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Overview

* the LHC at CERN is the largest
particle accelerator

* length of 27km
“ energy up to 7+7 TeV

* the ATLAS detector is one of the four
large experiments

* its pixel detector is the innermost
part of the tracking system

* three layers surrounding the
interaction point

* 3 +3 endcap discs
consists of 1744 modules
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present ATLAS pixel module

planar n-in-n silicon sensor
n+ pixel
n bulk, 250um thick, DOFZ
p+ implantation
guard rings to reduce HV stepwise
46,080 pixel cells, 400um x 50um

read out chip

grounded
10 - 20 um : : : ; ! : !.bump bond
ov, -  ____ I _ I ;\ __ L
ri-implant at the edge region n'-pixel
n-substrate p-spry
guard rings p*-implantation
|
ov =
controlled bias voltage (>200V)

potential drop
scribe line

centre of the sensor T
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time schedule of ATLAS upgrades

Existing B-Layer

ATLAS upgrades are divided into several phases
phase 0: insertable b-layer (IBL)
phase |: new pixel detector (under evaluation)
phase II: new inner detector

increasing luminosity

increasing number of bunch crossings per event

Up to 2.2 x |03 cm2s! Up to 5 x [0** cm?s”!

510 151b! and ~85 collisions ~200 collisions
Dy2003 per bunch crossing per bunch crossing

LHC Preparing
you are LHC to run

here |2t design Energy

(14TeV) Upto 100! Up 10300 b 250 b /year
by2017 o g Up to O (1000)fb
T 1. . |
2010 2013 2017 (newrixel 2021 new  ~2030
IBL  Phase 0 Phase | D" Phase |l Inner
ATLAS Shutdown Shutdown evaluation) Shutdown Detector
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ATLAS planar pixel sensor group

official ATLAS R&D project
17 institutes, ~80 scientists

fields of research: N+
radiation hardness Pixels (0V)
TCAD simulations for 1IN -
sensor optimization nN-IN-Njoy n bu"I-(IV
low cost for large area P+
layers
slim/active edges N +
PT) Pixels (OV)
n-in-p p-bulk
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.§ E Pixel shifted stepwise (DO13), 5E15 neutron irradiated
Nn-in-n sensors % [100
T A
required collected charges & hit 95~ /-
efficiencies can be obtained by - /
increasing the sensor bias voltage e
IBL conditions (5E15n, /cm?’) B
hit efficiency of 99.6% was 8L
measured : | | | | | | | | | | | | |
0 200 400 600 800 1000 120
more than 10ke at 1kV are | Voltage [-V]
collected CiS sensors  5E15n_ fom?
@ 297
5 ~ [ 250um pixel electron data TU Dortmund, A.Rummler
= ~ = 250um pixel pion data
8 20—= 285um pixel pion data
ro) ~ A 285p,m pixel electron (DESY) data
o — e 300um strip data (Casse et al.)
T 157 140um strip data (Casse et al.)
% E n + ® + !
© | ]
510 * lw Y
3 o0
5 L ¥
o o L | :
8 C A ks Threshold FE-I3 3.3009
SeeA_RummIer'sposter Or\||\\\\\\\\||\\\\\\||\\\\\\||\\\\‘

. 2 4 0 800 1000 1200 1400 1600
for further details yesterday 0 00 00 60 Voltage [-V]
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N-iN-Nn sensors

required collected charges & hit
efficiencies can be obtained by
increasing the sensor bias voltage

phase Il conditions (2E16n,/cm?’)

well above threshold

Collected charge [kilo electrons]

see A.Rummlers poster
for further details yesterday

CiS sensors

7:_.l........255.0pm pixel electron data

= 250um pixel pion data ¢
6 ~ o 300um strip data (Casse et al.) +
5 - 140um strip data (Casse et al.) T L : = "

| 5 + ® J [}

- n "
4k ¥ I L

— Threshold FE-I13 3200e

™ |

3

- TU Dortmund, A.Rummler
2—
bE16n, fom?
% 200 400 600 800 1000 1200 1400 1600

Voltage [-V]
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n-in-p sensors

assemblies irradiated to IBL fluence (5E15n,/cm’), also proton &
neutron combined
charge collection well above threshold

MPI, P.Weigell

16 —@— lel5 neutrons  r r v [ r r 1 1t 1t 1 T T
——

2el5 neutrons .
—@— 3el5 neutrons (-30°C) | : : T
12 —@— 3el5 neutrons (-60 °C)
— = 5el5 neutrons (-50 °C)

—b— n-1n-n Sel5 neutrons

Collected Charge [ke]

.......................................................................................................................................................

X

0 200 400 600 800 1000 1200
CiS sensors Bias Voltage [V]
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n-in-p sensors

* unirradiated and irradiated
assemblies show good results (HPK,
KEK)

= 150um thin 6" wafers were produced
and first FE-14 Assemblies are
currently under construction

* -> Low cost sensor production for
larger radii

—_ KEK, Y.Unno
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oul o 5x10:: n:cmz,140pm, -25:0 A N

N-iN-D SENSOrS see following talk 1| « somn" e s00m sc ; ]

- - L X p

P of P.Allport % ol Mioro Strip S

: : : 5 15- G.Casse N

tests with Micron sensors (Liverpool) 2 o] romionmachare : : f sttt

evidence of charge multiplication with | 5 i SR ]

micro strip and analogue pixel sensors | ; 4 S ]

. . s i !

annea“ng StUd|eS 3t | . . Estimalted maxilmum sigrllal | . .
|eakage Current decreases 0 . 200 . 400 . 600 I BOBOiaSI(l;))OO . 1200 . 1400 . 1600 l 1800

30000

changes of collected charge = AR
~25% increase for ~50 days at RT
for longer periods decreases

comparative investigations between — __—
room temperature and accelerated ~ Lab, D.Forshaw
annea“ng OngO|ng 200 700 1200 1700

== 3,00E+15
e 5,00E+15
i 1 .00E+16
=== 2 00E+16

20000

15000

10000

Collected Charge (electrons)

5000

9
still trying to optimize time o] ooy |]
. —A—700V
conversion factor N v oov |
: : : . . T ] —<4—1000 V | |
S —»— 1100V
1.25 4 (0] »
m 2 5-
. 3
§ 1.00-? Okﬂ‘:_. SR _g 4
E 0.75 4 % 34
2 o
5 0,
Z sl —=—900 Volts (RT) 1 ®)
—0— 900 Volts (Rescaled Acc. ann.)
G.Casse ]
RT Annealing,1E16neqg/cm2
000 . . . : . 0 1(|)0 2(I)O 3(|)0 400

Time at 20 °C (days)

Time (Days)
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Device simulation

TCAD simulations are done to help
sensor optimizations

E-fields
potential drops in the edge region

leakage currents and breakdown
behaviours

decision of sensor design & thickness
for digitization model

300

250

200

150

100

50

Multi-Guard Ring Structure _ High-Voltage LAL, M.Benoit

0 300
unirradiated 20 250

200
g0 150
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Device simulation S|M§= SRPand .S.SRMFOmp?ri,SOn

C?E 1020 _E_ - SIMS profile, doping profile structure _é
. . (&) Eﬁ,mnm . ————— Spreading resistance, doping prfile structure E
TCAD SImU|at|OnS are : 1019 %— Ly : Spreading resistance, diode B
calibrated with results of 2 |- Ty, e B
1] = gy =
two measurement = e 3 E
methods 9
5 10°E -
SIMS (Secondary lon  §
15 [ |
Mass Spectrometry) 107 E
-> total dopant 10" = LAL, N.Dinu 3
denS|ty prOﬂIe 0 260 4l|JO 660 860 10‘00 1200 1400
SRP (Spreading Depth (nm)
Resistance Profiling)
-> carrier density
pI‘OfI les LAL-LPNHE comparison B
good agreement
1Ee1s Il MMMumu L
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low cost / flip chipping

* bump bonding is one main cost driver
= done at Fraunhofer IZM, Berlin
* long time positive experiences
= alternative bump bonding vendor is HPK (KEK)
* dummy sensor-chip assemblies successfullyfigfiourit=cl,
" tests with real chips are planned

= SLID - Solid Liquid Interdiffusion (MPI & Fraunhofer EMFT)
* could be a low cost alternative to bump bond
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= small pitches see P.Weigell's talk,
: . esterda
possible (~20um) MPI, A.Macchiolo y y
= first modules are N ]
functional e — — TN ———
. Yeoisn tovioss Giicig Wesiesy 19050008 100
= still challenges 1.1 R 'fff f“:‘\ Cu,sn
Bossdss iaeevs shoksbes - SN, G|
Ieft due to PEEE E B é&é&'é M é@ﬁg@g liquid e:}::tlc
. fenanes wastels s e — P y
disconnected — — —
Contact under Pressure Formation of
Through Mask . ;
Electroplating ~ 5 bar 2s%n-d3;|: °a<t: (Sn-melt) SURSHG ANOY;
! Toner > 600 °C
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polysilicon

slim / active edges

trench etching (DRIE, Deep

Reactive lon Etching) and

filling with polysilicon
principle already works

FBK/LPNHE, M.Bomben

well
process optimizations
ongoing w14 - Diode Group 3 (FP 3, 8, 12, 15 um)
active edge sensors will be
produced in an upcoming *
wafer submission 8
g .10 .' e Field plate
S Py
g -8 | ﬂ
.g 5 | n/p distance
\ 4 |
2 | < —— Trench edge
0
0 50 100 150 p doped silicon

Reverse Voltage (V)
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slim / active edges

= ongoing wafer production with
VTT including active edge
sensors

Edge implantation

X

B Siticon oxide B Boron doping [ Phosphorus doping

MPI, A.Macchiolo
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200 —] depleted region

slim / active edges

post processing (UCSC & NRL)
applicable for all sensor types

laser scribing and cleaving afterwards next to
the active area

post treatment to passivate the edge
thermally grown oxide for n-bulk
Atomic Layer Deposition of Al,O, for p-bulk

first very promising results with diodes:
inactive margin down to ~14um

Microns

Cpeleee BES Sensolr RED BPrefect | B @

2% 2 20 40 60 80 100 120 140 160 —_— .
o -_:l i % RN IS N SN AT [N NN N TN T T AT NN TN S SN AN T N S N T N S B L 1.6e-10 Inactive region
R Ade- - 1.4e-10
: “‘..A:i---’ s s // 51‘29-10
14 pm — = e —_— 1610 UCSC,
1 wilLength: 1415 pm ] * slim edge C
%3 8e-11 - . - 8e-11
e Aa 2 T ] * no guard ring o V'Fadeyev
SORCEORRTS TS UG £ 6ell - die level processing | 6e-11
51 ".T.N‘J'I ; ' E =
Cilmde g 23 ; o ]
ydy g B \ 4e-11 -4e-11
cleaved edge
diode :
- 'z.'.,,_‘. o
.":.4.!"‘-' 2e-11 LI ey B L B B S S B B B R B B I B B B B S B 2e-11
0 20 40 60 80 100 120 140 160 16

Bias [V]
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Pixels (0V)

IBL sensor layout oV n-bulk
.

< HV

* planar n-in-n sensors are
designated sensors for the IBL

= 2x1 MultiChipModule:
one sensor, two FE-14 chips oV

“ reduced bulk thickness

(200um) \_'_I

" reduced inactive edge inactivea edge
. 200um ;
* less guard rings edge, pixel

i dicing —
* less safety margin street guard,rings
" pixel opposite guard rings | ‘

0 Pixels (0V)
.  n-bulk
HV

H&Bad

|

/ // //

?/
/

.

current =g
ATLAS pixel
design

guard rings HV-pad
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TU Dortmund, T.Wittig 1100um edge pixel
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| Threshold 1600e LUB2 5 ToT 10ke |

5000
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1500
1000
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First FE-14 Assemblies were investigated
TU Dortmund, Lab

before irradiation no problems s S Altenheiner. J.Jentzsch
after irradiation to IBL fluence e 5 =
(5E15n, /cm?) ol Sz
still working fine .
even tunings with low threshold look
good
already proved their performance in
test beam

reduction of inactive edge is possible
edgﬁﬁixel

dicing — -
street guard,rings HV-pad

rt Side[um]

S

Sh

60 [~

test beam
5E1 5neq/cm2 )

1KV .}

40 [

" see T.Wittig's poster
for further details (yesterday)
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IBL sensor production

* production is ongoing and in
time
= first batches already received
= cross-checked

“ onit's way for TU Dortmund, T.Wittig

UnderBumpMetaI post- | IBLbat_z:h1,310892-13, comparison CiS-Do, before UBM |
processing and Dicing z oY

“ high yield for MultiChipSensors § 92

- o
N
RN 25

W A=

—> = Cis]
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1089
9
9
. 1
I g 108
Ci
-1 .4 = Cis- g 108 cis.
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— 1_vor_UBMIb1. 1301
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-1 . 6 = 1_vor_UBMib1 1303
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= 1_vor_UBMib1 1305,
=] = 1_vor_UBMib1 1308,
= 1_vor_UBMib1. 13-07_2011-8-3
1_vor_UBMib1 13-08_2011-8-3
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Conclusions & Outlook

planar silicon pixel sensors are considered sensors for all upgrade
phases of ATLAS

have been selected as IBL sensors
promising candidates for high-lumi-LHC scenarios
radiation hardness of n-in-n and n-in-p sensors is demonstrated
good signal-threshold ratio for phase 0 and phase Il conditions
low cost investigations for large area pixel layers
flip chip methods
large p-type modules
progress of slim edge investigations
mixed irradiations with MCz-bulk sensors are ongoing
further evaluation of charge amplification
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Annealing of collected charge

High fluences, high voltages:
|.Mandic, 17" RD50 Workshop
* Most probable charge drops due to short term annealing:
->Neff drops -> smaller peak electric field -> less multiplication
* Most probable charge rises due to long term annealing:
-> Neffrises -> larger peak electric field -> more multiplication
* Breakdown voltage is lower at 5:10* and 1-10% than at 2-10* and 5-10%
-> for detectors irradiated to 5-10* and 1-10%
breakdown voltage decreases with reverse annealing

Time at 20°C (days) Time at 20°C (days)
%“35000 TTT |r||1 T T T ‘Ir5||r1|(l T L —— r|1|$f T T T T r1|$P ] %“45000 T—T7T |r||1 T T T 71T |r1]0 T T T r|1|([f T T T T |1|?3 =
@ €) = 1x10" nicnf 1 40000 @) Peq=5x10"" nienf =
o T o q ]
2 30000 . 1 £ =
S T E 535000 AV=500V AV=200V —
25000 : ] Y YV=600V O¢V=1000V -
@ _ _ 1 1 2 sp000F CV=700V ¥V=1200V =
£ 0 Yy ] 3 OV=800V *V=1400V E
3 20000 O G < € 25000 E
& g AT, 1 & 3
2 15000} 2 23 A—A | ® 20000 =
& . o— 5 7 15000 K -
10000 o $ X NS = 3
1 'Ki—;—" _
soool— A V=500V V=800V <V=1100V *V=1400V - £ g g S = -
YV=600V AV=000V ¥V=1200V B 5000 & I—I—T1 a7
OV=700V 0V=1000V *V=1300V | 7 | | | ]
0 1 1 L L1 11 I L L 1 Ll III 1 1 1 L1 11l 1 1 1 L1 0 1 1 1 L1 111 1 1 1 L1 111 1 1 1 L1 111l 1 1 1 Ll
1 10 10 10’ 1 10 10 10’

Time at 60°C (mim Time at 60°C (min)
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Accelerated Annealing of reverse current

1E1 5neq/cm2

; , r .
® (Odays = 139days
20 J &— 4 days @ 189 days
v 6 days & 239 days
< 10 days —w— 438 days
» 15 days —4— 590 days
~ 15 ® 43 days — = 841 days .
1 e 54days e 841days
".é’ @ 94days v 1110 days _ !
o A— B41 days | o
L f_'.. ‘
3 10 e = P
= : S
% -~
@ ‘ 3 - 4
= S W e -
& :’ : . P - i
= i e
i : | --':-' & : '
EAAAE
0 I T
0 200 490 600 800
Bias (V)

Reverse current (pA)

300

G.Casse, Liverpool

1.5E1 6neq/cm2

250 4

200+

150 4

100

50

T
—— 0 days @ 20°C
®- 2 days @ 20°C
—— 5 days @ 20°C
w— 7 days @ 20°C
—— 12 days @ 20°C
—p— 18 days @ 20°C
—— 28 days @ 20°C
—— 40 days @ 20°C
& 50 days @ 20°C
% 73 days @ 20°C
—— 95 days @ 20°C
B 140 days @ 20°C
@ 185 days @ 20°C
dh— 230 days @ 20°C
—W— 275 days @ 20°C

4 a0days @20c M _

T T T T T T T T
400 600 800 1000 1200

Bias (V)
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Comparison of Room Temperature and Accelerated
Annealing of the collected charge

G.Casse, Liverpool

Accepted acceleration factor Acceleration factor divided by 2.1
E e o e B o P i e e e e = 7 1.50 : T m | : | : T ; T
i ) i o
1.25 {b;"‘n A 1254f000  “m_ .
| 4 ] W/ ]
o g 1- e ) %,:.__0___1
S 104 4 SRS . o B — =~ s s g . .
@ ——o0—— i o— 5
= 1 [E] 4 4
o ge]
2 0754 4 8 os- J
2 o
z 2
E S
E 0.50 = 4 0.50 - —=— 900 Volts (RT) B
< —0— 900 Volts (Rescaled Acc. ann.)
= 900 Volts (RT)
0.25 - —o— 900 Volts (Rescaled Acc. ann.) 4 g |
0.00 B EN D B e e B B B B B B E e B S R S B S e B 0.00 r : - : . - . - . - .
-100 0 100 200 300 400 500 BOO 70O 8OO 900 1000 1100 1200 ] 100 200 300 400 500 600
Time (Days) Time (Days)
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Slim Edge post processing, second device

Device B

Si df{jde

guard ring

UCSC Slin

Leakage Current [A]

2.50E-0%

2.00E-09

1.50E-0% -
1.00E-0%

5.00E-10 -

:mw’ o
* »
O.00E+00 - . ; .

Bias [V]

L
*

L
Processed device .
with-alumina layer *s

L o
*

+ Cut B, 54 umr

W Uncut

o Un-processed

' referen
s
‘0

ce

200 400 500 BOO 1000 3
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Slim Edge post processing, N-bulk sensors

Processing of n-bulk sensors is easier, since formation of
SiO,passivates the sidewall. Prototyped with p-on-n HPK sensors

from GLAST/Fermi production

Cleaved Sensors Perfformance

1.0E-05

ce BFIE Sensel RED Brofect | 2Sb ¢
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Laser Scribing and Cleaving

Q

Blade dicing Stealth Dicing

Opticaymicrograph, top-view

ol R&ED LBroject | Bsb

Chipping

2 Laser-cut

Upeleae I2ES Sens

) B Dzbriz/damaee exiztent B Debris/damage . nhonexistent
B Clzaning pros ecessar BCleanme process unnecesss
Y)
=t | | € m I nonexi
=
=
<
«\I)
s center Ine I
o of tha ptoce:sin;-
<)
Y)
ﬂ
=)
)

o

)
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=

Yl HAMAMATSUD
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ALD Processing on p-type Sensors

For p-type sensors the critical step is formation of proper
passivationon the surface. The quickly forming Si oxide has a
detrimental effect. Alumina deposition by ALD (left) leads to the

desirable properties.

Also need to investigate radiation effects.

Fabrication Sequence

finished die

I ‘

Laser-cutting
and cleaving

annealing at 400 °C

Al,O, ALD at 300 °C

|
.

RIE with hard mask
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slim edge post processing, p-bulk

An oxidized trench leads to:
high electric field at trench edge,
no control potential drop toward the cut edge,
no protection from saw cut edge.

ALD

Similar in chemistry to CVD (chemical vapor
deposition), except that the ALD (atomic layer
deposition) reaction breaks the CVD reaction
into two half-reactions, keeping the precursor
materials separate during the reaction.

ALD film growth is self-limited and based on
surface reactions, which makes achieving
atomic scale deposition control possible.

Perfect 3-D conformality, 100% step
coverage: uniform coatings on flat, inside
porous and around particle samples.

/Al(CHﬁ, exposure\

°°e s

high electric
field strength

/ Purge

?.?.9

g

\

\ Purge /

\ H,0 exposure

o
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IBL sensor layout
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