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Tracking system measures the traces left by 
charged particles

ATLAS Detector Slice
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Tracking Systems in HEP 

HEP experiments (traditionally) have detectors 
divided (simplified) in four main components: 
tracking detector, electromagnetic calorimeter, 
hadronic calorimeter, muon detector

Tracking systems based on silicon detectors are 
at the hart of most of the modern HEP 
experiments at colliders and their use is 
becoming increasingly prominent  

+ specilized detectors for Particle Identification
(PID): e.g. Time Of Flight (TOF), Ring Imaging 
Cherenkov (RICH), Transition Radiation



LHC pp collisions: a candidate Z boson event in the dimuon
decay with 25 reconstructed vertices (ATLAS, April 2012)

LHC Pb-Pb collision (ALICE, Sep 2011)

Pb Pb
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Silicon Trackers – Key to solve complex events close to IP

Int. rate ~ 0.6 GHz

Int. rate ~ 10 KHz
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Measurement of the decay topology of short-lived particles 

The first detection layers, the  closest to the IP, are crucial for the measurement of the 
interaction vertex (primary) and the decay vertex of short-lived particles (secondary) 

Typical (proper) decay length of charm and beauty hadrons: 
≈100µm and ≈500µm respectively 
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Measurement of the decay topology of short-lived particles 

The first detection layers, the  closest to the IP, are crucial for the measurement of the 
interaction vertex (primary) and the decay vertex of short-lived particles (secondary) 

Typical (proper) decay length of charm and beauty hadrons: 
≈100µm and ≈500µm respectively 

L+
c (ct ~ 60µm)

p+ p K-

detector 
layers 

L. Musa (CERN) – RAPID2021 – Oct 2021



Si-pixel, Si strip, TRT (gas, transition radiation)

Phase-I upgrade:  one more Si-pixel layer (IBL)

Phase-II upgrade: Si pixel + Si Strip (entirely new)

Central Trackers at the LHC Experiments

ATLAS Tracker 
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≈ 200 m2 silicon strips 
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Si-pixel, Si strip

Phase-I upgrade:  replacement of Si-pixel

Phase-II upgrade: Si pixel + Si Strip (entirely new)

CMS Tracker 

All silicon

Central Trackers at the LHC Experiments
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≈ 200 m2 silicon strips 
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Central Trackers at the LHC Experiments

Si pixel, Si drift, Si strip, TPC (gas), TRD (gas, trans. rad.)

Phase-I upgrade:  MAPS + TPC & TRD (new readout)

ALICE Tracker 
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10 m2 silicon pixels

1.5 ≤ h ≤ 1.5

7 Layers  (22mm < r < 400mm) 
6 layers (39mm < r < 440mm)
-1 ≤ h ≤ 1

7 layers (22mm < r < 400mm)
-1.3 ≤ h ≤ 1.3

ITS1 – RUN1 & RUN2 ITS2 – RUN3 & RUN4

ALICE Inner Tracking System (ITS)
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Central Trackers at the LHC Experiments

Figure 9: Schematic view of the LHCb detector [18].

silicon strips are used in the region close to the beam pipe, whereas strawtubes
are employed in the outer regions. The VELO makes possible a reconstruction of
primary vertices with 10µm (60µm) precision in the transverse (longitudinal) di-
rection. In this way the displaced secondary vertices, which are a distinctive feature
of beauty and charm hadron decays, may be identified. The overall performance
of the tracking system enables the reconstruction of the invariant mass of beauty
mesons with resolution �m ⇡ 15 to 20MeV/c2, depending on the channel.

2.3.3 Particle identification

LHCb in general looks like a slice out of a “traditional” experiment as described in
Sect. 1.1, apart from the two RICH detectors providing hadron ID. The RICH de-
tectors are described in more detail in Sect. 5.4. An EM calorimeter and a hadron
calorimeter provide the identification of electrons, hadrons and neutral particles
(photons and ⇡0) as well as the measurement of their energies and positions. The
EM calorimeter is a rectangular wall constructed out of lead plates and scintilla-
tor tiles. The total thickness corresponds to 25X0. In a beam test it was found
that the relative energy resolution follows (�E/E)2 = (0.094/

p
E (GeV))2 +

(0.145/E (GeV))2 + 0.00832. The hadronic calorimeter consists of iron and scin-
tillator tiles with a relative energy resolution of (�E/E)2 = (0.69/

p
E (GeV))2+

0.092, measured with a prototype in a beam test. Finally, the muon system is de-
signed to provide a fast trigger on high momentum muons as well as offline muon
indentification for the reconstruction of muonic final states and beauty flavor tag-
ging. It consists of five stations (M1-M5) equipped mainly with Multi Wire Pro-
portional Chambers (MWPCs). For the innermost region of station M1, which has

19

0                                                            10 m                                                    20 m    

Tracking System

RICH Detectors

IP

Calorimeters

Muon System

Vertex Locator
VELO

Si strips (VELO), silicon+straw tubes

Phase-I upgrade: Si pixel, scintillating fibers

LHCb Tracker 
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Pixels to cope with higher particle rates 
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Complex systems operated in a challenging high track density environment
Innermost regions usually equipped with pixel detectors

CMS (Si) Strip Tracker IBATLAS (Si) Pixel Detector

ALICE Pixel Detector

CMS (Si) Pixel Detector

ALICE Drift Detector ALICE Strip Detector

ATLAS SCT Barrel (Si Strips)

LHCb VELO (Si strips)

Silicon detectors at the hart of all LHC experiments
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Prelude 
Silicon Trackers
A Brief Historical Excursus
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Towards end of  1970’s:  intensive R&D on devices which could measure short-lived particles (10-12 - 10-13 s)

R&D at CERN(A) and Pisa(B) demonstrated that strip detectors (100-200µm pitch): 
• high detection efficiency (>99%), good spatial resolution (~20µm) and good stability
• precise vertex reconstruction

However: fabrication of these devises  was very tricky, thus limiting their availability

1980 – fabrication of silicon detectors using standard IC planar process (PIN diode è µstrip detector)

First use of silicon strips detectors by NA11(CERN SPS) 
and E706 (FNAL)

(A) NA11 (1981): 6 planes (24 x 36mm2): resistivity 2-3 
kWcm, thickness 280µm, pitch 20µm

(B) E706 (1982): 4 planes (3x3 cm2) + 2 planes (5x5cm2) 

J. Kemmer, et al., “Development of 10-micrometer resolution silicon counters for charm signature observation with the 
ACCMOR spectrometer”, Proceedings of Silicon Detectors for High Energy Physics, Nucl. Instr. and Meth. 169 (1980) 499. 

these detectors and their use is presented in a
dedicated talk at this conference [22].

A novel type of tracking detector, the ‘‘semi-
conductor drift chamber’’, was proposed in 1984
[23]—detectors of this kind are covered in a
separate talk at this conference [24]. The two
coordinates are given by the anode number and
the drift time of deposited charges. To avoid
overlapping of signals from consecutive events,
these detectors are used in experiments at rather
low rates (the time interval between events should
be larger than the drift time).

3. Progress on readout electronics

As can be seen in Fig. 3, the detector assembly
of NA11/NA32 was rather bulky, which was
acceptable for fixed-target experiments, however,
it could not be used in collider experiments.
Therefore, it became imperative to look for other
solutions and in 1984 some new ideas on VLSI
electronics were presented [25,26]. Soon after that

Microplex and Camex chips were produced
[27,28]—it was a very essential step in further
development of silicon tracking detectors.
Successful tests of silicon strip detectors with

VLSI readouts were carried out in 1985 [29,30]
paving the way towards collider vertex detectors.
Fig. 6 shows the n-MOS readout chip, Microplex,
attached to a strip detector via ultrasonic bonding.
Soon after these first demonstrations, the next

generation of VLSI CMOS chips, SVX [31] and
MX [32], with more sophisticated logic, was
developed. These chips were designed for vertex
detectors at LEP and Tevatron.
One of the best front-end designs, with noise

figures ENC ! 160e" # 12e"=pF for the integra-
tion time of a microsecond, was the ‘‘Viking’’ (VA)
chip [33], different versions of which have been
used in various applications and particle physics
experiments.
Plans for high-energy hadron colliders, SSC in

the USA and LHC in Europe, brought up new
design requirements, namely high-speed and radia-
tion hardness, which in conjunction with other

ARTICLE IN PRESS

Fig. 3. Silicon strip detector assembly used in NA11 experiment at CERN [14–16].

M. Turala / Nuclear Instruments and Methods in Physics Research A 541 (2005) 1–144
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scattering angle θo depends linearly on the inverse of the 
momentum p and on the square root of the material thickness 
t in units of a material constant, the radiation length Xo:  

oXtp
MeV / 13.6  o •
•

)(
≈

β
θ   .    (1) 

Thus, either very thin detectors or high energy particles (or 
both) are required to allow good position resolution. The 
typical silicon detector thickness of 300µm amounts to 
0.3%Xo.  

 

 
Fig. 1.  Energy loss (“stopping power”) of muons in Cu. This curve is 
universal as a function of β∗γ, indicating that at high enough energies, all 
particles radiate and at low energies, the momentum of the particle can be 
determined from the energy loss. From [10].  
 

How well the tracking detector performs depends mostly 
on the signal-to-noise ratio. It determines how many extra hits 
are accepted and if superior position accuracy due to charge 
sharing can be achieved. As mentioned, the signal depends on 
the detector thickness, and the noise more or less on the area 
of the detector element, and on the shaping time. Thus 
detectors with small area readout sections can provide good 
performance even if the signal is generated only in a thin 
active volume. Detectors with large area readout sections can 
achieve good signal-to-noise with long shaping times.  

IV. THE RISE OF  SILICON STRIP DETECTORS 
Silicon detectors have been used and are still in use in low-

energy spectroscopy [11], [12]. Due to the large e-h yield and 
low leakage currents, an energy resolution of below 1 keV is 
routinely achieved. The use of silicon strip detectors in HEP 
particle tracking got a boost from the introduction of the 
planar technology by J. Kemmer [13], with fixed target 
experiments both at CERN [14] and FNAL [15]. Figure 2 
show the set-up of the experiment E706: the detectors of the 
dimensions 5 cm x 5 cm are dwarfed by the fan-out which are 
needed to bring the signals to the large banks of amplifier 
boards with discrete components [15].  

The next step forward came through the development of 
ASIC amplifier chips of the size that they could be coupled 
directly to the detectors [16]. In the silicon detector 
developed for the Mark2 [16] at the SLAC Linear Collider 
(SLC), shown in Fig. 3, the vertexing errors due to multiple 

scattering were reduced by the following paradigm for 
vertex detectors:  

• ASIC’s at the end of “ladders” 
• Minimize the mass inside the tracking volume 
• Minimize distance between interaction point 

and detectors  
 

 
 
Fig. 2.  The early years: experimental set-up with silicon strip detectors in 
fixed target experiment (E706 at FNAL). The 5 cm x 5 cm silicon detectors 
are seen in the center, with the fan-out cables and amplifier banks 
dominating the picture.   From [15]. 
 

 

 
 
Fig. 3.  Vertex detector paradigm embodied in the Mark2 silicon vertex 
detector: The inner radius is only 2.5 cm, the ASIC’s (not shown) are at the 
end of the ladders outside the tracking volume and the detectors are very 
thin. From [16]. 
 

Vertex detectors enabled a new area of heavy flavor 
physics both in fixed target and colliding beam experiments. 
For example, all four LEP experiments had vertex detectors 
using silicon strip detectors [17]. The next step came in the 
use of radiation-hard electronics [18], and the realization that 

(A) (B)

The rise of silicon detectors in HEP

Erik Heine, Joseph Kemmer and Gherard Lutz: 2017 EPS prize for “Outstanding Contributions  to HEP” (pioneering the development of silicon µstrip)
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Voltage at which full thickness of the diode is depleted

d: thickness
ND-NA=Neff : effective doping concentration

e.g.  ND = 1012/cm3 , Na = 1015/cm3, d = 300µm 
(es = 11.7 x 8.8 x 10-12 F/m)

Vfd~ 80 V
Vfd =

e
2εs
(ND − NA )d

2

The p+n Reversed Biased Junction

p+n diode detector
• Reverse bias (positive voltage on n-bulk wrt p+ side) 
• Reverse bias voltage to fully deplete the entire bulk of free charge carriers 
a Full volume is sensitive to a passing particle (ionization chamber) 
• Highly n-doped layer to provide ohmic contact (n+) 

Effective doping concentrations 
• Na = 1015 cm-3 in p+ region 
• Nd = 1012 cm-3 in n bulk  

Without applying any external voltage
• Wp = 20 nm,     Wn = 23 µm

Applying an external voltage of 100V
• Wp = 400 nm,   Wn = 363 µm

p+ Na ≈ 1015 cm-3

n         Nd ≈ 1012 cm-3

n+ Nd ≈ 1015 cm-3

p+ rectifying junction (-V)

n+ bulk ohmic contact (0V)

+
+

+
+

+
+

+

+

-
-

-
-

-
-

-

-
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Double sided strip detectorSingle sided strip detector

Silicon Strip detectors 

14L. Musa (CERN) – RAPID2021 – Oct 2021



15

The rise of silicon detectors in HEP

The next step forward came with the advent of the VLSI technology that allowed coupling ASIC amplifier 
chips directly to the detectors 

1990s - LEP, first silicon vertex detectors were installed in DELPHI and ALEPH experiments, then OPAL and L3

1989 - first DELPHI vertex detector, consisting of two layers of single-sided strip detectors  

Projective  geometry è ambiguity at high multiplicities 
(high occupancy)

This started to become apparent already at DELPHI: 
• High number of ambiguities è reconstruction 

efficiency suffered a lot, especially in the forward 
direction

Not usable close to IP in hadron colliders (LHC) or HI 
experiments at SPS

Another problem at (very) high particle load è degradation of the sensor by the high radiation load.   This implies 
starting with a very large signal-to-noise ratio, which can only be obtained with detector with small capacitance

DELPHI - strip detector 
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Double sided silicon strips for the CBM (FAIR)

Ambiguity at high occupancy

n-side – strips parallel to edge (beam line)
p-side – stereo angle 15 degree 

Double Sided Strip Detector (DSSD)

n

Silicon Strips – Ambiguity at High Occupancy

16

Nr. channels = 2 x N
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Pixel detectors

• Truly two-dimensional sensitivity

• No two-hit ambiguity

• Single-sided process

Pixel Sensor Pixel Sensor Bump Bonded to the Readout Chip

Silicon Pixel detectors 

• But nr. Channels N2

• Minimum pitch limited by bump bonding technology 

a position resolution > 10µm
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The Inception of Silicon Pixel Detectors
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“The silicon micropattern detector: a dream?”
E.H.M Heijine, P. Jarron, A. Olsen and N. Redaelli , Nucl. Instrum. Meth. A 273 (1988) 615

“Development of silicon micropattern detectors”
CERN RD19 collaboration, Nucl. Instrum. Meth. A 348 (1994) 399

1995 – First Hybrid Pixel detector installed in WA97 (CERN, Omega facility)

1996/97 – First Collider Hybrid Pixel Detector installed in DELPHI (CERN, LEP)

Work carried out by RD19 for WA97 and NA57/CERN 

CERN – WA97 Experiment (1995)

• 5 x 5 cm2 area
• 7 detector planes
• ~0.5 M pixels
• Pixel size 75 x 500 µm2

• 1 kHz trigger rate
• Omega2 chipE. Heijne, E. Chesi

No-field, Pb-Pb, 153 reconstructed tracks

Hybrid pixel detector
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Pixel Detectors at the LHC 

Parameters ALICE ATLAS CMS
Nr. layers 2 3 3

Radial coverage [mm] 39 - 76 50 - 120 44 – 102

Nr of pixels 9.8 M 80 M 66 M

Surface [m2] 0.21 1.7 1

Cell size (rf x z) [µm2] 50 x 425 50 x 400 100 x 150

Silicon thickness (sens. + ASIC) - x/X0 [%] 0.21 + 0.16 0.27 + 0.19 0.30 + 0.19

ATLAS Pixels CMS Pixels ALICE Pixels

10 years after the first use in WA97…  hybrid pixel detectors at the heart of the LHC experiments
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Silicon Tracking Detectors
Some example at LHC 
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The CMS Silicon Strip Tracker

• 207 m2 of active silicon

• 15’100 Si Modules

• 75’000 APV FE chips

• 9.6 M readout channels

• 26 M wire bonds

• 37.000 Optical links

Size: 6m x 2.5m

September 2007

required temperature:  –10 °C
on the Silicon surface

The largest silicon detector 
ever built
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SS Modules red

DS Modules blue
(100 mrad stereo angle)

TOB (Tracker Outer Barrel)
6 layers
5200 modules

TID (Tracker Inner Disks)
2x3 disks
800 modules

TIB (Tracker Inner Barrel)
4 layers
2700 modules

TEC (Tracker EndCap)
2x9 disks
6400 modules

IP

h

z (mm)

r (mm)

Beam

hermetically closed system
tracking combines to outer Muon system
resolution of pt ~1.5% at 100GeV

One Quadrant of Tracker in r-z 11.4x106 microstrips Occupancy ~1%

The CMS Silicon Strip Tracker – The Constituents
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Bias Voltage

• p-in-n type silicon
• 1.5 – 3.2 kΩcm resistivity; 320 µm thickness
• 4.0 – 8.0 kΩcm resistivity; 500 µm thickness

Strip length 
From 10 cm (innermost) 
to 20 cm (outermost)

Strip pitch
From 80 µm (innermost) 
to 205 µm (outermost)

CMS Silicon Strip Sensors 

23L. Musa (CERN) – RAPID2021 – Oct 2021



24

2700 TIB Modules
768 strips/sensor

6400 TEC Modules, 800 TID Modules
10 different geometries5200 TOB Modules

example: „stereo“-type
512 strips/sensor

R1 R2 R3
R4

R5R6
R7

CMS Tracker Module
TOB              TEC

TIB   TID

A typical strip module (CMS) 

D. Bortoletto HCP Summer School 2016 43

A typical strip module (CMS) 

D. Bortoletto HCP Summer School 2016 43

Sensor signal interconnection: Al wire wedge bonding 
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Inner Barrel Inner Barrel

Outer Barrel

Outer BarrelFull Silicon Tracker

Endcap

CMS Full Silicon Tracker – The largest Silicon Device 
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16 thousand silicon sensors (60 m2 )

6 M silicon strips (80 µm x 12.8 cm)

80 M pixels (50 µm x 400 µm)

2 m
5.6 m

1 m

1.6 m

ATLAS Inner Detector (ID)

Semiconductor Tracker

Pixel Detectors

Transition Radiation Tracker 

Transition Radiation Tracker 

Semiconductor Tracker 

26

4 barrel layers
2 x 9  forward disks

required temperature:  –10 °C on 
the Silicon surface
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Silicon Pixels, Silicon Strips and Transition Radiation Tracker  

Pixel Detector
• 3 barrels, 3+3 disks: 80 x 106 pixels
• Pixel size: 50 x 400 µm2

• srf = 10 µm, sz = 66 µm

SCT
• 4 barrels, disks:  6.3 x 106 strips
• Strip pitch: 80 µm
• Stero angle ~ 40mrad
• srf = 16 µm, sz = 580 µm

TRT
• Barrel: 55cm < R < 108 cm
• 36 layers of straw tubes
• srf = 170 µm
• 400 x 103 channels

27

ATLAS Inner Detector 
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~12cm

~6cm

40mrad
Strip Module

28

ATLAS SCT – Sensors 

Lutz Feld, Uni Freiburg

ATLAS SCT Sensors

! p-on-n single sided detectors
! 285µm thick
! 2-8 kΩΩΩΩ.cm 
! 4“ substrate
! barrel

o 64x64mm²
o 80µm pitch 

! forward
o 5 different wedge shaped sensors
o radial strips
o 50...90µm pitch

! 768 read-out strips
! AC coupled to read-out
! polysilicon or implanted resistors
! multiguard structure for HV stability
! ~20000 sensors needed
! ordered from Hamatsu, CIS and Sintef

Sensors 
• p-in-n single sided detectors
• thickness 285 µm
• 2-8 kWcm
• Barrel

• 64 x 64 mm2

• 80 µm pitch
• Forward

• 5 different wedge shaped sensors 
• Radial strips 
• 50 … 90 µm pitch

• 768 readout-strips 
• AC coupled 

4 barrel layers 
2 x 9 forward disks
All 4088 modules double sided   

2.2 Strip Sensor to Module!

Silicon Detectors! 45!M. Krammer, F. Hartmann  EDIT 2011!
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SCT: 4088 modules; 6 million channels
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ATLAS Semiconductor Tracker
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Hybrid Pixel Detectors at the hart of the LHC Experiments - Different sensor technologies, designs, operating condition

Pixel Detectors at LHC

30

ATLAS Pixels CMS Pixels ALICE Pixels

Parameters ALICE ATLAS CMS
Nr. layers 2 3 3

Radial coverage [mm] 39 - 76 50 - 120 44 – 102

Nr of pixels 9.8 M 80 M 66 M

Surface [m2] 0.21 1.7 1

Cell size (rf x z) [µm2] 50 x 425 50 x 400 100 x 150

Silicon thickness (sens. + ASIC) - x/X0 [%] 0.21 + 0.16 0.27 + 0.19 0.30 + 0.19

srf≈ 10 – 20 µm

spatial resolution better than 
pixel pitch x 1/√12

due to charge sharing
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5 readout chips/sensor
0.25µm CMOS
13.68 mm x 15.58 mm
thinned to 150 µm

p-in-n silicon sensor
72.72 mm x 13.92 mm
200 µm thin

31

ALICE Pixel Detector (SPD) – half stave
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Sensor
• 47232 n-on-n pixels
• 250 µm thickness
• 50 µm (Rf) × 400 µm (z)
• 328 rows (xlocal) × 144 columns 

(ylocal)
16 FE chips
• bump bonded to sensor

FEI4 chip

charge amplitude via pulse width (ToT) 
noise ~160e- (on module) 

32

ATLAS Pixel Module 

signal 

threshold

result 

counter
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Advent of Monolithic Pixel Detectors
Some example at LHC 

33



Beyond Hybrid Pixel Detectors …

Hybrid Pixel Detector Monolithic Pixel Detector

N. Wermes (Univ. of Bonn) N. Wermes (Univ. of Bonn)

Since the very beginning of pixel 
development (CERN RD 19): 

Motivation: reduce cost, power, 
material budget, assembly and 
integration complexity

Several major obstacles to overcome: 

• CMOS generally not available on high resistivity silicon (needed as bulk material for the sensor)

• Full CMOS circuitry not possible within the pixel area (only one type of transistor è slow readout)

dream to integrate sensor and 
readout electronics in one chip

✔

✔

MAPS exist in many different flavors: CMOS, HV CMOS, DEPFET, SOI 
The following will cover only CMOS Active Pixel Sensors (CMOS MAPS)  = CMOS Active Pixel Sensors (CMOS APS)
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Smithsonian Magazine

Monocrystalline, high purity single crystals (Czochralski)

Silicon CMOS Industry

Monocrystalline silicon
main semiconductor used for the fabrication of Integrated Circuits 

IC

220 Million wafers / year~ ≤3.5$ / cm2

CMOS sub-micron fabs

~ 14 x 106 m2
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220 Million wafers / year

~ 14 x 106 m2

Silicon CMOS Industry
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Smithsonian Magazine

Monocrystalline, high purity single crystals (Czochralski)

Silicon CMOS Industry

Monocrystalline silicon
main semiconductor used for the fabrication of Integrated Circuits 

IC

220 Million wafers / year~3.5$ / cm2

CMOS sub-micron fabs

~ 14 x 106 m2

Technology Node 
Transistor minimum feature size 

Example 
For a “28nm CMOS process” 
28nm is the channel length of a 
minimum-size transistor

Metal Oxide Semiconductor Field Effect Transistor

37L. Musa (CERN) – RAPID2021 – Oct 2021



38

N+ N+

PWELL

NMOS TRANSISTOR

N+ N+

PWELL

NMOS TRANSISTOR

NWELL NWELL PWELL NWELL

Sensitive volume 

Epitaxial Layer P-

Substrate P++

Routing layers (metal layers, SiO2), passivation
a few µm

~ 1µm

up to 20µm

Total 50 µm

DIODE

Doping of epitaxial layer few order of magnitude smaller than that of the p-well or the p++ substrate  

Potential barriers exist at its 
boundaries 

𝑉! =
𝑘𝑇
𝑞
𝑙𝑛
𝑁"#$
𝑁%&'

𝑉( =
𝑘𝑇
𝑞 𝑙𝑛

𝑁)*+,,
𝑁%&'

which keep minority carriers 
confined in the epi-layer ....

… till they reach the depleted region underneath the NWELL collection electrode  

Back-thinning to reduce material budget 

ionizing particle

Detection of charged particles in CMOS APS

N+ N+

NWELL

PMOS TRANSISTOR

🚫
depleted 
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The inception of CMOS MAPS for charged particle tracking 
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A monolithic active pixel sensor for charged particle tracking
and imaging using standard VLSI CMOS technology
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Abstract

A novel Monolithic Active Pixel Sensor (MAPS) for charged particle tracking made in a standard CMOS technology
is proposed. The sensor is a photodiode, which is readily available in a CMOS technology. The diode has a special
structure, which allows the high detection e$ciency required for tracking applications. The partially depleted thin
epitaxial silicon layer is used as a sensitive detector volume. Semiconductor device simulation, using either ToSCA based
or 3-D ISE-TCAD software packages shows that the charge collection is e$cient, reasonably fast (order of 100 ns), and
the charge spreading limited to a few pixels only. A "rst prototype has been designed, fabricated and tested. It is made of
four arrays each containing 64!64 pixels, with a readout pitch of 20!m in both directions. The device is fabricated using
standard submicron 0.6!m CMOS process, which features twin-tub implanted in a p-type epitaxial layer, a characteristic
common to many modern CMOS VLSI processes. Extensive tests made with soft X-ray source (##Fe) and minimum
ionising particles (15GeV/c pions) fully demonstrate the predicted performances, with the individual pixel noise (ENC)
below 20 electrons and the Signal-to-Noise ratio for both 5.9 keV X-rays and Minimum Ionising Particles (MIP) of the
order of 30. This novel device opens new perspectives in high-precision vertex detectors in Particle Physics experiments,
as well as in other application, like low-energy beta particle imaging, visible light single photon imaging (using the Hybrid
Photon Detector approach) and high-precision slow neutron imaging. ! 2001 Elsevier Science B.V. All rights reserved.

PACS: 29.40.W; 29.40.G; 42.79.P

Keywords: Solid-state detectors; Low noise; CMOS; Imaging; Pixel

1. Introduction

In the early 1990s monolithic pixel sensors have
been proposed as a viable alternative to CCD's in

visible imaging (see, for example, Ref. [1] for a his-
torical perspective and a complete bibliography).
These sensors are made in a standard VLSI techno-
logy, usually CMOS, which is the reason why they
are often called CMOS imagers. Two main types of
sensors exist: the Passive Pixel Sensor (PPS) or the
Active Pixel Sensor (APS). In the former, a photo-
diode is integrated in a pixel together with selection
switches, which connect the photodiode directly to

0168-9002/01/$ - see front matter ! 2001 Elsevier Science B.V. All rights reserved.
PII: S 0 1 6 8 - 9 0 0 2 ( 0 0 ) 0 0 8 9 3 - 7

Fig. 2. Sketch of the internal structure of a pixel for charged
particle tracking. The circuit's three transistors are integrated in
the p-well (p!) while the charge-collecting element is an n-well
diode (n!) on the p-epitaxial layer. Because of the di!erence in
doping level (of the order of three orders of magnitude), the
p-well and the p!! substrate act as re#ective barriers. The trend
of the electrostatic potential (white lines) is shown at two cross-
sections. The generated electrons are collected in the n-well
diode.

strate for VLSI technologies. The depletion region
is shallow and consequently the charge collection
e$ciency poor. Moreover, the detector element
covers only a fraction of the full pixel area. In order
to overcome these limitations, a novel structure is
proposed (Fig. 2). It takes full advantage of the
substrate structure of most modern VLSI technolo-
gies, which feature twin (p and n) tubs, implanted in
lightly doped, p-epitaxial silicon, grown on a highly
doped p!! substrate. The photodiode is made of
the junction existing between the n-well and the
p-type epitaxial layer. Because the epi-layer doping
is a few orders of magnitude smaller than that of the
p-well or the p!! substrate, potential barriers exist
at its boundaries. The height of the potential bar-
riers is of the order of [5]

<"k!
q

ln
N

!"#
N

$%&

(1)

where k is the Boltzmann constant, q is the electron
charge, ! is the absolute temperature and N

!"#
and

N
$%&

are, respectively, the doping of the substrate
and of the epitaxial layer. The barriers act like
mirrors for the excess electrons (minority charge
carriers). The electrons produced by the radiation
in the epitaxial layer di!use towards the n-well
diode contacts. The substrate is formed of `low-
qualitya silicon, which behaves as a getter for the

impurities. The recombination time in this region is
relatively short, which explains why only a small
fraction of the charge created there may be able to
drift towards the epitaxial layer and possibly be
seen by the collecting electrodes. Because of the
re#ective potential barriers, the sensor is fully sensi-
tive over the whole pixel surface.

Tracking in Particle Physics experiments re-
quires the detection of MIPs, with high e$ciency
and good spatial localisation. A relativistic charged
particle releases only a fraction of its energy in
a thin layer of matter, it generates typically 80 pairs
of electron}holes per micron of silicon. Depending
on the geometry of the device and the relative
position of the impact point, the charge can be
shared between two or more pixels.

In order to get the required detection e$ciency,
the processing technology as well as the design
must be carefully considered. We identi"ed the
thickness of the epitaxial layer, as the key techno-
logy parameter. A 0.6!m, triple-metal layer process
has been chosen, because about 1000 electron/hole
pairs are produced by a MIP in the thick epitaxial
layer (between 12 and 16!m). For the sensor de-
sign, the basic diode is formed by a 3!m side square
N-well structure, that paves the way for the epi-
taxial layer forming the potential well that collects
the charge. Structures with 1 and 4 diodes per pixel
have been designed and simulated. The four-diode
sensor is supposed to reduce the charge spreading
between neighbouring pixels.

3. Device simulation

2-D as well as 3-D simulations have been per-
formed in order to understand the charge collection
in the proposed structure. The accuracy of both
simulations depend on details of the geometry
and doping of the epitaxial layer, details which
are generally known with poor accuracy. The
results presented here must be considered as
preliminary. In order to get better results, it is
necessary to "ne tune the simulation parameters
with some experimental results. Measurements of
details of the charge collection in the proposed
structures are underway and will be presented
elsewhere.

680 R. Turchetta et al. / Nuclear Instruments and Methods in Physics Research A 458 (2001) 677}689

Integration of a sensor in 0.6µm CMOS process
• Twin (P and N) tubs

• Implanted in lightly doped (P-) epitaxial silicon layer

• Grown on top of the highly doped (P++) substrate

In a standard CMOS image sensor the photo diode is 
integrated in low-resistivity silicon:

a Standard CMOS substrate

a Depletion region is shallow, charge collection 
efficiency is low

Moreover the detector element covers only a small 
fraction of the pixel area

The  charge collection diode is made of the junction 
between the NWELL and the P-type epitaxial layer 
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The INMAPS Process

R. Turchetta et al. , Sensors 2008, 8, 5336-5351; DOI: 10.3390/s8095336

NMOS

P-Well N-Well P-Well

N+ N+

P-substrate (~100s µm thick)

N+ N+

N-Well

P+ P+

Diode NMOS PMOS

Deep P-Well

Standard CMOS with additional deep P-well implant Quadruple well technology

100% efficiency and CMOS electronics in the pixel

“Monolithic Active Pixel Sensors (MAPS) in a Quadruple Well Technology 
for Nearly 100% Fill Factor and Full CMOS Pixel”

TPAC - for ILC ECAL (CALICE) 

New generation of CMOS APS for scientific applications with complex CMOS circuitry inside the pixel (TowerJazz CIS 180nm) 

50µm pixel

PIMMS – for TOF mass spectroscopy 

70µm pixel

CHERWELL – Calorimetry/Tracking

48 µm x 96 µm pixel

INVESTIGATOR and ALPIDE – the ALICE Pixel Detector

3	November	2016	 IEEE	NSSMIC2016	|	JvH,	CERN/ALICE	 3	

1. Overview
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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

ALPIDEALPIDE – Tracking

27 µm x 29 µm pixel

L. Musa (CERN) – RAPID2021 – Oct 2021
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Owing to the industrial development of CMOS imaging sensors and an intense R&D by HEP community … 

STAR – BNL, US 
0.16 m2 – 356 M pixels

CBM – FAIR, DE
0.08 m2 – 146 M pixel

ALICE – CERN, CH
10 m2 – 13 G pixel

Mimosa-1 Mimosa-2 Mimosa-3

IPHC   christine.hu@in2p3.fr 13CPIX14 15-17 September 2014, University of Bonn

Mimosa-26
2.7 cm2

(EUDET Telescope)
. . . 

… several experiments have selected CMOS APS (STAR, ALICE, CBM, NICA MPD, sPHENIX, Mu3e)
… and now intense 

R&D ongoing for HL-LHC (ATLAS) and ILC/CLIC

2014 - First CPS Detector

INVESTIGATOR and ALPIDE – the ALICE Pixel Detector

3	November	2016	 IEEE	NSSMIC2016	|	JvH,	CERN/ALICE	 3	

1. Overview
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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

Cherwell
ALPIDE

sPHENIX – BNL, US
0.2 m2 – 251 M pixel

…

Development of CMOS APS  (1999 – 2015)  

Nearly all 
experiments 

planned in the 
near future 
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Aluminum conductor Ladder Flex Cable

Ladder with 10 CMOS APS sensors (~ 2×2 cm2 each)

• 2 layers (2.8cm and 8cm radii)
• 10 sectors total (in 2 halves)
• 4 ladders/sector

RDO Buffers / Drivers CMOS APS

2-layer kapton flex cable with Al traces

• Full detector Jan 2014
• Physics Runs in 2015-216

MAPS

Radiation length (1st layer): 
x/X0 = 0.39% (Al conductor cable)

20 to 90 kRad / year
2*1011 to 1012 1MeV neq/cm2

courtesy of STAR Collaboration

courtesy of STAR Collaboration
courtesy of STAR Collaboration

First use of CMOS APS in HEP - STAR Pixel Detector 

356 M pixels on ~0.16 m2 of Silicon
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New Inner Tracking System (ITS)
• CMOS Pixels 
g improved resolution, less material, faster readout

Novel MAPS technology
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New Inner Tracking System based on CMOS sensors for ALICE 
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147 cm

40cm

Closer to IP: 39mm Æ 22mm

Thinner: ~1.14% Æ ~ 0.35% (for inner 
layers)

Smaller pixels: 50µm x 425µm  Æ 27µm x 
29µm

Increase granularity: 20 chan/cm3 Æ 2k pixel/cm3

Faster readout: x 102 Pb-Pb, x 103 pp

10 m2 active silicon:  12.5 G-pixels, s ≈ 5µm 
will be used for several other HEP detectors and non HEP applications

NICA MPD (@JINR) sPHENIX (BNL) proton CT (tracking) CSES – HEPD2 

New ITS
ALPIDE (ALICE Pixel Detector) - Developed for the ALICE upgrade (ITS and MFT)

…

1.5 ≤ h ≤ 1.5

New ALICE ITS: closer to IP, thinner, higher position resolution 

L. Musa (CERN) – RAPID2021 – Oct 2021
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CMOS Pixel Sensor using TJ 0.18µm CMOS Imaging Process   
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NA ~ 1016

NA ~ 1013

▶ High-resistivity (> 1kW cm) p-type epitaxial layer (25µm) on p-type substrate

▶ Small n-well diode (2 µm diameter), ~100 times smaller than pixel => low capacitance (~fF)

▶ Reverse bias voltage (-6V < VBB < 0V) to substrate (contact from the top) to increase depletion zone 
around NWELL collection diode   

▶ Deep PWELL shields NWELL of PMOS transistors 

N
A ~ 10 18

N
A ~ 10 13

Artistic view of a  
SEM picture of 

ALPIDE cross section 

è full CMOS circuitry within active area

pixel capacitance ≈5 fF (@ Vbb = -3 V)

Cin ≈ 5 fF

2 x 2 pixel 
volume 

Qin (MIP) ≈ 1300 e a V ≈ 40mV 

collection electrode
28 µm

ALPIDE Sensor CCNU, CERN, INFN, IPHC, IRFU, NIKHEF, Yonsei
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INVESTIGATOR and ALPIDE – the ALICE Pixel Detector

3	November	2016	 IEEE	NSSMIC2016	|	JvH,	CERN/ALICE	 3	

1. Overview
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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
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Bias, Data Buffering, Interface

THR

COMPAMP1024 pixel columns

signal processing 
circuitry integrated 

in pixel matrix
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50µm thick

130,000 pixels / cm2 27x29x25 µm3

charge collection time  <30ns (Vbb = -3V)
Max particle rate: 100 MHz/cm2

fake-hit rate: < 1 Hz/ cm2

power :  ≈300 nW /pixel (<40mW/cm2)

Matrix Layout

pixel matrix 

periphery

4 pixels 

4 
pi

xe
ls 
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ALICE PIxel DEtector (ALPIDE)

Asynchronous 
matrix readout  

Pixel Layout

Pr
io

rit
y 

en
co

de
r

Digital Pixel 
Section

Fr
on

t E
nd

Collection 
Diode

19.58 μm9.66μm

26.88  μm
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ALICE PIxel DEtector (ALPIDE)

Nucl. Phys. A 967 (2017) 900-903

10x lifetime NIEL
Non irradiated

Large operational margin with only 10 
masked pixels (0.002%), fake-hit rate  < 
2 x 10-11 pixel/event

Non irradiated and TID/NIEL chips 
similar performance

5 µm resolution @ 200 e- threshold
Chip-to-chip negligible fluctuations

6 GeV/c p

6 GeV/c p
99%

Nucl. Phys. A 967 (2017) 900-903
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ALICE PIxel DEtector (ALPIDE)

Sensors 
150 µm

pixel matrix

100 µm

pixel matrix

48

Inner Barrel is 
built at CERN
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ALICE PIxel DEtector (ALPIDE)
Half-layers: 0-2 (inner barrel)

Half-layers: 3-6 (Outer barrel)

L. Musa (CERN) – RAPID2021 – Oct 2021



CERNCOURIER
July/August 2021  cerncourier.com Reporting on international high-energy physics

PIXEL  
PERFECT 
Exploring the Hubble tension

A CERN for climate change 

Medical technologies 

New: Installation of new ITS - May 2021

ALICE Inner Tracking System 2
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The use of silicon sensors (pixel and strip) has revolutionized the field of HEP tracking detectors

a Compact, high-granularity, fast, radiation-hard  

a At the heart of all LHC experiments 

a Cope with unprecedented particle rates and radiation load

51

Concluding Remarks

The use of CMOS imaging technologies opens new opportunities   

a Ultra-lightweight vertex detectors, large area tracking detectors

a Drastic reduction of power consumption and material budget 

a enhanced performance (spatial and time resolution) 

a reduction of power consumption and material budget 

large cost saving due to low production costs wrt to conventional silicon strip and hybrid pixel technologies
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