
Development of monolithic silicon pixel 
sensors for the ALICE ITS upgrade  

P. Riedler, CERN  
for the ALICE collaboration 

1 

9th “Trento” Workshop on  
Advanced Silicon Radiation Detectors  

(3D and p-type Technologies) 
Genova – February 26-28, 2014 

Organizing Committee 

M. Boscardin, C. Piemonte | FBK, Italy 

G.-F. Dalla Betta | University of  Trento, Italy 

H.F.-W. Sadrozinski | SCIPP, UCSC, USA 

G. Casse | University of  Liverpool, UK 

Y. Unno | KEK, Japan 

 

  Local Organizers 

A. Bersani, A. Brunengo, E. Carnevali  

G. Darbo,  A. Favareto, D. Ferraro  

C. Gemme, E. Guido 

 

 

 

TOPICS 

Design and simulation 
Fabrication Technologies 
Radiation Hardness 
Read-Out 
System issues 
Applications 
 
 

http://www.ge.infn.it/TrentoWorkshop2014 

9th “Trento” Workshop on Advanced Silicon Radiation Detectors 
Genova, February 26-28, 2014 



Outlook 

•  The upgrade of the ALICE Inner Tracking System (ITS) 

•  Monolithic silicon pixel sensors for the ALICE ITS 

•  Recent results on prototype sensors 
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ALICE Upgrade 

The ALICE upgrade during LS2 will allow 

doing high	  precision	  measurements	  of	  

rare	  probes	  at	  low	  pT,	  which	  cannot	  be	  

selected	  with	  a	  trigger,	  require	  a	  large	  

sample	  of	  events	  recorded	  on	  tape	  and	  

improvement	  on	  vertexing	  and	  tracking	  

capabili8es.	  

	  

à  Upgrade	  of	  ALICE	  readout	  and	  online	  
systems	  

à  Upgrade	  of	  the	  Inner	  Tracking	  System	  
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ALICE ITS Upgrade 

Improve impact parameter resolution by a factor of ~3 (r-phi) 
–  Get closer to IP (39 mm) à 21 mm (layer 1) 
–  Reduce material budget (1.14 % X0) à 0.3 % X0 (inner layers) 
–  Reduce pixel size (50 µm x 425 µm) à O(30 µm x 30 µm) 

High standalone tracking efficiency and pt resolution 
–  Increase granularity and radial extension à 7 pixel layers 

Fast readout 
–  Readout of Pb-Pb interactions at >50 kHz and pp interactions at several 105 Hz (now 

limited to 1 kHz with full ITS, and ~ 3 kHz without silicon drift) 

Fast insertion/removal for yearly maintenance 
–  Possibility to replace non functioning detector modules during yearly shutdown 
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ALICE ITS Upgrade 
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ALICE ITS Upgrade TDR 

~ x 3 

•  Very thin sensors 
•  Very high granularity 
•  Large area to cover 
•  Modest radiation levels 

Monolithic silicon pixel detectors 



ALICE ITS Upgrade 
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3 Inner Barrel layers (IB) 
4 Outer Barrel layers (OB) 
 
Radial coverage: 21-400 mm 
 
~ 10 m2 

 
|η|<1.22 over 90% of the luminous region  
 
0.3% X0/layer (IB)  
0.8 % X0/layer (OB) 
 
25 Giga-pixel tracker 
 
Radiation level (L0): 700 krad/1013 neq cm-2 

Upgrade of the ALICE Inner Tracking System 
CERN-LHCC-2013-024 ; ALICE-TDR-017 



ALICE ITS Upgrade 

Light weight, compact modules: 

•  50 µm silicon sensors connected 

via solder points to a 2-layer Al-

polyimide flex cable 
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Connector 

Figure 4.1: Schematic view of the Inner Barrel Stave.

The design of the Staves takes into account the specifications of the new ITS. The low material
budget combined with very good rigidity and stability of a relatively large structure imposes
severe constraints in terms of design and technical solutions that can be implemented. The
requirements of the new ITS, which have been taken into account in the design of the Staves of
the Inner and Outer Barrels, have been illustrated in Chap. 1.

4.1.1 Inner Barrel Stave

Each IB Stave will be instrumented with one HIC, which consists of nine Pixel Chips in a
row connected to the FPC, hence covering a total active area of 15mm⇥ 270.8mm (Tab. 1.1)
including the 100 µm gap between adjacent chips along z. The interconnection between Pixel
Chips and FPC is achieved via laser soldering, described in Sec. 4.4. The HIC is glued to the
Cold Plate with the Pixel Chips facing it in order to maximise the cooling e�ciency. Figure 4.1
shows a schematic layout of the IB Stave. An extension of the FPC, not shown in Fig. 4.1,
connects the Stave to a patch panel that is served by the electrical services entering the detector
from one side only. A mechanical connector at each end of the Stave allows the fixation and
alignment of the Stave itself on the end-wheels, as described in Chap. 5. The inlet and outlet
of the closed-loop cooling circuitry are located at the same end of the Stave because also the
cooling is served only from the same side as all other services.
The prototyping of the IB Stave is well advanced. Figure 4.2 shows the detail of the end-Stave

with and without the mechanics connector and the cooling ducts.

Material budget

The design of the Stave accounts for the tight requirement on the material budget, which is
limited to 0.3% X

0

. Table. 4.1 reports the estimated contributions of the IB Stave to the
material budget.
A detailed study of the material distribution across the Stave has been performed after the

optimisation of each component. In Fig. 4.3 the azimuthal distribution of the Layer 0 material
traversed by the particles at ⌘ = 0 is shown. Neighbouring Staves are partially superimposed to
ensure the detector hermeticity. The highest peaks correspond to the overlap of the reinforced

4.1 Stave design 53

Figure 4.2: Prototypes of the Inner Barrel Stave.

Table 4.1: Estimated contributions of the Inner Layer Stave to the material budget.

Stave element Component Material Thickness X

0

X

0

(µm) (cm) (%)

HIC FPC Metal layers Aluminium 50 8.896 0.056
FPC Insulating layers Polyimide 100 28.41 0.035
Pixel Chip Silicon 50 9.369 0.053

Cold Plate Carbon fleece 40 106.80 0.004
Carbon paper 30 26.56 0.011

Cooling tube wall Polyimide 25 28.41 0.003
Cooling fluid Water 35.76 0.032
Carbon plate Carbon fibre 70 26.08 0.027
Glue Eccobond 45 100 44.37 0.023

Space Frame Carbon rowing 0.018

Total 0.262

structures along the edges of the Space Frame to guarantee the required sti↵ness and the narrow
spikes to the reinforcement implemented in the upper vertex. The peaks around 0.5% X

0

are
due to the polyimide cooling pipes embedded in the Cold Plate, which have an inner diameter of
1.024mm and a wall thickness of 25 µm, assuming they are fully filled with water. The average
value of 0.282% X

0

fulfils the specifications, which are of extreme importance for the achievable
impact parameter resolution.

4.1.2 Outer Barrel Stave

The Staves of the Middle and Outer Layers are identical, except that the Outer Layer Stave
is nearly twice as long. The basic concept of the OB Staves is very similar to the IB ones.
However, the Staves of the OB are split azimuthally in two Half-Staves, each longitudinally
further segmented in four or seven Modules for the Middle and Outer Layers, respectively, as
depicted in Fig. 4.4. The design of the Space Frame of the OB Staves is derived from the
ladder frame of the outer layers of the current ITS [3]. It supports two Cold Plates, with the
respective integrated cooling pipes, each carrying four or seven Modules. From here forward, all
references will be made to the Stave layout of the Outer Layer, which are more challenging from
the system and assembly point of view, unless otherwise specified. The layout and components
of the OB Stave are highlighted in Fig. 4.4. The Cold Plates are connected to the Space Frame

Inner barrel stave 
ALICE ITS TDR 



ALICE ITS Sensor Technology 

0. 18 µm CMOS imaging sensor process (TowerJazz) 

 

•  High resistivity epi layer on p-type substrate 

•  Special deep-p-well layer to shield PMOS 

 à true CMOS circuitry in the pixel 

 

•  Nwell diode output signal = Q/C 

 à minimize charge spread over different pixels 

 à  minimize capacitance 

 à small diode surface (~ 100x smaller than pixel area) and large depletion volume 
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ALICE ITS Sensor Development 

Prototype chips produced on a variety of starting 

wafers: 

•  Dedicated engineering run (March 2013) 
•  26 different dies in one reticle (23.5 x 31 mm) to 

study different architectures 

•  New engineering run submitted in Jan. 2014 

 

Evaluation of the different prototype chips 

(thinned to 50 µm) using source tests (Fe55) and test 

beams. 

 Special thanks to the team at DESY who provided  

 help & support during 60 days of testbeam in 2013! 

 

Measurements before and after irradiation to 0.25, 

1 and 3 x 1013 1 MeV neq cm-2. 

 

 

 

 

 and  
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Subdivision of ITS1 Reticle: layout view
 

0,0
C.C –

IPHC –
5/3/13

Eng Run Q
1_2013

Reticle layout and wafer engineering run 03/2013 



ALICE ITS Sensor Development 

Starting wafers used in the engineering run 03/2013 (ALICE ITS TDR): 
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20.24%µm%

14 2 Pixel Chip

(a) �1V, 1013 cm�3 (b) �6V, 1013 cm�3 (c) �1V, 1012 cm�3 (d) �6V, 1012 cm�3

Figure 2.2: Semiconductor device simulations of the di↵erent settings of total diode reverse
bias and epitaxial layer doping. The diode is made of a 3 µm⇥ 3 µm square n-well, which has
a 0.5 µm spacing to the surrounding p-well. Shown is one eighth of the total pixel. The colour
code shows logarithmically the absolute value of the electrical field, and the white line indicates
boundaries of the depletion region.

ductor device simulations. While a quantitative prediction is very di�cult to achieve since it
depends on the precise knowledge of doping profiles, it gives some qualitative insights. Figure 2.2
shows the depleted volume inside the pixel cell for di↵erent configurations.

Another important aspect of the detection circuitry is the noise originating mainly from the
input capacitance (kTC noise) and the small input transistor (in particular random telegraph
signal noise, RTS noise). kTC noise is created by resetting the collection electrode, i.e. by
recharging the diode capacitance. One way to mitigate this noise contribution is to measure the
voltage signal on the diode twice and subtract the value of the first measurement from the second
one (correlated double sampling, CDS). The RTS noise is known to depend on the transistor
geometries and type (NMOS or PMOS) and di↵erent layouts are under study to identify the best
performing one. RTS noise typically diminishes when increasing the size, which however also
increases the capacitance; some trade-o↵ between gain and noise needs to be made. Additional
so-called shot noise is caused by the leakage of the collection node. Its magnitude is proportional
to the square root of the number of leaked electrons and hence does not only depend on the
electrode geometry but also on the integration time.

2.2.2 Read-out

The traditional MAPS in-pixel circuits are the so called 2T and 3T structures (Fig. 2.3). The
pixel electrode is connected to a source follower (M1) that bu↵ers the analogue voltage signal. A
second transistor (M2) is used as a switch to select the output of the bu↵er and make it available
to the corresponding column line, such that it can be read out at the end of column circuitry.
A variation of this circuit is the so-called 3T structure that includes an extra transistor (M3)
to actively reset the pixel. The way such an arrangement is read out is called a rolling-shutter
read-out (cf. Fig. 2.4): rows are read out one after the other by selecting the row switches (M2)
and—in case of 3T—applying the reset pulse shortly after. In this way each row integrates the

3.1 Wafers for CMOS production 43

Table 3.1: Wafers used for the engineering run March 2013.

Type Number of wafers Epitaxial Thickness (µm) Resistivity (k⌦ cm)

1 (LR-12) 3 12.0± 0.5 0.03
2 (HR-18) 4 18.0± 1.5 >1
3 (HR-30) 3 30.0± 0.3 ⇡1
4 (HR-40A) 3 40.0± 0.6 ⇡1
5 (HR-20) 6 20.0± 1.9 6.2
6 (HR-40B) 3 40.0± 1.9 7.5
7 (CZ) 3 CZ >0.7

Figure 3.2: Example of a schematic arrangement for the four point probe measurement [17]
(left). In case of epitaxial silicon wafers, the current path via the substrate has to be taken
into consideration [15]. Resistivity map of one epitaxial wafer measured at TMEC with a RS30
KLA-Tencor four point probe system (right). Note that the resistivity values are indicated as
⌦/sq.

3.1.2 Quality assurance tests of wafer starting material

The wafer manufacturers provide information on epitaxial layer thickness and resistivity values
derived from SRP (Spreading Resistance Profiling) measurements. For this purpose, a blank
wafer is ground at an angle and the resistivity profile is measured at di↵erent depths. This
measurement is destructive to the wafer and is carried out on a sample basis. The surface res-
istivity can be measured in a number of points across the wafer, using, for example, a four point
probe measurement system. The quality assurance for the wafer procurement for the production
will include the monitoring of the epitaxial layer resistivity and thickness on a sample basis as
one of the key parameters for the performance of the final chips. The tests and procedures are
presently being developed to put them in place well in advance of the start of production.
First surface resistivity (R

s

) measurements have been carried out on blank wafers (one wafer
of type 5, one wafer of type 6) of the engineering run of March 2013 at the collaborating
institute TMEC, Thailand. Figure 3.2 shows the schematic arrangement of a four point probe
measurement on the left hand side. Prior to the measurement, the wafer was dipped in a 1%
HydroFluoric bath to remove the native oxide layer on the surface. The resistivity was measured
on 49 points across the surface, corresponding to the 49 reticles of the processed CMOS wafer.
The R

s

values measured on the wafer of type 6 are shown on the right hand side in Fig. 3.2.
The corresponding average resistivity value measured is 7.9 k⌦ cm with a standard deviation

TCAD simulation of an n-well 
diode (3 µm x 3 µm): 
 
•  using 2 different doping levels 

for the  epi-layer and  
•  two reverse bias settings 
•  logarithmic colour scale of the 

electric field 
•  White line shows depletion 

region 

ALICE ITS TDR 

SEM: epi layer and substrate thickness 



ALICE ITS Sensor Development 
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Read-out architectures

I Three design teams are currently working on four di�erent
architectures for the Pixel Chip:

18 2 Pixel Chip

Table 2.2: Chip design options.

Architecture Pitch Integration time Power consumption
(discriminator, read-out) (r� � z) (µm2) (µs) (mW cm�2)

MISTRAL
22 � 33.3 30 200

(end-of-column, rolling-shutter)

ASTRAL 24 � 31
20

85
(in-pixel, rolling-shutter) 36 � 31 60

CHERWELL
20 � 20 30 90

(in-strixela , rolling-shutter)

ALPIDE
28 � 28 4 < 50

(in-pixel, in-matrix sparsification)
a A strixel is a 128-pixel column over which the electronics are distributed.

2.4 STAR pixel detector

The STAR Heavy Flavor Tracker (HFT) is conceived with a similar purpose as the upgraded
ITS in ALICE, to construct a state-of-the-art silicon micro vertex detector, capable of displaced
vertex identification in heavy-ion collisions below 50 µm, opening the way to precision charm
and beauty physics. The STAR HFT is the first vertex detector based on MAPS. The first three
sectors were installed in May 2013 in the STAR experiment at RHIC and tested in an engineering
run with proton and light ion beams, while the full pixel detector will be commissioned in early
2014.

The two innermost layers form the PXL detector [9] and consist of high resolution MAPS, the
ULTIMATE (MIMOSA-28) sensors [10] developed at IPHC CNRS. The ULTIMATE sensor is
manufactured in the AMS 0.35 µm OPTO process, consisting of 928 rows and 960 columns (active
area of 3.8 cm2, integration time 190 µs) with binary output and integrated zero suppression logic.
The pixels have a 15 µm thick epitaxial layer with a resistivity of above 400� cm and a pixel
pitch of 20.7 µm. The ULTIMATE architecture is based on a column-parallel (rolling-shutter)
read-out with amplification and correlated double sampling (CDS) inside each pixel [11]. Each
column is terminated by a high precision discriminator and read out in a rolling-shutter mode
with 200 ns per row [12], yielding a power dissipation of about 150 mW cm�2. The discriminator
outputs are processed by an integrated zero suppression logic and the results are stored in two
memories, allowing a continuous read-out and 320 Mbit s�1 data throughput capability. The
ULTIMATE sensor can cope with a hit rate density of about 106 cm�2 s�1.

While the ULTIMATE sensor characteristics are not orders of magnitude far from the ALICE
requirements, further developments are needed to meet the ALICE requirements in terms of
read-out time.

2.5 ALICE developments

The wide spectrum of possible implementations o�ered by the TowerJazz technology is being
explored by four di�erent design streams. The main operational features of these designs are
summarised and contrasted in Tab. 2.2 and a description of the main design features of the four
circuits is given below.

I This year the decision of the final chip architecture shall be taken
based on results of large scale prototypes

I  lots of characterisation work to be done

MM (CERN) The ALICE ITS Upgrade SLRI VIP, 10/02/2014 11 / 24

Read-out architectures II

MM (CERN) The ALICE ITS Upgrade SLRI VIP, 10/02/2014 12 / 24

ALICE ITS TDR 

•  4 different architectures 
under study 

•  Selection for the final chip 
planned for end 2014 

•  Prototype chips available for 
each architecture 

•  In the following a selection of 
results is presented from: 

•  MIMOSA22THR, 
MIMOSA32ter (MISTRA/
ASTRAL) 

•  Explorer0 and Explorer1 
(ALPIDE) 



MIMOSA22THR 
Prototype chip of the MISTRAL/ASTRAL family with pre-amplifier and CDS in pixel circuitry and 

parallel column readout with offset compensated discriminators at the end of column. 
 

•  Used to validate the upstream part of the MISTRAL and most of the ASTRAL readout. 

•  Version a: single row rolling shutter, version b: double row rolling shutter. 

•  Noise measurements: 19 e- ENC (a), 20-23 e- ENC (b) 
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28 2 Pixel Chip
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Figure 2.11: MIMOSA-22THRa1 performance of 22 µm⇥ 33 µm pixels composing sub-matrix
S1 and S2.
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Figure 2.12: MIMOSA-34 results.

circuitry needed for ASTRAL provide performances confirming the adequacy of the circuit
concepts. Their noise level still needs to be suppressed by at least 30%, a goal which seems within
reach with the solutions implemented in the next generation of sensors (AROM-1) expected to
be fully tested by Q1 of 2014.

Summary of the MIMOSA test beam measurements

The detection performances of the upstream part of the MISTRAL architecture were further
assessed with a 4.4GeV/c electron beam at DESY in August 2013. The study focussed on the
sensitive area, composed of 22 µm⇥ 33 µm pixels, connected to the end-of-column discriminators.
It also addressed the performances of larger pixels, which become relevant in case of relaxed single
point resolution requirements. The measurements concentrated on the signal charge collection,
the hit cluster properties, the seed SNR, the detection e�ciency and the spatial resolution.
Several results of the study apply also to the ASTRAL detection performances.

The study was performed in two steps. First, the charge sensing properties were estimated
for various pixel geometries, based on the MIMOSA-34 sensor and therefore not influenced

MIMOSA22THRa test beam measurement 
 
HR20 wafer (20 µm epi layer thickness) 
Pixel size: 22 µm x 33 µm 

ALICE ITS TDR 



Explorer 0 and Explorer 1 

Prototype chips of the ALPIDE family to study the charge collection and diode layout as well as the 

effect of back-biasing. 

•  2 sub-matrices (20 µm x 20 µm and 30 µm x 30 µm pixels) 
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Table A.3: Summary of Explorer-1, 20 µm, 6 k⌦ cm, characteristics for di↵erent back-bias voltages of V
bias

= �1V
and �6V and with/without neutron irradiation.

Seed SNR Noise [e�] CCE [%]

Sector Shape Diameter Spacing Dose 20 ⇥ 20 µm2
30 ⇥ 30 µm2

20 ⇥ 20 µm2
30 ⇥ 30 µm2

20 ⇥ 20 µm2
30 ⇥ 30 µm2

[µm] [µm] [1MeVneq] �1V �6V �1V �6V �1V �6V �1V �6V �1V �6V �1V �6V

1 1.13 3.035

0 39.1 84.9 30.4 60.4 16.2 10.5 19.5 13.4 97.6 100.0 97.6 100.0
1 ⇥ 10

13

2 2 2.6

0 38.8 74.7 29.5 53.3 16.8 12.2 20.5 15.7 99.0 100.0 97.4 100.0
1 ⇥ 10

13

3 3 2.1

0 37.3 59.9 28.2 45.4 17.6 14.7 21.5 18.6 98.3 98.8 98.0 100.0
1 ⇥ 10

13

4 x 1.13 3.035

0 35.2 76.7 29.8 57.8 16.3 11.1 18.7 13.2 98.3 100.0 97.8 100.0
1 ⇥ 10

13

5 x 2 2.6

0 35.4 67.0 29.7 52.6 16.9 13.0 19.3 15.3 97.8 100.0 97.6 100.0
1 ⇥ 10

13

6 x 3 2.1

0 34.0 56.0 28.2 44.4 17.9 15.3 20.4 18.0 98.1 100.0 96.3 100.0
1 ⇥ 10

13

7 1.13 0.635 (top)

0 31.5 75.5 27.2 57.7 20.3 11.9 21.4 13.5 99.2 100.0 97.6 100.0
1 ⇥ 10

13

8 x 1.13 0.635 (top)

0 31.7 75.0 27.5 58.7 18.5 11.2 20.0 12.6 98.3 100.0 96.8 100.0
1 ⇥ 10

13

9 x 2 2.6

0 31.8 66.8 27.9 54.2 17.4 11.8 18.3 13.1 98.1 100.0 96.0 100.0
1 ⇥ 10

13

Explorer 1, ALICE ITS TDR 

34 2 Pixel Chip
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Figure 2.18: Comparison of 55Fe cluster signal for Explorer-0 sector 2 (7.6 µm2 diode, no
spacing) and sector 6 (7.6 µm2 diode, 1.04 µm spacing) as well as for Explorer-1 sector 6 (7.6 µm2

diode, 2.1 µm spacing). The analogue output signal is increased by 60% by optimising the diode
shape and circuit input capacitance.

Four di↵erent starting materials (HR-18, HR-20, HR-30, HR-40B, see Tab. 3.1) were compared
at another test beam at DESY with 3.2GeV/c positrons. The summary is shown in Fig. 2.17 for
the 20 µm⇥ 20 µm pixels, while results from 30 µm⇥ 30 µm look similar. The expected linear
increase of the generated charge with the epitaxial layer’s thickness is observed and, in addition,
it can be seen that the cluster size increases. These two a↵ects have a competing influence on
the amount of charge that is collected in the seed pixel. Depending on the back-bias voltage,
the optimum value in terms of seed signal is attained at di↵erent epitaxial layer thicknesses.
While the optimum at a back-bias voltage of �6V is at 30 µm, it is at 20 µm for �1V. Due its
possible significant improvement of SNR, the HR-30 material is further investigated and a test
beam with an irradiated sample is planned for December 2013.

Comparison and conclusion

A summary of extracted parameters for the di↵erent diode geometries is given in App. A. By
the comparison of the di↵erent anode types, the following trends can be observed:

• Most diode geometries provide the required charge collection e�ciency.

• Larger spacing between the diode n-well and the surrounding deep p-well yields a better
signal-over-noise ratio.

• Larger back bias yields a better signal-over-noise ratio.

• The Explorer-1 circuits show a 60% better signal-over-noise ratio with respect to Explorer-
0, if one masks the few percent of pixels with significant RTS noise contribution (Fig. 2.18).

• Only at larger back-bias voltages one may benefit largely from the increased charge created
in a thicker epitaxial layer. Then, however, the increase in SNR can be substantial.

These observations can qualitatively be described by looking at the depletion volume, which is
larger when increasing the reverse voltage of the collection diode (back bias) and when increasing
the space towards the surrounding p-well. This argument is steering the optimisation of the
layout of the ALPIDE and pALPIDE pixel geometries.

Different n-well diode areas and spacing to the 
surrounding p+ring:  
•  Explorer 0: sector 2: 7.6 µm2 diode, no spacing 
•  Explorer 0: sector 6: 7.6 µm2 diode, 1.04 µm spacing  
•  Explorer 1: sector 6: 7.6 µm2 diode, 2.1 µm spacing   

ALICE ITS TDR, Fe55 measurement 



Explorer 0 before/after irradiation 
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Figure 2.14: Explorer front-end circuitry (simplified).
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pixel)

Figure 2.15: Comparison of 55Fe signals for an Explorer-0 pixel with a 7.6 µm2 octagonal n-well
electrode and a 1.04 µm spacing between the n-well and the surrounding p+-ring. The spectra
are measured at back bias voltages of �1V and �6V as well as before and after irradiation with
1013 1MeV n

eq

/cm2 neutrons.

routing and input transistor geometry to lower the front-end input capacitance from 3.6 fF to
1.4 fF, which allows for a better measurement of very low detector capacitances.

Laboratory measurements

The sensor was characterised using X-rays from an 55Fe source to determine its charge collection
e�ciency. Examples of the signal of single-pixel clusters and of arbitrarily shaped clusters
(defined as the sum of a 5⇥ 5 matrix around the seed) are shown in Fig. 2.15.

The noise figure of the Explorer-0 has been studied in the laboratory. It has found to be
Gaussian for more than 99.9% of the pixels before irradiation and still more than 99% after
irradiation with 1013 1MeV n

eq

/cm2. The remaining pixels show jumps of the baseline that
appear with a period of several seconds. For Explorer-1, the situation worsens: RTS noise
appears as a new noise source, significantly a↵ecting a few percent of the pixels. This e↵ect,
very similar to what has been observed with the MIMOSA-32, can most likely be attributed to
the decreased input transistor size.

It should, however, be noted that the Explorer front-end is not representative for the final
chip. Apart from a di↵erent input transistor geometry, the ALPIDE mode of operation is not
sensitive to a (quasi-)static shift of baseline, but only to shifts that occur within the integration
time of the amplifier (some 4 µs).

Explorer 0 irradiated to 1x1013 1MeV neq cm-2 

•  2 bias settings (-1V, -6V) 
•  N-well diode: 7.6 µm2 with 1.04 µm spacing 
•  Noise increases by 5-15% (different pixel sizes and diode geometries)  

ALICE ITS TDR, Fe55 measurement 



MIMOSA32ter 
S/N measured in the SPS testbeam for MIMOSA32ter chips before and after irradiation (combined 

irradiation 1 Mrad TID + 1013 1 MeV neq cm-2) 

•  S/N decrease due to noise increase after irradiation 

•  Cluster signal remains unchanged 
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Figure 2.22: SNR of seed pixel measured with MIMOSA-32ter at the CERN-SPS, at two
operating temperatures, before and after irradiation with the combined load of 1Mrad and
1013 1MeV n

eq

/cm2.

carried out using the proton beam from the NPI cyclotron in Rez near Prague and at PSI3. The
SEU TJ180 structures were exposed to protons of 32.2MeV and 24.8MeV (NPI) and 29.5MeV,
60MeV, 100MeV, 150MeV and 230MeV (PSI) at proton fluxes between 1.1⇥ 107 cm�2 s�1

and 1.1⇥ 108 cm�2 s�1. All SEU tests were carried out in static mode, i.e. the memory was
programmed with a fixed pattern prior to the irradiation cycle and bit flips were monitored as
a function of the proton fluence. The results of the SEU cross section measurements are shown
in Fig. 2.23.

Given a typical memory depth of N = 2Mbit and a throughput of µ = 300Mbit s�1 as well
as a total hit density of ⇢ = 1.6⇥ 106 cm�2 s�1 and a SEU cross section of � = 10�13 cm2 bit�1,
one gets a mean error probability per bit, �, of:

� = N/µ · ⇢ · � ⇡ 10�9 bit�1

. (2.1)

This is the worst case scenario of a central chip and still low enough that the induced data
corruption can be tolerated. Though much less likely (typically only a few hundred bits are
concerned) but still more relevant is the aspect of SEUs in the configuration or the control logic
within the chips. In contrast to errors in the data stream, any error in the configuration logic is
persistent until the configuration is updated. Even worse, SEUs in the control logic of the chip
can lead to electrical errors on the bus and even physical damage. Special means will therefore
be taken to protect those parts of the chip by a redundant, radiation-hardened design.

Radiation hardness tests with regard to SEL require a dedicated test set-up and will be carried
out in the near future for various test structures.

2.8 Summary and plans

Within the R&D phase, the TowerJazz technology has successfully been qualified as appropriate
for the ALICE ITS pixel sensor. The di↵erent design streams have accomplished key achieve-
ments towards the development of large scale prototypes. In particular, radiation tolerance and
particle detection e�ciencies meeting the requirements have been achieved. Within the next
year, focus will lie on the characterisation of bigger chips, including full-size building blocks of
the final chips. After, a decision for the option to be adopted will be taken and forces will be

3Paul Scherrer Institute



Explorer 1 

Study of different starting materials (pixel size 20 µm x 20 µm), Desy testbeam 2013: 
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Explorer 1 
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Explorer-1: influence of starting materials
Comparisons:*Back*biasing*

11/21/13* JvH*9*DESY*test*beam*September*2013* 14*
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•  Cluster*signal*increases*linearly*
with*epi*thickness*

•  For*96V*back*bias*seed*signal*
increas*un3l*30*μm,*then*
decreases*for*40*μm*

•  For*91V*back*bias*seed*signal*
decreases*already*for*30*μm*
*!larger*increase*of*cluster*
*mul3plicity!*

*
•  Points*for*40*μm*and*91V*need*

further*inves3ga3ons*

•  No*remarkable*difference*for*
different*pitches*

20*×*20*μm2*pixels:*

30*×*30*μm2*pixels:*I Linear dependence of total charge on epitaxial layer thickness: 3

I Increase of cluster size with epitaxial layer thickness: 33

I Best seed SNR: 30 µm @ ≠6 V and 20 µm @ ≠1 V
MM (CERN) The ALICE ITS Upgrade SLRI VIP, 10/02/2014 19 / 24

Study of different starting materials (pixel size 20 µm x 20 µm), Desy testbeam 2013: 

2 competing processes: 
•  Cluster charge increases linearly with the epi layer thickness 
•  Cluster size increases for thicker epi layer thicknesses 
 

Best SNR: 30 µm @ -6V 
                  20 µm @ -1V 



Summary 

•  A new ALICE ITS will be installed during LS2, replacing the present silicon 

tracker with 7 layers of monolithic silicon pixel detectors. 

•  Different architectures are under study in testbeams and laboratory 

measurements using prototype chips. 

•  Several starting materials have been included in a recent engineering run, 

allowing to study the effects of different epi layer thicknesses and resistivities. 

•  Radiation tests up to the levels expected for the innermost layer in the new ITS 

show no signal degradation in the prototype chips and a noise increase between 

5 and 15%, depending on the pixel and diode geometry. 
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