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The tracking system of the ATLAS detector

Muon Detector

Tile Calorimeter

Liquid Argon calorimeter

Silicon Pixels

Toroid Magnet

Silicon Strips (SCT)

Solenoid Magnet Pixel Detector

Transition Radiation Tracker (TRT) up to 36 points/track

2T Solenoid Magnet




ATLAS Tracker Upgrade Plan

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

LS1 LS2 LS3

“Phase-0" upgrade: consolidation
/s = 13~14TeV, 25ns bunch spacing
Linse =1 x103* em2s”! (u=27.5)

[ Linse = 50 b

= New insertable b-layer (IBL) = Fast TracKing (FTK) = All new tracker (baseline:

for level2 trigger

= New Al beam pipe long strips /short strips / pixels)

= New pixel services

SuperStrip (bin) R

Pattern recognition in coarse resolution 00 05 10 15 20 25 30 35
(superstrip=>road) o







HL-LHC Physics Programm (l)

~

/g With LHC 13/14 TeV data until 2022 (~300 fb-")
d Measure the Standard Model scalar boson properties

O Mass, JCP
O Individual couplings with 5-15% precision

[ Search for new physics at higher mass scale (new energy region)

1 SUSY, Exotics

ATLAS Simulation

-

O With HL-LHC 14 TeV data until 2032 (~3000 fb1) 5= 14Tev: j[:?f;i(fﬁZﬁ;f:fﬁif:?iﬁ:
. . . Z/ g
[ High precision SM scalar boson measurements rr/:
[ Couplings <5%, study rare decays, self-coupling r./T,
r,/T,
t I./T,
g TEETETETET I S H 2 ; . -H £ /T,
ty At t H-" r,/T, |
t “"\\ FQ'FZ/FH ;‘ ------------------------ |
g 2000909200 R S H g ~ o0 A T T
{ H 0 02 04 06 08
1 1 H ATJTy) Al /xy)
Higgs triple self coupling R AU el

P. Wells, Lepton Photon 2013



HL-LHC Physics Programm (lI)

d Study VV scattering

O Verification that Higgs boson cancel divergences in VBF

P. Wells, Lepton Photon 2013

S, C - e

[ Direct searches of BSM particles £” 3500, wa] 3 107
0 HL-LHC increases the discovery 3000 42100
reach by ~400-500 GeV E e 1

25001~ 4 =10

2000; Zn, sys=30% 7: 10°

: ATLAS Simulation ;
ATLAS simplified model with zero mass LSP T R AU RATE: J P

2000 2500 3000 3500 4000
m; [GeV]



The present ATLAS Pixel system
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The present ATLAS Pixel system

(] Sensors and modules:

» 250 um thick n-on-n type silicon, with typical
pixel granularity of 50 um x400 pm.

.~ X\ barre
" pigtai

* 16 FE-I3 chips per module bump-bonded to _
a single sensor o

1456 modules in the barrel region and 288
modules in the three end-cap discs per side

sensor

E-13 chip
readout
electronics
lead-tin
or
. . bump-bond
indium P

bumps

sensor




Tracker Performance today

E. Stanecka, Vertex 2013

o 300 ATLAS Online Luminosity \s=8Tev

: : . = - [ LHC Delivered ]

Q 99290 :/02 Pixel data taking efficiency 8 250 [ ATLAS Recorded =

In g 20 - Total Delivered: 23.3 fb'_‘1 B

O Hit-to-track association efficiency g [ Recorded=rd

~99% 5 °F B

0 95% of modules are active during s o0 E

data taking in 2012 S .

O Inoperable fraction gets addressed oL e SN L L :
. T — 40 27/03 01/06 07/08 12/10 18/12

in LS1 repair (is now ~ 1%) Day in 2012
Up to ~70 interaction /BX Up to 4000 tracks per event every 25 ns

AN

SN e
4 X

—— 1 " =
NN .
7 SONSTNES S =
 ATLAS was designed for 23 evt /BX but continues to
do an excellent job with 35 10




Pixel Detector Performance today

T. Ince, Siena 2013

% 107 — T %\10: N aa = 10°
= ATLAS Preliminary § o ATLAS Prelim E
8 q0° o [ Good Pixels>=3 -» ]
o 5 — Normal 3 8 : 4= 10t
g 10 = 70 =l -
E . ----Long < 1 7
3 10 S 6 3 =10°

10° -...Ganged s 5 e

10° g =10

10 10

1
oL i T T H R TIAR A i 1 f LRSS I
%000 2500 3000 3500 4000 4500 5000 5500 25 -2 -15 -1-05 0 05 1 1-5p Ge \/2)'5
Threshold [e] o 1
U Threshold tuned to 3500 e, with 40 e dispersion
injected charge | ] _ _ _ _ _
dependence U Time Over Threshold: time in which signal is above
threshold in units of BC, 25 ns
threshold e U Tuning target is 30 BC for a charge of 20,000 e (most

preamplifier output signal

discriminator output signal !

|

—high charge
—low charge

probable value for m.i.p.)
U Advantages:
= improved position resolution (shared hits)

= energy loss proportional to deposited charge =
particle identification

11
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The Insertable B-layer
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Phase 0 Upgrade: the Insertable B-Layer

 Designed to let ATLAS cope with
£=3x1034 cm=2 s

 New 4th pixel silicon barrel layer with
r=3.3 cm, 12 MegaPixel

= Needs small radius (r = 2.35 cm)
beam pipe

= 14 staves with @ = 14° tilt angle
& no z overlap

>1000F | 1
C

D 900F Tt IBL npminal Track Seleption -
O E  ———— IBL pileup Track Selection 3
= 800: —mmemty---- ATLAS nominal Track Selection

o E —=—— ATLAS pileup Track Selection

£ 700F
§7% ATLAS
‘ IP3D+SV1 - 1 Redundancy to control the fake rate

E . Improve b-tagging

— [ Good performance with IBL and pile-up - as
- _ E good or better as for the current ATLAS without
© 100F 3 pile-up

Number of pileup interactions 13



The ATLAS Insertable B-layer

oL
LHC 3xLHC

10** cmZ%s”

>
rate or L
0.05 __ i : ®  Summary inefficiency / h
ATLAS FEI4| & commsrancsr |
0.04] 3 H /
= 130 nm CMOS inefficiency Wz
0.03| - e /
= 150 pm thickness - e
o R A 4
= Charge by 4 bits ToT P P ;/,/ e
N - P S v
= 160 Mb/s readout R R ST e T
= Power 200 mW/cm? °iﬁ€f§ T [T
10*¥* cm2st

= Total dose tested up to 750 MRad 7




Pixel Sensors for the IBL

Planar n-in-n oxygenated Si sensor 3D double sided silicon sensors

U Pixel electrodes on surface of bulk O Vertical 2E electrodes

U Proven ATLAS Pixel Detector technology and O Reduced operational voltage after irradiation

dor: CIS

vendor O 230 pm thickness

U Very high yield (90% accepted for IBL O Two 3D g CNM and EBK
production) wo 3D sensor vendors ( an )

Q

O From old pixel system to IBL: Acceptable yield (60% for IBL)

= Pixel size 50x400 pm?2 — 50x250 pum?
= Thickness 250 pm - 200 pm

= |nactive edge 1 mm- 200 pm

75% planar 259, 7329 sensors (large n)

362

- -

0.205 Z=0 B.‘ - 0.205 A
Tgap between chip 3D 0.205 a. gap between double planar - |C
% -III Izl-l kl ‘l \I AI‘ I\il Y 4 I LI ll I r/\lll\lt l%:
B g |
Chip 3D | Double chip planar Double chip planar  Chip 3D

0.205
gap between Double planar and chip 3D 15



N-in-n pixels for IBL — Slim edge
-t-lJ technische universitat
dortmund

CIS production of IBL sensors

hit efficiency
ON B O ® L

il il

00 300 400 500 600 700 800
Long pixel [um ]

other 100 um to the edge

<
1 | Pixel Edge Efficiency | o
50.9 z— .....0:':::‘.:‘*::::3:‘”! *..l.’l'“‘..-‘.O‘ .‘!'0 .g ‘:0—:’. b 22 24
.. . c 0.85— 00“" “"’" . 0—0’0? ‘.:,00"
U Study of edge efficiency in .g 0.75 o e el +
beam tests for for FE-14 n-in-n % 82;‘. AN ,;‘“ } [+ 1000v
modules (IBL type) o 041 JOVOVS st ; | [+s0ov
= gg; +* : -+ 600V
O Before and after irradiation a 0.1= . o + 400v
clear dependence on the bias 0”600 -500 -400 -300 200 100 0 100
. . . 2 long pixel side [um]
voltage is visible R 4E15n_/cm E
O reduction of the inactive edge :
to ~200 um demonstrated "3
T. Wittig, Pixel 2012 £

Long side [um]



3D pixel sensors

First proposed by S. Parker et. Columns etched with Deep
al. in NIMA 395 (1997), 328 Reactive lon Etching

F g SF.®
o %

Silicon
Etch

Polymer(nCF,)
Deposit Polymer

electrodes

e ¥
;a&
2

Etch
~0.2-Imm

guard rings
[ +—>

3D

17




3D pixel sensors

First proposed by S. Parker et. ADVANTAGES
al. in NIMA 395 (1997), 328 O Electrode distance and substrate
thickness decoupled
d High speed

 Good charge collection efficiency 2
good radiation hardness

DISADVANTAGES
(d Non uniform response due to electrodes
electrodes O Complicated technology

 Higher capacitance with respect to planar

n-active edge

~0.2-Imm

guard rings
+—>

PLANAR

18




3D pixel sensors for IBL

CNM sensors, V;,;=160 V, ®=5x10"° n,, cm

p-type Bias Electrodes n-type read-out Electrodes

Q Inefficiency at columns (not
sensitive areas)

O Overall efficiency 97.5%
(99%) at 0° (15°)

O 15° corresponds to IBL tilt
angle.

081 et st e, e es, [ Slim-edge: Dead region along the
0.6/ = beam axis < 225 um
04F =
0.2f— —
o e S S DU —— 3

500
Long pixel [um ]

C. Gemme, Vertex 2013



The ATLAS Pixel System in the Phase Il Upgrade

l. Gregor, DESY

Proton-proton collision energy vs=14 TeV

® |Instantaneous luminosity of L=5x1034
cm2s-

® Average number of 'pile-up' collisions per
event <py> = 130-140

e Integrated luminosity 3000 fb-! over the
entire run
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Development of planar pixel sensors
for Phase Il
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Phase Il Pixel System Layout and requirements

eta=1.0

The layout proposed in the

/

1.
" Strip Detector . cta=20 F :
| P . - Lol provides 14 points/track to
; _ In| < 2.7
] ‘ - eta=27 . 0
! 7 o Pixel: 4 layers + 6 disks
\ s
\ ~ I’ I l - Outer Plxels k
| L__F_)_ Inner Pixels
| [ | [ | I [
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
z(m)

2 Outer Barrel Layers / Disks

O Probably planar n-in-p
[ Sensor thickness 150 um
O Pixel size 50x250 um?

d 2x2 (Quad) and 2x3 (Hex)
chip modules

H. Hayward, Hiroshima 2013

2 Inner Barrel Layers

1 Sensors: different materials and
technologies possible

O Radiation hardness up to 2x10%® n,,/cm?

 Thickness: 150 um or lower

3 Pixel size 25x150 um2 = FE-chip in 65
nm CMOS technology

22
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Comparison between n-in-n and n-in-p technologies

M. Benoit et al., IEEE Trans. On Nuclear Science, VOL. 56, NO. 6, DECEMBER 2009

N
n-in-n
|[24=
N+
n-in-p
P+

Pixels (0V)
ov n-bulk

«

<«— Pixels (0V)
p-bulk

HV

230 um

n-in-n technology

] double sided

[ slim edges down to
200 um possible

n-in-p technology

Depletes from the segmented side
Single sided process
30-40% cheaper than n-in-n

More foundries and available capacity world-
wide

Easier handling-testing due to lack of
patterned back-side implant 23



Sensor-chip isolation techniques for n-in-p pixels

front end chip {f 0 Danger of sparks between the chip and
GND » the sensor edges at HV
—_— 7
HY —> 20000090 ’I ' = distance of the order of the bump height
n+ 4 ~ 30 um
p-substrate N

HV

d 3 um of Benzocyclobutene (BCB) on the sensor surface, litography needed - No
sparks observed up to 1000V

 Parylene-C deposited all over the module (5-10 um per side) - tested up to
650V, no sparks.

Some hints of radiation damage from preliminary studies on test-structures.
Parylene-N seems more resistant

O Silicon adhesive on the wire bonding side - no sparks observed up to 1000V
24



n-in-p performance — FE-I3 modules

O MPP/HLL design produced by CiS on 285 um FZ. n-irradiated up to 106 n,/cm?

] Ll [ E
L Charge exceeds threshold by %16 'H‘m -
a factor of 2 I DN :

ol Dot I z

O Testbeam with Eudet O 12| @ o=sx0 - -
- ® ®=1x10"° * ? L $+T .

telescope R § B gt i {' .
§ ®]=n_/cm’ ‘ i i i ‘ i .

= Hit efficiency of 97.2% at S i — N i g ¢ # o |
highest fluence, 600V and - o ® M R .o oo ’ -
threshold of 2 ke (981% in 45 ....... ®....... q,. ...... ; ...... 3 ....... A I S S I iand]
central region) 2 :

OlIlIIlIlIIlIIIIIIIIIlIIIIlIllIlIIlIllIlll

. . 0 100 200 300 400 500 600 700 800 900 1000
O Main losses in punch through Bias Voltage [V]

and corners for
perpendicular tracks

T 50 100

< 40 80 &

5 30 60 g

g2 40 &
10 =
0 20

0 100 200 300 400
Track x [um] 25




it

Inefficiency 1-q

short pixel side [um]

107

10°?

n-in-n performance — FE-I3 modules

Sensor Inefficiency vs. Fluence and Voltage

4 unirradiated

¢ ®=1e15n,.cm? (p)
v ®,=1e15n,,cm?(n)
o &,,=5e15n,,cm? (n)
" D, =2e16 n,.cm? (n)

L Il Il I
1400

|l v | |
800 1000 1200

T. Wittig, Pixel 2012

technische universitat
dortmund

O FE-I3 samples n-in-n
d 250 um thickness
O PbSn bump-bonded

Hitefficiency

long pixel side [um)

N
(0))



FE-14 modules 150 um thick

sensor wafer I N . I EE .
] ] = " | e —
handle wafer
1. implant backside 2. bond sensor wafer 3. thin sensor side 4, process 5. structure resist,
on sensor wafer to handle wafer to desired thickness on top side etch backside up

to oxide/implant

J designed and produced by MPP/HLL
O 6" wafers with FE-I4 sensors interconnected with bump-bonding at IZM

O irradiated up to 4x10">n,,/ cm? in KIT and Los Alamos

r_1100Hlnllellllzllllslllllllll

IS8 - : ’
é‘ 98 Y (I)=O (DESY) ......... ...................... l .................... éél 44444444 i ....... é‘ ..... 6‘__
2 =2 (DESY) é L ]
% 96 o ®=4(SpS) | .................... é ...................... __
Z | o e Lo
E 94 s o[ ...................... ...................... ...................... ._
[@]=10"" n¢4/cm ]
92 ® nottilted | __

AR SR R B I
90() 100 200 300 400 500 600 700
Bias voltage [V]

A tilted gp=15deg ?




Hit efficiency at different n) incidence

O FE-14 150 um thick, irradiated to 4x10%° n,,/cm? in Los Alamos
 bias voltage: 500 V, Threshal‘d:1600 e-
n

— 100 b 2

=99.5
99F- =

%

98.5/

Ne
S

Hit efficiency

97.5;
97§ «  Full pixel cell
96.5;

96

900 10203040 50 60 70 80 90
Beam incidence [deg]

—o— Inner pixel cell region

[ 96.6 % hit efficiency
for the full module at

perpendicular
incidence (500V)

Track y [um]

etaf 0.

80

60

FEfficiencv [9%]

40

200 250

Track x [um] 2 8



Hit efficiency at different n) incidence

O FE-14 150 um thick, irradiated to 4x10%° n,,/cm? in Los Alamos
O bias voltage: 500 V, Threshold:1600 e-

n
1 2 3 eta=00 eta=1.0
g 100 — /{/ | -
=995 | / >
Q C L v
§ [oTo8 — 5 : / /// - E'@ =2.0
3) - | s - -
889855 P : / // //////’
= 9% Y 4 % B
97.5; i /I 7~ ~ //’///; ~—_ _eta=30
97 o Full pixel cell i[l/ - == ’/:/1/_ :[—_I_—I——I— ~~~~~~~~~~~~~
965 —o— Inner pixel cell region o
%900 1020 3040 50 60 70 80 90
Beam incidence [deg]
z 100
d 98.4 % hit efficiency = 40 “
~ 30
&

for the full module at 0

0=30° (n=0.55) 10

incidence (500V) %9 50 100 150 200 250 A
Track x [um] 29

60

Efficiency [%]




Hit efficiency at different n) incidence

O FE-14 150 um thick, irradiated to 4x10%° n,,/cm? in Los Alamos

J bias voltage: 500 V, Threshold:1600 e-
M
100: N | 2 3 eta=0.0 /;1_0

S ) z
2995 i /.
5§ 999 | /// eta = 2.0
‘5 : | e - -
%98.55 it | /. I
= 98 : /- S
T C : /. S S
- g — - ta = 3.0
77 A .
97: o Full pixel cell N ~—== EEEEEECE L E
965 —o— Inner pixel cell region o
9—610 0 102030405060 °70 8090
Beam incidence [deg]
E 50 IOOH
0 99.5 % hit efficiency il 0 =
for the full module at 2 u O
0=45° (n=0.88) 10 =

9 200 250 10

incidence (500V) Trackx fuml 3 ()



Hit efficiency at different n) incidence

O FE-14 150 um thick, irradiated to 4x10%° n,,/cm? in Los Alamos

O bias voltage: 500 V, Threshold:1600 e-

"
—~ 100 SN % 3 eta=00 eta~ 1.0

=99.5

%

99~ P

Ne
x

Hit efficiency

|
|
|
|
f i
985; P : s ///’
C |
i
[
|

97.5;

97 o  Full pixel cell ' o —

N %’"—
965! -

9800 1020304050 6070 80 90

Beam incidence [deg]

—o— Inner pixel cell region

50 100

T _

O 99.8 % hit efficiency = » o =
for the full module at E

S 20 60 3

m

0=85° (n=3.1) 10
. . 0 40
incidence (500V) 0 50 100 150 W ek 31




Sensor thickness and occupancy at high eta

 Mean cluster width along the beam direction as a function of the pseudo-rapidity

O Assumed FE-I4 chip pitch along z: 250 um

[Reduced cluster size along the beam direction for thin sensors at high eta! }

M
0 1 2 3
N - | B S
%0 7 f_ R R A A I S B N
= - - [Active thickness | ]
5 6:_ ............ 100 !_,l,m ................. ................. ................. ............... E ..............
S & |—isoem
g 5:_ ............ _ 250 Mm ................. : ...............
L e
3
o 3
5 2
5]
=
0() 10 20 30 40 50 60 70 80 90
U [deg]

32



Active area design optimization

d New KEK-HPK productions of FE-14 sensors

 Study of different pixel biasing schemes : Punch-through and poly-silicon

p-stop

Type (1, 9) Type (2, 10) Type (3, 11) Type (4, 12)

e
Poly- | ol =
Silicon | . 8 e
HTT
Type 17
No Bias o e b
Punch |
through

33
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Slim edges planar pixel sensors - Overview

) Active edges for n-in-p pixels: Deep Reactive lon Etching
+ Side implantation

Planar junctions

Si02
Sio2

Saw
cut D""i‘::d ﬁ Active Deplgted
region reg Edge region

O Design optimization of the n-in-n sensors: GR on backside
opposite to pixels on the front
cutting

ard rings
edge - &u ‘ & >

IBL design ;if I
(T
(RN

< 200um>= " edoe pixel

34



Active edge planar pixels

Read-out chip
Bump-balls
[ ) [ XXX X X X X
n+

195 pm

>

Guard-rings SE”IISOI' n-substrate

— HV
j M Silicon oxide [ Boron doping Phosphorus doping

Edge implantation

50 pm 50 pm
_____ L \ GR n* GR /
i WT , Sensor  p-substrate

Support wafer
— ‘,A--—-W_,_ —_

//\/’_"-»-\\_“‘_',;~- S

} 250 pm

| 100 pm

U n-in-p pixels on FZ and MCZ material
L 100 um and 200 um thickness >together with the active edges makes these sensors

very attractive candidates for the inner layers in Phase |l
U p-spray isolation method transferred from HLL to VTT
U Flip-chipping performed at VTT after removal of support wafer

35



Active edge: geometry and IV characterization

125 50 um

ONORORORORONORORO |||||||| |

AERENERERE [nnnnnnnns

125 um edge implemented In
FE-I3 and FE-I4 sensors: Bias Ring
+ floating Guard Ring

L 50 um implemented only in FE-I3
sensors: Floating Guard Ring

Z‘ ® FE-I3-FZ,50 um edge ' o
=60 I S . S — =
g ® FE-I3-FZ, 125 um edge ...0 .
D Very IOW Ieakage Current Ievel’ < E 50 o MO 125 e .. NN S 3
100 nA for FE-I3 and FE-14 sensors S A0 s
<30 '
- Breakdown VOltage at 100-110V, 3 20k o S S
much higher than depletion voltage F E
~ 15V 1(): S ol S S o :
o PR I BT BRI
00 20 40 60 80 100 120
Bias voltage [V]
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Hit efficiency in the edge region

)

[ Edge Tracking Efficiency in Beam Tests at SPS ] Global Efficiency in beam test J

Track y [um] Track y [um]
R 100 58888 58888
> _F
5 o5t @ &
8 g
o 90F . . .
= g 99-100% hit efficiency
M 85F .
g on the area of the pixel
80F )
g implant of the edge
g column
706
65F
6 = * L 1 1 L | 1l 1 Il | L 1 L L I 1 L L 1 | L L 1 L | L L 1 1
2100/ /0 100 200 300 400 500 600

Distance from last pixel edge [um]

0 84" % efficiency in the last 50 um of
the sensor edge, beyond last pixel implant

-
]

T
5 8 8 5 8 8 3
Efficiency [%] Efficiency [%]

FE-I3, 50 um edge, FE-13, 125 um edge,
Vbias=20V Vbias=20V

—



Active edge: CCE after irradiation

O FE-I3 100 um thick sensor with 125
um slim edge, threshold 1500 e- -
87% CCE at 300 V for both all and
edge pixels after irradiation at KIT

(1x10® ng,/cm?)

Collected charge [ke]

8 [ T T T T z T T T T l T T T T l T T T T ; T T T T ; T T T T I T T ]
= /////////’/‘ : =
"o iD= (0-1) 015
»e -
) L : s 3
: T R T T L T R LT L SR NARIN R MK ////////‘ =
6E e s /2327/2223743/%7355‘ 7
- R
- : AL P AIIES . =
S5F Ve Ao
- A : : =
= LLSL —
— AL .
= s
& P | d=0, all pixels
3* S
o z .
o | « | @=1, all pixels
1; &) =1, edge pixels
= 15 2
. : e : [@]=10"/cm
O—v 1 1 1 1 ! 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1
0 50 100 150 200 250 300

Bias voltage [V]

d p-type MCZ FE-I14, 100 um thick sensor, with 125 um slim edge, threshold 1100 e-
—> compatible charge collection properties between edge and internal pixels

Normalized entries

L FE-14 ®=2x10"% inner pixels
02
I FE-14 ®=2x10" first row only
017 ®=2e15
0 I | | . |
0 5 10 15

20
ToT [25ns]

Collected charge [ke]

8 T T T T T | =
> ;‘ - N> E
P % -
g N/ | ® D=0

3__ .................. Sl , ...................... ,

= D=2

2__ .................. ...................... ......................

- | e D=5

1__ .................. ...................... ......................

| | | [@]=10""/cm’

% 50 100 150 200 250 300

Bias voltage [V]
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Active edge: CCE after irradiation

O FE-I3 100 um thick sensor with 125

um slim edge, threshold 1500 e- -
87% CCE at 300 V for both all and
edge pixels after irradiation at KIT
(1x10% n,,/cm?) and in Ljubljana
(5x10"° ng,/cm?)

Collected charge [ke]

8: T T T x T z T z l T T T T T I T :
WA : : &

e D= (05015
?zéééé% j | ( ) =

6E S S ,,,/;,4//,/ % / 7 %2?%
i ////

See A %23/;7///‘7‘5‘” T
- ‘/// /////// E

4} ,,,,, ; ;;‘/// B e
E- R CI)=O, all plxels

3E e “I[o] ®=1, all pixels
S . .

2 ®=1, edge pixels

= ~ s | ®=5, all pixels

O E 1 1 1 1 ! 1 1 1 1 ; 1 1 1 1 ; 1 1 [¢]= 1015/Cm2

0 50 100 150 200 250 300

Bias voltage [V]

d p-type MCZ FE-I14, 100 um thick sensor, with 125 um slim edge, threshold 1100 e-
—> compatible charge collection properties between edge and internal pixels

Normalized entries

L FE-14 ®=2x10"% inner pixels
02
I FE-14 ®=2x10" first row only
017 ®=2e15
0 I | | . |
0 5 10 15

20
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Collected charge [ke]
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Collected charge [ke]

Collected charge [ke]

Charge collection for pixels of different thickness
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Collected charge [ke]

Collected charge [ke]

Charge collection for pixels of different thickness
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Charge multiplication

(J Charge Multiplication observed and characterized after high levels of irradiation

3 8 n-EPI-ST 75um, ®_ =1x10"°cm? .
8 7F e CCE (670nm laser) R
20 »  CCE (830nm laser) .
" 6 = CCE (1060nm laser) s
8 5:* CCE (a-particles) s
E v CCE (a-part. + 12um PE abs.) o
aF CCE (a-part. + 24um PE abs.) s
F * lev (@rb. normalised) f
3? 7& ¥
2? “..I
: "'!#*}‘ e
7 Ll Ll L. . L
200 400 600 800 1000
ui[v]
Diodes (.,=10"° cm™)
Leakage Current & Charge Collection
50000 ]
45000 + =
2 40000F- =
g ; OOOE —e— unirradiated / 3
g P000E —=— 110" {/ E
< 30000 —x— 2x10"* /. —
(] c =
2 25000F- =
5 E =
< 200003 =
2 15000 ¥ 3
S 10000 =
5000 =
oF v 1L L L L L
0 50 100 150 200 250
Bias Voltage (V)

with different techniques and in several different types of devices

Comparison of | and CCE for different sources ‘

3D sensors (¥ ,=1-2x10'% cm?2)

Charge Collection (test beam)

Collected charge (ke)

140 um thick
device

300 um thick
device

1800

27 T T T T T T T T T T T T
| A 5x10" N cm?, 300um, -25°C i
24 | © 5x10n_cm? 140um, -25°C 4 _
A 5x10"° N cm?, 140um, -50°C ‘ i
21} & 5x10°n_cm? 300um, -50°C A i
| ;3 !
18 b R L
I FOER
15 L 2 ° & L i
1y & &2
12 L Total ionised charge 23 ‘ ¢ ; 4 i
E 4
)| L
L 5 : i 4
of (! _
3+ Estimated maximum signal B
L 1 1 L 1 " 1 L 1 " 1 1 " 1 I
0 200 400 600 800 1000 1200 1400 1600
Bias (V)

Strip sensors (®,,=5%10"° cm? 26 MeV p)

Charge Collection (Beta source, Alibava)

Ref: Diode: J.Lange et al, 16" RD50 Workshop, Barcelona
Strip: G. Casse et al., NIMA 624, 2010, Pages 401-404
3D: M.Koehler et al., 16'"RD50 Workshop, Barcelona
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and 3D sensors for Phase Il
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Vertical Integration Technologies

3D electronics: “the vertical
integration of thinned and bonded
silicon integrated circuits with
vertical interconnects between the digtal signal processing

IC layers”

opto electronics or voltage regulations

50 - 100 pm

analogue front end, ADC

! sensor layer

New demanding specifications for experiments at new machines:

O Improve resolution - shrink pixel size and pitch, down to 20 um or even less

 Preserve or even increase pixel-level electronic functions: handling of high
data rates (hit rates > 10 MHz/mm?), analog-to digital conversion while

reducing the pixel size

 Decrease amount of material = thin sensor and electronics chips, “zero mass”
cooling

J 100-200 um total module thickness 44



Evolution of Micro-Electronic Technologies

/
= L » | Through Silicon Vias

No roadmap, room for new ideas: ﬁ’f
monolithic sensors, 3D integration

More than Moore: Diversification
\nalog/R Passives iochips

Micro-channel
cooling

S T —

Monolithic

sSensors
Information
Processing

Evolutionary roadmap:
nanoscale CMOS

Digital content
System-on-chip
(SoC)

v
- O O Beyond CMOS

More Moore: Miniaturization
Baseline CMOS: CPU, Memory, Logic

Valerio Re, Vertex 2013 45



Through Silicon Vias: Via First or Via Last

Via first, Via middle: Vias are part of
wafer processing at the CMOS
foundry, and are inserted before or
right after the fabrication of transistors

=» High density TSVs (few um pitch)
through thinned wafers, allow multiple
connections at the cell (pixel) level
between transistor layers

Via last: Vias are fabricated on fully
processed CMOS wafers, at a
facility outside the CMOS foundry

=» Low density TSVs (tens of um
pitch) through unthinned wafers or
partially thinned wafers, allow
connectivity at the pad level in the

wire/bumy
~Sand pads

SECOND W

P> bond pads

Al | FIRST WAF

FE-I4 CMOS 130 nm

7 125 pm
FE-TC4 CMOS 130 nm 2 layers

Valerio Re, Vertex 2013

TU pIn

Detector services
(multilayer cable)

Passive )
components Detector services

O

Stave with integrated cooling pipe

RDL lines

chip periphery

I ]
TSV Thin FE chip (<100um
/ Sensor

Wire bonds

FE chip (150um)
oo FrontsidelStave with integrated cooling W
il bond pad ~_ g
Module flex  passive WMnds \\(\/

components
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Through Silicon Vias

FE-I3 chip: TSV (3x10 um?) etching the chip front-side / ot romrw————

\ = . : >
> Thin read-out chip &)
ve o« -
s /g
e "WIr
Hv
—
~ Fraunhofer
O Processing sequence: EMFT

+ Via- and trench etching in Bosch-process, TSV cross-sect. of 3x10 um?

-+ insulation with TEOS (low T) s e ~
- filling of vias with Tungsten .~ ‘/
« attachment to handle-wafer on the top side and thinning to desired TSV on back-side

thickness of chip ~ 60 um
* redistribution layer on the backside

« SLID-interconnection to sensor wafer.

)

TSV on back-side—




Through Silicon Vias

FE-I3 chip: TSV (3x10 um?) etching the chip front-side/

\ = . : >
> Thin read-out chip &)
ve o« -
2 /g
e "WIr
Hv
—
~ Fraunhofer
O Processing sequence: EMFT

+ Via- and trench etching in Bosch-process, TSV cross-sect. of 3x10 um?
* insulation with TEOS (low T)

- attachment to handle-wafer on the top side and thinning to desired TSV on back-side
thickness of chip ~ 60 um bR =

« filling of vias with Tungsten

* redistribution layer on the backside

« SLID-interconnection to sensor wafer.

-

No tungsten adhesion
within the TSV

Failure.of ) TSV on back-Side—~
tungsten filling -




Through Silicon Vias

FE-I13 chip: TSV (3x10 um?2) etching the chip front-side
A = ; :

60

75 1

200 pm

dutal
UBMCa
(aeded post
/ prozessing)
| ~1u ande-
g ! . ninde
SHELD 3
N\ 340
Covershiéd ggs M7, Me
[riery 2 Tnllsq
GLOBALE
PR | 1 2 uM -
[
- \ A0
STACK I T
I imilisq
LOCAL lao —
INELOCK | JL S
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SLID Interconnection

Metallization SLID (Solid Liquid Interdiffusion)

O Alternative to bump bonding (less
e A— cu. E— process steps “lower cost” (EMFT)).

We——— TN S—— | itfysion S M—m— O  Small pitch possible (~ 20 um,

~— Cu

R A

BSen o BEE 4 DS o | Susn depending on pick & place

e & | ad I N S alloy preC|S|on)

L ] I O Stacking possible (next bonding
Through Mask Contact under Pressure Formation of process does not affect previous
Electroplating ~ 5 bar, 260 — 300 °C (Sn-melt) #m:::; 500 0. b ond) _

— O Wafer to wafer and chip to wafer
~ Fraunhofer sossible,
EMFT
O Successful interconnection run with & 1595 .
FE-I3 chips and sensors with 75 um & ¢ , Ll -
) . S 100_ | e aaReay .
active thickness : (b
BOEF = -
(Stable SLID interconnection after 60L . .
rradiat 4 th | i - - &7 p, ©=0.6
irradiation and thermal cycling a0k [ n, &=2
I D n, ®=5
[ Good Charge Collection efficiency 20r 7z n, 2=10
after irradiation up to 10® n, /cm? ) P T S N [P1=10" neg/cm’

0 100 200 300 400 500 600 700
Bias Voltage [V] O



Signal Efficiency [%]

3D pixel sensors for Phase ||

'°°\ T Cinzia Da Via’, Hiroshima 2013
3 / o:)lu:'nr:s g\;erlapu[[;]1
80 Lot . . . . .
f:\ ’/ oK [ 3D Pixels for Phase II: first indications of good
60 i‘“ v Stanferd. radiation resistance up to a fluence
N s of 2x10'6 n. /cm?
Stanford 210 ym-diode 3] ::'E:f:"‘:i*ax
g + —= [ R&D for Phase Il
20 i e B _
b e o = Thinner sensors
0
0 510° 110" 1510 210" 2510

= Active edges

Fluence [ncm'z]

Development of active edges with the use of a handle wafer

‘;‘ - " | 30 Volts
sensor wafer
support wafer k 0,
P
T - -’

support wafer

Etched trench + electrode  Charge Collection by X-ray beam51



Micro-channel cooling

d 3D Pixels for Phase Il: embedded micro-channels with CO, cooling

Carbon foam + metal pipe  Silicon micro-channels
Radiation length <X0=0.25> Radiation length <X0=0.12>

XXX XXEEXEXEXEXXEEXEZXEXEX

carbon foam

Chip footprint

35 micro-channels

50 um x 50 um separated by
200 um walls

Cinzia Da Via’
Hiroshima 2013

Holes for fluidic inlet and outlet



Micro-channel cooling

d 3D Pixels for Phase Il: embedded micro-channels with CO, cooling

Carbon foam + metal pipe  Silicon micro-channels
Radiation length <X0=0.25> Radiation length <X0=0.12>

XXX XXEXEXEXEEXEXEXXX

carbon foam

d Target for new 65 nm chip: 400 mW/cm?

L Power dissipation for 3D sensor at
2x10%° n,./cm? - 450-500 mW/cm?

Total power: 850-900 m\W/cm?

=
=
=)
%
~N
=
>
®)
o
L
=
=)
o
o
)

Cinzia Da Via’ Hiroshima 2013 53



3D diamond sensors

RD42 Collaboration

) Holes drilled with 800 nm femto-
second laser

L 93% efficiency for column etching

 Diamond sensor 500 um thick

O Cr-Au electrodes connecting a row
of electrodes into a strip

[ Read-put by the VA2 chip

J Columns are conductive ~1 Q cm

3D mask 3D mask

3 Strip no columns Wwith columns

- ——— Strip Detector at 500V 3 [S g e i

s g 5 - 1]

E ——— 3D Detector at 25V L ghe b § 5 8

F I ai! #13 u{]

£ ' ' ol «

- ¥ o[ e 0

: i [ 1

C i | L1k ¢

E i ' t §

- L 0

- ! jototces| e lofobo sl Bal s [ i
Lelan lwdhﬂi;mmu;..‘dc.u.m,u- Ao mchdsls ' ' ‘ : u—u:l._—

0 500 1000 1500 2000 2500

charge of cluster (adc counts)



Summary and Outlooks

ATLAS pixel detector is essential for the experiment and will be upgraded in the future:

* A 4th pixel layer (IBL) is well under construction and will be installed in spring 2014 during
LS1 of LHC.

« Upgrade to luminosities of 5x1034cm-2s-1and ~250 pile up events pushes the challenges
for pixel detectors in new directions.

Looking to the phase 2 plans of the ATLAS pixel detector is difficult now, but

U For inner pixel layers:

* hybrid pixels either with FE electronics in 65nm or 3D integrated electronics; sensors
could be planar, 3D or diamond

d For outer pixel layers:

Standard hybrid pixel detectors most likely
planars, with

advanced concepts to save material (TSV,
SLID, thin sensors, ...)

A lot more R&D is needed!

95
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3D pixel sensors for IBL

= 230um thick 3D sensors

= Produced without handle wafer

[ ] oxide H metal B passivation .| oxide [l metal B passivation
[]psSi []psSi B n'Si ~'pSi M ppolySi M npolySi [ ]pSi

FBK: temporary metal for testing

CNM: Guard Ring without connection
to single pixels

) © @ e @ ® @ @ e e

Wafers are selected for UBM if at

least 3 tiles out of 8 are good (Vbk
Producer | Wafers Produced & | Selected >25 V) good |

Tested Wafers

CNM vyield significantly higher than
FBK but FBK measurement on full
CNM 50 41 device, CNM on Guard Ring only.

FBK 70 33

C. Gemme, Vertex 2013 o7



Leakage current [nA]

Leakage current [LA]

Active edge: |V after irradiation

100 and 200 um thickness, active edge

6 x 1 03 T T T T T T
v FE3,100um thick,®=1 | ! L
s FE-I3, 100um thick, ®=5 : ]
5 FE-I4, 100um thick, ®=2 | © | .
FE-14, 100um thick, ®=5 ]
4 FE-I4,200um thick, =2 | = .
3 [CI)]:IOISneq/cm2 ]
W i S = S ]
1 ;... ,,,,,,,,,,,,,,,,,,, AAAA;+ ,,,,, ,..:.
O : ‘ Il Il Il : Il Il Il Il ; Il Il Il Il ’ Il Il Il Il I Il Il :

0 50 100 150 200 250 300 350

Bias voltage [V]

75 um thickness, standard guard ring

6 p.®=0.6 .
s p,d=(0.6+04) / ]

~ n,d=2 i
n, ®=2+3) E

4 n,®=5 i
a2 n,0=(5+5) ]

3 [®]=10" n_ /cm? :
2F .
1F .

B~ 100 200 300 400 500 600 700 800

Bias voltage [V]

Leakage current [LLA]

Active edge modules irradiated up to a
fluence of 5x10' n,.,/ cm? have a
breakdown voltage above the saturation
voltage of the charge collection

Lower breakdown voltages with respect to
thin pixel devices with standard GR
structure irradiated at the same fluence

150 um thickness,
GR with 450 um inactive edge

6 p. KIT, ®=2
p. LANSCE, ®=4, Tmeal:48h
p. LANSCE, ®=4 Mo
p. LANSCE, ®=4
4 [@]=10" neq/cm2 B
2
0 |. 1 1 1 1 1 1 1 1 1
0 200 400 600 58

Bias voltage [V]



Normalized entries

Normalized entries

Active edge: charge collection with a °°Sr a source

0_1|||||||||||||||

— All pixels

Only edges

0.05

0 2 4 6 8 10 12 14 16 18 20
Charge [ke]

L T | T T T | T T
0.2 — All pixels 7
015 = Only top row —
0.1 -
0.05F .
D%_II NN N N AN TN TN T N TN NN T A NN MO A TN = 1 L It

0 2 4 6 8 10 12 14

Charge [ToT]

5 10 15
Column

e Ml

0 10 20 30 40 50 60 70
Column

/
FE-I3

Vv

bias

i

50 um edge
=15V

/

a FE-14 A

125 um edge
Viias=15V

- /

[ Edge pixels show the same charge collection properties as the central ones
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DESY test-beam - Active edge sensors

100
= | |

.g 99 _+ .............. + ................................................... _
% 8L + ................................... — ...................................................... _
'E 0/ NESSES S S — + + ................................................... i

96_— ............................... + ........................... . VTT FZ 200 Mm
I ® VTTMCz 100 um
95 d=2x10" n,,/cm’

100 150 200 250 300 350 400 450 500
Bias voltage [V]

d VTT 100 um FE-I3 Float Zone
125 um slim edge, threshold: 1500 e

®=5x10"°n,,/cm?

O VTT 100 um MCz
threshold: 1600 e, ®=2x10"°n, /cm?
97.3% global efficiency at 350 V
O VTT 200 um Float Zone (FZ)
threshold: 1100 e, d>=2x1015neqlcm2
98.9% global efficiency at 350 V

-

-

V}ias—=400V

global hit efficiency

97.5 +0.3%

~

/

Track x [pé?o 6 O



Smaller pitches for internal layers

25 uym x 500 pm pitch MICRON - Liverpool University

U Test for R¢ pitch of 25 um, as foreseen for
inner layers of phase |l upgrade in ATLAS

U Longer pixels in the z direction (500 um) to
restore compatibility with the FE-I4 chips

L Values of the residual are approximately
what is expected for pitch / v12

renchusbe_34_real

45000

;— § VTTS <150V RT 3200e Entrl;sa;6;5;5
40000;_ VTT10 -150V RT 3200e ::llasn -0.019;:2
500x25 : 25/V12 = 7.217um  35000- ==
C ntries
. - 30000t~ Mean  0.09244
250x50 : 50/V12 = 14.43um %% Mean 003264
20000E-
15000E-
. 10000
H. Hayward, Liverpool =
5000F »
Hiroshima Symposium 2013 Ob 1 SNBSS, | L L
-100 -50 50 100

Residuals Y [pm] 61



High eta cluster analysis

O FE-14 150 um thick, irradiated to 4x10' n.,/cm? in Los Alamos
O 850 track incidence ( 1=3.1)

U bias voltage: 500 V

O threshold: 1.6 ke (MPV 9.5 ke)

><102
s RE
R £0.65
L = -
3 10k 805
S I =_r
= | =041
SHE S E
> b Z 0.3
1t -
02
| A - : : 0.1
10-1 L1 ' L1 | L |§| L | L1 | L1 | L | L |:|| 0: | | | b 1 | i | | |
20 30 40 50 60 70 80 90 O 1 2 3 4 5 6 7 8 9 10 11 12 13
O [deg] Cluster width X
J Mean cluster width expected along O Cluster distribution along the tilted
the tilted direction for different direction.

incidence angles d Distribution mean = 6.7 62



Power dissipation -3D

20 I ) ! .
i a i
180 |- LR ]
P RE
i/ PRa
S 160 - i SRS — -
@ N
o -
g 10| S e -
S .-
2 L .| S S 4 R + b O S —— -
g
2
- y=§88.075+ 7.4:284e—15x R:k 0.84247
i ----§-----——-—-yd--sa:9|9+4:§394e—+5x--R»o.oem&--—
| C.DaViaandS.J. atts July 08
0 510" 1x10"  1.5x10"  2x10*  2.5x10'
Equivalent neutron fluence [n/cm?]
1.010* T ; e
protons | 21
—e— 1{d 20C
8.0 10° - m=nsoc e .
E -+ — H#d-10C ‘
©
2 6.010°
=]
o
&
g 4010°
©
@
-
2.010°
0.0
0 510" 110" 1510 210" 2510™

fluence ncm™

1 I T 7
@  4Eat-10C neutrons
M 3Eat-10C neutrons
@ 2Eat-10C néutrons
| ...O. smulationgiphas
0.1 A 3Eat-10C pjotons
(o]

Power cm? [ Wiem?]
(=]
<
N
Sans

/i
e eeeeemnnee 2 S
0.001 P
%
/ : E
/ i | C. DaVia et al. Oct. 0]
0.0001
10" 10" 10"

Fluence [ncm"]

d At 2x10'%and T=-10C - power
disspation =400 mW/cm2

1017
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Power dissipation - Planar

O At 2x1016 current=1 mA
d Vbias=1500 V

O T=-15C on the sensor
 Power dissipation 1.5 W

Leakage Current @ -15°C [uA]

400

350

300

250

200

150

100

450 ———— -
C A I
= A =
C N -
- ATLAS IBL A ]
= A ]
= [ .
= ®pPS51 | =
C - PPS 61 _I ]

50 -
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :
200 400 600 800 1000 1200

Bias Voltage [-V]
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EMFT SLID Process

—
Metallization SLID (Solid Liquid Interdiffusion) 4 Fraunhofer

Cu
I S w— TiW:N — — —|nterdiﬁus|on
9552z Cu R
PNsn BbE A9 A~ sn,
' S fasas ot geaes liquid
I N
Contact under Pressure Formation of
ET'O,:'ghINL?SK and Heat Eutectic Alloy;
ectropiating ~ 5 bar, 260 — 300 °C (Sn-melt) T, o > 600 °C

Alternative to bump bonding (less process steps “lower cost” (EMFT)).
Small pitch possible (~ 20 um, depending on pick & place precision).
Stacking possible (next bonding process does not affect previous bond).
Wafer to wafer and chip to wafer possible.

oDooo
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Chip-sensor interconnection technologies

 Solder bump-bonding with different companies:
= |ZM Berlin, HPK': SnAg bumps
= VTT (ADVACAM), SnPb bumps

= |ZM, HPK: chip thickness down to 150 um with the use of a glass substrate
= VTT: chip thickness down to 200 um

Alternative interconnection technologies — Micro-Cu Pillars

1 Cu post / SnAg solder
. 50 um pitch

00|

~

wle)

2000

d 25 um diameter
[ 8-12 um thickness

L
O
L.
0
O
18
O
N

FE-14B with micro-pillars

Glasgow-LETI-ADVACAM collaboration C. Butter, Hiroshima Symposium 2013 66



Smaller pitches for internal layers

KEK - HPK
Confidential for ATLAS (and CMS)

CIS - MPP

One bias dot every four

el ENW
|| |

GRS

@ (l®
MICRON - Liverpool ’

4 25 um x 500 pm pitch N
= Test for R¢ pitch of 25 um, as foreseen for inner Type20
layers of phase Il upgrade in ATLAS PT No offset

= Longer pixels in the z direction (500 um) to
\restore compatibility with the FE-I4 chips / 67




n-in-p performance — FE-I4 modules

0 KEK-HPK n-in-p FE-14 sensors, 150 um thickness
U Bump-bonded at HPK
O Irradiated at ®=1e16 neq/cm2, Vbias=1200 V

Punch Through  Poly Silicon Resister

e | g

Poly-Si, p-stop
Overall hit efficiency = 96.3%

PT, p-spray
Overall hit efficiency = 97.1%

o B5B8EB8BABRE

Poly-Si, p-spray
Overall hit efficiency = 97.6%

Kazuki MOTOHASHI

Hiroshima Symposium 2013
> 99.7 % already at 600V in the electrode region of each sample 68



Charge collection efficiency after irradiation

U FE-I3 100 um thick sensor with 125 um

slim edge, threshold 1500 e- -

irradiated in Ljubljana at 5x10"° n,,/cm?

(1 Landau distribution obtained at the
DESY test-beam with 4 GeV
electrons

Collected charge [ke]

Entries
~J
S
S

600
500
400
300
200
100

8: R : : sanee
(7777 S CD— (O 5) e1 5 _—
s s vy o2 / /?/ 77 E
6E S /f 4 ;;2? :
- ,//5////////%%{/// / i ////% “c
5:~ AT £ K A/ /f/ ]
= /;ﬁ//ff///é;/////// S—
C o e i : -
= E
E- R : : ] ®=0, all plxels
3 / D ®=1, all pixels
C & : : : - .
P R SR ®=1, edge pixels
1E ] [ #7] @=5, all pixels
O E it f L1 Il ; I L1 ; L1 [@]= IOIS/sz
0 50 100 150 200 250 300
Bias voltage [V]
= x2 | ndf 59.33 /42
- Width ~ 1.246 + 0.047
= MP 11.73 = 0.07
— Area 8541+ 96.1
= GSigma  3.333 = 0.097
: 1 I 11 1 | I 11 1 | I 11 1 | I 1 1 1 1 I 11 1 | I 1 1 1 1 11 |
5 10 15 20 25 30 35 40 45 50

ToT [25 ns] 9



Test-beam results — 100 um thick sensors

 Test-beam results from DESY test-beam 6 GeV electrons, EUDET telescope
—> due to multiple scattering the analysis of the edge efficiency is not possible

O Tuning Threshold=1600 e, 6 ToT@6ke, beam at perpendicular incidence

O VTT FZ, 100 um thick, not irradiated - total efficiency 99.7% at 40 V

50 100

= —
S 40 S
%‘ 30 80 ;
& 3
& 2 60 2
10 =
09 50 100 150 200 250 0
Track x [um]
d VTT MCZ, 100 um thick, ®=2e15 - total efficiency 97.3% at 350 V

=z 50 100_
= 40 S
Z 30 0 &
(5]
s 2 60 2
10 o

0o 50 100 150 200 250 0 70

Track x [ lﬁ]



Edge efficiency after irradiation

125 um slim edge FE-I3 module with Bias Ring

Efficiency [%]

not irradiated
threshold: 1500 e
PPS test-beam with 120 GeV pions

68 £1% hit efficiency between the last
pixel implant and the Bias Ring

40:11lllllllllllllllllllllllllll
0 100 200 300 400 500 600 700

Distance from the last pixel edge [um]

8
llllll

= ®=5x10"n,/cm?

= 400V

= threshold: 1500 e

= DESY test-beam with 4 GeV e-

Efficiency [ %]

bt
S CE ITom 4ast p1X€l €dee |um . . .
PEEEE 56+4% hit efficiency between the last

pixel implant and the Bias Ring

o
o 71



SCP: Scribe Cleave Passivate

Scribing

Diamond stylus =  Tweezers (manual)

Cleaving

finished die

Passivation

finished die
with slim edge

N-type P-type
Laser = Loomis Industries, LSD-100 (Q;> 0) (Q < 0)
XeF, Etch = Dynatex, GTS-150
DRIE Etch . Natl_ve SiO, + UV light ALD of Al,O4
or high T
Saw cut (with cleanup step) PECVD SiO
" 2

U All Treatment is post-processing & low-temp
(Etch-scribing can be done during fabrication)

U Basic requirement: <100> wafers (for rectangular
side cleaving) with reasonably good alignment
between sensor and lattice.

= PECVD Si;N,

= ALD “nanostack” of
SiO, and Al,O,

V. Fadeyev
Santa Cruz Institute for Particle Physics

Hiroshima Symposium 201 72



SCP: Scribe Cleave Passivate

Passivation

finished die
with slim edge

Cleaving

finished die

Scribing

= Diamond stylus =  Tweezers (manual)
N-type P-type
= Laser = Loomis Industries, LSD-100 (Qf > 0) (Qf < 0)
= XeF, Etch = Dynatex, GTS-150
. DRIE Etch * Native SiO, + UV light ALD of Al,O,4
orhighT
= Saw cut (with cleanup step) PECVD SiO
" 2

= PECVD Si;N,

= ALD “nanostack” of
SiO, and Al,O,

73



Reduction of the inactive region on the chip side

El
1 =N
Read-out chip o
Bump-balls —\
[ ® & ® <
|—| n+ E A
dina t =
-< >| iy
Guard-rings Sensor n-substrate / 9
Y

&

g €
—_— > . . 5 3
~ Fraunhofer H‘ O Thin read-out chip ;% =
EMFT SEEEcCEfEEL RS EEEEEEE D =
3 2
Thin sensor/active edge o '
Yy

HV

O Project within AIDA WP3, in collaboration with Fraunhofer EMFT, to develop Inter Chip
Vias to show the feasibility to transport signals and services on the backside using the

existing FE-I4 chip
3 Inter-Chip-Vias to be etched on each wire bonding pad, cross section ~ 10x30 um?

 Chip and sensor connected using SLID technology 74



Inter Chip Vias in the FE-14 chip

SEM analysis of the FE-I4 wire bonding pad

L4

SHELD
\ 34l
oy W-"
{3 ~
e T # Tnllsq
GLOBAL 1
MRS | NG ——
GAD
Hmdlsg .|
LocAL ET.
INBLOCK _ LR
= {0y ua
T0EEP . _ 7] "

O Most of the eight FE-I14 metal layers are present in the wire bonding pads = not
possible to etch ICV from the front-side

 Design and test of the ICV layout on test-wafers in on-going: target cross-section
10x30 um? with a global chip thickness of 100-150 um 75



Multi-chip modules

CIS n-in-n

FE43 FE3 FE43 FE43

FE-l4 FE-4 FE-l4 FE-l4
FE43

CIS n-inp

J 6” wafers from different
producers — CIS is also

starting the transition from
4” to 6" line

] Quad and HEX modules

FE-I3 1-chip pixels

FI=-14 2-chip pixels

FE-14 1-chip pixels




Multi-chip modules read-out systems

Burn-in board
supply

- S and 7L’ & =
i el &
L’:g .

Module LV/HV
power supplies /

@ : ¢ —
-

USBPix
MultilO board

4‘, Ethemet cables: @ ;
A clk, cmd, data S >

Quad-module

4-chip Card
(NEW)

Burn-in board

USBPix (Bonn) + STControl (G0)

3 different DAQ systems available in
ATLAS for simultaneous steering and

reading of 4-chip modules

RCE (SLAC) 77




L1Track Trigger

» Adding tracking information at Level-1 (L1)

* Move part of High Level Trigger (HLT) reconstruction into L1

» Goal: keep thresholds on p- of triggering leptons and L1 trigger rates low

« Triggering sequence

* LO trigger (Calo/Muon) oo out R e
reduces rate within ~6 ys
to 2 500 kHz and defines

Rols

L1 track trigger extracts
tracking info inside Rols
from detector FEs

Tile Calorimeter

Liquid Argon Calorimeter
|

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

L0 Muon Seed

e ™
5 )

Seed

LO Calorimeter

« Challenge

 Finish processing within the latency constraints

78



