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* |ntroduction

e Sensor design parameters by example (NIEL)

* Implementations and measurements
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Hybrid Pixel Detectors
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Introduction

universitéitbonnl

STAR ALICE-LHC e

Requirements for inner pixel layers

ATLAS

ATLAS-LHC ATLAS-HL-LHC
Timing [ns] 25 25
Particle Rate
(kHz/mm?] 1000 10000
Fluence [neq/cmz] 2x1015 2x1016
lon. Dose [Mrad] 80 >500
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Sensor Desigh Paramters - '1
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* Substrate doping concentration (resistivity)

 Maximum sensor bias voltage
 Geometry (thickness, fill-factor)

20um
< > .
article
3um l P
G— I

NetActive (cm*-3)

1.48%9e+20
2.357e+13

3.731e+06
1.672e-01
-2.674e+06
-1.689a+13
-1.067e+20

18um (epi)

* Worst case scenario!

* No acceptor remova | (t his is on |y simulation ) Code: https://gitlab.cern.ch/TCADExamples/ChargeCollection

5
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Charge [e-]

Bias voltage influence

unive rsitétbonnl

Bias @ 1V
1500
Classical MAPS
1000 —— no radiation
le+13
le+14
———— le+l5
500
0
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Charge [e-]

Substrate doping concentration (resistivity)

universitétbonnl

L]
Bias @ 1V
1500 |-
1000 [
no radiation
_le+13
500 [~
L _le+l4
[ _le+l5
S S N B
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Time [ns]
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Resistivity: 2k Ohm-cm

10**n,,/cm?

1500 [~

500 |

Time [ns] /

scale

PIXEL 2016 @ Sestri Levante

10*°n,,/cm?

1500 [

1000 | 1000 |

500 |

v

20V
40V
60V

4 6 8 10

Time [ns]



Substrate doping concentration (resistivity) cd.
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Bias @ 20V

1500
r 1500 [
1000 - 2k Ohm-cm 1000
& 10 Ohm-cm, 1le+14 neq E E
g ' o 3 10 Ohm-cm, 1e+14 neq
S —— |
rsu 10 Ohm-cm, 1e+15 neq '8 5__; C 10 Ohm-cm, 1e+15 neq
500 | 2k Ohm-cm, 1e+14 neq o 500 - 2k Ohm-cm, 1e+14 neq
C 2k Ohm-cm, 1e+15 neq C 2k Ohm-cm, 1e+15 neq
: - \
r 10 Ohm-cm C |
F | &« C
o L b b
el oy S I S S S S N .
0 100 200 0 10 20
Time [ns]

Time [ns]

P @ W

20V, 10 Ohm-cm, 10'*n,,/cm?

20V, 2kOhm-cm, 10*n,,/cm?
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Geometry/Fill Factor o "
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1500 |-
r 1500 [—
10 Ohm-cm, 20V, 10%n,,/cm? - 2k Ohm-cm, 20V, 10%n,,/cm?
1000 = 1000 (
S, 15% ff o i
@ o
g 75% ff =
o o -
500 [ 500
15% ff
B 75% ff
ol Loviiinnn, Loviiinnn, I -
0 2 4 6 8 10

Time [ns]

20V, 2k Ohm-cm, 15%, 10'*n,,/cm?
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Technology Overview . "
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* AMS 350 nm al I l’g_ﬂ ’-ﬂwsﬁ.ﬁll
« AMS 180 nm o
* LFoundry 150 nm LFoundry (.) -

* Global Foundry 130 nm

+ ESPROS 150 nm TOSHIBA

* Toshiba 130 nm L’Y_I-

* Towerlazz 180 nm Y/ STMicroelectronit

e STM 160 nm * >,\<FAB ==
* IBM 130nm ¢

e XFAB 180 nm
e ON Semiconductor 180 nm

ON Semiconductor® @

*see: S. Hitesh [P]

hemperek@uni-bonn.de PIXEL 2016 @ Sestri Levante 10



universitétbonnl

Sensor performance
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Substrate Properties — TCT L "
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102 = [ [ | [ [ [ | | [ [ | I I [ | | I | I I | [ [ [ —
- Preliminary! -
- AMS 350 nm AMS 180 nm .
10 s 20 Q-cm ~20 Q-cm ]
== | After 10% n, all substrate
1 = materials behave similar
+ .
1 Low resistivity material device
10714 LF150 nm | performance biggest challenge is
- ~2k Q-cm ] at ~10 n
L ] eq
- Trapping? |
10—2 1 1 | | | 1 | | | | | 1 1 | | 1 | 1 1 | | | 1 | | 1 | 1 1
0 10 20 30 40 50 60

Do, [10™ cm?]

Igor Mandic, JozZef Stefan Institute, Ljubljana Slovenia
11th "Trento" Workshop, February, Paris, 2016

See: lvan Vila, “Application of ...”
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Passive LFCMOS sensor prototype - "
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 LFoundry 150 nm CMOS technology
e 2 kQ-cm p-type bulk, 8

DC-coupled
« 100/300 um thick, backside processed AC-coupled pixels Zis
itive bias Punch through
« Bump bonded to the ATLAS FE-14 fes|stiye hike
30 um implants 30
* Pixel size: 50 um x 250 pm =

implants

* Matrix size: 16 x 36 pixels (1.8 mm x 4 mm)
* Bonn+ MPI

Efficiency of LFoundry passive CMOS pixel sensor after irradiation

100 _300|J.m . r__;____;._.. .: ........... PR i_..._..._ o ‘ g g ]
ool T Y, S
Il -0 &
| Y SN SRR S S : BC pixel |  CMOS foundries can do
k! [ » -8 0.18.10%N,, fem?
g < | | Ll good planar sensors (8”).
) 1T I e S <o - 1.14- 10N, /fem® H
i v
= g5 '.
in-time ef:fi.fishn.’:.-' *Fuui'Fl'n'E?-"r. i
B o SRS S - AC pixel
; : o—s (18- 10N, fem?
9a}-D.Pohl,-(Bonn)-. .. S e 1.14- 10%N,, fem® [
0 100 200 300 a00 500

Bias voltage [V]
ias voltage D. Pohl (Bonn)

113 of 114 measured sensors have identical parameters
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Device performance
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Bulk process options (simple options, n-on-p) . "
universitatbonn

Charge signal Charge signal

Electronics (full CMOS) Electronics (full CMOS)

p-well nw

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!) 2 x-talk, * Potentially less rad. hard (longer drift lengths)

noise & speed (power) penalties *  Full CMOS with additional deep-p implant
e Full CMOS with isolation between NW and DNW

hemperek@uni-bonn.de PIXEL 2016 @ Sestri Levante 15



Consequences of the additional inter-well capacitance . "
universitatbonn

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

digital

C(@ pw
4 kT C2 ]
* noise ENC’t2 loc—k—g

herma 3 Gm T

__ need toincrease g, to compensate
1 Cyq => increased power (g, < |,)

e timing TCSA X —— —=—
9m Cf

e cross talking into sensor
The PW/DNW capacitance C, directly couples into the sensor (the CSA imput 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 PIXEL 2016 @ Sestri Levante 16



Readout concepts
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w---'% CSA
TH D—

S er<ls

CcMP

\

READOUT

‘ data <
y,

e Lower input capacitance and reduce crosstalk noise

* Overcome limitations of some technologies

AT

~

—

— READOUT

+ daty

hemperek@uni-bonn.de

Hybridize

Vel

READOUT
THL

+ data
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Configurations N "
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Standard Hybrid CMOS Active Hybrid Depleted Monolithic
a1
front-end front-end
chip chip

A NMOS
p-well

n=well

" 4

v

p= substrate

; particle track

track

with CMOS planar sensor

Bumped or glued

hemperek@uni-bonn.de PIXEL 2016 @ Sestri Levante 18
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CMOS Devices Performance
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AMS 180nm/350nm '

universitatbonn

Substrate: 10 (initially) — 2k Ohm-cm
Bias: >60 - 100 V
180nm/350nm
3-6 metal layers
KIT, Geneva, Barcelona, Liverpool, CCPM, T
CERN, Bonn 0 oc particle track .Gv".
{~80 e-fum) e |
\ v
The HV2FEI4 CCPD family * Radiation hardened design = Lower noise amplifiers
Idea and most designs by - Circular transistors « Mew pixel type STime:
Ivan Peric « Spyeral pixel flavours = time encoding
Proof of principle * Irradiated to 830MRad * Linear sub pixel arrangement
* and 1x10%n_cm? + CLICpix focused, = Analogue pixels ", 1
| Smb:‘gﬁr ri;gﬁgﬂn ﬁ::'lden'ls B New amplifiers ;ET;EI\;?:II;F;F:HEHSHUW
- One diode wio electronics . imiizati i
+ Chesshoard structure J L diectly accassile %g‘;"‘zﬂzﬁggg E":'t::l?: higher
Ny Ny b b S b \‘\\“\ e
“ooo20120 . 2013 .- 2013 . 2014 . 2015 - ‘: .
SISHESS. ’HIBCEPI:MI. / Hmc::anz / i—usr:cmvz ,ff H18CCPDV4 ;i*Hmccm.rs HIEDE":"
& . . "' r
“Qt\ Ty ‘Q\\\ b
2013 S 2015 N ,
ams H35 P HEECCF'DVI P ’\HEECCPDUE /2,> 2015/16: Demonstrator ,/}
z“’/ .-'/ z.-'"'
Branislav Ristic - HSTD10
* Initially low resistive substrate now also high I. Peric et al. Nucl.Instrum.Meth. A582 (2007) 876-885
* Initially no PMOS isolation now also available Nucl.Instrum.Meth. A765 (2014) 172-176
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AMS 180 — MuPix - Mu3e @ PSI o '1
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Trigger TimeStamp Difference Distribution for Single Events

Technology: AMS 180nm

.,""_.12{I[:l:|_—
Dimension: 40 x 32 pixels ( 103 x 80 um? each) § [
“ 30000
Preamplifier Inside pixel cell F
Bl
Bias: 85V - o0 <11ns
e ey L iy
Substrate 20 Ohm-cm (initially) .
S0 —
. S0 f—
'vvc.. .V.....nnuuvo MuPIx7 = .
ok jlﬂ i i i .:n i i -:Id i .5::. i i A} i —" i sl:
time difference / 16 ns
| i : i —— """.'n'."'n“'—:“""’g
3 : g - """""""""""'""""'""';Tr'f'”‘:{'Ef":"'"i"‘*?'"Lf-_asnu §
4 0.58— g TV = E
E T:':"'-" —;3{]0‘3;
-~ .98 — Tr:"‘ —u— Mpise Rate —z500 2
;.:n_hnun_;n.“u.un-l.l-l.:uu‘mu.laa g '::‘! ::QH tmlﬂh::m - —52{][}0
T et oo .64 . ges included e
- A v !1‘1 —:15[50
Pixel Periphery . os2 A B L
SENSOr C5A  source 1 :I' = e
[ T follower 2™ amplifier :H ool o SR el [l |_é
H I I ;; | MMNN . T T N 7y T o M”
- ¥ r— e S, readout
—T L 1.~ Dirk Wiedner, VCI2016
1 |ﬁ>—' comparator
est-pulse
?nj::icrn B |

et see: F. Meier Aeschbache, "MuPix7 ...”
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AMS 180 - CCPDv4 o '1
universitatbonn
Technology: AMS 180nm

Dimension: 24 x 36 pixels ( 125x 33um? each)
Bias: > 60V

Substrate: 20 Ohm-cm

Readout pixel 2 g
Size: 50 um x 250 pum >
k ' TOT = sub pixel address
CCPDvl CCPDv2 CCPDv3 CCPDvV4
i e |
RC |Cy 4 e +_L RCSA Different pulse shapes
T BT V
C

7- '—('— *:_
G L [ L [ fscsh %
8 |

| |
SD
Size: 33 pm x 125 pm

SC (APS)

see |.Peric, “Status of HYCMOS ...”
hemperek@uni-bonn.de PIXEL 2016 @ Sestri Levante 22



AMS 180 - CCPDv4 - Efficiency " ers.tétb'on;ﬂ
univ |

'g‘ g \T - I T T T I T T T ‘ T T T I T T T I T ]

* FE-I4 tel P 201 | \"} [ = —

= - COPDvA mraciated 10° negomt 3 = [+ FE-4 telescope - SPS data 2016 (", 180 GeV) :

c 1000/ 5 2110~ « CARO4 Irradiated 1 10715 -

g Bias = 85 [V] ; Threshold = 0.080 [V] 2 99.7% _-f;:, :2 E Bias = 85 [V] ; Threshold = 0.870 [V] E
g L o t==°. w UJ100:— e 0o 000 00 .'OEQ ° o 099.7%

& r = ]

L s00- | 90— =

| 921 r ]

%09 80 —

70— —

0 - =

I 60— —

I e 50— _ =

—500— - b ThreSh - O87OV R

us 40— —

975 - 970 964 974 944 L IS IS S S SRR R SR R -

Bias [V 0 20 40 60 80
P PR IR S T T ”

—500‘ - | 6 500 Blas [V]

X-position [um]

DUTPlanedMatehedTimingC

Eniries 216079
; Mean 2.097
RMS 0.6514

# hils

08

oy

2

08

0.5

High detection efficiency after 10*n_,
Large monolithic design in preparation in AMS180.

0.4

0.3

02

01

T T

| P "
2 4 ] B 10 12 14 18

Timing [25ns bins] see |.Peric, “Status of HYVCMOS ...”

(=]
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AMS 350 demonstrator (H35DEMO) . ers'tétb'on;l
univ |

4 resistivity : 20Qcm (standard), 80Qcm, 200Qcm, 1kQcm

Device types: Edge TCT of H35DEMO Pixel 2000hmcm

— Standalone nMOS matrix Pixel active on full length, 20-30um depletion
Charge collection map @ V = 50V

— Analog matrix o R PR oo S S
80 "'.,":;-.-_:l e, :'"i_'-: e ! %
— Standalone CMOS matrix (monolithic) - kG e 25 5§
Demonstrated Bias up to 160V o0 g
50 =
Full readout + control in preparation for summer test beams 40 159
Irradiation campaign ongoing up to 1.5e15neq/cm2 zz . _ ’
First TCT Results on 200 Ohm-cm substrate agree well with 10 ‘ S ihn St -5, e
TCAD simulations 06T B0 G0 s 200 280 O
Mathieu Benoit (UniGe)

see: |.Peric, “Status of HYCMOS ...”
E. Vielella Figuras [P]
A. Calandri [P]

Strip development:

e ) CHESS-1, CHESS-2, ...
hemperek@uni-bonn.de PIXEL 2016 @ Sestri Levante
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LFoundry LF150 - '1
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LFA150:

* L-Foundry 150 nm process (deep N-well/P-well)
* Up to 7 metal layers

e Resistivity of wafer: >2000 Q-cm

* Small implant customization

* Backside processing

CCPD_LF prototype:

e Pixel size: 33um x 125 um (6 pix =2 pix of FEI4)
* Chipsize: 5 mm x5 mm (24 x 114 pix)

* Bondable to FEI4 (+pixel encoding)

e 300um and 100um version

e Bonn + CCPM +KIT

24 x 114 pixels

Matrix
24 x 114 pixels

P. Rymaszewski et al., JINST 11 (2016) 02 C02045
T. Hirono et al., doi:10.1016/j.nima.2016.01.088
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Leakage current [A]

CCPD_LF

universitatbonn

1077 |

lo-ll]

10—11

10—12

Leakage current

20C
15C
10C
5C
-0C
-10C
20C

pre-rad

Reverse bias voltage [V]

hemperek@uni-bonn.de

—400-350-300-250-200-150-100-50 O

Leakage current [A]

1072
15 2
10*°n,,/cm
107}
1070 — o
— 5C
lO-B_ — -10C
— -15C
-20C
9

10—4{}0—3 50-300-250-200-150-100-50 O

Reverse bias voltage [V]

T.Hirono (Bonn)

Normalized gain

Normalized noise

TID
50MRad

After 9hr at room temp.

101 10 10? 10?
TID [Mrad] T.Hirono (Bonn)
Normal (L=0.9um)

Long (L=1.5um)
Enclosed Layout (ELT)
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CCPD_LF results
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MIP (3.2 GeV) spectrum (before radiation)

Energy [ke]
1.6 6.1 16.5

— ]
= 10| ]
8} ~ .
% 6l J_LI_ 130um depletion
o 4
g3 VL _
0 o
5 25 :
B 20
£ 15
€ 10
€ 3 0
o it il
0.00 0.05 010 0.15 0.20 0.25

Ampout [myv] T.Hirono (Bonn)

E

EL

§ 120 Preliminary!
S 100

8

= 80

-

60

% 20 a0

hemperek@uni-bonn.de

2.0

15

=
=

=
L

0.0 ; . . ;
0.000 0.002 0.004 0.006 0.008 0,010 0.012 0.014

140 1. Mandic, B. Hiti (Ljubljana)

Full symb. no BF
Empty symb. BP

B0

signal {Ampout) [V]

10n,,/cm?

= 1eld, N = 1.3813cm”

[} B

W =0, N = 09613 cmi

i

@ = Seid, N = 32013 em’
b

80 100 120 140 160

Bias (V)

PIXEL 2016 @ Sestri Levante

Sepctrum of >*Fe and 2*!Am after 10*°n_,/cm?

2.0
—
L5
1 I L0
lh\ I‘{’ y[J
1
l 0.5 Vi N
, e
A e |
j},’" T.Hirono (Bonn)

0.0 i
0.00 0.02 004 006 008 010 012 014 016 018

signal (Ampout) [v]
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0.5cm

LFoundry timeline

universitatbonn

0.5cm

Matrix
24 x 114 pixels

Bonn, CPPM ,KIT
CCPD_LF, ..(Aug. 2014)

hemperek@uni-bonn.de

lcm

v

"'y

AL

..‘-nrnhﬂlr # LVIDS Drpenr

Baviii Adaplifiars + Oray Connlars + Eol RO Laags:

LF-CPIX

(Demonstrator)

Pixel Matrix

159 X 36

{ [ Dig. Buffers & Confg. Control Swilchas

Pixel Matrix
142 X 36

[ Ara Bufer &

. &
Shift Regisiers DACs Rgpul it

Dig. Buffers & Config. Contral Swilches ]

|

Shift Ragethirs |

DACS fna I-'Hlﬂ:n-r a
Raguiaar

(2]

Bonn, CPPM ,IRFU
LF-CPIX (April 2016)

PIXEL 2016 @ Sestri Levante

Bonn, CPPM ,IRFU
Monopix (Aug. 2016)

SLAC
COOL (Aug. 2016)

KIT, Liverpool, Barcelona,

Geneva
(Aug. 2016)
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Logic outside collecting well . '1
universitatbonn

e T} (] | i
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ESPROS Photonic CMOS™ . "
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OHC15L

* 150 nm process (deep N-well/P-well)
 Upto 7 metal layers

* Resistivity of wafer (n-type): >2000 Q-cm
* Backside processing

* 50um thin

* Design: Bonn, Prag*

LIRS

diffractive fiiter
(optional)

M. Havranek et al. JINST 10 (2015) 02, P02013
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EPCBO1 N "
universitatbonn

55 . . .
Fe>> spectrum Calibrated single hit cluster spectrum Sr°:
IL
0.007 Data px 150 {44315 hits in raw data) px 100
—  Filtered data — Data ‘ ‘
0.006 == Fit, Params (E, FWHM, FWHM/E) = (913, 61. 6.7) 3007 e Fit selection
== Fit, Params (E, FWHM, FWHM/E) = (1024, 76, 7.5) —  Gauss fit results: Mean = 3619.4 e, Sigma = 691.2 e
W — » 250+
£ 0.005 2 FWHM =120e g
= Q
2 0.004 8 200}
o ©
g [
5 0.003 8 150¢
L 8
0.002 5 100¢
w
0.001 50t
0.000 - o L . 0 e
0 200 400 600 800 1000 1200 1400 0 1000 2000 3000 4000 5000 6000 7000 8000

ADC Charge [e]

In pixel efficiency

T. Obermann (Bonn)

1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

1

0.9
0.8
0.7
0.6
0.5

efficiency
efficiency
efficiency

0.4
0.3
0.2

0.1

20 40 °

Vv [um] v [pm]

% 20 40

v [um]
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Towerlazz S '1
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TowerlJazz 180 nm CMOS CIS

Deep Pwell allows full CMOS in pixel
Gate oxide 3 nm good for TID
Thickness: 18 — 40 um

High resistivity: 1 — 8 k Ohm-cm
Reverse substrate bias

Modified process to improve lateral depletion

Derived from ALICE development (CERN) see: Miljenko Suljic , ALPIDE: the ”

n "

N &g —————

50 pum
< — Pixel dimensions:
50x50um pixel size
* 3 um diameter electrodes and 40um Pwell opening
<€ 40um e 25um EPI layer

* The pixels have a measured capacitance <5fF (approximately
factor 20 less than large fill-factor pixel) C. Gao et al., NIM A (2016) 831
* With this low capacitance, simulations indicate a front end
similar to the one in the ALPIDE but compatible with 25 ns
timing would consume ~ 200 nA)
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Signal collection for small electrodes

univers'tétbonnl

Normally small electrodes produce weak fields under p-well and charge gets lost after irradiation

This usually means that efficiency drops significantly towards pixel edges

TJ modified its process to improve the efficiency after irradiation on pixel edges while keeping
small capacitance which makes this in particularly interesting for fast charge collection after

irradiation

— Pixel capacitance without process modification ~ 2-3fF with modification <5fC

[ Amplitude Sr mV |

Modified process

800

Bias=—6V

hb_mV
Entries 19969
Mean 28.6
Sid Dev 18.89
+2 f ndf . T
Constant 4090 = 54.5
MPV 18.97 = 012
| Sigma 4.431 = 0.095

&2
af
8

“.40””50””60.”

70 B0 80 100

Sro% amplitude [mV]

hemperek@uni-bonn.de

4000

3500

3000

2500

2000

1500

1000

500

Bias= -6V

Rise time Sr hc_s

Entries 19302
Mean 16.53
Std Dev 3.316
22/ ndf 854.6 /12
Constant 3451 £39.1
Mean 16.67 +0.02
Sigma 1.962 +0.016

Mean = 16.7ns

c=19ns

o

PIXEL 2016 @ Sestri Levante

10

20 30

40 50
risetime [ns]
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Neutron irradiation to 104 and 10> n/cm?

univers'tétbonnl

* Investigator irradiated by IJS Ljubljana in several steps up to 10>

* Irradiations up to 10'® ongoing
e This detector has received NIEL 10> n/cm? and 1Mrad TID

* First test beam measurements indicate no efficiency loss on pixel boundaries after 101> n,

Sr90 on 50x50um pixel for modified process after neutron irradiation

Relative frequency

q

35Fe source

0.035 _
B § 0.12/—
- Vsub=6V Unirradiated MPV = 18.937 +/- 0.122 mV § [ vew=ev
0.03 1e14 neq MPV = 19.499 +/- 0.147 mV = 04 Uninadisted Peak < 18.18 mV
N 1e15 neq MPV = 15.904 +/- 0.124 mV £ | tet4neq Peak=16.83 mv
— E ooa; 1e15 neq Peak =15.17 mV
025 '
0.025 - 0Sr source
— 0.065
0.02 B
O.Ddﬁ |
0.015 0.02f N il ILHI
i [U J; Al vlf-J \
il OJT'“-%R ol PP st P8 e e S T 'Y, P
- 0 5 10 15 20 25 30
0.011 Signal [mV]
i little change to signal (and capacitance !)
0.005 after irradiation, -1 V is sufficient to observe a
il clear signal
1 | 1 1 1

hemperek@uni-bonn.de

50 60
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Signal versus collection time o "
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* Plot calibrated signal versus charge collection time
* Better timing with modified process (narrower collection time distribution)

[ Amplitude vs Rise time Sr | hbvsc_s | Amplitude vs Rise time Sr | hbvsc_s

Entries T220 Entries. 19302

10000 Mean x 15.94 6000 Mean x 17.22

F - Mean y 2647 Mean y 2360 |0
9000 - Std Devx 9.118 - Std Dev x 7.25
-
6000 Std Dev y 16431: 5000 . St-d Df':y 1206
- - - —|80

25 4000

20 * " Modified process P | o

3000
15

—140
2000
10
1000 20
ul] 100 0
* Modified process after irradiation maintains charge collectionv
| Amplitude vs Rise time Sr | % | Amplitude vs Rise time Sr | hbvsc s
6000 Moanx 1708 6000 _ Meanx 2390
- Mean -
: StaDovx  6.069 : Modified Processia pevs 1265
T Modified Process™ = ==1° 5000~ irradiated 1015 'Stdfevy 12
- irradiated 104 - :
o - ol rlem .
3000 -] I —ao so00k- - o
—20 5 L -
2000 — - -- —4
10 1000 - IR L T .
A Ty, : RN o o
10 20 a0 40 50 60 70 a0 20 100 i . Lo
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SOI
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'l
o . -
particle track e °

\ ol P-substrate

{~80 e-fum) 1;
'

K P+
+

-HV

see: S. Bugiel, “The performance ...”
A. Takeda, ”"Design and Development ...”
R. Hashimoto, “Evaluation of”

hemperek@uni-bonn.de
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HV-SOI
ov I I VDD VDD

PW uu.-_,-“ » NW

Si0. .

N

particle track .-"‘:3“"‘ —_— e . = r-"“
(~80 e-lum) ,1

s {

) ; P+ P-substrate

36




XFAB XT180 L "
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ov [ VoD wn XT180:
i *  XFab 180 nm HV-SOI
‘ -  Upto 7 metal layers

e Resistivity of wafer: 100 Q-cm

XTBO1 and XT02 prototypes:
* Pixel pitch: 15, 50, 100um
 Chipsize: 2.5 mm x5 mm
* Design/Testing: Bonn, CERN, CPPM

P-substrate

Sonia Fernandez-Perez et al. NIM A796 (2015) 13-18
Hemperek et al. JINST 10 (2015) no.03, C03047
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HV-SOI
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Transistors threshold shift (TID)

700Mrad

0.04} 1
NMOS /
0.02} P
0.00
_ -0.02
2
£ 004 4
< 2.7/0.27
—0.06} 2.0/1.4
2.0/0.72
_o.08k »—< 2.0/0.36 |/
<+ 4.0/0.18
-0.10} o—e 2.0/0.18 |
=—e 0.5/0.18
-0.12 . . . :
10° 10° 10° 107 10% 10°
TID [rad]
0.20 ,
= 2.7/0.27
—e 2.0/1.4
o1s|| > 2.0/0.72
= 2.0/0.36 PMOS
<+—a 4,0/0.18
010 o—e 2.0/0.18
|| == 0.5/0.18

-0.05
10
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Current [uf/em2]

Leakage current (v1)

107 KT.BDI \25C)
i!io
""'41Iti1-.
Ll T
ilitl.-..'.
10¢ B
'llll*'l:'ill.!.'i.
10!.441.
1
10 .'.
— fluence
lﬂ':'- " B lela
e ® 5213
e o leld
s & 5S5el4
10t
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HV-SOI cd.
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Collection with (edge-TCT) (v2)

180
15 2
‘ 10%n.,/cm 3
160 «Before Irradiation = .
T wo ® 2006414
L
3 » 5.00E+14 o
~ 120
L » 1.00E+15
re
g 100
€ ® — :
e ag®
b ot .
- &0 H L
ég . As : . il H
8 40 . s —
. 3 o By
B | purad
o Wn,
0 50 100 150 200 250 300
Bias (V) I. Mandlic, B. Hiti (Ljubljana)

Sepctrum of **Fe and °Sr before and after 5x10'*n,,/cm?

000, 5000

+ v
w—a "5r(3x3) s—a "5 at 250 |3x3)
Goon 1 = MEr i i JY 4 "¢ at 300V | 3w
= “fe Fr F o TT. . — g at 250%
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" )

S000
Fre-radiation -l'f .
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A000
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& ]
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2000 I _T-1_‘ 1 i
+
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4 L 'y
1000 te, ’ “v, !
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hemperek@uni-bonn.de PIXEL 2016 @ Sestri Levante 39



Conclusions - "
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Lots of encouraging results (high interest and large momentum in R&D)
Proven good radiation tolerance of sensors (and electronics)

Main asset for p-p HEP:

* Low(er) cost alternative to conventional hybrid sensors (as monolithic or cheaper
hybrid)

* Coupling smart sensor and R/O chip can increase performance of hybrid sensors
(e.g. position decoding)

Main asset for X-ray Imaging:
* Alternative to Fully Depleted CCD
* Increase performance of hybrid detectors (smaller pixels)

Ongoing:
e Large (fully monolithic) devices
* Fast timing measurements
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CMOS Pixel Collaboration o "
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)

e ~20 ATLAS ITK institutions coccend] ‘iﬁ

BE

b
u

&(I T ﬁi}ff{ﬁéooi BROOKHFAEN UnivERsITAT

BERN
Karlsruher Institut fur Technologie NATIONAL LABORATORY

AEC
ALBERT EINSTEIN CENTER
FOR FUNDAMENTAL PHYSICS

OXFORD

2\ | UNIVERSITAT

e Larne Unlversuy

s &
i  of Glasgow

) UNIVERSITE
/) DE GENEVE

FACULTE DES SCIENCES

e
BERGISCHE e n.. # g
/3 Irfu-cea Saclay UNIVERSITAT A
Institut de recherche

WUPPERTAL

U ﬂ I‘-.r"'E' FS]tatbon n sur les lois fandamentales

/j de I'Univers

h NATIONAL -
I N F N Bl ‘ ACCELERATOR .. lnSt'tUt CENTRE DE PHYSIQUE DES
Istituto Nazionale QHHV LABORATORY ®® _ jozef Stefan” PARTICULES DE MARSEILLE
L/ di Fisica Nucleare ® ‘ Ljubljana, Slovenija CPPM
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LAB

Silizium Labor Bonn
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Backup
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35

30

25

20

Row

15

10

Moise of LFoundry passive CMOS sensor on ATLAS FE-14

Noise
Noise of LFoundry passive CMOS sensor on ATLAS FE-14 170.00 30
I T .
L]
p— “:L- 159.38
_— . 15 um
' [ E—
. f - 148.75
- = q. | 138.12
s = . - %
» = S
- m - Dc - 127.50 b
o ' O
- ¢ == Q
ous 11688 @
SENS
r == :
= = .:----- 4106.25
_ —-—
- 0 = { Bl o5 62
- — Sl
=3 ]
_-_. | S S . . 85.00
2 4 3 I 10 12 14 16

Column

AC couples pixels: (133t 1)e

DC couples pixels: (117 1) e

IBL n-in-n planar pixel: ~ 120 e @ 117 fF input capacitance
IBL 3D pixel: ~ 150 e @ 180 fF

—> AC pixels: > 120 fF, < 180 fF; DC pixels: < 120 fF

B AC coupled
B DC coupled

140
Noise [e]

Setup

- Threshold scan in
pyBAR

- Bias voltage: 150 V

- FE-14 direct powering

First design: AC coupling R / C values and poly-silicon layer location not optimized!
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Passive LFCMOS sensor prototype - "
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 LFoundry 150 nm CMOS technology
e 2 kQ-cm p-type bulk, 8

300 um thick, backside processed

* Bump bonded to the ATLAS FE-14

* Pixel size: 50 pum x 250 um

* Matrix size: 16 x 36 pixels (1.8 mm x 4 mm)
* Bonn+ MPI

n-implant widths:
[30, 25, 20, 15] um

AC-coupled pixels DC-coupled pixels
Resistive bias Punch through bias

30 pum-implants 30 pm implants
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Yield/Reliability universitétbon;1|

Current [uA]

IV curve

10°

Breakdows at ,,bias dot”, DC version

J. Segal (SLAC)

0 20 20 60 80 100 120 140
Voltage [V]

e 1131V curves of the 300 um LFoundry passive sensors
* 1hasshort
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Pixel Encodin "
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Readout of CCPD_LF and FEI4

Sensor FE-Chip
) | 4-bit DAC
Gainl | (local feedback tune)
WIDTH :
Testggs_e‘ — 0 O :
A Ve
’\ OutputStage : o
|
[ Gain2 1 \ | = 11 = e e
Sensorg_‘ WIDTH | \ ToT
o
~— D> i P
A
A
g_{ U ! Bump CSA Amp2 Comp.
- N Gams j bond [\ [\

WIDTH |
|

] i
|
|

_?,L _'D' | FE-a

g—( [ [
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ToT response of 3 CCPD_LF pixels

120 v
— pix2
100+ I T 1| — pix3
- — pixl,2
_ anl 1| — pix2.3
= pixl,3
E‘ — pixl,2,3
5 60 .
o
&
40+
20}
LU L .
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Monolithic Deep Depletion CMOS Image Sensor .
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~ L . M uv
Sensor < Creations BRANDYWINE

PHOTORICE

i

ILJL_J- ‘

NMOS PMOS PD
OPTICS SPECIFICATION Deep Pwell -
Typis Fully-depleted, back-iluminated, ‘_.r"

eXireme performance (FBX™)

-
-
-
’ ===
i

Format §192 columns x 512 rows N s bstrate
- su ® _

Pixel Size T.5 pm x 15 pm i S 30 Sooum
Full Wl Gain [ 250,000 electrons -i- — l
Capacity Gain 1: 10,000 electrons
Read Noisa Gain 0: < 15 electrons S

Gain 1: 5 electrons _V

back

Maxgimum > 500 Hz
Frame Rate
Spectral > 50% @ 380 nm
Range B0% @ 400-900 nm

> 30% @ 1000 nm sk
Exposure Snapshot, Integrate While Read (TWR), SO > . S FBX-2 with improved AR coatings
contral: Mon Destructive Read (NDR) e &

High Dynamic Range (HOR) \

“0 oot
i ! P
Dark Current <0, nAem ok FBX Measured Data
Binning 1x2, 2x1, 2x2, 124 i....
Output 16-bit Digital Interface, 128 outputs e
Cooling Single Stage Thermo-electric cocler ey
10 00N
Fower < 12 Walls hais
20 LEN e o0 e o o Hom v

Customization Call for modifications to frame rate, Wevelongth farm)

wall dapth, or pixed pitch (other

standard sizes available) g \;
Quantum Efficiency FBX-2K256 CMOS Imager Pathfinder shown
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STAR Experiment o '1
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Silicon Vertex
Coils Magnet —Tracker

Calorimeter

A 'y |NMOS

~ Time Projection

hamber

p++ substrate

; particle track

Ultimate

Electronics
Platforms

Reticle size (2x2 cm?)
Pixel pitch 20.7 um

Array size: 928 x 960
Integration time: 185.6 us
In pixel CDS

Sensors thinned to 50 um
High Res Si option

Technology: AMS 0.35u
Design: IPHC

see: Giacomo Contin, “The STAR Pixel detector “
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Trapping in irradiated silicon (NIEL)
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positive charge

positive charge

Phosphorus: shallow dopant
(positive charge)

{higher introduction after
proton irradiation than after
neutron irradiation)

{higher introduction after
proton than after neutron
irradiation, oxygen dependent)

VO(-/0)

leakage current

current after yirrad,
V,0 (?)

D D
c:ics{-m]-\_\_

Vi) —
VA-0)  —

CilNi(0f+ ) m—

H152(-10)
—
p—

H140{-/0)

Leakage
current
EA/ES: V3 (?)

H116(-/0})

Boron: shallow dopant
(negative charge)

Need

hemperek@uni-bonn.de

to be as fast as possible!
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Reverse

annealing
(negative charge)

RD50
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Detector Capacitance N "
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Small depletion zone
-> large DNW/PW capacitance

Large Fill Factor collecting node has a double junction: DNW/SUB and DNW/PW

* Backplane capacitance C_,, (DNW to substrate)

— Depends on depletion depth (substrate resistivity, bias voltage) same as for

* Inter-pixel capacitance C, std. Hybrid Pixels

— Depends on fill factor and p-implant (‘p-stop’) geometry ]

additional
* DNW to P-well capacitance Cow =» capacitance
— Depends on electronics circuit area and DNW/PW junction width for Active Pixels
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LF Noise o "
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SR_EN
RO Attty
R MONOUT \ .
v} :
4us
D Q DAC_TRIM<3:0> R e——
EN_PREAMP
Hit P D Qff enwouror A A
G L
Rk
h AMPOUT % |5 !
SRIN SE CK LD<6:0> '\¥< 1
""""""""". i, el *‘MM: ‘e
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TowerlJazz 180nm Investigator S '1
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Pwell opening
e 25um EPI layer

suB SUB |RESET  AVDD
PIX_IN VRESET
l -J'- L ..
pwell @ | e ) |
deep pwell * deep pwell
epitaxial layer
- psubstrate
Spacing Not to scale
Diameter i _§_ ~ " PMOS Reset :
& :
b i
1 |
! i
| 1
: :
: Cclllsl:ﬂon:
: elel:'lrods:
! i
] SUB |
50um
—_
40 pm * Pixel dimensions for
< these measurements:
* 50x50um pixel size
. * 3 um diameter
R lectrodes and 40
electrodes an um

Designed as part of the ALPIDE development for the ALICE ITS upgrade
Emphasis is on small fill-factor and small capacitance

Small capacitance enables low analog power designs (and material reduction
in consequence)

The pixels have a measured capacitance <5fF (approximately factor 20 less
than large fill-factor pixel)

C. Gaoetal,, NIM A (2016) 831
http://www.sciencedirect.com/science/article/pii/S016890
0216300985

Design: C. Gao, P. Yang, C. Marin Tobon, J.
Rousset, T. Kugathasan and W. Snoeys
Measurements: C. Riegel, D. Schaefer, E. Schioppa,

H. Pernegger, J. Van Hoorne
PIXEL 2016 @ Sestri Levante 53



http://www.sciencedirect.com/science/article/pii/S0168900216300985
http://www.sciencedirect.com/science/article/pii/S0168900216300985

Impact of smaller capacitance L "
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AT YW

- l * Reducing the detector capacitance increases amplitude
IDB
> e G el p—o|C v and faster signal, therefore less amplification is necessary
PIX_IN Cs . o
—dLw s -~ |Ee * This can be used to reduce power consumption (and
vase [ e therefore services and cooling material)
|
T L e
curfeed Cout A —~
" :IZCC feed ;';

Alpide front end GﬁEA
D. Kim et al. TWEPP 2015

Increased current in a similar front end
from 20nA (Alpide) to 200 nA (= 50
mW/cm? for 28 um pitch) and varied
detector capacitance between 0.25 fF,
2.5 fF and 25 fF.

For 2.5 fF compatible with 25 ns timing.

0.25 15
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