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Introduction
● 3D sensors first proposed by in 1997 
● Followed by intensive R&D program
● First used in HEP experiment in ATLAS IBL

● 2011: decision to use 3D in 25% of sensors
● 2014: Fast-track IBL installed in ATLAS ahead of plan
● 2015: First collision data with 3D sensors

● Forward detectors
● ATLAS Forward Proton (AFP) detector [ATLAS-TDR-024]

● Second use of 3D sensors
● Qualification with non-uniform irradiations, slim edge studies
● Installation planned for 2016

● CMS-TOTEM PPS: Installation of 3D detectors 

planned for 2016 [CMS-TDR-13]

● 3D sensors being studied for HL-LHC
● ATLAS and CMS   

Parker, Kenney, Segal
NIM A 395 (1997), 328

J. Lange, et.al, 
JINST 10 C03031 (2015)

AFP 3D tracking modules
and QA (IFAE)

See D. Ferrere talk

See F. Ravera talk

See technology details:
G. Pellegrini and M. Boscardin talks
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3D sensors for HL-LHC

3D is the most radiation hard technology to-day: similar
performance than planar sensors, but less demanding 
in terms of bias voltage and cooling. However, need to 
address new challenges: 

● More radiation hard (innermost layer(s), 1-2E16 n
eq

/cm2)

● Smaller pixels (compatible with new readout chip, 50 μm – 25 μm)

● Thinner (reduce cluster size/merging, 200 μm – 100 μm)

● Advantages
● Decouples thickness from electrode distance
● Lower depletion voltage, less power dissipation
● Smaller drift distance, less trapping

● Disadvantage
● More complex production process
● Lower yield, more cost
● Higher capacitance (more noise) 
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3D sensors for HL-LHC

Three-fold strategy to develop 3D sensors for ATLAS HL-LHC (ITk) detector:

1.Study limits of current IBL 3D generation of  sensors (FE-I3/FE-I4 ASIC)
2.Develop technology solutions for smaller pixel sizes but using current front- end

electronics (FE-I4)
3.New generation of 3D sensors (compatible with new RD53 chip)

● Productions planned for this year

→Less trapping, more rad. hard



Irradiation Campaigns
● Irradiated IBL-FEI4 devices at IRRAD 

● IBL “left over” (230um thick)
● First irradiation non-uniform (no

scanning), reached max of
1E16neq/cm2

● Beam test done with two devices 

● Irradiated FEI3 devices at Ljubljana
●  230 um thick
●  60 mm2 active area 
●  Six devices studied (neq/cm2):

● 5E15 (1), 1E16 (2) 1.5E16 (2), 2E16 (1)
●  Laboratory measurements 

S. Grinstein, 11th Trento Workshop

FEI4 irradiations
up to

~1E16neq/cm2,
but non-uniformly
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From Irrad Beam Profile Monitoring
webpage

FWHM~12 mm

Early Vbd
before irrad

Thanks to I. Mandic, V. Cindro (JSI) and F.
Ravotti (CERN) and AIDA support. 

(1)
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Performance at high fluence
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I. Lopez Paz

● Results from highly irradiated IBL-FEI4 samples 
● Good average efficiency
● Use to study performance at different fluencies

● Assume Gauss distribution (FWHM ~12 mm)
● Probe range of fluencies for the same device

● Consistent results between different samples
● High efficiency for high fluence at 170V

I. Lopez Paz

6181-07-02 (-30ºC)
8.4e15 neq/cm2

170 V → 98.4%

Threshold: 1500 e
ToT: 10ToT at 10ke

Plots by I. Lopez (RD50 Workshop Dec. 2015)

(1)



FEI4 Performance at high fluence

S. Grinstein, 11th Trento Workshop
7

● Closer look at bias voltage dependence 

[1]

-30 ºC

Fluence Φ
eq

 [n
eq

/cm²] V [V] Eff [%]

“IBL” fluence [1] 5e15 140 97.6

“IBL” fluence 5e15 150 97.5

“ITk” fluence 9e15 170 97.8

[1]

[1] JINST 7 P11010 (2012)

PRELIMINARY

PRELIMINARY

● Efficiency > 97% at 170V for 1E16 

● At 5E15neq/cm2 agreement with IBL
results

Plots by I. Lopez (RD50 Workshop Dec. 2015)

(1)
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FEI3 Performance at high fluence
● Six FEI3 n-irradiated devices studied (neq/cm2):

● 5E15 (1), 1E16 (2) 1.5E16 (2), 2E16 (1)
● Plus non-irradiated devices for cross checks

Expect
improvement at
lower threshold

● 30% charge collection for 1E16neq/cm2 at 180V
● 25% for 2E16neq/cm2 at 200V 

● Difficult to tune FEI3 to low threshold!
● Testbeam planned for 2016
 

D. Vazquez

(1)
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• Power dissipation critical for inner pixel layers
• Important to provide realistic estimate in short timescale
• Ideal: irradiate modules to 2E16neq/cm2, determine performance

• Obtain operational bias voltage (Vop: efficiency>97%) then power
• However:

• No RD53 chip yet
• TID likely to compromise FEI4 at highest ITk fluences in p-irradiation
• FEI4 Tantalum becomes radioactive with n-irrad

• So:
• Use FEI3 devices n-irradiated to ITk fluence 
• Determine performance and validate results
• In parallel, push FEI4 studies with available samples

Power Dissipation of 3D Sensors
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Leakage Fluence Dependence

• Annealing to 7d @ RT
• Dashed lines, model 

• Assumed depleted bulk
• I = α Φeq Vol

• Operational voltages
indicated w/ circles:
• Measured in beam tests

(5E15 and 1E16)
• Charge collection studies

(1.5E16 and 2E16)

• Consistent results between different samples 
at same fluence

• Consistent with model predictions (α=4.7E-17 A/cm)
• Confidence in leakage vol dependence

Measurements by
D. Vazquez

Temp scaling
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Power Dissipation of FE-I3 devices

● Operational voltage at 1E16neq/cm2 obtained from FEI4B samples non-
uniformly irradiated (for 1E16neq/cm2 estimated from charge collection)

● At 1E16neq/cm2, Vop=180V: 15mW/cm2 (230um thick sensor)
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• Projec within RD50, run finished Jan 2016
• IBL-like: p-type, 230 µm double-sided, 
 non-fully-passing-through columns
• Small pixel size 25x100+ 50x50 µm²
 (matching FEI4 and FEI3 geometries)
• Also strips and diodes down to 25x25 µm²
 3D unit cell
• Improved aspect ratio 26:1 (column 
 diameter) 8 µm, but non-optimized
 production

First Small Pitch CNM Run

S. Grinstein, 11th Trento Workshop 12

See technology details:
G. Pellegrini
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50x50 µm² 3D unit cell
128 strips, 150 3D columns each

25x100 µm² 3D unit cell
128 strips, 75 3D columns each

First Small Pitch CNM Run: Strips
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First Small Pitch CNM Run: Strips

• Transient Current Technique (TCT)
measurements

• 1060 nm IR laser 
→ similar penetration as MIP

• Surface scan

• 2 readout strips (here: summed Q)

• Still working on reducing laser intensity
variations and monitoring

• 7781-4-O 30x100 µm² strip,
unirradiated

Measurements by M. Granado, L. Simon (supervised by J.Lange)

10V

30V

n+ junction column

Aluminum strip (2 read out)

p+ ohmic column

► Verified charge collection on strips
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C/E: 50x50 µm² 1E 
with the rest connected to GND

D: 25x100 µm² 2E 
with the rest connected to GND

50x250

50x50
50x250

25x100

P-stop

n

First Small Pitch CNM Run: Pixels

● Electroless UBM on first
wafer (not good quality)

● Electroplating on other
wafers @ CNM
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● Flip-chip and assembly done at IFAE
● X-ray inspection showed large disconnected areas

● Vbd: 12-18V 

First Small Pitch CNM Run: Pixels
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First Small Pitch CNM Run: Pixels

C: 50x50 µm² 1E 
with the rest connected to GND

D: 25x100 µm² 2E 
with the rest connected to GND

● Noise levels of C and D devices (tuned to 2ke and 10ToT @ 20ke injection)

● Disconnected areas and lower capacitance of 50x50 um2 apparent
● Big enough area of working pixels!
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First Small Pitch CNM Run: Pixels

● Verified charge collection with Sr-90 source

● ToT to charge and absolute calibration on-going
● As expected, more charge in 50x50um2 geometry (C1 vs D)
● Very preliminary results, but promising! 
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First Small Pitch CNM Run: Pixels

● Verified charge collection with Sr-90 source

● ToT to charge and absolute calibration on-going
● As expected, more charge in 50x50um2 geometry (C1 vs D)
● Very preliminary results, but promising! 
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First Small Pitch CNM Run: Pixel Irradiation
Thanks a lot to JSI (I. Mandic, V. Cindro), AIDA2020Measurements by J. Lange, 

E. Cavallaro and D. Vazquez

● Results scaled by area
● Higher Ileak and lower

breakdown for smaller 3D
sizes
● Non-optimized run, further

studies needed
● Largely satisfies limit of

10nA/pixel (RD53)
● Vop will be much smaller in

small pixels 
● Need beam tests!

Less power dissipation
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Conclusions
● Studied IBL-type 3D pixel detectors up to HL-LHC fluences

● FEI4 >97% efficiency at 170 V at 9e15 neq/cm2

● Low power dissipation: 15 mW/cm² at 1e16 neq/cm2 and 180 V for 230 µm

● First 3D double-sided production run with small ITk pixel size finished
● Pixels with 50x50 and 25x100 µm² geometries
● FEI4 assembled → works well (for electroless UBM)
● Irradiation of diodes/strips with n 

→ higher Ileak after 1e16 neq/cm2 than for IBL-type
→ still under investigation, but will need less Vop (might compensate for power)

● New productions in preparation at CNM (RD53-chip geometry)
● Optimised 200 µm double-sided and 100-150 µm single-sided
● 50 um thin (SOI) pixel devices to be done soon

50mm
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Back Up Slides
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3D Power Dissipation Summary

Fluence
(neq/cm2)

Vop (V) I (uA/cm2)
[230 um]

I (uA/cm2)
[150 um]

Power
(mW/cm2)
[230 um]

Power
(mW/cm2)
[150 um]

1E15 50 6 4 0.3 0.2

5E15 160 46 30 7.4 4.8

1E16 180 83 54 14.9 9.7

2E16 200 160 104 32.0 20.8

2E16 250 220 144 55.0 36.0

Compilation by 
J. Lange

• Leakage agreement with model at Vop at 7 day RT annealing (-25C)

• Scale result to 150um thickness (see also next slide) 

• Indication of Vop~200V for 2E16neq/cm2, 250V given for comparison 

Confident of results at 1E16neq/cm2 (supported by charge collection, beam tests, and
other measurements – next slide)

At -25C



Power Dissipation Compilation
• Comparison between different 3D devices (FEI3/4 pixels, strips), irradiations (p, n), thicknesses (230, 285 µm)
• All values scaled to -25°C, 7d@RT annealing and 230 µm thickness
• Very good agreement: max. 39% deviation per fluence (usually better)
• Thickness scaling works between 285 and 230 µm

S
. G

rin
st

ei
n,

 A
U

W
 N

ov
 2

01
5

   
   

   

24



15 Feb 2016,  Jörn Lange: 3D Detectors          25

Leakage Current of Irradiated Strips

 IFAE  climate chamber on TCT PCBs

 Standard: set to -25°C

 T monitoring
 Climate chamber internal: -25°C

 T meter near door:   -23.8°C

 Pt100 on sensor M2:   -24.2°C

→ variation up to 1.2°C

→ 10% difference in leakage current

→ values presented here are upper limits for
-25°C

 Self-heating during IV (1s/point) max.
0.2°C

 Annealing study up to 7d@RT (22-25°C)

Measurements by D. Vazquez, E. Cavallaro, J. Lange

PRELIMINARY



High Incidence Angle Studies 
● RD52 pixel geometry will be 50x50um2 and thinner sensors being considered
● Important to study efficiency for thin sensor and at high-eta 
● Use available FEI4 samples: IBL-high-phi = ITk-high-eta
● Calculate efficiency of each pixel (as opposed a hit efficiency)

80 deg incidence testbeam topology  

● Good efficiency (>85% at 180V) for 5E15neq/cm² with non-optimized IBL geometry!
● Details: I.Lopez, September ITk week talk 26

Tunning:
1000e
threshold

Un-irradiated Irradiated
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