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Outline 

• Edgeless pixel sensors for the HL-LHC Atlas tracker 
• Simulations of the FBK-LPNHE edgeless production 

– Introduction to SILVACO 
– Design studies 
– Electrical characterization 
– Expected behavior after irradiation 
– Simulated charge collection, before and after irradiation 
– Comparison to data whenever is possible 

• Conclusions & Outlook 
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ATLAS PIXELS AND THE HL-LHC 
PHASE 
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The ATLAS Pixel detector 
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The current ATLAS pixel sensors 

Inactive 
area 

1.1 mm 
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The ATLAS long term upgrade 

 Physics reach for HL-LHC exp.: 
Higgs: BR, couplings, self-coupling 
WW, ZZ scattering 
W’, Z’, quark substructure… 

 Complete new tracker 
New layout: more pixel & strip layers, forward extension 

 Critical R&D 
Innermost pixel layer:  
Expected fluence  1016 neq/cm2 

Expected integrated dose  1 Grad 

At the HL-LHC: 3000 fb-1 in 10 years; Linst=5x1034cm-2s-1 

6 Marco Bomben - Simulation of edgeless pixels for HL-LHC - 17/06/2013, Journée simulations IN2P3 - IPNO,  Orsay 



Request on the new pixel sensors 

Thin: reducing the 
material budget, coping 
with charge trapping 
Cheap: large area to be 

instrumented – O(10 m2) 
Efficient: very limited 

modules tiling in the 
innermost layers  
 

 SLIM EDGE DETECTORS 
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Slim edges: a primer 

• Slim edges can be achieved by:  
  Geometry optimization 

• N-on-p: Micron/Liverpool 
prototypes  

• N-on-n: TU Dortmund/CiS  IBL 
Dead area ~ 200 μm 
Approved for IBL 

 Active edges 
 2 technologies 
1. DRIE 
2. SCP 
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Deep Reactive Ion Etching: FBK-LPNHE 
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• Joint FBK-LPNHE project 
Goal: make the border a 

damage free ohmic contact 
• How: DRIE as for 3D 

process 
– Trench doped by diffusion 

• Target: intermediate layers 
(200 μm thick production) 

• Pixel-to-trench distance as 
low as 100 μm 

100 μm 

GRs 
 

FEI4 
sensor 

trench 



TCAD SIMULATIONS OF THE FBK-
LPNHE EDGELESS PRODUCTION 

10 Marco Bomben - Simulation of edgeless pixels for HL-LHC - 17/06/2013, Journée simulations IN2P3 - IPNO,  Orsay 



Normal work flow for a HEP silicon sensors 
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Design Production Electrical test 

Irradiation 
Charge 

collection 
studies 

Publish the 
results! 



TCAD simulation work flow 
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Design a 
sensor 

Build the  
mesh 

Ramp up the 
bias 

Add rad 
damage effects Study the CCE Publish the 

results 



Possible work flow for real sensors 
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Design Production Electrical test 

Irradiation 
Charge 

collection 
studies 

BROKEN 
SENSOR / POOR 
PERFORMANCE 

END OF THE 
STORY - $$$ 

LOST! 



TCAD simulation work flow 
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Design a sensor Build the mesh Ramp up the 
bias 

Add rad damage 
effects Study the CCE 

BAD RESULT? 
POOR 

PERFORMANCE? 



TCAD simulation work flow 
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Re-design (a 
better) sensor Build the mesh Ramp up the 

bias 

Add rad damage 
effects Study the CCE 

BAD RESULT? 
POOR 

PERFORMANCE? 



Silvaco TCAD packages & work flow 
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DEVEDIT / 
ATHENA Mesh file ATLAS 

Log file, 
Structure files Tonyplot 

DECKBUILD 



Simulation studies for an edgeless production 

Goals of the simulation studies: 
• Understand the operability of the device 
 BD voltage vs bias voltage 
Optimization of: pixel-to-trench distance, # of GRs, GR 

relative position, etc 

• Anticipate the sensor performance 
 Charge Collection Efficiency (CCE) at the sensor edge 
Simulation of CCE with laser and MIPs 
Of irradiated sensors too! 
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The simulated device 
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“Development of edgeless n-on-p planar pixel sensors 
for future ATLAS uprades” 
M. Bomben et al., Nuclear Science, Nuclear Instruments 
and Methods in Physics Research A 712 (2013) 41–47 
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High generation 
rate region 



Devedit: device structure editor 
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Define implants, electrodes, 
oxidations, ecc using DEVEDIT 

Pixel implant 



TCAD inputs 

Marco Bomben - Simulation of edgeless pixels for HL-LHC - 17/06/2013, Journée simulations IN2P3 - IPNO,  Orsay 20 

• To get reliable predictions you need precise 
inputs; e.g. doping profiles via SIMS 



Mesh file view with Tonyplot 
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Mesh structure 



Optimization of the GRs design 

Various combinations of GR positions  
and their effect on BD 
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The closer the GR to the pixel the better 

3D view of the electric potential 



P-spray & field plate studied 

Prefer low p-spray dose with FP 
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Field Plate, High dose p-spray  

No FP, High dose p-spray  

FP, Low dose p-spray  

Interpixel Capacitance fF/µm 

Substrate Voltage (V) 



ATLAS: device simulation 
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• ATLAS provides general capabilities for 
physically-based two (2D) and three-
dimensional (3D) simulation of semiconductor 
devices. 

• Typical simulation  
program structure  



IV curves of real sensors vs data 

DATA SIMULATIONS 

BD: Agreement within 20% or better 

200 μm, 1 GR 
 2 GRs 
 3 GRs 
 5 GRs 
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IV curves after irradiation 
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α(ϕ=1x1015) = 3.5x10-17 A/cm 
 
α(ϕ=2.5x1015) = 4.9x10-17 A/cm 

α: Agreement within 20% (annealing not taken into account) 

α =ΔI/V/ϕ 
αWA = 3.9x10-17 A/cm 



Radiation damage effects 
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• Implement radiation damage effects via traps 
in the forbidden gap 



Radiation damage effects 
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• Implement radiation damage effects via traps 
in the forbidden gap 



Pennicard model validation 
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Irradiated (and annealed)  
n-on-p diodes 

DEPLETION VOLTAGE 
Simulation 

Data 

Φ= 1x1015neq/cm2 

Data 

Data 

Simulations 

A lot of work for impact ionization 
models and interface traps and charges 



Simulated charge collection efficiency studies 
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50 μm 

4 MIP  
entry points 30 

μm 

250 μm 

40 μm 

• I have simulated the sensor with 100 μm between 
the trench and the pixel and no GRs 

• Configurations: 
a) 4 entry points 
b) 4 bias voltages 
c) Before and after  

irradiation 



Simulation of CCE studies with MIPs 

Marco Bomben - Simulation of edgeless pixels for HL-LHC - 17/06/2013, Journée simulations IN2P3 - IPNO,  Orsay 31 

SEU statement - specify: 
•Entry & exit point 
•Charge released per μm 
 
Then solution in the time domain 



Unirradiated sensor, PIXEL region, 50 V 
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Current peak for unirradiate, PIXEL reg., 50 V 

Expected Initial current ~ λ (<ve>+<vh>) = 6x10-7 A (λ=80 e-/μm) 

All electrons 
collected 

All holes 
collected 
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Signal at 50 V for unirradiated sensors 
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Signal at 50 V for unirradiated sensors (zoom) 
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CCE for unirradiated sensors 

Marco Bomben - Simulation of edgeless pixels for HL-LHC - 17/06/2013, Journée simulations IN2P3 - IPNO,  Orsay 36 

Already at 50 V 
complete charge 

collection, even at 
the edge 



Collection time for unirradiated sensors 
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Already at 50 V 
short charge 

collection time, 
even at the edge 



CCE for irradiated sensors 
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ϕ= 1 x 1015 neq/cm2 

CCETH =  
λ/d[1-e-d/λ] 

 ~ 67%* 

At 300 V CCE in 
excess of 50%, even 

at the edge 

* λ(1x1015neq/cm2) ≈ 240μm 
d = 200 μm (sensor thickness) 



CONCLUSIONS & OUTLOOK 
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TCAD simulations for HL-LHC edgeless sensors 

• The HL-LHC phase demands rad-hard pixel sensors, 
with limited inactive zones 

• The LPNHE-FBK active edge n-on-p planar pixels are 
very good competitors for this challenge 
The production was optimized thanks to TCAD 

simulations, which included studies ranging from 
the layout concept to the charge collection studies 
First comparisons with data confirm the validity of 

the simulation results 
Future productions will benefit of 3D simulations 
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BACKUP 
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The ATLAS Inner Detector 
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The simulated device 
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Deep Reactive Ion Etching: FBK-LPNHE 

• Joint FBK-LPNHE project 
Goal: make the border a 

damage free ohmic contact 
• How: DRIE as for 3D 

process 
– Trench doped by diffusion 

• Target: intermediate layers 
(200 μm thick production) 

• Pixel-to-trench distance as 
low as 100 μm 

4.5 μm wide 

200 μm deep 
trench 
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Carriers’ velocity 
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