A Pixess
3D Silicon Qualification for (

the ATLAS IBL project

|EI.E TROMIC CHE F'

Cinzia Da Via, The University of Manchester, UK -4 TLP\%

*Introduction

“*»The first ATLAS up

3D silicon technology for IBL: Specs, Status

“*Current strategy
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“»Summary and Conclusions




THE DISCOVERY POTENTIAL OF THE LHC CAN BE ENHANCED
BY INCREASING ITS LUMINOSITY

A

2x1016ncm2

Phase-0: 15 months: 2013 to spring 2014
Phase-1: 12 months: entire 20177
Phase-2 : 18 months: end of 2020-early 20217

Phase 2

5x10%ncm=2
L~1-2x1034cm—2s1

FLUENCES
EXPECTED AT
INNERMOST LAYER

Integrated luminosity

1x101°ncm2

C. Da Via Nov. 2010
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2020

Data from Steve Myers
CERN sLHC 23rd June 2010.




The FT-IBL installation plan in 2013

Programme shorter of 2 years from
original plan

Install IBL + nSQP in SR

| Install new LV power on Ce -

Mar Apr (1 ETY

Pixel install Pixel Connections + tes

Install new Al beam pipes Commission new evap.

Jul Aug

L3
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From M Nessi




Cinzia Da Via , the University of Manchester Trento Workshop, 2" March 2011

Why is the IBL needed

Physics performance studies WH{1 Eﬂ Eﬂv]
ongoing for the IBL TDR gmz

) F 1] 1| S *E"h""l =60% .
(ATHENA/GEANT4) mﬁ Ing'll:] uts = I un By
Preliminary studies (ATLSIM/ mE
GEANT3) show improved = -
performance with the addition of A0 f’J[ { - 1.11
IBL (see low mass Higgs b-jet 300 i 4 : : A
tagging plot on the right). m%_ @’f ' ; : j \\1

= I N S ]
-Performance improvement due s h___,_———*'——~*““"\ TR
to low mass and smaller radius e e . SV 2,=70%
-1n£:----|----|----|- W I N I I R
«Low mass is crucial otherwise T R B :5
improvements — ' 1 . o T ‘
. omponen _la]mm
TG Lo b beam-pipe 0.6 ATLAS R=3.5 cm 2-old
DAL ULRS A New BL@R=35¢cm 15 and 8 cm | layers
multiple Old BL @ R=5 cm 27
scattering L1@ R=8cm 27 b-inserted .
L2 + Serv. @ R=12 35 as 4-layer b-replaced
';’;‘m R=3.5cm

Ref: A. Rozanov



IBL detectors technical challenges

*Material budget —less multiple scattering, better
primary vertex resolution

IBL Oniy B isT
[ stave
[ Chip
. . [ Sensor
Thin/small beam-pipe [0 Flex

Ultra-light detectors " [.5% X0
Many channels to reduce A

occupancy

High data rates — X;=1.5%

Radiation length (X}

*High-precision detectors very close to IP up to 500 fb-
Lintegrated luminosity ;

Inner tracker 1MeVv fluences
for IBL studies using FLUKA

» Ultra radiation hard detectors
Radiation hardness up to
5X10%°ncm2 ( 3.3x101°ncm-2+safety)

1 Mav nautron squivalent flusnce

Rodius fromm bearmdine (cm)
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Realr - fanr Dawson

Ultimately Signal/threshold in
a ns stable operational conditions




Atlas IBL construction parameters

Baseline layout decided e 40

IBL OUTER

- 14 Staves, "reverse s st R
turbine” S C— F pas.a1s

Beam-pipe reduction: . e ——
- Inner R: 29 — 25 mm pZ , A 777 aar |

IBL INNER
ENVELOFE

Very tight clearance: AN o AN ns1.0s1 / /
@ - u . T/ vy : . R33.25 /
- "Hermetic" to straight \ N

. o ™y i S COMPONENT 1\ '\ "\, REFERENCE POINT

tracks in @ (1.8° overlap) AN e\ AR
- No overlap in Z: minimize SNV T s e
; i 4 - Y

h it A Al L ™~ - k
gap between sensor active (RN s ‘
area. . \./ 93 <7 Detail A

N

N

S

Layout parameters:
IBL envelope: 9 mm in R
14 STGV@S, églELOPE ]
<R> = 32 mm. Y ' e ‘F“IF_'E
Z = 60 cm (active length). R12.5 o ENVELOPE
n = 2.5 coverage.

LIRNEN

r
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1IHEHEE

130

Picture of the current pixel detector
after installation
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Rendering of the new IBL with

reduced beampipe IBL geometrical arrangement From IBL-TDR




IBL Sensors Specifications

« FE-I4 compatible layout x1 x2 MultiChip

*Radiation tolerance up to 500fb-!

*«450 pm inactive edge

<« 200 mMW/cm2 at 5 x 10!° neq/cm? (after annealing)

1000 V of bias voltage (safely) applicable after 5 . 10'° neq/cm?
S/T> 2 after 5. 10'® neq/cm?

*Agreed pre-production of 50 wafers of 3D and planar sensors

*Review in June 2011
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8 s 5 ki 10 mymall pgrty Wy I, il L L #1
PRIt S . .
il o it 3 3
il i W el I " LI}
. - . 1 [ A S e e i SEa 4 4
Config Logic|iiiis&stnr & @ o

FE-I14 Single pixel dimensions and logic

o synthezised digital region (1/4™)

80 cola X 336 rows
(=~ 1 9min-X-2Umamn)
THM kerf review and approval raay be needed)

FE-14A

[=2)
(==

<=7 l¢eolumns 52

336

R e L a——

Z2mm X 20min) including pad [rame

END OF CHIP (~

N

- ‘ Pixel Size [um?]

Pixel Array

Chip Size [mm?2]
Active Fraction

Analog Current [pA/pix]

Digital Current [pA/pix]
Analog Voltage [V]
Digital Voltage [V]
pseudo-LVDS out
[Mb/s]




Original 3D for IBL : 2 designs with
equivalent Electrical performance

CONSORTIUM

[l* The Stantard Nanotabrication Faailily f_,:_.a.:_‘ié ITC i irst

FONDAZIONE BRUNG KESSLER
@@ SINTEF _

FULL 3D WITH ACTIVE EDGES

AGREED DoOUBLE COLUMN DESIGN
BASELINE
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efeéfrodes

-active edge
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'ELE"‘TRUNH: L= H”'"‘

ATLAS

» 3D Silicon Sensors
D Collaboration

B. Stugu, H. Sandaker, K. Helle, (Bergen University), M. Barbero, F. Hugging, M.
Karagounis, V. Kostyukhin, H. Kruger, J-W Tsung, N. Wermes (Bonn University), M.
Capua; S. Fazio, A. Mastroberardino; G. Susinno (Calabria University), B. Di Girolamo; D.
Dobos, A. La Rosa, H. Pernegger, S. Roe (CERN), T. Slavicek, S. Pospisil (Czech Technical
University), K. Jakobs, M. Kéhler, U. Parzefall (Freiburg University), N. Darbo, G. Gariano,
C. Gemme, A. Rovani, E. Ruscino (University and INFN of Genova), C. Butter, R. Bates, V.
Oshea (Glasgow University), S. Parker (The University of Hawaii), M. Cavalli-Sforza, S.
Grinstein, |. Korokolov, C. Padilla (IFAE Barcelona), K. Einsweiler, M. Garcia-Sciveres
(Lawrence Berkeley National Laboratory), M. Borri, C. Da Via, J. Freestone, S. Kolya, C. Li,
C. Nellist, J. Pater, R. Thompson, S.J. Watts (The University of Manchester), M.
Hoeferkamp, S. Seidel (The University of New Mexico), E. Bolle, H. Gjersdal, K-N Sjoebaek,
S. Stapnes, O. Rohne, (Oslo University) D. Su, C. Young, P. Hansson, P. Grenier, J. Hasi,
C. Kenney, M. Kocian, P. Jackson, D. Silverstein (SLAC), H. Davetak, B. DeWilde, D.
Tsybychev (Stony Brook University). G-F Dalla Betta, P. Gabos, M. Povoli (University and
INFN of Trento) , M. Cobal, M-P Giordani, Luca Selmi, Andrea Cristofoli, David Esseni,
Andrea Micelli, Pierpaolo Palestri (University of Udine)

Processing Facilities: C. Fleta, M. Lozano G. Pellegrini, (CNM Barcelona, Spain); (M.
Boscardin, A. Bagolini, P. Conci, G. Giacomini, C. Piemonte, S. Ronchin, E. Vianello, N.
Zorzi (FBK-Trento, Italy) , T-E. Hansen, T. Hansen, A. Kok, N. Lietaer ( SINTEF Norway),
J. Hasi, C. Kenney (Stanford). J. Kalliopuska, A. Oja (VTT , Finland)”

18 institutions and 5 processing facilities
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edge pixel [inner pixel

fuctive edge efficiancy

f={nln}

Long pixel(im )

6 microns 10-90% slope
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Full 3D with active edges- HV supply and support
Wafer removal
+«»*Full 3D requires a support wafer
For mechanical stability

**HV is supplied through the active edge
On the front side

+«»*Solutions to carry the bias to the back
side ongoing

s Tests to remove the support wafer
Made at VTT and will start at
SINTEF and CNM

BIAS TAB

1.5 mm
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Performance of the considered
3D designs

Standard 30 [DOTC d=25um [DDTC 6=50um [DOTC d=75um

Simulations and data shows that f g i
The response of full 3D and ]

3D-DDTC is very close if the
electrode penetration

stops 25 mm from the surface
Before and after irradiation

X

Figure 6.2: Electric field distribution taken from a 2-D cross section of the 3-D structure along the
diagonal that connects two columns of opposite doping types. Four cases are here represented:

one standard 3D detector and three 3D-DDTC detectors with d spacing of 25, 50 and 75 pm.

Electric field,

' Standard 3D 100V bias

by
=]

x&:""---- - Standard 3D1

S\ d =26 um ]
\\‘\ d=50 um |

d=25um
d=250 wm

[ I S ]
=i

d=75um

-
o

.d=75um |
STC

Collected charge (fC)

o o =
==

0 10 20 30 40 &0
Time (ns) Time (ns)

—
—
o
(q\]
4=
(&)
S
©
>
°©
I\
h
o
=
)
4
S
g
@]
o]
C
(O]
S
|_
-
(O]
)
0
(O]
e
(&)
[
©
p=
Y
(@]
>
b=
0]
S
(O]
=
=
D
(O]
d=
=]
@
>
©
e
<
N
£
O

Figure 6.3; Simulated transient signals in 3D detectors of different geometries, biased at 16V, Simulations (from A. Zoboli

in response to a MIP particle: a) current signal; b) equivalent charge signal at the output of a PhD thesis, Trento, March 2009)
semi-gaussian shaper with 20ns peaking time. D. Pennicard, Glasgow IEEE/NSS 08




Most nr'obnbl sig

Compilation of Stanford, CNM,FBK

Fluence MPS [e]
[ncm-2]

LAST SUMMER STATUS (0] 17250

1x1015 16380

MPS=230um x 75e- = 17 250
5x1015 12075

s = CNM/GIasgow [ D. Pennlcard [EEE/NSS 2008]
I = FBK annealed [A Zoboli PhD Thesis, 2009]
A STA NIMA 604 (2009) 505- 511

Signal Efficiency [%]
Most Probable Value [e]
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i | i : : : i ;
15 15 15 : :
4107 6 102 810 210" 310 410° 510%
Fluence [ncm™] Fuence [ncm?




Performance of FBK devices after irradiation
TeST beam June 2010 B. De Wilde and 3D test beam crew
FBK p-irradiated

1x10%ncm2 at Karshrue = -1 ' %MI i
bump-bonded to FE-I3 . ;I 5

Non irradiated

40000 50000 BOO00 3 5 ] 7 8
Cluster charge [a] Clustar size [pixels]

|:| FEK-3E (p-mad): 0 degress o 04 F o — IIilIF-B;:J;pr-r;a-a_l:n-ﬂloéqr;alsl E
|:| FBK-AE (pirrad): 18 dogrees |:| FBK.SE [parrad); 18 degrees ;
EUDET telescope
Tracking resolution
3um

Irradiated

10000 20000 0000 40000 SO000 BO000 3 5 & T a
Cluster charge [a] Cluster size [pixels]

Tracking efficiency

FBK-3E p-irrad.

100

99.0%
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Cinzia Da Via , the University of Manchester Trento Workshop, 2" March 2011

Signal (ke™)

Signal (ke )

Before irradiation
total charge 22000e

@HHH:%%**E
|0:— n-type _
5E 3
B 10720 30 20 50 60 70 80 o
Bias Voltage (V)
st {0 T
mi}. E
15 . E
G n-type E
55 E
i 50 100 150200 -

Bias Voltage (V)

250 um column overlap, IES= 56 microns
Detectors irradiated at the proton cyclotron Karlsruhe with 25 MeV protons

Signal (ke )

Signal (ke™)

2x10%%ncm2
22000e" at 100-150V

o A o o N M. o
€Il (See M. Kohler talk )

60 1
sp © T g
[ B Te-wre TN
40 & T=-urC Q’ s
L% T=-1%c .5.';. E - d ]
305 A 3
C ’_m:_»_';--_'$" ]
20 x%-':-ﬁ" —
10} el 3
“: 1 | 1 1 3
0 50 100 150 00 250
Bias Voltage (V)
45 LB B N T
af ¢ T-0C
Eox T=-40°C
BE o T=a30°C
0 o T=a220C
]52_ a%* T = -539°C (Forward Bias)
205
15E
mi— {
5E
E. | 1 Ll

TN A
150 200
Bias Voltage (V)

T
250

300

Annealing state: ~ 5 days at RT (only p-type detector, 2x10' neq/cm2: ~30 days)
Noise at 2x10%is 1000e- at -45 °C -50 °C

signal (ke )

Signal (ke™)

2x101%ncm2
15000e- at 350-380V

2

Eﬂf_ - T=-50°C

s & T=43C

l6E o T=-30°C

l4E @ T=-536°C (Forward Bias) +4:#

12 A&

10E Pﬂ{

& B

l‘1;— ‘}

ab

_'Eu U NI T T T T T N T T T T T T O AT A B M |
n{'l 500 100 150 200 230 300 350 400

Bias Voltage (V)

,.‘,}:_ T T T T T T T I_:
agE  * T=-30°C E
TLE m Te=-4FC 3
]lf o T=-37C E
i I
I'f; o T=-36°C Forward Bias) A 3
10F e 3
43 M ot E
6F 3
4 3
= =
ﬂ,:..||...||...||....|..|.|..|.|..|.|....|:
0 50 100 150 200 250 300 350 400

Bias Voltage (V)




Processing: J. Hasi Manchesteri, C. Kenney, MBC

PO We r' d iSS i pa.r i O n Measurements: M.Hoeferkamp UNMT. Slavicek Prague

Analysis and simulation C.DaVia, S.Watts, Manchester

4E at -10C néutrons
3E at -10C neutrons
2E at-10C neutrons

3E at -10C protons
simulation alpha 2

Operating Voltage [V]

O . y-# 82219+ 4:5391e-15x - R= 0:99043

‘ ‘ C. Dav;la andS. J. V\{ans July 08

5x10™ 1x10"  1.5x10°  2x10"  2.5x10'

Power cm™ [ W/cm?]

Equivalent neutron fluence [n/cm?]

I
| ! protons |
—®— Ifd 20C ; ;

[ fldeC """"""""" """""""" B 3 ‘ C. DaVia et al. Oct. 08
—+— Ifd -10C 5 |

1016 1017

Power/cm?2 at -10°C

Leakage Current [A]

At 1.0x10® ncm?2 ~3 mWcm™2
At 5.0x10° ncm2 ~ 33 mWcm2
At 1.0x10ncm=2 ~ 120 mWcm2
510° 110° 1510 210" 2510 At 2.1x10 ncm2 ~ 443mWcm-2

-2
fluence ncm
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C. quvia, M. Hoefeirkamp July 08
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3D silicon IBL-Fast Track technical specs:

MMaterial

Ohm cm

Edge rounding

*Sensor thickness

“*Sensor active area

+ Dead region in Z

s*Separation gap between adjacent modules in Z
“*Sensor operational voltage before and after 5x10>ncm-2
“*Most probable signal before and after irradiation

**ENC noise with FE-I3

“*Power dissipation per cm? (at 0°C)

ssTracking efficiency at 15°

HPS WAFER

PEB

{1-0-0) +/- 1,00 Deg
10.000,00 - 30.000,00
1.000,00

2.0X10E18
2.0X10E16

30,00 - 35,00 (1-10) +/- 1 Deq.
16,00 - 20,00 90 +/ - 5 Deq.
230 +/- 10,00

Standard

230%+=10 pm

18860 X 20560 (+scribe line)
200pm guard fence
100 um
35-120V

17250 -12075 e-

< 200e
0.089Wcm™2
99.9%




Double side approach :
200 um guard fences

DESIGN AND SIMULATION
GF DALLA BETTA, TRENTO

CUT LINE \
TOP EDGE | | Z

(200 um) SIMULATION DOMAIN

LAT EDGE
¢ (400 um) OHMIC COLUMN

JUNCTION COLUMN

ACTIVE AREA
(CORNER PIXEL)

Top edge side -d= 170um

N column current vs. Bias voltage - Top Edge Side - d=170um

Leakage currents
For 200um fences
Before and after IBL fluence

Currents [A]
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d=170um New - Pre lmad —+—
d=170um New - Post Irad
1012 d=170um Old - Pre Imad —<—
d=170um Old - Post irad

-1000 -800 -800 -700 -600 -500 -400 -300
Reverse voltages [V]




Stave Loading and bias vol‘rage
wirebonding Compatibility (esignby cr
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5600 um




20560 um (including scribe lines)
2

ALIGNMENT MARKS
FOR 3D SENSORS
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A new aggressuve schedule for fast track:

ko 1+
MmakKe IT~

3D is a new technology. A 'fast track’ industrialization programme started
1.5 years ago with the agreement on the common-floor plan layout amongst
All collaborating processing facilities.

KEY MILESTONES for 3D
qualification:

Fwbruary-March 11. CNM and FBK FE-I4
Waferst o IZM (3FBK at IZM since 8-2)

March-April 2011 Test and irradiation
of CNM and FBK FE-I4

April 2011 2" DESY test beam

May-June 2011 irradiated FE-I4 tested in
the SPS beam line

Yield is the main parameter

we are focusing on. So far we

Forecast ~50% but we are also

Considering worse cases due fo the size of Fe-I4
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Double side with 200um slim edges
6 wafers 230 um thick
+8 wafers 285 um thick

Currently concentrating on 230 um wafers:
At the moment, wafer yield 100%
*Three wafers had high warping due to s
tress after doping. We decided to
investigate the problem with a parallel
test run.
Doping process has been changed and optimized,
‘Metallization on both sides and passivation left o do.

*Expected termination by mid March

*48 SC FE-I4 with IBL specification resulting from this run

See dedicated CNM talks




Qualification run status of
Double Side Sensors at

s

FONDAZIONE ERUNG KESSLER

| n+ holes (DRIE front) |

A e Wafer
P - ¥ e £ Batch name thickness Comments
Q_

[um]

=1
=

sent to 1ZM for bump-

bowig ~100pum bonding

electrical tests in
progress

bowig ~100um

first DRIE done

8 wafers completed = 64 SC FE-I4
8+15 completed by April= 64 + 120 (200 and 250 um)

IV measurements
On wafer
(test structures)

Diced wafer after UBM
Curtesy of T. Fritzsch, IZM
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10 20 30 40 350 60 70
See dedicate FBK talks reverse voltage [V]
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FT-IBL Pre-production Status

Batch Facility Thickness Edges Wafers
pnm 200pum #

ATLAS 10 22
ATLAS 11 22
RUN 1 24

RUNZ2 24

Status

STARTED
STARTED

STEPDS

WILL START
BEGINNING
OF MARCH

Completion
timescale
WEELS

24
24
36
36

+FBK WILL FINISH BY THE END OF JUNE 2011 BOTH RUNS -4

AXx8= 352 (X YIELD)

< CNM WILL END BY THE END OF OCTOBER 2011- 10% (~1 MONTH)
CONTINGENCY IS INCLUDED TO ACCOUNT FOR MACHINE DOWNTIME, TESTS

ETC. A48x8 = 384 (X YIELD)

ADDITIONAL 86 WAFERS HAVE BEEN BOUGHT ALREADY (ORDER TIME IS CURRENTLY ©
MONTHS) SO ADDITIONAL RUNS CAN BE STARTED AT ANY TIME IN CASE OF PROBLEM.

86 X 8 = 688 (X YIELD)




See SINTEF talks

14 WAFERS 230 UM THICK WITH SUPPORT WAFER

REMAINING PROCESSING STEPS:
* IMPLANTATION OF P-CONTACTS
* METALLISATION

e TEST METAL LAYER

* MEASUREMENT

e FINAL METAL LAYER

e PASSIVATION AND LITHO

DELAYS DUE TO:

°* EXTRA POLY DEPOSITION

°* EXTRA POLY ETCHING

* DOWNTIME OF RIE TOOL AND CHARGING OF OXIDE

¢ EXPECTED COMPLETION DATE — END OF MARCH —WILL,
DECIDE HOW TO PROCEED WITH BUMP-BONDING
STANFORD STARTED AN INDEPENDENT RUN WHICH WILL

END IN MAY 2011

18 WAFERS OF THE FE-I3 RUN WERE COMPLETED AT THE
END OF 2009.
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WE BUMP-BONDED 30 FE-3 AND LOST >20 BECAUSE
OF THE GUARD RING BUMP. NOW THE REMAINING WORK
FINE. ALL CMS DEVICES FROM SAME BATCH WORKED
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CONCLUSIONS

+»3D sensors are good candidates for the ATLAS IBL
Advantages are:

Low bias voltage and power dissipation (cooling and system)
High signal (decouples generation and detection paths)

after irradiation

Processing being performed with common floor plan design in
Different facilities : qualification and pre-processing ongoing

3D needs to demonstrate Yield
Working hard with intense processing plan and QA tests
QUALIFICATION review of 3D and planar Summer 2011

“*Also preparing for Phase2 with full3D with active edges
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ATLAS

» 3D Silicon Sensors
D Collaboration

B. Stugu, H. Sandaker, K. Helle, (Bergen University), M. Barbero, F. Hugging, M.
Karagounis, V. Kostyukhin, H. Kruger, J-W Tsung, N. Wermes (Bonn University), M.
Capua; S. Fazio, A. Mastroberardino; G. Susinno (Calabria University), B. Di Girolamo; D.
Dobos, A. La Rosa, H. Pernegger, S. Roe (CERN), T. Slavicek, S. Pospisil (Czech Technical
University), K. Jakobs, M. Kéhler, U. Parzefall (Freiburg University), N. Darbo, G. Gariano,
C. Gemme, A. Rovani, E. Ruscino (University and INFN of Genova), C. Butter, R. Bates, V.
Oshea (Glasgow University), S. Parker (The University of Hawaii), M. Cavalli-Sforza, S.
Grinstein, |. Korokolov, C. Padilla (IFAE Barcelona), K. Einsweiler, M. Garcia-Sciveres
(Lawrence Berkeley National Laboratory), M. Borri, C. Da Via, J. Freestone, S. Kolya, C. Li,
C. Nellist, J. Pater, R. Thompson, S.J. Watts (The University of Manchester), M.
Hoeferkamp, S. Seidel (The University of New Mexico), E. Bolle, H. Gjersdal, K-N Sjoebaek,
S. Stapnes, O. Rohne, (Oslo University) D. Su, C. Young, P. Hansson, P. Grenier, J. Hasi,
C. Kenney, M. Kocian, P. Jackson, D. Silverstein (SLAC), H. Davetak, B. DeWilde, D.
Tsybychev (Stony Brook University). G-F Dalla Betta, P. Gabos, M. Povoli (University and
INFN of Trento) , M. Cobal, M-P Giordani, Luca Selmi, Andrea Cristofoli, David Esseni,
Andrea Micelli, Pierpaolo Palestri (University of Udine)

Processing Facilities: C. Fleta, M. Lozano G. Pellegrini, (CNM Barcelona, Spain); (M.
Boscardin, A. Bagolini, P. Conci, G. Giacomini, C. Piemonte, S. Ronchin, E. Vianello, N.
Zorzi (FBK-Trento, Italy) , T-E. Hansen, T. Hansen, A. Kok, N. Lietaer ( SINTEF Norway),
J. Hasi, C. Kenney (Stanford). J. Kalliopuska, A. Oja (VTT , Finland)”

18 institutions and 5 processing facilities




