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= Introduction

= Description of the design
= Measurement results

= Next prototypes

= Summary
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Requirements for pixel layers o '1
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ILC

ATLAS-HL-LHC
ATLAS-LHC

Timing [ns]

Particle rate

(kHz/mm?] 1000 1000 10000
Fluence [n./cm?] 2x101° 1015 2x1016
lon. Dose [Mrad] 80 50 >500

Monolithic CMOS
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CMOS Demonstrator Program
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e Passive CMOS sensor + R/O chip

e Study charge collection
e Passive sensor for hybrid detector

e Possible cost advantage if performance is the same as
traditional sensor

= Active CMOS sensor + R/O chip

e CCPD hybrid detector
e Possible on-sensor functionality like subpixel encoding

= Active CMOS sensor with standalone R/O

e DMAPS — Depleted Monolithic Active Pixel Sensor
e Significant cost reduction
e Suitable for outer layers
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Depletion depth
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Depletion width in silicon for pn-diode

300 _ 7 Resistivity [Q-cm]

T 250 Wide d _ 1
p]
3 150 / —100
(=]
£ 100 1000
] .
3 50 {f=Z High V' 5000

0 . . —W— 5000

0 50 100 150 200
Reverse bias voltage [V] H. Kriiger

Charge_Collection

no radiation, 10 Ghm cm
Te+13, 10 Ohm cm
no radiation, 2k Qhm cm
Te+13, 2k Ohm cm

0 100
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200
Time [ns] T. Hemperek

200

ATLAS requires fast and radiation tolerant sensor
with good SNR, which makes wide depletion zone
desirable.

Depletion width d o /Up;qas * Psubstrate

. O~co|lected < d
" Cyot X %(important for CSA)

= Wider depletion zone — more drift, less
diffusion

TCAD simulation assuming the
same bias voltage and 20um of Si.



Technology and designed sensors N "
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LFoundry CMOS3E: =3 PW PW =3
= 150nm CMOS
= 2kQcm p-type bulk . ow ]
= Deep NWell available
= HV process

= Thinning and back size metallization possible
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Technology and designed sensors N "
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LFoundry CMOS3E: =3 PW PW =3

= 150nm CMOS ﬁ i E
= 2kQcm p-type bulk

= Deep NWell available
= HV process
® Thinning and back size metallization possible

Sensors:
Version A Version B
Larger fill factor, larger sensor capacitance Smaller fill factor , smaller sensor capacitance

=) =

[ Pw | PW PW [ Pw | [ Pw | PW PW
ﬁ PSUB E li‘iil PSUB
« «
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In-pixel electronics N "
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= All pixels have the same electronics
= Pixels can be tuned using:
- Local DAC for Th
- Global DACs and bias voltages (CSA current, comparator current, output signal

amplitude, etc.) )

B

||
bias A pad to

E>>_|> R/O chip
j[ output
L stage

Th

L 0 D Q-HIT
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In-pixel electronics
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= All pixels have the same electronics
= Pixels can be tuned using:

Local DAC for Th

Global DACs and bias voltages (CSA current, comparator current, output signal

amplitude, etc.) )
B
I
bias )
_|I
|
N == Th
L~ \ACsA
1 |
|
vida 900
vddaPRE ';‘ 800
Out E 600
In —¢| I_ 8 500
Veasc £ e
2 300
3
vn _l Preamp current = 10pA 2 200
Input equivalent noise = 124 e 3 100

Gain = 18 2% 0
Toeak (for 4ke’) =31.2 ns
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In-pixel electronics . "
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= All pixels have the same electronics
= Pixels can be tuned using:

- Local DAC for Th
- Global DACs and bias voltages (CSA current, comparator current, output signal

amplitude, etc.) )

B

bias I pad to

, D | — R/O chip
——_|I {> j‘f st;?;et

L~ CSA

L A D Q—HIT

Inj
900.0 - D
800.0 ] | . P A I
r—— - - =-=- = = = F ™ " T a T = |

i |, vopD | VDDA mon_ouT |
700.0 - - . I

i Simulation across }—r{ I IVSTRETCH—I I EN_MON—I
600.0-: technology T “: | : ! | PIXEL OUT

corners

500.0 -

IComp—I IComp—I[:‘ | : i WGT_|

400.0 =

b e P L

300.0 3

Output signal amplitude [mV]

i I il
200.0 4 | I GNDD GNDA
! - - - - - - - - o A R |
100,0 - i imi h p
i Dlsgrlmlnator Signal stretching
TR a3 | Lt RARAERE (Discri_LF)
0.0 7.0 14.0 21.0 2B8.0 35.0 42.0 49.0 56.0 63.0 o e e e i = s Ty gy
WG] Comparator (Comp_LF)
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Pixel matrix
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= Pixel size is 33um X 125um (FEI4 pixels are 50pum X 250um)

= Pixels organised into groups of 6

= Each group is connected to 2 pixels of FEI4

= Distinction between pixels in group through amplitudes of
output signals

TWEPP 2015

Plate A

Y

AN

Plate B

Y &

AL
Y

N,
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Pixel matrix - "
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= Pixel size is 33um X 125um (FEI4 pixels are 50pum X 250um)

= Pixels organised into groups of 6 P aea s 3

= Each group is connected to 2 pixels of FEI4

= Distinction between pixels in group through amplitudes of P PlateB ¥ )
output signals

Test PADs
Test structures

= Chip size is 5mm X 5mm

= Configuration of global DACs and pixels done via shift
register

= Pixels can be readout with R/O chip or standalone using |} Matrix.

24 x-114 pixels

the shift register

= Qutput of each pixel’s CSA and comparator can be
monitored (one pixel at a time)

= Two chip versions (one for each sensor type) with
different flavours of pixels

= Submitted in September 2014
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Pixel matrix — versions A and B o "
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Version A

(3 flavors) < W zllez"sljl(;?/olis)

v \ 4
e A 4 positive HV = T
Pure| § L=0.9um
L=0.9um Mwell-DN 20| .. SORSER. e of a0
Preamp | L=1.5um
16| DNwe 16 | B e ——
Psubstra i
= ELT
gnda :
L=1.5um =k [T T - S e T
positive HY i L= O9p.m
8 o poly resistor 2= 14.5MOhms 8 o
. L=1.5um
ELT (W=2.4pm, L=0.16pm) e, B
Psubsir ' ELT
0 gnda — 0 -
0 20 40 60 80 100 0 20 40 60 80 100
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Single pixel gain and noise
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Version A
= Bijas: -111.8V

= Source: >°Fe

D

10.2mV

Basé line

Intensity[a.u.]
o
a3}
e
‘__"‘_f‘——_—_}
_,'l-ﬂ-—"'—*

o
fd
kh_ﬁ_
_,_’_—'—_‘!

ENC=136e

(cf simulation=13mV)

>Fe

ENC=149e

(cf sim.=120e)_

0.0 '
—0.005 0.000

0.005 0.010 0.015
Signal{Ampout)[V]

0.020

Version B

= Bijas:20V

= Source: >°Fe

Intensity[a.u.]

T. Hirono

1.2

13.5mV

=
=

o
o

o
o

=
I

Base line

ENC= SSeFt

F #
¥

A

ENC=100e

>SFe

—0.005

0.000

Noise and gain were comparable with the simulation results.
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Gain and noise maps of version B

unive rsitétbonnl

= Measured with pulse injection (250 mV = 3000 e ™)
= No significant difference between flavors in terms of gain
= Pixels with resistor bias are noisier (before irradiation)

2°"'1-
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Charge spectra (3.2 GeV e  beam)
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Version A

Intensity [a.u.] Intensity [a.u.] Intensity [a.u.]

Intensity [a.u.]

Collected charge [ke™]
16.5

= 120um)

T. Hirono

— 40V
- _ _ -
=]
B 1 1.1
=)
D vl 5
0.00 0.05 0.10 0.15 0.20
Ampout [V]
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Intensity [a.u.] Intensity [a.u.]

Intensity [a.u.]

Version B

25
20

25
20

Collected charge [ke™]
6.1 16.5

=
6.2 ke (Depletion width = 60um)

— )

= =l Ol o

0.05

0.10 0.15
Ampout [V]

0.20 0.25
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Depletion width
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Depletion width [pum]

300

250+

200+

150}

100}

50+

Depletion width in PN silicon diode

—————— 1kQcm

100Qcm

0 50 100 150 300

. T. Hirono
Reverse bias voltage [V]

Measured

® \/ersion A
e \ersion B

 Version A matched to the calculation of a simple p-n silicon diode of 2kQ cm
 Depletion of Version B behaves differently because of its complex structure

TWEPP 2015
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Time walk measurement o '1
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bias pad to

_{ @_{l sasar RIQ.chip
[
}T —7[ stage _|X|

D Q—HIT

3.2GeV e AIDA telescope

v

0.02 Ampout

Ampout [V] Scintilator [V]

0.04 IAmplitUde

oo

Beam monitor

1

(Scintilator)

ONWLNO NO

Monitor [V]
HEH - e

CCPD_LF/
Scintilator
(2.3mm x 6.4mm) Time [us]

T. Hirono

o
—
N
w
>
w

= Time walk of version B was measured using 3.2 GeV
electrons
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Time walk measurement o "
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—(0)— B
T B
bias ) pad to - g
| R/O chip e LT 2 901
}Tﬂ{ @—h _7L— output _|Z| "—-—f!*' 5 —88%
Th stage / S X B0+
_S CSA V¥ | §; 5 § 2006
, D Q—HIT £ - 010
Inj Ampout 3.2GeV e" AIDA telescope T | = '.>? 882 :
= 3 004 Amplitude
- 2 0.02 Ampout
: .A 2 00
(scmtlator) 1 sl
B 215 . el
Collected charge [ke™] CCPD_LF gi% «x Dela x
16 6.1 16.5 / i i -
200 ' — - = : } Scintilator e L0 1 2 3 4 5
a * v TH=2mVi130e (2.3mm x 6.4mm) Time [us]
. + » TH=2TmV(2600e) T. Hirono
150 .r T. Hirono

= Time walk of version B was measured using 3.2 GeV

100+ electrons

= Fraction of “in-time (25ns)” hits
= Low threshold : 79%
= High threshold : 91%

L
]

Realative delay of Monitor [ns]

=]

0.00 005 010 015 0.20 0.25 030 0.35

Ampout [V] = Needs to be improved in next prototype
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Radiation tolerance (TID) | 't“tb"‘
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Gain and noise of readout measured beforeand ;-

after X-ray (~60keV) irradiation L1l
e After 9hr at room temp.
® 100 ®
TID: 50Mrad (outer layer of ATLAS-HL-LHC) T 0.9
!
'f—é 0.8}
Flavors of CSA feedback (version A) S 0.7}
=
= Normal (L=0.9um) 0.6
= Long (L=1.5um) 0.5 ¥
 ELT (W=2.4um, L=0.16um) S s Ii%eforEf irradiation (Inormallzed tlo 1)
7
Readout works after irradiation o 2-0¢
= Gain degraded to 70-80% o Ls
= Approx. twice larger noise % '
=
E— 1.0}
No significant differences between flavors
0.5 : : :
More irradiation studies are coming (24GeV p*) 10°* 10} 10" 10° 10°

TID [Mrad] T. Hirono
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Next prototypes N "
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Two more prototypes based on experience gained with CCPD-LF are planned:
= LF-CPIX—an improved version of CCPD-LF

= Fully monolithic design
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LF-CPIX - '1
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Project’s overview:
= Common design effort: CEA/IRFU, CPPM, University of Bonn

GENTRE OF PHYSIONE BES
PRATICULES E A SEILL

= Pixel size of 50pum X 250um (no subpixel encoding)

= Matrix composed out of few different pixel types (complying
with CMOS Demonstrator guidelines):
- Passive pixels
- “Analog-only” pixels (diode + front-end)
- “Analog-digital” pixels (diode + front-end + comparator)

= Main improvements over the first prototype
- New CSA (faster rise time)
- Reduction of comparator’s threshold dispersion
- Reduction of parasitic coupling to sensitive nets
- Optimization of sensor and guardrings layout

Test structures + PADs +
digital control + bias

TWEPP 2015 22



Monolithic design . "
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= Aiming at ATLAS outer layers — moderate occupancy and radiation damage
= Combination of LF-CPIX sensor and analog FE with digital readout (column drain

architecture, similar to FEI3) Uy

(from previous pixel) A

s . = Nl ]
ﬂ 7 ROl T {

Y
___databus

address
ROM

/\

Same as for CCPD-LF/LF-CPIX

Column controller

Main challenge is keeping low noise operation while distributing, storing and reading
time and token information along the column

23
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Monolithic design . "
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Junction capacitance between charge collecting DNW
and PWell of digital part O(100fF)

Worst case scenario — PWell not isolated from DGND
u dVPW = 1mV, CPW—DNW = 100fF -
Qcrosstaik = 624e™

LE1%9 —1 SRAM 199 f;
L1 SRAM 198 £ | ——0"
el from LF-CPIX
] ([l . RE| | | |RE TN T s o |
rei—] SRAM 1 | |
LEO— -
50umI = SRAMO | csAout |
n— I !
in = s T e S g
ol @ nwell = input to CSA
Clocked
SE Comp
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Monolithic design . "
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Junction capacitance between charge collecting DNW
and PWell of digital part O(100fF)

Worst case scenario — PWell not isolated from DGND
u dVPW = 1mV, CPW—DNW = 100fF -
Qcrosstaik = 624e™

|

|

|

|

|

|

|

a

|

|

|

|

Low noise circuits (e.g. CS-CMQOS) and very careful :
|
|
|

r/w 0 no r/w, data in running r/wl , 1000e~
layout needed : ' o el Hvinjection
LE1%9 —1 SRAM 199 i‘
L1 SRAM 198 £ | ——0"
ekt from LF-CPIX
LE1— — .
rei—| SRAM 1 | |
LEO— —
50umI = SRAMO | csAout |
E_ I ‘ I
In = s T e S g
ol @ nwell = input to CSA
Clocked
SE Comp
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Summar "
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= A prototype CCPD was designed in LFoundry 150nm HV CMOS process and
manufactured on a HR wafer

=  Chip was tested and measurement results are in agreement with simulation
predictions

= Radiation tolerance and readout with FEI4 tests are starting now

= Based on gained experience two more prototypes are being designed now:
= LF-CPIX—an improved, larger version of CCPD-LF to be submitted in
October 2015
= Fully monolithic design — still in early stage, submission planned for the end
of this year or beginning of next year
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Thank you
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Backup
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Concepts & classification of silicon detectors . "
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P- 11

Sensor FE chip

O Standard Hybrid Pixels:
= Planar or 3D sensor, fully depleted

=  Mixed signal r/o chip

Chip to chip

bump bonding
O Hybrid Pixels with “smart” diodes:

= HR- or HV-CMOS as a sensor (8”) *.D_ _D_ _D_
= Standard r/o chip
= CCPD (HVCMOS) with FE-14 Diode + FE chip

preamp

O CMOS Active Sensor + Digital R/O chip

= HR- or HV-CMOS sensor + CSA
(+Discriminator) *'D‘

= Dedicated “digital only” FE chip

Diode + full Digital only FE chip
analog \yafer to wafer
L Monolithic Active Pixel Sensor (MAPS) processing i\

= usually on epi substrate

- diffusion signal, not suited for HL-LHC
= HR- material (charge collection by drift) — fully * 'D' 'D'
Depleted MAPS (DMAPS)
Diode + Amp + Digital
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Particle detectors o "
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Hybrid detector

front-end
chip

Depleted Monolithic
Active Pixel Sensor

particle track
charge collection time fast (drift) fast (drift)
cost high low
material high low
pixel size medium small
signal high high
possible readout complexity high low/medium
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Pixel capacitance N "
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MAPS Pixel Capacitance

» Large fill factor MAPS total pixel capacitance Cd = Ca + Ca’ + Cp+Csw
— Collecting node has a double junction

— Capacitance to backplane C, = Erg

. . A
— Area capacitance between deep n-well and p-well Ca" = &, E’

— Sidewall capacitance between deep n-well and p-well Csw
— Capacitance to neighbor pixels C,

*  Charge signal Small depletion zane d'

prwrell

deep n-well

‘ p-substrate
Ps

Large depletion width d
= high ohmic substrate
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CCPD-LF matrix layout
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Version A | | Version B

Ty o TR T,
s My " e WY ¢ ™ et A !
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Measurement results — breakdown voltage - "
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* |V curves (Version A)

1.8V on collection well
negative high voltage on “Back bias”

10°
-HV ( : ) I | 1.8V
I__I l _ 10t}
——t— <L
= I
E 10°
5
o
) @ 1
u, g 3 g -~
i = © @
e T 29 e B
~ o = 10
: 157
e P-well Rings Zagx T
Illlllllll . IT T - 1055 =100 80 —60 =40 =30 0
| [ [ Bty
|
. £ %
¢ Breakdown =-114V

-HV
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Measurement results — breakdown voltage - "
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* |V curves (Version B)

positive high voltage on collection well, “HV”
HV and electronics are coupled with C

10°
ov HV < 10|
] + <L
|H® E
- § 10'}
- 5
. L
Qo 5 ™
© £ Z '§ = 10!
S 2 T
9% _ ” . 1 X 1[]2 | | | |
g|_3 P-well rings % | L a |_| 0 5 10 15 20 25 30
| 1 |
LELLLLLI N T [T i
* * High voltage was applied without

breaking the capacitor
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In-pixel comparator and output stage
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(Discri_LF)

0
=
<
+—
______________________________ I o
r I :- VDDD K VDDA mon_out! | E
| o ' | c
I ::]|>—“f‘ | IVSTRETCH~|E E | EN_MON— | %0
irune |[: | ' ' | PIXEL_OUT | o
| _{ }‘ | ! | | 2
TH IN o
| J IcompouT l: - L“: | | <
| | |
| | |
: IComp~| IComp~|t‘ | : | WGT~| |
| |
| T ' T |
I I I eNop ! GNDA | 900.0 -
L - - - - - - - = L - - - _ _ _ _ _ | |
. .. 800.0 7
Discriminator Signal stretching ! ‘
| 700.0 -
|

Comparator (Comp_LF) e -
500.0
400.0
300.0:

200.0 -

100.0 4

Output signal amplitude [mV]
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2.0 Simulation across
technology corners

0.0-
0.0 7.0 14.0 21.0 28,0 35.0 42.0 49.0 56.0 63.0
VSTRETCH

Simulation across
technology corners




Crosstalk between pixels . '1
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Version A Version B

e
LN
[

Pixel type : L=0,9pn Pixel type : L=1,5n Pixel type : ELT ' ‘
-

|
=
P
. v
%

]
=

wrig'0=" ap4

a o B e
Q}uhmw""‘

i
1
5

Preamplifier amplitude (%)

s\l 1000
Preamplifier amplitude (%)
s B w &
—
——
0 !
.ds\l 100%
%i
rtcmnrm =
Preamplifier amplitude (%)
TR FET R
| =
-."ds-f=lm
%»
Row
. v
e
>
' |
5
|
=
{ i
|
Il

R

)

(L]
SpOIp BIA AK

wrig'|=1 qp4

S. Godiot

o=

3

| ) !
=
=
».‘

[

'o

1139p4

= Measured on a submatrix of 3 X 3 pixels

= Pixel in the middle is injected (1V = 12 ke™), Th=1V, BL=0.75V

=
i-‘.’
x )
- Il
B
>
.l
|
Il

urlg'o="qp3

= Crosstalk is very small and comparable between versions A and B

i
s ¥
l'.'
X |
.ll
B
12
.I
|
™

i s
3 = g, =
19 SRl oy &
S s o : R X
PSUB everywherre PSUB around Nwell
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Threshold scan N "
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Chip: CCPDLF B 2000 r , - - - 1 200
Pix: [14,14] ® ® 55Fe ® @ [njection 150mVpp
preamp [14,14] ON ® @ [njection 50mVpp
mon [14,14] ON
inj [14,14] ON 1500} {150
Global DACs: default - P
HV: 20V (19nA) 5 sigma=0.9mV g
Injection: Agilent 33250A © (ENC ~ 1208) —
Freq. 1kHz : 1000 : 100 S
(VI 4
c
500 } {50

0 0
—-0.005 0.000 0.005 0.010 0.015 0.020 0.025 0.030
Threshold [V]
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CSA - old and new

New Preamp

200fF

%l
vl

Current Preamp

5750
5500
500.0
4750
450.0
425.0 -
4000
1750
500

(Awh A

S
(=]

e §§
=¥=TYP

H

40

35

New (LF-CP|X)ydda

30

In

25

20

4
3
o

10
Number of injected electrons [ke']

vdda

400 +----b-mm e

r———=t-—=—=—=—"-----

vddaPRE
900 ----r-m=mqm--=q-----
700 +----

)]
[TH

|ﬁ| I_I [Aw] spnujdwe 3ndino ys) 41-adID
£
£

Old (CCPD-LF)

$00.0

4000

3000

200.0
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oe
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LF-CPIX - improved comparator universitétb.onnl

Comparator’s architecture remained the same, but re-scaling transistors allowed to significantly reduce

threshold dispersion

Before (CCPD-LF) After (LF-CPIX)

TH Spraad
T T T T T

TH Sgpread

I ' ‘ ' ' ' Mean=769.4mV
Mean=770.9mV b0 o =285e |
B o =T742e ] 1

20 - -

£ 15F -
¥

0 B

II.SEda(:L ITlax

wl LEBdaclk Typ (step :14e) |

; -—r—1 | LBBdacl Max ' 73e)

ars 078 0T are ore ag

T

ol ]

1
oe2

CPPM (S. Godiot, S. Kipfer, P. Pangaud)
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SRAM - other kinds L "
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(J Standard CMOS SRAM

LE LE
=  Smallest area o L
n n
=  No control over slew rate RE RE
| | -
out—" ~~— out

[ Current steering CMOS (CS-CMOS)

= Nearly constant current consumption
= |Lower noise due to slew rate control with mirror bias

= Each cell consumes constant current (1pA)
= Twice bigger area than standard CMOS

J CMOS SRAM with source follower

= SF drives bit line (big, common to all pixels), not the memory o S
i in—" ~~—in
element itself
= Only two current mirrors (= 20uA) per column RIEJT:] [:TLRIE e

common to all cells

TWEPP 2015 40



