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* Present pixel detector

* 4-layer upgrade

* Read out chip
modifications

* Module assembly,
testing, and calibration

e preparations at DESY
and Uni Hamburg

CMS and its pixel detectors a

Superconducting Solenoid
Silicon Tracker
Pixel Detector

Plaquettes

Panels of the Forward Pixel Detector

Forward Pixel Detector has
2 disks on each side at z =
34.5 cm and 46.5 cm.

FPix has 672 modules.

Barrel Pixel Detector has 3
layers atR = 4.4 cm, 7.3 cm,
and 10.2 cm.

BPix has 768 modules.

Total of ~15,840 readout
chips, 66M pixels.
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CMS Si Tracker

=g TB T [:]StrIpTrackei'

|er @PlxelTraoker
0 400 800 1200 1600 2000 2400 2800 z'mm
D. Pitzl (DESY): CMS Pixel Upgrade 3 DESY Technisches Seminar, Zeuthen 22.11.2011

CMS at present: 3 barrel pixel layers Z

* Developed and built at
PSI, CH, 1994 - 2008.

* Active length 52 cm.

* 3 layers:

» <R>=4.4,7.3,10.2 cm
e 768 modules
* 12'000 chips
* 51M pixels

1.5 kW

5.2 kg
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Present barrel pixel detector
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K. Eklund 2009
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®

| « The CMS pixel
detector is
accessible and
removable during
extended
Christmas
maintenance.

Barrel Pixel insertion 2008

| «+ Removal required
for beam pipe
bake out (vacuum
conditioning).

e There is space for
a 4th barrel layer.

Conical beam pipe: smaller at the IP.
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Pixel operation in 2010

* 98.7% alive barrel modules. * 96.4% alive forward modules.
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Hybrid pixel detectors

Silicon sensors with
100 x 150 pm? pixels,
bump bonded to
CMOS readout chips.

Requires special bump
bond technology.
Cost driver: 2c/bump.

170°C reflow
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CMS Pixel hit resolution

Drift in crossed E and B fields:
Lorentz angle (tan a =p B) is

n*- pixel implants

L\

@ B-Field (4T)

~28° for e in pure Si at 3.8T. i
Leads to beneficial charge sharing. E>0
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5F - collision data.
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CMS track impact parameter resolution 2

e =7 TeV

CMS preliminary 2010
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Reach 20 pm
at high momentum.
Ultimately expect 12 pm.
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CMS preliminary 2010
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Limited by multiple
scattering at low momenta
and/or high rapidity.
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CMS impact parameter resolution Z

CMS preliminary 2010 s =T7TeV

]
@ Data O Simulation p_in (1.0+0.1) GeVic, n| < 0.4

Simulation p_in (3.0+ 0.2) GeVic, | < 0.4

- ﬁulmlmlu

1 GeV

3 GeV

Transv.Impact Parameter Resolution {um)

* 18-fold ¢ structure due to
pixel cooling pipes visible
at low p_.

* Well described by the
detector simulation.
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Nuclear imaging Z

et an ety

B - e * Reconstructed nuclear
Y 4 i 5 interaction vertices.

» Barrel pixel region.

e CMS tracker is shifted
by ~3 mm relative to
the machine beam
pipe.

» Upgrade: center
pixel around pipe!

» Pixel modules, cooling
pipes and support rails
visible.

4 0 10 20 30 » Upgrade: reduce the
nucl. int., Data\ s=7TeV x (cm) .
- material budget!

CMS Preliminary 2010
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CMS Barrel pixel adjustable wheels

2 Note: Lower wheel set
has two worm gears.

@ One for lifting/lowering
of the BPIX and one for
moving towards/away
from beam pipe

Pivoting end stop at * 26°

Mechanical mock-up will be prepared.
Test installation procedure in early 2014.
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LHC plan (S. Bertolucci PLHC 2011)

2009 Start of LHC

Run 1: 7 TeV centre of mass energy, luminosity
ramping up to few 103 cm2 s, few fb! delivered

LHC shut-down to prepare machine for design

2013/14 energy and nominal luminosity

Run 2: Ramp up luminosity to nominal (10%** cm= s), ~50 to 100
fb-1

2017 or 18  Injector and LHC Phase-| upgrades to go tolultimate luminosity |

pixel

Run 3: Ramp up|luminosity to 2.2 x nominal,lreaching ~100 fb!/ ngrade

year accumulate few hundred fb-' needed

~2021/22 Phase-ll: High-luminosity LHC. New focussing magnets and
CRAB cavities for very high luminosity with levelling

new

Run 4: Collect data until > 3000 fb-" tracker
needed

2030 ILC, High energy LHC, ... ?
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LHC 10 year plan as of June 2011

[ 2010 | 2011 2012 2013 | 2014 2015 2016
M|J|J A s|o‘u [3E] F|M‘A [ J‘J|-I 5D N‘D JF M‘A|M 3[4 A!S|D N D J‘F M A M|J‘J A s|c|u olJ F|M‘A " J‘J|A 50 N‘D iIF M|A‘M 1) A‘S|0 N D J‘F M A M|J‘J A s‘o|w D
LHC
T Machine: Splice Cansolidation & R 3
Eollimation inIR3 lnstall g
ALICE - detector completion =
£
TLAS - Consolidation and new farward| ]
eam pipes new E
[CMS - FWD muons upgrade +
[Consolidation & infrastrastructure ‘ beam
LHCB - consolidations | R
2Cryo-collimation point plpe
Injectors i | R | ] T i | T
SPS upgrade | ? 5PS - LINACA connection & 7 PSB energy upgrade
[ 2017 2018 \ 2019 | 2020 2021 \ _
) F‘M!A M| J‘A|S o N‘D 1F MA‘M|I 1 A|S‘0 N D J|F‘M A M|J|J Als o|u‘a 1 r‘m|a W J J‘A|5 o N|D 1 MA‘M|I 1 A|S‘O N|D
LHC
b} Machine: Callimation & prepare for ] - .
inStall E krab cavities & RF cryosystem g z lnstallatlon
= ATLAS: new pixel detect. - detect. 5 = of the
£ for ultimate luminosity. £ £
new i ALICE - Inner vertex system E E HL—LHC
s VIS - New Pixel. New HCAL E £ hardware
plxel Photodetectors. Completion of R o
FWD muons upgrade
detector LHCh - full trigger upgrade, new
vertex detector etc
nectors —
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Event pile-up at high luminosity Z

Simulation

Data 2011:

7 pile-up events

at 2:10° and 50 ns
bunch spacing

= CMS Expermentyt Lhic, cern™-| |/ N
C 5 Dota recorded Mon Mar f408.44.1) 2081 CEST / \Y
gy y i

Run/Event 16042y 212418
4] Lumi section: 4 } S

\' [[Qrbit'Crossing. ?ﬁﬂiﬁl\m |
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Particle fluence

- UMD OO SOt N ot ! B -1 [
e £ =38000fb [ 3000 ! = 20 years.
1E17 frm o I : e e | :::::::F:::..-:::-.
S == —m— Goh. Hadr,  This decade: 300 fb™.
- I R it ——+——| —8— Neutrons . )
““g e ‘T*\“ i I e Pixel region:
¢ 1B16 e=mmdeer ey dominated by pions.
@ - . O A S
o e A
S 1 1 Layer at R = 3 cm:
= T N iy
BRIZE m .& Z » flux 500 MHZ/sz,
» may need
T i replacement every
=== year (200 fb).
0 10 20 30 40 50 60
Radial position in cm (at z=0cm)
F. Hartmann, sensor testing, CMS Tracker Week Sep 2009
http://indico.cern.ch/conferenceDisplay.py?confld=47301
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CMS Pixel Chip
> =z
Pixel cell: 0.1 x 0.15 mm?
7.9 mm
noise 130 e
g
=
e
7 double—column VA =15V
__——data—buffers Vp=25V
“le——— time—stamp buffers 30 pW / pixel
' Interface, DACs, regulators 0.12 W/ chip

YV psuev24

¢ 0.25 pm CMOS IBM process
radiation hard design operational after 130 kGy y irradiation
1.3 M transistors
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Double column readout

Sources of inefficiency:

now - upgrade

Pixel busy:

iar i i PUC PUC
pixel insensitive until hit
transferred to data buffer \A

(column drain mechanism)

2BC - 1BC

Double column busy:
Column drain finds hitted pixels and
transfers hits from pixel to data
buffer. Maximum 3 pending

column drains requests accepted

Double column:
2x80 pixel, 0.024 cm?

RPU PUC ‘
PUC PUC

L1 trigger:
after 3.2 us (130 BO).

-

at 2 1034, 25 ns, 29 mm:
0.2 tracks / DC / BC,
25 tracks in buffers.

2 x 80 pixel

-

Pixel-column
interface

Timestamp Buffer full:

- ize: 24 (12
3 - 8 pending y = y HEAER
Data SBOUfo’g full: — = “7 = Readout and double column reset:
size: (32) = D Wait for token, reset after r/o

Bolie tolu 40 MHz analog readout

readout - 160 MHz digital
D BEE——
26 x / ROC
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Data loss mechanisms

Present PSI146 readout chip simulated at LHC design luminosity
Pythia physics generator + detector and chip simulation:

Pixel busy:
0.04% /0.08% /0.21%

pixel insensitiv until hit I

transferred to data buffer
(column drain mechanism)

Double column busy:
0.004% / 0.02% / 0.25%
Column drain transfers hits
from pixel to data buffer.
Maximum 3 pending column
drains requests accepted

Data Buffer full:
0.07% /0.08% /0.17%

— » 1XLHC: 10*cm2s™
s 11ecm /7 cm /4 cm layer
» total data loss @ 100kHz L1A:

s 0.8%
» 1.2%
2 3.8%
‘Pixe]-column interface ‘
L 4 o Timestamp Buffer full:

— 0/0.001% /0.17%

N

-

Readout and double column reset:
/ 0.7% /1% / 3.0%
for 100kHz L1 trigger rate

Double column readout| ey
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Data loss mechanisms
Present PSI46 readout chip simulated at 2x LHC design luminosity

Pixel busy:

0.09% / 0.18% / 0.48% \E

Double column busy:
0.003% /0.18% / 1.3%

[ ]
L

total data loss @ 100kHz L1A:
1.3% @ 1lem
2.7% @ Tcm
d6% @ 4cm

Pixel-column interface |

R gy

3

Timestamp Buffer full:

——

/" 0/0.05% /6.8%

Data Buffer full:

0.09% /0.17% / 0.83%

T

Readout and double column reset:
1.1% / 2.1% / 6.7%
for 100kHz 1.1 trigger rate

/

Double column readout

—-
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Data loss with extended buffering

Pixel busy: 0.72% A luminosity: 2 x 1034 cm2sec!
pixel insensilive unti hit ~—__ PUC M PUC| |5 [layer1 @ R =38 mm
transferred to data buffer R
(column drain mechanism) =5

PUCHIPUSY |2 total data loss in layer 1

w« atrun start: 5.63%

PUC md PUC || | 7
Double column busy: 2.03% Y
Column drain finds hitted pixels and
transfers hits from pixel to data -
buffer. Maximum 3 pending FRErEs Tl . o,
column drains requests accepted interface Timestamp Buffer full: 0.01%

; I size: 24 (12)
W /
-  m ) | Readout and double column reset:
. o | W -
ggg‘f‘ BBOUI;Z") full: 0.68% —» 7£ 2.20% for 100kHz L1 trigger rate
v Digital Readout
Double column i 160 Mbit/s _
readout B TBM M
-———p Readout Buffer ===
H.C. Kaestli 26 x/ROC  size: 80 (0)
Oct 2009
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Data loss vs luminosity

Pixel readout chip simulation with increased buffering

100
Factor ~3

improvement
10 579, compared to the
present chip.

-#-Layer1 at4cm
=4 Layer 2

Layer 3
-~ Layer 4

Inefficiency [%]

——

0.1 ‘—__—‘________._f Inefficiency

averaged over a
luminosity fill

0.01 is factor 2 smaller.

0.5 1 1.5 2 25 .
Further design

2 - 34 |
Luminesity [10%cm™s” ] modifications

. under study: aim
H.C. Kaestli
Oct 2009 for 2.5% at 2 10**
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Radiation damage in silicon

* Leakage current:
» 1/Vol = a @ (fluence ® [particles/cm?2])
» all silicon materials (FZ, Cz, epi) have the same damage «.

» only cooling helps to reduce leakage current (factor 2 / 8°C).

* Space charge creation ('type inversion'):
» leads to high depletion voltage at high fluence.
» oxygenated silicon is better (DOFZ, mCz).

» cooling reduces activation of defects.

* Charge trapping:

v

reduces charge collection efficiency

v

collecting electrons (n-in-p or n-in-n) is better than holes (p-in-n).

v

no 'defect engineering' method known to help.

v

Charge amplification at high bias, earlier in thin sensors or 3D.
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Radiation damage effects in silicon

leakage current

depletion voltage

10-1 T T 1 D T T '(Pa 3} T T T T
¢ n-type FZ - 7 to 25 KQcm 4 Carbon-enriched (P50: Carbonat
o[ © ntypeFZ-7KQem ,}S‘é"msﬁig‘i hours (P52 1600
& 107 @ nopeFz-4Kaom & 8 O.difusion 18 hours (75
= o n-type FZ -3 KQem ‘= | = O-diffusionT2 hours (P56) 1500 =
3] 3[ = p-type EPI- 2 and 4 KQcm S =
< 10 ¥ 6 Jaoo €
- = el
-4 v n-type FZ-780 Qcm | - 1300 =
E 10 O n-type FZ - 410 Qcm = 4 Z,.‘
~ n-type FZ - 130 Qcm Y ] ;3”
2 10° 4 n-typeFZ-110Qcm | E 200 =
o n-type CZ - 140 Qcm 2 100
6 + p-type EPI - 380 Qcm 7
101011 1612 1613 1614 1015 0 T 5 5 z,l .
(I) [Cm_z] [M.Moll PhD Thesis] 14 2
COOling ! & (D24GeWc proton [10 cm ]
factor 1/2 trapping oxygenated
every - 80C TE‘ 0.5F 24 GeV/c proton irradiation ' Si used !
S 0.4 e data for electrons }_§_J Keep Sl COOI
o o data for holes = °
E 03} Z ] to avoid
= no . .
2 02} | k activation
= nown
=y
£ 01] ] of defects.
& cure
& M.Moll: Dat: 0 Krasel, PhD hesis 2004, Un Dormund)
E
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Silicon charge collection vs fluence

N
Ul

= =N
. Ul O

]L P n-in-p-Fz (1700V)

. n-in-p-Fz (800V) .

electrons

?

FZ Silicon Strip Sensors

n-in-p (FZ), 300um, 500V, 23GeV p [1]
n-in-p (FZ), 300um, 500V, neutrons [1,2]
n-in-p (FZ), 300um, 500V, 26MeV p [1]
n-in-p (FZ), 300um, 800V, 23GeV p [1]
n-in-p (FZ), 300um, 800V, neutrons [1,2]
n-in-p (FZ), 300um, 800V, 26MeV p [1]
n-in-p (FZ), 300um, 1700V, neutrons [2]
p-in-n (FZ), 300um, 500V, 23GeV p [1]
p-in-n (FZ), 300pum, 500V, neutrons [1]

>Dr 04 O eRON

References:

[1] G.Casse, VERTEX 2008
(p/n-FZ, 300um, (-30°C, 25ns)

[2] I.Mandic et al., NIMA 603 (2009) 263

Collected Charge [10° electrons]

(p-FZ, 300um, -20°C to -40°C, 25ns)

holes
56 N\ | e
p-in-n-FZ (500V) n-in-p-Fz (500V)
I I T R | I I TR B
1014 1015 1016
D q [em™] |

Detectors made from oxygenated Si and collecting electrons
should operate up to a few 10" neqlcm2 with tolerable efficiency

and resolution degradation: that's several 100 fb' at R = 3 cm.
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Further upgrade considerations

* Smaller beam pipe for improved impact parameter resolution:
» B-tagging

» 4™ Jayer for better track seeding efficiency and improved stand-
alone tracking:
» High Level Trigger

* Less material (mechanics, chips, cooling, cables):

» less multiple scattering, photon conversions, nuclear interactions
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CMS pixel upgrade: 4 layers

2 identical half-shells.
1184 modules (79M pixels)
(1.6 x present barrel)

R; = 29 mm, 96 modules

CH
(reduce beam pipe diameter
from 59 to 45 mm)

R, = 68 mm, 224 modules
CH

R; = 109 mm, 352 modules
Italy, CERN

R, = 160 mm, 512 modules
Germany

Roland Horisberger, CMS Tracker week Dec 8, 2009

http://indico.cern.ch/conferenceDisplay. py%onﬂd 75797
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Pixel track impact parameter resolution

—= 200
g ] BRI RS P ]
E ] L n
> 180 - - Pixel stand-alone H
) » i ]
T L — tr.acks as usefl in the 1 160
. -.. o ngh L(?vel trlggeri R present
140 1% 1 7T T 140 R =29 mm
% o
120 + H 120
©
L e o e o o e - 100
80 {A&/ c(dCA) =
160 pm / pt ® 72 pm
60 e 60
upgl‘a(léa 4 la;\,,-'er% .
S R g upgrade 4 tHinner Jagers | 10
20_: ! P P ' 'li"adeélthi:n laylers] narrow! | 20
0 S R 4 0
1 10 10°
p, [GeV]

Pixel stand-alone broken line fit
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CMS new central beam pipe

1630

62 pm / pt ® 20 pm

29
DESY Technisches Seminar, Zeuthen 22.11.2011

b |

Be or AlBe??

new central beam pipe with
43.6 mm inner diameter
(present: 58 mm)

accepted by LHC machine.
Order will be placed soon.
Aim to install Jan 2014.
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Austin Ball
June 2011
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Radiation damage

82

100 ! bbb ! A 100

o(dcy) [Hm]

80 - 80

upgrade

RBP =22 mm

! radiated o, + 15um | | ||

20 Jre T e 20
{1 feho-tgum

0 SR 1 0
1 10

10
p, [GeV]
Pixel stand-alone broken line fit
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Tracking performance with pile-up 50

* t-tbar simulation with pile-up * Pixel-based track seeding.
of 50 minimum bias events
(2-10°* with 25 ns spacing).

y

[i : : ] ] ! : : : : 1c - - - - . . - : X
[ = Standagdgeom.: | i g) & F i oo
- Cmmetom () Bogl. smameen (b)

| - AAAAAAA .., ...... ...... %08_ ,,,,,, - R ,,,,,
ke B I A b e e e e e e
RTINS U0 SO S O A 06_. .

PO e T

Efficienc
Qo
w

o
()

omim 1 mim e e
U R e i B e e S T S R S S S
HEE UL IO B | A P S
02f L. eaa.e® .
| I S S S S S S P T e s,

........................................ s Lol l
-25-2-15-1-050 05 1 15225 -g5-2-15-1-050 051 15225
n mn

e 4-layer upgrade improves * 4-layer upgrade reduces

seeding efficiency. z-gaps remain  fake rate.
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b-tagging performance with pile-up 50

2E34 cm3s™ e Detailed simulation

B" 1 E m] Iight]et: Current bixel detlector géometry AiA AA% v Of the thSiCS
c - e light jet: Phase 1,upgrade geometry ALS W
@ | A c-jet: Current pixel detector geometry AAAAA‘;’AA v'g’u o .g" ‘ performance on
v ceiet: ! ; A v s o ‘ .
;g N c-jet: Phase 1 upgrade ge¢ omﬂ?&aﬂﬂﬂf,v'w' DDDD o gomg:
S0} i
= s O L » at high level
= : i A v de] : f' : : : tri
- . . gger,
T B A . T DDD ..
i ° :
2,02 At r—— " » at full analysis
o = s o®
L e e level.
m} H
B é L L] 20% gai n in
B 0 aggin i~ s i
0° 2l AN Lo o 4-layer upgrade is
S A : S hebfauarkc : | needed to maintain
B 4 present performance
o | (b) at high luminosity
1 0' I L1l I L1l I Ll Ll L1l I L1l I
01 02 03 04 05 06 07 08 09 1  , Eynectimproved
b Jet Efficiency _ .
pixel b-tagging in
the HLT.
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Pixel upgrade motivations

* Prepare for 2x higher luminosity than design: 2 - 103%/cm?/s:

» maintain pixel efficiency

* Less material (mechanics, chips, cooling, cables):

» less multiple scattering, photon conversions, nuclear interactions

e 4™ Jayer for better track seeding efficiency and improved stand-
alone tracking:

» High Level Trigger

* Smaller beam pipe for improved impact parameter resolution:
» B-tagging
* Add redundancy in the tracking system:

» independent of the luminosity evolution
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Pixel upgrade implications

* Prepare for 2x higher luminosity than design: 2 - 103*/cm?/s:
» Requires a new readout chip with more buffering.
* Less material:

» Low mass supports, CO, cooling, optical converters outside the
tracking volume.

» 4™ Jayer for better track seeding efficiency and improved stand-
alone tracking:

» Digital readout and DC-DC power converters (have to use the
same outer power cables and optical fibers)

* Smaller beam pipe for improved impact parameter resolution:

» Accepted by LHC machine group.

* Add redundancy in the tracking system:

» Be ready early, almost independent of the luminosity evolution.
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CMS pixel upgrade

Present BPIX module Thin BPIX module

Sensor 285 Sensor 285
ROC 175 ROC 75

weight = 1.38gr weight = 1.07gr

Sensor 225u thick
l Future bare module
weight = 0.89 gr

l[ 75p thin ROC

R. Horisberger

June 2009 - 65% of present
une
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Upgrade carbon fiber frame

Ultra-leight weight carbon fibre frame and
airex end flange with pipes for CO2 cooling.
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CMS pixel upgrade

Weight Layer1 42g +7g CO,
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Upgrade: CO, cooling

—_ 1 1 . T —
;{i Liquid 29-C Gas
s e N
N L Isothérm
@ pal £ ;
g -0 ;g:: T :
« 7—=20-c~ 2-phase ; .
’.r) -3 o - T b
. ; Enthalpy (T/kg) : : i
§ | i | s
g o« i ? g
5wl : Lowall| oo L
é_ i ‘ ; Increasing AT /
0 { 1
e i i Fluid temperature i i i
mgﬁﬁi = -‘_‘-‘:I:"-"":—'__‘_' - ‘? :
i : Target flow condition ;  Dry-out zone i
Sub cooled liquid 2-phase liquid / vapor  Super heated vapor
 2-phase CO, cooling: large latent heat
* operating at -35°C, good viscosity
* reduces Si leakage current
* reduces defect activation in Si
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Barrel Pixel services

Analog-Optical

e 00, D=1.4m m OD=1.6mm

semmeneen CoF g 10=3.8m m OD=4.0m m [

on Lonawm (%X)
e

] r k

Radiati

pOSItiO n (m rn)

e Thin tubes, 50 bar

e material reduction

DESY Technisches Seminar, Zeuthen 22.11.2011

™

Digital-Optical

Optical
Fibers
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Moving readout material out of
the tracking region

=1.2 =1.5 =2.0  strip detector tracking volume
End flange prints 1 N n P ing volu

with connectors

LA
o

BPIX supply tube

3 barrel

FPIX service cylinder
layers

™. AOH & mother board
DOH Power boards

2 disks n=2.0
micro twisted pair cables/
'l Z — —\_
m' | ya /% .
7 ~ . 4
g | e - N . ]
' ',
I Connector boards !
4 barrel Qpto hybrids & mother board
layers / 3 disks
/// Sensitive areas
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Barrel pixel material budget

c ;
§0.14 present
nuclear ;s 3layers y
interaction
length

-2 -1 0 1 2 3
eta

Up to 12% of all hadrons are lost due to nuclear interactions
in the present pixel barrel.
Upgrade will give up to factor 2 reduction.
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* DC-DC converter developed in Aachen:
» air-core coil, 10V - 3.3V, 3 A, n=75%

» radiation resistant AMIS 2 chip
(CERN), switching at 1.2 MHz,

» optimized design for low noise.

D. Pitzl (DESY): CMS Pixel Upgrade 43

CMS tracker cable channels
are full:

» have to use the existing
services.

Optical fibers:

» go from 40 MHz analog to
320 MHz digital readout.

Power:

» Use DC-DC converters at
the detector.

Sensor bias:
» 600 V- 1000 V.

CO2 cooling:
» pipe-in-pipe for 100 bar.

DESY Technisches Seminar, Zeuthen 22.11.2011

CMS barrel pixel module

Signalcable\/
upgrade: micro twisted pairs /&

SMD-Components —_ <

Token bit
manager
wire bonds

el

lued
giued . 16x62 mm?2
< 66'560 pixels
bump bonds\/ “S~~RoCs

SiN
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Powercable

p-High density
interconnect

‘\Sensor

Read-out
chips

s Basestrips

'.
. ik 4

full-module 2 16 ROCs




Bump bonding at PSI

Indium pads deposited After re-flow at 150°C in
on the Si sensor. N, and CH,0, atmosphere.

15 pm diameter.
Involves many steps:
sputtering,
photo lithography,

Ch. Broennimann et al.: Development
of an Indium bump bond process for

etChlng'" silicon pixel detectors at PSI
NIM A565(2006)303-8
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Flip chip assembly at PSI
» Precision: 1 +2pum
» Production rate:

» 6 modules/ day + tests
» automated: 1 hr/module

» Bare module test:

IV-curve

ROC functionality
bump yield

rework: 80% success

vy v v v

Precision x-y-z stage
Computer controlled
Commercially available.
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Alternative PAaCc TECH

FaCKAGIMG TECHHOLOGIES

— . Start with high-

Integrated Circuit (/O pad) precision balls.
Laser Jet Drop through capillary
Reflow towards pad
3 .“‘ 0 : ILasel
S5 N * Melt by laser pulse

® Capillary during fall.
« Solidify on pad.
, J

* Step-motor controlled.

Drop Balls & Reflow
J’ e 5 ball / second.

ﬁ ﬁ ﬁ ﬁ * 40 pm balls at 80 pm

pitch possible now.

* 30 pm balls under
development.

http://www.pactech.de/index.php?option=com_content&view=article&id=154&Itemid=21 68
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Laser reflow bonding
1) Pickup Die & Align 7

T —
( £5 pum)

===

LaPlace Assembly System™ PacTech

2) Contact
(10kgf) remr i v

Neodym-dotierter Yttrium-Aluminium-Granat-Laser
1064 nm

3) Laser Reflow

Placement accuracy: +/- 15um: 3000 - 5000 UPH
Placement accuracy: +/- 10um: ~-2000 UPH s

+3 units

(20msec, Nd**YAG) Placement accuracy: +/- 5um: ~1000 UPH
Placement accuracy: +/- 2.5um: ~500 UPH per

hour

Laser based assembly allows localized heating: - Selective to individual die
+ Energy localized to bumped areas
3)SnPb 1)Sn 2)Sn  3)SnPb « Ability to differentiate between solder alloys

BLLY S W Lowsiress

+ Minimizes IMC (time/temp)

PacTech
blication 66
Mp SnPb = 183°C Mp Sn = 232°C pu @ .
Pac TEGH Nov 2009 Sun




PacTech test structures

Pac 2.7 Wafer from Pac Tech GmbH

- Two 200-mm Wafers with 275 Chips each

- 5-um electroless Ni/Au UBM on both

- 40-um SAC305 Solder Jetting with SB2 on one
- Wafer Sawing & Chip Singulation

w/o
Solder
Balls

40-pum round

S 0 0 0 0 0 ¢

es s e® 8 a-- .

0000000

000000«

000000000( Passivation

Available since Dec 2010.
Used with 4 machines/vendors.

Karsten Hansen, DESY FEC
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Solder Ball Placer:

pre-formed balls are placed sequentially at 6-7 Hz
fused by laser heating

30 pum balls being certified, 40 pm ordered for test.

SET: FC 150 Flip-chip bonder Industry standard, expensive, slow.

i For placing and re-flow heating. Used at IZM.
o
g PSI design: cheapest, slow.
SET: Kadett K1  Unitemp: no > 50 mm heating chuck available.
RS-350-110 Tacking Tests completed on small samples:
=~ ﬂ,i 1 > 0.6 g/ball @ 155°C for chip & substrate.

Re-flow tests completed: OK.

Pac Tech: Laplace Novel Industry Standard: medium price
RFA 300M  ]aser-assisted, fast.

: i Tacking Tests completed:
low force with chip at 195°C for 1s.
Reflow Tests completed: OK.
Novel FC 150 competitor: medium price.
Placing and re-flow heating, low-force, fast.

Pt Do TR 3000

Finetech: FINEPLACER femto

Tacking / re-flow tests under way.
D. Pitzl (DESY): CMS Pixel Upgrade Karsten Harfsén, DESY FECDESY Technisches Seminar, Zeuthen 22.11.2011



Bare module test at PSI

raw module"testsetup * Test bare module
L B after flip-chip

bump bonding:
e Sensor I-V curve.

e
i L

e Test 16 readout
chips.

* Determine bump
yield.

e Rework bad

modules:
» replace
Semi-automatic probe station at PSI: individual chips.
load manually,
step and measure automatically.
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Probe station at DESY FEC

Suss Microtech PA 300 Probe Station
Probe-Card Holder

auctioned
from
Qimonda

in Dec 2009

will order 42 needle
probe card for testing
ROCs after bump
bonding.

up to 300 mm wafers
Semi-Automatic

Shielded

Thermo chuck -40 .. +125°C
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Barrel pixel module assembly line at PSI

. > Production rate:

» 4 full + 2 half modules / day
» or 6 full modules / day

» glue basestrips to raw module
» underfill sensor with glue
» glue HDI to complete assembly

» Important: custom-made
tools

glue application

Tools and assembly line being prepared at Uni Hamburg.
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Pixel module assembly tools at Uni HH

Tool rebuilt according to
PSI CAD drawings.
Gluing tests on dummy
modules underway.
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Pixel module cold calibration

» Challenges

» Huge number of channels: 5 = 6x107

Multy-dimensional parameter space: 29

DACs/ROC

» Temperature dependence: tests done at
upgrade: -20°C

-10°C and +17°C

» Testsetup

» Programmable cooling box

» 4 modules at a time

» Castom built test-boards with FPGA

» Procedure

» Start-up adjustments

» Full Test at -10°C
» 10 thermal cycles

» Full Tests and IV at -10°C and +17°C

Cold calibration set up will be set up at DESY.
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Temperature / °C

5
-10
15

FullTest -10° C FullTest & Full Test &

TTIT
%

Thermal cyclmg IV =107 C Wi
T

T,

=
[}
a
o
on

hours
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Pixel gain calibration

Ultimate position

1000

resolution comes
from pulse height

[o:=]
3

interpolation.

(o]
38

* Need pixel-to-pixel

B
8

n
3

gain calibration.

* Large amplitudes:

|
A

Internal calibrate

X-ray

» internal test pulse.

Differential output (arbitrary units)
1

* Close to threshold:

30

40

Injected charge [ke-]

Fig. 8. Analog signal transmission.

H.C. Kastli et al., NIM A565 (2006) 188-194
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56

S—— » X-ray lines (Mo, Ag,
Ba).

* X-ray stand being
prepared at Uni HH.
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Universal pixel test
board

Design and firmware
by Beat Meier, PSI

other
- adapters |
. available |

600V
' bias

trigger ’

NN N NN RN EEEEEEE RS RS EEEEES SN NEENEENEN SEE NEE EENEEE EEEEEEEEE

Pneamplrﬁer Shaper N N
[wiier vigpr | [Vwiish Vrgsh | Pixel Unit Cell

send

P

PUC address

i

sample and hold
capacitance

Wleak_com

st

/

enable —h-;
Virim vhidDel
tnmmlng H compara’mr H hold delay |—

K o [ea
(] AD-A3 H

Z : VithrComp ! VComp H
= E : : H

adjustable by programmable DAC, 26 per ROC

programmable register, 3 per pixel
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small Vcal [DAC]
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Aout [ADC]

150

100

gain and linear range

* One pixel.

59

250
700
200 600
500

400

300

200

50 Ll s
below 100
threshold
o-r——r—t—"TT1T 0
80 100 120 140 160 180 200 220 240

Vsf[DAC]

Linear range

1400
preamp/shaper e 2 Vcal 'rangfes (PSI X-
1200 saturation ray calibration):
1 » CtrlReg O or 4,
1000 |
» 65+5 e/DAC,
800 450 e/DAC
] » 450 e/DAC.
600‘: * Linearity for small
] 65 e/DAC pulses important for
~4] linear spatial resolution using
B 00_: charge sharing.
] . threshold at ~3'000 e e Saturation around
0 ———t 7T T T 1
0 50 100 150 200 250 36'000 e (~1.6 MIP).
Vcal [DAC]
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vs Vst

g

< * One pixel

§: * Analog pulse height vs

calibrate amplitude
and source follower
voltage.

* Best linearity in valley.

4(

enable —I—;
e

CalDel
Vcal

60

hold del

Virim
-{ trimming Hcomparator }—b
! } 1t

VComp

VthrComp
trimI bit masll( bit
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<samples>

VthrComp [DAC]

Comparator threshold

200
soft|threshold
150‘_ noise limit
100
] ®
XY
%o "
] (/4
c
50 %,
hard|threshold @
7 X-ray calib:1 DAC = 65 e
0""I""I'"'I""I""I
0 50 100 150 200 250
Vcal [DAC]
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0

5)
a
700 <,
5
600 2«_ * One pixel
500 * Analog pulse height
vs threshold and
400 calibrate amplitude.
300 * White region:
» no signal.
200 g
e Colored bands are
100 not vertical:

» time walk.
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Threshold curve

vary trim bits

preamp!

—
15
Vcal [DAC]

shaper

driver

one pixel
vary test pulse amplitude
1000 g 1000
| 3
| o |
800 800
] h167 i
5007 Entries 256 G
, mid 40.46
400 sigma 2.066 400
] amp 1001 i
L X-ray calib: 200
, 1 DAC = 65
0 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 0
Vcal [DAC]
threshold broadened by noise
fit by error function
noise: 130 e
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hold delay }

Vtrim N R
—ﬁ trimming I—Plcumparatcr '—’

VthrComp

VComp

trim bit mask bit
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Threshold variation

pixels

4160 pixels / cip the same chip, trimmed:
hthr < hthr
300 Friries 4160 X Eniries 4160
Mean 287323 ©-1400- Mean 2.06579
RMS 0.293132 RMS 0.0495222
250 Underflow 0 1200 Underflow [}
Overflow o Overflow o
200 1000
800
150
600
100
400
50
200+
0t T e P! k! U L o e B B s B R LR R S
0 05 1 3 35 4 45 5 0 05 1 15 2 25 3 35 4 45 5
threshold [ke] threshold [ke]
CMS transistor variations: 4-bit DAC trimming:
threshold spread 290 e threshold spread 50 e
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Source test setup

e 106Ry source mounted

above the chip:
— Ru 106 e
E source » Activity ~14 kHz,
_ Single chip [EENE_. » electrons up to 3.5 MeV.
g sensor bias &= pixel detector E.'a. ; :
-90V it TR i e FPGA:
_' | oo v [ [

data clock cycle
stretched up to 1 ms,

=ETH| mm

memory (S * trigger,

readout,

6V board - * store in memory.
power - '1

* Final readout by USB.
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Source test event display

row

70] F
60
50

40

8 mm

30
20

10

A

0 10 20
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30

40

50
col
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65

Entries 1159800

66

* A single event
integrating over 1 ms:

» ~15 hits per trigger

* Low energy electrons:

» Scattering in the
source holder,

» wide angles of
incidence,

» large clusters.

» tracks visible.

* Clusters of pixels
identified by software.

DESY Technisches Seminar, Zeuthen 22.11.2011

e Ru source, 100s.

* Wire placed across the
chip.

* Pixel map (@-2):
» shadow of the wire
» 2 noisy pixels.

» long and/or wide
pixels at 3 edges.

DESY Technisches Seminar, Zeuthen 22.11.2011



Cluster multiplicity vs. bias voltage

A i I
g ] +chip 6 Rul106 source.
> T 2
% 9] +ch!p U All scans with:
g +chip 8 ,
g . » Internal trigger
v ] » Clock stretch 1 ms
] » 10s run for one Vbias
3] value
| Cluster efficiency
2] saturates below -50 V.
] Plateau variation:
17
] » Source position,
. ] » Thresholds.
i | : Y ] [ b i | ! ] i Y [ i
-100 -80 -60 -40 -20 0
Bias [V]
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Pixel hit map

hit map

h024

2 GeV e* beam.

After space and time

run 4029

| Entries 807352

alignment:

i
¥
f———)
1 —
- A

=

D. Pitzl (DESY): CMS Pixel Upgrade

» 4 kHz coincidence rate

» Fill test board memory:
60MB in 3.5 min.

» USB transfer takes
another ~2 min.

One chip fully
illuminated.

Border pixels have
double size and rate

Corner pixels have
quadruple size and rate

DESY Technisches Seminar, Zeuthen 22.11.2011
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row

10

20
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Pixel hit map

30 40 50
column

the same run

a few dead pixels
non-uniformity:

» beam profile,

» misalignment
between sensor and
scintillator,

» limited trigger
region (~1 cm?) just
enough to cover
0.8%x0.8 cm? chip.
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Cluster charge: Ru source vs beam

E1000 C
g - Testbeam, 2GeV
4 900— e Chi bi
© = Ru 106 source, 3.5MeV Chip 8, -90V bias,
800 Vthr 100
700
B e 2 GeV e+ test beam:
600 — . L
£ » Minimum ionizing
500— )
= particles
400
£ e Ru 106 source:
300
zuoz— » long tail of stronger
B ionizing electrons
100~
£ (not fully
= 1 | | 1 | | | 1 1 | | L1 1 | | | readberigh . . .
% 10 20 30 40 50 60 70 80 relativistic).
cluster charge [ke]
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Cluster mult[J]1[c[1[] vs[]b[ls voltage

<clusters/event>

0.45] +chip 6 * 2 GeV e" beam.
0.4 +chip 8 * Cluster efficiency
0.35- saturates below -80 V:
o » [] eed more bias
voltage to reach full
0-25‘5 efficiency for
0.2 minimum ionizing
0.153 particles.
0.1%
0.05—2
oi‘l.wl...l‘wl.”‘”.
-100 -80 -60 -40 -20
Bias [V]
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[Jro[ect t{ime 1[J]e
e Produce assembly tools since 2010
* Develop assembly procedures 2011
» Develop testing and calibration procedures 2011
* Jump bonding tests 2010-2011
* Decide on bump bonding techni[Jue end 2011
* Contribute to R[] C pre-series testing 2012
e [Jssembly and test procedures established 2012-201[]
* Receive all components for series production 201[1-201[
e Module assembly and calibration 201[]-201[]
e ™ layer assembly and test end 201[]
e [Jull system test at CER[] 2016
* Ready for installation in CMS end 2016
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[ or{] Jac[Jages [1] [ [IC[] [

0% lafJer: 000 mo[Jules [] [0 s[ares [J [I[] re[ects [J 000

task

sensors |-V

bare module test
bond TBM to HDI
glue HDI to sensor
bond ROCs to HDI
module testing
cold calibration
X-ray calibration
layer assembly
layer system test
DC-DC converters

D. Pitzl (DESY): CMS Pixel Upgrade

quantity

700
700
700
700

400k

700
700
700
1
1

2200

DESY HH Ka Ac
350 350
350 350
350 350
350 350
200k 200k
350 350

350 350

350 350

all
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Jeo[lle at [1(1010 a0 0000 amburg [I[0[]

 DESY:

ﬁ HELMHOLTZ

| ASSOCIATION

» G[Jnter Ec[Jerlin, deputy CMS group leader, DPix coordinator

v

v

v

v

Daniel Pitzl, pixel upgrade project leader

Carsten []iebuhr, Doris Ec[]stein, staff

[Jarsten [] ansen, [An [ ampe, staff [JEC

» Carsten Muhl, [J olger Maser, engineering

e Uni [Jamburg:

» Peter Schleper, professor

» Georg Steinbr[]c[], staff

» Thomas [] ermanns, postdoc

» (Jutz [Jerger, technical support
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Maria [Jldaya, [An [Jlzem, [Jlexey Petru[Jhin, []J anno Perrey, postdocs
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[Jummarf]

 The present CMS pixel detector is wor[Jing very well and is an
essential tool for trac[] reconstruction and vertexing.

* The [J[] C luminosity is expected to exceed 10" [tm?s in this decade:
» the present pixel readout chip will become inefficient.

» at least the inner pixel layer has to be exchanged after 2[J0 fb™.

* [] O-layer replacement with a new readout chip has further benefits:
» [Jetter resolution, efficiency, and purity for pixel-based trac[Jing,

» Reduced material in the trac[Jer volume with C[] 2 cooling, low
mass design, services moved out of the trac[Jing region.

e The German CMS institutes have been as[Jed to contribute:
» Design optimization and physics evaluation,
» module assembly and testing,

» DC-DC converter development and production.

* Preparations are underway.
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(O clo[] le[lgme[]ts summer [][][][]

 [MgrQ] JOregor [[]0000test beam
coor{][[Jator(}
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* [Ile[Jsa[l[Jer [] a[bs
* 000 summer stu[Je[Jt Jrom Craco[] « [or [structp[s a[[] test beam

« [lefor []lafjov hos[][Tal}]

e 000 summer [[]ter[] e [Jorbert[] e[JJers [T][000test beam

coor{][[Jator[}
* [Jeat[ eler [JJI00homas [J e[ler [TJ[TI1J

O[ma[] Rohe T[Tk e [r hel[] [][th collmator a[][] [] [ire

target

[or co[]e a[][] a[Jvire(]

* [lrfch Joet[ MO00F

[or lab s[Jace[][J 1] crate a[J[J] mo[Jules[]
osc[llosco[Je

* 0 la00m[r 0 al] MO0ODE .

[or the source

e Carste]] [ uhl [QJ00 .

[or the source hol[Jer

e [orste[] 0010er (OO00 .
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Oor the [ tr[gger a[]a[Jter
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Oamuel [J ha[Jar{]a[] [[]0000test beam
suf][Jort[}

e [or hel[] J[*h mov{]]g s[istem a[][]
rate mo[][tor

0 olger [ aser [T]O00C:
¢ [or the test boar{] su[j[Jort [rame

Or{a JaruttM 000 a00 00000
* [or the [Tlger sc[I]tlator a[J[] [

0000 O achdle 0 roufl:
e [pr the stea[][] test beam

DESY Technisches Seminar, Zeuthen 22.11.2011



[1ac[]u[] sl[T]es

D. Pitzl (DESY): CMS Pixel Upgrade 79 DESY Technisches Seminar, Zeuthen 22.11.2011

PRC-2010-69-3

The CMS Tracker upgrade
— DESY contributions —

April 15, 2010

The DESY CMS Group

Abstract

A 4-layer low mass replacement of the CMS Barrel Pixel detector is planned for the middle
of the decade. DESY is interested to contribute to the module production, in collaboration
with the universities in Hamburg, Karlsruhe and Aachen. At a later stage, the entire silicon
tracker needs replacement to cope at higher luminosity with increased track density and
larger radiation dose while the material budget should be reduced. DESY R&D activities
within the Central European Consortium involving the above mentioned universities and

those in Barcelona, Louvin and Vilnius are described.

DESY PRC
document for the
CMS Trac[Jer
upgrade.

Pixel and Strips

[J amburg and
Zeuthen

Submitted [Jpril
2010.

Positive
recommendation.
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C[] [] trac[]Jer mater[al

All trackers Barrel pixel
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Upgrade:
factor 2 less in center

pixel note 2009 factor 4 less in endcaps
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C(] [0 0Mel [Je[]sors

* 60 wafers under production
at C[B (Erfurt)

» standard CMS pixel sensor
design (double sided, n-in-n,
p-spray insulation).

» for [Jarlsruhe, [T][1[],

CER[] [Taiwan, MR[]
Purdue, DESY.

| » [] wafers with increased
bump pad passivation
opening: []0 [Jm, for DESY.

» Delivery in [Jeb 2012.

e [Jull sensors for first bump
bondings.

e Single chip sensors for tests
with new R[] Cs.
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design: Tilman Rohe, PS[]

[1[T]el se[]sors

7 * Planar sensors, CiS Erfurt.

DC-coupled <’°‘fd““' .
external ground p: chip

ov

111-oxygenated float zone.

20um

Nef .F ® D-in-n, p-spray insulation.

collecting faster electrons:

=

» larger [Jorentz angle,

- - » less trapping.
guard rings pixel area

* pn-junction on bac[] side
(initially):

» edges at ground,

» double sided processing.

000 Om O 00 000 Om 100

Grounding grid for testing
before bump bonding
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C[] [1 Jarrel a[][] [Jor[] ar{] [][Tlel se[]sors

== pH ==

In—type. silicon bulkl [n-type silicon bulkl
B—
Uni Zurich
Figure 1.11. Sensor designs for the CMS barrel detector (left) and end-caps (right). 200[]
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C[] [ [Jarrel []

Metal Contact via

Bump pad| Bias dot

Full dose p-spray n-Implant

(a)

el se[|sor [Jes[([]

Large windows for Laser tests
16 guard ring

|
4
<]

Alignment cross for HDI
Pad for Wafer Probing

(b)

Figure 1.12. The masks for the p-spray design. Left: The mask layout of the pixel side. The

distances are in um. Right: The mask layout of the backside.
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T. Rohe (PS]), from []. Doro[fhov (Uni Zurich) 200[]
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[le[]sor ra[|[at[p[]| [[amage

OgQal collect[p[] [T] CO 0 O[el se[]sors

* [hner barrel layer:

» 70 fb' ] 0 010 n[tm?
» 2[10 bt [J 10 010 n[tm?

000 signal loss after 2[]0

fb-1.

* []lso leads to factor 2
degradation of the hit
resolution (less charge

"
=25
= @ Notirradiated, 250V
E' - A Pions, BOOV
9 O Protons, BOOV
B ‘ /A Protons, BODV
C Protons, 1000V
o 4 5 s
N (~
H ! 4///7
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sharing and [Jorentz angle

e [lias voltages above 600 V
not possible with the
present CMS []V system.

« MCz being considered.
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[1[]large[] o[][ch[]] bu[Tlr

300 pm

* Dominant data loss
mechanism - larger buffers
needed

* Data loss simulations performed

— Data buffer from 32 to 80 cells

— Timestamp buffer from12 to 24
cells

BOOS um (52 pixel)

h —

S35

¢ Simple scaling would increase
ROC size by >1.1mm

¢ 800 pm more space allowed
with new detector mechanics

1176 wm

interface block CIB

m 32 data buffers 576 um
L

- Need more compact buffer
layout

E:ﬂiiﬂciq_a.. 1

mp
uffers

252
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o[][ch[]] bu[Jer

Pixel array with 52 columns and
80 rows arranged in groups of two
columns (26 double columns)

(1 of 26 Double Column Interfaces
300 um (DCh

80 (32) data buffers
900 ym

1530 pm (1176 pum)

New ROC
(present ROC)

280 pm

24 (12) time
stamp buffers

Control Interface Block (CIB)
Containing the readout logic, DAC's,
Layout of the readout chip (ROC). \ 12C interface, voltage regulators,

\ reference and pads.

[]. Meier (PS[)
Jov 2010

Figure 1. Layout of the existing readout chip (ROC). A detailed view of the double column interface with
JINST 6 C01011

size of the new chip compared to the old one.
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[] arlsruhe a[][] [Jache[]

* []Jarlsruhe:
» Ulrich [Jusemann, Thomas M[]ller, professors
» Marc [] eber, professor, director [PE ﬂ(IT
» Thomas [Jlan[], staff VT Karkuhe Isttute of Technology

» Michele Caselle, [Jlexander Dierlamm, [Jran[]
[l artmann, Thomas [] eiler, staff

» Stefan [] eindl, phd student
. i - i RWTHAACHEN
Tobias [Jarvich, technical support UNIVERSITY

* [Jachen:
» [Jutz [Jeld, professor
» (atja [Jlein, staff
» [An Sammet, phd student

» technical support
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00 klerlaf][]

* Roland [] orisberger, [] olfram Erdmann, [] ans-Christian [J[stli, Tilman
Rohe, [Jeat Meier, Silvan Streuli, ] illi Jertl, Urs [Jangenegger, Dane[]
D Otlinsl:li PAUL SCHERRER INSTITUT

=]

'D ETH Institute for
e Peter Robmann Farticle Physics

* Rainer [] allny, [Jndrei Starodumov

AU Universitit
Zurich™
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