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LHC and ATLAS tracker upgrade scenario

e | HC “ultimate” goal: extend physics reach (Higgs/SUSY/extradimensions/
new bosons) with x5-10 increased peak luminosity (HL-LHC, or Phase-ll)

e ATLAS tracker upgrade: several steps to cope with increasing peak luminosity
and total dose
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ATLAS pixel detector

® SEeNSors.

* planar n-in-n pixels, 400 x 50 pm?,
DOFZ Si, 250 pm thick. 1.1 mm
inactive edge (16 GRs + safety margin)
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Challenges at high luminosity

® increased occupancy & event rate
e O(10%) events/BC

e higher sensor granularity (400 = 250 pm |
on long pixel side)

* radiation damage (CCE, depletion) 1000

LHC equivalent to 6,000 fb”
(Safety Margin — x2)

—total
= = charged (pit+p)
- - -neutron

® dmax = 2816 Neg/CmM?in inner layer

e rad. hard material / lower threshold /
higher Vyias / thinner sensors / ...
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Planar pixel sensor R&D for the ATLAS upgrade

e 17 institutes, >80 scientists (full list in appendix), official ATLAS R&D project

Poccusn
Russia

-----------

e goals:

e evaluate/improve performance of PPS at high(est) fluences
e rad. hardness, operation at low threshold, ..

e cost reduction & instrumentation of large areas (strips = pixels?)
® N-in-p devices, cheaper bump-bonding ..

e active area optimization (slim/active edges)

e timeline: new pixel (2018), new tracker (2022) 6



PPS program

. . N+ - N+
e Directions of research: ninn | oy soun | neinep
< - -

P+ P+

e explore rad-hardness and cost effectiveness of different bulk options

e sensor thickness optimization

Planar junctions

Sio2

e slim/active edges: reduce inefficiency at edge

Depleted
region

Active
Edge

e Tools:

|
e) up to 2616 Neg/cm?

riS

e neutron / proton irradiations (Ljubljana/CERN/Karl
e annealing: 25-30 days at 20C or 120’ at 60C
e characterization in lab / testbeams (CERN/DESY)

¢ [eakage current, efficiency, collected charge

e TCAD simulations to help optimization



Collected charge [kilo electrons]

N-IN-n pixels: radiation hardness

e used in current ATLAS pixel detector (rad. hard beyond 1e€15 neq/cm?)

e the “natural” candidate for the upgrade IF rad. hard up to 2e16 neg/cm?

e encouraging results from neutron irradiation (Ljubljana) at 2e16 neq/cm? + lab/
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testbeam measurements at -30C (to-do: investigate thinner pixels)
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Hit efficiency at high fluences

e Hit efficiency can be fully recovered by increasing Vbias

Inefficiency @ 5e15 neg/cm?, 1000 V

Efficiency vs Vpias
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e Some charge seen @2e16 neq/cmM?
(efficiency still to be estimated)
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Hit efficiency (FEI4 sensors)

e Data from CERN June 2011 TB, 250 um sensor n-irradiated @ 4e15 neg/cm?

e Efficiency > 97% already at 600 V
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N-IN-p pixels: radiation hardness

e Good alternative to n-in-n for future ATLAS pixel upgrades

e radiation hardness (no type inversion, partial depletion OK)

e higher yield/lower cost (GRs on front = single side processing)

e Problems with HV facing chip (0V) overcome with additional insulation

e 3 ym benzocyclobutene/parylene (isolation >> SiO2) = no sparks @1000V

CiS HPK  MPI-HLL

Micron

GND—»
HV —>

Production | Thickness (um) | Material PIX isolation
CiS 285/200/150 F/ hom./mod. p-spray
Micron 300/150 F/Z p-spray
HPK 320/150 F/Z p-stop/spray
MPI/HLL 150/75 F/ p-stop/spray

front end chip

00000000
n+

p-substrate

HV
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CIS sensors before irradiation

(285 um

thick sensors only)
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CIiS sensors after irradiations

Facility location | particle type momentum Pmax (Neg/CM?) responsible
CERN o 24 GeV/c 5.0E+15 M. Glaser
Karlsruhe 0 25 MeV/c 5.0E+15 A. Dierlamm

Ljublijana n continuous, 1.0E+15 V. Cindro
from reactor
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at -10C collected at high Vuias (>600 V) after annealing
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Thinning

e Strip-sensors data: thinner bulk yields more charge after 515 neq/cm? at 1kV
e higher E with same V; charge amplification?
¢ |_ess radiation length

¢ n-in-n pixel production with 5 different thicknesses (150-250 um, steps of 25
um) started at CiS; studies of CCE will follow (promising results for 250 pm):
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e reasonable wafer yield (90%) (sensor yield on gooéOItS%e§¥]er ~100%)

¢ similar studies to be done for n-in-p
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Slim edges (n-in-n)

® minimize inactive area (inner layers: no shingling in z from geometry constraints)
® increase active area by shifting pixels inside region opposite to GRs
e dicing trials: same vyield as standard GR design

e testbeam results (FEI3 sensors) high efficiency up to ~250 um from edge
(consistent with TCAD simulation) in non-irradiated and irradiated devices

(o]
(=
o

700

Efficiency

600

Short pixel side[um]

500

400

300

200

100

Long pixel side [um] 15




Active edge efficiency
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Active edges

e DRIE-etching (CNM/IFAE, FBK/LPNHE, s° |
VTT/Munich): .

e trench etched (DRIE), doped and filled
with polysilicon

e “scribe+cleave+edge-passivation” (Santa
Cruz/Dortmund):

e laser scribing & cleaving = no damage

e potential drop @ edge partially
controlled with SiO2/SisN4 or Al2O3
passivation

e post-processing, can be applied to
virtually any existing detector

17



FBK/LPNH

— active (doped) edge

- p doped silicon

- n doped silicon Field plate
Metal —

~

e Challenges:

e etching: deep (200-230 pm), aspect ratio ™

~1/20

e filling: width 8-12 um
e Good IV and breakdown on test diodes
e Next activities:

e further leakage current reduction (reduce
wafer residual stress)

e trench optimization (width ~5 ym = easier
filling and photolithography)

e production of FEI3 and FEI4 sensors
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Internal
processing

+ edge passivation

SCIPP/Dortmund scribe + cleave I\l |

10" cm2
p-type (20k Qcm)

e |aser scribe + cleaving of sensors = less surface damage @ °

e edge passivation with natural oxide growth (for n-type

bulk) or atomic layer deposition (ALD) of Al (for p-type
bulk) to control potential drop at edge

e can be done on finished die

* no need for GR (14 um distance to active area
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e rad. hardness to be investigated - .



~ Fraunhofer

SLID interconnections (MPP/Fraunhofer) EweT
] ] SLID cross-section
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e Solid-Liquid InterDiffusion: metallization alternative to bump-
bonding
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e cheaper (less process steps) == ==
e small pitch and stacking possible, BUT no rework 2—:

e First results w/ thin (75um) n-in-p pixels connected to FEI3: 8 | ' 5
e a few problems with chip misalignment EOOO- 1“»— Od :
e disconnected channels: chip aplanarity? BCB openings? 10005_ B i)
e threshold dispersion/noise/CCE comparable to bump bondec Of |
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Conclusion

e planar pixels = the “natural” choice for the ATLAS pixel detector upgrade

e encouraging results for n-in-n sensors at 5e15 neq/cm? (full efficiency) and
2e16 neg/cm? (some charge collected)

e several efforts on n-in-p pixels promise cheaper sensors, similar performances

e several efforts on geometry optimization to improve performances (thickness)
and reduce inactive area (edges):

e slim edge: proof-of-principle established in testbeam, reduced to 250 um
e active edge: new ideas being developed and tested, no need for GR...
e other activities (e.g. cost reduction of bonding) ongoing

e future activities: assess radiation hardness up to 2e16 neq/cm? for devices
under development; full evaluation of thin and edgeless sensor performances
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