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ALICE	ITS	Upgrade
ITS	Upgrade	in	LS2	(ITS2)

Motivations	and	goals:	
• Improved	tracking	precision

smaller	pixels,	closer	to	IP,	less	material
• Faster	readout
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ITS

Based	on	novel	CMOS	Pixel	Sensor	(ALPIDE)
• 10	m2 active	area	(12.5	G-Pixels)
• Spatial	resolution	~5µm
• Power	density	<	40mW/cm2

• Max.	particle	rate	~	100	MHz/cm2

• Max	readout	rate	~	10	MHz/cm2

cf.	contribution	by	Jaime	Norman:
”ALICE	LS2	Upgrade	–
commissioning	and	Physics	Projection”

Markus	Keil	(CERN),	LHCP	2019



ALICE	ITS	Upgrade
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Mean X/X0 = 0.357%

Aluminum (14.4%)
Glue (5.4%)
Water (8.7%)
Kapton (24.6%)
Carbon (27.2%)
Silicon (13.7%)
Other (6.1%)

ALICE	ITS2	Layout

7	cylindrical	barrel	layers	with	very	low	material	budget
• 4	Outer	barrel	layers	0.8%	X0	/	layer
• 3	Inner	barrel	layers	with	0.35%	X0 /	layer

But:	 Silicon	only	15%	of	total	material,	
active silicon	thickness	~20µm	=	0.02%	X0

->	 Can	we	do	better?
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ALICE	ITS	Upgrade
ALICE	ITS2	– Material	Budget

“Non-sensing”	contributions	to	material	budget:
• Mechanical	support	for	individual	staves
• Active	cooling	
• Flex	printed	circuit	to	route	signal	and	power	to	

individual	sensor	chips	

Active	cooling	could	be	replaced	by	air	flow	for	power	
dissipations	below	~20	mW/cm2

• ALPIDE:	the	matrix power	dissipation	is	~7mW/cm2

• The	rest	(~33mW/cm2)	is	dissipated	by	the	
peripheral	circuitry

Can	we	move	this	peripheral	circuitry	to	the	periphery	
of	the	detector?	

This	would	require	a	sensor	of	the	full	stave	length
• Eliminates	also	the	need	for	an	external	routing	

layer	(Flex	printed	circuit)
5/24/19 4

Space Frame 

Cold Plate 

Cooling Ducts 

Flex Printed Circuit 

9 Pixel Sensors

INVESTIGATOR and ALPIDE – the ALICE Pixel Detector

3	November	2016	 IEEE	NSSMIC2016	|	JvH,	CERN/ALICE	 3	
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•  ALICE experiment will fully replace its present Inner 
Tracking System (ITS) during the second long shutdown 
of the LHC  in 2019/2020

•  New ITS will be fully equipped with monolithic CMOS 
pixel sensors

•  Development of dedicated pixel chip for the ITS 
upgrade – ALPIDE

•  Fabricated in TowerJazz 180nm CMOS Imaging Sensor 
(CIS) process

•  Chip development started end 2011, including 4 MPWs 
and 5 engineering runs, containing various small and 
full-scale prototypes

è  one of them: INVESTIGATOR

Inner Barrel	

•  7 layers, grouped into two barrels 
•  radial coverage 22mm - 406mm

•  ~10m2 acFve area, ~25000 chips 
•  ~12.5 Gigapixels with binary readout

Outer Barrel	

Ø  M. Mager: The Upgrade of the ALICE Inner Tracking System with the 
Monolithic Ac?ve Pixel Sensor ALPIDE, Session N12: High energy physics 
instrumentaFon I: Silicon, Monday, Oct. 31, 18:00

Ø  H. Hillemanns: Radia?on Hardness of Monolithic Ac?ve Pixel Sensors for 
the ALICE Inner Tracking System Upgrade, Session N53: New Concepts in 
solid-state detectors and radiaFon damage effects III, Thursday, Nov. 3, 
10:30

ALPIDE

pixel	matrix	

periphery

Markus	Keil	(CERN),	LHCP	2019



ALICE	ITS	Upgrade
Stitching
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CMOS	photolithographic	process
defines	wafer	reticles	size		
a Typical	field	of	view	O(2	x	2	cm2)
Reticle	is	stepped	across	the	wafers	
to	create	multiple	identical	images	
of	the	circuit(s)

Stitching	allows	fabrication	of	sensors	larger	than	the	reticle	size	

Courtesy: R. Turchetta, Rutherford Appleton Laboratory

Staves	built	by	tiling	several	sensors	

Markus	Keil	(CERN),	LHCP	2019



ALICE	ITS	Upgrade
Curved	Silicon	Chips
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Silicon	Genesis:	20	micron	thick	waferCan	we	exploit	flexible	nature	of	thin	silicon	?

Chipworks:	30µm-thick	RF-SOI	CMOS
Ultra-thin	chip	(<50	um):	flexible	with	good	stability

van	den	Ende DA	et	al.	Mechanical	and	electrical	properties	of	ultra-thin	chips	and	flexible	electronics	assemblies	during	bending.	
Mircoelectron reliab (2014),	http://dx.doi.org/10.1016/j.microrel.2014.07.125	

distribution of polishing stresses (Fig. 13). The silicon material
directly under the bump experiences a tensile stress, which in
extreme cases incurs micro cracks originating in the silicon in this
region. An example is shown in Fig. 15, where polarized light
microscopy analysis of the weakest 50 lm polished chip (12 MPa
failure stress, see Fig. 11) reveals polishing damage at the bump
locations. In Fig. 15C the position of the crack can be seen with
respect to the bending setup, showing the failure occurred inside
the inner two loading supports, in the constant stress regime. Evi-
dently the damage on the bump positions at the backside of the
chips leads to a severely reduced stress at failure.

The strength of the plasma treated chips is shown in Fig. 12. The
mean chip strength quadruples and minimum chip strength
increases by a factor 10 compared to the background chips from
Fig. 10. The plasma treatment etches away the surface layer and
this reduces the subsurface grinding damage in the chip, however,
the Weibull modulus remains comparable to the background chips.
This similar Weibull modulus may indicate that the plasma treat-
ment is not fully effective in eliminating all the grinding induced
subsurface damage at the bump sites, although the surface and
edges of the chips are strengthened by the plasma etching treat-
ment, leading to a higher CDS.

In Table 3 all the properties of the different tested chips are
summarized. For application purposes, the reliability of ultra-thin
chips in flexible electronics devices can be characterized by the
minimum die strength (MDS), the strength at which 1% of the dies
has failed [7]. The MDS is calculated from the fitted Weibull mod-
ulus of the chips and presented along with the corresponding
bending radius for this characteristic die strength.

The minimum bending radius that can be achieved by the
plasma treated IZM28 dies is around 4.7 mm while that of the
ground and polished dies is 33 mm. In the case of the polished dies
the higher bending radius is partly caused by the higher die
thickness and partly by the higher bump thickness. For the plasma
treated dies a minimum bending radius of 4.7 mm is perfectly
suitable for many applications of flexible electronics.

5.3.2 STM8 microcontroller dies
Failure distributions of microcontroller dies are shown in

Fig. 16. The microcontrollers are comparable in backside strength
to the IZM chips and have a high flexural strength, even having a
higher Weibull modulus to the IZM28 test chips (2.8 compared
to 2.64). This is possibly related to the bump configurations, which
differ between both chips. The IZM28 chips have a small number of
bumps with a large pitch, whereas the STM8L dies have a much
smaller pitch, leading to a more even stress distribution across
the back surface during polishing. In contrast, the front side of
the die is somewhat weaker than the test chips (CDS is 960 MPa
compared to 1207 MPa). This is to be expected, because the micro-
controllers involve more complex processing, leading to more
intricate patterns with a larger variety of different materials and

more possibilities for developing residual stresses in the active
layers.

Using the MDS values from Fig. 16, the 20 lm thick microcon-
troller dies are calculated to have at least a minimum bending
radius of 2.4 mm when the back side is stressed but when the front
side is stressed the minimum achievable bending radius at 1% fail-
ure is much higher: 8.5 mm.

5.4 Bending of bonded chips

5.4.1 IZM28 test chip mechanical results
When thin dies are bonded to foil assemblies several factors

influence the bendability compared to stand alone dies, such as
the bonding process and the increase in stack thickness. The flip
chip ACA bonded die in Fig. 17 has an experimentally observed
minimum radius of 2.4 mm when the backside of the die is tensile
stressed. The neutral plane in the assembly is calculated at 16.7 lm
from the die surface (Eq. (5)) resulting in a calculated maximum
bending stress in the die of 1460 MPa. Typically the bending
strength of the bonded dies was found to be lower than the stand
alone dies. By comparing the results of the unbonded (Fig. 12) with
those of a bonded chip (Fig. 18) it can be seen that the character-
istic bending strength of the bonded dies is much less than the
stand-alone dies. This could be related to the residual stresses in
the assembly caused by the relatively high curing temperature,
which leads to stresses from thermal shrinkage of the adhesive
and substrate [29] and CTE differences between the silicon die
and the organic substrate [30,31]. These residual stresses are also

Table 3
Chip properties including MDS and corresponding minimum bending radius of tested dies.

Die type Front/back side Ground/polished/plasma Bumps Die thickness (lm) CDS (MPa) Weibull modulus MDS (MPa) rmin (mm)

Blank Front Ground No 15–20 1263 7.42 691 2.46
Blank Back Ground No 15–20 575 5.48 221 7.72
IZM28 Front Ground Yes 15–20 1032 9.44 636 2.70
IZM28 Back Ground Yes 15–20 494 2.04 52 32.7
Blank Back Polished No 25–35 1044 4.17 334 7.72
IZM28 Back Polished Yes 25–35 482 2.98 107 24.3
Blank Back Plasma Yes 18–22 2340 12.6 679 2.50
IZM28 Front Plasma Yes 18–22 1207 2.64 833 2.05
IZM28 Back Plasma Yes 18–22 2139 3.74 362 4.72

Fig. 16. Probability of failure for ground and plasma treated microcontroller chips.
Front side strength distributions of 20 lm thick chips (blue, x) and backside
strength distributions of 20 lm thick chips (black, h) and 50 lm thick chips (black,
s). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

8 D.A. van den Ende et al. / Microelectronics Reliability xxx (2014) xxx–xxx

Please cite this article in press as: van den Ende DA et al. Mechanical and electrical properties of ultra-thin chips and flexible electronics assemblies during
bending. Microelectron Reliab (2014), http://dx.doi.org/10.1016/j.microrel.2014.07.125 R&D	with	IZM	ALPIDE	started	Markus	Keil	(CERN),	LHCP	2019



ALICE	ITS	Upgrade
ITS3	– A	Fully	Cylindrical	Tracking	Detector
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Table 1: Geometrical parameters of the upgraded ITS.

Beam pipe inner/outer radius (mm) 16.0/16.5

IB Layer parameters Layer 0 Layer 1 Layer 2

Radial position (mm) 18.0 24.0 30.0

Length (sensitive area) (mm) 270 270 270

Pseudo-rapidity coveragea ±2.5 ±2.3 ±2.0

Active area (cm2) 305 408 508

Pixel sensors dimensions (mm2) 140⇥56.5 140⇥75.5 140⇥94

Number of pixel sensors / layer 4

Pixel size (µm2) O(30⇥30)
a The pseudorapidity coverage of the detector layers refers to tracks originating from

a collision at the nominal interaction point (z = 0).

3.3 System Integration272

The requirement to locate the first layer at a minimal distance from the beam pipe drives the273

design of the mechanical support structure. The integration scheme is similar to the one adopted274

for the ITS2, with the detector mechanically decoupled from the beam pipe and completely275

supported by an extractable barrel (service barrel) which is fixed to the cage, as shown in Fig. 10.276

Figure 10: Layout of the ITS3 Inner Barrel. Two end-wheels provide precise position and
fixation of the detector relative to the beam pipe.

The End-Wheels at the barrel extremities provide accurate positioning and fixation of the detec-277

tor with respect to the beam pipe. The End-Wheels also provide a path for the services to exit278

12

DRAFT

Beampipe
IR			16	mm
DR		0.5mm	

Beam pipe	thickness: 500µm	(0.14%	X0)

Sensor	thickness: 20	−	40µm	(0.03	- 0.05%	X0)

Pipe:	r ≈	16mm	,	DR	=	0.5mm
L0:	r	≈	18mm	,	L1:	r	≈	24mm.	L2:	r	≈	30	mm

L.	Musa	(CERN)	– ALICE	Physics	Week,	23	Oct	2018 Markus	Keil (CERN),	LHCP	2019



ALICE	ITS	Upgrade
ITS3	Mechanical	Layout
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Open	cell
carbon	foam

Layers supported by high-thermal
conductive carbon foam (half-ring)

Markus	Keil	(CERN),	LHCP	2019



ALICE	ITS	Upgrade
ITS3	Mechanical	Layout
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Two	end-wheels	provide	precision	and	fixation	of	the	
detector	relative	to	the	beampipe

At	their	edge,	the	sensors	are	glued	over	a	length	of	about	
5mm	to	a	flexible	printed	circuit,	to	which	is	electrically	
interconnected	using	wire	bonding		

Markus	Keil	(CERN),	LHCP	2019



ALICE	ITS	Upgrade
ITS3	System	Integration
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Detector	and	service	integration	similar	to	ITS2,
substituting	the	inner	barrel	of	ITS2Markus	Keil	(CERN),	LHCP	2019



ALICE	ITS	Upgrade
Tracking	Performance
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Pointing	resolution	and	tracking	efficiency	(charged	pions)	for	ITS2	and	ITS3

FMCT:		semi-analytical,	includes	QED	hits,	but	no	energy	loss	fluctuations
Full	MC:	simplified	ITS3		geometry,	full	MC	simulation	(GEANT3),	Cellular	Automaton	ITS	Tracker	

a Improvement	of	≈	factor	2	at	all	pT’s Efficiency	increases	factor	1.2	– 2,	for	pT <		100MeV	
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ALICE	ITS	Upgrade
Physics	Performance	Studies	– LC and	thermal	dielectrons
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Measurement	of	charm	baryons	(smallest	ct)
a vertexing precision	

ITS3/ITS2		improvement		
x	10	(S/B)	,	x	4	(significance)		

Low-mass	dielectrons
a vertexing (better	charm	rejection)
a material	thickness	(less	conversion)
a Higher	low-pT efficiency	(better	conversion	rejection)
a Lower	syst.	uncertainty	in	region	used	for	temp.	fit

T	(QGP) Stat.	error Syst.	(BG) Syst.	(Charm)

ITS3	/	ITS2 1/1.3 1/2 1/2
Markus	Keil	(CERN),	LHCP	2019



ALICE	ITS	Upgrade
Summary
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Proposal	for	the	construction	of	a	novel	vertex	detector:
• New	beam	pipe	with	IR	=	16mm,	DR	=	0.5mm
• Three	truly	cylindrical	layers	based	on	curved	ultra-thin	sensors	(x/X0 <	0.05%	per	layer)
• The	three	layers	would	replace	the	innermost	three	layers	of	ITS2	in	LS3	and	differ	only	by	their	

radii,	with	the	innermost	layer	at	R	=	18	mm	

The	ITS3	will	reduce	the	material	budget	to	the	bare	minimum	for	a	silicon	tracker	and	provide	a	large	
improvement	of	the	tracking	precision	and	efficiency	at	low	pT

The	combination	of	these	improvements	will	lead	to	a	significant	advancement	in	the	measurement	
of	low	pT charmed	hadrons	and	low-mass	dielectrons

Tentative	timeline:
January	2019 Expression	of	Interest	(ALICE-PUBLIC-2018-013)
2020	– 2023 R	&	D
2022 TDR
2024	– 2025	 Construction
2025	– 2026	 Pre-commissioning	and	Installation

Markus	Keil	(CERN),	LHCP	2019
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+	A	test-bed	in	view	of	a	future	heavy-ion	detector

[A next-generation LHC heavy-ion experiment, arXiv:1902.01211]

Outlook
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Backup

Markus	Keil	(CERN),	LHCP	2019



ALICE	ITS	Upgrade
ALPIDE	Architecture	and	Stitching
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ALPIDE	Chip:	 1D	stitched	sensor	(z-direction)

Markus	Keil	(CERN),	LHCP	2019


