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HL-LHC and CMS pixel detector upgrade
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... High
® Due to radiation damage the CMS Tracker @twg'm
must be replaced in 2023/24
® High luminosity LHC upgrade requires new i i [ —
materials and concepts for the CMS Tracker |z we L Lawe ||| o
® Increased radiation exposure especially to Exa ]
the first layer of the pixel detector requires
® excellent radiation hardness up to 0 ez o4 o5 o8 10 12 14
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Test samples

® Planar n-in-p sensors with various active thicknesses §|
and two different designs from HPK @

® 200 pum thinned (FTH200) gI
. . o FDB120 FZ120
® 120 um direct bond / deep diffused (FDB120 / FZ120) < “

W P-Stop (p) isolated samples

wr 0oz

FTH320
FTH200

™ Diffused -

FPixF Design FPixE Design

® One CiS 285 pm n-in-n reference sensor ’ = C’ = |
\ ) ‘ I 5\;’ |

B 3D sensors from CNM with an active thickness of

285 um
® Lower depletion voltage
® Lower trapping probability after irradiation

® [rradiation with 23 MeV protons at the Zyklotron AG

(ZAG) in Karlsruhe to different fluences
® 1x10%,5x10" and 1 x 10*® ngq cm™2

Institut fir Experimentelle Kernphysik (IEKP), KIT
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Low temperature gold-stud bump bonding
e ©
® ®

® Prototype sensors without under bump
metallization (UBM)

® Gold stud bump bonding @ IPE! instead of
UBM

® Au-Au interconnection possible

Gold-studs (Simon Kudella)

® Available readout chip (PSI46 ROCDIigV2) is
not radiation hard enough to withstand
fluences up 1 x 10'® neq cm™2 RoC

® Bump bonding after irradiation necessary

® To avoid annealing during the bump bonding,
temperatures below 100°C are required
® Gold-studs and soft SnPb bumps form

,,StiCky“ interconnection even at |OW Assembly with gold-studs (Simon Kudella)
temperatures

Lnstitut flr Prozessverarbeitung und Elektronik @ KIT
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Reliability of bump bond interconnection S(IT

Sr90 Hitmap / 5 Thermocycles

® Multiple thermocycles (-20°C / 80°C) t0 = &

test reliability of bump bond 70
interconnection :Z

40

W Especially corner regions suffer from ZZ

thermal stress

0 10 20 30 40 50

® Define region of interest (ROI) with wek
connected pixel cells :

® Has to be kept in mind for beam test
analysis

.t_-ﬂg: e = = e B
20 30 40 50
Column
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DESY test beam ﬂ(".
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B 5.6 GeV electrons from DESY Il accelerator
® DATURA telescope for track reconstruction

® Reference (REF) assembly necessary to
determine relevant tracks for the analysis of
the device under test (DUT)

® REF : 285 um n-in-n sensor assembled with
RocDigV21Respin

® Analysis based on EUTelescope framework : :
and CMS pixel analysis code written by Simon [desy.testbeam.de]

Spannagel (DESY) Telescope

® Measurement program: e~
® 3 different bias voltages up to 600V @ 0° tilt

a : :
3 dlfferent angles at constant bias voltage REE DUT
® Cooling temperature: -22°C
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Efficiency ﬂ(".
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Sr90 Hitmap / 10 Thermocycles

® Low-temperature bump bonding requires 3 ®
definition of ROI 0

60

50
40

B Select telescope tracks in event with "
reference hit and look for entry in DUT at
track intersection point

) y ) R e
0 10 20 30 40 50
Column

® DUT efficiency:

U = 150V (unirradiated), 500V (irradiated), 6 = 0°

oy  DUT Entries with REF Hit 098 " ——
/T = Tracks with REF Hits Ry —
TE —
0.92 —h—
B .
® Threshold ~ 1500 e~ 09 ® cs
0.88— A FZ120P_FPIXE
= v |
0865 R ighios
. . . . . 0.84— X 12
m Efficiency even after irradiation above  ga * romrae e
91% 08 g e T T o

Irradiation ( x 10" ney cm?)
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Charge collection

® Charge collection distribution fitted with
convoluted Landau-Gaussian function

B Deviations originate from noise and scattered
particles that contribute as low energy entries

2000
1

B Lose some efficiency at the beginning of the

in the distribution

charge distribution

W Systematic for all irradiated samples

® Higher bias voltage (>600 V) and lower
threshold could increase efficiency even

further
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FDB120Y_FPIXE, unirradiated

Entries 614695
w Mean 10.27
2 8000 RAMS 4.099
= 2/ ndf 983.8/136
w 7000 Width 0.7594 + 0.0050
MP 8.939 + 0.005
6000 Area 5.676e+04 + 8.654e+01
GSigma 1.848 + 0.010

5000

4000
3000

(=]
[=rars

5 10 15 20 25
DUT cluster charge (ke )

FTH200P_FPIXE, ® = 5 x 10'° n, cm?

Entries 661593
Mean 6.871
RMS 3.856
%2/ ndf 996.1/ 146
Width 0.5+0.0
MP 59+00
Area 5.573e+04 + 1.913e+02
GSigma 2.625 + 0.011

OO
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Pixel cell efficiency ﬂ(".
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B Size of pixel implant affects charge

_ o FPixF (® = 5 x 10'° neq cm™2)
collection efficiency , — )

DUT efficiency

mO||lCnm
® Smaller implants result in highly e
inefficient regions between pixel

cells

a7|[on]

telescope y' mod 200 [um]

150 200 250 300 O
telescope x' mod 300 [um]

= P2 =2

® Irradiated samples lose up to 80%
of their efficiency in the corner FPIXE (® = 5 X 105 ngq cm™2)
region of four adjoining pixel cells — —r— —

DUT efficiency

| Ew 0

O ||Om|| &

E J g 120 0.7

® Pixel implants should be asbigas [ i os

possible to achieve a high BO||jOm| ¢z 03

H H - : : DO 100 150 200 250 300 02
efficiency of the sensor ' lscope % mod 300 )
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3D sensor pixel cell efficiency and cluster size S(IT

® Columns of 3D sensors do not
contribute to charge carrier
generation

Em) Inefficiencies

® Can be avoided by rotating the
sample so that particles cannot hit
columns perpendicular

W Efficiency increases up to 98% in the
column region

telescope y' mod 200 [um]

telescope y' mod 200 [um]

DUT efficiency

180F 'a f 0.95

120 0.85
0.75

0.65
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DUT efficiency
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unirradiated
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Cluster size
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=
) -
® Cluster size decreases after S
irradiation 150 um
. - éo_g; - :_0, é o FDB120P_FPIXE,<D=17>;Y10 Neg cm?
® Depending on active H K o [
- 2075 Bo7E 75
thickness of the bulk the E foo
difference variies strongly o “.u.. % oik
[Q\] E E
— 0.3 03
4 "
® 120 um material shows L B S R R
small deviations at high unifradiated " @=1x10"%n,em?
angles (75°)
® 200 um bulk is signifcantly Sor o L =
more affected by irradiation § ¢,;
(even at lower angles S o
o 03F e
around 25°)
3 I—\T‘:E::—ﬁ— s __| |
0= 2 4 6 0 10
unirradiated s ® =5x 105 ngq cm™2
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® Preperations and beam test analysis of thin planar float zone n-in-p sensors
show that highly irradiated sensors (120 - 200 um) up to 1 X 10'° ny, cm™ siill

reach efficiencies up to 95%

® 3D sensors should be tilted to avoid inefficiencies caused by columns in the
bulk

® Low temperature gold-stud bump bonding technique to study irradiated pixel
Sensors
® Independent of radiation hardness of the readout chip
® Allows decoupled investigation of radiation damages of the sensors and the ROC
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Outlook

® High granularity (low occupancy) necessary
to operate pixel detector at the future
HL-LHC

B CMS Pixel Phase 2 community is currently
developing new planar fine pitch pixel
sensors with pixel cell size of

® 50 X 50 um?
® 100 X 25 pm?

® Different bump bond pattern to suit various
readout chips

® RDS53 prototype (submitted)
® Roc4dSens (@ PSI)
® PSI46 (available)

AT

Karlsruhe Institute of Technology

Roc4Sens
& @
@ &
@
RD53
PSIl46
o 0
@ b2

Christian Scharf (UHH)

13 22.02.2016 Daniel Schell - Beam test results of highly irradiated planar and 3D pixel sensors Institut fir Experimentelle Kernphysik (IEKP), KIT



AT

Karlsruhe Institute of Technology

Backup
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Bump bonding parameter and annealing -\\J(IT

U =500V, ®=5x10" n,,cm?

W First parameter set: ET T T T I —
~ 50°C for 15 seconds 2 25min @ RT MINEEEEEE = v
A S— R e ‘ ‘
C i \.——l-___’_ i
® Accept higher annealing during the bump - | BN
. B0 b g b S U
bonding to strengthen bump bond i e
interconnection T
40—+
SDEHi‘..qi.‘.i..‘i...i...i...i...i...i...i.‘.i
® Sensor annealing reduces leakage current T eatna Tne )
continuously _
Seed signal  __,
® Charge collection does not show any 5 b R
. . 8000 e
strong dependency of the annealing time &
up to 320h @ room temperature w
4000F '  —
. . | ]
® Final bump bonding parameter: - I

—one - N P20 740 160 180 200 220 240 260 280 500 520
90°C for 1 minute & 139h @ RT Anneaiing Time (b
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