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I peak instantaneous luminosity 7.5 · 1034 cm−2 s−1

I x40 integrated luminosity as of today

I ATLAS ITk pixel project to cope with the HL-LHC conditions,
i.e. 14 TeV pp collisions at 〈µ〉 ∼ 200 and 2 · 1016 MeV neq/cm2

I must be ready for installation in 2025
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Pile-up

A costant challenge

I current pixel detector has been proven to
work very reliably

I “pile-up is the word of the year”
K. Jacobs in Dec 2017

bunch
〉µ〈

10 20 30 40 50 60

〉
T

ra
ck

s
N〈

50

100

150

200

250

300

350

bunch
〉µ〈 4% syst on ±Loose Selection, with 

bunch
〉µ〈Linear fit on low 

bunch
〉µ〈 4% syst on ±TightPrimary Selection, with 

bunch
〉µ〈Linear fit on low 

ATLAS   Preliminary
 = 13 TeV, Zero Bias Data 2017s

| < 2.5η > 1GeV & |
T

 p

Mean Number of Interactions per Crossing

0 10 20 30 40 50 60 70 80

/0
.1

]
-1

R
ec

or
de

d 
Lu

m
in

os
ity

 [p
b

0

50

100

150

200

250

300

350
Online, 13 TeVATLAS -1Ldt=86.5 fb∫

> = 13.4µ2015: <
> = 25.1µ2016: <
> = 38.1µ2017: <
> = 32.0µTotal: <

initial 2017 calibration

Andrea Coccaro - Qualification measurements of INFN-FBK 3D modules 3

19 Feb, 2018 - 13th “Trento” Workshop on Advanced Silicon Radiation Detectors



3D pixel sensors
‘

Brief history

I originally proposed in NIM 395 (1997) 328-343

I the ATLAS IBL is the first implementation in a
hadron collider

Main concept

I 3D array of electrodes

I minor collection distances and times compared to
planar technology

Baseline technology for the ITk innermost layers

I power dissipation and radiation hardness

Where we stand?

I ATLAS ITk pixel TDR sent to LHCC

I sizes of 50× 50 or 25× 100 µm2 being considered

I final geometry and area tickness not fully decided

I optimal electrode configuration for 25× 100 being
further studied

12.12.17	 Leonardo	Rossi	-	HSTD11	Okinawa	 9	

The	Sensors	

•  Sensor	technology	must	be	tailored	to	the	radia5on	environment	(and	financial	

constraints)	

•  Baseline	is	3D	for	the	innermost	layer(s)	and	planar	elsewhere.	Outer	barrel	

layer	(~1/5	total	area)	may	employ	CMOS.	

3D	sensors	

•  Used	in	IBL	(and	in	opera5on	since	2015)	

•  More	rad-hard	(and	less	power	hungry),	but	also	

higher	C
IN
	and	more	complex	produc5on	

process	(yield	and	less	available	firms)	

•  ènaturally	confined	to	innermost	layer(s)	

•  Challenges	(vs	IBL):	

•  Smaller	pixel	needed	(50x50	or	25x100	µm2
)à	yield?	

•  Column	themselves	are	not	efficientà	5lt	sensor	

•  Thinner	sensors	(≤150µm)à	Lower	signal	&	yield	

•  Test	before	BB	à	sacrificial	metal	layer	
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FBK 3D pixel sensors prototype concept

Hideyuki Oide 2017-12-13

FBK 3D pixel sensors phase-II prototype concept

4

Joint ATLAS-CMS INFN collaboration, partnership with FBK (Trento, Italy), for the development of thin planar and 3D columnar 
n-in-p sensors on 6-inch Floating-Zone (FZ) wafers with Direct Wafer Bond (IBL: 4-inch wafer). Options: SiSi or SOI.

Target fluence: Φmax ~2×1016 neq/cm2.

100 µm to 150 µm active sensor thickness. Single-sided column processing (IBL: double-sided).

Column diameter of ~5 µm. With and without poly-caps options on p+ columns.

n+ columns shorter than the active thickness by ~20 µm for expecting higher breakdown.

p+ columns longer than the active thickness and touching to the p++ handle wafer for biasing.

Planear active edge (PAE) technology naturally accommodates for recovering the efficiency at the rims.

I in partnership with FBK in Trento

I target fluence Φ ∼ 2 · 1016 MeV neq/cm2

I 100 to 150 µm active sensor tickness with single-sided column processing

I column of ∼ 5µm diameter with and without poly-caps options for p+ columns

I n+ columns shorter than active tickness by ∼ 20µm to avoid early breakdown

I p+ columns longer than active tickness and touching the p++ handle wafer for biasing
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First batch wafer layout - produced in 2015-16

Hideyuki Oide 2017-12-13

The first batch 6-inch wafer layout (production in 2015-2016)
FE-I4

50x250 (2E) — std.
50x50(1E)
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PSI46dig
100x150 (2E and 3E) — std.
50x50 (1Eand2E)
50x100, 100x100 (2E and 4E)
50x100, 100x150 (2E and 6E)
25x100(1E and 2E)
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30x100 (1E)

RD53
50x50(1E)
25x100 (1E)
25x100 (2E)
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3D	Pixel	Wafer	Layout	
Final	version	

Many	different	pixel	geometries	and	
pitch	varia?ons:	

•  FE-I4  
–  50 x 250 (2E) std 
–  50 x 50 (1E) 
–  25 x 100 (1E and 2E) 
–  25 x 500 (1E) 

•  FE-I3 
–  50 x 50 (1E) 
–  25 x 100 (1E and 2E) 

•  PSI46dig 
–  100 x 150 (2E and 3E) std 
–  50 x 50 (1E and 2E) 
–  50 x 100, 100 x 100 (2E + 4E) 
–  50 x 100, 100 X 150 (2E + 6E) 
–  25 x 100 (1E and 2E) 

•  FCP 
–  30 x 100 (1E) 

•  RD53 
–  50 x 50 (1E) 
–  25 x 100 (1E) 
–  25 x 100 (2E) +	Test	structures	(strip,	diodes,	etc)	

3	

38 sensors in total

10 wafers of 130µm-thicknes with optional variations produced in 2015-2016*.
* one of them got broken at the very last step, but still could be measured.

ATLAS R&D

CMS R&D
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ATLAS R&D with FBK modules
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The first batch 6-inch wafer layout: ATLAS R&D

17 sensors out of 2 wafers (26 modules) were assembled as single FEI4 
module.

3 modules for test-beam in 2016 w/o irradiation.

2017: irradiation at KIT and CERN-IRRAD.  
KIT: ~24 MeV proton, ~uniform. CERN-IRRAD: 24 GeV focused proton.

7

4 9
1 5 10
2 6 11
3 7 12
8 13

4 9
1 5 10
2 6 11
3 7 12
8 13

9/13 modules assembled 8/13 modules assembled

Wafer ID 76 Wafer ID 78

Wafer FEI4 Geometry 2016 TB irrad Fluence 2017 TB

76

1 25x100(1E) KIT+IRRAD 5.2e15 + 4e15 July
2 25x500
3 50x250

4 50x450/ 
50x50

5 50x50
6 50x50 ✓ KIT+IRRAD 5.2e15 + 6.6e15 July, October(2)
7 25x100(1E) ✓ IRRAD 9e15 (max) N/A
8 50x250 ✓
10 50x50

78

2 25x500
3 50x250 IRRAD 9e15 (max) July

4 50x450/ 
50x50

5 50x50 IRRAD 9e15 (max) July
6 50x50
8 50x250 KIT+IRRAD 3.8e15 + 4e15 October(1)
11 50x50
12 25x100(2E)
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The final wafer layout
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13 sensors

in total

I 17 sensors out of 2 wafers were assembled as single FE-I4 modules

I 3 modules in 2016 TB unirradiated - H Oide talk at 12th Trento WS

I 6 modules, all pixel sizes, irradiated at KIT and IRRAD in 2017

I 5 irradiated modules in 2017 TB
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Test beam setup

Hideyuki Oide 2017-12-13

SPS H6A beam line (120 GeV charged hadrons)

Aconite telescope using Mimosa26 (6 or 5 planes)

1 FE-I4 (IBL-like) as a reference module, and several for DUT.

Data-taking campaigns involving FBK Phase-II FE-I4 sensors.

Non-irradiated FE-I4s (August 2016).

Irradiated FE-I4s (July and September 2017)

Reconstruction: decoding is Eudaq, downstream is based on a private light-weight reconstruction package “FrecciaFocaccia” [gitlab].  
(features: least external library dependence, essentially only need ROOT, handy configuration with JSON, only ~3000 C++11 lines in total).

ATLAS R&D - test-beam setup

9

•  Three	3D	Modules	installed	with	
EUDAT	telescope	at	CERN	SPS1	

•  Row	and	column	direc?on	within	3D	
modules	have	shown	in	the	following	
schema?c	with	respect	to	beamline	

•  A	Reference	module	from	MPP	
(Planar)	has	mounted	in	configura?on			

•  Campaign	is	being	held	considering	
sensor	bias	voltage,	Threshold	and	TOT	
variance	with	cosiderable	high	
sta?s?cs.	

•  Data	taken	at	chamber	temparature	
20°C	

TestBeam	Schema,cs	

Beam	line	
direc,on	

Telescope	Planes	
(Front)	

Telescope	Planes	
(Back)	

Module	3	
(50X250)	

Module	2	
(25X100)	

Module	1	
(50X50)	

Ref.	Module	
(Planar)	

Co
lu
m
n	

Row	

Ref. Module 
(single planar)

I SPS H6A beam line with mainly 120 GeV
pions

I Aconite telescope with Mimosa26

I 1 IBL-like FE-I4 as a reference module
and then DUT

I various non-irradiated and irradiated
data-taking campaigns with FBK FE-I4
sensors

I Eudaq software for data-taking and
decoding

I FrecciaFocaccia light-weight package
by H Oide
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Results for non-irradiated samples
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HV scan

I 250× 50 µm2: efficiency is > 99% above ∼ 10V

I 50× 50 µm2: almost flat efficiency at 98% in 2 < HV < 15 then slight increase

I 100× 25 µm2: similar trend of 50× 50 µm2

Tuning scan

I a gradual change of efficiency of 1− 2% versus tuning
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Results for irradiated 50× 250 µm2 samples
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ATLAS R&D: CERN IRRAD sample: Efficiency vs. Fluence (50x250µm2)

Degradation of efficiency vs. fluence.

Improvement of efficiency with HV is observed.

Uncertainty: fluence measurement misalignment (±1 mm).  
Fluence scale uncertainty not included.

Higher efficiency for 2000e than 2500e.  
→ can be interpreted as the threshold effect.

>95% efficiency for Φ < 5e15 neq/cm2 for thr = 2000e.
11

PRELIMINARY PRELIMINARY

9.65e15
neq/cm²

4.73e15
neq/cm²

7.96e15
neq/cm²

5.35e15
neq/cm²

6.89e15
neq/cm²

5.34e15
neq/cm²

8.84e15
neq/cm²

6.07e15
neq/cm²

7.63e15
neq/cm²

1

2

3

4

5

6 9

8

7

WIREBONDS

Chip is facing
your face

Fitting 
(isotropic gaussian)

97% 97%
CERN IRRAD

Peripheral

Central

I improvement of efficiency versus HV

I degradation of efficiency versus fluence

I uncertainty due to fluence measurement misalignment

I threshold effect inducing a higher efficiency for 2000e compared to 2500e

I > 95% efficiency for Φ < 5 · 1015 MeV neq/cm2
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Results for irradiated 50× 50 µm2 samples
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I for 50× 50 µm2 the calculation of the efficiency takes into account the region with no
readout

I efficiency at ∼ 95% for HV >∼ 80V up to 1 · 1016 MeV neq/cm2

I KIT versus IRRAD comparison is actually with different thresholds

I threshold at 2k e− when modules on flex and at 1k e− when modules on board
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Multiple-chip 3D modules

Pixel tracker layout foresees single, duals and quads
modules

I multiple-chip layout has the potential to greatly
simplify the production and loading

I two approaches, pseudo and WLP, being
investigated

Single chip approach 
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Multiple-chip 3D modules

The first pseudo quad-module has been built using single 3D tiles

I similar assembly procedure as IBL module production

I CNM sensors from AFP ATLAS detector
Thanks to S Grinstein (Barcelona)

I interspace between most external pixels O(100− 500) µm
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Wafer Level Packaging

An industrial solution is being developed for wafer level packaging (WLP)

I rebuild new wafers using only good sensors diced from the standard production

I minimise the chip interspace as much as possible, i.e. O(50− 100) µm

Ongoing R&D program in MicroFabSolutions

I 300 µm thick wafers with 20× 20 mm2 chips with dummy chains

I now testing chip placing accuracy and deformation of six rebuilt wafers using different
resins

Courtesy of P Conci (MicroFabSolutions)
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Conclusions

Characterisation of FBK phase-II 3D sensors is in full swing

2015-16 wafers

I extensive non-irradiated and irradiated tests with the FE-I4 readout

I different fluences with irradiation at KIT and/or IRRAD tested

I results inserted in the pixel ITk TDR under LHCC review

I results with irradiated modules based on TBs on July and September 2017

Multiple-chip 3D module

I first pseudo quad-module with CNM sensors

I ongoing R&D program for WLP
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