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CMS Tracker Upgrade - Timeline

2013 | » Consolidation: Improvement of tracker thermal and humidity insulation

ong « New beam pipe -

) . : reparation for phase-1

2014 S U . Installation of pixel test slice } prep P
2015 '

Data taking | operation at lower temperature
2016

Technical stop Installation of new CMS phase-1 pixel detector

2017 | “Phase-1*
2018 LS2
2019

Data taking | Exchange of innermost pixel layer after ~ 250fb-"
2020 “Phase-1*

~ 500 b1
2021
2022 Installation of a new CMS tracker

LS3 « Phase-2 pixel detector

2023 * Phase-2 outer tracker
2024 Data taking | ° Track trigger

“Phase-2*

l ~ 3000 fb-1

Doris Eckstein | CMS Outer Tracker Upgrade Plans| Vertex 2013, 17 September 2013| Page 3



Requirements

radiation hardness
= aim for 3000fb"

sensors have to be radiation hard and thus cooled to
granularity

-20°C

= resolve up to 200 collisions per bunch crossing, keep occupancy at % level

much shorter strips required \

Material budget estimate

improve tracking performance S e
_ _ Increased < e Present
= improve performance at high pT channel count 3 Upgrade
reduce the average strip pitch /' Jof
= improve performance at low pT and reduce rate of T
0.8
secondary interactions o6k
reduce material 0.4
input to Level-1 trigger 02k
= M, e and jet rates exceed 100kHz at high luminosity  FHNEE B - S 7 s
n

= increasing thresholds would reduce physics performance

= need tracker information already in Level-1 trigger decision

Doris Eckstein | CMS Outer Tracker Upgrade Plans| Vertex 2013, 17 September 2013| Page 4



General Concept of Phase-2 Outer Tracker Modules — |

™~

> modules provide at the same time information -
= to L1 Trigger (at 40MHz)
= as “read out data” after L1 decision (at 100kHz) ® B
- the whole tracker sends out sparsified data at each bunch
crossing
. [ . . [ \
> pr modules — modules with p; discrimination
R
= exploit bending in strong magnetic field ¢
= two closely spaced sensors read out by a single readout chip
= correlate signals, look at cluster size
- stubs sent out if within p cut . _
> sensor spacing and window
bass optimized for best performance
high transverse = same geometrical cut corresponds to
momentum different p;
EI
o
¥
(]
= —
low transverse

momentum
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General Concept of Phase-2 Outer Tracker Modules -li

> binary readout — CBC

> low power giga-bit transceiver (LP-GBT) as data link

= currently under development \

= integrated at module level .

> powering via DC-DC conversion =

= already used in phase-1 pixel upgrade
= input current at higher voltage (~10V) reduces conductor cross-section

substantial reduction of material budget see talk of Lutz Feld
= integrated at module level

> two different module types

= different sensor spacings are treated as ,variants‘ of one module type with only
minimum changes

= requires optimization of only two designs
> evaporative CO:z: is the baseline cooling system

= experience within CMS is being gained with the phase-1 pixel upgrade

Doris Eckstein | CMS Outer Tracker Upgrade Plans| Vertex 2013, 17 September 2013| Page 6



Baseline layout
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> baseline layout with 6 barrel layers and 5 endcap disks
= pixelated modules at r < 60 cm - stack of pixel and strip sensor (PS)
= stack of two strip sensors at r > 60 cm (2S)
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Baseline layout — module configuration

map of sensor spacings
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> baseline layout with 6 barrel layers and 5 endcap disks
= pixelated modules at r < 60 cm - stack of pixel and strip sensor (PS)
= stack of two strip sensors at r > 60 cm (2S)

> modules
= sensor spacings: 1.6 mm, 2.6 mm and 4 mm

> 2S modules

= sensor spacings: 1.8 mm and 4 mm
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The Outer Tracker Modules

2S p; module PS p; module
* for r > 40cm * for r > 20cm
* 2 strip sensor on top of each other - 1 strip sensor and 1 pixel sensor on top of
* sensors wire-bonded to hybrid from top & bottom each other
* strip dimensions: 5¢cm x 90um - strip dimensions: 2.5cm x 100um
*10cm x 10 cm « pixel dimensions: 1.5mm x 100um
(2x127) channel CBC chips * provides z information

bump-bonded to hybrid *5cm x 10 cm

GBT & opto
connector

N
5
>
S
N
>
N

<

X

2S p; module is more advanced than PS module
-> give more details on 2S

concentrator
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2S Module - Rigid Hybrid Option

silicon sensor

2 mm, may be problematic for some
bonding machines

silicon sensor * very large height difference

* very long wires needed (>4.5 mm)
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2S Module - Flexible Hybrid Option

silicon sensor

4.0 mm version
/\ Flex PCB hybrid

500um CF support

Foam spacer

- T ~——— 200um CF stiffener
silicon sensor

* small height difference
* short wires (<3 mm)
° encapsulatlon of bond wires possible

1.8 mm version

silicon sensor Flex PCB hybrid

500um CF support

~—— CF stiffener

silicon sensor
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Module Power Dissipation

number of modules

> 3.42W

> plus sensors

1400

1200

1000

800

2.6mm PS

[ 1.6mm PS

I 40mm PS

"] 1.8mm 25 Endcap
[ 1.8mm 25 Barel

I 4.0mm 25

1220 m

(2x8 readout chips) 200 mw
(concentrator)

fluence [neq/cm ﬁ

|
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> combination of # of modules and fluence vs.
module position

> fluence obtained from FLUKA for 3000 fb-1

> safety factors for fluence applied: 50%

- 28: 7e14n,,/cm? (R>60cm)
- PS: 1.6e15n,,/cm? (20cm<R<60cm)

> sensor thickness 200um



Example Results of Thermal FEA

-23,54 Min

vV VvV .V VvV VvV VvV V

14F

heat transfer coefficient from pipe to CO, is 5000 W/m2/K

heat transfer coefficient from module to cooling blocks is 10000 W/m2/K
fluence for sensor power dissipation calculation is 7.35x10'* n,,/cm?
temperature of CO, tuned to obtain -20 °C max. T on sensors

temperature gradient on sensors 3.5 °C

cooling contacts have to be kept at -28.6 °C to obtain -20 °C max. T on sensors

thermal runaway reached at ~ -27 °C
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The CMS Binary Chip

IBM 130nm CMOS process

binary, unsparsified architecture

= retains chip and system simplicity

= but no pulse height data

receives data from both sensors

stub finding works

M E00ns

B C2 data framea

scintillator signal

—_Zoom Fosition: 3.68us

cosmic example

ent
2 strip cluster in one
comelating with 1 strip cluster in the other

rated by

1.25G05/5 8

d _'|||F_ [:'I'I.ir'l-: A

testbeam in preparation
will use these CBC2 modules

show trigger capability in
beam

de Plans| Vertex 2013, 17 September 2013| Page 14



Sensors for the Phase-2 Outer Tracker

> campaign to identify sensors (material
and polarity) for the Phase-2 Outer
Tracker

> chose single supplier (HPK) in order to
compare sensors from same (or at least
similar) processes

> different structures, for example:

= pad sensors (diodes) for material studies
= mini-strip sensors for charge collection

= MSSD sensors to study geometry effects
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Irradiations: p, n and mixed

Radius Protons @, [cm] Neutrons @, [cm~] Total @, [cm~]
40 cm 3-10M 4-10% 710
20 cm 1-10" 5-10% 1.5-10"
15 cm 1.5- 10" 6 - 10" 2.1-10"

EdN/E [em?Z*s™

Spectra at z=t3cm, R=23.4 — 34.5cm
1e+07 . . . . . , , , —T Z=0cm (barrel):
M. Guthoff Nerotons - 10" — = Charged hadrons
‘ Plon+- + + Neutral hadrons
10408 b e T otal
neutrons : plons < 10% Z=250cm (end-cap):
‘ ' e = = Charged hadrons
100000 il i L * + Neutral hadrons
] Z s Total
S— 15
® 10 T
- s "y
10000 . g ) -'
= . Lo
T 10 § ~ = ]
i ~ ]
1000 ] : 1 =< < ]
10" e |

0 10 20 30 40 50 60 70 80 90 100 110
ID..(I)01‘ OIOI I ;).1 — 1 I 10 — “100 Radlus (Cm)

Energy [GeV]

P L
1e-05

0.0001

100 b——l—
1e-07  1e-08

Energy of charged hadrons peaks between 100 MeV and 1 GeV
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Irradiations: p, n and mixed

——

Radius Protons @, [cm] Neutrons @, [cm~] Total @, [cm~]
40 cm 3-10M 4 - 1014 7-10%
20 cm 1-10% 5-10M 1.5-101°
15 cm 1.5-10" 6- 101 2.1-10%
HL-LHC
Neutrons: 1 MeV (TRIGA reactor Ljubljana) [T 3 cf) 0.0:‘b.'1T 1 E‘OE’gﬁ";fég)Hadmns
F + « « Neutral hadrons
Protons: 23 MeV (Karlsruhe cyclotron) — Total
10 Z=250cm (end-cap):
= == Ch d had
23 GeV (CERN PS) IS " Nettral hadrons
N T otal
crosscheck: 5
800 MeV (Los Alamos) S ol SR
Lk i m" T <
1013- I . . . . . : ]

0 10 20 30 40 50 60 70 80 90 100 110
Radius (cm)

Energy of charged hadrons peaks between 100 MeV and 1 GeV
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Materials and their Oxygen Content

Material

Active thickness
[um]

Thinning

method

Wafer thickness
'Ly

[O] [10'7 cm™3]

dd-FZ deep diffusion 200, 300 320 3,1
FZ wafer thinning 200 200 0.5
MCz - 200 200 4
S 0, ", 94F2120]
\dg_fmc; 2110,_ —— ;
O“*w e s 1 A —/—MCZz200P
e ] ] A7\ A-AT Aat —A—MCZz200N
A m g | measurements ] / A—E A - == FZ200P
A s — HPK ] —0-
e dd-FZ200 | — 4d-FZ 300 n-type / ——— FZZ200N
. - = dd-FZ 200 n-type |
£ = dd-FZ 120 n-type & ~
S i —— dd-FZ300ptype £ >\<>“<>\ o 0’0?
© o ——— dd-FZ 300 p-type o~ 104 &
£ \.————-—.f"/ -, e dd-FZ 200 p-type © 1 0\ \<> /’
=~ dd-FZ300 | — dd-Fz120ptype = O~
(@] N\-. O A /
= ITME — o o ’~.-¢ 8 TOn0-0s AR5
—m— dd-FZ 300 n-type - ~¢
B _e_ dd-FZ 300 p-type ~.-4—9
_A— dd-FZ 200 p-type
A~ —w— dd-FZ 120 p-type [O] of DOFZ
<+ MCz 200 n-type
_1— Mcz 200 p-type
1E16 W ] | IR IV RN I TR RS | 1 T T T
0 20 40 60 80 100 120 140 160 180 200 0 50 100 150
Depth [um] Depth (um)
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Depletion Voltage after 23 GeV protons

eff

IN_|[10'2 em™]

Irradiated with 23 GeV protons (PS) Annealing—>Info about type inversion
24 = - 1 i _
T —l— FZ 200um n-type 23GeV 700 2 &;‘ & Fz200um nype 1 =5
[ —— FZ 200um p-type 23GeV 7 o o |- —&— FZ200um p-type ] _
22 T ez 200um niype 2366V MCz n-type g 5 B 10 Y e 200 pae *3"”5
[ =—k— MCz 200um p-type 23GeV — — = r N _ 8
20: um p-typ B—?OE—3 \ jﬁﬂﬂ& E’g o[ ] :
18— ] g - 250 g
= MCz p-type 00> 8l ]
16 B=6.4E-3 e B |
14— ] - —{200
u —l400 oF ]
12— - = .
C i 5[ _
10 C ei 300 = ] 150
8 :_ B =4 ) 9 E_3 E 45_ irradiation: p, 23GeV, 10E14/cm*2 neq; measured at -20C :
6:— FZ n_type —_200 3L I I I T NN \1(\)2 1 I —j100
. E_ < B — 4 - 6 E_ 3 E effective annealingtime at 60°C
: irradiation: p, 24GeV —100
2:_ measured at -20C;annealing: 80min@60C |
0 _I__I_“ | | I 1 1 1 ‘ 1 1 | 1 ‘ 1 1 1 | ‘ L1 1 1 | L1 1 1 | L1 1 1 —I
0 5 10 15 20 25 30 3
B poq [10™ cm7] Type MCZ

inversion

N-type yes no
Depletion voltage below 600V at highest ® (200um)
Introduction rate smaller for FZ than for MCz P-type no yes
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Depletion Voltage after 23 MeV protons

off

IN | [10'2 ecm?]

-
s

-
N

-
o

- - dd-FZ 220um n-type o —450 5
"~ —f— dd-FZ 220um p-type 1.~ - 7 o
_ -l dd-FZ 300um n-type —f— 7400 E
| —f— dd-FZ 300um p-type = S . .
- - MCz 200um n-type 1on S different picture compared
- —— MCz 200um p-type —350 = ) ..
B - p-type s to GeV irradiation:
— —300
- \ o= 250
i t . Type MCZ
B n-type 5 : ;
- - NYPS 200 inversion
- type inv. 3
- - 150 N-type yes yes
- —100 P-type no no
- irradiation: p, 23MeV —fso
- measured at -20C;annealing: 80min@60C -
I_L | L1 1 | 111 | 111 | L1 1 | 111 | L1 1 | 111 | 111 —1- 0
0 2 4 6 8 10 12 14 16 18

®poq [10™ cm?]
lower depletion voltage for
n-type due to type inversion

Doris Eckstein | CMS Outer Tracker Upgrade Plans| Vertex 2013, 17 September 2013| Page 20



Compensation in MCz

« compensation effect seen by Kramberger et al.
of depletion voltage after mixed (p+n) irradiation

in MCz
* notseeninFz
« attributed to oxygen content

o - - Mcz200um n-type 23Gev ]
g 14— —f— MCz200um p-type 23GeV 7
o I —.— MGz 2001m n-type 23GeV + n i
e | —fk— MCz200um p-type 23GeV +n .
S 12C =
= B "
10/ -

B 15(p)+6(n)

8 3(p)+4(n) ]

- 10(p)+5(n) -

6— ]
4 ]

2 B irradiation: p, 24GeV; n, 1IMeV ]
- measured at -20C;annealing: 80min@60C —

0 __I_l | : | | | | | | | | ‘ | | | | | | | | | | | | | | —T

0 5 10 15 20 2

14 .
Dprgq [10 cm??]
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Compensation in n-type MCz - annealing

(V)

Depletion voltage

23 GeV p irradiation: n-type annealing - no type inversion
n irradiation: p-type annealing >type inversion
mixed: strong drop of depletion voltage
240
220 * —@— 3E14 Protons 23 GeV
7 —m— 4E14 Neutrons
200 1 —k— Protons+Neutrons
180 ®
160 \l |
140 4 \ \. m
120 4 .{LT\.
- %

100 / \
so{ ® °

o
60 -
40 -
20 -

0 I I I I L I I
0 25 50 75 100 125 150

Annealing time (min) @60deg
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depletion voltage after mixed
irradiation lower than sum of
individual depletion voltages

—>dramatic annealing effect



Charge Collection — Compensation in n-MCz?

> CC measurements confirm benefit of n-MCz, but measurements only up to
300V (RGHs for p only sample)

14,0k T .
| L] L ww |  3e1423Gevp
| T T ./T\./-/' #/+ _ 3e14 p +4e14n
13,0k T 2 - - /14:!/* T
s )/ /+ — */é/i/! —O—n-type FZ p
12,5k T ¢7Q —O— n-type FZ p&n
R - /B% ;/f/ ;5 —A— n-type MCz p
QD 12,0k 1 —A— n-type MCz p&n
= i ! A? /Q —m— p-type MCz p
c 11,5k T/ < —m— p-type MCz p&n
(@)
.(/_) i + 12000 T
D 11,0k - |
9 i A 11500
a2 10,5k &,
O 10.0k | O 11000 7\ 7 -
| 200um thickness
A
9 5k 10500 | short annealing | |
| é # 23GeV protons,
9.0k 10000 250 300 3% rejctor neutrons ]

200 300 400 500 600 700 800 900 1000 1100
Voltage (V)
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Random Ghost Hits in n-type sensors

« random ghost hits appear after (charged) hadron irradi~ti~~

« seen in n-type sensors

E field for P-type and N-type strip sensor for flux=1el5cm-2
QF=1.2el2cm-2, Bias=500V, Cutline is 0.1um below SiO2

4e+05 —
* here: FZ 200um thin strip sensor -
« sets in at different bias voltages, annealing .
[ Noise Histogram | noisehistogram 3E+05t
— Entries 295000
= Mean 1.659 + 0.03167 B
10,,|;_ RMS 17.18+ 0.0224 .
g ¥% 1 ndf 1.961e+04 / 348 2e+05
~ Constant 2.391e+04 + 6.018e+01 .
10° Mean -0.1302 + 0.0087 |
- Sigma 4.572 + 0.008 | %
102.;— Le+05 :{-'
"E 0 = g
17 0 10 20 30 40 50 60 70 80
—_ Microns
-200 -150 -100 -50 0 50 100 150 200
Cluster Signal in e- h_sigENC simulations :
900 = Entries 34645
= Mean 2.698e+04 + 88.42
"oE Tt aaeeare Important is the interplay between bulk damage
700 — i + 61, 1
E wev 1arsesasraier  (traps) and surface damage (oxide charge)
= Area 2.638e+07 + 1.511e+05
500— GSigma 100 + 205.1
a00f- P-type: peak E-field decreases with increasing Qf
300f- N-type: peak E-field increases with increasing Qf
200 =>» higher probability for break-down in n-type
100
00: I1I0I I I2I0I - I3I0I - I4|0I - I5|0I - I6|0I - I7|0I - 80 9; I 10>(<J103
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Annealing of seed signal for 1.5e15n,,/cm? p-type

17,5k ——— X
—m— FTH200P 600V
—O— FTH200P 900V
15,0k | —A— FZz200P 600V
—/A\— FZ200P 900V
—@— MCZ200P 600V
_ —O— MCZ200P 900V
EI’/ 12,5k l
g R
2 400k \— 1 ¥ 174 I T ®
n 'Y - = ZE*EET* //‘rl<
8 | I/ :ﬁzi:if_i- _L\i
() /.L L I
(7)) ~ =
7,5k ——é \i
1.5e15 n_/cm?
5,0k -
10? 10° 10°*

Annealing (h@RT)

> thin p-type sensors work well
> show seed signals above ~8ke- at 600V until ~ 20w@RT

> Annealing scenario with Tracker at RT for 2 weeks each year works
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Choice of sensor polarity for Phase-2 Outer Tracker

there are only a few measurements for which n-type material shows higher
seed signal than p-type

above 7x1014neq/cm2 random ghost hits appear in n-type material
this noise feature was studied in detail > see talk of A. Dierlamm

= measurements confirmed by device simulations

" in nl-type material bulk defects and surface charge generate high E-fields close to the
implants,

—>generate fake hits under certain conditions

the 200pm p-type sensors we have in hands would work for the entire
Tracker under HL-LHC conditions:

= no dramatic noise issue
= flat annealing behavior
= seed charge > 8ke- @ 600V (~10k@900V) for max. fluence (threshold <~6ke)

=» CMS decided to concentrate on p-type material!
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Some Sensor open issues

study in more detail effect of [O] on p-type

study signal losses between strips
MCz p-spray type

= after irradiation to fluences ~1.5x10'° all materials and MCEZIO. 8 NSGD_1pr_ S5 S04 - p20agass 104

Entries 10533

[\
B
T

50

polarities show up to 30% signal loss between strips

sighrlal [ke]
N
TTT | TT

= could possibly be prevented by design (surface effect?)

long-term studies

= signal degradation in seed strip, partially due to charge

= spread into neighbors
11500 3

11000

10500 l

10000 —

II\I‘\IH'\H\‘I\H‘\II\|HII‘IHIl\IHlI\I\‘II\I
0 01 02 03 04 05 06 07 08 09 1
Hit position in unit cell [strips]
Median signal 10.54 ke swing 3.42 ke

] FZ 200um p-spray type
9000 annealed to 156min@60

9500 - : ,
8500 f biased at 1000V

Seed signal [electrons]

B0t T T T T T T T 1

0o 1 2 3 4 5 6 7 8 9I1'0I1I1I1l2.1l3l1l4
time [days]
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Future Plans: 8“ Sensors

> Following a prototype run with Infineon,
a follow-up is proposed with the aim to
evaluate the Infineon process on 8°

> Seek compatibility with 6°

= implies that we do not use 8 area optimal

= But better suitable for existing module
designs

> Need a layout which is suitable for
= Building module prototypes (2S and PS)

= Evaluate 8" production (n-on-p)

= P-stop studies
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Future Plans: 8“ Sensors

> Following a prototype run with Infineon,
a follow-up is proposed with the aim to
evaluate the Infineon process on 8

Seek compatibility with 6°

= implies that we do not use 8“ area optimal

........................ = But better suitable for existing module
! :n’ ______________________________ b IIII\-.III\\I'-.I d e S i n S

III/III/IIIII;.I \ g

] Need a layout which is suitable for

= Building module prototypes (2S and PS)
= Evaluate 8" production (n-on-p)
= P-stop studies

Proposal for 1x2S, 1xPS-strips, several
MPA (PS-pixel) sensors, different p-stop

layouts
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Summary

The Phase-2 Outer Tracker baseline layout has been chosen

The 2S module design is well advanced

Track trigger requirement presents an unprecedented challenge
Sensor R&D with HPK campaign lead to choice of sensor polarity
Now concentrating on p-type material for sensor optimization
Infineon as a possible vendor is being evaluated

Technical proposal in 2014
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> BACKUP
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320 um

d

PAD

GR 5 mm

iselation

GR metallisation

n*-implantation

n-diede velume

n*-diffusion layer

Z |wafer bonding

A

active area

p*-implantation

n*-implantation

deep-diffusion

inactive area

depth
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