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Outline

• LHC and ATLAS tracker upgrade paths

• ATLAS Planar Pixel Sensor R&D Project

• Radiation hardness

• n-in-n and n-in-p sensors

• Sensor thinning

• Slim/active edges

• Other activities
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!"March 2-4, 2011                      Laser-Scribing & Al2O3 Sidewall Passivation of P-Type Sensors 

No guard ring left. 
Slim edge (14 m distance to active area).
Leakage current 0.1 nA (see next slide).
Pure cleaving of sample (no laser damage).
Alumina sidewall passivation (thermal Al2O3 ALD at 300 °C).
Done on finished die.

Device Without Guard Ring

14 m

Device I V (HP K)

Optical micrographs, top-views

Zoom

diode edge
cleaved edge



LHC and ATLAS tracker upgrade scenario

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

• ATLAS tracker upgrade: several steps to cope with increasing peak luminosity 
and total dose
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Sensor Concepts

Basic requirement is operation after 1015 NIEL fluence:
•Requires partially depleted operation. Chosen n+ pixels in n-bulk material as basic 

configuration (does require double-sided processing).

•Two isolation techniques have been studied for the n+ pixel implants. First is 
conventional p-stop method. Second uses low-dose p implantation over the whole 
wafer (so-called p-spray). With p-spray technique, observe only bulk leakage in I/V 
curve after full dose (not true for p-stop), a bias grid can be used for wafer-scale 
testing, and no lithography between n+ implants is needed. 

n -pixel

0 V

n-substrate

+

+

grounded
read out chip

guard rings

controlled

p -implantation

n -implant at the edge region +
p-spray

bias voltage (>200V)

centre of the sensorscribe line

bump bond

potential drop

0 V

10 - 20   mµ

Diagram showing 
guard geometry 
near edges of 
module, designed 
to operate safely 
with bias voltages 
of beyond 700V.
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•Physical size of pixel tracker is roughly 1.6m long, with 0.2m radius. It contains 
1744 modules, spread over three barrel layers (1456 modules) and three disk 
layers (288 modules).

•Innermost layer is at 5cm radius, providing best possible impact parameter 
resolution, within the limits of the beampipe radius.

•Operating temperature is -7C for modules, to preserve sensor performance. Use 
evaporative fluorocarbon cooling system operating at -25C to remove about 10KW.

•Typical power consumption during operation will be about 3500A at 2V.

ATLAS pixel detector

• sensors:

• planar n-in-n pixels, 400 x 50 μm2,                
DOFZ Si, 250 μm thick. 1.1 mm 
inactive edge (16 GRs + safety margin)

• ϕmax = 1-2e15 neq/cm2

• 80M channels

• readout (FEI3 chip):

• DC coupled (bump-bonding)

• shaper + amplifier + discriminator       
⇒ TOT ⇒ Q
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Challenges at high luminosity 

• increased occupancy & event rate

• O(102) events/BC

• higher sensor granularity (400 ⇒ 250 μm 
on long pixel side)

• radiation damage (CCE, depletion)

• ϕmax = 2e16 neq/cm2 in inner layer

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

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

• goals:

• evaluate/improve performance of PPS at high(est) fluences

• rad. hardness, operation at low threshold, ..

• cost reduction & instrumentation of large areas (strips ⇒ pixels?)

• n-in-p devices, cheaper bump-bonding .. 

• active area optimization (slim/active edges)

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



PPS program

• Directions of research:

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

• sensor thickness optimization

• slim/active edges: reduce inefficiency at edge

• Tools:

• neutron / proton irradiations (Ljubljana/CERN/Karlsruhe) up to 2e16 neq/cm2

• annealing: 25-30 days at 20C or 120’ at 60C

• characterization in lab / testbeams (CERN/DESY)

• leakage current, efficiency, collected charge

• TCAD simulations to help optimization 
7



n-in-n pixels: radiation hardness

• used in current ATLAS pixel detector (rad. hard beyond 1e15 neq/cm2)

• the “natural” candidate for the upgrade IF rad. hard up to 2e16 neq/cm2

• encouraging results from neutron irradiation (Ljubljana) at 2e16 neq/cm2 + lab/
testbeam measurements at -30C (to-do: investigate thinner pixels)
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2e16 neq/cm25e15 neq/cm2

5.5 ke- @ 
1.5 kV

10ke- @1 kV

⇒ S/T > 6, S/N > 45



Hit efficiency at high fluences

• Hit efficiency can be fully recovered by increasing Vbias

• Some charge seen @2e16 neq/cm2                                                                                             
(efficiency still to be estimated)
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Hit efficiency (FEI4 sensors)
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Philippe Grenier                                        IBL Sensor Review – 4/5 July 2011 

LUB2: PPS 250μm, n-3.8E15, Φ=15 o#

Cell Efficiency Maps: 
More loss on bias side. 
Bias dots see at 400V. 

HV=-1000V 

HV=-600V 

HV=-400V 

23#

bias  dots solder bumps

• Data from CERN June 2011 TB, 250 µm sensor n-irradiated @ 4e15 neq/cm2

• Efficiency > 97% already at 600 V
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n-in-p pixels: radiation hardness

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

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

• higher yield/lower cost (GRs on front ⇒ single side processing)

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

• 3 μm benzocyclobutene/parylene (isolation >> SiO2) ⇒ no sparks @1000V

11

Production Thickness (μm) 
(um)

Material PIX isolation

CiS 285/200/150 FZ hom./mod. p-spray

Micron 300/150 FZ p-spray

HPK 320/150 FZ p-stop/spray

MPI/HLL 150/75 FZ p-stop/spray



CiS sensors before irradiation
• VBD (breakdown) >> Vdepl=60V
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Threshold dispersion and noise 
fully comparable to values 
achieved for n-in-n pixels 

Threshold dispersion and noise 
fully comparable to values 
achieved for n-in-n pixels

 

  

FE-I3 amplifier output 
and discriminator

• Bump-bonding (@ IZM-Berlin) 
not affecting Ileak and VBD

• narrow threshold tuning achieved 
@ 20 ke-

12

90Sr

• Threshold dispersion (24e-) and noise (171e-) comparable to n-in-n pixels
• Tracking efficiency measured in testbeam > 99% (also for HPK and Micron)

(285 µm thick sensors only)

• Full MIP charge collected above Vdepl



CiS sensors after irradiations

• VBD>750V, Ileak < 200μA 
at -10C 
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Facility location particle type momentum ϕmax (neq/cm2) responsible

CERN p 24 GeV/c 5.0E+15 M. Glaser

Karlsruhe p 25 MeV/c 5.0E+15 A. Dierlamm

Ljublijana n
continuous,  
from reactor

1.0E+15 V. Cindro

• CCE: significant fraction of charge (above threshold) 
collected at high Vbias (>600 V) after annealing

Vbias not high enough to see charge-multiplication as 
observed in Micron devices for Vbias>1600V, >1e15 neq/cm2 



+ 2ke- !

Thinning

• Strip-sensors data: thinner bulk yields more charge after 5e15 neq/cm2 at 1kV

• higher E with same V; charge amplification?

• Less radiation length

• n-in-n pixel production with 5 different thicknesses (150-250 μm, steps of 25 
μm) started at CiS; studies of CCE will follow (promising results for 250 μm):

• reasonable wafer yield (90%) (sensor yield on good wafer ~100%)

• similar studies to be done for n-in-p
14



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

• dicing trials: same yield as standard GR design

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

Proof of Principle for Slim Edges

Philipp Weigell (MPI für Physik) Testbeams in 2010 PPS 05/11 - CERN 7 / 13
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Slim-edge: test-beam results on FEI4 sensors

• n-irradiated, 4e15 neq/cm2

16⇒ slim edge design (~98.4% geometric efficiency) chosen as IBL candidate
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Active edges

• DRIE-etching (CNM/IFAE, FBK/LPNHE, 
VTT/Munich):

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

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

• laser scribing & cleaving ⇒ no damage

• potential drop @ edge partially 
controlled with SiO2/Si3N4 or Al2O3 
passivation

• post-processing, can be applied to 
virtually any existing detector
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FBK/LPNHE active (doped) edge

• Challenges:

• etching: deep (200-230 μm), aspect ratio 
~1/20

• filling: width 8-12 μm

• Good IV and breakdown on test diodes

• Next activities:

• further leakage current reduction (reduce 
wafer residual stress)

• trench optimization (width ~5 μm ⇒  easier 
filling and photolithography)

• production of FEI3 and FEI4 sensors
18

!"#$%&'#()#'

*'(+*#(',-.-%+$'
$'(+*#(',-.-%+$'
/#01.'

2-#.('*.10#'

!"#$%&'()!*+$

0"#$%&'

/#01.'+$'*'"#)-+$'

/#01.'+$'$'"#)-+$'

2-#.('*.10#'

!"#$%&'()!*+$

!"#$%&%'(")*#$#+,"%+($*+-("(+,#"%.(,%/'0**
,"#'+-#1*1%/1#*%23**

,-$

!"#$%&'#()#'

*'(+*#(',-.-%+$'
$'(+*#(',-.-%+$'
/#01.'

2-#.('*.10#'

!"#$%&'()!*+$

0"#$%&'

/#01.'+$'*'"#)-+$'

/#01.'+$'$'"#)-+$'

2-#.('*.10#'

!"#$%&'()!*+$

!"#$%&%'(")*#$#+,"%+($*+-("(+,#"%.(,%/'0**
,"#'+-#1*1%/1#*%23**

,-$

!"#$%&'#()#'

*'(+*#(',-.-%+$'
$'(+*#(',-.-%+$'
/#01.'

2-#.('*.10#'

!"#$%&'()!*+$

0"#$%&'

/#01.'+$'*'"#)-+$'

/#01.'+$'$'"#)-+$'

2-#.('*.10#'

!"#$%&'()!*+$

!"#$%&%'(")*#$#+,"%+($*+-("(+,#"%.(,%/'0**
,"#'+-#1*1%/1#*%23**

,-$
doi:10.1016/j.nima.2011.04.050

http://dx.doi.org/10.1016/j.nima.2011.04.050
http://dx.doi.org/10.1016/j.nima.2011.04.050


2011-05-25 V. Fadeyev, UCSC Slim Edges by post-processing

Examples of Processed Devices
Device  A

If you obtain
1. minimal damage at edge and
2.

slim edge
no guard ring
die level processing

14 m

diode edge
cleaved edge

guard ring

SiO2

Device B

Un-processed
reference

Processed device
with alumina layer

!

SCIPP/Dortmund scribe + cleave 
+ edge passivation
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• laser scribe + cleaving of sensors ⇒ less surface damage

• 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

• can be done on finished die

• no need for GR (14 μm distance to active area 
achieved)

• Ileak OK up to 1000 V

• 100% CCE near edge

•  rad. hardness to be investigated

!"

1010 cm-2 1011 cm-2 1012 cm-2

0
-50
-110
-150

p-type (20k cm) p-type (20k cm) p-type (20k cm)

March 2-4, 2011                      Laser-Scribing & Al2O3 Sidewall Passivation of P-Type Sensors !"

Influence of Surface Charge Concentration: P-Si/Al2O3

increasing negative surface charge

Typical literature values for alumina are ~ 
1011 1013 cm-2 depending on deposition 
conditions.  BUT most research is focused 
on increasing (not decreasing) surface 
charge.

0
-50
-110
-150

0
-50
-110
-150

The potential drop at edge depends 

strongly on surface charge density. 

p-type + Al2O3

simulation
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Alternative to bump bonding (less process steps “lower cost” (EMFT)).
Small pitch possible #$%&"% '(%depending on pick & place precision).
Stacking possible (next bonding process does not affect previous bond).
Wafer to wafer and chip to wafer possible.

However: no rework possible.

EMFT SLID ProcessEMFT SLID Process

SLID interconnections (MPP/Fraunhofer)

• Solid-Liquid InterDiffusion: metallization alternative to bump-
bonding

• cheaper (less process steps)

• small pitch and stacking possible, BUT no rework

• First results w/ thin (75μm) n-in-p pixels connected to FEI3:

• a few problems with chip misalignment 

• disconnected channels: chip aplanarity? BCB openings? 

• threshold dispersion/noise/CCE comparable to bump bonded 
sensors
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After electroplating,  FE-I3 chips 
are singularized and reconfigured 
on a 6” handle wafer. This is 
removed after the interconnection 
to the sensor wafer.

First assembly, composed by FE-I3 
chips interconnected with SLID to a 
75 m thick sensor wafer, has been 
finished last week.

Due to the misalignment (̃20 m) 
in the placement of a fraction of the 
chips on the handle wafer only 5-6 
assemblies over the original 10, 
can be read-out .  

The test of the FE-I3 modules will 
be carried out with the ATLAS 
USBpix read-out. 
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Conclusion

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

• encouraging results for n-in-n sensors at 5e15 neq/cm2 (full efficiency) and 
2e16 neq/cm2 (some charge collected)

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

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

• slim edge: proof-of-principle established in testbeam, reduced to 250 um

• active edge: new ideas being developed and tested, no need for GR...

• other activities (e.g. cost reduction of bonding) ongoing 

• future activities: assess radiation hardness up to 2e16 neq/cm2 for devices 
under development; full evaluation of thin and edgeless sensor performances
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