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Pixel Upgrade

2025 — 2035: HL-LHC L =5-10*cm~2s~1, u = 140, [ L = 3000 fb~"

%

4 barrel layers

10 end-cap disks
Coverage |n| < 4

Area ~ 4 m?

Minimum radius 30 mm
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Readout chip

lonizing dose ~ 5 MGy
Threshold =~ 1000 e~
65 nm process
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Pixel 50 x 50 or 25 x 100 um?
to keep occupancy low
Peg=2-10"cm2

lonizing dose ~ 5 MGy
Sensors under study:

3D
Thin planar (75 < d < 200 um)

RD 50 collaboration
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kA Thin Silicon Sensors %

Thin vs. thick sensors

Less signal degradation

Smaller signal before
irradiation

— Low threshold ROC

— Characterization with
MIP-like signals

signal [electrons]

25000

[\>]
o]
o]
(o]
(e

15000
10000

5000 F

— —— T
n-in-p-Fz (500V) 300 pm
n-in-p-Fz (800V)

/ 300 um -

@eq [Cm_z] M Moll - 08/2008

5.02.2015 Thin Epitaxial Sensors for the Phase Il Upgrade



Strip Sensors to Study Pixels? 2

Pixel Detectors

Noise ~ 100 e~ before irradiation
Bump bonding

Heat treatment to connect sensor
and ROC

Irradiation of sensor and
electronics

Strip Detectors

Pre-amplifiers/
Particle Shapers

Implant, Metalisation

Potype S],_/L!

Strip pitch, P SiQ
—_——

", boles
electrons « * ~ Bulk,
L n-type

Backplane, " - type silicon

Implant width,

E

(typ. 300um)

+ Bias Voltage

Noise ~ 800 e~ before irradiation
Wire bonding

No heat treatment

No irradiation of electronics

Beam telescope to reconstruct hits
— separation of signal and noise

5.02.2015 Thin Epitaxial Sensors for the Phase Il Upgrade 4/18



Sensors %
EC

Epitaxial silicon, p- and n-bulk
(1 — 1.5kQcm)

IEéi

220 pm low ohmic substrate (18 mQcm) Pad diodes : :
. 100 um active thickness
80 um pitch N .
Sensor area 25 x 5.12 mm? Same bulk as strips
_ . 5 x 5mm?
Irradiation with 800 MeV/c .
and 24 GeV/c protons Complement strip
measurements

Fluences up to 1.3 - 10'®cm~—2

Also sensors with 200 um thickness
irradiated to 1.3 - 10" cm—2

High-ohmic epitaxial silicon

Strip cross section
80

220um 100 um

Low-resistivity silicon substrate

19
distances in um
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Diode Measurements: CCE =

Charge collection efficiency
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02 6 200 400 600 560 _10‘00‘ 02 0 200 400 600 B(‘)O _1600
Bias [V] Bias [V]
IR laser
as'e ; CCE = —Q(¢eq’ V)
eh pairs in the whole sensor depth Q(0, V > Vyep)
CCE > 1 at high voltage Peg=1.3-10"cm—2
Effect more pronounced in p-bulk No clear depletion voltage
Charge multiplication
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UH

Beam Test of Strip Sensors: Setup

2

DESY |l facility

5 GeV/c electrons / positrons
DATURA / ACONITE telescope
Trigger scintillators

Cooling down to —28°C
ALiBaVa readout system

LHCb VELO readout chip
Analog pulse height 2 x 128 ch.
Positive and negative signals

Track based alignment

Noise hits in n-bulk sensors
_)
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Uﬂyl.' Charge distribution %

Cluster charge' Sum of the signal over 5 strips, centered on the hit one

Track
Clustering threshold | 1 . q
Track information from
o telescope
f 6 P = 3 5 T~ 9 1 13 |Jis
k . Real cluster Fake cIJ of No threshold used in the
Strip number analysis

Signal height

Cluster charge distribution Fit components

o o 90
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k=3 £ 80|
v « 0= Fit function
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Noise from timing and efficiency
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Signal %

100 um, Non-irradiated
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100 um sensors:

200 um sensors:
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100 um, Gog = 1 — 3- 105 cm—2
um, ®gq = . cm
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1000 |
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Bias [V]

100 um sensors:

Similar behavior for
Peq ~ 10" cm—2

200 um sensors:
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Signal 2
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100 um, e = 1.3-10"®cm—2
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100 um sensors: 200 um sensors:

Similar behavior for
Peq ~ 10" cm—2

Steep rise of signal with bias for
Peqg=1.3-10""cm—2
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Signal

IEéi
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1000 |
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100 um sensors: 200 um sensors:
Similar behavior for Higher bias required to achieve
Peq ~ 105 cm—2 same signal as 100 um sensors

Steep rise of signal with bias for
Peqg=1.3-10""cm—2
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Steep rise of signal with bias for
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" Noise

Noise distribution single channel Noise o vs. channel
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100 um, g = 1.3-10"%cm=2,800V ~ 100 um, deq =3-10"°cm~2, 800V

= Gaussian distribution
= Uniformity over the channels

5.02.2015 Thin Epitaxial Sensors for the Phase Il Upgrade 10/18



IEéi

Single Channel Noise

100 um, Non-irradiated

E C l
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100 um sensors:
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Single Channel Noise

IEéi

100 um, ®gg =1-3-10"cm~2
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Noise dominated by external
sources for V < 600V
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Single Channel Noise

IEéi

100 um, e = 1.3-10"®cm—2
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100 um sensors: 200 um sensors:

Noise dominated by external
sources for V < 600V

Steep rise of noise with bias for
Peg=1.3-10"cm—2
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Single Channel Noise

IEéi
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Steep rise of noise with bias for
Peg=1.3-10"cm—2
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IV Characteristic of the Strip Sensors
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Entries

Entries

Detection Efficiency

100 um, Non-irradiated

0 10000

20000 30000 40000

100 pm, ®gq =3-10"cm—2

Hit signal[e]
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Full
distribution

Noise
subtracted

30000 40000 50000
Hit signal[e]

Seed strip: strip with highest signal in a cluster
Seed strip charge distribution
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Zero suppression using threshold

How high can it be?

Seed strip distribution
Noise subtraction
Cut to maintain 95% entries

Limited to 95% due to noise
subtraction and statistics
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Threshold to Maintain 95% Efficiency

100 um, Non-irradiated
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Threshold to Maintain 95% Efficiency -,

100 um, ®gg =1-3-10"cm~2
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Threshold to Maintain 95% Efficiency -,

100 um, e = 1.3-10"®cm—2
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Threshold to Maintain 95% Efficiency
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Threshold to Maintain 95% Efficiency
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" Uniformity of Charge Collection

100 zm, 300V, ®oq = 0cm—2

Max signal distr. Errors from fit (no T corr errors)
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Max distr slice [ADC counts]

Uniformity of Charge Collection
100 zm, 800V, ®q = 3 - 10" cm~2

Max signal distr. Errors from fit (no T corr errors)
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- Signal degrades with irradiation "
R “Charge sharing” increase with
irradiation
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Uniformity of Charge Collection
100 um, 800V, g = 1.3 10" cm 2

Max signal distr. Errors from fit (no T corr errors)
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" Summary & Outlook

CMS Phase Il pixel upgrade in 2025 for HL-LHC
Investigation of thin silicon sensors, irradiated up to ®eq = 1.3 - 106 cm—2
Charge multiplication observed in diodes and strip sensors
N-bulk strip sensors show micro discharges, might improve with design
P-bulk strip sensors:

Signal 4000 — 5000 e~ after deg = 1.3-10"cm—2

Threshold to maintain 95% efficiency ~ 2000 e~
Thin planar silicon sensors are good candidates for this upgrade

Results to be confirmed with pixel sensors

Electric field
Weighting field
Noise
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Thank you for your attention!
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Backup Material
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o Diode M v
™ iode Measurements:
n R
P-bulk N-bulk
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Current scaled to 20°C
“Soft breakdown” J
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Capacitance [F]

Diode Measurements: CV
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Par(:lllel R)(ID circuit hypothesis P — 1L 0
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yp Peak at around 30 V
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Capacitance [F]
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Diode Measurements: CV
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Parallel RC circuit hypothesis

Depletion voltage before
irradiation
P-bulk: ~ 80V
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Capacitance [F]
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N-bulk
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~ \\\
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~
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Peg =1.3-10"cm—2
Peak at around 30 V
Geometrical capacitance not
reached
No clear depletion voltage
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" Signal Processing Strip Sensors
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Geometrical Cuts %

> X: acceptance from hit map
> Y: strips surrounded by 2 “good” strips on each side
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Beam spot Selected tracks
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Epi 100 P Non irradiated, 300V, normal incidence
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kA Time Cut %

10 ns window centered on maximum

Pulse shape after electronics
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Epi 100 P Non-irradiated, 300V, normal incidence
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Fit Stability with Toy Monte Carlo
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Simulation Charge Deposit

IEéi

5 GeV/c electrons, 330um Si, 100um active thickness,
25° rotation, 5 strips volume
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N Temperature Correction %
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Input: simulation, 2 runs of non-irradiated sensor,
same conditions except T = 20, —20°C (on sensor)
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The distributions superimpose after temperature correction
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at different incidence angles
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Lower plots: Epi 100 P Non-irradiated, 300 V, —20°C, 25° incidence
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Collected charge [ADC counts]

Uniformity Charge Collection Strips
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Different Incidence Angles
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