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Kurzfassung

Im einleitenden Teil der Arbeit werden zuerst die wichtigsten Grundkonzepte des CMS Experiments
beschrieben.Die Aufgaben der einzelnen Detektorsysteme werden erklärt sowie deren technische
Realisierung in CMS.

Um die Funktionsweise von Silizium Streifensensoren zu verstehen, werden die dafür wichtigsten
Grundlagen der Halbleitertechnologie, insbesondere von Silizium, besprochen. Die notwendigen
Prozessschritte zur Herstellung von Streifensensoren im sogenannten Planarprozess werden aus-
führlich beschrieben. Anschließend werden die möglichen Auswirkungen von Strahlenschäden auf
die Funktion der Sensoren diskutiert.

Als Abschluss des allgemeinen Teils, wird das Design der Silizium Streifensensoren des CMS
Trackers genauer beschrieben. Die Wahl des Grundmaterials sowie die komplexe Geometrie der
Sensoren werden eingehend besprochen. Weiters werden die Massnahmen zur Qualitätssicherung
wärend der Herstellung der Sensoren diskutiert, sowie das Design und die Konstruktion der Detek-
tormodule.

Im Kernteil der Arbeit werden zunächst die Anforderungen an den Spurdetektor diskutiert, die
durch eine Erhöhung der Designluminosität des LHC Beschleunigers (sLHC) bedingt sind. Dieses
Kapitel motiviert die von mir durchgeführten Arbeiten und erklärt warum die von mir vorgeschlage-
nen Lösungen einen wichtigen Beitrag zur Entwicklung des CMS Tracker Upgrades darstellen.

In den folgenden Kapitel werden jene Konzepte präsentiert, die den Betrieb von Silizium Streifensen-
soren bei sLHC Luminositäten ermöglichen, sowie einige weitere Verbesserungen beim Bau und
der Qualitätssicherung der Sensoren und Detektormodule. Die wichtigsten Konzepte und Arbeiten
sind:

• Entwicklung eines Software-Frameworks zum schnellen und flexiblen Design von Teststruk-
turen und Sensoren.

• Auswahl geeigneter Sensormaterialien, welche ausreichend Strahlenresistent sind.
• Design, Implementation und Herstellung eines Sets von Teststrukturen zur Qualitätssicherung

von strahlenharten Sensoren und möglichen zukünftigen Entwicklungen.
• Elektrische Charakterisierung der Teststrukturen und Analyse der gewonnen Daten.
• Design, Implementation und Herstellung von Sensoren mit integriertem Routing der Sen-

sorstreifen zur Ausleseelektronik.
• Elektrische Charakterisierung der Sensoren und Analyse der gewonnen Daten.
• Funktionstests der integrierten Sensoren in einem Teststrahl Experiment.



• Analyse der gewonnen Daten des Teststrahl Experiments.

Alle verwendeten Sensoren und ein Teil der Teststrukturen wurden von mir entworfen und mittels
von mir entwickelter Werkzeugen implementiert. Der Herstellungsprozess der Sensoren und Test-
strukturen wurde in enger Zusammenarbeit mit dem Hersteller von mir konzipiert und begleitet.
Weiters wurde die notwendige Analyse der Daten unter meiner Leitung durchgeführt und die Ergeb-
nisse in dieser Arbeit erstmals präsentiert.
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Abstract

The first introductory part of the thesis describes the concept of the CMS experiment. The tasks of
the various detector systems and their technical implementations in CMS are explained.

To facilitate the understanding of the basic principles of silicon strip sensors, the subsequent chapter
discusses the fundamentals in semiconductor technology, with particular emphasis on silicon. The
necessary process steps to manufacture strip sensors in a so-called planar process are described in
detail. Furthermore, the effects of irradiation on silicon strip sensors are discussed.

To conclude the introductory part of the thesis, the design of the silicon strip sensors of the CMS
Tracker are described in detail. The choice of the substrate material and the complex geometry of the
sensors are reviewed and the quality assurance procedures for the production of the sensors are pre-
sented. Furthermore the design of the detector modules are described.

The main part of this thesis starts with a discussion on the demands on the tracker caused by the
increase in luminosity which is proposed as an upgrade to the LHC accelerator (sLHC). This chap-
ter motivates the work I have conducted and clarifies why the solutions proposed by myself are
important contributions to the upgrade of the CMS tracker.

The following chapters present the concepts that are necessary to operate the silicon strip sensors
at sLHC luminosities and additional improvements to the construction and quality assurance of the
sensors and the detector modules. The most important concepts and works presented in chapters 7
to 9 are:

• Development of a software framework to enable the flexible and quick design of test struc-
tures and sensors.

• Selecting a suitable sensor material which is sufficiently radiation hard.

• Design, implementation and production of a standard set of test structures to enable the qual-
ity assurance of such sensors and any future developments.

• Electrical characterisation of the test structures and analysis of the measurements.

• Design, implementation and production of sensors with integrated routing of signals from the
sensor strip to the readout electronics.

• Electrical characterisation of the sensors and analysis of the measurements.

• Operational tests of the integrated sensors in a test beam experiment.

• Analysis of the data recorded during the test beam experiment.



All the sensors and a part of the test structures were solely designed by me and implemented using
tools which were created by myself as well. The manufacturing process for the sensors and test
structures was implemented in close collaboration with the manufacturer. Furthermore, the neces-
sary analysis of the data was supervised by me and the results are presented in this thesis for the
first time.
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Part I.

Theoretical and Technical Background
Information





Introduction

To understand the work performed for this thesis and to put the developments in silicon strip tech-
nology into perspective, it is important to review the basic principles of semiconductor theory and
the current technological status of silicon strip sensors.

The first part of this thesis starts with an overview of the CMS experiment and its detector systems.
The second chapter provides an in-depth review on semiconductor theory, focusing on topics which
are relevant to understand sensors for ionizing radiation. The following third chapter explains the
general layout and the manufacturing technology of standard silicon strip sensors and is concluded
by an in-depth description of the sensors and detector modules designed for and operated within the
tracking system of the CMS experiment.
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The Compact Muon Solenoid (CMS) experiment is one of two large general-
purpose particle physics detectors built on the proton-proton Large Hadron Col-
lider (LHC) at CERN in Switzerland and France. Approximately 3,600 people
from 183 scientific institutes, representing 38 countries form the CMS collabo-
ration who built and now operate the detector. It is located in an underground
cavern at Cessy in France, just across the border from Geneva.

Wikipedia on Compact Muon Solenoid

1
The CMS Experiment

The Compact Muon Solenoid (CMS) is one of the four large experiments at the Large Hadron
Collider (LHC) accelerator. Similar to the ATLAS experiment[1], it was designed as a multi-
purpose discovery detector assigned to tackle many of todays unanswered questions who’s answers
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1. The CMS Experiment

are accessible by the LHC for the first time. The main topics which drove the design choices of the
CMS experiment are:

• Search for the Higgs Boson
• Search for supersymmetric particles
• Search for new massive vector bosons
• Search for extra dimensions
• Standard model measurements
• Heavy ion physics

To exhibit adequate performance on the mentioned activities, the requirements of the CMS detector
can be summarised as follows:

• Good muon identification and momentum resolution over a wide range of momenta in the
region |η | < 2.5, good dimuon mass resolution (≈ 1% at 100 GeV/c2), and the ability to
determine unambiguously the charge of muons with p < 1 TeV/c.

• Good charged particle momentum resolution and reconstruction efficiency in the inner tracker.
Efficient triggering and offline tagging of τ’s and b-jets, requiring pixel detectors close to the
interaction region.

• Good electromagnetic energy resolution, good diphoton and dielectron mass resolution (≈
1% at 100 GeV/c2), wide geometric coverage (|η | < 2.5), measurement of the direction of
photons and/or correct localization of the primary interaction vertex, π0 rejection and efficient
photon and lepton isolation at high luminosities.

• Good Emiss
T and dijet mass resolution, requiring hadron calorimeters with a large hermetic

geometric coverage (|η |< 5) and with fine lateral segmentation (∆η×∆φ < 0.1×0.1).

These requirements led to the some of the outstanding features of the CMS detector concept, like the
high-field superconducting solenoid, the all silicon tracker and the fully active scintillating crystal
electromagnetic calorimeter.

As most collider experiments, the general design of CMS resembles a barrel shaped onion: several
cylindrical detector layers with discs covering both ends as seen in figure 1.1. The layered approach
enables particles to be measured and identified using specialised detector systems at each of the
layers. Although concentric spheres would be the optimal geometry giving most homogeneous
coverage, it is technically not feasible and the barrel-like shape proves to be the best compro-
mise.

Figure 1.2 illustrates the path of the most important particles types when they traverse the detec-
tor. The task of the innermost detector system is to determine the particle’s origin (vertex) and
to measure the precise track of the particle, hence the name tracker. Thanks to the high mag-
netic field inside the tracker volume, the curvature of the particle tracks indicate the momentum
and the sign of the electric charge of the incident particle. The calorimeters are measuring the
kinetic energy of the particles and they are fully hermetic with only muons and neutrinos being

6



Figure 1.1.: 3D-view of the CMS experiment showing the location of the detector systems.
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1. The CMS Experiment

able to pass through. The superconducting coil creates the magnetic field needed for the track-
ing system and the muon chambers for momentum measurement. The iron return yoke shapes
the field in the outer part of the detector, where muon chambers determine the curved tracks of
muons.

Figure 1.2.: Slice of the CMS detector showing the signals that different particles are inducing in the individual detector
systems.

The CMS detector is 22 m long, has a diameter of 15m and a mass of 12,500 tons. Compared to
the Eiffel Tower in Paris which has a total mass of 10,000 tons, the CMS experiment is a rather
compact structure, hence the term compact in its name.

1.1. Tracking System

8



1.1. Tracking System

The first detector that particles are traversing is the full silicon tracking system. It consists of two
different technologies, a pixel tracker and a strip tracker. While both give precise spatial information
on particle tracks, they are optimised to satisfy slightly different demands[2].

1.1.1. Pixel Tracker

The pixel or vertex tracker is the innermost detector of CMS covering a mean radii of 4.4 cm to
10.2 cm from the beam pipe. Being so close to the interaction point exposes the detector and its
accompanying electronics to high irradiation as seen in figure 1.3.
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Figure 1.3.: Simulation results of the energy-integrated charged hadron and neutron fluences and absorbed dose in the
pixel detector. All values are for an integrated luminosity of 5×105 pb−1[2].

While having to cope with the high fluences, the pixel tracker should provide precise vertex position
in the order of 10-20 µm. This is achieved by using silicon pixel sensors with 100 µm× 150 µm pix-
els and the ReadOut Chip (ROC) directly bump bonded onto it (see figure 1.4).
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1. The CMS Experiment

Figure 1.4.: Illustration of the CMS pixel sensor and the
readout chip, which is directly bump bonded
onto the sensor.

Figure 1.5.: The layout of the pixel detector with its barrel
and endcap regions.

These detector modules are integrated into larger support structures. The full detector consists of
three barrel layers with a total of 768 modules and four forward or endcap disks with a total of 672
modules (see figure 1.5). This results in over 65 million readout channels.

1.1.2. Strip Tracker

The Silicon Strip Tracker (SST) covers the mean radii from 20 cm to 110 cm. It comprises 15.148
detector modules with 24,244 silicon strip sensors each with 512 or 768 strips. This amounts to
a total of 9,316,352 readout channels or a silicon area of 206 m2 and makes it the largest silicon
device today (2010).

The SST is divided into four sub detectors, called the Tracker Inner Barrel (TIB), the Tracker Outer
Barrel (TOB), the Tracker EndCaps (TEC) and the Tracker Inner Disks (TID).

The TIB covers the radii from 20 cm to 64 cm with four layers using sensors with a thickness of 320
µm and a strip pitch of 80 µm to 120 µm. The first two layers provide measurements in r−φ and
r− z simultaneously using two modules which are mounted back to back where one of the modules
has a slightly rotated sensor (stereo module). The TOB consists of six layers and covers the radii
up to 110 cm. Its sensors are 500 µm thick with a pitch of 120 to 180 µm . The thicker sensors
should ensure a good signal-to-noise ratio as each module contains two daisy-chained sensors and
therefore longer strips which exhibit higher noise. Again, the first two layers are equipped with
stereo modules. The endcaps are divided into the smaller TID which covers the ends of the TIB
and the TEC which extends to fully cover both ends of the tracker. The TID consists of 3 small
disks with 3 rings of modules where the first two rings are again equipped with stereo modules.
The two TECs are composed of 9 disks where each disk needs 12 different types of modules to
fully cover the circular shaped area. The rings one, two and five are again equipped with stereo
modules.

The full tracker provides coverage up to |η |< 2.4 while giving a minimum of 5 hits per track (see
figure 1.6.
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1.2. Calorimeter System

Figure 1.6.: Layout of the CMS tracker. This two-dimensional view is rotationally symmetric with respect to the beam
running horizontally through the center. Each single line represents a sensor plane. Layers equipped with
stereo modules and therefore providing two-dimensional hit coordinates, are easily spotted by two parallel
lines close together.

1.2. Calorimeter System

The calorimeter systems measure the energy of the incident particles by fully stopping them in a
dense material and measuring the deposited energy. The CMS detectors uses two different kinds of
calorimeters, as it is common for most collider experiments - an electromagnetic calorimeter and a
hadronic calorimeter. The former is placed immediately after the tracking system while the latter
surrounds the electromagnetic calorimeter.

1.2.1. Electromagnetic Calorimeter

The Electromagnetic CALorimeter (ECAL) measures the energy of particles which are mainly
interacting by the electromagnetic force like electrons, positrons and photons. It is a hermetic and
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1. The CMS Experiment

homogeneous calorimeter made of more than 61,000 lead tungsten crystals (PbWO4) in the barrel
part and a further 14,648 crystals in the two endcaps[3].

Particles entering the crystals produce scintillating light by electromagnetic interaction. The lead
tungsten crystals have excellent properties in terms of short radiation length (X0 = 0.80 cm) and
small Moliere radius (RM = 2.2 cm), the light emittance is fast (80% within 25 ns) and the material
is radiation hard. On the downside, the light yield is low (about 30 γ/MeV) which requires highly
sensitive photodetectors.

To reliably detect the small amount of scintillating light produced inside the crystal, photodetectors
with high intrinsic gain are used. The barrel section uses Avalanche Photo Diodes (APD) while in
the forward parts Vacuum PhotoTriodes (VPT) provide the light measurement.

1.2.2. Hadronic Calorimeter

In contrast to the electronic calorimeter, the Hadronic CALorimeter (HCAL) measures the energy
of the incident particle using strong interaction. CMS uses a sampling calorimeter, where plates
of brass are used as absorber material interleaved with plastic scintillator as the active detector
material[4].

A particle entering the hadronic calorimeter will interact with the nucleus of the absorber material
creating hadronic showers. The particles in the shower will induce light in the plastic scintilla-
tors which is then transported by wavelength-shifting fibres to multi-channel Hybrid PhotoDiodes
(HPD). The HPDs convert photons to electrons and direct them onto silicon sensors where these
photoelectrons are detected.

Most of the HCAL material is inside the magnetic coil to minimize the non-Gaussian tails in the en-
ergy resolution and to provide a good containment and hermeticity for the measurement of the miss-
ing energy (Emiss

T ). Only a small additional layer of scintillators, the Outer Hadron (HO) calorimeter,
is placed beyond the magnet, lining the outside of the vacuum vessel to catch the tails still leaking
through the calorimeters. This increases the effective thickness of the HCAL to over 10 interaction
lengths.
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Coverage for pseudorapidities of 3 < |η | < 5 is maintained by the Hadron Forward (HF) calorimeter.
Its main objective is to improve the measurement of the missing transverse energy and and to
enable identification and reconstruction of very forward jets. As the available space in the forward
region is much more cramped, the design had to be slightly different. To produce shorter and
narrower showers the HF uses steel plates as absorbers and Cherenkov light emitted by quartz
fibres embedded in the absorber plates as active detector element. The light is then transferred to
photomultipliers for signal amplification and measurement.

1.3. Muon System

As the calorimeters are fully hermetic to hadrons and most leptons, the only particles that need to be
measured past the HCAL are the muons. The muon systems should increase the momentum reso-
lution for high momentum muons and provide fast information to the trigger. To achieve these tasks,
three types of gaseous detectors are used for the measurement of muons[5].

Cathode Strip Chambers (CSC) are used in the endcaps, as the neutron background, the muon rate
and the residual magnetic field is high in this region. For the barrel region, where the require-
ments are much lower, Drift Tube (DT) chambers are used. Both regions also employ Resistive
Plate Chambers (RPC) to provide good timing resolution to identify the correct bunch cross-
ing.

The CSCs consist of arrays of positively charged anode wires and and negatively charged cathode
strips made from copper. The wires and strips are perpendicular and embedded in a gas volume.
Muons, or any charged particle, ionize the gas and the electrons will move towards the anode wire
while the ions will drift to the cathode strips. This gives spatial information in two coordinates for
each passing muon and, because of the fast response of the closely space wires, the CSCs are also
providing information to the trigger.

A 4 cm tube filled with a mixture of argon and CO2 gas and a thin stretched wire placed along the
center of the tube, are the basic components of the DTs. Electrons created by ionization from an
incident particle drift towards the thin wire where they are registered. By calculating the distance
of the ionization to the wire and the location of the induced signal along the wire, the DTs provide
two coordinates for the position of the incident muon.
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1. The CMS Experiment

The RPCs can provide a high timing resolution in the order of nanoseconds. They consist of two
parallel plates which are separated by a gas volume. These plates are made of a high resistive
plastic material and are used as positively charged anode and negatively charged cathode. The
electric field between the plates accelerates the electrons and ions created by ionizing particles
towards the respective electrodes. The full charge created by the incident muon is collected by a
metallisation at the backside of the plastic electrodes. As one of the metallisations is patterned into
strips, the RPCs provides a spatial measurement which is used to estimate the muon momentum for
the trigger.

1.4. Trigger System

The LHC provides collisions every 25 ns or at 40 MHz1 where the full detector information of
a single event amounts to approximately 1 MB. This would yield a sustained data rate of 40
TB/s which is not feasible to write to a storage system in terms of transfer speed and data ca-
pacity.

Most of the interactions do not involve any new physics processes, as the interaction cross-sections
for interesting processes are rather small. Such events which show only well known physics can
be discarded, leaving only those events for storage which might exhibit new physics. Nevertheless,
this decision has to be made within a very small timeframe and at the high rate at which the LHC
delivers the events.

The CMS experiment choose to implement a two level trigger system with a fully hardware im-
plemented Level-1 trigger (L1) and an online filter system implemented in software running on a
processor farm which is called High Level Trigger (HLT)[6].

The decision of the L1 trigger, whether to keep an event or discard it, is based on the presence
of certain trigger primitives such as photons, electrons, muons and jets above certain ET and pT

thresholds. This information is collected from the fast detectors in the calorimeters and the muon
systems and only if the event is accepted by the L1, the complete detector information is read out and
passed to the HLT. The L1 has a small time frame of 3.2 µs to make its decision which is based on
the size of the buffers in the front-end electronics inside the detector . This timeframe is reduced by
the transit time of the detector signals from the front-end electronics inside the detector to the service
cavern housing the L1 trigger logic and the return back to initiate the readout of the full detector. The
remaining time allocated for the L1 decision is less than 1 µs! To reach the required performance,
while still retaining a high level of flexibility of the used algorithms, the L1 trigger logic is mainly
implemented in Field Programmable Gate Arrays (FPGA). The achieved data reduction factor is in
the order of 1:103 resulting in a L1 data rate of 100 kHz.

The HLT is implemented in software where an identical instance of the algorithms is run on several
thousands of CPU cores of a computer farm. For each event accepted by the L1 trigger, the full

1This is not entirely correct, as not all possible bunch locations inside he accelerator are field. Certain locations are left
vacant to allow the beam dump system enough time to ramp up the magnets and safely extract the beam. Therefore
the average collision rate is somewhat lower than 40 MHz.
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detector information is passed to a processor of the HLT. A fast reconstruction of the event, similar
to the full offline analysis but with less accuracy, is made to decide whether the event will be stored
on disc or discarded.
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Silicon, (Latin: silicium) is the most common metalloid. It is a chemical el-
ement, which has the symbol Si and atomic number 14. The atomic mass is
28.0855. A tetravalent metalloid, silicon is less reactive than its chemical ana-
log carbon. As the eighth most common element in the universe by mass, sil-
icon very rarely occurs as the pure free element in nature, but is more widely
distributed in dusts, planetoids and planets as various forms of silicon dioxide
(silica) or silicates. On Earth, silicon is the second most abundant element (after
oxygen) in the crust, making up 25.7% of the crust by mass.

Wikipedia on Silicon

2
Basics on Silicon Semiconductor Technology

Most modern high energy physics experiments use silicon strip sensors for tracking the trajectories
of charged particles. Such detectors can be built with a very moderate material budget, offering pre-
cise spatial resolution and robust performance even after high irradiation. Costs can be kept within
reasonable amounts, as the production technology of the sensors follows common processes devel-
oped in the IC industry. The following chapters review the basic fundamentals needed to understand
the operation of such sensors and how they are manufactured.
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2. Basics on Silicon Semiconductor Technology

2.1. Intrinsic Properties of Silicon

Silicon is the 14th element in the periodic table of elements and belongs to group IV. It has
four covalently bound electrons and forms a face-centered cubic structure with a lattice spac-
ing of 5.430710 Å (0.5430710 nm) which is shown in figure 2.1. The most important proper-
ties of silicon are noted in table 2.1. To comprehend the chemical and electronic properties of
solid silicon, it is important to understand the energy band structure of solids as seen in figure
2.2

Figure 2.1.: The face-centered cubic structure of silicon which is the same as for diamond.

Substance Si Ge GeAs Diamond
lattice diamond diamond zinc blende diamond
atomic number 5.4307 5.657 5.653 3.5668
average atomic mass 14 32 31+33 6
density [g/cm3] 2.329 5.323 5.317 3.515
melting point [°C] 1415 937 1238 3907
thermal expansion coefficient [10−6/K] 2.56 5.90 6.86 1.0
thermal conductivity [W/cmK] 1.56 0.60 -.45 10
intrinsic resistivity 230 kΩ cm 47 Ω cm
radiation length [cm] 9.36 2.30 12.15
refractive index 3.42 3.99 3.25 2.42
dielectric constant 11.9 16.2 12.9 5.7
breakdown field [V/cm] ≈ 3×105

band gap 1.12 0.67 1.42 5.48
intrinsic carrier concentration [1/cm3] 1.45 × 1010 2.33 × 1013 2.1 × 106

mean energy for e−/h+ creation [eV] 3.63 2.96 4.35 13.1
drift mobility electrons [cm2/Vs] 1450 3900 8800 1800
drift mobility holes [cm2/Vs] 505 1800 320 1600

Table 2.1.: Important properties of silicon and other commonly used semiconductor material[7].
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2.1. Intrinsic Properties of Silicon

The valence band is the highest band filled with electrons at absolute zero temperature with the
upper energy border EV . Electrons from this band are bound to its nucleus and cannot move along
the crystal. At a temperature of T = 0 K the valence band would be fully occupied. The lowest
energy band that is not occupied and would be empty at a temperature of T = 0 K is the conduction
band with its lowest energy border EC. Electrons in the conduction band can move freely between
atoms of the crystal. The forbidden area in between the two bands Eg = Ec−Ev is called band
gap.
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Figure 2.2.: A simplified model of the electron energy band structure in solids.

Depending on the size of Eg three types of solids can be distinguished:

Eg >> 0: Insulator If the band gap is very large the conduction band is almost completely empty
and no charge carriers are available to transport an electric current. Such solids are called
insulators.

Eg > 0: Semiconductor If the band gap is only small, electrons can be easily excited into the
conduction band. The conduction band at room temperature is therefore sparsely popu-
lated by thermally excited electrons. The maximum size of the band gap, still categorizing
a material as semiconductor, is arbitrary choose and in literature it is usually specified as
5 eV < Eg < 3 eV.

Eg < 0: Metal If there is no band gap, but the valence and the conduction band are overlapping,
the material is called a metal. Enough electrons are available to transport electric currents.

For intrinsic silicon the band gap ESi
g = 1.12 eV, therefore silicon is classified as semiconduc-

tor.

In a semiconductor, the electrons can transit from the valence to the conduction band through ex-
citation by phonons. Phonons are quasi-particles related to the quantised vibration modes of the
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2. Basics on Silicon Semiconductor Technology

crystal lattice. The number of charge carriers (electrons and holes) can be estimated under equi-
librium conditions. The occupation probability for an electronic state is given by Fermi-Dirac-
statistics:

F(E) =
1

1+ exp
(

E−E f ermi
kBT

) (2.1)

where T is the temperature, kB is he Boltzmann constant and E f ermi is the Fermi energy level at
which the occupation probability is one half. For electrons with |E −E f ermi| > 3kBT the Fermi-
Dirac function can be approximated by:

Fe(E)≈ exp
(
−E−E f ermi

kBT

)
(2.2)

The same can be done for the non occupied states or holes which can be treated as quasi-particles.
With Fe +Fh = 1:

Fh(E) = 1−Fe(E)≈ exp
(
−E f ermi−E

kBT

)
(2.3)

The state density near the bottom of the conduction bad is given by:

N(E) =

(
2me f f

e

) 3
2

2π2h̄3√E−Ec
(2.4)

where the effective electron mass me f f
e = 0.32me and depends on the orientation of the silicon

lattice. Convoluting the state density N(E) with the corresponding occupation probability Fe(E)
gives the free electron density n:

n =
∫ ∞

Ec

N(E)F(E)dE =
2
h̄3

(
2πme f f

e kBT
) 3

2 exp
(
−Ec−E f ermi

kBT

)
(2.5)

= Nc exp
(
−Ec−E f ermi

kBT

)
(2.6)

and the free hole density respectively:

p = Nv exp
(
−E f ermi−Ev

kBT

)
(2.7)

For an intrinsic semiconductor at thermal equilibrium, the free electron density and the free hole
density are equal and is given by:

ni = n = p =
√

NcNv exp
(
− Eg

2kBT

)
(2.8)

For intrinsic silicon this results in ni = n = p ≈ 1.45× 1010 cm−3 at T = 300 K and the Fermi
energy level is given by:

E f ermi,i =
Ec +Ev

2
+

3kBT
4

ln
(

mp

mn

)
(2.9)

which is usually located close to the middle of the band gap for small temperatures.
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2.2. Extrinsic Properties of Doped Silicon

The intrinsic electric properties of pure silicon as discussed in the previous section, can be ma-
nipulated by replacing silicon atoms from the crystal lattice with foreign atoms, so-called dopands.
Elements from group III, which have one electron less than silicon or elements from group V, which
have an additional electron, can be used to alter the number of charge carriers as seen in figure 2.3.
The former elements are then called acceptors (as they can accept an additional electron at their
place in the crystal lattice) and the later ones are called donors (as they can donate an additional
electron).

Figure 2.3.: The crystal lattice of silicon doped with phosphorus becomes n-type material (left), and silicon doped with
boron becomes a p-type material (right).

The doping of silicon with an acceptor, usually phosphorus (P) or arsenic (As), leads to an in-
crease of negative charge carriers. These weakly bond valence electrons introduce energy states
slightly below the lower conduction band edge Ec as seen in figure 2.4. For phosphorus (EC−ED =
0.045 eV) or arsenic (EC − ED = 0.054 eV) in silicon, these states are almost fully ionized at
room temperature and the electrons will be pushed into the conduction band due to the many
states with similar energy in the conduction band, with which the donor states have to share
their electrons. Doped silicon with an excess of negative charge carriers is called n-type sili-
con.

If silicon is doped with a donor, usually boron (B), the missing electrons will act like a positive
charge, thus increasing the number of positive charge carriers. These holes introduce energy states
slightly above the upper valence band energy Ev as seen in figure 2.4. For boron (EA−EV = 0.045
eV) in silicon, these states are almost filled completely at room temperature and holes will be left in
the valence band. This type of silicon is also called p-type silicon.

The Fermi level E f ermi of a doped semiconductor is shifted towards the conduction band in n-type
material and towards the valence band in p-type material as seen in figure 2.5. The new Fermi
level can be derived from equations 2.6 and 2.7 for n-type and p-type silicon respectively. With
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Figure 2.4.: Band structure for doped semiconductors. The n-type material on the left has donor states slightly below the
conduction band (left), while for p-type materials, the acceptor states are slightly above the valence band.

the approximation, that the electron and hole densities are equal to the number of donator and
acceptor atoms or n = ND for n-type silicon and p = NA for p-type silicon the new Fermi level
gets:

E f ermi,n = Ec− kBT ln
(

Nc

ND

)
, for n-type (2.10)

E f ermi,p = Ev− kBT ln
(

Nv

NA

)
, for p-type (2.11)

and the charge carrier concentration is:

n = ni exp
(
−E f ermi−Ei

kBT

)
(2.12)

p = ni exp
(
−Ei−E f ermi

kBT

)
(2.13)

According to the mass action law, an increase in majority charge carriers must be accompanied by
a decrease of minority carriers so that n · p = n2

i . In case of n-type material, the majority carriers
are electrons while for p-type material they are the minority carriers and the holes are the majority
carriers.

The temperature dependence of the charge carrier concentration in n-type silicon is seen in figure
2.6. The extrinsic behaviour of doped silicon is only apparent at medium temperatures, while for
high temperatures it becomes intrinsic again. This is caused by the increase of electrons populating
the conduction band due to thermal excitation where the intrinsic electron concentration gets similar
or higher then the concentration of donator atoms.
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The resistivity of an extrinsic semiconductor is defined by the concentration of majority charge car-
riers. At medium temperatures, within the extrinsic region, this is equal to the doping concentration
and we get:

ρ =
1

qµnND
, for ND� NA (2.14)

ρ =
1

qµpNA
, for NA� ND (2.15)

Figure 2.6.: Electron density in n-type silicon as function of temperature [8]. At low temperature the thermal energy
is to low to ionise the donator atoms. For medium temperatures the concentration of electrons in the con-
duction band is equal to the number of donators atoms. At high temperatures (kBT ≈ EG) the intrinsic
electron concentration is similar to the number of donator atoms and the doped semiconductor shows in-
trinsic behaviour.

2.3. Carrier Transport

In the previous sections we discussed semiconductors in equilibrium without any external fields ap-
plied to the material and homogeneous distribution of charge carriers. The following sections will
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review the phenomena occurring in semiconductors in a non-equilibrium state.

Electrons in the conduction band and holes in the valence band can move freely within the semi-
conductor as they are not bound to a specific lattice site. Their mean kinetic energy is 3/2kBT which
gives them a velocity of about 107 cm/s at room temperature. The free charge carriers can scatter on
imperfections of the crystal lattice due to thermal vibrations, on impurities and on defects. The mean
free path is about 10−5 cm with a mean free time of τC ≈ 10−12 s.

2.3.1. Drift

The average displacement of a charge carrier in the field free case is zero. If an electrical field E is
applied, the carriers will drift according to their charge and the field orientation. If the acceleration
between two random collisions is small enough, that the resulting velocity change is small compared
to the thermal energy, the average drift velocity can be calculated by:

νn =−
qτC

mn
E =−µnE (2.16)

ν p =
qτC

mp
E = µpE (2.17)

We can now calculate the current density:

Jn =−qnνn = qnµnE (2.18)

Jp = qnν p = qnµpE (2.19)

If the field is high enough, strong deviations from linearity can be observed and the drift velocities fi-
nally become independent of the applied electric field with saturation at µn,s and µp,s.

The carrier mobilities µn and µp depend on temperature and doping concentration due to the scat-
tering mechanism on imperfections and defects of the crystal lattice and on impurities like doping
atoms. For a more detailed description see [8].

2.3.2. Diffusion

Diffusion describes the transport of particles from a region of higher concentration to a region
of lower concentration by random particle movement. To describe the process of charge carrier
diffusion in a semiconductor, we consider an inhomogeneous distribution of charge carriers while
we neglect any effects due to electric fields, even the fields created due to the doping atoms and
the inhomogeneous distribution of charge carriers themselves. Basically electrons and holes are
considered neutral.

The movement of charge carriers can then be described by the diffusion equation:

Fn =−Dn∇n (2.20)

F p =−Dp∇p (2.21)
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where Fn (F p) is the flux of carriers and Dn (Dp) is the diffusion constant.

By combining equations 2.18, 2.19 with 2.20, 2.21, we obtain the current densities for drift and
diffusion:

Jn = qnµnε +qDn∇n (2.22)

Jp = qpµpε−qDp∇p (2.23)

To derive Einsteins equation from equations 2.22 and 2.23, we consider a system at equilibrium
where the current densities have to be zero at any point of the system and get:

Dn =
kBT

q
µn (2.24)

Dp =
kBT

q
µp (2.25)

2.4. Carrier Generation and Recombination

Free charge carriers are generated by lifting electrons from the valence band up to the conduction
band, which creates a free electron and a free hole simultaneously. The necessary energy for the
excitation can be acquired from a number of mechanisms like thermal agitation, optical excitation
or ionisation by charged particles.

Another possibility to influence the number of charge carriers is the injection of charge using a for-
ward biased diode or deplete the number of charge carriers using a reverse bias diode. Basic semi-
conductor structures like diodes will be discussed in section 2.5 while the mechanisms for charge
carrier generation and recombination will be discussed in the following sections.

2.4.1. Thermal Generation

Thermally generated charge carriers are to be considered as a noise source for semiconductor
sensors. If the band gap is small enough in relation to the thermal voltage at room temperature
(kBT/q = 0.0259 V for T = 300 K) electrons get excited into the conduction band creating a electron
- hole pair. In a sensor, this randomly created charge would overlay the charge created by the signal
to be measured.

For silicon, the band gap is large and therefore the probability of direct excitation is low at room
temperature. The excitation usually occurs by intermediate states within the band gap which are cre-
ated by imperfections and impurities inside the crystal lattice. For indirect semiconductors such as
silicon, the required energy for the transfer is not only given by the size of the band gap. Additional
energy has to be supplied as the maximum energy in the valence band and the minimum energy in
the conduction band are located at different local momenta. For silicon the energy required to lift a
valence electron into the conduction band is 3.6 eV.
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2.4.2. Generation by Electromagnetic Excitation

Electrons can be excited from the valence into the conduction band by absorbing a photon with an
energy larger than the band gap. This effect is used in photo detectors and solar cells.

If the energy supplied by the photon is larger than the band gap, the electron and the hole will
gradually move towards the band gap edges by emitting the excess energy into the crystal lattice as
phonons. The absorption of energies smaller than the band gap is possible if intermediate states in-
side the band gap are created by impurities or imperfections of the crystal lattice.

2.4.3. Generation by Charged Particles

Charged particles traversing a material, lose part of their kinetic energy by electromagnetic interac-
tions with the electrons and nuclei of the material. This effect is different for electrons and positrons
compared to heavier particles.

Electrons and positrons

High energy electrons and positrons predominantly lose their kinetic energy by bremsstrahlung
while at low energies the main loss is due to ionisation, although other effects like Møller and
Bhabha scattering contribute as well. The individual contributions for different incident energies
can be seen in figure 2.7

272 27. Passage of particles through matter

small. It is much more accurate to apply Eq. (27.12) once, after
finding x and X0 for the combined scatterer.

Lynch and Dahl have extended this phenomenological
approach, fitting Gaussian distributions to a variable fraction of
the Molière distribution for arbitrary scatterers [33], and achieve
accuracies of 2% or better.
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Figure 27.9: Quantities used to describe multiple Coulomb
scattering. The particle is incident in the plane of the figure.

The nonprojected (space) and projected (plane) angular
distributions are given approximately by [31]

1

2π θ2
0

exp


−

θ2
space

2θ2
0


 dΩ , (27.13)

1√
2π θ0

exp


−

θ2
plane

2θ2
0


 dθplane , (27.14)

where θ is the deflection angle. In this approximation,
θ2
space ≈ (θ2

plane,x+θ2
plane,y), where the x and y axes are orthogonal

to the direction of motion, and dΩ ≈ dθplane,x dθplane,y.
Deflections into θplane,x and θplane,y are independent and
identically distributed.

Figure 27.9 shows these and other quantities sometimes used
to describe multiple Coulomb scattering. They are
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√
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All the quantitative estimates in this section apply only in the
limit of small θ rms

plane and in the absence of large-angle scatters.
The random variables s, ψ, y, and θ in a given plane are
distributed in a correlated fashion (see Sec. 31.1 of this Review
for the definition of the correlation coefficient). Obviously,
y ≈ xψ. In addition, y and θ have the correlation coefficient
ρyθ =

√
3/2 ≈ 0.87. For Monte Carlo generation of a joint

(y plane, θplane) distribution, or for other calculations, it may be
most convenient to work with independent Gaussian random
variables (z1, z2) with mean zero and variance one, and then set

yplane =z1 x θ0(1 − ρ2
yθ)

1/2/
√

3 + z2 ρyθx θ0/
√

3

=z1 x θ0/
√

12 + z2 x θ0/2 ; (27.18)

θplane =z2 θ0 . (27.19)

Note that the second term for y plane equals x θplane/2 and
represents the displacement that would have occurred had the
deflection θplane all occurred at the single point x/2.

For heavy ions the multiple Coulomb scattering has
been measured and compared with various theoretical
distributions [34].

27.4. Photon and electron interactions in matter

27.4.1. Radiation length : High-energy electrons
predominantly lose energy in matter by bremsstrahlung, and
high-energy photons by e+e− pair production. The characteristic
amount of matter traversed for these related interactions is called
the radiation length X0, usually measured in g cm−2. It is both
(a) the mean distance over which a high-energy electron loses all
but 1/e of its energy by bremsstrahlung, and (b) 7

9 of the mean
free path for pair production by a high-energy photon [35]. It
is also the appropriate scale length for describing high-energy
electromagnetic cascades. X0 has been calculated and tabulated
by Y.S. Tsai [36]:

1

X0
= 4αr2

e

NA

A

{
Z2[Lrad − f(Z)] + Z L′

rad

}
. (27.20)

For A = 1 g mol−1, 4αr2
eNA/A = (716.408 g cm−2)−1. Lrad and

L′
rad are given in Table 27.2. The function f(Z) is an infinite

sum, but for elements up to uranium can be represented to
4-place accuracy by

f(Z) = a2[(1 + a2)−1 + 0.20206

−0.0369a2 + 0.0083a4 − 0.002a6] , (27.21)

where a = αZ [37].

Table 27.2: Tsai’s Lrad and L′
rad, for use in calculating

the radiation length in an element using Eq. (27.20).

Element Z Lrad L′
rad

H 1 5.31 6.144
He 2 4.79 5.621
Li 3 4.74 5.805
Be 4 4.71 5.924

Others > 4 ln(184.15Z−1/3) ln(1194Z−2/3)
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Figure 27.10: Fractional energy loss per radiation length
in lead as a function of electron or positron energy. Electron
(positron) scattering is considered as ionization when
the energy loss per collision is below 0.255 MeV, and as
Møller (Bhabha) scattering when it is above. Adapted from
Fig. 3.2 from Messel and Crawford, Electron-Photon Shower
Distribution Function Tables for Lead, Copper, and Air
Absorbers, Pergamon Press, 1970. Messel and Crawford use
X0(Pb) = 5.82 g/cm2, but we have modified the figures to
reflect the value given in the Table of Atomic and Nuclear
Properties of Materials (X0(Pb) = 6.37 g/cm2).

Figure 2.7.: Fractional energy loss per radiation length in lead as a function of electron or positron energy [9]. Electron
(positron) scattering is considered as ionization when the energy loss per collision is below 0.255 MeV, and
as Møller (Bhabha) scattering when it is above.
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The overall energy loss of high energy electrons and positrons can be characterised by the radi-
ation length X0, which describes the average amount of matter that is traversed by the particles
while loosing 1/e of its kinetic energy by bremsstrahlung. According to [9] a compact fit to data
yields:

X0 =
716.4·A

Z(Z +1) ln
(

287√
Z

)g cm−2 (2.26)

where the atomic number Z > 4 and A is the mass number. For silicon with a density of ρ =
2.33 g/cm3 the radiation length according to equation 2.26 is X0 = 9.36 g/cm.

Other charged particles

The mean rate of energy loss (or stopping power) of particles other than electrons and positrons is
described by the famous Bethe-Bloch equation [9]:

− dE
dx

= Kz2 Z
A

1
β 2

[
1
2

ln
2mec2β 2γ2Tmax

I2 −β
2− δ (βγ)

2

]
(2.27)

where the symbols represent

Symbol Definition Units or Value
Z atomic number of absorber
A atomic mass of absorber
K 4πNAr2

e mec2/A 0.307075 MeV cm−1

ze charge of incident particle
mec2 electron mass ×c2 0.511 keV

β
v
c

γ (1−β 2)−1/2

T kinetic energy MeV
I mean excitation energy eV

δ (βγ) density effect correction

and Tmax is the maximum kinetic energy which can be imparted to a free electron in a single colli-
sion. Figure 2.8 shows the stopping power for positive muons in copper for a wide range of energies.
The minimum ionization loss of a muon is located at approximately 350 MeV. For other particles
the minimum ionisation energy is different, e.g. for pions it is around 470 MeV and for protons
at around 3.2 GeV. Such particles with an energy located at the minimum are called Minimum
Ionising Particle (MIP). In high energy physics, most particles have mean energy loss rates close
to the minimum and can be considers as MIPs.

For a particle detector, MIPs are an important benchmark, as they deposit only a minimum amount
of their kinetic energy in the active sensor material. To assess if a sensor is still able to reliably
detect a MIP, the ratio of the induced signal to the noise of the sensor is an important performance
parameter. Therefore, the Signal-to-Noise Ratio (SNR), defined as the ratio of the signal created by
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27.1. Notation

Table 27.1: Summary of variables used in this section.
The kinematic variables β and γ have their usual meanings.

Symbol Definition Units or Value

α Fine structure constant 1/137.035 999 11(46)
(e2/4πε0!c)

M Incident particle mass MeV/c2

E Incident part. energy γMc2 MeV
T Kinetic energy MeV

mec
2 Electron mass × c2 0.510 998 918(44) MeV

re Classical electron radius 2.817 940 325(28) fm
e2/4πε0mec

2

NA Avogadro’s number 6.022 1415(10) × 1023 mol−1

ze Charge of incident particle
Z Atomic number of absorber
A Atomic mass of absorber g mol−1

K/A 4πNAr2
emec

2/A 0.307 075 MeV g−1 cm2

for A = 1 g mol−1

I Mean excitation energy eV (Nota bene!)
δ(βγ) Density effect correction to ionization energy loss

!ωp Plasma energy 28.816
√

ρ〈Z/A〉 eV(a)

(
√

4πNer3
e mec

2/α)

Nc Electron density (units of re)
−3

wj Weight fraction of the jth element in a compound or mixture

nj ∝ number of jth kind of atoms in a compound or mixture

— 4αr2
eNA/A (716.408 g cm−2)−1 for A = 1 g mol−1

X0 Radiation length g cm−2

Ec Critical energy for electrons MeV
Eµc Critical energy for muons GeV

Es Scale energy
√

4π/α mec
2 21.2052 MeV

RM Molière radius g cm−2

(a) For ρ in g cm−3.
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Fig. 27.1: Stopping power (= 〈−dE/dx〉) for positive muons in copper as a function of βγ = p/Mc over nine orders
of magnitude in momentum (12 orders of magnitude in kinetic energy). Solid curves indicate the total stopping power.
Data below the break at βγ ≈ 0.1 are taken from ICRU 49 [2], and data at higher energies are from Ref. 1. Vertical
bands indicate boundaries between different approximations discussed in the text. The short dotted lines labeled “µ− ”
illustrate the “Barkas effect,” the dependence of stopping power on projectile charge at very low energies [3].

Figure 2.8.: Stopping power (〈−dE/dx〉) for positive muons in copper as a function of βγ = p/mc over nine orders of
magnitude in momentum (12 orders of magnitude in kinetic energy) [9]. Solid curves indicate the total
stopping power. Vertical bands indicate boundaries between different approximations.

a single particle to the intrinsic noise of the sensor, caused by MIP-like particles is the most relevant
description of the sensitivity of a sensor.

Equation 2.27 describes only the mean energy loss of a particle in matter, while the actual en-
ergy loss of each particle is fluctuating. The statistics of the measurable signal caused by charged
particles is described by the Landau distribution.

2.4.4. Charge Carrier Lifetime

The lifetime of charge carriers in a semiconductor can be described by two parameters, the genera-
tion and the the recombination lifetime. They describe the transient behaviour from a state of non-
equilibrium, created either due to removal of charge carriers (creation lifetime) or due to injection of
additional charge carrier (recombination lifetime), back to equilibrium.

An excess of minority charge carriers can be created by exposing a semiconductor to a light pulse
or to ionising radiation. After this initial event creating the additional charge carriers, it will take
some time to settle back into equilibrium, where the excess minority charge carriers will recombine
with the majority carriers. We assume the overall recombination rate R to be proportional to the
product of electron and hole concentration:

R = βnp = βn2
i (2.28)

A charged particle or a light pulse would cause an additional generation rate Grad . As electrons and
holes are created in pairs, it would increase the thermal equilibrium concentration of the minority
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(n0) and majority (p0) charge carriers by the same amount ∆n = ∆p = ∆. The recombination rate
will increase:

R = β (n0 +∆)(p0 +∆). (2.29)

For a direct semiconductor at thermal equilibrium, the average concentration of holes and electrons
is constant in time. Nevertheless the thermal creation (Gth) and recombination (Rth) of charge carri-
ers is occurring continuously but the rates for both processes are equal:

Gth = Rth = βn0 p0. (2.30)

We can now define an excess recombination rate U which is zero at thermal equilibrium:

U = R−Rth = β (np−n0 p0). (2.31)

The additional generation rate created by ionising radiation Grad must be compensated by excess
recombination rate U , thus giving:

Grad =U = R−Rth = β (n0 +∆)(p0 +∆)−βn0 p0 (2.32)

= β (n0 p0 +n0∆+ p0∆+∆2−n0 p0) (2.33)

= β∆(n0 + p0 +∆) (2.34)

For low injection levels, were the number of additional charge carriers is small compared to the
number of majority carriers (∆n� p0 for p-type and ∆p� n0 for n-type material), equation 2.34
simplifies to:

Grad = β p0∆n =
∆n
τr

for p-type material with τr =
1

β p0
(2.35)

Grad = βn0∆p =
∆p
τr

for n-type material with τr =
1

βn0
(2.36)

The recombination lifetime τr is a time constant defining the duration until the minority carrier
density will return to thermal equilibrium.

We will now consider the opposite situation, where all charge carriers are removed from the semi-
conductor, for example by applying an external voltage. In this case, the initial recombination
rate is zero and the generation rate will be equal to the thermal generation rate. With similar
considerations as before, the time constant for the return to equilibrium is the generation lifetime
τg:

τg =
ni

Gth
=

1
βni

, (2.37)

which is different from the recombination lifetime.

For indirect semiconductors, such as silicon, the relationship between the two lifetimes is more com-
plicated. This is due to the different crystal momentum for holes at the maximum of the valence
band and electrons at the minimum of the conduction band, as already explained in the previous
section. To enable the transfer of momentum to the crystal lattice, recombination in indirect semi-
conductors happens in a two step process, involving additional energy states in the forbidden band
gap. These states are created by impurities and defects in the crystal lattice, which can capture and
subsequently release an electron or hole depending on their type.
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The process of capturing a hole or electron is called trapping and the defects in the silicon crys-
tal enabling such processes are referred to as trapping centers. They cause a reduction of the
signal induced by ionising radiation in a silicon sensor, as the trapped charges are captured and
only emitted later. The readout electronics measures the signal carried by the non trapped carri-
ers while the trapped charges are released too late. Radiation damage can increase the number
of trapping centers and thus reduce the SNR of the sensor. See section 2.6 for more informa-
tion.

2.5. Basic Semiconductor Structures

Using the n-type and p-type semiconductor materials described in the previous sections and adding
materials like insulators and metals, we can create the main building blocks needed for semicon-
ducting sensors or devices in general. We will describe these basic structures in the subsequent
section and discuss their most important properties.

2.5.1. The p-n Junction or Diode

The simplest semiconductor device is the diode. It can be described as an electronic check valve,
enabling the flow of an electric current only in one direction. An equal description would be, that a
diode has a low resistance if operated in conducting direction, while being high resistive if operated
in reverse direction.

A p-n junction is created by joining a p-type and an n-type material. Beginning at the initial con-
tact of two materials, the electrons from the n-type region will diffuse into the p-type region and
recombine with the holes. This will create a space charge region near the junction, as the electrons
diffusing from the n-type region will leave the donor ions uncompensated. Similarly the holes in
the p-type region are compensated by the electrons and leave the acceptor ions uncompensated. The
build-up of charge will counteract the diffusion until a certain depth of the space charge region is
created, which is depleted of free charge carriers. The situation in the vicinity of the p-n junction is
shown in figure 2.9.

The band structure in the p-type and n-type material is different prior to putting them into contact.
Due to doping, the fermi level E f ermi will move towards the valence band for p-type material and
towards the conduction band for n-type material. Upon contact of the two materials at thermal equi-
librium, the fermi level at the p-n junction has to line up. This will shift the valence and conduction
band and lead to a so called built-in voltage Vbi or diffusion voltage, as seen in figure 2.9 b. We can
calculate Vbi using equations 2.12 and 2.13 and setting the majority carrier concentrations equal to
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b)
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Figure 2.9.: Various parameters in the vicinity of a p-n junction. In diagram a) the donor and acceptor distribution of a
partially depleted p-n junction is depicted. Diagram b) shows the energy band structure and c) the concen-
tration of doping atoms. In diagram d) the charge density is shown, while e) and f) show the corresponding
electric field and potential.
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the acceptor and donor concentrations:

nn = ND, pp = NA (2.38)

ND ·NA = n2
i exp

E p
i −En

i

kT
(2.39)

Vbi =
1
q
(E p

i −En
i ) =

kT
q

ln
NAND

n2
i

. (2.40)

The size of the depleted zones in the p-type (dp) and n-type (dn) material can be calculated according
to [7] as:

dn =

√
2εε0

qe

NA

ND(NA +ND)
Vbi (2.41)

dp =

√
2εε0

qe

ND

NA(NA +ND)
Vbi (2.42)

d = dn +dp =

√
2εε0(NA +ND)

qeNAND
Vbi (2.43)

For practical applications, p-n junctions are usually formed using a low doped material where a
certain region gets highly doped towards the opposite type. The p-n junction is formed at the edge
of the highly doped region which is in contact to the surrounding bulk with low doping concen-
tration of opposite dopands. In this realistic case where the doping concentration on one side of
the junction is significantly higher than on the opposite side (e.g. NA � ND), equation 2.43 be-
comes:

d =

√
2εε0

qeND
Vbi (2.44)

If an external voltage is applied across the p-n junction, the charge carriers will start to drift accord-
ing to the electric field. Depending on the polarity of the applied voltage, the width of the space
charge region will shrink (forward bias) or expand (reverse bias) and we have to replace the built-in
voltage Vbi with Vbi−V :

d =

√
2εε0(NA +ND)

qeNAND
(Vbi−V ). (2.45)

For the realistic case as discussed above with NA�ND, equation 2.45 simplifies to:

d =

√
2εε0

qeND
(Vbi−V ). (2.46)

Current - Voltage Characteristics

In equilibrium, the diffusion of electrons (holes) due to the unequal majority charge carrier con-
centrations in the p-type and n-type materials is counterbalanced by the drift of electrons (holes)
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in the opposite direction induced by the space charge. An external voltage applied to the p-n junc-
tion will disturb this balance and influence the drift and diffusion currents of the charge carri-
ers.

In forward bias direction, the lower electric field in the depleted region will reduce the drift of
electrons (holes) from the p-side (n-side) to the n-side (p-side). In turn, the diffusion of electrons
(holes) from n-side (p-side) to the p-side (n-side) is enhanced as minority carriers are injected into
the junction. Under reverse bias, the electric field is increased and the diffusion of charge carriers
is reduced resulting in a very small reverse bias current.

The total current density through the junction of an ideal diode can be described by the Shockley
equation:

J = J0

(
exp

qeV
kBT
−1
)

(2.47)

where the current in reverse bias direction (V � 0) is saturated at saturation current density −J0
while it rises exponentially with the applied voltage in forward bias direction, as seen in figure 2.10.
The saturation current density is given by [8]:

J0 =
qeDp pn0

Lp
+

qeDnnp0

Ln
(2.48)

where Dp and Dn are the diffusion constants for electrons and holes (see equations 2.25 and 2.24),
pn0 and np0 are the electron densities in the n-side and the hole densities in the p-side at ther-
mal equilibrium and Lp =

√
Dpτp and Ln =

√
Dnτn are the diffusion lengths of holes and elec-

trons.
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Figure 2.10.: Ideal current - voltage characteristics of a p-n junction.
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Capacitance - Voltage Characteristics

We will now derive the capacitance - voltage characteristics for a one dimensional doping profile.
As already discussed for equation 2.44, we will consider a simplified but realistic case for sensors,
where a very small region of highly dope p-type material is embedded in a n-type substrate. In such
an extremely asymmetric case, the space charge region is fully contained in the low doped n-type
substrate.

To find the capacitance of the space-charge region we need the derivative of the charge QSCR with
respect to the applied reverse bias voltage V :

C =
dQSCR

dV
=

dQSCR/dW

dV/dW
(2.49)

Increasing the space-charge region by dx will increase the surface charge by qeNDdx, the electric
field by qeNDdx

ε0ε
and the surface voltage by qeNDdx

ε0ε
x. Integrating over the full space-charge region

going from 0 to W we get the charge and voltage in the region:

QSCR =−
∫ W

0
qeND(x)dx (2.50)

VSCR =
∫ W

0

qeND(x)
ε0ε

x dx (2.51)

We can now calculate the derivatives of the charge and the voltage across the the space-charge
region with respect to the size of the region. The voltage drop across the space-charge region is
defined by the external voltage, reduce by the built-in voltage Vbi defined in equation 2.40. We now
get:

dQSCR

dW
=−qeND(W ) (2.52)

dV
dW

=
dVbi

dW
− dVSCR

dW
=

kBT
q

1
ND(W )

dND(W )

dW
− qeND(W )

ε0ε
(2.53)

For the inverse capacitance of the junction we get:

1
C

=
W
ε0ε
− kBT

q
1

qeN2
D

dND

dW
≈ W

ε0ε
. (2.54)

As the variation of the built-in voltage with doping is negligible in comparison to the applied reverse
bias voltage which is usually much higher, we can neglect this term in equation 2.54.

The thickness of the space-charge region can now be derived from a capacitance measurement of
the device as:

d =W =
ε0ε

C
. (2.55)
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Equation 2.55 is for a one dimensional p-n junction, while for a real diode with a junction area A
the depletion depth becomes:

d =W = A
ε0ε

C
, (2.56)

which resembles the situation of a parallel plate capacitor with electrodes of size A at a distance d
and a dielectric in between with a dielectric constant of ε .

The doping concentration can be derived from the derivative of the inverse square of capacitance
with the applied reverse bias voltage. Using equations 2.55 and 2.51 and again ignoring Vbi we
get:

d(1/C2)

dV
=

d(1/C2)/dW

dV/dW
=

2W/(ε0ε)2

qeNDW/(ε0ε)
=

2
qeNDε0ε

, (2.57)

and the doping concentration at depth W is:

ND =
2

qeε0ε
d(1/C2)

dV

(2.58)

Full Depletion Voltage

The voltage at which the depleted space-charge region covers the full depth of the device is called
Full Depletion Voltage VFD. Following equation 2.58 the capacitance of the device will increase
with the reverse bias voltage V until V =VFD. For V ≥VFD it will remain constant as seen in figure
2.11
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Figure 2.11.: Plot of a C-V curve of an ideal diode. Before full depletion the inverse square capacitance rises linearly.
At V =VFD the device is fully depleted and the capacitance remains constant.
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Following equation 2.46 the thickness d of a device can be calculated from VFD for V�Vbi:

d =

√
2ε0ε

qeND
VFD (2.59)

For practical reasons the doping concentration ND is substituted with the resistivity of the bulk
material from equation 2.15 which yields:

d =
√

2ε0εµnρVFD (2.60)

In comparison to an ideal diode, the p-n junctions in strip sensors are segmented which makes the
electric field inside the bulk non-linear due to edge effects. The solutions to the Poisson equation
describing the voltage drop are more complicated and are discussed in detail in [10]. The solution
for strip sensors is given by:

VFD,sensor =VFD,diode

[
1+2

p
d

f
(

w
p

)]
, (2.61)

where p is the pitch between neighbouring strips and w is the width of the strip. The function f (w/p)
is a numerical approximation for the solution and is according to [10]:

f (x) =−0.00111x−2 +0.0586x−1 +0.240−0.651x+0.355x2 (2.62)

For a sensor with a standard width-to-pitch ration of 0.25, the correlations between resistivity, thick-
ness and full depletion voltage are:

d =

√
2ε0εµnρVFD,sensor

1+2 p
d 0.3161

(2.63)

ρVFD,diode =
ρVFD,sensor

1+2 p
d 0.3161

=
d2

2ε0εµn
(2.64)

ρVFD,sensor =
d2(1+0.6322 p

d )

2ε0εµn
=

d2 +0.6322pd
2ε0εµn

(2.65)

2.5.2. The n+-n or p+-p Junction

In the previous chapter on p-n junctions, the build-up of a space-charge region was explained
due to electrons diffusing from the n into the p region while holes are diffusing from p to n.
The diffusion of electrons and holes stops, when the electric field inside the space-charge re-
gion is high enough. The electrical potential of the space-charge region is called built-in voltage
Vbi.

A similar situation is created in single-type semiconductors if the doping concentration changes
significantly over a small area1. In the case for n+-n junctions, electrons from the heavily doped n+
region diffuse into the much less doped n region and create a space charge region. The resulting
electrical field counteracts the diffusion and the Fermi levels of the two regions in the band model
are lined up. This again results in a built-in voltage Vbi.

1Heavily doped regions are denoted as n+ or p+, hence the name n+-n or p+-p for single-type junctions.
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2.5.3. The Metal - Semiconductor Contact

Historically, the metal-semiconductor contact was one of the first semiconductor devices showing
rectifying properties. As the name suggests, such contacts form at the junction between a metal
and a semiconductor of low doping concentration. Such contacts are also called Schottky barri-
ers.

The situation at the metal - semiconductor junction is similar to a p-n junction. The Fermi level
E f ermi in the metal and the semiconductor are at different energies. Upon contact, these the lev-
els have to line up and therefore alter the band structure creating barriers for the charge carri-
ers.

Let’s consider the situation of separated metal and n-type semiconductor. The energy necessary to
move an electron from the Fermi level into the vacuum is described by the work function qeΦm. The
specific value of Φm depends on the type of metal and is different to the value Φs < Φm in the semi-
conductor which in turn depends on its type and doping. Furthermore we define the electron affinity
qeχ which is the difference between the conduction bands edge to the vacuum level in the semicon-
ductor. This value does not depend on the doping of the material.

Now we consider the metal and the semiconductor in direct contact, where the Fermi levels in both
materials have to line up and a built-in voltage Vbi = Φm−Φs is created, as the bands will be bent in
the vicinity of the contact. Charge carriers in the semiconductor will move to fulfill the thermal equi-
librium condition at any point, while the situation in the metal is somewhat different. The number
of free electrons in the metal is so huge, that the electric field inside the metal is approximately zero.
Therefore the positive space charge region created in the semiconductor will be compensated by a
surface charge at the metal side. This creates a barrier for electrons diffusing from the metal to the
semiconductor side. The height of the barrier can be described by:

qeΦBn = qe(Φm−χ) (2.66)

This barrier is not influenced by an external bias voltage, while the threshold for electrons travel-
ing in the opposite direction will change. This rectifying function is similar to a diode with a low
forward voltage drop. For strip sensors, Schottky barriers are created at the interface of the semi-
conductor material to the metallisation for external connections. Their rectifying properties are a
nuisance and should be avoided by using highly doped silicon at the interface. The high doping con-
centration will decrease the width of the potential barrier and tunneling of electrons becomes more
important as described in [8]. The characteristic resistance in the metal to semiconductor direction
will be negligible and the contact will show an ohmic behaviour.

2.5.4. The Metal - Oxide - Semiconductor Structure

The Metal - Oxide - Semiconductor (MOS) structure is a very important component widely used
in the semiconductor industry. One example utilizing MOS structures are Charge Coupled Devices
(CCD) which are used as imaging sensors. For silicon strip sensors, MOS structures are usually
only used as test structures to provide access to the measurement of interface properties.
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A MOS structure consists of a semiconductor covered by a insulator which is often made of silicon
dioxide (SiO2) but can be composed of any material with insulating properties. To understand
the functionality of the structure, we have to understand the distribution of charge carriers inside
the semiconductor device and at the interface between semiconductor and insulator for different
external voltages applied between the metal contact and the semiconductor. We will first consider
a simplified situation for a n-type semiconductor in thermal equilibrium, neglecting any charge
carriers in the oxide. Depending on the externally applied voltage we can distinguish four different
situations: flat band, accumulation, depletion and inversion.

Flat Band Situation (V =VFB)

Let us consider a more simplified situation first, where the work functions (the energy necessary to
move an electron from the Fermi to the vacuum level) for metal and semiconductor are equal. With-
out the application of an external voltage, the electrons in the n-type semiconductor are uniformly
distributed and the electric field will be zero everywhere along the device. No external voltage is
needed to achieve this situation and the flat-band voltage VFB is zero.

In a more realistic situation, the work functions for an electron in the metal and in the semiconductor
are different, while the vacuum level is constant throughout the device, as we considered the oxide
to be free of charges and therefore without an electric field. To achieve this situation we have to
apply an external voltage VFB between the metal electrode and the semiconductor to compensate
the different work functions:

VFB = Φm−Φs (2.67)

The situation is represented in figure 2.12.

Accumulation Situation (V >VFB)

If the externally applied voltage exceeds the flat band voltage, the bands at the oxide - semiconduc-
tor interface will bend down. Electrons will accumulate in a thin layer at the surface as the Fermi
level moves closer to the conduction band edge. The thermal equilibrium condition must be fulfilled
within the semiconductor:

n
ni

= exp
E f ermi−Ei

kBT
(2.68)

where n is the actual and ni the intrinsic charge carrier concentration. The surface charge density is
given by:

Qacc =−ε0εox
V −VFB

dox
=−Cox(V −VFB) (2.69)

where Cox is the capacitance per unit area of the oxide layer.

The situation is represented in figure 2.13.
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Figure 2.12.: An n-type MOS structure in the flat band situation V =VFB. The oxide is considered to be free of charges.

40



2.5. Basic Semiconductor Structures

b)

Efermi

Efermi

Efermi,i

EV

EC

Energy bands

SemiconductorOxideMetal

a)

e)

Electric field

f)

Electric potential

d)

Charge density

Vacuum Level

q Χe

-q Ve

q Φe s

q Φe m

q Ψe B

Electrons

Figure 2.13.: An n-type MOS structure in the accumulation situation V > VFB. The oxide is considered to be free of
charges.
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Depletion Situation (V <VFB)

If the externally applied voltage is smaller than the flat band voltage VFB, the bands at the oxide-
semiconductor interface will bend upwards. The concentration of electrons near the interface will
decrease and a depleted region will build up.

According to [7], the depth of the depletion layer is given by:

ds =

√
ε0εs

qeND
(VFB−V )+

(
εs

εox
dox

)2

− εs

εox
dox (2.70)

The situation is represented in figure 2.14.

Inversion Situation (V �VFB)

If the external voltage is much smaller than the flat band voltage VFB, such that the intrinsic level
at the oxide-semiconductor interface qeΦB is higher than the Fermi level qeΦs, a majority of holes
will accumulate at the interface. For Φs = −2ΦB the hole density at the interface equals the elec-
tron density in the bulk of the semiconductor. This situation as also called strong inversion. The
depletion depth reaches its maximum and even a further increase of the external voltage will not
change the depth:

dmax =

√
4ε0εsΦB

qeND
. (2.71)

The situation is represented in figure 2.15.

Oxide Charges

In a real MOS structure, composed of silicon and silicon dioxide, charges will be present inside
the oxide and at the Si-SiO2 interface which will change the flat band voltage VFB. The change
depends on the amount and distribution of the charges ρ(x) inside the oxide and can be described
as:

∆VFB,oxB =
1

ε0εox

∫ dox

0
ρ(x)x dx. (2.72)

The change due the interface region can be described as a thin layer of charges with a density of σ

at a distance dox from the metal:

∆VFB,oxI =−
σdox

ε0εox
. (2.73)

Equation 2.67 has to be corrected for these to effects and becomes:

VFB = Φm−Φs−
1

ε0εox

[
σdox +

∫ dox

0
ρ(x)x dx

]
. (2.74)
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Figure 2.14.: An n-type MOS structure in the depletion situation V <VFB. The oxide is considered to be free of charges.
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Figure 2.15.: An n-type MOS structure in the (weak) inversion situation V �VFB. The oxide is considered to be free of
charges.
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Capacitance - Voltage Characteristics

The capacitance of the MOS structure is measured by applying a small AC-voltage on top of the
DC bias voltage. The response from the structure depends on the relationship between the fre-
quency of AC-voltage and the time it takes for the structure to return to equilibrium. The measured
capacitances are strongly frequency dependent.

For low frequencies we can assume (Cox =
ε0εox
dox

, Cs =
ε0εs
ds

):

Accumulation region C =Cox

Depletion region C = CoxCs
Cox+Cs

as the capacitance of the oxide and the depletion layer appear in
series

Inversion region C = Cox as the depletion layer stays constant, while the surface charge density
varies with the applied voltage.

At high frequencies the measured capacitance again appears as C= CoxCs
Cox+Cs

, because the depletion
layer depth varies with the voltage while the surface charge density stays constant.

2.5.5. The Polysilicon Resistor

Resistors of a wide range of resistances can be created by depositing and doping a layer of polysil-
icon. Pure polysilicon has a resistivity of 230 kΩcm which can be adjusted to the appropriate value
by doping. Special attention has to be made when contacting polysilicon resistors with metal due
to the Schottky barrier described in section 2.5.3. Usually a good electrical contact between metal
and the resistor is achieved using a very heavily doped area of polysilicon to make the contact to
the metal.

2.6. Radiation Damage and the NIEL hypothesis

The effects of radiation on silicon sensor have to be carefully evaluated to ensure proper operation
over the full length of an experiment’s expected lifetime. Even today, most effects are only partly
understood. We have to rely on careful evaluation of radiation experiments and parametrization of
the resulting effects, without a complete understanding about the physical background.

The silicon sensor have to endure a variety of radiation types, which, for simplicity, we are going
to divide into two types:

• Charged particles like protons, pions, electrons, . . .

• Neutral Particles like neutrons
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Neutral particles interact by elastic or inelastic scattering with the semiconductor nucleus, while
charged particles like protons or electrons scatter by electrostatic interaction as well. The mass of
the scattering particle is also important, because it limits the maximum energy that can be trans-
ferred from the incident particle to hit lattice atom. Electrons, for example, seldom create lattice
defects as they cannot transfer enough energy and cause point defects and ionization only. In table
2.2 some important characteristics of the primary interactions of radiation are given. The concepts
of point and cluster defects will be clarified later.

Radiation Electrons Protons Neutrons Si+

Interaction Coulomb Coulomb Elastic Coulomb
scattering and nuclear nuclear scattering

scattering scattering
Tmax[eV ] 155 133,700 133,900 1,000,000
Tav[eV ] 46 210 50,000 265
Emin[eV ]
point defect 260,00 190 190 25
defect cluster 4,600,000 15,000 15,000 2,000

Table 2.2.: Characteristics of interaction of radiation with silicon [7]. The radiation energy is 1 MeV, Tmax is the maxi-
mum kinematically possible recoil energy, Tav the mean recoil energy and Emin the minimum radiation energy
needed for the creation of a point defect and for a defect cluster.

Figure 2.16 shows the Non Ionizing Energy Loss (NIEL) for different particle energies. The dam-
age caused by different types of radiation can be compared using the hardness factor κ which is
defined according to [11]:

Φ1MeV
eq = κΦ (2.75)

where κ is defined as:
κ =

EDK
EDK(1MeV )

(2.76)

with EDK the Energy spectrum averaged Displacement KERMA2

EDK =

∫
D(E)Φ(E)dE∫

Φ(E)dE
(2.77)

where Φ(E) is the differential flux and

D(E) = ∑
k

σk(E)
∫

dER fk(E,ER)P(ER) (2.78)

is the displacement KERMA or the damage function for the energy E of the incident particle, σk
the cross section for reaction k, fk(E,ER) the probability of the incident particle to produce a recoil
of energy ER in reaction k and P(ER) the partition function (the part of the recoil energy deposited
in displacements). The normalised EDK for 1 MeV neutrons is EDK(1 MeV)=95 MeVmb. The
integration is done over the full energy range.

2Kinetic Energie Released per unit MAss (KERMA) is the sum of the initial kinetic energies of all the charged particles
liberated by uncharged ionizing radiation (neutrons and photons) in a sample of matter, divided by the mass of the
sample. It I measured in Gray.
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The hardness factor κ now becomes:

κ1 MeV n =

∫
D(E)Φ(E)dE

95 MeV mb ·Φ
(2.79)

Using the hardness factor κ1 MeV n, the NIEL hypothesis allows the scaling of the damage caused
by any charged particle to 1 MeV neutrons.

2.6.1. Bulk and Surface Damage

In this section we are going to investigate the effects of the two types of radiation (neutral and
charged particles) on the semiconductor lattice and the insulating oxide layer. As we have learned
from the preceding section, the interaction depends on whether the particles are charged or not and
on their mass.

The actual detection process occurs in the depleted space-charge region of the silicon bulk. Imper-
fections in the crystal lattice would influence the detector properties, generally degrading the sensor
performance. Defects created by radiation which dislocate silicon atoms from their lattice site are
the main concern. As mentioned before, heavy particles scatter with the silicon nucleus and transfer
kinetic energy to it. If the energy transferred exceeds about 15 eV, a dislocation of a lattice atom is
possible. More specifically, at a recoil energy of about 25 eV, the probability of displacement of a
silicon lattice atom is roughly one half.

Recoil energies below 1 - 2 keV create only isolated point defects, between 2 keV and 12 keV the
energy is high enough to create one defect cluster and additional point defects and above 12 keV
several clusters and additional point defects can be produced. A cluster is a dense agglomeration
of point defects that appear at the end of a recoil track where the incident particle loses its last 5
- 10 keV of kinetic energy and the elastic scattering cross-section increases by several orders of
magnitude.

In the insulating oxide layer which separates the p-type silicon from the aluminium readout strips,
the situation is different. The structure is already highly irregular, therefore the interaction of radi-
ation with the nucleus can be ignored. The additional damage to the oxide structure will not alter
the properties of that region.

Much more important is the ionization caused by charged particles, and by photons. One may
consider the oxide as a region with a high density of defects whose charge state can be altered by
irradiation. New electrons and holes are created in the oxide layer. The electron mobility is several
orders of magnitude larger than that of holes. Compared to holes, radiation-generated electrons will
diffuse out of the insulator in relatively short time and the capture of holes is the dominant process
that changes the oxide’s properties. Radiation damage of oxide manifests itself as a buildup of
positive charge due to semipermanent trapping centers, which causes a shift in the flat-band voltage
which can be measured.

47



2. Basics on Silicon Semiconductor Technology

Figure 2.16.: Non ionizing energy loss of different particles [12]. The cross sections are normalized to 1 MeV neutrons
of equivalent fluence Φeq.

2.6.2. Changes in Properties due to Defect Complexes

The defects in detector bulk material are still mobile at room temperature. Part of those defects will
even vanish either by an interstitial filling a vacancy or by diffusing out of the surface. However,
they may become stable by interacting with another radiation induced defect, or with an imperfec-
tion from the crystal growth process. Let’s have a look on the effects and changes in detector prop-
erties that are caused by these stable defects. Before going into depth, it is worth mentioning that
these defects can have one of the following main consequences:

• Alterations of charge density in the space - charge region

• Formation of recombination - generation centers

• Formation of trapping centers

Alterations of Charge Density in the Space - Charge Region

The original dopants such as phosphorus or boron may be captured into new defect complexes,
thereby loosing their original function as flat donors or acceptors. They may assume a charge state
different from the original one. This will change the effective doping of the semiconductor. In
figure 2.17 the fluence dependence of the effective doping of an originally n-type silicon can be
seen. The dashed lines correspond to the parametrisation of that effect. At a certain fluence, the
silicon even changes it’s doping state from n-type to effectively p-type. This effect is called type
inversion.
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Figure 2.17.: Fluence dependence and parameterisation of the effective doping according to equation 2.80 for an n-type
silicon wafer irradiated with neutrons [13]. The data has been corrected for self-annealing during the
extended irradiation period.

The effective doping concentration can be parametrised by:

Ne f f (Φ) = ND,0eaΦ−NA,0−bΦ (2.80)

with ND,0 and NA,0 being the donator and acceptor concentration before irradiation and a and b
constants to be determined experimentally.

A consequence of the alterations in the space charge region is the change of the full depletion
voltage VFD and therefore the operating voltage of the sensor.

Recombination - Generation Centers These defects can capture and emit electrons or holes
and raise the volume-generated leakage current. The leakage current as a function of the fluence
is shown in figure 2.18. A linear relationship between current and fluence is found. It can be
parameterized as:

∆Ivol

V
= αΦ, (2.81)

where the leakage current damage parameter α is according to [14]:

α = (3.99±0.03)×10−17A/cm. (2.82)

Trapping Centers Another problem is the trapping of an electron or hole and remission a short
time afterwards. The charge is released too late to contribute to the signal. The signal mea-

49



2. Basics on Silicon Semiconductor Technology

Figure 2.18.: A 1 MeV neutron equivalent fluence dependence and parameterization of the volume-generated current
for an n-type silicon wafer irradiated with neutrons [13]. The data has been corrected for self-annealing
occurring during the extended irradiation period.

sured by the readout electronics is smaller while exhibiting more noise resulting in a reduced
SNR.

We present a global parameterization of the fluence dependence of the trapping time:

1
τt

=
1

τt0
+ γΦ (2.83)

where τt is the average time a hole/electron stays trapped and τt0 is the value before radiation. This
parameterization works well for hole and electron trapping at moderate fluence. A value of γ ≈
0.24 × 10−6 cm2/s is found

For electrons at high fluences, a steeper increase of trapping probability was observed (see figure
2.19).

2.6.3. Annealing

Observing a sensor after an extended period of exposure to irradiation, one notices that the damage
effects diminish with time. This effect is called annealing. The rate of damage decrease is strongly
dependent on temperature.

This effect can naively be interpreted as diffusion of radiation induced crystal defects out of the
detector bulk and, more importantly, by the recombination of vacancies and interstitials. Still, one
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Figure 2.19.: A 1MeV neutron equivalent fluence dependence and parameterization of the inverse trapping time constant
for holes (open symbols) and electrons (solid symbols) for an n-type silicon wafer irradiated with neutrons
[13].

must keep in mind that annealing is a rather complicated process involving many different and only
partially understood interactions between defects and defect complexes.

In figure 2.20 the annealing of the radiation induced changes of effective doping is shown over an
extended period of time at constant room temperature (20◦C). One may notice an inversion of the
annealing effect on the time scale of months.

2.6.4. Reverse Annealing

The inversion of the annealing process is called reverse annealing. Following the initial anneal-
ing of irradiated silicon sensors, the effective doping concentration is increasing again after a few
weeks to months at room temperature. This surprising effect can be explained as the transformation
of radiation induced electrically inactive defect complexes into electrically active ones. Reverse
annealing is also strongly temperature dependent. Below approximately 0◦C the process is almost
completely suppressed.
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Figure 2.20.: Room temperature annealing of radiation induced changes of effective doping [13]. Data are corrected to
correspond to a short irradiation followed by a longterm observation at constant (20°C) temperature. A
decrease of the effective doping concentration can be observed on the time scale of weeks (annealing),
followed by a rise (reverse annealing) on the time scale of months after irradiation.
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A semiconductor detector is a device that uses a semiconductor (usually sili-
con or germanium) to detect traversing charged particles or the absorption of
photons. In the field of particle physics, these detectors are usually known as
silicon detectors. When their sensitive structures are based on a single diode,
they are called semiconductor diode detectors. When they contain many diodes
with different functions, the more general term semiconductor detector is used.
Semiconductor detectors have found broad application during recent decades,
in particular for gamma and X-ray spectrometry and as particle detectors.

Wikipedia on Semiconductor detector

3
Silicon Strip Sensors

Silicon strip sensors are the favored tracking devices in most modern high energy physics exper-
iments. The basic design has not changed much over the last few centuries since the first strip
sensor in planar technology was developed for the NA11 experiment at CERN[15]. Nevertheless,
improvements were made to the designs and the production techniques used to manufacture such
devices. The current status of commonly used design and production principles will be reviewed in
this chapter.

3.1. Working Principle

The main purpose of a strip sensor is the precise spatial tracking of ionizing particles. The effect
used to create a measurable signal from a particle passing the sensor is based on the electromag-
netic interaction of the particle with the the silicon bulk. The resulting generation of a current
inside the bulk was described in section 2.4.3 for charged particles and in section 2.4.2 for pho-
tons.

The amount of charge created by a single particle is very small compared to the intrinsic charge
carrier density. With a mean energy loss of a MIP in silicon of (dE/dx)mean = 388 eV/µm ([16]) and
a mean energy for electron-hole creation in silicon of Epair = 3.63 eV (see table 2.1) the number of
electron-hole pairs created by a MIP in tSensor = 300 µm silicon becomes:

(dE/dx)mean× tSensor

Epair
=

388×300
3.63

≈ 32×103 e−h+pairs. (3.1)
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The intrinsic charge carrier generation at T = 300 K for silicon is ni = 1.45× 1010. For silicon
with the same thickness of tSensor = 300 µm as before and an area of ASensor = 1 cm2 this amounts
to:

ni . tSensor . ASensor = 1.45×1010 . 300 . 1×10−4 ≈ 4.4×108. (3.2)

The signal created by a MIP would be four orders of magnitude lower than the intrinsic noise created
by 1 cm2 of silicon. Therefore it is necessary to significantly reduce the number of intrinsic charge
carriers. One way would be to operate the sensor at very low temperatures, but a much more practi-
cal way is the usage of a p-n junction operated in reverse bias mode.

The main sensor element of modern strip sensor is the depleted zone of a p-n junction. Figure 3.1
shows the basic working principle where the p-n junction is operated in reverse bias mode. For
practical reasons, the junction is very asymmetric while making the depleted region occupy most
or the full depth of the silicon substrate. Therefore the silicon bulk is made of pre-doped material
(usually n-type) and the junction is formed by heavy doping of a small surface layer (usually p+-
type). To make the full depth of the bulk sensitive, it is necessary to fully deplete it by a sufficiently
high reverse bias voltage.

When an ionising particle particle traverses the depleted region, it creates electron-hole pairs. Due to
the electric field inside the bulk, these charge carriers start to drift towards the electrodes (see section
2.3.1) and thereby induce an electric current which can be measured.

n-type silicon

p-type silicon

V

Figure 3.1.: Charge generation of an ionizing particle inside the depleted silicon bulk. The charges will drift to the
electrodes due to the electric field and induce a current which can be measured.

The energy deposition in thin layers is considerably non-deterministic and the statistical fluctuations
are very asymmetric following a Landau distribution as seen in figure 3.2. It was first described in
[17] with a more elaborate discussion and corrections to the distribution in [18].

As calculated above, the mean number of electron-hole pairs is about 32.000 but due to the Landau
like behaviour of the energy deposition, the most probable number of electron-hole pairs becomes
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27. Passage of particles through matter 271

large single-collision energy transfers that increasingly extend
the long tail are rare, making the mean of an experimental
distribution consisting of a few hundred events subject to large
fluctuations and sensitive to cuts as well as to background. The
most probable energy loss should be used.

For very thick absorbers the distribution is less skewed but
never approaches a Gaussian. In the case of Si illustrated in
Fig. 27.6, the most probable energy loss per unit thickness for
x ≈ 35 g cm−2 is very close to the restricted energy loss with
Tcut = 2 dE/dx|min.

The Landau distribution fails to describe energy loss in thin
absorbers such as gas TPC cells [25] and Si detectors [24], as
shown clearly in Fig. 1 of Ref. 25 for an argon-filled TPC cell.
Also see Talman [26]. While ∆p/x may be calculated adequately
with Eq. (27.8), the distributions are significantly wider than
the Landau width w = 4ξ [Ref. 24, Fig. 15]. Examples for thin
silicon detectors are shown in Fig. 27.7.
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Figure 27.7: Straggling functions in silicon for 500 MeV
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The width w is the full width at half maximum.
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Figure 27.8: Most probable energy loss in silicon, scaled
to the mean loss of a minimum ionizing particle, 388 eV/µm
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27.2.6. Energy loss in mixtures and compounds : A mixture
or compound can be thought of as made up of thin layers of pure
elements in the right proportion (Bragg additivity). In this case,

dE

dx
=

∑
wj

dE

dx

∣∣∣∣
j

, (27.10)

where dE/dx|j is the mean rate of energy loss (in MeV g cm−2)
in the jth element. Eq. (27.1) can be inserted into Eq. (27.10)
to find expressions for 〈Z/A〉, 〈I 〉, and 〈δ〉; for example, 〈Z/A〉 =∑

wjZj/Aj =
∑

njZj/
∑

njAj. However, 〈I 〉 as defined this
way is an underestimate, because in a compound electrons
are more tightly bound than in the free elements, and 〈δ〉 as
calculated this way has little relevance, because it is the electron
density that matters. If possible, one uses the tables given in
Refs. 18 and 27, which include effective excitation energies and
interpolation coefficients for calculating the density effect correc-
tion for the chemical elements and nearly 200 mixtures and com-
pounds. If a compound or mixture is not found, then one uses the
recipe for δ given in Ref. 20 (repeated in Ref. 1), and calculates
〈I〉 according to the discussion in Ref. 7. (Note the “13%” rule!)

27.2.7. Ionization yields : Physicists frequently relate total
energy loss to the number of ion pairs produced near the particle’s
track. This relation becomes complicated for relativistic particles
due to the wandering of energetic knock-on electrons whose
ranges exceed the dimensions of the fiducial volume. For a
qualitative appraisal of the nonlocality of energy deposition in
various media by such modestly energetic knock-on electrons,
see Ref. 28. The mean local energy dissipation per local ion
pair produced, W , while essentially constant for relativistic
particles, increases at slow particle speeds [29]. For gases,
W can be surprisingly sensitive to trace amounts of various
contaminants [29]. Furthermore, ionization yields in practical
cases may be greatly influenced by such factors as subsequent
recombination [30].

27.3. Multiple scattering through small angles

A charged particle traversing a medium is deflected by many
small-angle scatters. Most of this deflection is due to Coulomb
scattering from nuclei, and hence the effect is called multiple
Coulomb scattering. (However, for hadronic projectiles, the
strong interactions also contribute to multiple scattering.) The
Coulomb scattering distribution is well represented by the theory
of Molière [31]. It is roughly Gaussian for small deflection
angles, but at larger angles (greater than a few θ0, defined below)
it behaves like Rutherford scattering, with larger tails than does
a Gaussian distribution.

If we define

θ0 = θ rms
plane =

1√
2

θrms
space . (27.11)

then it is sufficient for many applications to use a Gaussian
approximation for the central 98% of the projected angular
distribution, with a width given by [32,33]

θ0 =
13.6 MeV

βcp
z

√
x/X0

[
1 + 0.038 ln(x/X0)

]
. (27.12)

Here p, βc, and z are the momentum, velocity, and charge
number of the incident particle, and x/X0 is the thickness of the
scattering medium in radiation lengths (defined below). This
value of θ0 is from a fit to Molière distribution [31] for singly
charged particles with β = 1 for all Z, and is accurate to 11% or
better for 10−3 < x/X0 < 100.

Eq. (27.12) describes scattering from a single material, while
the usual problem involves the multiple scattering of a particle
traversing many different layers and mixtures. Since it is from a
fit to a Molière distribution, it is incorrect to add the individual
θ0 contributions in quadrature; the result is systematically too

Figure 3.2.: Straggling functions in silicon for 500 MeV pions, normalised to unity at the most probable value δ p/x [16].
The width w is the full width at half maximum.

with (dE/dx)MPV = 276 eV/µm:

(dE/dx)MPV × tSensor

Epair
=

276×300
3.63

≈ 23×103 e−h+pairs. (3.3)

The most probable value is the number often used in literature.

The electron-hole pairs created by the incident particle drift towards the electrodes and create an
electric current. The signal is induced by the movement of the charges through electromagnetic in-
teraction and is proportional to the carrier mobilities according to Ramo’s theorem [19]:

J0 =
qe

d

(
∑νn +∑νp

)
, (3.4)

where d is the detector thickness, qe the elementary charge and νn and νp the drift velocities for
electrons and holes.

The maximum charge which can be collected by integrating amplifiers, can be calculated by the
time integral over the induced current:

Q0 =
∫ tint

0
J0dt =

∫ tint

0

qe

d

(
∑νn +∑νp

)
dt, (3.5)

where tint is the integration time of the amplifier. The measured signal can be reduced due to
the trapping of charges inside the bulk. The Charge Collection Efficiency (CCE) of a sensor is
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an important parameter and a subject of interest when analysing the radiation hardness of a sen-
sor:

CCE =
Qc

Q0
, (3.6)

where Qc is the charge collected in an actual measurement.

3.2. Design Basics of a Silicon Strip Sensor

Using the basic working principle described in the previous section, it is possible to detect a particle
hitting the sensor. It does not give any additional information on the location of the hit on the sensor.
This can be achieved by creating smaller sensing elements based on the same principle which are
electrically isolated from each other but located on the same sensor. For practical reasons, we can
distinguish two different approaches:

Pixel Sensor have very small quadratic or rectangular shaped sensor elements called pixels. Due
to their almost symmetric layout, they provide two dimensional spatial resolution. Each of
the pixel is readout by a dedicated amplifier which is in some designs also responsible for
biasing it. Pixel sizes are usually very small, in the order of one hundred microns, which
results in a very high number of pixels per sensor area. Due to the high number of readout
channels, the costs per area covered by sensors is very high. Due to their inherent radiation
hardness, they are used as the innermost tracking layers as in the CMS tracker (see section
1.1.1).

Strip Sensor have narrow and long asymmetric strips as basic sensor elements. The strips usually
extend the full length of the sensor, therefore giving only one-dimensional information on
the location of the hit on the sensor. The biasing of the strips is usually fed from a shared
connection line. The width is in the order of tens of microns, while the pitch between strips
can be from 50 µm up to several hundreds of microns. The much lower density of sensor
elements compared to pixel sensors, significantly reduces the number of readout channels.
This makes strip sensors comparatively cheaper in terms of costs per sensor area, therefore
making it the optimal choice for the large areas of the outer tracking layers as in the CMS
tracker (see section 1.1.2).

The following section will review the design basics of standard silicon strip sensors. A 3D-model of
the full layout as used in the CMS experiment is shown in figure 3.3.

3.2.1. Strip Geometry

For practical reasons, only the upper electrode of a strip sensor is segmented into strips, while
the lower electrode called backplane covers the full backside of sensor. The readout electronics
is connected to each strip and collects the charges generated by incident particles. The strip pitch
depends on the requirements of the spatial resolution and the density of readout channels. The
width of the strips, or - more importantly - the ratio between width and pitch (width-to-pitch ratio
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Figure 3.3.: 3D-model of a standard silicon strip sensor as used in the CMS experiment. It features AC-coupled readout
strips with polysilicon biasing and no intermediate strips and the active area is protected by a single guard
ring structure.

rwp) is driven by the balance of low capacitance between the strips (low rwp) and the need to reduce
the field peak at the implant edges.

The usage of intermediate strips which are not read out, can increase the spatial resolution by
capacitive charge sharing between adjacent strips, while keeping the density of readout channels
constant. To take advantage of such a strip geometry, the readout has to measure the height of
the signal which is generally referred to as analogue readout. In comparison, a digital readout
only checks, if the signal exceeds a certain threshold while discarding the actual signal height.
Therefore such a technology cannot take advantage of interpolation algorithms based on charge
sharing.

3.2.2. DC to AC coupled Strips

As described in section 2.5.1 a p-n junction in reverse bias operation still shows a small reverse
bias current. In an actual sensor, each strip exhibits such a small DC current in the order of nA. In
heavily irradiated strip sensors, the reverse bias current can rise significantly by several orders of
magnitude reaching a few µA per strip.

The amplifiers in the readout chips have to be protected from this current using current compensa-
tion circuits. These high pass filters remove the DC fraction of the current, allowing only the AC sig-
nals to pass to the amplifier. This functionality can also be incorporated into the sensor using large
capacitors between the implant and the readout connection for the chips.
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The readout capacitors are created by covering the strips with an aluminum electrode of about equal
size above the strip implant, separated by a thin layer of oxide. The capacitance of this parallel-
plate capacitor can be maximized by minimizing the thickness of the oxide according to C = εA/d. It
offers good filtering of DC currents, while having a strong coupling of the AC signals to the readout
electrode which are connected to the amplifiers of the readout chip.

While DC coupled strips can be biased from the readout electronics, a separate biasing scheme is
required for AC coupled sensors.

3.2.3. Biasing of the Strips

Each strip needs a reverse bias voltage to deplete the underlying sensor bulk from charge carriers.
An aluminium metallisation covering the full backside of the sensor will serve as contact to the bulk.
Each of the strip implants themselves needs to be connected to the other polarity of the reverse bias
voltage. In DC coupled sensors this can be provided by the readout electronics which are directly
connected to the implant.

In AC coupled devices1 the biasing of the strips has to be done by additional structures on the
sensor. For practical reasons, they are connected to a ring surrounding the sensor called bias line,
which provides the same potential to all of the strips from a single connection to the external voltage
supply.

This way all of the strips would be shorted together. To electrically isolate the strips from each other,
each strip is connected to the bias ring using a resistor. Additionally they also serve as current pro-
tection for each strip. These resistors can be implemented in various ways:

Polysilicon resistor A resistor made of doped polysilicon is embedded in the sensor. It has a
linear ohmic behaviour and is very radiation hard. The additional deposition and structuring
of polysilicon requires additional process steps during manufacturing of the sensor, making
the device more expensive.

1.3 Working Principle of a Silicon Tracking Device 25
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1Many DC-coupled device implement a form of external biasing from a common bias connection as well to allow the
electric testing of the device. Otherwise each of the strips would need an individual connection to the bias voltage.
Furthermore strips which are not properly connected to the readout electronics in the final detector cannot be properly
depleted without a common bias scheme.
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3.2. Design Basics of a Silicon Strip Sensor

FOXFET A small gap between the strip implant and the bias ring is covered by a metal-oxide
structure. Similar to a Metal-Oxide Semiconductor Field Effect Transistor (MOSFET) the
effective resistance of the gap can be controlled using a small voltage applied to the metal
gate. This structure is often referred to as FOXFET, as it utilizes the thick Field OXide as
gate insulator. Cheaper but less radiation hard than polysilicon resistors.
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Punch through Very similar to a FOXFET but without a gate and a smaller gap. The size of the
gap and the electric properties of the oxide define the resistance of the structure. Cheaper but
less radiation hard than polysilicon resistors.
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3.2.4. Breakdown Protection

Strip sensors are usually operated at full depletion. As discussed in section 2.6, the full depletion
voltage VFD changes with irradiation. Depending on the technology and material used for the sensor,
it may even become inoperable if it is not fully depleted. For heavily irradiated sensors, VFD can
reach several hundreds of volts. Such high operation voltages may induce breakdowns, making the
sensor inoperable or even destroying it.

Several methods exist to protect the sensor from breakdown. We present the most commonly used
techniques used in the strip area and towards the edge of the sensor.
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Guard Ring

The bias voltage supplied to the bias ring will drop to the backside potential in the small area be-
tween the edge of the ring implant and the sensors cutting edge. This will introduce high field
strengths in an area afflicted by strong lattice deformations and contamination due to the cut-
ting.

To lessen the effect of the abrupt change in potential, an additional ring of implant connected to the
aluminium above it surrounds the bias ring. These so-called guard rings are floating and ensure a
defined drop of the bias voltage along a larger distance. A multi guard ring structure implements
several concentric rings, ensuring an even wider spread of the voltage drop in small steps. They are
usually all on a floating potential were the potential drop from one ring to the next can be adjusted
via a punch trough biasing.

Edge Ring

As mentioned before, cutting the sensor from the wafer introduces stress to the crystal lattice and
increases the concentration of impurities. This produces a large dark current coming from the
edge of which the sensor needs to be protected. An highly doped implant of opposite type than
strips and the rings can protect the sensor from such edge effects as the space charge region cannot
reach the cutting edge. The high doping makes the material low resistive, thereby ensuring a more
homogeneous field distribution.

Strip Area

The gap between the strip implants defines the field configuration in this area. In an under-depleted
sensor with a narrow gap situation (see figure 3.4), the charge carriers located under the MOS
structure in the interstrip region will get trapped when the depleted area separates them from the
undepleted rest of the bulk. For a wide gap situation, these oxide surface charges are removed and
the space charge region reaches the oxide as seen in figure 3.5.

The electric field configurations are different for these two cases. While the maximum is at the
edges of the implant for both situations, the narrow gap shows a significantly lower value as seen in
the simulations shown in figure 3.6. To ensure a stable operation of the device at high bias voltages,
the narrow gap solution is favored while it has to be balanced with the higher capacitance between
the strips.

To further increase the high voltage stability of strip sensors and make them operable even after high
irradiation, so-called metal overhangs where introduced. The metal covering the implants in strips
and bias, guard and edge ring is larger by a few microns, than the implant itself. This extends the
electric field lines into the thick oxide between strips and rings, reducing the field strength by a cer-
tain fraction. More important is the much higher breakdown voltage in oxide (≈ 107V/cm for SiO2,
see [8]) compared to bare silicon (≈ 3×105V/cm, see table 2.1).
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Figure 3.4.: Narrow-gap situation in an p-on-n sensor. The electron accumulation layer below the oxide will be trapped
by the space charge regions joining from the two adjacent strips or p-n junctions respectively. The under-
depleted region will influence the electric field distribution between the strips

Figure 3.5.: Wide-gap situation in an p-on-n sensor. The electrons in the accumulation layer are depleted before the
space charge regions created from adjacent strips or p-n junction respectively. As soon as the accumulation
layer is gone, the space charge region will grow from the oxide towards the backside and the bulk is therefore
depleted up to the oxide-silicon interface.

An additional method to improve the high voltage stability of the sensors and indeed a very obvious
one and easy to implement, is the avoidance of any sharp corners in the design. This reduces the risk
of creating strong electric fields which encourage breakdowns.

3.2.5. Contact Pads

Contact pads are used to gain electrical access to the active structures. Such pads are used to supply
the bias voltage, connect the readout strips to the readout chip through wire or bump bonding and
to place probe needles for test purposes.

In the case of AC coupled sensors, two different kinds of contact pads are used:

DC pads are used to contact the implant of the strip and are usually used to perform electrical
tests. They can only be placed at either end of the strip, as the contact pad and readout
metallisation are placed in the same aluminium layer and have to be separated. The size of
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Figure 3.6.: Potential, electron density and electric field of a capacitively coupled strip detector in a narrow-gap (10 µm,
left column) and wide-gap (65 µm, right column) situation. A strip pitch of 75 µm, a detector thickness of
300 µm, a bulk doping of ND = 2×1012cm−3, an oxide charge density of NOX = 3×1012cm−2, an oxide
thickness of dOX = 220nm and a reverse bias voltage of V = 130 V are assumed. The region from the center
of one strip to the next is shown. Diagrams are taken from [20]
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the pads is usually kept small, as the readout metallisation should extend over us much of
the implant as possible. Strips with polysilicon resistor biasing usually require a DC pad to
connect each strip to the bias ring due to the manufacturing process.

AC pads are used to contact the readout metallisation of the strip. Such pads are used to connect
each strip to the input of the readout chip. These pads can be freely distributed along the strip
which enables them to be larger. Additionally, most designs incorporate several AC pads per
strip, to enable multiple contacts with bonds or needles.

3.3. Manufacturing of Silicon Sensors

The manufacturing process for silicon sensors largely follows well established production tech-
nologies used in the semiconductor industry. Nevertheless, certain requirements necessary for good
quality silicon sensors are not common and will be pointed out in the following sections.

3.3.1. Silicon for Silicon Sensors

Silicon is abundant in nature in the form of quartz sand (SiO2). Several physical and chemi-
cal processes are necessary to purify it to Electronic Grade Silicon (EGS) which has purity of
99.999999999% or better than 1/100 ppb.

The EGS has then to be transformed into a single crystal. Several crystal growth techniques are
available but two methods are mainly used to grow macroscopic single crystal silicon for semicon-
ductor applications:

Czochralski (CZ) Silicon Silicon is heated to only a few degrees above its melting point (1414°C)
in a quartz crucible. A small single crystal serving as seed for the crystallisation process is
dipped into the melt and slowly retracted from it. By carefully controlling the temperature of
the melt and the pull rate and rotation of the seed crystal, a perfect single crystal is grown.

Float Zone (FZ) Silicon A polycrystalline silicon rod is brought into contact with a small single
crystal seed. The rod is then heated locally using RF heating. Impurities tend to stay inside
the locally melted silicon as their solubility is larger in the liquid than in the crystalline form
of silicon. As the RF coil is moved along the rod, the silicon solidifies as perfect single crystal
while the gathered impurities are moved towards the end of the rod. Crystal growth is again
controlled by RF power and temperature, movement of the coil along the silicon and rotation
speed of the rod.

To adjust the resistivity and type of the final crystal, dopants are added, either to the cover gas
for FZ or directly into the melt for CZ production. Due to the additional removal of unwanted
impurities, FZ silicon is usually more suitable for high resistivity applications like strip sensors,
where the resistivity of the substrate determines the operating voltage of the detectors. Recent
studies show an increased radiation hardness of CZ compared to FZ material, which is due to its
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Figure 3.7.: Single crystal production using the Czochralski method (left) and the Float-zone method (right)[21].

higher intrinsic concentration of oxygen. More information on radiation hard silicon can be found
in chapter 6.

The final single crystal ingot or boule (see figure 3.8) has a diameter of 4 to 12 inch and is then
cut into wafers (see figure 3.9) with a thickness of several hundred microns. Companies and
scientific institutes manufacturing silicon sensors are usually only capable of processing 4 or 6
inch wafers while in the traditional semiconductor industry 8 and even 12 inch wafers are stan-
dard.

Figure 3.8.: A single crystal silicon ingot or
boule.

Figure 3.9.: Processed Wafers with 2 to 8 inch diameter.

Depending on the type and amount of dopands added to the crystal during production, the final
wafers are either n- or p-type (e.g. arsenic or phosphorus for n-type and boron for p-type) with
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varying resistivity. Crystal orientation and thickness are further important parameters influencing
the operating conditions of the final sensors (see chapter 2).

3.3.2. General Process Steps in Planar Technology

The manufacturing of silicon strip sensors uses the same basic process steps as in traditional semi-
conductor technology. The most important differences are stronger requirements in low contami-
nation with impurities during production, especially in the oxides and uniformity over the wafer.
Contamination of the sensor bulk will increase leakage current and change the operating voltage.
An excess of charge carriers inside the oxides will deteriorating detector performance in radiation
hard environments. The feature size on strip sensors is quite large, but the structures have to be free
of defects over a very large area of a wafer compared to tiny structures on less then fingernail-sized
areas in traditional semiconductors.

Nevertheless the basic production methods are very similar and will be described in the follow-
ing subsections, concentrating on techniques which are commonly used for the production of
silicon strip sensors. For a more complete description on silicon semiconductor technology see
ref. [21].

Thermal Oxidation

One of the reasons for the success of silicon in the semiconductor industry, are the properties of
its natural oxide. Silicon dioxide (SiO2) or silica is mechanically hard and chemically inert, it has
good electric properties like a dielectric constant of 3.9 and can be easily produced on silicon in
very thin and uniform layers.

Thin layers of silica (a few nanometers to a micrometer) are formed by heating the silicon wafer
in an oxygen enriched atmosphere. High Temperature Oxidation (HTO) at temperatures from
800°C to 1200°C can be performed using either molecular oxygen or water vapor and are conse-
quently called dry or wet oxidation. The chemical reaction at the silicon to silicon oxide interface
for the two oxidation methods is:

Si+O2 → SiO2(dry oxidation)

Si+2H2O → SiO2 +2H2(wet oxidation)

As the reaction consumes bare silicon it moves the interface deeper into the bulk of the wafer (see
figure 3.10). For each unit thickness of silicon about 2.27 units of thickness of silicon dioxide are
produced[21]. Therefore 56% of the oxide thickness will be above the original surface, while 44%
will be below.

Oxygen has to diffuse through the already created silica layer which slows down the growth pro-
cess with increasing thickness. Due to the higher solubility of water vapor (H2O) than molecu-
lar oxygen (O2) in silicon dioxide, wet oxidation is much faster. The growth rate is furthermore
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Figure 3.10.: Relocation of silicon surface due to oxide growth.

influenced by temperature, crystal orientation, pressure and additional additives to the process
gas.

Unfortunately, the faster growth rate of wet oxidation reduces the quality of the oxide. Density and
the dielectric strength are lower and the interface region to the silicon suffers from more dangling
bonds.

Deposition

Various materials can be deposited on the silicon surface:

Metals usually aluminium alloys, are used to form electrodes for capacitive coupling, bonding
pads for external connection, vias for layer interconnection and general routing of signals.

Polysilicon is deposited to create resistors and, which is rare for strip sensors, to serve as capaci-
tive coupling electrodes or signal routing lines like metal despite its higher resistivity.

Silicon Oxide can be deposited at much lower temperatures (as low as 300 °C) than with HTO.
Furthermore, deposition works on other substrate materials than silicon and is therefore nec-
essary to create isolation layers on top of a metal layer. Nevertheless, the quality of the oxide
is inferior to HTO. Silica is often doped with boron and/or phosphorus, e.g. BoroPhosphoSilicate
Glass (BPSG), which makes them softer and they reflow to smooth out uneven surfaces.

Silicon Nitride (Si3N4) is used as a dielectric with a higher dielectric constant and electric strength
than silica. It is very hard, dense and is a better diffusion barrier against water molecules than
silica which explains it preferred use as a top layer passivation.

Several methods for depositing thin and uniform layers are in use:

Chemical Vapor Deposition (CVD) is primarily used to create layers of silicon nitride or oxide
and polysilicon. The needed constituents which should be deposited, are added to a cover gas
as chemical compounds. The compounds are decomposed by heating and deposited at the sur-
face of the substrate. Several different implementations are used like Atmospheric Pressure
CVD (APCVD), Low Pressure CVD (LPCVD) or Plasma Enhanced CVD (PECVD) which
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differ in the materials that can be deposited, the quality of the deposited film and the temper-
ature needed to enable the reaction.

Epitaxy is the controlled growth of crystalline film on a substrate. It is often used to grow high
quality layers of pure or doped silicon on a silicon substrate.

Sputtering is a physical deposition method. A target made of the material that is to be deposited
on the substrate is bombarded with an ion beam. The high momentum ions knock atoms
out of the target material and which are then deposited on the substrate. A gas which reacts
chemically with the sputtered atoms of the target, can be added to the cover gas. The film
deposited on the substrate consists of the product of the chemical reaction (e.g. Al2O3 from
an Al Target). This process is called reactive sputtering.

Doping

To create the p-n junctions, the heart of any semiconductor device, the relationship of charge carriers
in the top layers of the bulk silicon has to be manipulated by doping (see chapter 2). The dopands
are brought into the silicon either by ion implantation or by diffusion from a gas or a layer of
material containing the dopand like heavily doped polysilicon.

For implantation, the effect of channeling has to be taken into account: ions which enter the crystal
perpendicular to the crystal face, along a major crystal axis, will encounter less scattering and travel
much deeper into the crystal. To prevent channeling, the surface of the substrate is covered by a
thin coating which deflects the ions off the perpendicular axis before entering the crystal. After
implantation the dopands are not yet integrated into the crystal lattice making a high temperature
treatment at around 900°C necessary to activate the dopands.

Doping by diffusion is usually done in two steps as well, a low temperature step (around 900°C) dif-
fuse the dopands into a shallow surface layer of the silicon and a high temperature step (around 1100
- 1250°C) to drive the dopands into the crystal, shape the doping profile and activate them.

Photolithography

To transfer the functional structures that are designed using computer programs similar to CAD
software (see chapter 7), a process called photolithography is used. The designed structures are first
transferred to a chrome film on a glass substrate called photomask. Figure 3.11 shows a screenshot
of a photomask design.

The surface of the wafer is covered with a photoresist, a light sensitive material. To ensure a
homogeneous and thin film over the whole surface of the wafer, the photoresist is applied us-
ing spin coating. The wafer is rotated around its center axis with 1000 to 5000 RPM while a
small amount of photoresist is applied to the center of the wafer. The high rotation speed dis-
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Figure 3.11.: Screenshot of a digital design layout for photomasks.
Each of the different colors represents a mask used in
a separate step of the manufacturing process.

Figure 3.12.: The structures in the mask pre-
vent exposure of the photore-
sist subsequently transferring
the layout of the mask onto the
photoresist.

tributes the chemical liquid into a very homogeneous film of around 1 µm thickness in 30 to 60
seconds.

The photoresist is exposed to light while being shadowed by the photomask as sketched in fig-
ure 3.12. After developing the photoresist and removal of the non exposed parts, the functional
structures are transferred to the pattern of the photoresist. This can be used as a mask against
implantation or etching.

Etching

As the layers of materials can only be applied to the complete surface of the wafer, they have
to be structured in a second process. This is usually done by etching away the unwanted mate-
rial.

As the etchant will completely remove the full thickness of certain material layer, areas which
should not be removed have to be protected by photoresist as described previously. The pattern in
the photoresist is then transferred into the underlying layer by etching the unprotected regions. By
choosing chemicals which have a different etching rate for the topmost layer and the underlying ma-
terial, the etching process slows down or stops after removing the top layer. The difference in etch
rates for a given chemical is called selectivity (see figure 3.13).

The etching rate can be spatially isotrop which leads to removal of material even below the areas
protected by the photoresist. This so-called underetching has to be taken into account and corrected
for in the design of the photomasks. Anisotropic etchants show different etching rates in certain
directions relative to he substrates surface and can be used to avoid under-etching. This property of
the etchant is called isotropy (see figure 3.14).
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Silicon Bulk Silicon Bulk

Photoresist

Layer to 
be etched

Figure 3.13.: Left: Good selectivity, only the layer to be etched is remove not the underlying material. Right: Poor
selectivity, also the underlying layer is affected.

Silicon Bulk Silicon Bulk

Photoresist

Layer to 
be etched

Figure 3.14.: Left: Highly anisotropic etching removes material only where it is unprotected by photoresist. Right:
Isotropic etching removes material under the protective layer of photoresist as well.

The etching methods can generally be divided into two categories with several different vari-
eties:

Wet Etching uses liquid etching chemicals to remove the solid material from the wafer and dis-
solve it in the alkaline or acidic solution. The wet etching solutions have a high selectivity
but are in general isotropic. A few wet etchants show a high anisotropy for the crystallo-
graphic axis of silicon. Due to the higher density in the (111) plane of the crystal, they have
a significantly lower etching rate for these crystal planes.

Dry Etching methods allow good selectivity while enabling isotropic and anisotropic etching pro-
files. These methods rely on physical removal of material using an ion beam. Despite the high
costs of the equipment, the versatility, high quality results and low consumption of chemicals
has made dry etching the preferred method in the semiconductor industry. Nevertheless, the
smaller companies and scientific institutes producing prototype or small scale productions of
silicon strip sensors, still rely on wet etching. A variety of different methods exist like plasma
etching, reactive ion etching or ion beam etching.
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3.3.3. A Showcase Process Sequence

The processes described in the preceding sections have to be assembled into a process sequence to
manufacture a working silicon strip sensors. The steps have to be arranged in such an order, that
the sequence starts with the highest temperature process and ends with the lowest temperature ones.
Otherwise a subsequent step at high temperature would influence or even damage the structures or
materials formed in the preceding ones.

To better illustrate a possible sequence of process steps, a showcase implementation is presented
here, using a not-to-scale but qualitatively correct pictures. The individual parameters for each
process step are depending on the specific machines used by a manufacturer and are out of the
scope of this work. It should be sufficient to understand the basic sequence of the necessary steps
to correctly determine the final layout of a sensor from the design masks using the information
represented in the following pictures. One has to keep in mind, that there are many additional steps
necessary for the production which are not presented in detail here, like surface cleaning, fixing,
developing and removing photoresists or additional high temperature treatments for dopand drive-in
and diffusion.

Step 1: Plain silicon wafer

n Bulk

We start our showcase process implementation with a plain n-type silicon wafer. We cut the sensor
along a strip from the edge of the sensor to slightly beyond the strips AC-pad. The situation is
illustrated in the left picture.
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Step 2: Oxidation and first photolithographic step

n Bulk

SiO2

Photoresist

Photomask
n+ Layer

The first photolithographic step determines the layout of the n+ doping. A layer of (thermal) oxide
is grown on top and bottom of the wafer and the photoresist is applied on top. The photolithographic
step transfers the pattern of the n+ mask into the photoresist.

Step 3: Etching of oxide mask against n+ implantation

n Bulk

SiO2

Photoresist

Etching 
Solution

The pattern in the photoresist is now used to structure the oxide beneath by etching away the regions
of the oxide uncovered by photoresist. The oxide grown on the backside of the wafer is removed in
the same step as well.
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Step 4: Phosphorus implantation/diffusion

Posphorus
Implantation

Posphorus
Diffusion from
gaseous POCl3

n+
n Bulk

n+
SiO2

The unprotected regions of the bare silicon are now doped. Topside and backside can be treated with
the same process step, or with separate methods by only exposing one side of the wafer. In the pic-
ture, the topside of the wafer is doped by implantation with phosphorus, while the backside is treated
with diffusion from a phosphorous vapor to achieve a different characteristic. This step is followed
by a thermal treatment to drive-in the dopands and activate them

Step 5: Oxidation and second photolithographic step

n+
n Bulk

n+

Photomask
p+ Layer

Photoresist
SiO2

The next oxidation step and the application of photoresist on top is used for the photolithography
of the p+ layer.
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Step 6: Etching of oxide mask against p+ implantation

n+
n Bulk

n+

Photoresist

Etching 
Solution

SiO2

The photoresist is again used to transfer the pattern into the oxide beneath by etching. Areas which
are not covered by photoresist are edged down to the bare silicon.

Step 7: Boron implantation

n+
n Bulk

n+ p+ p+ p+

Boron
Implantation

Boron implantation is used to form the p+ areas in the n-type silicon which defines the p-n junc-
tions. The actual strips and the implant of the bias and guard ring are formed in this process. The
implantation is usually followed by a thermal treatment to drive-in and activate the dopands as in
step 4. The diffusion of the dopands during this treatment slightly modifies the real location of the
p-n junction with respect to the layout in the masks.

Step 8: Thin Readout Oxide (Gate Oxide)

n+
n Bulk

n+ p+
SiO  2
(Thin Readout)

A thin layer of thermal oxide is grown on top of the p+ implanted areas. This oxide is called readout
oxide as it forms the dielectric between the actual active detector strip and the readout metallisation
which all together act like a capacitor. In the traditional semiconductor industry, this very thin layer
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of oxide is also referred to as gate oxide, as it similar to the oxide below the gate in a MOSFET
transistor.

Step 9: Polysilicon deposition and doping

n+
n Bulk

n+ p+

Boron
Implantation

SiO  2
(Thin Readout)

PolySilicon

A layer of polysilicon is deposited on the topside of the wafer which will later form the bias resistors.
The final resistivity of the polysilicon is adjusted by a subsequent implantation of boron.

Step 10: Third lithographic step

n+
n Bulk

n+ p+

Photoresist

Photomask
PolySilicon

PolySilicon

The layout of the polysilicon resistors is transferred into a photoresist applied on top of the polysil-
icon layer by photolithography.
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Step 11: Etching of polysilicon

n+
n Bulk

n+ p+

Etching 
Solution

PolySilicon

SiO  2
(Thin Readout)

The formation of the bias resistors is done by etching off the polysilicon unprotected by the photore-
sist. The polysilicon is removed down to the underlying oxide layers.

Step 12: Fourth photolithographic step and implantation of the polysilicon heads

n+
n Bulk

n+ p+

Photoresist
PolySi HeadPolySi Head

A layer of photoresist is again applied to the top of the full wafer and structured using a photolitho-
graphic step using a mask to form the polysilicon heads. The openings in the photoresists are
sufficient to act as a mask against a boron implantation which forms small highly doped and low re-
sistivity areas in the polysilicon. These areas improve the contact to the upcoming metallisation by
preventing the formation of a Schottky Barrier (see section 2.5.3).

Step 13: Fifth photolithographic step

n+
n Bulk

n+ p+

The next photolithographic step, again being a sequence of applying the photoresist, exposure to
light through the photomask, removal of undeveloped photoresists and subsequent etching of the
unprotected oxide, forms the vias. They provide a contact between the n+ and p+ doped silicon
regions and the coming layer of metal.
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Step 14: Deposition of metal and the sixth photolithographic step

Aluminum

n+
n Bulk

n+ p+

Etching 
Solution

A layer of metal (usually pure aluminium or an aluminium alloy) is deposited covering the full
surface of the wafer and structured with the same photolithographic steps as before. The patter in
the mask used during this process provides the layout of readout strips, all the contact pads and the
contacts for the rings surrounding the active area. The backside of the wafer is also fully covered by
the aluminium layer, providing a good electrical contact to the n+ implanted backside and therefore
the silicon bulk itself.

Step 15: Passivation and seventh photolithographic step

Edge
Ring

Guard
Ring

DC
Pad

Bias
Ring

AC
Strip

Aluminum

n+
n Bulk

n+ p+

AC
Pad

Polysilicon
Resistor

The final steps are used to apply a protection film against mechanical damage and humidity. This
protective layer, also called passivation, is usually made of silicon nitride Si3N4 often interspersed
with additional oxide layers. The layers are applied to the full frontside of the wafer and windows
in the passivation are created with a photolithographic process. These windows are later used to
access the metal contact pads to create the necessary electric contacts with probe needles or wire
bonds. The design of the passivation mask is a little special, as the areas filled in the layout become
the windows etched away from the oxide/nitride layer. To avoid confusion, this mask would better
be called passivation windows instead.

The final structures are seen is this picture with the access pads contact the implants of the guard
and the bias ring as well as the AC and DC pads to contact the readout strip and the strip implant
respectively. The strip implant is connected to the bias ring from the top using the bias metallisation
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and the DC pad. This is necessary as it would be much more difficult to produce a good connection
using a via between polysilicon and p+ implant.
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A microstrip detector is a particle detector designed to consist of a large number
of identical components laid out along one axis of a two-dimensional structure,
generally by lithography. The idea is that several components will react to a sin-
gle passing particle, allowing an accurate reconstruction of the particle’s track.
Silicon microstrip detectors, in which the sensing mechanism is the production
of electron-hole pairs in a 300-micrometre layer of silicon, with the electrons
then being attracted by an electric field created by a pattern of interdigitated
anodes and cathodes on the surface of the silicon separated by SiO2 insulator,
are a common design.

Wikipedia on Microstrip detector

4
The CMS Silicon Strip Sensors

The following sections review the design choices that lead to the current sensor design of the CMS
Silicon Strip Tracker (SST), the quality assurance scheme put in place to control the production of
more than 25,000 sensors and the design of final detector modules. For a short review of the general
layout of the SST and its four subdetector parts called TIB, TOB, TID and TEC, refer to section
1.1.2

4.1. Sensor Design

The main sensor elements of the SST are roughly 10 cm × 10 cm single-sided, AC-coupled silicon
strip sensors with polysilicon bias resistors and a single guard ring structure. It is manufactured in a
standard p-on-n planar technology process on medium to high resistivity silicon. The details of the
sensor material and design will be discussed in the following sections. For more information see
the original investigation of design parameters [22], the invitation to tender[23] and the summary
paper on the design and quality assurance[24].

4.1.1. Choice of Bulk Material

Following the results of the RD48 - ROSE Collaboration[25], standard float zone silicon was chosen
as bulk material for the sensors. For the inner layers of the SST, which includes the TIB, the TID
and the four inner rings of TECs (see section 1.1.2), thin sensors with a thickness of 320 µm provide
a reasonable signal-to-noise ratio.
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As the surface area A gets significantly larger with increasing radii r (A = πr2z) the number of
readout channels would get unmanageable if the area covered by a single channel is the same as
in the inner layers. To compensate that on the outer layers, spanning the TOB and the three outer
rings of the TECs, two sensors had to be daisy-chained to create longer strips. This will increase
the strip capacitance and therefore its noise. To compensate the increased noise, the thickness of
the sensors in the outer layers was increased to 500 µm to again ensure a reasonable signal-to-noise
ratio.

The thickness of the sensors has a direct influence on the full depletion voltage VFD needed to re-
move all free charge carriers from the detector bulk, as described in section 2.5.1. Another important
parameter which influences VFD is the resistivity of the bulk material. This value is defined by the
amount of dopands added during the manufacturing of the silicon crystal. The production of high
resistivity materials gets increasingly difficult as the amount of unwanted impurities contaminating
the silicon becomes the limiting factor.

Additionally, the resistivity changes with irradiation as described in section 2.6.2. For practical
reasons, VFD should be kept below a reasonable voltage which is determined by the capabilities of
the high voltage power supply system. Using n-type silicon, VFD will go down until type inversion
after which it will rise as seen in figure 4.1. Having the VFD at roughly the same voltage at the
beginning and towards the end of operation maximises the available lifetime of the sensors. This
led to the choice of 1.5 to 3 kΩcm for the thin sensors and 3.5 to 7.5 kΩcm for the thick sensors[23].
Due to difficulties in procuring materials of the above quoted values, the specifications for the thin
sensors where later relaxed to 1.25 to 3.25 kΩcm. According to equation 2.65 the unirradiated
depletion voltages are between 100 to 270 V.44 4.1 Sensor Specifications

Figure 4.1: Evolution of the full depletion voltages for thin (left) and thick (right) sensors versus the LHC operating time
in years (equivalent to fluence or integrated luminosity). These plots are following theoretical considerations
called “Hamburg model” and are calculated using standard CMS annealing assumptions [11]. The "dips" of
the graphs are caused by the warm maintenance period once a year.

Inner Region

All of the inner detectors were fabricated using wafers with a thickness of 320 µm and a resistivity
between 1.5 and 3 kΩ cm according to the technical specifications [32]1. According to equation 3.28
the depletion voltage for these sensors is expected to be between 105 and 270 V. These sensors are
called "thin".

Outer Region

Two sensors are daisy-chained via wire bonding to build up one module in the outer region to reduce
the number of readout channels. These modules have different electrical characteristics form the
inner region since the strips are approximately twice as long as for single-sensor modules. This fact
increases the aluminum and p+ strip impedance. Moreover, the effective value of the polysilicon
resistor is reduced by a factor of two since the resistors of the sensors are connected in parallel.
Additionally, the long strips result in higher capacitive load for the readout chip. These effects
increase the electronic noise of those modules. To achieve a similar signal-to-noise ratio as for the
inner region, the thickness of the sensors was increased to 500 µm. Hence those sensors are called
"thick". By using wafer material with a resistivity between 3.5 and 7.5 kΩ cm, the depletion voltage
is almost identical to the one for thin sensors in the inner region. Table 4.1 shows the correlation of
resistivity, thickness and full depletion voltage for both regions.

1. During production, the specifications have been relaxed and wafers with a resistivity between 1.25 and 3.25 kΩ cm
were accepted.

Figure 4.1.: Simulated 10 year LHC scenario calculating the evolution of the full depletion voltage of thin and thick
sensors. VFD is plotted versus the integrated irradiation dose in LHC running time. The model used to
calculate the plot is based on the Hamburg Model using standard CMS annealing assumptions[26].

Furthermore, silicon with a lattice orientation of <100> was chosen instead of the more common
<111> type. This reduces the number of dangling bonds at the silicon surface which in turn reduces
the surface damage due to irradiation. It results in a slower increase in interstrip capacitance, which
is the largest noise contribution in strip sensors operated at around -10°C.
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4.1.2. Sensor Geometry

Sensors for the barrel regions are rectangular shaped while those for the endcaps have a more com-
plicated wedge shaped geometry. One or two of these sensors are glued to a carbon frame together
with pitch adapters, readout chips and some accompanying electronics.

Table 4.1 lists the geometries of the four sensor designs for the barrel region including the quantity
required for SST. The rectangular sensors are of different size for the inner and outer regions, to
better accommodate the requirements of their geometry, mainly the surface curvature due to the
different radii. To balance the number of readout channels to the required two particle separation,
each size comes with two different strip pitches. The pitch is tuned to match the modularity of the
APV25 readout chips with 128 channels.

Type Thickness (µm) Length (mm) Height (mm) Pitch (µm) Strips Quantity
IB1 320 63.3 119.0 80 768 1536
IB2 320 63.3 119.0 120 512 1188
OB1 500 96.4 94.4 122 768 3360
OB2 500 96.4 94.4 122 512 7056

Table 4.1.: Sensor geometries for the barrel region of the SST[24]. IB1 will be mounted on 768 double-sided modules
in the two inner layers of the TIB, IB2 in 1188 single modules in the two outer layers. OB1 will be mounted
on 1680 single-sided modules in the layers 5 and 6 of the TOB, OB2 in the inner TOB layers (1-4) in single-
and double-sided modules. All the TOB detectors are composed of two daisy-chained sensors.

The design of the sensor geometries in the endcaps is driven by the effort to achieve a constant
angular pitch with the strips pointing towards the interaction point. This results in wedge shaped
sensors with different dimensions for each ring and a varying strip pitch in each sensor. The pitch
is again tuned to the modularity of 128 readout channels. The eleven different geometries for the
TEC and TID are listed in table 4.2.

All sensors feature the same basic layout of bias, guard and edge ring. A common bias ring sur-
rounds the strip area to supply a ground connection to each strip. The ring has a metal overhang on
the inside and the outside and small openings in the passivation at the corners to contact it. The bias
ring is surrounded by a single guard ring with asymmetric metal overhangs. The edge is protected
with a wide edge ring composed of n+ implant and a large metal overhang towards the wide gap to
the guard ring.

The backside of all sensors is fully covered by aluminium, where a layer of uniformly n+ doped
silicon is ensuring a good contact to the silicon bulk.

4.1.3. Strip Geometry

All strip sensors of the strip tracker use AC coupled strips with polysilicon resistor biasing. This
enables the usage of the same readout chip throughout the SST. The strips have a constant width-
to-pitch ratio of 0.25. This value is a compromise between a high ratio to reduces the field peak
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Type Thickness
(µm)

Length 1
(mm)

Length 2
(mm)

Height
(mm)

Pitch (µm) Strips Quantity

W1 TEC 320 64.6 87.9 87.2 81-112 768 288
W1 TID 320 63.6 93.8 112.9 80.5-119 768 288
W2 320 112.2 112.2 90.2 113-143 768 864
W3 320 64.9 83.0 112.7 123-158 512 880
W4 320 59.7 73.2 117.2 113-139 512 1008
W5a 500 98.9 112.3 84.0 126-142 768 1440
W5b 500 112.5 122.8 66.0 143-156 768 1440
W6a 500 86.1 97.4 99.0 163-185 512 1008
W6b 500 97.5 107.5 87.8 185-205 512 1008
W7a 500 74.0 82.9 109.8 140-156 512 1440
W7b 500 82.9 90.8 90.8 156-172 512 1440

Table 4.2.: Sensor geometries for the endcap region of the SST[24]. W1 has two different versions for TID and TEC,
where as the TID shares identical W2 and W3 sensors with the TEC. The a and b type for W5 - W7 are used
to daisy-chain two sensors and mount them on a single module.

located at the p+ edge and a low value to reduces the total strip capacitance as explained in section
3.2.4.

The metal overhangs are in the order of 15% wider than the implant making them 4 to 8 µm
depending on the sensor type. All structures have rounded corners to reduce the risk of high field
concentration at sharp edges.

Polysilicon resistors where chosen for their high radiation hardness compared to other biasing tech-
niques with a designated resistance of 1.5 (±0.5) MΩ.

DC pads are placed at each end of the strip, where one of them is integrated in the connection of the
resistor to the strip. These small pads are only used for the electrical test of the sensor. Two long
AC pads are placed on each end of the strips to allow enough space for testing and the wire bonding
of the readout chip in the final detector module.

4.2. Sensor Quality Assurance

Manufacturing a large quantity of silicon strip sensors, in the order of 25.000 pieces as for the
CMS Tracker, has to involve an elaborate quality assurance scheme. During the production of the
sensors, a certain fraction where electrically measured in dedicated probe stations. A full strip
characterisation of a sensor, measuring several parameters on a per strip basis, took several hours
and could therefore not be performed on all sensors.

A very useful tool to monitor the quality of the production with a reasonable effort, is the us-
age of test structures. Small areas on the wafer, which are not needed for the actual sensor, are
used for dedicated structures measuring one or two important parameters. They can give ac-
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cess to values which cannot be extracted from a strip sensor, or involve a destructive measure-
ment.

Assuming that production parameters are constant within one batch1, it is sufficient to perform
the measurements only on the test structures from one or two wafers among a single batch. If all
parameters are within the specifications, the batch is assumed to be good. On the contrary, if any
parameter is out of the specifications, a more thorough analysis is necessary determine the quality
of the sensors.

In CMS, all wafers included the so-called Halfmoon, consisting of several test structures as seen in
figure 4.2.

Figure 4.2.: The nine test structures of the CMS Halfmoon. The structures are called (from left to right): TS_Cap, sheet,
GCD, Cap_TS_AC, Baby, Cap_TS_DC, diode, MOS1 and MOS2.

A closer description of each individual test structure and the measured parameters can be found in
[27].

4.3. Detector Module Design

The bare silicon strip sensors are delicate devices which need a support structure for handling and
mounting. Additionally, the small signals induced by incident particles have to be amplified as
close as possible to the source to minimize signal loss and additional noise sources. This first stage
of the electronic readout, together with the strip sensor and its support structure, is usually called a
detector module.

CMS choose a carbon fibre frame as support structure for modules with a single sensor, while
two sensor modules have an additional graphite crosspiece for mechanical enforcement as seen
in the exploded view in figure 4.3 and in the picture in figure 4.5. These materials where cho-
sen due to their high mechanical rigidity at low mass and a heat expansion coefficient similar to
silicon.

A piece of Kapton foil electrically isolates the frame from the sensor and is also used to provide
the high voltage to the backplane. A small board called hybrid is housing the necessary electric

1A batch or lot is a certain number of wafers in the order of 20-40 pieces, which run through the manufacturing process
together. They are exposed to the individual processing steps together or consecutively with in short timeframe.
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90 6.1 Module Components

silicon sensors for the Tracker’s internal laser alignment system. In total – including spares – more
than 7.200 TEC modules were built by 16 institutes in Europe and the United States. This was a
more challenging task than it appeared to be initially. In this chapter, the module components are
described in detail first, before the different production steps are listed and the overall logistics and
quality assurance is discussed.

6.1 Module Components

Each module consists of a support structure called frame, which carries one or two silicon sensors
(depending on the module geometry) and the front-end (FE) hybrid housing the readout electronics.
A picture of a module can be seen in figure 6.2.

Figure 6.2: Exploded drawing (a) and photo (b) of a real TEC module for ring 6. The photo shows the module mounted
onto its aluminum carrier plate used during transport.

6.1.1 Module Frame

For two-sensor-modules the frame is formed of two carbon fiber legs glued onto a graphite cross
piece, while the frame of single-sensor-modules consists of just one single U-shaped piece of
graphite. Both materials were chosen because of its high stiffness at low mass and its excellent
heat removal capacity, while having similar thermal expansion coefficients than silicon. Another
important property is their good radiation hardness.

During transportation, storage, testing and even bonding of the electrical connections between hy-
brid and sensor, the module rests on an aluminum plate, the so called transport plate, which eases
transport and handling and helps to avoid damage of the modules. The plate can be seen in figure 6.2
(b).

The carbon fiber or graphite frames house several precision holes which are used to precisely align
the frame during automatic assembly of the FE hybrid and the sensors using a so called gantry
system (see section "Assembly" below).

Figure 4.3.: Exploded view of a two sensor detector mod-
ule for the CMS tracker.

Figure 4.4.: Picture of a completed ring 2 module of the
tracker endcaps.

components and chips for the readout and monitoring of the module, mainly the APV25 readout
chips (see [28] for a closer description of this important device). The inputs of the APV25 chips are
routed to the bond pads of the sensor using a separate device called Pitch Adapter (PA). It consists
of a glass substrate on which aluminum lines are deposited. The pitch of these lines fits the pattern
of connection pads of the APV25 chip on one side and the sensors pads on the other side. The
connection between PA to chip or sensor and the connection between the sensors on a two sensor
module, are made using wire bonding. Figure 4.6 shows a picture of the hybrid with an already
mounted PA.

Figure 4.5.: Carbon fibre frame, kapton isolation and high
voltage circuit for a ring 2 module on the as-
sembly jig.

Figure 4.6.: The hybrid with its various readout compo-
nents. The pitch adapter is already mounted.
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Introduction

While the LHC experiments are only starting to collect their first data, the accelerator physicists
and engineers are already planing for a possible upgrade to the LHC machine. An upgrade of the
accelerator has great impact on the detectors as well and therefore the experiment collaborations
are already starting their research and development on the implications and solutions to such an
upgrade.

The first chapter of the second part discusses the possible upgrade paths of the accelerator and the
impact on the experiments. It will show, that the CMS strip tracker will face a significantly increased
radiation environment and it has to perform a new task in providing fast trigger information while a
reduction in material budget is mandatory. The manufacturing of its components and the assembly
of the complex detector should remain manageable by the participating institutes and fit within a
tight financial budget and time schedule.

To overcome these challenges, new silicon strip sensors have to be developed using radiation hard
materials and advanced layout techniques to produce the sensor and module design. The main
tool to design the layouts will be described in the second chapter, while the subsequent chapter
reviews the results from recent developments in radiation hard techniques. The fourth chapter
describes the test structures for the evaluation of the production quality of such sensors, while the
last chapter summarises the effort to design, produce and field test highly integrated sensors with
added functionality.
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The Super Large Hadron Collider (SLHC) is a proposed upgrade to the Large
Hadron Collider to be made around 2012. The upgrade aims at increasing the
luminosity of the machine by factor of 10 to 1035 cm−2s−1, providing a better
chance to see rare processes and improving statistically marginal measurements.

Wikipedia on Super Large Hadron Collider

5
Super LHC and the CMS Upgrade

In 2010 the Large Hadron Collider (LHC) has successfully started with high energy collisions at 7
TeV center-of-mass energy. It will take a few more years until the accelerator will be operated at
the design energy and luminosity. Nevertheless the physicists and engineers of the accelerators and
experiments started to think about a possible upgrade of the LHC machine and the impact on the
experiments. This chapter summarises the motivations for the super-LHC (sLHC) and the possible
upgrade scenarios. The consequences for the CMS Tracker which arise from the proposed scenario
will be discussed as well.

5.1. Super LHC: a luminosity upgrade

The LHC accelerator was designed for a maximum luminosity of 1034cm−2s−1, which is expected
to be reached gradually over the first years of operation. This would result in an integrated luminos-
ity of about 100 fb−1/year. The nominal operation time of the experiments is expected to be around
10 years.

After the initial ramp-up and a few years of running at a constant design luminosity the statistical
errors will only improve very slowly with time, as evident from the simple estimations in figure 5.1.
An increase of the luminosity of about one order of magnitude to 1035cm−2s−1 would be needed
to significantly improve the measurements. The sLHC upgrade will be aimed at delivering this un-
precedented luminosity at the same center-of-mass energy of 14 TeV. An energy upgrade is not fea-
sible as it would require the exchange of all dipoles to achieve a higher magnetic field or use a tunnel
with a larger circumference. Obviously, both options would result in a new accelerator than an up-
grade of the already existing one and require enormous funds.
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Figure 5.1.: Assuming the LHC will perform at design luminosity in 2012, the integrated luminosity will be given by
the red line. The statistical error of any measurement will improve only very slowly after collecting the first
few hundred fb−1 as shown by the black line or more drastically by the pink line, giving the time to half the
error. The black line is given in arbitrary units and should just illustrate the evolvement of any statistical
error.

Assuming that the sLHC upgrade is technologically feasible for the accelerator and the experiments,
the physics potential of such a machine could be divided into four main topics:

• Improvements of the accuracy in the determination of Standard Model parameters.

• Improvements of the accuracy in the determination of parameters of New Physics which is
possibly discovered at the LHC.

• Extensions of the discovery reach in the high-mass region.

• Extension in the sensitivity to rare processes.

A more in-depth discussion on examples for the physics potential of the sLHC can be found in
[29].

The first step in the increase of the luminosity has been planned since the design phase of the LHC
and will not required any hardware changes to the machine. It will be accomplished by increasing
the beam current at given emittance until the beam-beam limit reaches a value of 0.015 compared
to the nominal value of 0.01. The corresponding luminosity was calculated as 2.3× 1034cm−2s−1

and is also called the ultimate luminosity.

To increase the luminosity further up to the sLHC value of 1035cm−2s−1 a major hardware upgrade
of the machine is necessary. Several upgrade possibilities are discussed among the accelerator
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experts. The luminosity for a Gaussian beam is given by:

L=

(
βrγr frev

4π

)
kbNp

β ∗

[(
Np

εN

)
F(Φp)

]
, (5.1)

where βr and γr are the relativistic factors, frev is the revolution frequency, kb the number of bunches,
Np the number of protons per bunch, β ∗ the beta function at the interaction point εN the rms nor-
malised transverse emittance and F the form factor. Furthermore, Φp = θcσz/2σ∗ denotes the Pi-
winski angle, σ∗ =

√
β ∗εN/βrγr the rms beam size at the interaction point, d∗ =

√
εN/βrγrβ ∗ the rms

divergence at the interaction point and θc ≈ ad∗
(

0.7+0.3b
√

k̃bÑp/ε̃N

)
. In the last equation for θc

the values for a and b are derived from simulations (see [30]) and the parameters with tilde are
normalised to the the nominal values.

The proposed values for different upgrade paths are shown in table 5.2. At the time of writing, it
has already been decided, that reducing the LHC bunch spacing to below 25 ns is not possible due
to beam heating effects. A consequence of this is that the number of pp interactions in a bunch
crossing becomes very high, 300 - 400 compared with ≈ 25 at the LHC. The 25 ns scenario results
in greater peak luminosity, but because of its shorter lifetime, the average luminosity is similar to
the 50 ns case. For physics measurements what is important is not the peak luminosity but the time
integrated luminosity.
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parameter symbol nominal ultimate more
shorter
bunches

bigger
bunches

longer
bunches

longer
bunches
II

emittance ε [micron] 3.75 3.75 3.75 7.5 3.75 3.75
protons per
bunch

Nb[1011] 1.15 1.7 1.7 3.4 6 4.9

bunch spacing δ t [ns] 25 25 12.5 25 75 50
number of
bunches

nb 2808 2808 5616 2808 936 1404

average current I [A] 0.58 0.86 1.72 1.72 1 1.22
longit. profile Gauss Gauss Gauss Gauss flat flat
rms bunch length σz [cm] 7.55 7.55 3.78 3.78 14.4 14.4 or

11.8
β ∗ at IP1&5 β ∗ [m] 0.55 0.5 0.25 0.25 0.25 0.25
full crossing an-
gle

θC [murad] 285 315 445 630 430 430

Piwinski parame-
ter

θc 0.64 0.75 0.75 0.75 2.8 2.8

peak luminosity L

[1034cm−2s−1]
1 2.3 9.2 9.2 8.9 8.9

events per cross-
ing

19 44 88 176 510 340

IBS growth time τx,IBS [h] 106 72 42 >100 44 54
nucl. scatt L life-
time

τN/1.54 [h] 26.5 17 8.5 8.5 5.2 6.4

lumi lifetime
(tgas=85 h)

τL [h] 15.5 11.2 6.5 6.5 4.5 5.5

effective lumi-
nosity

Le f f

[1034cm−2s−1]
0.5 0.9 2.7 2.7 2.1 2.3

(Tturnaround =
10h)

Trun,opt [h] 21.2 17 12 12 9.4 10.4

effective lumi-
nosity

Le f f

[1034cm−2s−1]
0.6 1.1 3.6 3.6 2.9 3.1

(Tturnaround = 5h) Trun,opt [h] 15 12 8.5 8.5 6.6 7.3
av. e-c heat load
SEY=1.4 (1.3)

P [W/m] 1.07
(0.44)

1.04
(0.59)

13.34
(7.85)

2.56
(2.05)

0.26
(0.26)

0.36
(0.08)

SR heat load at
4.6-20 K

PSR [W/m] 0.17 0.25 0.5 0.5 0.29 0.36

image currents
power at 4.6-20
K

PIC [W/m] 0.15 0.33 1.87 3.74 0.96 0.96

BG heat load for
100 h (10 h) LT

Pgas [W/m] 0.038
(0.38)

0.056
(0.56)

0.113
(1.13)

0.113
(1.13)

0.066
(0.66)

0.081
(0.81)

Table 5.2.: Suggested parameters for the LHC upgrades [31]. The ultimate values will be reachable without any hard-
ware modifications to the machine, while the parameters in the rows to the right show possible scenarios for
the sLHC upgrade.
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5.2. Challenges for the Strip Tracker

At the time of writing, there are no physics justification for an increase in spatial or momentum pre-
cision in the tracker The tracking and vertexing performance of the current tracker would be suffi-
cient and have to be maintained at 1035cm−2s−1. The main challenge for the tracking system comes
from the significant increase of interactions in each collision, producing many more particles within
the same volume. The particles have to be detected and their tracks reconstructed while they are also
irradiating and damaging the sensors and the electronics. A number of challenges are caused by this
tenfold increase in luminosity which I will describe in this chapter, while the subsequent chapters
will offer methods to tackle some of the presented challenges.

Furthermore, the material budget of a tracking detector has to be kept small, to minimise the in-
fluence on the particle tracks. As the current CMS Tracker already suffers from an excess of mass
within the detector, the minimisation of the used material is imperative at every possible element.
The solutions presented by me in this work are all geared towards a reduction of material compared
to the concepts used in the current tracker.

5.2.1. Increase in granularity

As evident from figure 5.2, the track density within the tracker will increase significantly. The
hits on each detector layer have to be associated to the track of the original particle which is per-
formed by so-called pattern recognition algorithms during the off-line data reconstruction. Due to
the higher density of tracks, the number of hits which are in close proximity will increase. This
might ultimately lead to having two or more hits on a single strip. These individual hits of different
particles cannot be separated and are only detected as one single hit. As a consequence, the per-
formance of the pattern recognition will suffer as ambiguities in the combination of hits to tracks
cannot be sufficiently resolved.

A sufficiently robust pattern recognition at sLHC luminosities can only be achieved by an increase
in granularity of the strip tracker. Using sensors with shorter strips compared to the currently used
designs, two tracks which would produce only a single hit on one long strip could be separated
again. One has to keep in mind, that this does not effect the spatial resolution perpendicular to the
strips but only along the strip.

Implementing strip sensors with such shorter, almost pixel like strixels of several millimetres to a
few centimetres, produces additional challenges for the module design. Present connection meth-
ods, as used for the current tracker and described in section 4.3, will not be able to integrate sensors
with several thousands of readout channels. The traditional interface between readout chips and
sensor using a separate pitch adapter and connecting the chips from the edge of the sensors reaches
its limits in terms of readout channel density. One could utilise the remaining three edges of the
sensor and connect additional pitch adapters and chips, but this would only shift the difficulties to
the integration of modules with readout interfaces on all four sides into the trackers mechanical sup-
port. Furthermore, the maximum number of readout channels could only be increased by a factor
of four.
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Figure 5.2.: Simulated event at various luminosities (clockwise form upper left: 1032, 1033, 1034 and 1035cm−2s−1).

A much more elegant approach would be the integration of the pitch adapters functionality on the
sensor itself. An additional metal layer on top of the sensor could provide the routing from each strip
to a connection pad, which can be directly bonded to the readout chip. This would not only make the
material of the pitch adapters obsolete and reduce the number of bonds needed to connect each strip,
but it would also offer a new freedom in the arrangement of readout chips. An advanced concept
of such a module would have its highly integrated readout chips with several hundred to a thousand
channels bump bonded directly on top of the sensors without the need of an additional circuit board
or hybrid. Several chips could be used to read out the full sensor and only a small piece of Kapton
would be needed to feed the power supply lines to the chip and the data from it. A sketch of the
concept can be seen in figure 5.3. Apart from the proposed layout of the module, the integrated on
sensor routing would offer the possibility for almost any arrangement of readout chips, enabling new
possibilities for advanced module support or cooling concepts.

A very important step in the development of such highly integrated modules, is the implementation
of on-sensor routing schemes and the successful integration into a strip sensor. The manufacturing
process would have to be adapted to add the additional metal layer on top while careful attention has
to be paid to any signal loss or cross-talk introduced by the routing.

An additional benefit of making the pitch adapters and hybrids obsolete and offering much more
flexibility for the design of a sensor support, is the reduced complexity in the manufacturing of
the module. Furthermore, fewer components means less material per module. This reduction in
material within the tracker volume is very important, as one of the main criticisms of the current
CMS tracking system is the material budget which is larger than it was anticipated in the first
designs. This is shown in figure 5.4, where the left plot clearly shows, that secondary elements
of the detector like cooling, cables and the support structure make a large fraction of the material
budget.
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Figure 5.3.: Concept of a highly integrated module. The high density readout chips (gray) are directly bump bonded on
top of the sensor where an additional metal layer integrated into the sensor connects the inputs of the chip
to the sensor strips (yellow). The power lines and readout of the chip is supplied by a thin Kapton glued
on top of the sensor (brown). The granularity of the sensor can be increased by integrating additional chips
which are daisy chained to the same Kapton supply cable.
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Figure 5.4.: Material budget as anticipated in early design reviews (with MSGC tracking) and in the actual all silicon
tracker.
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5.2.2. Increase in Radiation

The CMS Strip Tracker was designed to operate up to a integrated luminosity of approximately
500 pb−1 [2]. By the time the sLHC upgrade will become operational, the inner layers of the
strip tracker will probably have reached the end of their lifetime. The full depletion voltage of
the sensors in these layers will by higher than the maximum that the powers supplies can provide
and because the sensors are already type inverted, it will be impossible to extract signals from the
sensors.

Fig. 23: Upper: the neutron flux (cm−2s−1) at an instantaneous luminosity of 1035 cm−2s−1. Lower: dose (Gy) for an
integrated luminosity of 2500 fb−1

Table 17: Hadron fluence and radiation dose in different radial layers of the CMS Tracker (barrel part) for an integrated
luminosity of 2500 fb−1.

Radius (cm) Fluence of fast Dose (kGy) Charged Particle
hadrons (1014cm−2) Flux (cm−2s−1)

4 160 4200 5 × 108
11 23 940 108
22 8 350 3 × 107
75 1.5 35 3.5 × 106
115 1 9.3 1.5 × 106

35

Figure 5.5.: Neutron flux (cm−2s−2) at an instantaneous luminosity of 1035cm−2s−2 (upper plot). Dose (Gy) for an
integrated luminosity of 2500 fb−1 (lower plot). Plots taken from [29].

The higher luminosity of the sLHC will increase the charged hadron and neutron flux inside the
tracker significantly. It is assumed, that the integrated luminosity will be increased by a factor of
5 to 2500 pb−1. The integrated fluence and dose at different radii from the interaction point are
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shown in table 5.4. Simulation results of the neutron flux and the absorbed dose are shown in figure
5.5

radius (cm) fluence of fast dose (kGy)
hadrons (1013cm−2)

4.3 246 828
11 45.2 187
22 15.7 66.6
75 2.9 6.8
115 2.8 1.85

Table 5.3.: Hadron fluence and radiation dose in different layers of the barrel part of the CMS Tracker. Integrated
luminosity is assumed to be 500 fb−1. Data compiled from [2] and [32].

radius (cm) fluence of fast dose (kGy) charged particle flux
hadrons (1014cm−2) (cm−2s−1)

4 160 4200 5×108

11 23 940 108

22 8 350 3×107

75 1.5 35 3.5×106

115 1 9.3 1.5×106

Table 5.4.: Hadron fluence and radiation dose in different layers of the barrel part of the CMS Tracker. Integrated
luminosity is assumed to be 2500 fb−1. Data taken from [29].

Comparing the CMS Tracker radiation environment for the LHC in table 5.3 and the sLHC in table
5.4, there is approximately a factor of five difference. It may be possible to use the same technology
now used in the inner layers of the strip tracker for the outer layers in the upgrade, as they receive
the same amount of irradiation. For the inner strip layers of the upgrade, current pixel technologies
might be an option but they will probably be too expensive for larger areas, even in the coming
years. Additionally, the granularity of a pixel detector is too fine resulting in too many readout
channels which cannot be handled appropriately. To compensate for that, strip sensors using more
radiation hard silicon bulk materials and process technologies have to be developed for the inner
strip layers. The innermost part of the tracking system, currently equipped with pixel detector,
will receive unprecedented irradiation in the sLHC environment and will demand very advanced or
entirely new sensor concepts.

The fluence at the outer silicon tracker (r = 100 cm) will be about 1014neq cm-2 increasing to
1016neq cm-2 at the inner pixel (r = 4 cm). In the inner region (r < 20 cm) radiation is dominated by
pions, while the outer region is dominated by neutrons with a considerable fraction of pions (> 25
%).

The main concerns for highly irradiated sensors is the leakage current and the signal-to-noise ratio.
As explained in section 2.6, irradiation increases the leakage current of a sensor. It can increase by
several orders of magnitude and can lead to the so-called thermal runaway where the high current
increases the sensor temperature which in turn raises the leakage current. The most important fea-
ture of a sensor is its signal-to noise ratio where a minimum of 10 is favorable to have a reasonable
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efficiency in detecting hits and determining their position. Irradiated detectors will loose much of
their signal, predominantly due to trapping in the detector bulk. Furthermore, traditional p-on-n
sensors will only operate if they are fully depleted after type inversion, as the depletion layer is
growing from the backside and the holes cannot reach the strip electrode if under-depleted. There-
fore the full depletion voltage becomes an issue, where reverse bias voltages beyond full depletion
are usually beneficial to the extracted signal as well. On the contrary, the current drawn by the
module at higher reverse bias voltages will increase, again adding to the vicious circle of thermal
runaway.

5.2.3. Tracking Trigger

The single muon, electron and jet trigger rates at the Level 1 Trigger (L1) will greatly exceed 100
kHz at sLHC conditions. It cannot be reduced sufficiently using higher pT thresholds which be-
comes clear when extrapolating the L1 rates from figures 5.6 and 5.7.
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Figure 5.6.: The HLT single-muon trigger rates as a function of the pT threshold for low luminosity (2×1033cm−2s−1,
left) and high luminosity (1034cm−2s−1, right) [33]. The rates are shown separately for Level 1 and various
HLT levels. Track information is included at Level 3. The rate generated in the simulation is also shown.

The combinatorial background for muons is reduced in the High Level Trigger (HLT) by using
track information from the tracking system as described in [34] and [33] and seen in figure 5.6.
Associating tracker data already at an earlier stage of the trigger, should improve muon momentum
measurement and the elimination of fake candidates. A hit in the tracker within a limited η − φ

window should discriminate between ambiguous muon candidates and improve the pT measure-
ment.

For the electron trigger, the calorimeter isolation criteria alone is not sufficient for rejection. Again,
the HLT uses additional information from the pixel system to select those electron candidates which
did not originate from conversion or bremsstrahlung. It extrapolates energetic showers back to the
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Figure 5.7.: The rates for electromagnetic triggers as a function of threshold for various types of event (left: jet events,
middle: H ⇒ 4e, right H ⇒ γγ) at a luminosity of 2× 1033cm−2s−1 [34]. Scaling to 1035cm−2s−1, it is
clear, that typical single isolated electron rates would be far higher than tolerable for practical thresholds.

pixel layers and tries to associate it with an isolated hit. Because of the high occupancy under sLHC
conditions, it is unlikely to work well for the upgrade.

One major challenge for a tracking trigger is the impossibility to transfer all hits out of the detector
within the small timeframe where the trigger decision has to be made. Data reduction on the detector
level is therefore essential. On the other hand, the additional electronics needed to perform such
a data selection, must not degrade the tracking performance by introducing to much additional
material inside the tracker volume. This is very challenging, as a fast decision logic might be very
power hungry which requires additional cables to supply the electric power and the additional power
dissipation has to be removed from the tracker via cooling. It becomes clear, that it is imperative to
minimize the material budget wherever possible, to make room for the required functionality that
has to be added to the tracking system.

5.3. Summary

The challenges faced by the CMS Tracker under the proposed luminosity upgrade of the LHC accel-
erator, are mainly the higher track densities and the increase in irradiation. Both are caused by the
increase in particle interactions in each collision which makes proper triggering much more difficult,
ultimately requiring the tracker to provide information to the trigger system as well.

In this work I will review the current status on radiation hard silicon sensor and provide recommen-
dations on which materials should be suitable for the middle and outer layers. I will describe the
necessary tools which enable the testing of the process quality of such future radiation hard sensors.
Higher granularity of the strip sensors is required to maintain a good pattern recognition perfor-
mance. I will present one of the key concepts to enable high density strip sensors while reducing
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the material budget which is another important requirement for the upgrade of the CMS Tracker.
I will not address solutions to the tracking trigger problem in this work, but research on this issue
is currently starting [35] and the tools described in the following chapters will also be utilised to
tackle the problem.
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Radiation hardening is a method of designing and testing electronic compo-
nents and systems to make them resistant to damage or malfunctions caused by
high-energy subatomic particles and electromagnetic radiation, such as would
be encountered in outer space, high-altitude flight, around nuclear reactors, or
during warfare.

Wikipedia on Radiation hardening

6
New Bulk Materials and Process Technologies

The significant increase in radiation due to the higher luminosity intended for the upgrade of the
LHC (see section 5.2), will require new radiation hard bulk materials. Section 2.6 reviewed the
basic effects of radiation damage in silicon sensors, nevertheless many of the details are not yet
fully understood.

CERN has established a dedicated R&D project in 2002 to search for appropriate materials enti-
tled “Radiation hard semiconductor devices for very high luminosity colliders”[36] or RD50. I
will review the most important results to select the most promising materials and process technolo-
gies suitable for the middle to outer regions of the tracker. The materials are expected to deliver
enough electrons per MIP to ensure a minimum signal-to-noise ratio of 10 within the lifetime of the
experiment (expected integrated luminosity: 2500 fb−1).

Already at the beginning of 2008, a comprehensive study of the irradiation hardness of actual sen-
sor structures on different materials and process technologies was envisaged [37]. The author of
this thesis contributed many test structures and standard to advanced sensor layouts which were
designed within a limited time frame. The order was financed by a number of institutions with
a total value of around 500 kCHF. A massive irradiation and measurement campaign of these
structures should have concluded the process of selecting the appropriate material and process
suitable for the CMS Tracker after the sLHC upgrade. Unfortunately, the finalisation of the or-
der was greatly delayed due to the complexity and size of the project. At the time of writing of
this work, the order is finally completed and production has started. It is obvious, that the pro-
duced structures, let alone the results from the irradiation campaign, are too late to be included
in this thesis. I will therefore restrict the scope in this work on the recent results from the RD50
project.
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6.1. Combined Results from RD50

Materials and processes which have been investigated and their typical properties are shown in
table 6.1. I will review the results for different wafer materials and process technologies which
were irradiated with protons or neutrons of various energies. The main focus will be the compar-
ison of standard technology choices compared to their most promising new or advanced counter-
part:

• Standard Float Zone (FZ) to Magnetic Czochralski (MCz) bulk material

• Standard 300 µm to thin 140 µm wafer thickness

• n-type to p-type bulk material

• p-type to n-type strip implants

High resistive float zone silicon has been the traditionally used bulk material for tracking detector
applications despite its high cost and limited availability. Due to its high purity it allows operation
at relatively low voltages due to its low full depletion voltage. However, in recent years it has been
generally accepted, that bulk materials with enhanced concentration of oxygen shows an increased
tolerance to gamma, electron and charged hadron irradiation [14].

It is possible to enhance the oxygen concentration in FZ material by diffusion from a SiO2 coat-
ing of the wafer in a high temperature oxygen atmosphere (DOFZ material) [38], [39]. On the
other hand, for silicon bulk material created by the Czochralski process, the intrinsic oxygen
concentration is already much higher as seen in table 6.1 with the additional benefit of lower
costs.

Many well established results are published, which demonstrate a suppressed introduction rate of
acceptor-like defects in all oxygen enriched materials [40], [41]. Additionally, measurements on
sensors irradiated with low energy reactor neutrons [42], high energy (23 GeV [43]) and low energy
(10, 20 and 30 MeV [44]) protons and 190 MeV pions [41]), show some clear advantages of MCz
and Cz materials compared to FZ and DOFZ. Sensors made on epitaxial silicon grown on low resis-

Material Type Resistivity [kΩ] VFD Oxygen [cm−3]
Cz n < 0.001 > 30 kV (300 µm) 1018

MCz n 0.5 - 1 < 500 V (300 µm) > 1017

MCz p 2 < 500 V (300 µm) > 1017

FZ n > 2 < 150 V (300 µm) < 1016

FZ p > 4 < 250 V (300 µm) < 1016

DOFZ n < 4 < 150 V (300 µm) 1−2×1017

Epi n < 0.25 <350 V (150 µm) ≈ 1017

Epi p < 0.35 <900 V (150 µm) ≈ 1017

Table 6.1.: Typical resistivities, full depletion voltage for the given detector thickness and oxygen concentration of differ-
ent silicon crystals (Cz . . . Czochralski, MCz . . . magnetic Czochralski, FZ . . . float-zone, DOFZ . . . diffusion
oxygenated float-zone, Epi . . . epitaxial layer).
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tive wafers show good performance after irradiation as first proposed in [45]. Nevertheless, some of
these materials have disadvantages which make them unsuitable as tracking detectors. The Cz ma-
terial usually has a full depletion voltage beyond practical values at a typical thickness of 300 µm,
while the thin active area of epitaxial layers provides only a very small signal. Such devices may
retain some usefulness in special applications, but for a strip tracking device like in CMS, a high
signal-to-noise ratio at relatively low depletion voltages is very much favorable. Under such re-
quirements, the most interesting material is magnetic Czochralski.

6.1.1. Full Depletion Voltage and Effective Doping Concentration

The full depletion voltage of a sensor is an important parameter to ensure proper operation of the
device. As explained in chapter 3, the sensor bulk should be completely depleted of charge carriers
to extract the maximum signal, while VFD changes with irradiation. For materials going through
type inversion, an operation voltage exceeding VFD is even more essential, as they would cease
to work as explained in section 2.6.2. Studies indicate, that for strip sensors the collected charge
increases for voltages beyond VFD

1 as reported in [46]. The maximum voltage that can be supplied
to the sensors is limited by the HV-stability of the sensor and, even more so, by the capabilities of
the power supply system in the actual detector. For the current CMS Tracker power supply system,
which might have to be reused for the upgrade, this maximum voltage is 600 V as described in
[47].

Figure 6.1 shows the full depletion voltage VFD of pad sensors as a function of neutron fluence. It is
apparent, that the MCz materials exhibit a slower degradation in VFD (≈ 55V/1014cm−2) compared
to standard FZ (≈ 125V/1014cm−2).

Figure 6.1.: VFD as a function of neutron fluence for n- and p-type MCz and FZ pad sensors. Measurements performed
using the C-V method. Neutron fluence has been normalized to 1 MeV neutrons. Pad sensors have been
annealed for 80 min at 60°C [46].

1The full depletion voltage VFD is usually measured using the C-V method and is defined as the onset of the plateau.
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The n-type MCz performs exceptionally well due to their higher initial resistivity and therefore
lower initial VFD and the additional benefit of donor removal until type inversion. After receiving a
fluence of 1015cm−2 the VFD is approximately 500 V lower compared to p-type MCz while retaining
the same slope.

Irradiation with protons shows slightly different results. As seen in figure 6.2, the change in |Ne f f |
(VFD respectively) of n-type MCz diodes, irradiated with 24 GeV protons does not show an ad-
vantage compared to p-type MCz. This is mainly because n-type MCz and Cz materials are not
inverting under proton irradiation, while p-type MCz and n-type DOFZ do and therefore tend to
have a lower VFD. The changes of Ne f f in the non inverting materials suggests, that the defects
introduced by proton radiation are mainly donors in contrast to the acceptor-like defects introduced
in FZ materials.

Figure 6.2.: Absolute value of Ne f f (VFD respectively) as a function of proton fluence for n- and p-type MCz and n-type
oxygenated FZ and CZ sensors. Measurements performed with the C-V method [48].

Figure 6.3 shows the changes of Ne f f as a function of proton and neutron fluence for different
materials and different thicknesses of detectors. It can be seen that the n-type MCz 100 µm thick
diodes do not invert after proton irradiation and invert after neutron irradiation, behaving like thick
diodes. More surprising are the results of the FZ devices: the 100 µm thick ones show inversion
with both neutron and proton irradiations, as expected, while the 50 µm thick n-type FZ devices do
not show inversion after proton irradiation. This effect of the thickness on the FZ material is not yet
understood.

An interesting observation can be made for the n-type MCz devices: from figure 6.3a, it appears that
detectors being irradiated with both neutron and proton are building-up opposite charged damage
defects. The defects can partially compensate each other in the case of proton and neutron simulta-
neous irradiation, resulting in a significantly lower degradation rate of VFD. This is actually a real
condition in the sLHC, where the radiation flux is composed of charged particles emerging from
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the interaction region and by backscattered neutrons from the calorimeter volume. These fluxes
are equal at about 25 cm radius from the interaction point inside the experiment. Detectors located
at about this distance from the interaction point could benefit from the cancellation effect of the
opposite signed defects if equipped with the n-type MCz sensors.

The different behavior under neutron and proton irradiation as described in the previous paragraphs
shows, that the NIEL hypothesis (see section 2.6) is not applicable anymore to new materials under
heavy irradiation!

Figure 6.3.: Changes of Ne f f as a function of n and p irradiations for different diodes [49]: 100 µm n-MCZ (a), 50 µm
n-FZ (b) and 100 µm n-FZ (c).

6.1.2. Charge Collection Efficiency

One of the crucial parameters to judge the capabilities of a sensor, is the amount of collected charge
per incident particle or Charge Collection Efficiency (CCE). Depending on the readout chips, a
certain minimum charge is needed to achieve a good signal-to-noise ratio. As the CCE degrades
with irradiation, it is one of the factors defining the lifetime expectancy of a strip sensor in a high
radiation environment.
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From figure 6.4 it becomes evident, that the extracted charge from strip sensors increases with bias
voltages beyond VFD as determined in figure 6.1. Nevertheless, the absolute voltages needed at
irradiations doses around 1015 1 MeV neutrons per cm2 become impractical. A solution to produce
sensors which require a low VFD despite having a low resistivity due to irradiation damage, is the
usage of thin substrates for the sensors (see section 2.5.1).

Figure 6.4.: Mean collected charge as a function of bias voltage for MCz pad and strip sensors. Neutron fluence for all
structures was 1015 1 MeV neutrons per cm2 and annealing for 80 min at 60°C[46]

Thin (140 µm) and thick (300 µm) strip sensors have been irradiated up to 1016 1 MeV neutrons per
cm2 [50]. As seen in figure 6.5 the charge collected for thick devices at high bias voltages exceeds
the performance of the thin ones. This suggests that the charge collection distance is longer than
140 µm even at such high doses.

At the very high dose of 1016 1 MeV neutrons per cm2 as seen in figure 6.6 the pictures changes
and favors the thin sensors. This suggests, that the charge collection distance has fallen below 140
µm. One should keep in mind, that thin detectors irradiated up to 1016 1 MeV neutrons per cm2 can
still provide a signal exceeding 7.000 electrons at bias voltages above 600 V as also seen in figure
6.6

6.1.3. Reverse Bias Current

Another limiting factor determining the performance and lifetime of strip sensors, is the amount
of reverse bias current. It is strongly dependent on the bulk damage caused by irradiation as
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Figure 6.5.: Collected charge as a function of the bias voltage for thin (140 µm) and thick (300 µm) detectors irradiated
to 1.6×1015 1 MeV neutrons per cm2 [50].
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Figure 6.6.: Collected charge as a function of the bias voltage for thin (140 µm) and thick (300 µm) detectors irradiated
to 1016 1 MeV neutrons per cm2 [50].
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explained in section 2.6. With more current drawn by the sensors, the ohmic losses in the ca-
bles increase and require more cooling. More importantly the higher current will increase the
temperature of the silicon, in turn causing an increase of the reverse bias current. This vicious
circle called thermal runaway, will render the detector unusable and therefore limit their life-
time.

Another advantage of thin sensors, is the reduced reverse bias current. This is due to the smaller
active bulk volume available to generate the current compared to thick sensor. The plots in fig-
ure 6.7 clearly show the expected behavior for highly irradiated strip sensors at high bias volt-
ages.

Figure 6.7.: Reverse current as a function of the bias voltage for pairs of 300 µm and 140 µm thick sensors irradiated to
1.6 (top), 3 (middle) and 10 (bottom) ×1015 1 MeV neutrons per cm2 [50].

6.1.4. Charge Multiplication in Silicon

Recently a number of measurements hinted on an effect which was previously unknown in sil-
icon – charge multiplication. A seen in figure 6.8 the signal extracted from thin epi-sensors at
high reverse bias voltages is significantly larger than for a fully depleted device after low irradia-
tion.
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Figure 6.8.: Charge collection efficiency for thin epi-sensor after various irradiation doses. The CCE for highly irradi-
ated sensor can exceed one at high reverse bias voltage hinting on a charge multiplication process [51].

Even after closer investigation as presented in [51], the charge multiplication effect seems to be
true. Nevertheless, it is not yet clear if it can be used to improve the signal-to-noise ratio in an
actual detector, as the impact on noise is not yet clear. Furthermore, the charge multiplication effect
could be accompanied by other detrimental effect like micro-discharges (as reported for example in
[52]), making the exploit of the charge multiplication unfeasible.

6.2. Summary

Standard sensor with p+ strip readout in n-type FZ material are not suitable for the high irradiation
doses received by the inner layers of the tracker in an sLHC environment. They should survive
in the outer layers of the tracker in the sLHC environment, where they will receive a dose similar
to the inner layers of the current tracker integrated over the lifetime of the LHC (≈ 1014 1 MeV
neutrons per cm2). Previous works have shown, that full detector modules irradiated up to 0.65×
1015 1 MeV neutrons per cm2 will still provide a signal-to-noise ratio well above 12 at medium
depletion voltages of 400 V [53]. Experience with the current tracker will give more evidence on
the performance of standard p-on-n FZ sensors.

Nevertheless, the middle to inner layers of the tracker will receive significantly higher doses in
the sLHC environment. Alternative materials and processes such as MCz, thin bulk materials or
n strip readout offer promising properties to withstand such high irradiation doses. They show
improvements in the key aspects defining the lifetime and performance of a detector: effective
doping concentration (full depletion voltage), charge collection efficiency and reverse bias volt-
age.
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From the results presented above, thin n-type or p-type MCz with n+ readout strips show the most
promising results. Nevertheless, these advantages have to be balanced with the real production costs
of such sensors. The non-standard material and manufacturing process will have an impact on the
manufacturing costs. Additionally, only a limited number of vendors is currently able to produce
such sensors – if only in small quantities, let alone the large number of sensors needed to equip the
CMS tracker volume.

For the outer layers, where the amount of irradiation is more relaxed but the area needed to be
equipped with sensors is larger, standard p+ strip readout on n-type FZ or MCz might prove a more
cost effective solution without compromising performance.

6.3. Outlook

To conclude the selection of a suitable material and manufacturing process, a production of several
test sensors and structures at Hamamatsu, Japan was devised [37]. The same structures will be man-
ufactured on all currently available technologies mentioned in this section.

The measurements of these test sensors and structures during an extensive irradiation campaign,
will give us the capability to finally select the most adequate technology for the different areas
of the tracker. With Hamamatsu, one of the major suppliers capable of providing high quality
sensor on a mass production scale was contracted to perform this order. It will also help the com-
pany to provide us with a better understanding of the costs involved with each of the technolo-
gies.
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AMPLE (Advanced Multi-Purpose LanguagE) is a scripting programming lan-
guage and a part of the Falcon Framework software framework developed for
the Apollo/Domain computer by Mentor Graphics. It is a loosely typed C-like
programming language, with for example vector types added.
As the Apollo/Domain was very popular in computer-aided engineering (espe-
cially in electronic design automation), AMPLE is still used in several Mentor
Graphics applications such as Design Architect IC and IC Station. These tools
are built on the Falcon Framework, and run on Unix and Linux workstations.
Some of the PCB design tools even run on Windows NT.

Wikipedia on AMPLE

7
SiDDaTA - Silicon Detector Design and

Teststructures using AMPLE

The design of a silicon strip or pixel sensor requires two different approaches to define the final
product resulting from the planar production process. The depth profile with its different layers
of doped silicon, metallisations and oxides of different production methods and compositions is
usually defined by the manufacturer according to the electric specifications of the customer. It is
often derived from a standard process of the manufacturer and only slightly tweaked to the special
requirements of the specific sensor order. The planar structuring of the individual layers is deter-
mined during the photolithographic process were the shadow masks define the actual layout. The
design of the photomasks is therefore the central point in determining the features and performance
of a silicon sensor.

7.1. Motivation for SiDDaTA

There is no specific software package available on the market for the design of silicon sensor masks.
Nevertheless, the commercial packages for the design of integrated circuits can be used for this
purpose, although they have to be adapted.

The layout of strip sensors contains many recurring structures, the strips being the most prominent
of course. In rectangular sensors all strips, which includes their contact pads and bias resistors, are
usually identical. The surrounding bias, guard and edge ring structures also share some common
features but are different in some other aspects like size, as they enclose each other. Certain struc-
tures are much more individual like the routing of an on-sensor pitch adapter, while their layout is
closely related to other structures on the sensor, like the strips.
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Drawing a silicon strip sensor in traditional mouse and keyboard way, as it was partly done in CMS,
is extremely time consuming and prone to errors. During the design phase many parameters like
the strip width and pitch, metal overhangs or the length of the polysilicon resistors are changed
repeatedly, which would require redrawing the full sensor layout.

A much more sensible and productive way to produce the layouts of a sensor, is the usage of a script
language which draws the layout defined by a set of parameters. A change of one parameter just
requires a rerun of the code where it can take care of any dependancies of other parameters1 and
produce a working layout in a matter of a seconds.

For historical reasons, the Electronic Design Automation (EDA) software suite by Mentor Graph-
ics2 was already available at the HEPHY. The IC Station component offers the needed functionality.
It can be operated in mouse and keyboard mode but, more importantly, the full program can be au-
tomatised using a script language called Advanced Multi-Purpose LanguagE (AMPLE).

The AMPLE scripting language enabled the creation of a framework for the design of sensors and
test structures which is fully embedded within the Mentor Graphics IC Station component.

7.2. Software Architecture

To perform the design of test structures and strip sensors in an efficient and quick way, standard
structures like rings, strips or resistors should be available as ready-made objects. Nevertheless,
non standard structures like new test structure concepts or on sensor pitch adapters need more
flexibility. To achieve both goals, the software was implemented as a design framework with a
three level architecture. The bottom level functions in the FUNCTIONS directory offer the most
basic draw primitives and support functions. All parameters are only passed down at runtime, there
are no externally defined values. At the medium level, structures are defined in the STRUCTURES
directory which offer a certain electric functionality like a bias ring or a single strip. They rely
on the lower lever functions to assemble the designs. The structures are largely defined by external
parameters only certain values are calculated at runtime which are necessary to adapt each structures
to the surrounding one. At the top level full devices in the DEVICES directory are compiled utilizing
the functions and structures of the two lower levels. These devices are entirely defined by external
parameters.

The configuration options for a device and the structures it uses are defined in the global files in
the GLOBAL directory. The values in these files are standard values and should not be changed
directly in the file. For individual settings of a device rather use the mechanism explained in section
7.2.2.

This architecture allows the design of a sensor using a pre-provided device and adjusting the pa-
rameters for it accordingly. Non standard structures needed in the layout can be put together at

1e.g.: A change of the strip pitch would reduce the size of the sensor and in turn has to adjust the size of the bias, guard
and edge ring.

2Company Website: http://www.mentor.com/
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the medium level using structures building upon the primitive functions of the bottom level. This
enables fast prototyping while retaining maximum flexibility.

7.2.1. Integration of SiDDaTA

The code of the SiDDaTA framework can be automatically loaded upon startup of the IC Station
component by configuring the startup options. It loads its configuration from a file located in the
users home directory: ∼/mgc/startup/icgraph.startup. It has to contain the following
statements:

$dofile(’$AMPLE_PATH/GLOBAL/LoadLib.ample’);
LoadLib();

where the environment variable $AMPLE_PATH has to point to the location of the SiDDaTA code.
Usually the IC Station component is started from the IC Studio project management tool, where this
environment variable can be configured from Tools⇒Preferences⇒Project⇒Miscellaneous.

The design options are set prior to the program start in configuration files called globals as explained
in the subsequent chapter. Predefined and configured devices can be created within IC Station by
executing the corresponding script on the command line3.

7.2.2. Defining a Device

SiDDaTA is currently still under development and the number of available functions and structures
is still expanding. Furthermore, the interface and functionality of the currently available functions
and structures is still changing. The release of version 1.0 will mark a stable and fixed set of code
where the full definition of a device consists of only a few files, depending on if its a standard
preprogrammed device or a new custom one.

Preprogrammed Devices

With SiDDaTA comes a number of standard devices like test structures and sensors that are pre-
programmed and can be configured using configuration files called globals. These standard devices
have a fixed general layout, but can be configured for various applications. The dozens to hundreds
of configuration parameter can define very global parameters like the number of strips or the strip
pitch down to process relevant options like the size of vias. The current version 0.8.95 (16. April
2010) offers the following designs:

3The command line within IC Station is invoked by pressing the SPACE key.
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Test structures

CapDM A parallel plate capacitor between two metal layers. Uses do measure the capacitance
between the metal layers and derive the thickness of the dielectric (oxide) in between.

CapTSAC Strip-like structure to measure the capacitance between a strip and its neighbours.

CapTSDC Strip-like structure to measure the resistance between a strip and its neighbours.

DiodeCMS Diode for IV and CV measurements to determine high voltage behaviour and full
depletion voltage.

GCD A gate controlled diode with up to two fields and polysilicon or metal gates.

MOS1 A standard MOS structure.

Sheet Structure with strips of materials or doped silicon to measure the resistivities.

TSCap Strip-like structure to measure the readout capacity between strip implant and it readout
strip.

Sensors

SensorST A standard strip sensor.

SensorPS An AC-coupled strip sensor with polysilicon coupling electrodes which are shorted to
a metal readout strip.

SensorPA A standard strip sensor with an integrated pitch adapter in the (first) metal layer.

Sensor2MPA A double-metal strip sensor with an integrated pitch adapter on the second metal
layer.

Sensor2MPABB A special double-metal strip sensor with an integrated pitch adapter on the sec-
ond metal layer suitable to bump bond an APV25 readout chip.

These preprogrammed structures are flexible designs with many user selectable options. These op-
tions are preconfigured using the default globals file associated with the device (e.g.: for device
CapDM the default file is GLOBALS/globalsCapDM.ample). The available configuration op-
tions are documented in the globals file if necessary.

To compile your own design using one of these preprogrammed devices, it is sufficient to over-
write the configuration options in the globals files with your own settings. A convenient mecha-
nism exists to collect and load such user specified options using the MyGLOBALS directory. In
MyGlobals.ample the files containing the desired configurations are loaded. Be aware that files
loaded later overwrite options set in files loaded earlier. The actual collection of options can be
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defined in any file specified by the user in the MyGlobals.ample file but it is recommended to
keep these files in the MyGLOBALS directory as well. The names and the syntax of the options can
be copied from the default globals file.

Fully Custom Devices

If a fully custom device has to be designed the program code can be placed in the DEVICE direc-
tory. The accompanying globals file, holding all the necessary configuration options for the newly
programmed device, should be kept in the GLOBAL directory. It should be loaded during the ini-
tialization phase of the device program. A typical initialization or header of a device program can
be found in appendix A. These two files, device code and globals file, are sufficient to fully define a
new device which is based on the standard structures and functions available by SiDDaTA. To add
it to the files automatically loaded with the SiDDaTA environment, the device code has to be added
to library loading mechanism in GLOBAL/LoadLib.ample.

If the new device needs additional functions or structures, these files have to be integrated into the
directory structure and added to the automatic loading mechanism in GLOBAL/LoadLib.ample
as well. Consult the subsequent section 7.3 to obtain the necessary information on how to extend
the SiDDaTA framework.

7.3. Design Guidelines

The development of the SiDDaTA code was driven by a set of design guidelines which were moti-
vated by the architecture explained in the previous section. These guidelines were kept simple but
should ensure a well organised code repository to enable several coders to add new functionality and
designs. This section is of interest for new developers of the SiDDaTA framework.

7.3.1. Directory Structure of the AMPLE Code

Five subdirectories collect the code for the different layers of the Framework:

FUNCTIONS: The most basic functions.
(eg.: via.ample - draws a single via, CreateRing.ample - calculates vector coordi-
nates for a ring-like structure)
Functions draw only primitive geometrical object which do not have any functionality on the
wafer by themselves. It is also possible that they just calculate vector coordinates without
drawing them. The name of such calculation functions usually starts with Create... All
necessary parameters get passed down from the caller, no global structure variables should
be used. Global variables are allowed. Functions usually do not create new cells!
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STRUCTURES: Larger structures which have specific tasks in the detector or test structure.
(eg.: GuardRing.ample - sets up a complete guardring or multiguard structure)
A structure will typically use several functions or even other structures to implement a specific
functionality for the detector or test structure. Most parameters are set up in global variables,
only position and size are usually passed down from the caller.

DEVICES: Fully functional devices.
(eg.: Diode.ample - Code to draw a fully functional diode)
Fully functional devices which draw the complete mask layout for a working device. It does
not need any parameters passed from a caller, but all parameters are in the corresponding
globalsNameOfTheStructure.ample file.

GLOBAL: Not used for code but for all necessary parameters defining structures and devices.
(eg.: globalsDiode.ample - All parameters needed to draw a fully functional diode)
Each device has (at least) one global file with all parameter definitions necessary to create
the full device. To create similar structures with different sets of parameters, an appropriate
global file has to be defined and loaded before running the device code.
Two additional files exist in this directory with special tasks:

global.ample sets those parameters which are used across all devices, like the number
and type of masks needed or debug setting.

LoadLib.ample takes care of loading all the necessary code libraries including the pa-
rameters definitions from the GLOBAL directory.

LAYOUTS: Layouts for a full wafer or part of it containing a number of different devices like sen-
sors and teststructures.
(eg.: Halfmoon.ample - Assembles set of test structures which arranged like a halfmoon,
CMS_Wafer_v3.34.ample - Full layout of a wafer with a large sensor and several test
structures)
A layout should only load devices from a preprepared gds file and place it on the wafer. Ad-
ditionally needed structures like dicing lines or alignment marks may also be created during
runtime.

MyGLOBALS: Holds the user specified global configuration files.
Options set and loaded from the files in this directory overwrite those defined in the GLOBAL
directory. A special file is responsible to load the desired global files:

MyGlobals.ample loads the global files with the option desired by the user.
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7.4. Applications for SiDDaTA

The main target for the usage of the SiDDaTA framework is the design of test structures for the pro-
cess quality assurance of silicon sensors and the design of silicon sensors itself. At the time of writ-
ing, it was successfully used to create the designs for several projects.

7.4.1. Collaborations with IFCA Santander and CNM Barcelona

In a collaboration with the Instituto de Fisica de CAntabria (IFCA) in Santander, Spain and the
Centro Nacional de Microelectronica (CNM) in Barcelona, Spain, two projects have been sup-
ported by the SiDDaTA framework, where the actual implementations where carried out by my-
self.

In 2008, a batch of sensors with improved transparency for laser alignment systems was pro-
duced at CNM, Barcelona [54]. The test structures for the process quality control of the run
were designed and implemented by me, using the standard test structures already available in
SiDDaTA and described in chapter 8. A picture of the final layout of the wafer is seen in figure
7.1

In 2009, the conceptual designs for very advanced thin sensors with trenches for optical fibres
was done, where the sensor will be thinned using the so-called DEPFET process[55]. The final
design and the implementation including the full layout of the wafer was done by me, using the
SiDDaTA framework. One of the four sensors made the implementation of a new strip structure
necessary, which could be realised in a very limited amount of time, thanks to the flexible con-
cept of the framework. Additionally, the wafer also contains the standard set of test structures
designed and adapted to the used process by me. At the time of writing, the production is about to
start.

Figure 7.1.: Screenshot of the final layout of the wafer
for the production of sensors with im-
proved transparency at CNM Barcelona. The
test structures designed with SiDDaTA are
labeled.

Figure 7.2.: Screenshot of the final layout of the wafer
for the production of thinned sensor at CNM
Barcelona. The design of all structures and
sensors was done with SiDDaTA including
the layout of the wafer.
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7.4.2. Production of Thin Sensors at Hamamatsu, Japan

A production of test structures and sensors on different wafer materials and production technologies
was compiled by several institutes[37] in the years 2008 to 2010. The goal of the project is the
careful evaluation of appropriate materials and processes for strip and pixel sensors in very radiation
intense environments (also see chapter 6). I have contributed the full design and implementation of
the standard set of test structures using SiDDaTA and many additional design drafts. The final and
very complex wafer layout is seen in figure 7.3.

Figure 7.3.: Screenshot of the final layout of the wafer for the production of thin sensors at Hamamatsu. The layout is
fairly complex as it has to comply to many different considerations which are out of the scope of this work.

7.4.3. Production of Sensor with Integrated Pitch Adapters

The design, implementation and production of sensors with integrated pitch adapters with ITE
Warsaw is explained in detail in chapter 9. All the designs and wafer layouts have been done by me
using the SiDDaTA framework.
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7.4.4. Production of Glass Pitch Adapters

In 2009, a production of conventional aluminium-on-glass pitch adapters at CNM Barcelona has
been requested by HEPHY. The design of the pitch adapters has been implemented using the SiD-
DaTA framework. Only very minor additions had to be made to create it using the standard struc-
tures available. The final design and a photo of the produced pitch adapter can be seen in figure
7.4

Figure 7.4.: The upper picture shows a screenshot of the final layout of the aluminium-on-glass pitch adapter produced
by CNM Barcelona. The lower picture is a photo of the actual pitch adapter.
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Quality assurance, or QA for short, refers to a program for the systematic mon-
itoring and evaluation of the various aspects of a project, service, or facility to
ensure that standards of quality are being met.

Wikipedia on Quality Assurance

8
Quality Assurance using Test Structures

An important task during the production of silicon strip sensors, be it prototypes for test purposes
or the mass production to equip a large detector like the CMS Tracker, is the implementation of
a comprehensive quality assurance procedure. During the mass production of the sensors for the
current CMS Tracker, the collaboration used a set of purpose-built standard test structures called
halfmoon. They were included on the cut-aways towards the edge of each wafer and proved to be
an indispensable tool [27].

The results gained from electric measurements on test structures enable a deeper insight into the
performance of irradiated materials as well. During irradiation campaigns, where sensors and test
structures are irradiated with neutrons and protons to several different doses, the test structures
provide easy access to the most important parameters of a sensor and complement the measurements
done on the actual sensors. They enable a closer diagnostic of the damage done to the sensor
material.

The design of the test structures for the production of the current CMS Tracker had certain short-
comings which made some measurements unreliable. Furthermore, certain parameters were not
accessible on the original halfmoon, making the design of additional structures desirable. Finally,
the standard set of test structures was only available as a ready-made design implemented for the
process used to manufacture the sensors for the current CMS Tracker and they could not be used on
most of the new materials the collaboration is interested today.

To overcome these shortcomings, the flexible SiDDaTA design framework was created as presented
in chapter 7 and all the CMS test structures were implemented within the framework. Furthermore
the structures were revised and improved, while keeping enough flexibility to produce designs suit-
able for different manufacturing processes. Additional structures to access new parameters were
devised as well.
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8.1. Revising and Enhancing the Standard Set of Test Structures

The absolute values of some parameters measured on the structures are very small, and are challeng-
ing to measure even with well designed and calibrated equipment. Additionally, some structures
were never used and became obsolete.

The original design and test procedures are described in [27]. The changes are documented for each
structure in the following sections.

Sheet

The sheet structure provides access to the resistivity of the materials implanted or deposited on the
wafer. For very low resistive materials such as deposited aluminium, the absolute resistances be-
come very small, in the order of the contact resistance of the needles to the aluminium pad. Two im-
provements were implemented to provide a more reliable measurement:

• The length of the aluminium meanders was increased to raise the absolute resistance to be
measured.

• The size of the contact pads was increase significantly to provide enough space for two nee-
dles on the same pad. This enables the use of a four-wire measurement to compensate the
contributions from the wiring and the contact resistance.

Furthermore, the new design can be configured to allow access to the resistivity of all relevant
materials which are created or deposited during the manufacturing process. Additional meander-
like structures can be included within the structure where the exact selection of materials to be
measured depends on the specific process.
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8.1. Revising and Enhancing the Standard Set of Test Structures

GCD

The original GCD structure contained four gate controlled diodes of which the round ones were
never measured, as they offered no additional information over the square shaped GCDs. The free
space was used to enlarge the remaining rectangular diodes which also improved the reliability of
the measurement. This is due to the larger surface area of the structures and the therefore increased
dark current through the diode.

Cap_TS_AC

The Cap_TS_AC structures is used to measure the capacitance between a strip and its six nearest
neighbours. The absolute value is very small for the short strips used in the original version, at
approximately 1 pF. It is a very challenging task to reliably measure such small capacitances. By
elongating the strips, the interstrip capacitance could be increased. The structure was rotated by
90 degrees to use the available space on a typical halfmoon-shaped cutaway of a wafer more effi-
ciently. The length of the Cap_TS_AC should correspond to the combined width of all the other
structures.

123



8. Quality Assurance using Test Structures

Diode

A standard diode for the measurement of the full depletion voltage (and the bulk resistivity respec-
tively) is an essential tool in any set of test structures. Unfortunately, the original diode in the CMS
test structures had a poor design, preventing operation at high voltages. Irradiated diodes exhibit an
increase in full depletion voltage as explained in section 2.6. The original diodes were not usable
after high irradiation as they experienced breakdown before being fully depleted. The new design
should make the structure much more high voltage robust by avoiding sharp corners, modifying the
periphery of the structure and adding metal overhangs similar to the breakdown protection strategies
described in section 3.2.4. This should enable the usage of the diode also for irradiation campaigns
to record IV-curves up to 1000 V.

MOS

In the original halfmoon two MOS structures were included. One should measure the quality of the
thin readout (or gate) oxide while the second one should investigate the thick interstrip (or field)
oxide. For the process used to manufacture the current sensors of the CMS Tracker, it is not possible
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8.1. Revising and Enhancing the Standard Set of Test Structures

to produce a MOS structure with the thin readout oxide. Therefore the CMS Halfmoon contained
two identical MOS structures with thick oxide. So far all manufacturing processes have the same
limitation making a single MOS structure sufficient.

New structure: CapDM

A new structure was designed which is only feasible for processes with two top metal layers.
CapDM is then used to measure the thickness of the oxide between the metal layers. It is basi-
cally a parallel plate capacitor, with large rectangular electrodes on each of the metal layers which
can be accessed using contact pads as illustrated in figure 8.1
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Figure 8.1.: Illustration of the CapDM structure from a top-down view (upper) and side views in two different sections
(lower). The layer thicknesses in the side views are not to scale!
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8.2. First Production of the Enhanced Set of Test Structures

In 2007 a very first run of three wafers, each with five sets of test structures was produced at ITE
Warsaw1 as seen in figure 8.2. Only part of the above mentioned improvements were implemented
and this production was only considered to be a starting point for further collaboration. The im-
provements mentioned in the previous section were implemented for the diode, the sheet structure
and the GCD, where the design of the diode was adopted from RD50. Figure 8.3 shows a screenshot
from the original mask design.

Figure 8.2.: Photo of one of the wafers delivered by ITE Warsaw. Each wafer contained 5 full sets of test structures.

Two goals that were targeted with this production:

• Verify the improvements made on the test structures themselves.

• Validate the manufacturing process implemented by ITE Warsaw.

This production was the first collaboration between ITE Warsaw and the HEPHY Vienna. A con-
tinuing collaboration between the two institutes was envisaged and this production served as a
starting point to produce full featured strip sensors at ITE Warsaw for R&D prototypes. There-

1Instytut Technologii Elektronowej, Al. Lotnikow 32/46, 02-668 Warszawa
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8. Quality Assurance using Test Structures

fore, the validation of the manufacturing process was the main target, while the improvements
in the test structures where only secondary. As the effects originating from the design of the
structures themselves and those caused by peculiarities in the manufacturing need to be disentan-
gled, a conservative approach was taken by implementing only few of the improvements suggested
above.

Figure 8.3.: Picture of the masks of the full set of test structures, extracted from the original mask design as prepared
for the first run with ITE Warsaw. From left to right: TS-Cap, Sheet, GCD, Cap-TS-AC, Cap-TS-DC,
Diode, MOS1, MOS2

8.2.1. Results

The results of the electric measurements on the test structures were first published by the author of
this thesis in [56].

Diode

The diode was derived from the design used in the RD50 collaboration [36] featuring multiple guard
rings and rounded corners. This layout showed high voltage robustness in many other production
runs (see any RD50 publication on diodes or pad detectors like [46]). In figure 8.4 the diodes mea-
sured on five sets of a single wafer show a very robust current-voltage curve up to and beyond 600
V. The outlier in set A does not detriment this conclusion, as a design flaw should be evident in all
structures. High electric fields caused by a poor layout, would set an upper voltage limit, at which
breakthrough occurs, regardless of the production quality. As most of the diodes reached much
higher voltages than the old design, which was only capable of reaching a maximum of≈ 350 V be-
fore breakdown, the implemented improvements were successful.

Nevertheless, the quality of the manufacturing process limited high voltage robustness as diodes
of the same design but different manufacturer were operated successfully at much higher volt-
ages.
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8.2. First Production of the Enhanced Set of Test Structures

Figure 8.4.: Current-Voltage curve for the five diodes of a single wafer. Most of the diodes a very stable up to 600 V
and beyond. One structure suffers from early breakdown which might be attributed to defects caused by the
manufacturing process, but not to the layout of the diode itself.

Sheet

The larger contact pads in the sheet structure offered sufficient space for two needles, making a four-
wire-measurement feasible. Additionally, the length of the aluminium strips was increased and the
absolute resistance increased to≈ 250 Ω (20 µm width) and≈ 1 kΩ (10 µm width). The resistivity
of the aluminium deposited on the wafer is depending on the process parameters during production,
again influencing the final value of the resistance and its distribution on the wafer. Nevertheless, the
electric measurement itself was considerably more reliable, meaning that repeated measurements
on the very same strip gave the same result with only small deviations. For completeness, the
measured resistivities are shown in table 8.1.

GCD

The GCD structure had already received the modifications explained in the preceding section. The
larger area resulted in a higher reverse bias current making the measurement of the extracted signal
more reliable. A typical measurement is shown in figure 8.5.
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Wafer/Set Resistivity Wafer/Set Resistivity Wafer/Set Resistivity
20 µm 10 µm 20 µm 10 µm 20 µm 10 µm

02/A 58 70 04/A 55 65 09/A 51 57
02/B 59 71 04/B 54 62 09/B 50 57
02/C 58 71 04/C 53 60 09/C 48 56
02/D 50 58 04/D 52 60 09/D 48 53
02/E 48 55 04/E 50 09/E 49 55

Average 54,6 65 Average 52,8 61,8 Average 49,2 55,5
Overall
Average 52,2 60,7

Table 8.1.: Resistivity values measured on all aluminium sheet structures. Each structure contained two strips with
different widths (10 and 20 µm respectively). Due to a defect in the structure in set E on wafer 04, no value
could be extracted.

-45 -40 -35 -30 -25 -20 -157.88.08.28.48.68.89.09.2

VInv = VFB + VBias VInv = 34 V

Curren
t[nA]

Gate Voltage [V]

IVGCD Wafer 02, Set A

ISurf = 0.9 nA

VFB = 29 V

VBias = 5V

Figure 8.5.: Current through the diode as function of the gate voltage of the GCD. Flatband voltage and surface current
are the signals which are extracted and are shown in the plot.
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8.3. Second Production of the Enhanced Set of Test Structures

Following the first production, the implementation of all foreseen enhancements of the structures
was finished beginning of 2009. At that stage, the full set of test structures was already requested
by several collaborators of the institute and other third parties to be included on their production
runs. The delivery, measurement and analysis of these wafers will happen after the finalisation of
this work and are therefore not in the scope of this thesis.

A new production was also started with ITE Warsaw (ITE09). As mentioned earlier, the second
run concentrated on strip sensors and is explained in more detail in chapter 9. Nevertheless, the
complete set of enhanced test structures was placed on the wafers, including the CapDM structure
as seen in figure 8.6. This gave us the opportunity to evaluate the full set of enhanced test structures
which is described in this section. Additionally, they provided the necessary measurements to judge
the manufacturing process which will be discussed in section 9.4.1.

Figure 8.6.: Picture of the masks of the full set of test structures, extracted from the original mask design as prepared
for the second run with ITE Warsaw (bottom) and a photo from the final structures cut from the wafer
(top).. From left to right: CapDM, TS-Cap, Sheet, GCD, Cap-TS-DC, Diode, MOS and at the bottom
Cap-TS-AC.

The run was split into two different process implementations: one half of the wafers were processed
in a double metal process, while the other half was stopped after the first metal layer and only the
passivation was added just like in a standard single metal process. This gave us the opportunity
to have the test structures manufactured in a standard single metal process and in a double metal
process where most of the production steps were identical between the two. This way, the modifica-
tions necessary to make the set of test structures work in a double metal process could be validated
as well.
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8.3.1. Results

The test structures from this second production run with ITE Warsaw went through the same char-
acterisation as the previous one. The main target was the performance of the modified Cap-TS-AC
and Diode structure and the entirely new CapDM structure. Some additional measurements were
made to asses the production quality and point out any severe deviations from the expected val-
ues.

Diode

The new diode was designed to withstand a reverse bias voltage up to 1000 V, which would enable
the usage of this structure in high irradiation campaigns. As seen in figure 8.7 the structure is
clearly able to achieve a low dark current even beyond that requirement up to the maximum of
1100 V that our laboratory power supplies can provide. The quality of the manufacturing process
seems to limit the voltage robustness earlier than the design would allow, as the instabilities at the
top end of the plots in figure 8.7 are disappearing if the structures are given enough time to settle
between measurements. Some of the otherwise identical diodes on the different wafers are not
stable beyond a few hundreds of volts, which is especially true for the wafers going through the
second metallisation process. This indicates instabilities in the manufacturing process, nevertheless
the design of the diode is robust towards high depletion voltages for the single and double metal
implementation

Figure 8.7.: Exemplary IV curves of two diodes from single metal wafer 2 (left) and double metal wafer 9 (right). Both
structures are stable up to and beyond 1000 V.

The measurement of a Capacitance-Voltage (CV) curve on the diode reveals the full depletion
voltage VFD. In figure 8.8 the curves reveal the same shape on all wafers with the exception of
wafer 4 which exhibits a strange rise in capacity after full depletion. Characteristic to all curves are
two knees which hints on a non-isotropic doping profile of the wafer. The full depletion voltage
extracted from the curves is around 24 V.
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Figure 8.8.: CV curves for a single diode on each wafer. The capacity has been measured using an LCR meter at 1 kHz.

Cap_TS_AC

The improved design of the Cap_TS_AC structures provides significantly longer strips which should
increase the measured signal, the interstrip capacitancy Cint . The strip length in the original CMS
Halfmoon was 10.6 mm while the new version has a strip length of 35 mm, an elongation of a factor
of 3.3. Table 8.2 shows the measured interstrip capacitances for a structure from the CMS produc-
tion against the values from the wafer 3 of the ITE09 production. The measurements yield a factor
of 3.2 to 3.7 difference in Cint which, taking the slightly different pitches and the different produc-
tion processes into account, agrees well with the exceptions. This increase in absolute capacitance
improved the reliability of the measurement significantly, which was the goal of modification to the
design.

Structure Capacity Factor CIT E/CCMS

75 kHz 1 MHz 75 kHz 1 MHz
CMS 83 µm pitch 1.39 1.42

3.4 3.6
ITE 80 µm pitch 4.66 5.14

CMS 122 µm pitch 1.66 1.68
3.2 3.7

ITE 120 µm pitch 5.32 6.14

Table 8.2.: Measured interstrip capacitances (Cint ) on the Cap_TS_AC structure of a standard CMS Halfmoon from
the original CMS sensor production compared to the improved version of the structure from the ITE09
production at ITE Warsaw (wafer 3). Both structures provide two different pitches and they have been
measured with a precision LCR meter (Agilent HP4285A) at a frequency of 75 kHz and 1MHz.

The wafers processed with two metal layers show a slightly higher interstrip capacitance as seen
in table 8.3. The source of this increase in capacitance can only be caused by the additional metal
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layer in the large contact pads.

wafer narrow pitch (80 µm) wide pitch (120 µm)
75 kHz 1 MHz 75 kHz 1 MHz

1 5.58 6.02 4.83 5.27
2 5.17 5.6 4.68 5.15
3 5.32 6.14 4.66 5.14
6 5.93 6.44 5.37 5.88
7 5.77 6.42 5.17 5.83
8 5.81 6.21 5.14 5.66

Table 8.3.: Measured interstrip capacitances (Cint ) on the improved Cap_TS_AC structure from the ITE09 production
at ITE Warsaw. The structure provides two different pitches and they have been measured with a precision
LCR meter (Agilent HP4285A) at a frequency of 75 kHz and 1MHz. Wafers 1 to 3 are produced using a
standard single metal process, while wafers 6 to 8 feature a second metal layer.

CapDM

The CapDM structure is a new design with the task to determine the thickness of the oxide between
the two metal layers. It should provide a reliable measurement of the capacitance between elec-
trodes in the first and second metal layer which are separated by a thin layer of dielectric. At given
area of the electrodes, the capacitance is then defined by the permittivity and thickness of the oxide
layer:

C =
ε0.εox.A

d
, (8.1)

where ε0 = 8.85 × 10−12 F/m, εox = 3.9 for SiO2 and the area of the electrodes is 5 × 5 mm2 = 25
×10−6 mm2.

In table 8.4 the results from the measurements of the CapDM structures are shown. The cor-
responding oxide thickness calculated from the average capacitance yields 600 nm which corre-
sponds very well to the 700 nm before reflow as specified for the manufacturing process in table
9.1.

wafer 5 wafer 6 wafer 7 wafer 8 Average
1.422 nF 1.437 nF 1447 nF 1.384 nF 1.422 nF

average oxide thickness 607 nm

Table 8.4.: Results from the capacitance measurements of the CapDM structure using a LCR meter at 1 kHz. The
structure is only fully implemented on wafers with two metal layers and each wafer hosts four identical
copies. The average oxide thickness is calculated using equation 8.1.
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8.3. Second Production of the Enhanced Set of Test Structures

TSCap

The TSCap structure enables the measurement of the capacitance between implant and readout
metal. The results are shown in table 8.5. The thickness of the oxide layer in-between can be
derived from the result using equation 8.1 again. It is clearly evident from the data, that the double
metal process yields a slightly thicker oxide than the single metal one, although both process are
exactly the same up to the first metal layer. The additional process steps to apply the second metal
layer seem to influence the underlying oxide layers.

More important is the absolute thickness of the oxide layer which is much thicker than expected for
the thin coupling capacitance. Usually, a thickness of around 100 - 200 nm is expected, while the
measurements reveal a much thicker oxide of around 700 nm.

single wafer 1 wafer 2 wafer 3 wafer 4 Average
metal 7.9 pF 8.0 pF 7.8 pF 8.0 pF 7.9

average oxide thickness 653 nm
double wafer 5 wafer 6 wafer 7 wafer 8 Average
metal 7.3 pF 7.3 pF 7.5 pF 7.3 pF 7.35

average oxide thickness 702 nm

Table 8.5.: Results from the capacitance measurements of the TSCap structure using a LCR meter at 1 kHz and a reverse
bias voltage of 30 V. The capacitance and therefore the derived oxide thickness is different for single and
double metal processes. The average oxide thickness is calculated using equation 8.1.

Sheet

The sheet structure gives access to the resistivities of all deposited or doped materials on the wafer.
The successful improvements to the structure were already demonstrated in the preceding section.
Nevertheless, the resistivity of the polysilicon was measured, as it pointed out an interesting flaw in
the manufacturing process.

As shown in table 8.6 the resistivity of polysilicon deposited on the wafer is very low. The expected
value was around 6 to 7 kΩ/sq which is orders of magnitude higher than the measured resistiv-
ity.
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single wafer 1 wafer 2 wafer 3 wafer 4 Average
metal 207 kΩ 147 kΩ 137 kΩ 160 kΩ 163 kΩ

average polysilicon resistivity 0.1 kΩ/sq
double wafer 5 wafer 6 wafer 7 wafer 8 Average
metal 163 kΩ 185 kΩ 172 kΩ 146 kΩ 166.5 kΩ

average polysilicon resistivity 0.1 kΩ/sq

Table 8.6.: Results from the resistivity measurements of polysilicon in the sheet structure. The resistance was mea-
sured on each wafer and the average resisitivity was then calculated for wafers with single and double metal
processing individually.

8.4. Summary and Outlook

The usage of test structures to asses the quality of the manufacturing process, wether during the
commissioning of a new vendor, to perform measurements in an irradiation campaign or as QA
monitoring during the mass production, has proven to be a valuable tool. As the sensors for the
CMS Tracker upgrade will be produced using new manufacturing processes, the standard set of
test structures needed an implementation with much more flexibility to adapt it to these new pro-
cesses. The SiDDaTA framework (see chapter 7) has proven to be capable to perform this task,
as it was used to implement all structures and adapt them to different processes and wafer space
restrictions for several projects. The structures where enhanced to improve the reliability of the
measurements successfully while new structures have been designed and implemented to measure
additional parameters.

The set of test structures was already produced and tested in two production runs at ITE Warsaw.
The improvements suggested and implemented by me where tested successfully while the results
of the electrical characterisations yielded valuable information on the quality of the production
process. These conclusions will be discusses in the section 9.4.1.

Additional new structures will be designed to measure parameters like via resistances or strip ca-
pacitances introduced by second metal layer routings. Furthermore, the full set of test structures is
currently being optimized for manufacturing processes like n-on-n, n-on-p and double-sided pro-
cessing. Major modifications are necessary to allow access to the same electrical parameters in
such fundamentally different processes. Again, the SiDDaTA framework is flexible enough to al-
low these modification to be made.

Furthermore, the current set of test structures is used by several collaborations and is in production at
different manufacturers. An important usage will be the production on different thin wafer materials
and different processes at Hamamatsu, Japan [37]. Es mentioned earlier, the electrical characterisa-
tion of irradiated test structures will play an important role in selecting the most appropriate material
and manufacturing process for sensors for the CMS Tracker upgrade.
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Routing is a crucial step in the design of integrated circuits. It builds on a pre-
ceding step, called placement, which determines the location of each active ele-
ment of an IC. After placement, the routing step adds wires needed to properly
connect the placed components while obeying all design rules for the IC.

Wikipedia on Routing (electronic design automation)

9
Sensors with Integrated Pitch Adapters

The pitch of the strips on a sensor is usually different from the pitch of the connection pads on
the readout chip. In CMS , the pads on the APV25 chip are in two staggered rows with a pitch of
44 µm, while the pitch of the sensor strips varies from 80 to 200 µm. This makes the use of an
additional adapter necessary as illustrated in figure 9.1. In traditional detector module designs, this
Pitch Adapter (PA) is made of thin aluminium lines deposited on a glass substrate as seen in figure
9.2. Both ends of the PA have to be wire bonded to the chip and the sensor respectively. See section
4.3 for the current module design in CMS.

The PA adds to to the overall material budget and it doubles the amount of bonds necessary to
connect the electronics to sensor. Furthermore, it limits the flexibility of the module design, as the
chips and the PA can only be located at the edge of the sensor. The connection of sensors with a
very high number of strips, for example by segmenting each strip into several shorter ones, becomes
difficult. At the maximum, all four edges of the sensor could be equipped with PAs and readout
chips, but the integration of such modules in the detector would be very difficult. Therefore a new
strategy for connecting readout chips to the sensors is essential.
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Figure 9.1.: Illustration of the classic way of connecting readout chips to the sensors.

Figure 9.2.: A glass substrate with thin aluminium lines deposited on top of the substrate. It enables the connection of
strips to the inputs of the readout electronics even if the pitch between strips and inputs is different, hence
the name pitch adapter
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9.1. On-Sensor Integration

The solution that I propose to solve the above mentioned problem, is the integration of the PA
functionality into the sensor itself. The readout chips could be bonded directly to the sensor without
the need of an external PA. This would have several advantages:

• The pitch adapter with its large and heavy glass substrate becomes redundant.

• Only one wire bond per channel is needed.

This results in a substantial reduction in material budget, less components during assembly, signifi-
cantly reduced number of wire bonds and much more flexibility for the design of detector modules.
Depending on the cost effectiveness of the on-sensor integration, a cost reduction can be achieved
as well.

Three different approaches to integrate the PA on the sensor were prepared for this thesis:

Single Metal The metal layer which is used to form the readout electrodes of the strips can be used
to route the strips to the contacts. The connection to the chip can only be located towards the
edge of the sensor.

Double Metal An additional metal layer is deposited on the sensor, separated from the first metal
layer by a thick oxide. The connection pads to the chip can be placed anywhere on the sensor.

Bump Bonding Uses the same double metal solution as the previous option but implements all
necessary connections to bump bond an APV25 chip on top of the sensor, making the hybrid
for the chips obsolete as well.

The first option is very cost effective, as it does not need any additional steps in the production
while the second and third approaches require additional processing and therefore involve higher
production costs.

In most cases, the metal lines used to route the signals to the connection pads will have to cross other
adjacent strips, therefore introducing crosstalk between those strips. The first option will experience
a larger coupling between such strips, as the oxide between metal and p+ strips has to be thin to
achieve a high interstrip capacitance (CAC, see section 3.2.2). For the second and third option,
the thickness of the oxide between the metals is only defined by the requirements of the routing
and can be chosen as thick as possible, usually limited by the capabilities of the manufacturing
process.

As the Single Metal approach uses the metal layer of the readout electrodes to do the routing, there
are limitations to the paths the lines can take. They cannot cross any of the readout electrodes, or
the metallisation of the rings surrounding the strip area, or otherwise they will short-circuit them.
The Double Metal option is much more flexible as the routing is in its own layer. Advanced sensors
with a large number of strips and complicated requirements in routing might only be possible using
the later option.
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Due to the electrical advantages and the much higher flexibility, the Double Metal option is the
preferred solution, while the Single Metal approach serves as a cost effective alternative for sensors
with relaxed routing requirements.

The Bump Bonding approach is a very advanced concept which is presented here only as proof-of-
concept. Bump bonding uses small metal balls to connect chip and sensor, where the full surface
of the chip can be used to place the connection pads, in contrast to wire bonds which are limited to
the periphery only.

One implementation of the process is described in [57]. It becomes clear that bump bonding usually
requires special preparation of the bond pads on the sensor and the readout chip. The existing
APV25 readout chips are only designed for wire bonding but certain bump bonding techniques
could be modified to work on such pads as well [58].

9.2. Design of the Prototype Sensors

To evaluate the performance of single and double metal on-sensor PAs, a new production run at
ITE Warsaw was envisaged. The wafer should contain five key structures (list includes the naming
convention for each structure):

SensorST A standard AC coupled strip sensor as reference.

SensorPA Based on the layout of SensorST with an additional on-sensor pitch adapter in the first
metal layer

Sensor2MPA Based on the layout of SensorPA, the pitch adapter is moved to the second metal
layer while retaining its geometry as much as possible for easy comparison

Sensor2MPABB Based on the layout of SensorPA, the pitch adapter is located on the second
metal layer but designed to make bump bonding of an APV25 chip possible.

Halfmoon The full set of test structure should be included on the wafer as well.

9.2.1. Main Strip Parameters

The choice of the general strip parameters was more driven by boundary conditions as the influence
on the performance of the integrated pitch adapters is rather small. We tried to optimise space
allocation on the four inch wafers to accommodate the key structures while keeping some of the
area available for an additional large sensors.

The design parameters for the strip sensors were narrowed down by the available readout electron-
ics for beam tests. An obvious decision was the usage of the APV25 readout chip, as it is used in the
original CMS Tracker and makes comparisons easier. Additionally, HEPHY has a lot of experience
with the APV25 including a small and versatile readout system suitable for test beams1 which was

1The APVDAQ system is a prototype of the BELLE II SVD upgrade, also suitable for laboratory and beam tests.
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built by HEPHY’s electronics department [59]. This fixed the number of strips on the sensor to a
multiple of 128 AC coupled channels as provided by a single APV25 chip. As the main design pa-
rameters for the three key sensors should be kept identical and the usage of several readout chips per
sensor would significantly blow up the space requirements on the wafer, the best compromise was to
keep the number of strips at 128 or one single APV25 per sensor.

The strip pitch was decided to be 80 µm. This is the lower end of what is used in the innermost
layers of the current CMS Tracker. The strip length was set to 40 mm to efficiently use the available
space on the wafer.

9.2.2. Pitch Adapter Geometry

The main aim of the run was a proof-of-concept for on-sensor pitch adapters and the comparison be-
tween the two integration options. Considerable effort was spent to design a flexible geometric lay-
out of the PA, including automated routing algorithms for SiDDaTA. Two concepts were devised, as
seen in figure 9.3, which offer opposing advantages and disadvantages.

Shortest routing The routing lines were kept as short as possible using a direct connection be-
tween the strip and the contact pad. Not only the length of each routing line is depending on
the strip number but the distance to its neighbouring routing lines as well. The crossings be-
tween the routing lines in the second metal layer and the strips in the first metal layer (or first
metal and p+ implants for the single metal sensors) can have all possible angles. Control over
crossing angles and routing line pitch is minimal and is mainly determined by the position
along the strips were the routing starts

Constant routing line pitch The pitch between adjacent routing lines was kept at constant dis-
tance. Additionally, all crossings of routing lines and strips is rectangular. This precise
control of the line pitch is counterbalanced by slightly longer routing lines. Even more prob-
lematic is that some routing lines run in parallel and very near to other strips. This could
increase unwanted crosstalk among such strips.

9.2.3. Bump Bonding

To enable the bump bonding of an APV25, the chip has to be placed top down on the sensor. The
second metal layer in the sensors was used to implement the very special routing scheme, which
allows the bump bonding of the readout strips and the support lines of the chip as well. A technique
developed at the Fraunhofer IZM [58] might be used to perform the direct bonding of the readout
chip to the sensor, nevertheless in a first approximation the chip can also be glued to the sensor and
connected using wire bonds.

Figure 9.4 shows a photo of the final sensor with an APV25 glued to the top of the sensor to illustrate
the concept. The large pads on the sensor allow wire bonding for all readout channels and most of
the support lines towards the right edge of the chip. The bump bonding method would require the
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9. Sensors with Integrated Pitch Adapters

Figure 9.3.: Two concepts for the geometric layout of on-sensor PAs. The upper picture shows a part of the PA when
trying to keep the routing lines as short as possible. Mark the varying inclination and the non constant
pitch between neighbouring routing lines. The lower picture shows a part of the PA when trying to keep the
routing line pitch constant and the crossings of strips and routing lines rectangular. Mark the long routing
lines running in parallel to a different strip as seen towards the right of the picture.
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chip to be placed top down on the sensor and the large pads would cover exactly the pad layout of
the chip then.

Figure 9.4.: Photo of the final Sensor2MPABB with an APV25 readout chip glued to the top.

Basic functionality tests have been done on the completed sensor confirming that the concept is
working. Nevertheless, due to the same problems as will be reported in the subsequent section, the
mechanical force of bonding procedure introduced many bad strips on the sensor making further in-
vestigations with this prototype difficult and out of the scope of this thesis.

9.2.4. Large Sensor with 512 Strips

The rest of the available space was used to implement a sensors with shorter but many more strips.
The main idea was to design the sensor to be directly connected to an hybrid housing four AVP25
chips, as seen in figure 9.5, which was already available at the HEPHY in Vienna. The imple-
mented routing layout should emphasise the influence of the integrated PA rather than being an
optimal implementation. Therefore the routing was not centred on the sensor but moved to the far
right.
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9. Sensors with Integrated Pitch Adapters

Figure 9.5.: Illustration of the concept of connecting four readout chips to one small sensor with very long routings (top)
and a photo of the simple hybrid for four APV25 chips as it was available in-house at the HEPHY, Vienna
(bottom).
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9.3. Structure Summary and Wafer Layout

The target for the sensor designs were described in the previous section, while the actual imple-
mentations are shown in detail in this section. The drawings are screenshots of the actual mask
layouts as produced by SiDDaTA and then used to manufacture the lithographic masks for the
production.

Halfmoon with Test Structures including CapDM

The full set of test structures with all enhancements as explained in chapter 8 was included in
the wafer layout. The new CapDM structure was included as well. Both are shown in figure
9.6

Figure 9.6.: Picture of the masks of the full set of test structure, extracted from the original mask design as prepared
for the second run with ITE Warsaw (bottom) and a photo from the final structures cut from the wafer
(top). From left to right: CapDM, TS-Cap, Sheet, GCD, Cap-TS-DC, Diode, MOS and at the bottom
Cap-TS-AC.

Standard Sensor: SensorST

The standard sensor design, as seen on figure 9.7, on which the following three sensors are based
on. It has 128 AC coupled strips with polysilicon resistor biasing specified at 10 MΩ. The strips
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9. Sensors with Integrated Pitch Adapters

are 40.1 mm long and 20 µm wide with a pitch of 80 µm. The metal overhang is 5 µm at each side
and the strip area is surrounded by a bias and a guard ring with an asymmetric metal overhang. A
500 µm wide n+ implant protects the edge of the sensor.

Figure 9.7.: The standard sensor design SensorST.

Single Metal PA: SensorPA

Using the same main strip parameters as SensorST, this sensor uses the first metal layer to im-
plement the on-sensor PA. The metal strips, normally used as the upper readout electrode which
couples capacitively to the strip implant, is converging at one side to the pitch of the APV25 chip.
Figure 9.8 shows the PA section of the sensor design.

Figure 9.8.: Section of the single metal pitch adapter design SensorPA. In light blue is the first metal layer and dark
blue is the second metal layer.

146



9.3. Structure Summary and Wafer Layout

Double Metal PA: Sensor2MPA

Based on the same design parameters as SensorPA, the PA is now located in the second metal layer
as seen in figure 9.9. The geometry of the PA is kept exactly the same as in SensorPA where vias at
the end of each line connect the routing lines to the readout strips. The second metal routing lines
are kept as short as possible.

Figure 9.9.: Section of the double metal pitch adapter design Sensor2MPA. In light blue is the first metal layer and red
is the p+ implant.

Double Metal PA for Bump Bonding: Sensor2MPABB

This sensor is again based on the same main strip parameters as in SensorST but implements a
very sophisticated connection scheme in the second metal layer as seen in figure 9.10. It allows the
possibility to bump bond an APV25 chip up-side-down to the sensor. The PA layout does not only
include the necessary connections to the readout strips, but also the necessary backend connections
of the readout chip, including a 50 Ω resistor which taps the 2.5 V line and supplies 1.5 V. As a
first, more conventional approach, the APV25 will be glued to the sensors and connected with wire
bonds as already shown in the previous section 9.2.3.
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9. Sensors with Integrated Pitch Adapters

Figure 9.10.: The special double metal pitch adapter design Sensor2MPABB for APV25 bump bonding. In light blue
is the first metal layer and dark blue is the second metal layer.

Double Metal PA for 4 APV Hybrid: Sensor2MPA90

This sensor differs in some of the main strip parameters as it has 4 × 128 = 512 strips which
are shorter than in the other sensor at 18.1 mm. The routing scheme in the second metal layer
is therefore a little more complex with the additional feature that it is not centred as seen in fig-
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ure 9.10. This is not the ideal case as it increases the length of the routing lines for almost
all strips. Nevertheless, this was chosen to increase the influence of the routing and reflect sce-
nario which is more akin to a real sensors with even more strips and higher integrated readout
chips.

Figure 9.11.: The Sensor2MPA90 has somewhat different strip parameters than the previous sensors in terms of number
and length but is otherwise very similar. The pitch adapter is not centred. In light blue is the first metal
layer and in dark blue is the second metal layer.

Full Wafer Layout

Figure 9.12 shows the layout of the completed wafer. The Halfmoon is placed in three locations
towards the edge of the wafer, while the CapDM structure was placed at four locations. The five
sensors occupy most of the space towards the centre.
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9. Sensors with Integrated Pitch Adapters

Figure 9.12.: The full layout of the wafer.

Process Parameter

The process parameters were determined as a compromise between the optimal choice for the per-
formance of the sensor and the capabilities of the potential producers for large volume production
available on the market. Table 9.1 quotes the most important process parameters.

The process was implemented in two slightly different sequences to produce single and double
metal wafers with only slight changes. Ten high resistive four inch wafers were used for the pro-
duction. Up to the first metallisation the process sequence was exactly the same for both single and
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double metal. Wafers 1 to 5 then received their final passivation resulting in wafers with one single
layer of metal. For the other wafers 6 to 10 an additional silicon oxide insulation was added, vias
were etched into it and the second metal layers was deposited on top. The final passivation used the
same mask layout as for the single metal design. For all single metal designs additional care was
taken, to allow access to all contact pads in the first layer.

Thick interstrip oxide: 900 nm
Thin readout oxide: 177 nm
PolySi: 473 nm, target resistivity 6.8 kΩ/sq
Insulation PolySi - 1st metal: thermal 43nm, CVD SiO2 100nm, BPSG 700nm, PSG 200nm
Insulation 1st - 2nd metal: PE CVD SiO2 700nm
1st metal: Alu-Si 700 nm
2nd metal: Alu-Si 1200 nm
Passivation: PSG 450 nm, AP CVD SiO2 300 nm
Backside Al: 20 nm (very thin, to allow laser tests)
Backside getter: 1000 nm PolySi
Backside n++ implantation: 6-8 µm

Table 9.1.: The most important parameters of the production process. Indicated values are the ones used to setup the
process and not the measured results of the finished products.

From the ten wafers which were processes, we received eight wafers, where wafers 1, 2, 3 and 4
were only processed with a single metal layer and wafers 5, 6, 7 and 8 received the full double metal
processing. Wafer 10 broke during manufacturing and wafer 9 was not sent due to very high reverse
bias currents. According to the ITE Warsaw, this was due to not applying a getter procedure at the
backside of the wafer. Additionally, for wafer 4 the Sensor2MPA90 was damaged and was not sent
to vienna including the two CapDM structures on the same cutoff.

9.4. Electrical Characterisation

The test structures and sensors were electrically characterised in the clean room at the HEPHY
in Vienna. Two probe stations were used to make the measurements, where one station was suit-
able to perform a full semi-automatic strip characterisation (QTC Station, see [60]), while the test
structures where measured in slightly different setup without a motorized table (PQC Station, see
[27]).

As explained in chapter 8, the measurements on the test structures enable the judgement of the
quality of the manufacturing process. Parameters like the full depletion voltage, oxide thicknesses
or material resistivities are checked to comply to the specifications. In section 8.3, the measurements
on the test structures are already documented and the results are used to asses the correct design
of the structures themselves. In this section we review the results again to judge the quality of the
manufacturing process.
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9. Sensors with Integrated Pitch Adapters

The sensors themselves were also characterised by measuring the most important strip parameters
and global IV curves. Sensors were generally tested in the process version which fits the sensor
layout. For the single metal sensors (SensorST and SensorPA) wafers 1 to 4 had the appropriate
single metal processing, while for the double metal sensors (Sensor2MPA, Sensor2MPA90) wafer
5 to 8 had the fully compatible processing. To check if the additional process steps of the double
metal process have a general impact on sensor performance, we tested selected single metal sensors
and test structure on wafers 5 to 8 as well. A special effort was made to identify the electrical mod-
ifications introduced by the PAs and to disentangle them from effects solely caused by fluctuations
in the manufacturing process.

9.4.1. Process Quality Control

The results from the measurements on the test structure are presented in section 8.3 and only the
relevant results to judge the process quality will be discussed here.

The measurements from the Diode structures show a reasonably low reverse bias voltage and high
voltage stability up to and beyond 1000 V. They all show some instabilities above 1000 V while
some diodes even experience early breakdown. Nevertheless, the quality should be sufficient to
fully deplete the sensor devices as the full depletion voltage, extracted from the CV-curves of diodes,
is far below at around 24 V.

The thickness of the oxide between the two metal layers can be measured with the CapDM structure.
The result of about 600 nm µm as presented in table 8.4 agrees well with the specified parameter of
700 nm of SiO2 (before reflow) as seen in table 9.1.

The resistivities of the polysilicon in the Sheet structure as seen in table 8.6 deviates significantly
from the target resistivity of 6.8 kΩ/sq as shown in table 9.1. This should influence the resistance
of the polysilicon resistors in the sensors and should be seen in the stripscan performed in the
subsequent section.

A more serious issue is the thickness of the thin readout oxide between p+ strip implant and the
metal readout strip. It should be only a thin layer to maximise the capacitive coupling. According
to table 9.1 it was specified at < 200 nm while the measurements on the CapTS structure yielded a
thickness of around 600 nm.

9.4.2. Sensor Quality Control

An electrical characterisation was done for all of the sensors prior to integration and bonding of
the modules. The main goal was to select the sensors which could be safely operated above full
depletion and which had only a small number of bad strips.
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Reverse Bias Current - IV

The sensors showed a varying quality in terms of reverse bias current even on a single wafer. Some
general conclusions can be drawn despite the low statistics offered by the eight finalised wafers
as seen in figures 9.13 and 9.14. Most of the sensor can be safely operated beyond full depletion
and wafers with double metal processing seem to be equally stable than wafers with single metal
processing. Also the type of sensor does not deteriorate the voltage stability of the sensor, except
for the larger Sensor2MPA90. This is to be expected, as the sensor does not only occupy much
larger surface, but during processing it was located towards the edge of the wafer. This increases
the chances that the sensor includes small flaws of the manufacturing process and therefore limits
its stability.

The sensor design itself is high voltage robust up to and far beyond 200 V as figure 9.15 shows.
The sensor exhibits an almost ohmic behaviour beyond 200 V which is typically caused by insta-
bilities in the processing and not by a general flaw in the design. Assuming a stable production
process, the sensor design alone should be stable at even higher voltages without causing break-
through.
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Figure 9.13.: IV-curves for the single metal sensors on wafers with single metal processing (W1 to W4). Additionally
both sensor types were also tested on wafer 8 which received the full double metal processing.

Full Depletion Voltage - VFD

Capacity – Voltage curves were performed on several sensors of different wafers and sensor types.
The interesting parameter derived from such curves is the full depletion voltage VFD as explained in
section 2.5.1. The onset of the plateau defines VFD and is consistent for all structures shown in fig-
ure 9.16 at about 25 V. This is as expected for a parameter which depends only on the wafer material
where 25 V corresponds to a bulk resisitivity according to equation 2.65 of:

ρ =
d2 +0.6322pd

2ε0εµnVFD,sensor
=

(300×10−6)2 +0.6322 . 80×10−6 . 300×10−6

2 . 8.85×10−12 . 12 . 0.135 . 25
(9.1)

ρ = 147 Ωm = 14.7 kΩcm (9.2)
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Figure 9.14.: IV-curves for the double metal sensors on wafers with double metal processing (W5 to W8). Sen-
sor2MPA90 on wafer 7 showed break through already at 1 V. Additionally Sensor2MPA90 was also
tested on wafers 2 and 3 which only received the single metal processing.

This fits the specifications of the wafer supplier which were (vaguely) defined as ρ > 10 kΩcm.

Stripscans

For all sensors a stripscan was performed were four parameters were measured per strip: the strip
current Istrip, the PolySi resistance Rpoly, the interstrip resistance Rint and the current through the
dielectric Idiel . Several problems were identified and they are exemplary shown for the SensorST
layout.

The current per strip shows no apparent anomalies as seen in figure 9.17. The average current per
strip is around 1-2 nA and for some sensors a characteristical gradient from leftmost to rightmost
strip is seen. Some strips do experience a higher reverse bias current but this was to be expected for
such a first prototype run.

The ohmic resistance of the polysilicon resistors were specified at 10 MΩ. The results showed a
significantly lower value on all sensors and wafers at around 0.2 to 0.4 MΩ as exemplary shown in
figure 9.18, with slightly higher values on wafer 4 only.

A common problem for AC-coupled sensors are strip implants which are shorted to the readout
aluminium due to bad or broken oxide between them. Such shorts, usually called pinhole, would
cause the reverse bias current of the strip to flow through the preamp of the readout chip. As the
main purpose of the built-in strip capacitor is to prevent this, the readout chip, such as the APV25,
cannot cope with this increase in current and could be rendered inoperable by a few of such defects.
The stripscan is able to identify such pinholes by measuring the current through the oxide: a small
voltage is applied between DC pad (connected to the strip implant) and the AC pad (connected to
the readout strip above) and the current is measured. The coupling or readout capacitance is also
measured between implant and readout strip.
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Figure 9.15.: IV-curve for SensorPA on Wafer for up to 450 V.
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Figure 9.16.: CV curves for several structures on different wafers produced in the 2009 run with ITE Warsaw. The
capacity is plotted as inverse square to emphasize the knee in the curve. The final sensor capacity is
similar for the sensors with the same overall layout (SensorST, SensorPA and Sensor2MPA) while the
slightly larger Sensor2MPA90 show a consistently higher capacity.
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Figure 9.17.: Reverse bias current for each strip at 50 V.
Only the SensorST structure is exemplary
shown, as the behaviour for all sensor de-
signs and wafers is similar and shows no ap-
parent problems.
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Figure 9.18.: Resistance of the polysilicon resistor of each
strip which was specified at 10 MΩ. While
all sensors on all wafers showed a similar
behaviour, SensorST on wafer 4 exhibited
slightly higher values.

In figure 9.19 both results are exemplary plotted for several sensors of different wafers. In the order
of 10 - 20 pinholes (corresponding to 10 to 20% of the strips per sensor) are identified for each
sensor among all wafers and sensor layouts. This again hints to problems in the manufacturing of
the thin readout oxide. While in the previous section the coupling capacitance measurements on
the diode showed a significantly thicker oxide then expected, the pinhole measurements suggest in
addition a poor mechanical quality of the oxide.

Summary and Discussion with ITE Warsaw

Several problems were discovered by the electrical characterisation of the sensors and the test struc-
ture:

• The polysilicon showed a significantly lower resistivity, confirmed by the low resistance of
the bias resistors on the sensors.

• The thickness of the readout oxide between strip implant and readout strip is much thicker
than specified.

• The mechanical quality of the readout oxide is poor as suggested by the high number of
pinholes (≈ 10-20%).

In the discussions with the supplier ITE Warsaw, all the reported observations could be traced back
to the responsible source in the manufacturing process. The low resistivity of the polysilicon was
pinpointed to wrong settings during the doping of the material. This process is very sensitive to
small changes in the process parameters and have to be tuned to the appropriate and stable settings
from the experience with the actual production.
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Figure 9.19.: Stripscans of the current through the dielectric (upper) and the coupling capacitance between readout strip
implant (lower). A high number of pinholes is identified in the upper plot for strips with a high (negative)
current. The maximum current is limited by the power supply to 100 nA. The lower plot confirms the
pinholes for strips identified in the upper plot. The negative values for the coupling capacitance are an
artifact of the measuring equipment, trying to define a capacity for shorted contacts. All values smaller
than zero are effectively zero.
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The wrong thickness and poor quality of the thin oxide between p+ implant and metal is caused
by the production process implemented by ITE Warsaw. This process sequence, referred to as
polysilicon gate CMOS, was derived from a standard process used for CMOS production where a
sandwich of (thin) oxide, polysilicon and (thick) oxide is located between metal and p+ implant. By
omitting the polysilicon between p+ strip and readout metal, the oxide is composed of two layers
which greatly increase the thickness of the oxide while degrading its quality. For a future run,
scheduled to be delivered in summer 2010, a modified process sequence will be used which should
enable the creation of only a single thin oxide layer between p+ implant and the metallisation. This
process is referred to as aluminium gate CMOS.

Such iterations in the optimisation of the manufacturing process are to be expected. Neverthe-
less, the electric characterisation of sensors and test structure again proved to be an indispensable
tool to identify and trace problems and modify and improve the manufacturing process accord-
ingly.

9.5. Beam Tests at CERN’s SPS

The sensor were field-tested in a low intensity 120 GeV/c Pion beam at CERN’s Super Proton
Synchrotron (SPS). We used the MIP like particles in the beam to asses the performance penalty
introduced by the on-sensor PAs.

9.5.1. Module Construction

The sensors were integrated in robust modules housing a small hybrid with one to four APV25
readout chips and a connector to the readout system as seen in figure 9.20. The mechanical support
structure was milled from a fibre-reinforced epoxy material called Isoval 11, which provides good
mechanical stability while it is easy to machine. Openings in the frame let the beam pass unob-
structed but they had to be covered with black adhesive tape to prevent the exposure of the sensors
to light during operation.

The APV25 readout chips were always bonded directly to the sensor. This is the natural choice for
the sensors with integrated PAs, but for a better comparison of the sensors themselves, this was also
done for the standard sensors SensorST. By exercising some caution during bonding, it is possible
to connect a single APV25 chip to the larger 80 µm pitch of the strips.

The modules were constructed in such a way, that several of them could be easily combined to larger
stacks as seen in figure 9.21. This increased the data collected per event, while multiple scattering
was negligible for 120 GeV/c particles.

The wire bonding of the sensors with the PA on the second metal layer proved to be problematic.
On all of these sensors the number of pinholes measured before and after bonding increased sig-
nificantly, rendering most of them unusable. It is well known, that pinholes can be induced by the
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Figure 9.20.: Modules built for the 128 channel sensors (left) and the 512 channel sensors (right). The small print to the
right of the modules houses the APV25 readout chip(s) and a connector.

Figure 9.21.: A stack of several sensor modules. The stack contained not only the sensors described in this chapter but
also some additional references sensors. Some of these sensors were rotated by 90◦ which means that the
strips were oriented perpendicular to the strips of the ITE sensors. This provided height information for
each hit.

mechanical force applied to the connection pad during bonding. This usually only happens due to
improper settings of the bonding machine.

Figure 9.22 shows the connection area of a Sensor2MPA. It is clear, that the composition of mate-
rials below each pad is different depending on the strip number. The pad can be situated between
two strips and therefore over the thick interstrip oxide, or it might be directly over a strip on the thin
readout oxide. The transition between the thin readout oxide above the strip to the thicker oxide in
the interstrip region creates a step in the overlying pads which was suggested by the manufacturer
as being a weak spot to mechanical stress. Nevertheless, traditional connection pads on the first
metal layer are also located above the thin oxide and extend into the thick oxide of the interstrip
region. As such pads can be bonded without problems, the reduced mechanical robustness is more
likely an artifact of the processing of the second metal layer and the insulating layer between the
metal layers.

As already mentioned in the previous section, the modified polysilicon gate CMOS process used by
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9. Sensors with Integrated Pitch Adapters

ITE Warsaw to manufacture the sensors, was not the standard choice for strip sensors. It produced
a low quality oxide between p+ implants and metal strips, which might be further weakened by
the additional processing steps necessary for the second metal layer. Improvements to the newly
suggested and in general more suitable aluminium gate CMOS process are currently discussed, in-
volving reflow steps to smooth sharp steps between thick and thin oxide and thicker low temperature
oxides between the two metal layers.

Figure 9.22.: Close-up of the contact pad region of a Sensor2MPA sensor. The location of each pad with respect to the
strips depends on the strip number. Picture was made using a reflected-light microscope.

9.5.2. Readout Electronics and Services

The off-detector system used to readout the APV25 chips is a prototype developed at the HEPHY
for the upgrade of the BELLE II Silicon Vertex Detector at the KEKB Accelerator in Tsukuba,
Japan. The system offers advance features like precise hit time finding by taking six samples for
each trigger using the APV25’s multi peak mode [61]. More importantly, the prototype system was
capable of controlling and reading the large number of APV25 chips that were necessary to read
out the stacks composed of several modules.

The high voltage needed to deplete the sensors was supplied by standard laboratory power supplies
which included the monitoring of the current. We choose a common reverse bias voltage of 70 V for
all sensors, which is far above the full depletion voltage of the sensors (around 25 V). Temperature
and relative humidity was measured during all runs to ensure them to be within uncritical values (T
= 25± 3°C, RH < 50 %)
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9.5.3. The Beam

We utilised the H6A beam area at CERN’s North Area Hall. The protons supplied by the SPS accel-
erator complex were converted using a target and tuned to low intensity at 120 GeV/c momentum.
The final beam arriving at the test area had a composition of 55.67 % Π+, 38.95 % protons and 5.38
% K+. Following the time structure of the protons supplied by the SPS, the H6 beam line receives
a few seconds of protons during a full SPS cycle of roughly 20 seconds. Each spill provided around
3× 105 particles. In figure 9.23 the beam profile of a single spill is displayed, where the size of
the beam spot was roughly constant among all the runs taken (horizontal: around 16 mm, vertical
around 7mm).

Figure 9.23.: The beam profile as measured with wire chambers located close to the device under test. The measurement
was taken from a single spill.

9.5.4. The Test Setup

The test setup is shown in figure 9.24. We utilised the EUDET Beam Telescope [62] which already
provided a stable support platform including a motorised table with X-Y-Z and rotational controls.
The trigger was produced by an array of two scintillators before and two past the telescope detector
planes. Trigger information was sent to the readout of the EUDET Beam Telescope and the readout
system of our Device Under Test (DUT) including a timestamp. While the telescope was not
necessary for the analysis done for this work, the data was recorded and is available on disk for
later reference.
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Figure 9.24.: Test setup as used during the testbeam. The two boxes with the DESY logo each contain three planes of
pixel sensor for the telescope. The beam enters the setup from the left.

The test beam was carried out between 19. - 26. August 2009 were we collected more than 3 million
events. The data was not only collected with the sensors described in this work, but a number of
other sensors were tested as well.

9.5.5. Results

Regarding the performance of sensors with integrated PAs, the two most important issues are the
possible deterioration of the signal-to-noise ratio and the amount of additional cross talk introduced
by the routing. Both issues are influenced by several parameters and have to be dealt with individ-
ually for single and double metal designs.

For all upcoming plots, the calibration of signal to electrons is done using the APV25 built-in
calibration pulse method [63], [64] and [65]. The chip has the capability to create an internal
calibration signal of known charge and inject it on the strip. The signal measured on the strip can
than be calibrated to the known number of charge carriers. The method has a limited precision and
gives only a coarse calibration.

Signal and Noise

The signal induced by an incident particle has to travel along the additional routing line. As
these lines are rather narrow (8 µm) and therefore have a larger resistance than the wider (30
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µm) strip metallisation, the signal will deteriorate. Moreover, the additional capacity introduced
by the routing line could increase the capacitive noise picked up by the readout chip. Usually,
both effects are also found on traditional chip to sensor connection using external PAs, where the
added contributions are caused by the PA itself and the second bond necessary to connect to the
sensor.

As described earlier in section 9.5.1, all modules have an immediate connection between readout
chip and sensors using wire bonds. This is also true for the standard sensor SensorST to offer a
better direct comparison of the sensors performance alone.

The sensors with a single metal PA should experience an additional effect due to the missing strip
metallisation in the region of the integrated PA as seen in figure 9.25. As the metal is used to
route the signal to the readout pads, part of the strip is missing its metallisation. In a naive way
of thinking, signals created by particles inside the PA area have to travel along the uncovered strip
before they are capacitively linked to the metal strip. As the resistance of the p+ implant is much
higher than in the aluminium, some loss of signal can be expected.

Figure 9.25.: Close-up of the pitch adapter region on the single metal sensor SensorPA. The metalisation over the strips
is used to route the signal to the readout pads.

Figure 9.26 shows a comparison of the noise on a sensor with different PA concepts. For the single
metal sensors, the noise distribution is inconspicuous with a slight tendency of more strips with
high noise for the SensorPA structure. Nevertheless, there is no evidence for an increase in noise
caused by the additional capacitance of the routing strips.

The double metal sensor shows many strips with extremely high or low noise, originating from
bad channels. As already described in section 9.4, the low quality oxide encouraged the creation
of bad channels during bonding of the sensor. The distribution of bad channels is flat over the
full width of the sensor, although the bonding pads are only located over strips 28 to 102. This
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Figure 9.26.: Noise on a standard sensor without pitch adapter (SensorST, top - left), on a sensor with single metal pitch
adapter (SensorPA, top - right) and on a sensor with pitch adapter in a second metal layer (Sensor2MPA,
bottom - left). The noise is calibrated to electrons using the APV25 built-in calibration pulse method. The
non-uniform noise distribution on the Sensor2MPA is caused by bad channels.

indicates, that the mechanical force applied during bonding did damage the oxide between the two
metal layers and between p+ implant and first metal. The former would cause an ohmic connec-
tion between different strips resulting in a higher capacity and therefore increased noise, while the
later would cause a short-circuit of the readout capacitor and therefore reduce the capacity and the
noise.

Unfortunately, this makes the interpretation of the results from double metal sensors very difficult.
Various unknown artifacts in the data can be created by the bad strips, distorting the upcoming plots
on Sensor2MPA. Therefore I will only show some tendencies for the double metal PAs, but further
investigation is needed.

The signal created by particles hitting the sensor is shown in figure 9.27. It is defined as the most
probable value of a convoluted Landau-Gauss fit on the signals from all hits on a certain strip
(see section 3.1). The expected signal created by a MIP-like particle in 300 µm of silicon is 23.000
electron-hole pairs as discussed in section 3.1. The standard sensor SensorST fits these expectations
quite well, taking the coarse calibration method into account.

For SensorPA, the signal created by hits in the area outside the PA tend to be lower than for Sen-
sorST, which is probably an artifact of the calibration method. More important is the loss of signal
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Figure 9.27.: Signal on a standard sensor without pitch adapter (SensorST) and on a sensor with single metal pitch
adapter (SensorPA). The plot for SensorPA has signals calculated for hits inside the area of the pitch
adapter (blue) and outside (green). The signals are calibrated to electrons using the APV25 built-in cali-
bration pulse method.

for hits inside the PA area. Depending on the length of the uncovered area of the strip, the loss in
signal can be up to 50%.

Naturally, the same behaviour can be found in the signal-to-noise plots in figure 9.28, where each
signal is normalised to the noise of the hit strips. Here, the signal-to-noise ratios for SensorST and
SensorPA hits outside the PA are equal to 20. This confirms the suspicion, that the lower signals
for SensorPA in figure 9.27 are just an artifact of the calibration method. The results of the double
metal sensor Sensor2MPA are very interesting despite their distorted behaviour du to the many bad
strips. Nevertheless, there is no tendency towards loss of signal for hits inside the PA area visible.
This leads to the tentative but expected conclusion, that a second metal implementation of a PA
does not cause any apparent loss of signal.

Crosstalk

Due to the capacitive coupling between the routing lines and the strips p+ implant (in the single
metal designs) or the strips metallisation (in the double metal designs) some of the signal induced
in the strip is shared with other strips. The crossings of the routing lines and other strips are one
source of crosstalk, but as the area of these overlaps is rather small, the effect should be small as
well. A naive calculation using a simple parallel plate capacitor model and approximating single
and double metal designs with the same cross-section yields:

Ccrossing = ε0εox
wswr

d
= 8.2836×10−15F ≈ 8 fF (9.3)

where the dielectric constant of vacuum ε0 = 8.85× 10−12F/m, the dielectric constant of silicon
dioxide εox = 3.9, the width of the metal strips ws = 30 µm and the width of the routing lines wr =
8 µm and the thickness of the dielectric is d = 1 µm.
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Figure 9.28.: Signal-to-noise ratio (S/N) on a standard sensor without pitch adapter (SensorST), on a sensor with single
metal pitch adapter (SensorPA) and on a sensor with pitch adapter in a second metal layer (Sensor2MPA).
The plot for SensorPA has signals calculated for hits inside the area of the pitch adapter (blue) and outside
(green). The signals are calibrated to electrons using the APV25 built-in calibration pulse method.

A more pronounced effect can be expected, if routing lines run in parallel and near to or fully
overlapping a different strip. The same naive calculation as above, assuming the worst case were
the routing line fully overlaps the strip, yields:

CII,overlap = ε0εox
luwr

d
= 2.7612×10−13F ≈ 280 fF/mm (9.4)

where lu is a unit length of one mm. The longest routing line directly overlapping a strip is 3 mm
resulting in a capacity of already 740 fF.

To get an overview of the crosstalk introduced by the routing in the first and second metal layer, we
calculated correlations using the Kendall tau rank correlation coefficient [66]. For an event where a
certain strip was hit, we compare the signal height on all other strips (the strips not hit in this event)
to the signal heights of the same strips in all other events where the identical strip was hit. If the
difference in signal height between two events has the same sign as the difference in signal height
of the strip that was hit, we count it as a concordant pair (nc) and as non discordant pair (nc) if the
sign is negative. For each pair of hit strip (X-Axis) and non hit strip (Y-Axis) we get Kendall’s tau
which is defined as:

τK =
(nc−nd)

0.5n(n−1)
(9.5)
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The rank correlation coefficient τK is color coded and plotted for each pair of strips in figure 9.29 for
a sensor with a PA on the first metal layer (SensorPA and one without (SensorST as comparison.
τK is very sensitive to even very weak correlations, therefore pointing out any causes for even a
minimal crosstalk. Ignoring the various horizontal and vertical patterns which are caused by bad
strips, two diagonal lines are observable which are symmetrical around the 45◦ line of identical strip
pairs. This line directly corresponds to the geometrical pattern of routing on the sensor as seen in
figure 9.8.

While the Kendall tau rank coefficient reliably points out even very weak correlations, it does not
give any measure of the strength of the coupling. A second method was used to determine how
much of a signal originating from a strip hit by a particle can be seen on a different strip which
was not hit. For a strip which was hit by a particle, corresponding to a signal which was above
the threshold of 5 σ of the strip noise, its signal is plotted against the signal measured on a second
strip at the same time, resulting in a plot like the example in figure 9.30. The slope is determined
by calculating the mean of all hit-to-other strip relations. This gainfactor is then color coded and
plotted for each pair of strips in figure 9.32 and 9.33.

What is clearly seen in the lower gainfactor plot for SensorPA in figure 9.33, are the same lines
caused by the geometry of the on-sensor PA as seen in figure 9.29. The line with the steeper slope
is more pronounced than the line with the shallow slope. The steep slope is caused by signals
which are more likely deposited on a strip and directly coupled to a routing line running in parallel
to the strip implant as sketched in the left drawing in figure 9.31, where for the shallow slope
the opposite is more likely, a signal is deposited on a strip then runs along its routing line and
couples into a different strip implant in parallel to the strip as sketched in the right drawing in
figure 9.31. As expected, these effects are not observed for hits outside of the PA area. In figure
9.32 the same plot is shown for a SensorST as a reference and for Sensor2MPA which is heavily
distorted due to the many bad strips. Nevertheless, the characteristic lines, caused by the layout
of the PA in SensorPA, are not visible. This leads to the tentative conclusion, that the effect of
crosstalk caused by the PA on double metal sensors is much less pronounced than for the SensorPA
solution.
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Figure 9.29.: Kendall tau rank correlation coefficient for all pairs of strips for a sensor without on-sensor pitch adapter
(SensorST, top) and a sensor with an on-sensor pitch adapter in the first metal layer (SensorPA, bottom).
The hits on SensorPA are from inside the pitch adapter area only. The horizontal structures are artifacts
caused by bad strips.
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Figure 9.30.: Determination of the gainfactor for a single pair of strips. Strip 82 is hit by a particle and the signal
measured is assigned along the X-axis. The signal measured on strip 93 at the same time is assigned along
the Y-axis for each point. The slope of the line fit is the desired gainfactor for the pair 82-93.

Figure 9.31.: A particle hits a strip where a routing line runs in parallel and near to the implant (left). The signal is
directly coupled to the routing. For strips in the center, this is the more likely situation and the length of
the parallel sections of the routing is longer. If the particle hits a strip without a parallel routing near to the
implant, the coupling occurs between its routing line to an implant (right). For strips towards the edge of
the sensor, this is the more likely situation, where the parallel sections of the routing are shorter.
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Figure 9.32.: Gainfactor for all pairs of strips where the strip hit by a particle (above 5 σ noise) is indicated on the
X-axis and the other strips not hit at the same time are indicated on the Y-axis. The situation is shown for
a sensor without an on-sensor pitch adapter (SensorST, top) and on a sensor with a pitch adapter on the
second metal layer (Sensor2MPA, bottom). Due to the many bad channels, the full sensor seems to be
saturated in the lower plot.
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Figure 9.33.: Gainfactor for all pairs of strips where the strip hit by a particle (above 5 σ noise) is indicated on the
X-axis and the other strips not hit at the same time are indicated on the Y-axis. The situation is shown for
a sensor with a pitch adapter in the first metal layer (SensorPA, where hits are only located outside the
pitch adapter area (top) or where the its are only located inside the pitch adapter area (bottom).
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9.6. Summary

An novel concept of connecting readout chips to sensors has been presented in this chapter. It aims
at integrating the functionality of a pitch adapter into the sensor itself. I have presented several
methods of achieving this goal, like the integration in the first metal layer or adding a second metal
layer to perform the routing. Very advanced concepts which have the readout chip bump bonded
directly on top of the sensors have been introduced as well.

Several prototype sensor with different pitch adapter designs and integration methods have been
produced with ITE Warsaw, using the SiDDaTA framework described in chapter 7. The wafers
also contained the set of test structures described in chapter 8, which were used to asses the pro-
cess quality of the run. The results from the measurements of the test structures showed some
significant deviations from the parameters specified by me and ITE Warsaw, like a thicker read-
out oxide and very low polysilicon resistivity. The same issues were also seen in the electrical
characterisation of the sensors. A very serious issue is the mechanical instability of the oxide
layers which produced many bad channels during the wire bonding of the sensor. All the men-
tioned problems were discussed with ITE Warsaw and possible solutions for a new run were iden-
tified.

The sensors were tested in a beam at the SPS at CERN. The interesting issues I investigated are
signal loss and additional crosstalk introduced by the on-sensor pitch adapter. A signal reduction
for sensors with a pitch adapter in the first metal layer can be clearly observed. While achieving a
signal-to-noise ration of approximately 20 for hits outside of the pitch adapter area, the ratio can
drop down to 10 inside the pitch adapter area. The signal loss is proportional to the length of the
strip not covered by aluminium. Similar results have been obtained for the crosstalk investigations.
Hits inside the pitch adapter area produce significant crosstalk where up to 50% of the signal couples
into certain strips defined by the routing geometry.

These results show, that the SensorPA design with an on-sensor pitch adapter is a well working
design for hits outside the area of the routing. Hits on the sensor within this area are subject to
large signal loss and strong crosstalk. The Sensor2MPA design, were the routing is moved into
a second metal layer, should reduce these issues significantly. Unfortunately, the low mechanical
quality of the oxide layers has introduced many bad strips during the bonding process, making the
results not entirely conclusive. A tentative interpretation of the results suggests, that the issues seen
on SensorPA are very much mitigated in the double metal implementation. Further investigation
with new sensors of the same design but an improved manufacturing process are needed and already
envisaged for 2010.
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The upgrade of the LHC accelerator to the high luminosity sLHC will put strong demands on the
tracker of the CMS experiment. The increase in particle interactions will require new radiation hard
materials for the silicon strip sensors and a approach on sensor and module design to produce highly
integrated detector modules.

My review of the current status of the RD50 research project provided a number of promising
candidates as bulk material for the middle to outer layers of the CMS Tracker upgrade. The most
favorable materials in terms of radiation hardness today, are thin n-type or p-type MCz with n+
strips. Nevertheless, to conclude the selection process, a full study of all available options has
to be done, where all samples are produced by a single high quality manufacturer, to mitigate
the influence of the quality of the manufacturing process on the results. Such an order is now in
production at Hamamatsu, Japan. The results and conclusions from a large irradiation campaign
performed on the sensors and test structures will enable the final selection of a suitable material and
production process.

To asses the quality of radiation hard silicon strip sensors, specialized test structures are required
to measure all relevant parameters. The design of the structures needs to be flexible to adapt them
to the different manufacturing processes available, while enabling the reliable measurement of all
relevant values. Originating from the set of test structures used to monitor the production quality
of the original strip sensors of the CMS Tracker, I have suggested several improvements to the
existing structures. These structures have been manufactured by ITE Warsaw in two production
runs and electrically characterised by me at the HEPHY in Vienna. All improvements were val-
idated successfully including a new structure to measure the oxide thickness between two metal
layers.
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To facilitate the flexible design of the test structures I created the SiDDaTA framework to implement
the improved test structures and design entirely new ones. Furthermore, the framework is suitable
to create full strip sensor designs which are adaptable to specific requirements in a very flexible
and easy way, using a simple parameter based model. Apart from the applications documented in
this work, the SiDDaTA framework has already proven to be an indispensable tool in many other
projects.

Using the SiDDaTA framework, several advanced sensors have been designed and later produced
at ITE Warsaw. I created the sensor layouts with the aim of integrating the functionality of an
external pitch adapter onto the sensor. This concept allows the construction of light strip detector
modules with a very high density of readout channels. After the careful electric characterisation
of the sensors, they have been field tested in a beam test experiment. The results show, that the
concept of an on-sensor pitch adapter in the first metal layer is very cost effective solution with
reduced performance in the area of the pitch adapter. These shortcomings should be mitigated by
the more cost-intensive double metal solution. Unfortunately, the measurements on these double
metal sensors with on-sensor pitch adapter are distorted by a large number of bad channels which are
caused by a low quality oxide. Nevertheless the results show no hints on a reduction in performance
compared to a standard sensor. A new run of double metal sensors with on-sensor pitch adapters
at ITE Warsaw is already in production. It will feature an improved manufacturing process to
overcome the problems of the low oxide quality.

Ultimately, the double metal sensors with on-sensor pitch adapters will enable the construction of
the highly integrated detector modules needed for the CMS Tracker upgrade.
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A
SiDDaTA Device Initialization Code

//**********************************************************//
// Initialization //
//**********************************************************//
$freeze_window(); // Freeze graphical output to improve performance
$set_autoselect(@true); // Important for certain functions to work properly!!!
local u_lvl = $get_undo_level(); // Safe current undo level to revert to it at the end
$set_undo_level(0); // Set number of undo steps to 0 to improve performance
WindowCount = 0; // Initialize window counter to activate windows
WC = $strcat("IC ", WindowCount); // Variable to correctly call windows

// *** Clean Layout
$set_active_window(WC);
$add_shape([[-10,-10],[10,10]], LayerMetal1, @internal, @nokeep);// To have something to clean

// otherwise stops with an error
$select_all();
$delete();

// *** Load Librarys
$dofile(’$AMPLE_PATH/GLOBAL/globalsDevice.ample’); // Load specific device globals first
$dofile(’$AMPLE_PATH/GLOBAL/LoadLib.ample’); // Load automatic library loader
LoadLib(); // Run automatic library loader to load

// all libraries and globals
// Also loads the user defined options in MyGLOBALS
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