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From LHC - HYBRID pixels = depleted CMOS pixels umversitétﬂ

e Standard HYBRID pixels
— various sensors: planar-Si, 3D-Si, diamond
- mixed signal R/O chip (FE-I3, FE-14, ROC ...

* Monolithic Active Pixel Sensors
— MAPS using CMOS with Q-collection in ep

layer (largely by diffusion > recent advances)

— Depleted DMAPS using HR substrate or
HV process to create depletion region:

d~/p-V

— CMOS on SOI

e currently also: “smart” pixel matrix
bonded to FE-chip: CCPD

)

—

N. Wermes, Elba 2015
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Diode + Amp + Digital
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Rate and radiation challenges for pixel detectors umversitétm

—m NIEL Fluence

kHz/mm? ne,/CcmM? per Mrad per

I|fet|me lifetime*
LHC (103* cms?) 25 1000 2x10%° 79
HL-LHC (103> cms?) 25 10000 2x1016 > 500
LHC Heavy lons (6x1027 cm?2 s%) 20.000 10 >1013 0.7
RHIC (8%x10%’ cm™2s1) 110 3.8 few 1012 0.2
SuperKEKB (103> cms1) 2 400 ~3 x 1012 10
ILC (1034 cm2s%) 350 250 1012 0.4

assumed lifetimes:
LHC, HL-LHC: 7 years
ILC: 10 years

others: 5 years

N. Wermes, Elba 2015 4



Rate and radiation challenges for pixel detectors Umversitétm

—m NIEL Fluence

kHz/mm? ne,/CcmM? per Mrad per
I|fet|me lifetime*
LHC (1034 cm2s1) 25 1000 2x101° 79
25 10000 2x1016 > 500
C Heavy lons (6x1027 cm2 s) 20.000 10 >1013 0.7
RHIC (8%x10%’ cm™2s1) 110 3.8 few 1012 0.2
SuperKEKB (103> cms1) 2 400 ~3 x 1012 10
ILC (1034 cms?) 350 250 1012 0.4
:gxz: ::gei:t'ion DEPFET: Belle Il assumed lifetimes:
MAPS: STAR@RHIC ) '
M |th P I — smaller pixels @ LHC, HL-LHC: 7 years
onolitniC FiIXels | i and future ILC: 10 years
€ss materla ) ALlCE |TS others: 5 years
better resolution :
N. Wermes, Elba 2015 —




Rate and radiation challenges for pixel detectors umversitétm

focus in this talk (CMOS pixels for LHC-pp)

| BXtime | ParticeRate

ns kHz/mm? /cm? per Mrad per

etime* lifetime*

LHC (103% cm=s?) 25 1000 2x10%° 79
- 25 0000 2x1016 > 50
10 16+ 0.7

C Heavy lons (6x1027 cm2s?) 20.000 >10+

RHIC (8%x10%’ cm™2s1) 110 3.8 few 1012 0.2
SuperKEKB (103> cms1) 2 400 ~3 x 1012 10
ILC (1034 cms?) 350 250 1012 0.4
:gxz: ::gei:tion DEPFET: Belle Il assumed lifetimes:
MAPS: STAR@RHIC . '
Monolithic Pixels ~ 7] smallerpixels . Ctovenrs
| terial and future ILC: 10 years
€55 Ma _ ALICE ITS others: 5 years
better resolution ’
N. Wermes, Elba 2015 —




TCAD simulations: resistivity — voltage — fill factor umversitatﬂ

Substrate: 10 Qcm - 2kQ cm
Nwell: 1V-20V
Pwell: OV

from Tomasz Hemperek

N. Wermes, Elba 2015



TCAD simulations: resistivity — voltage — fill factor universitétﬂ

Substrate: 10 Qcm - 2kQ cm
Nwell: 1V-20V
Pwell: OV

from Tomasz Hemperek

low resistivity high resistivity
1500F 1500-:_-
o004 - — 1000+
b, [ % 10 Qcm £, 1
S 1 4% NW: 1V > 1
g PW: OV & I
Q 500_._ . Q SDD‘__’ .
i no radiation 1 no radiation
[ \ Te+13 1 le+13
E le+14 I le+14
0 100 200 300 400 0 200 ' a0

Time [ns] Time [ns]
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TCAD simulations: resistivity — voltage — fill factor universitétm

Substrate: 10 Qcm - 2kQ cm
Nwell: 1V-20V
Pwell: OV

from Tomasz Hemperek

low resistivity HR plus (high) voltage
1500F 1500F
- ! T NW@20V
[ 1 -l
4 -, '| e
T e, 10 Qcm T
= [ A o 1 NW@1v
‘g, i o NW: 1V = 1
3 PW: OV }
S 500+ . 6 500_‘_ . 2 kQ cm
: no radiation 1 | Te+14 NW@1V
[ \ le+13 1 /——" Te+15 NW@1v
[ le+14 I | le+14 NW@20V
013 16415 ot | le+15 NW@20V
I T S S B S S 1 1 L4
0 100 200 300 400 0 100 200
Time [ns]

Time [ns]

25 ns
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Fill Factor influence: here at 10> n_/cm?

universitétbonnl

Electron Velocity

e s e,

fill factor = 15% fill factor = 75%

Charge_Collection

1500F
NW: 20V
oo+ FF= / PW: OV
% I 75% Substrate:2kQ cm
g | Dose: 105 n_ /cm?
© 500+
! FF=15%
D ......... [ R S e | IR VS [ N S SV
s s it i it !
Time [ns]

N. Wermes, Elba 2015

Tomasz Hemperek
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Summary: Resistivity, Voltage, Fill-Factor universitétﬂ

fraction of collected charge in first 10ns

100 substrate Bias Fill Factor
90 resistivity [V] [%]
[Qcm]

80
70 - 10 1 15
60 -

10 20 15
50 -
40 - 2k 1 15
30 -
20 - 2k 20 15
10 2k 20 75

0

from Tomasz Hemperek

N. Wermes, Elba 2015 11



Enabling technologies umversnatﬂ

“High” Voltage Special processing add-ons (from automotive and power management
add-ons applications) increase the voltage handling capability and create a
depletion layer in a well’s pn-junction of 0(10-15 um).

“High” Resistive

8” hi/mid resistivity silicon wafers accepted/qualified by the foundry.
Wafers

Create depletion layer due the high resistivity.

solated Dran NDAXOS

Technology features Radiation hard processes with multiple nested wells.
(130-180 nm) Foundry must accept some process/DRC changes in I;?:t‘i:‘;'nm“
order to optimize the design for HEP.

from: www.xfab.com

Backside Wafer thinning from backside and backside implant
Processing to fabricate a backside contact after CMOS processing.

N. Wermes, Elba 2015 12



Interest in CMOS Pixels for LHC-pp => (D)MAPS universitétﬂ
 driven by the need/hope for

* low cost large area detectors ... more pixel layers in trackers .... commercial
* |ess material ... ? ... possibly

* smaller pixels ... may be ... may be not

* less power ... ? ... not clear

 facing the challenges of HL-LHC

inner layers (<6 cm) outer layers (>25 cm)
* high rates 10 MHz/mm? 1 MHz/mm?
* radiation >1 Grad TID 50 Mrad

2x10% n,,/cm? 10" ng,/cm?

note: at > 10" n_ /cm* trapping becomes the dominant radiation effect

N. Wermes, Elba 2015 13



Interest in CMOS Pixels for LHC-pp => (D)MAPS umversnatﬂ
 driven by the need/hope for

* low cost large area detectors ... more pixel layers in trackers .... commercial
* |ess material ... ? ... possibly

* smaller pixels ... may be ... may be not

* less power ... ? ... not clear

 facing the challenges of HL-LHC

inner layers (<6 cm) outer layers (>25 cm)
* high rates 10 MHz/mm? 1 MHz/mm?
* radiation >1 Grad TID 50 Mrad

2x10% n,,/cm? 10" ng,/cm?

note: at > 10" n_ /cm* trapping becomes the dominant radiation effect

1 goal: some (40 — 80 um) depletion depth for ...
— areasonably large signal ~4000 e-
— fast charge collection (< 25ns “in-time” efficient)
— not too large a travel distance to avoid trapping (rad hardness)

N. Wermes, Elba 2015 14



Current approaches (a classification) universitétﬂ

HV - CMOS e.g. AMS technology
NMOS PMOS
d ~U p . oxide
T T ? -
. P-well -
l. Peric et al. c deep N-well|
Nucl.Instrum.Meth. A582 (2007) 876-885 & o
— | | P-epitaxial Layer (minimal depletion)

Nucl.Instrum.Meth. A765 (2014) 172-176 y or P-substrate (depleted)

- -

L

L P-substrate
(non depleted)

\Kolanoski, Wermes 2015

~100 pm

P-substrate Pixel electronics in the deep n-well

Deep n-well

= % . / » AMS 350 nm and 180 nm HV process (p-bulk) ... 60-100 V

/%;% » deep n-well to put nMOS (in extra p-well) and pMOS
3 (limitation)
¥ N » ~10- 15 um depletion depth = 1-2 ke signal
» various pixel sizes (~¥20 x 20 to 50 x 125 pm?)
» can also replace ,,sensor” (amplified signal) in a ,,hybrid

pixel”“ bonding (bump, glue, other...) to FE-chip => CCPD

(see also Posters by Ivan Peric and by Heinz Pernegger) 5
N. Wermes, Elba 2015



Current approaches (a classification)

universitétbonnl

HR - CMOS d ~ W
NMOé\ PMOS m ﬁ+ b
oxide T _/ \ 1 i ) T /L

T

~50-100 gm

(high ohmic >1kQ cm)

P-substrate *1 T
+

next
pixel

, NMM o0
oxide _(r_
o

(high ohmic > 1kQ cm)

~50-100 pm
—>

N. Wermes, Elba 2015

P-well EJ N-well
=
\ deep N-well
TI e-
P-substrate l l E

Havranek, Hemperek, Kriger et al.
JINST 10 (2015) 02, P02013

(D)MAPS like configuration
but w/ depleted bulk
small collection node

long drift path

=> smaller C, more trapping

deep n and deep p wells
large collection node

short drift path

=> larger C, less trapping

16



~50 - 100 pm

Current approaches (a classification)

universitétbonnl

CMOS on SOI
_Ub
. NMOS PMOS
oxide vias I ——— —
rs S + g e Y
X I) Sio !
pt nt \ - - _—/ nt

P-substrate / or N-sub.

p-orn-

(depleted)

X-ray photon

N. Wermes, Elba 2015

Kolanoski, Wermes 2015

* FD-SOI
e OKI/LAPIS/KEK
Y. Arai et al. (talk by T. Miyoshi)

* jssues
— back gate effect
— radiation issues due to BOX

e cures invented in recent years
* but not suited for LHC - pp

17



~50 - 100 pm

Current approaches (a classification)

universitétbonnl

CMOS on SOI
—UIO .
. NMOS PMOS .
oxide vias I — ‘
rs \:I. LniJ/ n+ sio, e Y
cJ ) )
e nt Ve T - n

o)

P-substrate / or N-sub.
(depleted)

p-orn-
[ J

X-ray photon

N. Wermes, Elba 2015

Kolanoski, Wermes 2015 °

FD-SOI

OKI/LAPIS/KEK
Y. Arai et al. (talk by T. Miyoshi)

issues

— back gate effect

— radiation issues due to BOX
cures invented in recent years

but not suited for LHC - pp

18



Current approaches (a classification)

universitétbonnl

CMOS on SO d~[p)V
_Ub
. NMOS PMOS
oxide vias [ |
e VT & &g
B | o,
J —
+ +
g p n \ - = //' n
S _ T o
— + +
o ot “orn”
7 P-substrate / or N-sub. P
(depleted)
Kolanoski, Wermes 2015
X-ray photon +Ub
_Ub
_ NMOS PMOS
oxide vias l I
VAN M w\ i & |
\f’:’ P-well f’:’/ N-well \f:’/
BOX
S ¥ ¥ - ¥
§- p n \ U _/,/' n
o | |P-substrate A o
7y |(medium R, 100 Qcm, depleted) Pt

X-ray photon

N. Wermes, Elba 2015

Kolanoski, Wermes 2015

would be nice

FD-SOI

OKI/LAPIS/KEK
Y. Arai et al. (talk by T. Miyoshi)

issues

— back gate effect

— radiation issues due to BOX
cures invented in recent years
but not suited for LHC - pp

HV-SOI (thick film)
Hemperek, Kishishita, Krtiiger, NW
doi:10.1016/j.nima.2015.02.052

a promising alternative

doped, non-depleted P- and N-wells
prevent back gate effect and
increase the radiation tolerance

19



The input capacitance to the CSA is crucial ... universitétﬂ

noise (ENC ~ C. ) increases with the input capacitance

speed also depends on C,, => the smaller the better

for active CMOS pixels there are additional capacitance contributions
(H. Kriger)

— Cbetween deep N-well and P-well is dominant
— C, does not scale (down) with area

hybrid planar pixels (e.g. ATLAS IBL, 50x250x200 pum3): C.. = 109 fF (Havranek et al, NIMA 714 (2013) 83-89
CMOS pixel extrapolation: C;, = 200 fF

N. Wermes, Elba 2015 20



universitétbonnl

Prototype results
bonded to FE-14 pixel chip (CCPD)

and stand alone (for DMAPS performance
characterization)

- HV CMOS (see also Posters by Ivan Peric and by Heinz Pernegger)

- HR CMOS (see also Poster by Tetsuishi Kishishita)
- SOl CMOS (see also Poster by Heinz Pernegger)

21
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HV-CMOS (AMS H18 180 nm) oxide M\ - universitétﬂ

= £ deep N-wel s .
H 2 ldd:"ﬂej\ Karlsruhe (design&test)
TI -epna)ua ayer immimal depletion
; """"'md"smﬂ 3 Emﬂdln ! or P-substrate (depleted) Geneva' CCPM' CERN'
mmmmm:u ’j IMIIMIAI I AIIIINNLY 5 | L P-substrate \
' iy - g ] (non depleted) Bonn (char&tests)
T § ))D})})}},})}}}E}‘}‘ ' oy 1o e
B T R . .
e sl’ = 4 versions since 2011 specs
femmm; z , e _|* p=10Qcm
fllT! CCPDv1 1 ' CCPDv2 k».’ CCPDV4 || bias 60 — 100 V

* depletion depth ~10 um or more

* Q (theoretical) ~1000 e- by drift
[idiadl) o R/O via ATLAS pixel chip FE-14

- = capacitively coupled

» design ported also to GF & LF (CPPM/KIT)

in })}}}}}}:}';;;;;;;j:"'“'““-

SR AT TR RT

BB

—_—

— e

|
“\“\\“\“\“\\\‘ﬂ Wi veed ) ¢ I BTN
.n -

4
f;
;
k
o
bl
g.
_e,

---------------

AT

P A

i

FEI4’s readout pixel D
Size: 50 ym x 250 pm
TOT 4

sub-pixel decoding
through pulse shape
(TOT => sub-address)

50 x 250 um?2 => 33 x 125 um?
effectively

CCPD_AMS readout pixel

b| T
Size: 33 125 ym l. Peric et al., NIM A765 (2014) 172-176 (see also poster by Ivan Peric) 22




AMS 180 nm (bonded to FE-14)

>

Diode +

some encouraging results

Count

preamp Wafer to wafer

P-{F

FE chip

universitétbonnl

bonc

capacitive coupling seems to work in principle,
whether it is competitive in terms of reliability
and price is unclear

_ version 2
chips stand TIDs up to 1 Grad S before
proton irradiation 10*> n,./cm? performed - &2 irradiation
efficiency (time integrated): 99% -> 96% Fe-55
in-time efficiency not yet met (t,,..~100 ns) “
signal ~1500 e ; SNR ~ 25 '

Sr90 at 1GRad (Pixel 20x1, HV=-60V) time integrated efficiency .. ..1o05:v Need to
Constant 448.1+4.148 . :/ reach the
450 MPV 1462 + 28.45 e F * g
400 version 4 Sigma  750.6+ 13.35 = %F N U e | plateau
> F T
30 Q  wf..Unirr - .
300 O = —— 402 (unlrradiated)
20 1462 e- (bias=60V) ;E) " —e— 404 (Iradiated)
200 60 .
5 after 1 Grad ¢ /'/ version 4
50_ .
100 Sr-90 j: 96% afterirr.
* o | . 13 to 10%> n.,/cm?
00 5000 10000 15000 éOOOOI — ‘25000| = 530000 30: i i i i
Charge [e] 0o 5 10 15 20 2 'solB;as'\;afa;e'[\'/]
-3
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AMS 180 nm version4 (bonded to FE-14)

universitéitbonnl

The only CMOS sensor which has seen >> 10> neutrons / cm? (up to 2 x 10'® n/cm?i.e. HL-LHC)

test beam

Signal fraction

06—/ ............... .................. ............ t m|ng issue

III]III

——e—— 402 (unirradiated); HV=12 V

—=— 404 (irradiated, 1x10'%); HV=35

A

[ e |

Oi.i.i.i.i.i,i.i
T R R N Ve

Timing [25 ns]

see also
poster by Heinz Pernegger

N. Wermes, Elba 2015

Geneva/CERN characterizations

— 0

Collected Charge (25 ns, 90 um) [a.u

©
o
1
(0]
o

edge TCT

/—-—*“”ﬂf
— Unirradiated
1x10"°
— 7.5x10"
— 2x10'°
lllllllllill |

30 -20 -10 0
Bias Voltage [V]

-70 60 -50 -40

Intime signal fraction increases with
irradiation, probably due to
acceptor removal and larger

fraction of charge collected by drift
also depletion depth increases to

~20 um @ -80V
24



HR-CMOS: LFoundry and ESPROS prototypes universitétﬂ

NMOS 5 @
oxide i PMOS

- O J
P-well T N-well
=
e \ deep N-well
= G
S =
= | |P-substrate E
Y [ (high ohmic > TkQ cm)
2

LF: Electronics inside collection well

Q

Q
Q
Q

Large fill factor for high CCE and rad-hardness
Full CMOS, isolation via deep p-well (PSUB)
HR substrate (2 kQ cm), p bulk

150 nm process Bonn, CPPM, Karlsruhe

~50-100 gm

P-substrate

(high ohmic >1kQ cm) +

-U Kolanoski, Wermes 2015

ESPROS: Electronics outside collection well

* Smallfill factor, no competing wells

* Full CMOS, isolation via deep n- and p-well

* HR substrate >2kQ cm, n bulk

e Backside thinning and implant: default option

* 150 nm

Bonn, Prague

HIGH RESISTIVE N - SUBSTRATE

”+ BACKPLANE

25



HR-CMOS: LFoundry and ESPROS prototypes universitétﬂ

+Ub
NMOS ; PMOS ﬁ
PMOS NMO I
oxide T AJ oide T [\ 1 ! A
| z | I o o

P-substrate E
(high ohmic > 1kQ cm)

~50-100 um
e
D
12
~50-100 gm

P-substrate :l T
(high ohmic >1kQ cm) Y+

'Ub Kolanoski, Wermes 2015
LF: Electronics inside collection well ESPROS: Electronics outside collection well
O Large fill factor for high CCE and rad-hardness *  Smallfill fac.tor, n'o compeﬁng wells
O Full CMOS, isolation via deep p-well (PSUB) * FullCMOs, isolation via deep n-and p-well
O HR substrate (2 kO bulk * HR substrate >2kQ cm, n bulk
substrate ( cm), p bu e Backside thinning and implant: default option
O 150 nm process Bonn, CPPM, Karlsruhe e 150 nm

Bonn, Prague

SENSOR P -MOS N - MOS

N
\

faster rise
lower noise

50um
TIVE N - SUBSTRATE

HIGH RESIS

P+ BACKPLANE
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HR-CMOS: LFoundry ... preamp characterizations universitétﬂ

L Version A o = (- M- 1 Version B I O DEDEEE
Bias: 110V (4nA) pre=y n Bias: 20V (39nA) e ,
Pixel: CSA ELT Pixel: HV connection Diode, —
CSA ELT, PSUB everywhere
Source: >>Fe Source: SSFe
, _ measm’ts by Toko Hirono
12 | | 10.2mV (simulation: 13mV) s 13.5mV.
1.0} Base line 55Fe | 1ol Base line
>Fe
— 0.8} —
=é S 0.8
= u ENC=85e
3 ENC=136e ENC=149e 206f ENC=100e
7] . <
£ oal (sim: 120e) £ oal

0.2 4
0.0 - - - . 0.0 . . . .
—-0.005  0.000 0.005 0.010 0.015 0.020 —0.005 0.000 0.005 0.010 0.015 0.020
Signal(Ampout)[V] Signal(Ampout)[V]

Noise and gain agree reasonably with simulations!
x-talk less for version B than A, but<3% ! (CPPM)

N. Wermes, Elba 2015 27



HR-CMOS: Lfoundry ... charge spectra 3.2 GeV electronsumversitatgﬂ

O Version A B oxeee @o U VersionB B O DEIecE
[= o -] . o L
BiaS: 110V (4nA) nn B|aS: 20V (39nA) :'::‘-;k A T
Pixel: CSA ELT Pixel: HV connection Diode, ' — ‘
' CSA ELT, PSUB eyerywhere
Source: >°Fe 55 gy
Source: >>Fe
Eneray [ke] before thinning: ~700 um
1.6 6.1 16.5 Energy [ke]
A — 14T — . - 40 1.'6 6:1‘ 16.'5
3 12} 133 ke < _35 — 20V ]
O 101 ] . z 30 .
z 8 lie.~120um <==f| 6.2ke | i.e.~60 um
[} - | =
g 4t { depl. depth 21 | depl. depth
£ 40 1 - |
A 0
T 40
2132 — 4ov|] 35 — 1ov)
8 S 20 S 30
S 25
8 ‘? 15¢ = 20
%] =
Q c 10f £ 15
| - [ £ 10F
O| £ 5 |
Cl|l ™ o mla-pa-500.0 o — 250}
= = .
- 30 = 40 ::1. 200}
325 ] 3 :
5, 20 ) i3 3 0] 2k€cm
2 15} 2 20 S
¢ 10} g 15 L 100
9] £ 10 ¢
g7 ~ o 5p I
0 : e Ll 0 : ntency 72 0.1
000 005 010 015 020 025 000 003 O ou ol . .
Ampout [mV] P 0 100 150 200
T. Hirono Reverse Bias Voltage [V]

N. Wermes, Elba 2015

test beam @ ELSA/Bonn



HR-CMOS: LFoundry ... time walk

universitétbonnl

1# 6.1
200 —

Energy [ke]
16.5 Toko Hirono

150 |¢

=
o
o

w
o

. low threshold (190 e)

high threshold (2600 e)

» » TH=2mV(190e)
» » TH=27mV(2600e)

3.2 GeV e- beam

Realative delay of Monitor [ns]

o

0.00 0.05 0.10

I\

190e- 2600e-
threshold

N. Wermes, Elba_2015

0.15 0.20 0.25 0.30 0.35
Ampout [Vpp]

fraction of
“in-time (25 ns)” hits

* 190 e threshold: 79%
e 2600 e threshold: 91%

next: performance
* w/ thinned sensor (300 um)

* backside implant
* jrradiated

29



HV-SOI: test chips XTBO1 and XTB02 universitétﬂ

trench

_Ub
, NMOS PMOS
oxide vias —_—
20 R RHEG
. = N-well =
BOX
pt n+\

g_ - - // nt
o —_

o = 2o

N T+ +

o | |P-substrate o+ p”

7y [(medium R, 100 Qcm, depletgd) Pt

X-ray photon +Ub

XFAB 180 nm: Electronics outside collection well
* Small charge collection well
* Full CMOS, no backgate effect

due to isolation via deep p-well (non-depleted)

between CMOS layer and BOX
* HV technology + MR substrate (100 Qcm), p bulk

Vist

e 3 Treadout v
DD
RST—[Me T
ALY E/Isf
\:\ |vlsel
ROW —— 1
coL

N. Wermes, Elba 2015

\a

Design: Bonn dedicated structures
Testing: Bonn, CERN to test the technology
further (leakage, break

down voltage, etc.)

see also poster by Heinz Pernegger 30



XFAB SOI XTBO1 prototype chip: first irradiation tests universitétm

before irradiation
4500 T T T

collecting diode B—a % Sr (3x3)

kit
S
i
=
=
(T im

4000 oo *sr
oTi Sr'90; 3X3 »—x P Fe
as00 »—» Baseline |]
3000} i
» 2500f B
NIEL 5
S 2000}

1500}
rooor * . 25x25pum?2pixels
00 Fe_55 \_LLL‘_F‘—Q_._,_’
o0 2(I)0 4(.)0 660 860 10IOO 1200

ADU Counts (arbitrary units)

after irradiation: 5 x 10'* n./cm?

0.04} : PSr at 250V (3x3)

e
T 00095, |0 o Psrat 300V (3x3)
,,,,,,, SEALY g 0.021 . »—x %Fe at 250V ]
0.00 »—» Baseline at 250V
002 ¢ Yosr90
s L,
¥~
S —0.04} 1
—0.06} e—e 2.0/1.4 | T_t
— 2.0/0.72
008 gt most 70 mV =~ 2.0/0.36 | Fe-55 ‘1,
. < 4.0/0.18 T
-0.10} Sonia Fernandez-Perez e—e 2.0/0.18 |- [After 5 <10™ n_jcr|
CERN e—e 0.5/0.18
—0125 10° 10° 107 10° 10° o 200 200 600 800 1000 1200 1400 1600
TID [rad] ADU Counts (arbitrary units)

Hemperek, Kishishita, Kriiger, NW

N. Wermes. Elba 2015 PMOS shift ~100 mV after 1 Grad arxiv 1412.3973, accepted NIM A 31



XBTO1 in test beam - 50x50um? pixel universitétﬂ

L

M AT W

|RMS  0.01181]

Mum of
@
(=]
\\‘\\\\

Vbias = -45V

120 GeV pions

5
\\\‘\\‘\‘\\\

Fe-55 (1630 e-)

T I L i 1 2 i B o W o | NN PR

003 004 005 008 007 008 008 01
Collectsd charge [V]

o 001 002

Depletion depth = 31um
Calculated depth = 36pum (@100 Qcm, -45V)

-
T

= = | Toul ertries: 5576
B oof me—
:f] Slow - diffusion
S X
N - . observation:
os Fast - drift charge collected from high-field (fast drift)

and low field (slow diffusion) regions

o
N

0f e T
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Conclusions universitétm

" There is a large momentum in R&D for CMOS active

pixels as an attractive direction for LHC experiments,
even for LHC-pp.

= .. outer layers ... cost saving ... less radiation
= ... inner layers ... small pixel sizes ... position decoding

= R&D profits from micro electronics process and
technology variations and its rapid progress.
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BACKUP
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Hybrid Pixels @ LHC: PROs and CONs umversitétﬂ

J complex signal processing already in pixel cells possible
= zero suppression
= temporary storage of hits during L1 latency

H radiation hardness to >10* n,,/cm? PRO
 high rate capability (*"MHz/mm?)
 spatial resolution ~ 10— 15 um

... but also
 relatively large material budget: ~¥3% X, per layer (1% X, @ ALICE)

= sensor + chip + flex kapton + passive components

= support, cooling (-10°C operation), services CO N
1 complex and laborious module production

=  bump-bonding / flip-chip

= many production steps

= expensive
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ATLAS DEMONSTRATOR Working Group universitétﬂ

— Wire bond pads
Pin 1 ¥~

'
Alignmet mark CJ T 1
hang

¢0.18 mm dead area

matching FE-14

1.0 mm overhal

12.0mm

 goal: develop a cm? sized CMOS pixel module
— at first: bondable to a FE-14 R/O chip (option e 4mm

FE-14

* specs Fig. 1: Alignment of demonstrator to FE-I4 chip
— radiation tolerant to 50 Mrad (TID), 10*> /cm? (NIEL)
- > 95% in-time (<25 ns) efficiency after irradiation
— <20 pA power per pixel
— bondable via bumps or glue to FE-14

— an area read out through the pixel chip (bonded to FE-14)
— an area read out standalone ->to characterize CMOS part
— a passive area -> to compare to standard hybrid pixels

N. Wermes, Elba 2015 36



Technical support universitétm

Loe
e 58
e s
es 333 I3
3 3 -
4 b4
) &4 S b
3 338 3% ) L
: 1 l -

LFoundry (.) LAPIS

SEMICONDUCTOR

4

photonics
corporation

WFAR =~ 57

STMicroelectronics

TOSHIBA @ ooons
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Rate and radiation challenges at the innermost pixel IayemverSItatb"

onn
Hybrid Pixels
ns kHz/mm? n.L/cm? per Mrad per
I fetlme lifetime*

) 4

LHC (1034 cm2s?) 25 1000 79
25 10000 > 500
C Heavy lons (6x1027 cm2 s) 20.000 10 >1013 0.7
RHIC (8%x10%’ cm™2s1) 110 3.8 few 1012 0.2
SuperKEKB (103> cm2s) 2 400 ~3 x 1012 10
ILC (1034 cms?) 350 250 1012 0.4
:gxz: ::fﬂei:tion DEPFET: Belle Il assumed lifetimes:
MAPS: STAR@RHIC ) '
M n |th P I — smaller pixels @ LHC, HL-LHC: 7 years
onolitniC FiIXels | i and future ILC: 10 years
€ss materla ) ALlCE |TS others: 5 years
better resolution 28
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Structure of CCPD_LF umversitatﬂ

O IV curves (Version A)

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

10°
_-HL@_| I__l I 1.8V
. <
- =
)
S 10°
=
-
Q
A U an1]
£ 3 g ~
= 3 ©
o 29 3 -2
2 _8_ 10
1 wn
. = X e
P-well Rings o a
".F T F 1073
EEEEEEEENR [

_ | - -120 -100 —80 —-60 —40 —-20 0
Bias [V]

Breakdown =-114V

« = = = —~ W—Back bias

T
<
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Structure of CCPDLF umversitatﬂ

O IV curves (Version B)

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

10°
_10%t
OV(HV)II__II_O +HV g
1= 1
T 10
£
-
. @)
S w 0
Qo 5 ©
N c > 3 g
© = T o 10!
o) = T °
x | -
O = T
(q] . 1 X 10-2 ; : ! L .
GTD P-well rings Z | "_I a M ... 0 5 10 15 20 25 30
I | ]
EEEEEEENEN —Ir i

| Bias [V]
i =N
High voltage was applied without

breaking the capacitor
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ceeM CCPD_LF tests results

1. Bias Generator functioning :
- The Bias cell is composed of 11 6-bit DACs and generates all

8

the bias for the pixels. Am -

- Simulations and tests of the DACs give similar results: £
- Internal voltage reference: %m
1,202V in test / 1,134V in simulatio/ 3

- Example with the DAC of WGT bias: g 200

Pixel output (V) WGT customizes the weight g |

=

(amplitude) of the pixel output.

GT effect
time
2. Time Walk of CCPD_LF version A :

- The Time Walk is presented here as the delay between the
comparator responses of a small signal and a huge signal.

- Measurements with the Injection (0,13V and 1,6V at

BL=0,75V and TH=0,8V):
Pixel type Time Walk
Pixel<20,52> FB L=0,9u ~57ns
Pixel<12,52> FB L=1,5u ~56ns
Pixel<4,52> FB ELT ~53ns

Aix-Marseille

universite

| FF
P Y
! /,—",'/’
Pixel outputs to FEI4 ;,/
simulations
( \ / / ‘
> Pixel outputs to
”” | PAD|via buffer
. 3 / \ (measurements)
Pixel outputs to PAD via buffer
| (simulations)
0 10 20 30 a0 50 60 70
WGT code

Pixel output amplitudeas a function of global DAC (WGT) setting.

Timewalk of the pixel[20,52], CCPF_LF version A

Time Walk
3 E : g
i
H ~—Inj=0.13v
E ——inj=2V

\
Definition of the TimeWalk

A schematic simulation with a parasitic circuit (L,R and C) for the path of the Injection gives ~57ns.

Note : The TimeWalk measured/simulated with the Injection is high due to the parasitic elements on Injection
signal. So the TimeWalk should be reduced with “real” charge (i.e. with a source).



CCPD LF tests results

3. CrossTalk measurements with the Injection:
- The CrossTalk is measured on a sub-matrix of 3x3 pixels. The pixel in the middle is the only one which accepts

the Injection.

- Measurements for version A :

N
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: g 2
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53 PR VLR
52
Columns 51

Preamplifier response of the peripheral pixels (relative to the central pixel)

g,

Pixel type : L=1,5u -
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Columns 51

11

g

Preamplifier amplitude (%)

~ w
Nwww
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o
owuu‘
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Pinel type : ELT

AL}

BL=0,75V
TH=1V
1V of injection

CrossTalk is seen only between pixels which belong to the same group of

6-pixels.

For ver B : The CrossTalk is MAINLY between the 3 pixels connected to the

same FEI4-plate

For ver A : The CrossTalk appears on the 6 pixels.

The value of the cross-talk is small (only a few percent relative to the
amplitude of the injected pixel in the middle).

for version B :
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ATLAS DEMONSTRATOR Working Group universitétﬂ

One can think of different realisations for the Inner Tracker Upgrade

Q fully monolithic providing the complete _D_
R/O architecture on-chip (FE-13 or FE-I4 like)

Diode + Amp + Digital

 smart CMOS pixel sensor + FE-chip ~200 trans/pixel > 100 M trans
A Sparsified CMOS diode + FE chip

preamp +

digital discr
exploiting in-Si routing R/°°h"”\. l . active sensor ﬁ

with routing

options and possibly » l l l layers

large bump pitches, eg l l l

C4 bumps, for low cost current focus of

CMOS demonstrator WG
demands/requirements are quite different using well understood
for inner pixel layers (r=3-6 cm, small area) FE-14 as R/O chip

and outer pixel layers (r > 25 cm, large area) see also poster by Heinz Pernegger
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ESPROS prototypes: test chips EPCBO1 and EPCB02

universitétbonnl

= 150nm CMOS, 6 metal layers

= deep p-well, isolated full CMOS

= substrate: n-type bulk (> 2 kQ cm)
= bias voltage up to 20V

= 50um thin + p-implant (backside)
= 6 pixel matrices

= pixel size: 40 x 40um?

= ~50 um depletion depth

HV

main goal: characterization of designs & technology \ EPCBO1
g

Biasing & coupling Analog FE

Vi Resistor + AC Continuous
V2 Diode +AC Continuous
V3 Direct + DC Continuous
Va4 Direct + DC Switched
V5 Diode + AC Switched
V6 Resistor + AC Switched

Design & testing: Bonn, Prague

N. Wermes, Elba 2015
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Laser scan

homogeneous response

EPBCO1 & EPBCO2 (improved version)  tolaser < 717 7]
Best values for V2: : |
= Noise = 25e- , o
Gain [uV/e-] e

= Gain =135 uV/e-
spread = 11uV/e-
Threshold dispersion

= 80e- after tuning
(V2 @1000e-)

some charge loss in
EPBCO1, no loss in EPCB02

irradiations ongoing

HV

v
T

—QGD— V2
D -

TDAC )—
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