1.067e+20

18um (epi)

]
I I ! II T I I
&0

0 10 xm iﬁ] 40 k0
I

* Worst case scenario!

* No acceptor removal (this is only simulation) Code: https://gitlab.cern.ch/TCADExamples/ChargeCollection
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Geometry/Fill Factor "
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Fundamental process options "
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Electronics (full CMQS) Electronics (full CMQS)

p-well

deep p-well

deep n-well

p-substrate

p-substrate

Electronics inside charge collection well Electronics outside charge collection well

* Collection node with large fill factor - rad. hard * Very small sensor capacitance - low power

* Large sensor capacitance (DNW/PW junction!) = x-talk, * Potentially less rad. hard (longer drift lengths)
noise & speed (power) penalties *  Full CMOS with additional deep-p implant

*  Full CMOS with isolation between NW and DNW .

Smaller pitch

input capacitance vs electric filed

power vs radiation

T. Kishishita, et al., DOI: 10.1088/1748-0221/10/03/C03047 W. Dulinggggeral, BOLI0-1109/THS 2004 S8 5
P. Rymaszewski, et al., DOI: 10.1088/1748-0221/11/02/C02045 A. Dorokhov, et al., DOI: 10.1016/J.nima.2010.12.112
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Consequences of the additional inter-well capacitance "

UNIVERSITAT

larger total detector capacitance: Cy=Cy + C,,

2
noise ENC’tQhermal X ék—T %
SGm T
1 Cgq
timing TCSA X — —=—
9m Cf

cross talking into sensor

—

digital

A
IC‘@ pr deep p-well é
\%

need to increase g, to compensate
=> increased power (g, X |,)

The PW/DNW capacitance C,w directly couples into the sensor (the CSA input node).
Even with careful layout and low noise digital circuitry the operation threshold can be affected.
For example: for C,, = 100 fF, AV, = 1mV =>Q, ,, = 625 e~

hemperek@uni-bonn.de
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Readout
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Readout concepts

RESET

Readout

ntegration

Resat ¢

|

Rolling Shutter
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MIMOSA

PXD/DEPFET

Column-drain

SELECT

v

Priority Encoder

Pixels

STATE

STQTE

|RESET

Priority Encoder

VALID
SELECT.
ADDR

ey

Pixels

Periphery

/\ H Addr| | Pixel Logic |

Addr
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@?’ b e | LE ﬂ 4@
-E>TE g §§§ TE<:|-
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"‘": L
a
FE-I3
|Column Controllerl Monopix

Shared Bus One to one
1 Pixel
::j | Pixel
. | Pixel
1 muPix
N Pixel | AtlasPix
1 Buffer
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N Buffer
——:> Buffer
A VA Y
Distributed memory
OO Ol10 OO0 OO
Analog Front End Digital Pixel Region Analog Front End
Hit Processing Hit Processing FE-14
Buffer Hamming Encoder Buffer RD53
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Hit Processing Hit Processing
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Readout concepts
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- -==r—]CsA
1
-t Z S cmp READOUT
‘_r\l TH D—
o >__ data
. J
* Lower input capacitance and reduced crosstalk noise o
Hybridize

* Overcome limitations of some technologies

* Higher integration level (

113 DI))

Ao

~

L —

- READOUT

+ dataj
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Column Drain Architecture "
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j\ H Addr

| Pixel Logic |

Addr

>

N\

<

BC ID
Data Bus
Token
Read

|Co|umn Controllerl

Trigger Memory

Ile— BC ID (delayed)

[ Trig.

1< Trig. Req.
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—— theory
0.12 1 —m— simulated
0.10 -
0.08 -
®
0.06 A
0.04
0.02 4
10 15 20 25 30 35 40 45
hit rate (100 MHz/cm?2)
random hit rates for 40x40 um? pixels
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Devices & Performance
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HVCMOS - AMS/TSI 180nm 4
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Pixel i Pixel i+]

N * Substrate: 10 (initially) — 2k Ohm-cm
* Bias: >60-100V \

* Process: 180nm -
* 3-6 metal layers

HV deep n-well

14 um @ 100V (1080 ¢)

Depleted | e KIT, Geneva, Barcelona, Liverpool,
° CCPM, CERN, Bonn, ..
P-substrate Not depleted ° Since 2012

M1 2004 reluscape - CIRN 5 duta 2018 I 100 GV

AMS IR, ATLAMAG A0 D JOB om
LU T L LA

S 11632 Ban = B3 V. Mvmbald » DM VI @ 2 = lo" “",m’
ATLASPiX]. MZ . Ciahal efuisncy = ¥9 W% 200 Q cm
. . final (100mu)
® 320 X 56 pixel matrix T-10°C
® 50 X 60 um? pixel size B >90% bias = 95 V
e triggered readout j after 107 n,/om? P d 2
I i 10204 | 'E
ATLASPix1 Simple ot r— o
e 400 X 25 pixel matrix o —— ’
. . { 1
e 40 X 130 um? pixel size oo yemm] 4,
] & o a
Note, no beam here! 068656 100 110 125 136 140 150
. [ T— S———
I. Perié, et al., DOI: 10.1016/j.nima.2018.06.060 A.Schoening

M. Kiehn, et al.,DOI: 10.1016/j.nima.2018.07.061
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w oo y _+ Towerlazz 180 nm CMOS CIS I@
| LI * * Deep Pwell allows full CMOS in pixel A

| | * Gate oxide 3 nm good for TID

b o * Thickness: 18 — 40 um

e High resistivity: 1 —8 k Ohm-cm

* Reverse substrate bias

* Modified process to improve lateral depletion
e Derived from ALICE development (CERN)

Towerlazz 180nm

=r-ak

C. Gaoetal.,, NIM A (2016) 831
W. Snoeys et al. DOI:10.1016/j.nima.2017.07.046

i

g e
E N;'::Llff C‘::g‘:;‘f Frontdde HV blas
E § ! N:l:r(Di c:;;::e g
o -
b §
O‘_'O £
DAC] Iﬂl-un-n SENSE AMP + BCID DRIVERS + COLUMN BIASING

MiniMalta (2018) [

19.8 mm

ALPIDE [ALICE ITS] TJ-MonoPix/Malta
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18 mm

Malta

48
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18 mm

A
v

TJ-MALTA

* 512x512 pixels (36.4 x 36.4 um? pixel size)

* Design: CERN

* Active area 18 x 18 mm?

* Hit memory in active matrix

* All hits are asynchronously transmitted to
EoC logic

* No clock distribution over active matrix

vdd
Amplifier ? Discriminator
VbSEfed g vmm“-_—‘ e vucmil-_J - —|['_JM11
l IN
——Mit M11 (C) S outs
—O
B Ve —
M2 46N [ =|- ma J_|_
_|I
S N\
L J,t m7 —-{I: M10
M1|:l|—

Collection N-well E

Spacing Spacing NMOS PMOS NMOS X

P-well P-well / al k ] P-well =)

. \ 8

' i

kk -

R » s = ; =0 : . 2

i i * Low dose’N-implant * { ; i )
Depleted Area i Depleted Area

w
2
o
o
=
a
o
=
v
-

P-Epitaxial Layer

Modified Process

I i I I I )/ '/ i

16 blue+16 red pixel groups of 2x8 pixel

I. Berdalovic, et. al,DOI: 10.1088/1748-0221/13/01/C01023
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TowerJazz — Malta Efficiency "
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e Due to small collection electrode, the field configuration and charge collection under DPW in pixel corner
is critical

e Require full depletion under the DPW

e Transversal field components in corner is needed for radiation hardness

n-well NMOS PMOS MMOS n-well
p-well n-well p-well

Unirradiated @ 250e- threshold Irradiated 10*°n/cm2 @ 350e-

—— > - -

; ; Rl
B(
&
| ! -
L §
% 10 20 30 40 50 B0 70 7o

Pos X

A. Sharma, et al., Vertex 2018

pou ¥ fum]
d F\!m]

L]

40

pos X [perm) -

hemperek@uni-bonn.de CEPC Workshop 2019 17



MiniMalta Results
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Gap in the n- layer ——
spacing Y& Spacing  NMOS PMOS
e
(PWELL) (PWELL)
N implant N implant
\? 100 : Q:‘J T T T T T T I T T T T | T T T T ] T T T T I :
S W2R1+W4R2 (1x10"° nJ/om?) =
> 95 neql —
P-Epitaxial Layer = E E
’ ’ :g N0 _ —
= C n N -
I
- N® B
o TEE- 8 = =
— Extra deep p-well implant - 58 E
spacing V& Spacing  NMOS PMOS 70 = = L ¢ —
- o o Large trans. =
— e 65 /. A Large trans. + extra p-well =
e (P - (10 Large trans. + n gap 3
N implant N imolant 60 » e Std trans. —
e e = . Std trans. + extra p-well =
55~ u w Stdtrans. + n gap =
50 : I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I :
P-Epitaxial Layer 100 200 300 400 500 600
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Threshold [e]

M. Dyndal arXiv:1909.11987

CEPC Workshop 2019
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TJ-MonoPix1 "
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2x2 Pixel Layout
\ i 112 Columns e 1x2cm? size, 224x448 pixel matrix
I« Small pixel size: 36x40 um?

« Low power: < 65 mW /cm?

* 6-bit ToA (Time-of-arrival), ToT
(Time-over-threshold)

* No trigger memory, 4x40Mhz data
transmission

* Optional HV frontside bias, Leakage
compensation

* No in-pixel threshold tuning

lcm
224 Pixels

Entire Bottom Half of Second Flavor (FULL DPW) Entire Bottom Half of Second Flavor (FULL DPW)

=271.33e" p=11.00e"
208 L 30.69e ~ 0=0382" |

e
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£ Unirradiated single
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w
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=}
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=]
=3

v
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150 {
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w
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=
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u
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A 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 0

Injection [e-]

Injection [e-] 6 10 2'0 3b 4b Sb 60
ToT [clk]

T. Wang, et al., DOI: 10.1088/1748-0221/13/03/C03039
K. Moustakas et al., DOI: doi.org/10.1016/j.nima.2018.09.100
I. Caicedo et. al, DOI: 10.1088/1748-0221/14/06/C06006
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LFoundry LF150 4
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- —— LFA150:
» T » e L-Foundry 150 nm process (deep N-
(p-stop) b o"' P NwW (p-stop)
W W well/P-well)
NiSo Niso * Upto 7 metal layers
% * Resistivity of wafer: >2000 Q:-cm
@I. * Small implant customization
2y Pe o cubstrate * Backside processing —2omn -
# 4 ,Tr Pa o] ~ e
I~ Power o dsilbulor____1
1cm 1cm
0.5cm
£
l_: £ Matrix s
£ £ @ £ (340 x 56)
o ] 0
i n g
(=)]
CCPD_LF e
2014 LF-CPIX LF-Monopix s e
2016 2016 LF- MonoPix2

2020
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LF-MonoPix1 4

UNIVERSITAT

lcm

LF-Monopix (monolitic FE-14)
 Pixel size: 50 pm x 250 pm? A . Frtiﬂfirj'sf':'f" ,_ v
e Chip size: 10 mm x 10 mm? — e SUNERSTATEEES
* 200pum and 100um version
* Measured good >99% particle (MIP)
detection after high neutron radaition
* Breakdown >280V on test structures
* Radiation (TID) tolerance (>0.50MGray)

9.5cm

* LF-MonoPix2 -> (150x50um?)

:: One plxel Ce” :E 1 == 100um, nO Metal
+«——Electronics—» !

’ |
o 200um, with meta |
| —=— 725um, with meta |

-
o

Leakage current [A)

' - Breakdown > 280V

50 100 150 200 250 300
Bias voltage [V)

M. Barbero, et al., “Radiation hard DMAPS ..., arXiv:1911.01119
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LF-MonoPix1 Design "
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LF-Monopix1

| Serializer + LVDS driver [

Data from ChiE{
z)

Clock (160 M

Freeze

:Iock (40 MHz)

Read

EoC [HE oG R e e
i - % 8 o
1 sl sl 8 =
H o i i S Yo MR H
i r I H
I Tokenin Token out H
rne [>T [heif
(previous col )] » Data out
1 | | (to next col.)
I ; |
| 'Sense amp.! 1
£ x 24 '
Pixel I 7] . {
col. | : I
. | ! |
| | |
s e |
®
[=] 4
| [ |
| Matrix I |

Token from chip

—{Serial config. output

Shift regisfers

[ Column/Pixel colnﬁ.g. Registers |[TACT\

]

T. Wang, et al., DOI: 10.1088/1748-0221/12/01/C01039

P. Rymaszewski et al., DOI: http.//doi.org/10.22323/1.313.0045

hemperek@uni-bonn.de

Serial config. input

—Clock (shift register)

FPGA

* Pixel size 50 X 250 um?

Token in
(from previous pixel) A

Preamp + Discriminator | R/O Logic

ias

2
7]
©
k-]
°
>
D

\ \ LE ReadInt

y
——{ e raw |1
1
] ; L eraw -

st |
HIT fl A )
: 0
Readint ) ( lj
Token out
Freeze {to;next pixel) Read Time stamp Column bus
(8-bit) (24 bit)

Deep nwell

250 um

CEPC Workshop 2019 22



LF-MonoPix1 Measurements
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TID Effects
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Vertical position [um]

Efficiency (Un-irradiated)
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=100 Lo
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= 1000 100

=300 o 500
Horzontal position [am|
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T. Hirono, et. al, DOI: 10.1016/j.nima.2018.10.059
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Other LFoundry Development "
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Electronics (full CMQS) Electronics (full CMQOS)

p-well nw

deep p-well
deep n-well

p-substrate - p-substrate

S e —p——
P ——

= Architecture: 3T (DC coupled) = Architecture: 3T (DC coupled)
= Thickness: 100 and 200um (BSI) = Thicknes: 100 and 200pum(BSl)
= Bias: <250V = Bias: < 60V

" Pixel: 25x25um? =  Pixel: 25x25um?

* |nput capacitance: tens od fF .

Input capacitance: few fF

hemperek@uni-bonn.de CEPC Workshop 2019 24



X-FAB HV-SOI (XT180) 4

UNIVERSITAT ELITY

ov VDD oD
;
\"5"[ P-substrate
'E p

Fernandez-Perez et al. NIM A796 (2015) 13-18
Hemperek et al. JINST 10 (2015) no.03, C03047

XT180:

e XFab 180 nm HV-SOI

* Up to 7 metal layers

* Resistivity of wafer: 100 Q-cm

XTB01 and XT02 prototypes:

e Pixel pitch: 15, 50, 100 pm
 Chipsize: 2.5 mm x5 mm

* Design/Testing: Bonn, CERN, CPPM

hemperek@uni-bonn.de CEPC Workshop 2019 25



Deep Depletion CMOS
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NMOS PMOS
Transistors Transistors DNW GND DPW Veoee
h' B photo | e =]
Diode (4 KM

3 pum

) 50 um Substrate Thickness
20 um Pixel ——

Nwell
wDeep Nwell
mPwell

Deep Pwell

High Resistivity N-Type Silicon Substrate

P-type backside implant

VBACK

1k x 1k
tracking
sensor

All use the
same process

b s
—

hemperek@uni-bonn.de

sor % Creations

CMOS Process on High Resistivity Silicon

* Technology node: 180nm

* Wafer material: 8 inch float zone (F2)

e Resistivity: 6.5 kOhm x cm

e Conductivity type: N

* Backside: P+ implant with dedicated electrode

e Thickness: 50 — 400 micron (application specific)

e 25 x 25 mm? overall size

e 1024 x 1024 pixels

e 20 um pixel size

e Four-fold symmetric

e All available 6 metal layers used
for power routing

S. Lauxtermann, "Monolithic Deep Depletion CMOS Pixel ...", Pixel2018
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MonoPix2 "
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TJ-MonoPix2
LF-MonoPix2
—Q.2mm. ~0.Zmm..
g 9.5 mm . = TOP SIDE BCID DISTRIBUTION <100um -~
A 3
_____________ 900 pm § g
—————————————— v MATRIX
i g S124512 pixels ¥
+ 33.04pm x 33.04pum +
2 2
& . g
g § Normal fE Cascode FE Frontside HV bias g
a 170 col 170 ol sniid | Ganasi 8
Matrix £ g y 86col | B6col | 2
E 17000 pm E g ;
= (340 x 56) o |* <
3

) N g
& o |2 5
Al :
g 16,916mm | g

DAC IO,!-O,S"I!I SENSE AMP + BCID DRIVERS + COLUMN BIASING

SLOW CONTROL + EoC LOGIC + SERIALIZER + OUTPUT DRIVER + IJO + POWER PADS
<05 mm (simple & V1), 1-2 mm with extra functionality (trigger mem etc)
X X 19.8 mm i

|I’fll - CEA Saclay i
‘ Institut de recherche INFN

' sur les lois fondamentales

CPPM de I'Univers

UNIVERSITAT
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Power estimates
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LF-MonoPix : ~300mW/cm2 (~20% digital)
TJ-Monopix : ~150mW/cm2 (~50% digital)

TJ-Malta  :~110mW/cm2 (~25% digital)

Remainder: for timing resolution of 25ns

Analog: ~scales with bandwidth (time resolution) and input capacitance
(does not scale with technology easily)

Digital: ~scales with timing resolution and hit rate
(large gain from technology scaling)

hemperek@uni-bonn.de CEPC Workshop 2019
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33.04 um

TJ-Monopix2 scaling
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'[FRONT
|‘IE|ND|‘. v-f}é-\':’
12x20 um [ TUNING

Process 180nm (25ns, >100MHz/cm?):

Does not scale with technology:
* Diode : ~64um?
*  Front-End : ~240um?
Scales with technology:
* SRAM: 575um?
*  Tuning: 80pm?
- , * R/O Logic: 294um?

‘ Ti ““-‘7“"3772?":“:‘" - HitOr:100um?

IR/ ' &8 « ROM & Buffers: 368um?

From 180 to 65nm*

: F}TH.T E@uﬂ'ﬁqﬂ (digital scales ~x8-10):

= ~ 20x20um?

drop analog information?
more signal => simpler amplifier
less hit rate => simpler logic

33.04 um

hemperek@uni-bonn.de
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Ultimate detector platform?
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high performance data processing
(65/28nm)

I l"""- '—‘u —'n-n -#-{_‘u:: :,!._:.-._ - "<=10p.m

1.li | e 'EE_J =l ..':- iﬂ."ﬂ:.'-.'l'd'i:-: ﬂr’ ':l
A bad Lad LAd - <=50 pm
. low pitch active sensor with >200V bias
Interconnect amplifier (~100nm)
8” sensor

“Easily” available today!

hemperek@uni-bonn.de CEPC Workshop 2019 31



Some concepts from Belle Il "
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iIVTX: Ladder Concept

_ 450 0™

Single piece of silicon
6 sensors per ladder

100 um gap between sensors G. Vidal

C. Marinas, " Belle Il VXD Open Workshop” 2019
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Conclusions "
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Proven good radiation tolerance of sensors (and electronics)

Lower cost alternative to conventional hybrid sensors (as monolithic
or cheaper hybrid)

Limited complexity (110-180nm)

Successful backside processing 200/100um (50um possible)

Low mass (<50um)

Hybridizing active sensor and R/O chip can increase performance of
hybrid sensors (wafer to wafer?)

hemperek@uni-bonn.de CEPC Workshop 2019 33
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