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The High-Luminosity phase of the Large Hadron Collider (HL-LHC), that is
expected to become operational in 2026, aims at increasing the luminosity of
the LHC up to ten times higher than its current nominal value. This in turn
calls for improving the radiation hardness of the CMS tracker detectors that
will be subjected to significantly greater levels of radiation. The following thesis
aims at examining the electrical properties of metal–oxide semiconductor (MOS)
capacitors and silicon sensors of different structures with a design developed for
CMS Beam Luminosity Telescope (BLT). These were fabricated on three different
wafers and the atomic layer deposition (ALD) of alumina on the p-type silicon
substrate was done by using either ozone (O3), water (H2O), or water and ozone
(H2O+O3) pulsed directly one after the other, as oxygen precursor. The same
study is made on Radiation Monitoring (RADMON)-type sensors with n-type
silicon substrate and Titanium Nitride (TiN) based bias resistors generated on
substrate by deposition of a thin TiN layer by radio-frequency sputtering with
different sputtering parameters. Electrical properties of these sensors are derived
by measuring their capacitance–voltage and current–voltage characteristics.
The results demonstrate that BLT diodes from the three different wafers, having the
same thickness, give the same value for full depletion voltage. However, structures
with larger metalization area have larger surface currents. RADMON and standard
BLT diodes of the same wafer do not show any significant difference in full depletion
voltage. However, leakage current for the p-type sensor is higher in comparison to
that of the n-type sensor. Results also show that MOS capacitor samples from the
H2O+O3 wafer are more sensitive to radiation compared to those from the H2O
and O3 wafers. Further, TiN based bias resistor samples produced with shorter
sputtering time and lower Argon gas flow rate and a high Nitrogen gas flow rate
have a higher resistance.
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capacitors, TiN bias resistors
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1 Introduction

1.1 The LHC
The Large Hadron Collider (LHC) at the European Organisation for Nuclear Research
(CERN) is the world’s largest particle accelerator and can accelerate protons and
heavy ions such as lead ions. It can deliver collisions of protons, lead ions, and
protons on lead ions. After a decade of construction, the operation of the LHC began
in March, 2010. It is located 100 meters underground in the French-Swiss border,
close to Geneva. The tunnel extends up to a circumference of 27 km consisting of two
adjacent parallel beam pipes, each containing a proton beam that travel in opposite
directions and intersect at four points along the ring. A total of approximately 9300,
magnets which include dipole and quadruple magnets are used to keep the beams
on their circular path. The luminosity (L) of the LHC, which is an indicator of the
accelerator’s performance is given by:

L = γfkN2
P

4πεnβ∗
F, (1)

where γ is the Lorentz factor, f is the frequency, k is the number of colliding
bunches per beam, NP is the number of protons per bunch crossings, εn is the
normalized transverse emittance with a value set to 3.75 µm, β∗ is the betatron
function at the point of interaction and F is the reduction factor due to crossing
angle. The luminosity is designed to an order of 1034 cm−2s−1 to generate 1 billion
proton-proton interactions per second such that it was possible to obtain sufficient
rate of interesting physics like the standard model Higgs boson or supersymmetry.
The bunch crossing rate at the designed luminosity is 40.08 MHz such that one has
a bunch crossing every 25 ns. Each particle (flying at the speed of light) makes
about 11000 (which is equal to the frequency f in equation (1)) turns in the LHC
per second. Hence, one turn takes 90 µs [1].

The accelerator chain of the LHC [Figure 1] consists of the linear accelerator-3
(LINAC-3), which produces protons initially with an energy of 50 MeV. Later on,
these protons are accelerated in the Booster to 1.4 GeV before getting injected to
the Proton Synchrotron (PS). They are further accelerated to 26 GeV within the
PS, and then to 450 GeV within the Super-Proton Synchrotron (SPS). Finally, they
are injected into the LHC at 450 GeV and accelerated to an energy, which is half
of the center-of-mass energy

√
s. The maximal energy of the protons is 7 TeV and

hence the
√
s is equals to 14 TeV. The injection energy is not the same as they are

collided at.[2].
The operation of the the accelerator began in 2010. Run 1 is referred to as the

running period between 2010–2012. In 2010 and 2011, the LHC was operated with a
center of mass energy of 7 TeV that increased to 8 TeV in 2012 with an integrated
luminosity of near 23 fb−1 that was delivered to CMS during that year. After Run 1,
there was a long two-year shutdown LS1 (Long Shutdown 1) during which all the
experiments and the accelerator were consolidated. Further in 2015, Run 2 started
with a center of mass energy of 13 TeV and delivered integrated luminosities of



2

49.8 fb−1 in 2017 and 68.2 fb−1 in 2018. Run 2, however, is already finished and we
are now in the Long Shutdown 2 (LS2) phase. LS2 will be followed by Run 3 during
which the total integrated luminosity collected is expected to increase to 300 fb−1 by
the end of 2024. Again, from 2024 to 2026 there will be a Long Shutdown 3 (LS3).
Since the accelerator and the different experiments at the LHC would operate in a
High Luminosity (HL) phase after LS3, certain features of the upgrades will start
during LS2 [3, 4].

The seven experiments at the LHC make use of different types of detectors
in order to detect and analyze the vast multitude of particles that are produced
in p-p collisions. The four major experiments at LHC are: ATLAS (A Toroidal
LHC Apparatus), CMS (Compact Muon Solenoid), ALICE (A Large Ion Collider
Experiment) and LHCb (Large Hadron Collider- beauty). Both the ATLAS and
CMS experiments independently announced the discovery of Higgs Boson on 4th
July, 2012. CMS predicted the mass of an unknown boson to be of a magnitude of
125.3±0.6 GeV/c2 and ATLAS predicted the mass of a boson to be 126.0±0.6 GeV/c2.
When combining the data, both the experiments independently came to a conclusion
within a significance of 5σ. Eventually on 31 July, 2012 ATLAS presented some
additional analyzed data with an improved significance value of 5.9σ thereby stating
the mass of this “new particle” to be of a magnitude of 126± 0.4 (statistical error)
±0.4 (systematic error) GeV/c2 [5]. On the very same day, CMS showed some
additional analyzed data with an improved significance of 5σ and stating the mass
of the boson to be 125.3± 0.4 (statistical error) ±0.5 (systematic error) GeV/c2 [6].

1.2 CMS experiment
The work here focuses on the CMS experiment, specifically on the CMS tracker.
Figure 2 shows a layout of the CMS detector. Different parts of the detector are
specialized in detecting different particles reliably. The main parts of the CMS detec-
tor are the tracker, the electromagnetic calorimeter (ECAL), hadronic calorimeters
(HCAL) and the muon detection system. It also consists of a 3.8 T superconducting
solenoid, surrounding the silicon tracker. The tracker determines the charged particle
trajectories by spatially locating the particle tracks, the ECAL and the HCAL.
The inner silicon tracker consists of pixel detectors that are located closest to the
interaction point as the multiplicity per area is the largest at that point. The pixel
detector is surrounded by silicon strip detectors. The overall length and diameter of
the tracker comprising 1632 pixel and 15148 strip detector modules corresponds to
5.4 and 2.4 meters respectively. This accounts to 127 million pixel cells and 10 million
strips that are available in the tracker [7].

The luminosity of the LHC is planned to smoothly rise up to 5× 1034 cm−2s−1

sometime after 2020. By the middle of the 2030’s, the total collected integrated
luminosity would reach a value of 3000 fb−1. Since LHC will reach the High Luminosity
phase (HL-LHC), CMS is going to need a new tracker detector in order to operate at
the delivered luminosity. An increase in the levels of radiation requires an improved
radiation hardness. Also with an increase in particle density which is associated with
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Figure 1: LHC accelerator chain [Image c© 2018 CERN]

the increase in pileup, there is a need to improve the detector granularity in order to
decrease the occupancy.

The inner tracker (IT) is subject to an extreme radiation environment at the
HL-LHC, which requires pixel sensors to be optimized for these conditions. The
detector performance is deteriorated by radiation with an increase in leakage current
causing an undesirable signal-to-noise ratio, decrease in the charge collection efficiency
along with a decrease in charge collection distance and an increase in the depletion
voltage. Under these conditions, thin sensors are advantageous over thick sensors
since severe trapping takes place in the bulk of the silicon substrate at larger fluences.
Another advantage is that thinner sensors require lower operational voltages and
also generate lower leakage currents. The active thickness of the planar pixel sensors
would be upgraded from 270 µm and 285 µm in Phase-1 to active thicknesses of
100–150 µm. CMS has therefore initiated several Research and Development (R&D)
submissions for planar sensors for studying design options for thin sensors with fine
pitch. Initially, the silicon detector wafers used in CMS were processed by the Float
Zone (FZ) method as it has high purity [8]. Especially fast neutrons damage the
silicon bulk, leading to a degradation of the leakage current. In order to mitigate
this problem, a thorough research was done in the field of manufacturing silicon
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Figure 2: Schematic of the CMS detector [Image c© 2018 CERN]

detectors by controlling the oxygen concentration by diffusing oxygen into the silicon
(DOFZ). Although this method helped in decreasing the leakage current degradation
along with donor removal which is required for improving the radiation hardness,
it also imposed a disadvantage of creating higher contamination rate during high
temperature processing and is not cost-effective [9]. This in turn shifted to an
increasing interest towards magnetic Czochralski (MCz) silicon crystals as they have
a higher oxygen concentration, higher resistivity and their growth is less expensive.
Infact, the CMS Upgrade project group in Helsinki Institute of Physics was the first
group that started developing the MCz-Si detectors [10]. Therefore, there is a a lot
of interest in development of particle detectors with higher radiation hardness from
Czochralski silicon in CMS upgrade project.

1.3 Motivation of Thesis
Before using the silicon detectors at the experiment, these sensors are studied and
evaluated before and after irradiation in the laboratory and at test beam experiments
to test for radiation hardness, charge collection efficiency, spatial resolution, full
depletion voltage, breakdown voltage, leakage current and pixel hit efficiency. In
order to get a detailed understanding of the properties of these sensors, quality
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assurance (QA) tests can be performed by current-voltage (I-V) and capacitance-
voltage (C-V) measurements as well as Transient Current Technique (TCT) and
edge-TCT measurements.

This thesis focuses on silicon-based planar sensors as well as some of the other
semiconductor components such as MOS capacitors and bias resistors for AC-coupled
silicon detectors. Chapter 2 describes silicon detectors and explains how a pn-
junction diode can be used as a particle detector. Further, it also describes damage
induced by radiation both within the bulk of the silicon substrate as well as in the
surface of the detector. Chapter 3 focuses on other components, namely: MOS
capacitors and bias resistors for AC-coupled silicon detectors. In order to study the
surface current and surface damage, we are interested in studying MOS capacitors
as explained in Section 3.1, wherein we will be looking at the C-V characterization
as well as ideal and non-ideal effects of the MOS capacitors (specifically p-type
MOS capacitors). Section 3.2 gives a brief description of Titanium Nitride based
thin film bias resistors which are components for AC-coupled silicon detectors for
mitigating the effect of increased leakage current which is a consequence of radiation
damage. Section 3.3 describes the fabrication process of diodes, MOS capacitors and
Titanium Nitride (TiN) based bias resistor test structures. Chapter 4 describes the
C-V and I-V characterization technique, explaining about the measurement set-up,
the specifications of the measured samples along with the determination of certain
crucial parameters of particle detectors, MOS capacitors and bias resistors. Chapter
5 focuses on the results and their discussion. Finally, Chapter 6 summarizes the
conclusions derived from the thesis.
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2 Silicon Detectors

2.1 Properties of Silicon and Doping
Silicon is the leading semiconductor element that has not just metamorphosized the
development of electronics but has also shown its dominance in the production of
position sensitive detectors in the field of particle physics. Silicon, at low temperatures
isolates itself, whereas it shows conductance at high temperature. The band gap for
silicon is of about 1.12 eV which is much greater than the thermal energy at room
temperature with a magnitude of 0.026 eV. Since the thermal energy is much lower
than the band gap, Silicon can well be used at room temperature (RT). However,
when there is too much radiation damage, we want to reduce leakage currents by
cooling down the detector [11].

Silicon is a group-IV element wherein each atom consists of fourteen negatively
charged electrons surrounding its nucleus. Out of fourteen electrons, only the four
electrons found in the outermost shell of the atom are available for chemical bonding.
In the silicon crystal, every atom makes four covalent bonds by sharing each of its
valence electron with four adjacent atoms within the crystal. In a semiconductor,
the energy band diagram consists of electrons in the valence band that jump into a
band of electron orbitals in the conduction band on excitation. The energy difference
between the conduction band and the valence band is called band gap and this gap
between the two bands is called forbidden region. The Fermi energy is the maximum
energy occupied by an electron orbital at absolute zero. There are about 1010 free
charge carriers at room temperature within an intrinsic silicon. It can be doped with
certain impurities in order to alter its free charge carrier concentration. In absence
of impurities within the silicon crystal, the number of electrons in the conduction
band is equal to the the number of holes in the valence band [12].

The conductivity of intrinsic silicon can be altered by doping wherein additional
energy states are inserted in the forbidden region in order to increase the probability
for electron or hole excitation. Silicon sensors with an n-type bulk are fabricated
by adding an element of type-V also known as a donor impurity (e.g Phosphorus)
thereby providing an excess of electrons as majority charge carriers. Similarly, silicon
sensors with a p-type bulk can be generated by adding type-III material also known
as acceptor impurity (e.g Boron) giving rise to an excess number of holes as majority
charge carriers. For a silicon sensor with n-type bulk used in high-energy physics
experiments, the approximate doping concentration is of the order of 1012 cm−3. The
n+/p+ implants doped in pixel sensors are of the order of 1018 cm−3 [13, 14].

Depending upon the doping, the extrinsic silicon crystal will have mobile electrons
or holes. The electrical conduction mechanism depends upon the mobility µ, drift
velocity vD that depends upon applied electric field E and the concentration of
charge available. The relation between vD, µ and E is given as follows:

vD = µE (2)

Conductivity σ of the silicon material is given by:
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σ = e[µen+ µhp] (3)

where µe and µh refer to the mobility of electrons and holes respectively. n and p
are the concentration of electrons and holes in the silicon bulk and e is the value of
the fundamental charge. Therefore, the resistivity ρ is given by:

ρ = 1
e[µen+ µhp]

(4)

2.2 p-n Junction used as Particle Detector
A p-n junction is fabricated by joining a p-type silicon and n-type silicon together.
Due to the difference in concentration of mobile charge carriers in the silicon crystal,
there is a thermal motion of majority free electrons from the n-type material diffusing
into the p-type material. Similarly, due to difference in doping, there is a mobility
of holes from the p-type side diffusing into the n-type side. With the diffusion of
electrons from n-type to p-type region, there are positively charged Phosphorous ions
near the interface of the the n and p regions left behind. Similarly, negatively charged
Boron ions are left behind in the interface as the holes diffuse from p to n region.
The fixed ions in the interface, generate an electric field from the positively charged
ions in n-type to the negatively charged ions in p-type called “built-in” electric field.
This built-in electric field causes the electrons and holes to flow in opposite directions
until they reach a stable equilibrium after the electrons have moved back and forth
across the junction such that the net flow is zero.

It can also be seen as electrons moving to an energy level lower than the Fermi
level and holes moving to energy level higher than the Fermi level which leads to the
formation of a Space Charge Region (SCR) in the junction at equilibrium. Figure 3
is a schematic representation showing the formation of SCR. The band diagrams
for p-type and n-type region are shown along with their Fermi levels EF−p, EF−n

separately. The dashed line shows the Fermi level EF−i of the intrinsic sensor. At
the moment of contact, the electrons move inside the material with lower energy
while the opposite is true for holes. The last diagram shows a state of equilibrium
wherein a space charge is built up and the potentials are shifted accordingly but the
Fermi energy is kept constant everywhere [15].

The SCR is “depleted” of mobile charges, thereby leaving the fixed charges
associated with the dopant atoms. This region is also called depleted region and is
highly resistive. The resistance of the depletion region changes on the basis of the
external applied electric field. If the external electric field is in the same direction as
that of the ’built-in’ field, the SCR width increases and vice-versa. When a positive
voltage is applied to the p-type region and a negative voltage is applied to the n-type
region, the p-n junction is said to be in forward biased configuration where the
current can flow, as the resistance of the depletion region reduces, and the direction
of the external applied electric field is opposite to that of the built-in electric field. In
the case of silicon, the depletion region has a considerable potential barrier between
0-0.6 V. However, beyond 0.6 V, the resistance gets very small and the current
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Figure 3: p-n Junction showing formation of the space charge region (SCR). EC and
EV refer to the conduction and valence bands, respectively. EF−n and EF−p refer to
the Fermi level of n-type and p-type semiconductor [14].

flows without any impedance. If a negative voltage is applied to the p-type region
and a positive voltage is applied to the n-type region of the p-n junction (called
reverse-bias configuration), the current flow reduces as the resistance increases. In
reverse-bias configuration, the current is extremely low. However, beyond a certain
voltage, the junction undergoes a breakdown and the current flow increases. This
voltage corresponding to the breakdown is called breakdown voltage [15].

In order to get an approximative understanding of the variation of depletion
region with the change in external applied electric field, we shall start by analyzing
the electrostatic potential φ described by the Poisson equation [16].

d2φ

dx2 = − 1
εSCRε0

ρ(x) (5)

Assuming that a dynamic equilibrium is created wherein the diffusion and the field
current of both the charge carriers are compensating each other and on completion
of ionization, the charge density ρ(x) is described as the summation of the charge
due to acceptor impurity density (NA) and donor impurity density (ND) as well
as the the mobile electron and hole charge concentration given by n(x) and p(x),
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respectively.

ρ(x) = −e[n(x)− p(x) +NA −ND] (6)

The space charge region width (w) is given by:

w = xp − xn (7)

where xp and xn are the negatively charged region and positively charged regions in
p-type and n-type region respectively of the p-n junction.

In order to get the electric field strength (|E|) for n-type region and p-type region
respectively, we integrate the Poisson equation (equation 5) and assume an abrupt
change in charge density ρ(x) in the space charge region as shown in Figure 4(d) and
4(e). Taking this approximation into consideration, we get the electric field strengths
for the n-type and p-type regions in SCR as follows:

| En(x) |= + eND

εSCRε0
(x+ xn) (8)

| Ep(x) |= + eNA

εSCRε0
(x− xp) (9)

The electric potential φ(x) for the n-region (−xn ≤ x ≤ 0) and p-region
(0 ≤ x ≤ xp), expressions given in equation (10) and (11) respectively, can be
obtained by integrating the electric field strengths given in equations (8) and (9)
twice.

φn(x) = −1
2 |Emax|xn

[(
x

xn

)2
+ 2 x

xn

]
(10)

φp(x) = +1
2 |Emax|xp

( x
xp

)2

− 2 x
xp

 (11)

Figure 4(f) shows the parabolic behavior of the potential φ(x) throughout the p-n
junction. The built-in voltage (also known as the diffusion voltage) is the difference
in the potential within the space charge region. In order to obtain the diffusion
voltage VDiffusion, we use the boundary condition φ(x = 0) = 0, that gives us:

VDiffusion = φp(+xp)− φn(−xn) = 1
2 |Emax|w (12)

For silicon sensors dominated by a particular impurity (acceptor or donor), the
resistivity which is a very crucial factor depends upon the effective number of
donor/acceptor impurities (Neff) which is much larger than the intrinsic carrier
concentration given by:

ρ = 1
e(µNeff ) (13)

where µ is the mobility of charge carriers. On combining equations (13), (8) and
(9), we get the following relation for VDiffusion:
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Figure 4: The above diagram displays: (a) A schematic visualization of the atomic
and charge distribution. (b) The doping profile. (c) The mobile charge density. (d)
The space charge density. (e) The simplified electric field configuration within the
space charge region. (f) The electric potential (UD). (g) Electron energy across the
pn-junction. ECn, EV n, EF and Ein are energy levels corresponding to conduction
band, valence band, Fermi energy and intrinsic Fermi energy of the semiconductor,
respectively. All the states depicted are in state of equilibrium in absence of any
external applied voltage [15].

VDiffusion = 1
2µρεw

2 (14)
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The entire system is defined by energy barriers which are completely defined by
the doping concentrations. Creation of large volumes with pure doping concentration
difference is technically impossible; Vdiffusion is of the order of a few to some hundred
millivolts with SCR of some tens of microns. An additional technique is needed
to increase the depleted region. An external voltage would disturb the equilibrium
and lead to generation and recombination of electrons/holes. As shown in Figure 5,
depending upon the magnitude along with the polarity of the external voltage applied,
the intrinsic potential barrier either increases or decreases.

Silicon sensors in high-energy physics experiments are operated in reverse bias
mode. At the junction, the charge carriers generated in the space charge region or
the depleted region are collected while those in the non-depleted region combine with
the free majority charge carriers or are lost by recombining with generation partner.
Therefore, the aim is to determine the external voltage applied at which the entire
silicon bulk is depleted entirely.

Vexternal = Vbias � VDiffusion, equation (14) gives rise to:

w =
√

2εµρVbias (15)
Alternatively,

Vfulldepletion = VF D = D2

2εµρ (16)

where D is the width of the depleted region within the bulk. Full depletion
voltage (VFD) is one of the crucial parameters required for the sensor to operate in a
minimal voltage value without undergoing a breakdown in current.

At lower reverse bias voltages, the diode is partially depleted. Under this condition,
the total leakage current is a summation of current corresponding to the un-depleted
region (Js) and generation current, (Jgen) arising from the SCR. However, on
neglecting the leakage currents in silicon detectors due to surface charge currents
and tunneling effect of charge carriers in between the energy states within the band
gap, the concentration of majority charge carriers is higher than the concentration
of minority charge carriers. When the reverse bias voltage is greater than the full
depletion voltage, a new electric field is established that sweeps the electron-hole pairs
out of the depleted region. This gives rise to undesired effects such as Shockley-Read-
Hall emissions which gives rise to leakage current. Consequently, when the silicon
bulk is fully depleted, generation current in SCR becomes dominant. Therefore, the
total leakage current (Ileakage) for a fully depleted particle detector is given as follows:

Ileakage = Jgen = qniw

τgen

(17)

where τgen denotes generation lifetime of minority charge carriers and ni is the
intrinsic carrier concentration given as:

n2
i = np = NC NV e

−Eg
kBT (18)

wherein NC and NV are the effective density of states for conduction band and valence
band, respectively, Eg is the band gap of silicon, kB is the Boltzmann’s constant,
and T is the temperature [17].
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Figure 5: The barrier decreases in forward bias case as the majority carriers flow
freely through the diode which leads to an increase in the depletion width while the
barrier and depletion width increase for reverse-bias case [14].

As shown in equation (16), the depletion width is directly proportional to
√
VF D.

The leakage current increases linearly with an increase in the width of the depletion
region, as shown in equation (18), but saturates at VF D. Therefore, it increases
linearly to

√
Vbias only until VF D. The leakage current subsequently starts to show

an exponential rise as it reaches a breakdown due to shorting of the guard rings, or
similar surface effects, as well as charge multiplication during the collisions of charge
with the lattice or due to quantum mechanical tunneling effect.

Since collision events at the LHC occur in an interval of 25 ns, it is necessary to
have an efficient read out electronics to detect the signals and differentiate each signal
from another. Figure 6(i) shows the schematics of a silicon pad sensor with a central
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contact pad surrounded by guard rings. The central contact pad is the active area of
the sensor. It consists of a central hole, which acts as an optical opening in the metal
layer. The metal contact on the pad is connected to the read out electronics where
the intrinsic signal is shaped and amplified. The guard ring shapes the electric field
exactly at the edges and prevents breakdown due to high electric fields by minimizing
the effects near the cutting edges of the sensor, thereby ensuring that a homogeneous
potential exists throughout the entire sensor including its edges. There are two ways
of making connections with the guard ring: (1) when the guard ring is connected to
the ground, it drains the leakage current due to the edges, or (2) at higher voltage
values, the guard ring is left floating. This ensures a gradual gradient in the potential
as the voltage drops from outside in [18].

Figure 6: Schematics showing (i) the sensor layout (ii) working principle of a silicon
particle detector

Figure 6(ii) shows a cross-sectional view of the silicon pad sensor demonstrating
the operation of a fully depleted silicon particle detector by reverse bias. The sensor is
fabricated with a lightly doped n-type silicon bulk and the width of the sensor is about
300 µm. Thin and heavily doped acceptor type impurities create p+ implantations
and donor type impurities create n+ implants with high resistivity in the front and
back side of the sensor respectively. Silicon has a band gap of 1.12 eV. Charged
particles traversing the silicon detector need to have an energy higher than the band
gap of silicon in order to excite the electrons from valence to conduction band thereby
generating electron-hole (e-h) pairs. Under the influence on an external applied
electric field, the charge carriers drift to their corresponding electrodes thereby
inducing a current signal. Electrons move toward the n+ backplane while holes are
collected at the p+ side [19].

Charged particles possessing a minimum mean energy loss rate through interacting
matter, also known as Minimum Ionizing Particle (MIPS), are detected by the
excitation of atoms due to the passage of charged particles through the medium.
These charged particles deposit energy in matter and it is this deposited energy (and
not the enrgy of the particle) that is important for detection. Silicon sensors have
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a good intrinsic energy resolution. A charge particle with an energy of 3.6 eV is
capable of generating an ionization of 80 electron-hole pairs per µm as it passes
through the sensor, since its energy is higher than the intrinsic band gap of silicon,
which is of a magnitude of 1.14 eV . Therefore, in order to conserve momentum, the
rest of the energy contributes to lattice vibrations through phonon excitation. More
than the lattice vibrations, the noise due to electronics is responsible for reducing
the charge carriers generated by the energy absorbed within the depletion width of
the sensor. Electronic noise arising due to the pulse processing read out circuitry
and fluctuations in the signal are accountable for shaping of the pulse.

Silicon detectors used in high-energy physics have a thickness of 50–500 µm
which is much less than that of gaseous detectors. They even have a better energy
resolution in comparison to gaseous detectors as the energy required to ionize a
gaseous molecule is about 30 eV and with the same amount energy, silicon sensors
can generate ten times the number of e-h pairs to detect the particle [13].

Position measurements in High Energy Physics (HEP) experiments can be
achieved by two different detector technology principles based on one directional
segmentation (in strip sensors) or two directional segmentation (in pixel sensors) on
the top side of the sensor. Being close to the point of interaction during the collisions,
pixel sensors are accountable for detecting the vertex position of the point of collision
of the particles. Large volumes of strip detectors are responsible for reconstructing
the tracks of the particles with high accuracy in silicon tracking systems. The
term “pitch” refers to the distance between the centers of the implants for strip or
pixel sensors. The complexity and space required to accommodate the front-end
read out electronics is responsible in determining the pitch for pixel sensors as it is
necessary to read out charge from every fine segment of implantation [20]. Therefore,
in comparison to strip sensors, pixel sensors have a higher power consumption which
consequently stipulates for an efficient cooling system in order to support the design
structure.

2.3 Radiation Damage in Silicon Detectors
Silicon detectors at the LHC operate in an extremely intense radiation environment
which causes a deterioration in their performance. Damages induced by radiation
can be divided into two types: bulk damage and surface damage [21].

2.3.1 Bulk Damage

Interaction of a silicon atom within the bulk of the detector with a large flux of highly
energetic hadrons can lead to dislocation of the silicon atom from its lattice site to an
interstitial site thereby generating a vacancy. Both the interstitial and vacant sites,
known as Frenkel pair, keep relocating within the lattice and may form a point defect
with the doping atoms present within the bulk. An increase in charge carrier trapping
arises due to dislocation. If the energy imparted on the displaced atom is higher
than its threshold binding energy, the energy possessed by the recoiled silicon atom
is high enough to either contribute to ionization or further displacement damage in a
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cascade of multiple interactions thereby causing cluster defects. Ionization does not
cause any relevant displacements within the lattice structure of the bulk. However,
point defects along the path of the recoiled atoms and the cluster defects [shown in
Figure 7] in the end of their paths are responsible for radiation damage within the
silicon bulk.

Figure 7: Schematic illustration of bulk damage within the silicon crystal due to
deep level cluster defects [22].

The amount of energy required to create a point defect within the lattice is
of about 25 eV, while the energy required to generate a cluster defect is of about
5 keV. The displacement damage due to neutron irradiations is caused by the
high recoil energy of the silicon atoms creating cluster defects, whereas the displace
damage due to gamma irradiation is caused by the Compton electrons that produce
isolated point defects. Therefore, the Non-Ionizing Energy Loss (NIEL) hypothesis
is an approximation which scales the radiation-induced effects due to different types
of particles with different energies with the radiation damage produced with the
bulk. According to the hypothesis, the damage depends upon the energy transferred
between subsequent collisions regardless of the energy and type of particle. The
NIEL factor can be defined as a reduced scaling factor which compares the damage
induced by an arbitrary beam with a specific spectral distribution and fluence to
damage due to 1 MeV equivalent neutron fluence [15].

The important properties affected by radiation-induced degradation due to bulk
defects are described below:

1) Leakage current: Deep level defects, like cluster defects, act like the generation
and recombination centers that facilitate the transition of electrons from valence to
conduction band. These deep level defects are responsible for the increase in leakage
current under radiation. Equation (19) shows the expression of the change in volume
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leakage current ∆J for 1 MeV equivalent neutron fluence Φn,equ:

∆J = α× Φn.equ (19)

where, α is the damage constant. According to the above relation, the leakage
current density (current per unit volume) increases linearly with fluence [21].

The number of minority carriers within the bulk as well as the active/depleted
region of the silicon sensor accounts to the measurement of the leakage current with
varying voltage. The electron-hole pair generation sites within the depleted region
of the bulk have an energy level close to Fermi level within the band gap. As a
result, these sites generate electron-hole pairs on thermal excitation and make a
major contribution to the leakage current [23]. As an example, Figure 8 shows the
variation of total leakage current with temperature for an irradiated 3-D pad sensor.
It is clear that a cooling from 261 K to 253 K = -8 ◦C reduces the leakage current
nearly by a factor of 2. The current at a given voltage increases with an increase in
temperature. Therefore, the irradiated sensors are cooled during operation.

Figure 8: Total leakage current versus voltage with varying temperature for an
irradiated 3-D pad sensor [24]

2) Electrical neutral bulk (ENB): The electric field across the un-depleted region
within the bulk of the sensor, when the detector is not fully depleted, is at zero or
neutral. This condition is called electrical neutral bulk. However, with irradiation,
the resistivity of the bulk changes due to the the deep level defects that induce carrier
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removal and recombination. Regardless of the bulk being float zone or Czochralski
as well as n-type or p-type, its ENB resistivity increases with the radiation fluence.
Beyond a certain fluence value, the resistivity saturates at a value close to the
resistivity of intrinsic silicon within an order of magnitude of 200-300 kΩ-cm.

3) Full depletion voltage: The space charge region for a fully depleted n-type
silicon detector undergoes a sign inversion (as shown in Figure 9), going from positive
to negative, under radiation. The total space charge density, also referred to as the
effective doping concentration Neff , is negative due to deep level defects induced by
hadronic radiations. According to equations (13) and (14), Neff increases with an
increase in the magnitude of full depletion voltage. For n-type bulk, the total Neff is
positive. As the full depletion voltage increases with fluence, so does the negative
value of total Neff arising due to acceptor-type defects, thereby compensating the
positive effect due to its original space charges. With further increase in the fluence,
beyond a certain point, the negative contribution due to total Neff charge supersedes
its positive value. This phenomenon is called Space Charge Sign Inversion (SCSI).
Initially, with an increase in fluence, the full depletion voltage decreases due to
donor removal. At higher fluences, negative space charge starts to dominate due to
acceptor creation. The depletion region begins to grow from the n+ implant of the
sensor. After SCSI, the n-type detector begins to act as a “p-type” detector and this
phenomenon is known as type inversion [25, 26].

Figure 9: Schematic showing SCSI for n-type detector (thickness = 300 µm) in
the variation of full depletion voltage Udep and Neff with equivalent neutron fluence
(Φeq) [21].

4) Trapping: Radiation induces charge trapping centers within the depleted region
of the silicon bulk. These traps are mostly empty due to absence of free charge carriers.
Therefore, these trapping centers are responsible for reducing the amplitude of the
signal as the effective trapping time required to trap the signal charge supersedes the
charge collection time. The effective trapping time τeff(e,h), that can be measured for
both electrons and holes, is inversely proportional to the trap concentration according
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to the following expression:

τeff(e,h) = 1
σe,hvt(T )Nt

(20)

where Nt is effective concentration of the traps, σe,h is the trapping cross-section
of the deep level and vt(T ) is the thermal velocity as a function of temperature T .
The trap concentration is directly proportional to the fluence and is given by:

Nt = gtΦeqft(t) (21)
where gt determines the trap generation rate, ft(t) determines the annealing of

trap with time after irradiation which is exponentially increasing and Φeq is the
fluence of radiation [27].

Therefore, from equations (20) and (21), it is clear that the effective trapping time
τeff(e,h) is inversely proportional to the fluence Φeq. Under high fluences of radiation,
charge collection of electrons is preferred since holes are more likely to get trapped.

Charge collection efficiency (CCE) is defined as the ratio of the collected charge
Q to induced charge Qo within the depletion region of the sensor. CCE is a product
of two terms, namely: geometric factor θ and trapping-induced factor η. The
configuration of the detector as well as the thickness of the depletion region account
to the value of the geometric factor. So, CCE can be expressed as follows:

CCE = Q

Qo

= θ × η = w

D
×
τeff(e,h)

tdrift
×
[
1− exp

(
− tdrift

τeff(e,h)

)]
(22)

whereW andD are the depletion width and the thickness of the detector, respectively;
tdrift is the carrier transient time, also known as the drift time. Under high fluences,
as the trapping concentration increases, tdrift � τeff(e,h). As a result, CCE gets
directly proportional to the effective trapping time. Therefore, radiation-induced
effects cause a decrease in charge collection efficiency of the detector with an increase
in fluence [28].

2.3.2 Surface Damage

Surface damage includes formation of defects at the interface between the silicon
and silicon oxide (dielectric) and long-term ionization in the dielectric layer. Due
to radiation, ionization in the silicon oxide causes the production of positive oxide
charges which saturate beyond a certain fluence value. The positive oxide charges
induce an electric field close to the surface of the silicon bulk. As a result, electrons
accumulate on the surface of the n-type silicon. Under the effect of radiation, apart
from generation of oxide interface traps, the space charge region reaches the surface,
which leads to the generation of surface currents due to interface states [29, 30]. Both
these aspects of surface currents will be elaborately explained in section 3.1.3.

Accumulation of positive charge on silicon oxide interface (which is also positively
charged) and resulting surface currents have implications on the segmented detectors
when all the segments are electrically connected. This, however, can be avoided with
negative charge, which we hope to get from Alumina.
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3 Particle Detector Components

3.1 MOS capacitors
3.1.1 Introduction

There has been a growing interest in the study of metal oxides that act as the dielec-
tric material for gate-oxides of Metal-Oxide-Semiconductor Field Effect Transistor
(MOSFET) and stable capacitors in Ultra Large-Scale Integration (ULSI) circuits.
A study on Metal-oxide-semiconductor (MOS) structures helps us in understanding
the conditions of the surface of semiconductor detectors during their performance.
However, the maintenance of the quality of gate oxides becomes an exigent task.

The operation of MOS capacitors [schematic shown in Figure 10] depends upon
the insulator layer formation, the oxide-semiconductor interface states confined at
the interface and the series resistance. The factors that affect the electric and
dielectric properties of these devices are frequency, applied bias voltage and the
temperature. At higher frequencies, charges confined at the interface states cannot
follow an alternating current (AC) signal since they have a lifetime larger than 1/ω
(where ω is the angular frequency of applied voltage). But, at lower frequencies, the
charges follow the signal [31, 32].

Figure 10: Schematic diagram of MOS Capacitor [13]

In ideal MOS capacitors, the oxide and the semiconductor-oxide interface are free
of defect states and charges. The carrier concentration and band structure change
with magnitude and the polarity of the applied bias voltage. As there are no interface
and mobile charges in the oxide, the difference in the work functions of the metal
and semiconductor is zero: ΦMS = 0.

Figure 11 shows the band structure of an ideal MOS capacitor where ΦM is the
work function of the metal, χi is the electron affinity of the insulator, ΨB is the
potential difference of Fermi level and intrinsic energy of bulk (it is negative for
p-type and positive for n-type bulk), χ is the electron affinity of semiconductor, ΦB

is the potential difference between Fermi level and conduction band of the insulator,
and Eg is the band gap of the intrinsic semiconductor.

ΦMS = ΦM − ΦS = ΦM − (χ+ Eg

2q −ΨB) = 0 (23)
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Figure 11: Band structure of an ideal MOS capacitor [13]

When the voltage applied across the gate is zero, there is an equal amount
and opposite polarity of charge distribution at the metal-insulator or the insulator-
semiconductor interface, meaning that there is no charge transfer throughout the
insulator and it has infinite resistance [33].

Depending upon whether the applied voltage is negative or positive, there are
three working regions for a MOS capacitor (over here we mostly focus on p-type
MOS capacitors) [34]:

1) ACCUMULATION : On applying a negative voltage to the metallic contact
of the MOS capacitor (known as the gate), an electric field is developed within
the oxide layer along the direction of semiconductor to metal. The electric field
accumulates holes of the p-type semiconductor close to the interface and a change in
carrier concentration at the interface causes a bend in the energy bands at the oxide-
semiconductor interface [shown in Figure 12]. The hole and electron concentrations
(p and n, respectively) in the semiconductor at the oxide-semiconductor interface are
given by:

p = Nv exp
(
−EF − EV

kBT

)
(24)

n = Nc exp
(
−EC − EF

kBT

)
(25)

where Nv and Nc are the effective number of states in valence and conduction
band respectively, EF is the Fermi energy, Ev is valence band energy, Ec is conduction
band energy, kB is the Boltzmann constant and T the temperature. As with an
increase in applied voltage, the hole concentration also increases at the interface, the
term (EF − EV ) decreases. As a result, the valence band, conduction band and the
intrinsic Fermi level bend at the interface as illustrated in Figure 12(a).
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Figure 12: Energy band diagram of a MOS capacitor with p-type substrate in
accumulation region when the applied gate voltage is negative: (a) Bending of
valence band, conduction band and intrinsic Fermi level, and (b) Charge distribution
on the gate and semiconductor interface [13] .

At this point, the MOS capacitor behaves like a parallel plate capacitor with its
capacitance equaling oxide capacitance (Cox).

2) DEPLETION: On applying a positive voltage, the electric field develops
in downward direction toward the silicon bulk and the holes in the interface are
pushed into the bulk. As a result, the majority charge carriers are diminished at the
semiconductor-oxide interface and the surface region is called depletion region or space
charge region. The term (EF − EV ) increases as the hole concentration decreases at
the interface [Figure 13(b)] as a result of which the bands at the semiconductor-oxide
interface bend [Figure 13(a)].

3) INVERSION: On further increase in the gate voltage to higher positive values,
the bands keep bending and the Fermi level (EF ) gets closer to the conduction
band. At some point, the intrinsic Fermi level (Ei) reaches the the Fermi level (EF )
wherein at the surface of the semiconductor, the hole and electron concentrations
become equal. The electron concentration increases at the surface with an increase
in the voltage. The value of applied gate voltage (VG) for which the concentration
of holes in the bulk becomes equal to the electron concentration at the surface of
the semiconductor is called the threshold voltage (VT ). At VT , the intrinsic Fermi
energy level bends downward by twice the potential of the bulk. This entire phase
from intrinsic surface condition to this point is considered the depletion region and
is often termed as the “weak inversion region” [Figure 14(a) and 14(b)]. Strong
inversion or simply inversion takes place when the applied gate voltage is higher than
the threshold voltage.

The value of capacitance is maximum at the accumulation region and, as was
earlier mentioned, is equal to the oxide capacitance. The silicon capacitance increases
with the formation of the depletion layer. So the total capacitance decreases as
the oxide and the bulk region are in series with each other. Therefore, in the
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Figure 13: Energy band diagram of a MOS capacitor with p-type silicon substrate in
depletion mode when the applied gate voltage is positive: (a) Energy band diagram
of MOS capacitor showing the bending of bands, and (b) Charge distribution on the
metal and semiconductor due to applied gate voltage.

inversion mode, the serial capacitance of the oxide and the silicon bulk is measured:
C = CoxCbulk/(Cox + Cbulk). The inflection point in the CV characteristic curve
marks the flat-band voltage Vflat-band [35].

Figure 14: Energy band diagram of MOS capacitor with p-type silicon substrate
in inversion mode when the applied gate voltage is increased to higher positive
values: (a) Energy band diagram of MOS capacitor showing the bending of bands,
and (b) Charge distribution on the metal and semiconductor due to applied gate
voltage [13] .
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3.1.2 C-V Characterization

For CV analysis of MOS capacitors, the differential capacitance is a crucial property
as one can determine the changing rate of charge with variation in small voltage
signal measurements. Apart from the evaluation of Vflat-band, the CV curve also gives
an idea about the oxide quality. Since the flat band voltage measures the purity
and the thickness of oxide, a lower value of Vflat-band is a quality factor of oxide and
corresponds to lower contamination level. It is the significant number of interface
states and the traps within the oxide region that gives rise to a higher value of
Vflat-band [34].

As a certain time is required to generate the minority carriers in the inversion
region, the frequency dependence occurs mostly in this mode. The response times of
minority and majority carriers corresponding to the AC applied voltages are different
from each other. On the basis of the applied frequency, one can observe two different
behaviors. At lower frequencies, generation of minority carriers takes place with
electrons forming an inversion layer at the oxide-semiconductor interface. Therefore,
the capacitance reaches a maximum value for positive applied gate voltage. However,
at higher frequencies, there is no formation of an inversion layer at the oxide-silicon
interface since the minority carriers are not generated fast enough. Therefore, the
capacitance goes to a constant minimum value that does not change even when
increasing the voltage value [shown in Figure 15]. The system will not be in thermal
equilibrium with respect to the applied gate voltage if the minority carriers find the
gate bias too rapid to follow. At room temperature, the sweep rate for bias voltage is
too slow for recombination but rapid for the minority carrier generation. When the
gate bias is swept along the direction of an increasing inversion, the system is not
in equilibrium. However, it is in equilibrium when the gate bias voltage is swept in
direction of decreasing inversion. No inversion layer is formed if the response time of
minority carriers is too slow in order to follow the gate bias sweep in the direction of
inversion. Therefore, a non-equilibrium condition is reached where on increasing the
width of the depletion region wider than thermal equilibrium, neutrality is satisfied
and capacitance reaches a value below the saturated thermal equilibrium value. This
condition is called deep depletion [shown in Figure 15(c)] [36, 37].

3.1.3 Non-Ideal Effects

Deviation of MOS capacitors from their ideal behavior is because of some non-ideal
effects due to the presence of charges in the oxide-silicon interface. The different
types of charges associated to the oxide-silicon system are [see Figure 16] [34]:

a) Mobile charges

b) Oxide trapped charges

c) Fixed oxide charges

d) Interface trapped charges
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Figure 15: An ideal C-V curve for MOS capacitor at (a) lower frequency, (b) higher
frequency and (c) deep depletion [13] .

Figure 16: Different charges in MOS capacitors giving rise to their non-ideal
behavior [13]

Fixed oxide charges (Qfixed) are due to the structural deformities such as ionized
silicon in the oxide. Its density depends upon the oxidation process. In ideal cases,
zero bias voltage is the state of flat band. However, in non-ideal cases, the oxide
layer exhibits a charge at the silicon surface since there is a difference in the metal
gate work function and the work function of the semiconductor. As a result, the
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required voltage in order to achieve a flat band condition is Vflat−band 6= 0. Oxide
charge density can be determined from the voltage shift in the C-V curves caused
by the existence of oxide charges. A positive value of fixed oxide charge shifts the
C-V curve to negative values of applied gate bias voltage in comparison to the ideal
C-V curve and vice versa. The C-V curve shift caused due to oxide charges can be
explained with the help of image charges. For example, in a n-type substrate, at
depletion voltage the positive and negative charges are balanced by each other in the
depletion layer. However, if a positive charge is introduced in the oxide layer, the
above balance is distorted and as a result its image charge is induced in the substrate
(in this case, an electron is introduced). With an additional electron that is induced
in the substrates, the depletion width is reduced and is partially neutralized. Since
silicon bulk capacitance is inversely proportional to the depletion width and is in
series connection with the capacitance due to oxide layer, the actual capacitance due
to oxide charges becomes larger than that for an ideal case without oxide charges.

Oxide trapped charges (Qoxide-trapped) arise due to electrons and holes getting
trapped in the bulk of the oxide layer. They can be positive or negative. Mobile
ionic charges (QMobile-ionic) are due to impurities such as Na+, Li+ and K+ ions.

The total effective oxide charge per unit area (Qeff) of the oxide layer is the sum
of the fixed oxide charge, oxide trapped charge and the mobile ionic charge.

Qeff = Qfixed +Qoxide-trapped +QMobile-ionic (26)

Interface trapped charges are located at the oxide-semiconductor interface and
originate mostly from the structural disorders, oxidation-induced defects, disorders
due to radiation and the metallic impurities. The flat-band voltage varies with the
presence of oxide charges in the insulator material and is given by equation (27) [38,
39]:

Vflat-band = ΦMS −
Qeff

Cox
(27)

Also, the C-V hysteresis curve shows a shift in the flat-band voltage and the shift
in flat band is related to the trapped oxide charges as follows [40]:

Qoxide-trapped = −∆Vflat-bandCox (28)

3.2 Bias Resistors for AC-coupled Silicon Detectors
3.2.1 Introduction

The standard biasing scheme for strip detectors is by AC-coupling. In AC-coupled
single-sided strip sensors, the capacitively coupled readout structure consists of cou-
pling capacitors, designed by isolating the metallic bias strips from the implantations
with thin layer of oxide, and biasing resistors, made up of polycrystalline silicon
(poly-silicon), possessing high resistance values [41].

Capacitive coupling shields the front-end electronics from leakage current origini-
tating from the sensor. Figure 17 demonstrates a cross-sectional view of AC-coupled
single-sided strip sensor along with a view from the top of the bias resistor in the
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sensor. There are two probing AC pads on the upper metallic electrode of the
integrated capacitor and one smaller probing DC pad connected to an implanted
strip in the silicon substrate. The high-impedance bias resistor connection measures
the leakage current of individual strip. The coupling capacitor blocks the Direct
Current (DC) component while getting charged and does not allow the DC bias to
pass through it. This permits the AC signal to propagate, which causes a periodic
charging and discharging of the capacitor. In order to protect the read-out from
leakage current, the strip implants are connected to common bias line through bias
resistors that shunt the low frequencies to ground, resulting in a high-pass filtering
of the signal and conducting it to the bias line [shown in Figure 18]. The signal is
measured via the strip capacitors with high capacitance value which is required for
effective signal coupling [42, 43].

Figure 17: (a) A cross-sectional view and (b) schematic showing the layout of
AC-coupled single-sided silicon (SSS) strip detector [44, 43].
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The leakage current increases with irradiation, which causes a deterioration in
the performance of the detector. As the current increases, the bias voltage drops
with leakage current which calls for a need of low resistance values for a low voltage
drop. Noise is proportional to

√
τ/Rbias where Rbias is the resistance value of bias

resistor and τ is the peaking time of the front-end amplifier. Therefore, in order to
minimize the electronic noise contribution, the value of Rbias needs to be reasonably
high. Generally, the value of Rbias for bias resistors made of polycrystalline silicon
can be as high as 1 MΩ. The high resistance of the poly-silicon biasing resistor can
be fabricated by varying the length and width of the poly-silicon [44].

Figure 18: Schematic showing coupling capacitors and bias resistors connecting
individual segmented implants to the common bias line in AC-coupled single-sided
silicon strip detector [44].

3.2.2 Poly-Silicon and Alternative Materials for Bias Resistors

Poly-silicon has played a vital role in Integrated Circuit (IC) applications as silicon
gate in MOS structures, in electronic isolation techniques and in charge coupled
devices. Polycrystalline silicon is made up of many small silicon grains that are
manufactured from larger blocks of molten silicon that are carefully cooled and
solidified. Unlike mono-crystalline silicon crystals with single wafer cells cut from
cylindrical ingots, poly-silicon is less expensive to produce. Multi-grain Si are
principally poly-Si, but the well-defined material that is needed for microelectronics
is made using a method known as low-pressure vapor deposition (LPCVD) technique,
wherein at a high temperature the grains are round and approximately isotropic.
Deposition of polycrystalline silicon film is done at temperatures higher than 580◦C
while the films are amorphous at temperatures lower than 580◦C [45, 46]. This is
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one of the reasons due to which we are not using poly-Si in our detector process as
this temperature range cannot be used for MCz-Si.

Since poly-silicon is used in strip detectors, it is crucial to analyze its radiation
hardness. H. J. Ziock et al. (1991) [47] tested the radiation hardness of poly-silicon
resistors with a thickness of 500 nm and doped with Boron to a magnitude of about
1018 cm−3 for strip detectors. The resistance values before irradiation were of about
8.2–8.9 MΩ within 3% variation. However, with 1 Mrad gamma irradiation and
2× 1014 p/cm2, the resistor value increased to 15% and 10%, respectively.

According to radiation hardness tests done by Alexander Dierlamm et al. (2003) [48]
on poly-silicon bias resistors of silicon sensors by irradiating them with 26 MeV protons
with two different equivalent fluence values of 0.6× 1014 n/cm2 and 2.4× 1014 n/cm2

at KIZ (Karlsruher Isochron Zyklotron at the Forschungenszentrum Karlsruhe), the
bias resistor values increased to around 14% and 7%, respectively, after irradiation.

J. Zhang et al. (2011) [49] performed irradiation of poly-silicon resistors in p+n
micro-strip sensors with X-rays with an energy of 12 keV. The resistance value before
irradiation was of about 0.5 MΩ which increased to 0.6 MΩ, 1 MΩ and 100 MΩ with
an increase in the X-ray doses to 1 MGy, 10 MGy and 100 MGy, respectively.

From the irradiation experiments performed on poly-silicon bias resistors, it is
quite evident that the resistance values increase with higher fluences of irradiation
and are prone to radiation damage. One probable justification to this increase in
resistance value with higher fluence of irradiation can be that the fixed oxide charges
are accumulated on top of the resistor, which is responsible for the poly-silicon
layer to deplete partially [50]. Therefore, a lot of research has been done on bias
resistors fabricated with new alternative materials. Studies on metal (amorphous
material) resistors have been done as they were considered to be robust against
radiation damage. One such example is Tungsten Nitride (WNx). In comparison to
poly-silicon, fabrication of Tungsten Nitride (WNx) bias resistors is much simple as
it can be deposited by reactive magnetron sputtering which does not require high-
temperature processing, thereby preventing any thermal donor formation defects and
contaminations. WNx bias resistors can be easily patterned by photo-lithography
and are compatible with chemical etching techniques without causing any damage to
the oxide layer beneath it [43]. However, reactive magnetron sputtering deposition
does not provide any assurance with uniformity or homogeneity in thickness of the
thin films, which affects the performance of the detector.

Since metallic bias resistors can be used in both n-type and p-type detectors and
are more tolerant to radiation, thin films of transition metal nitrides prepared by
low-temperature RF (Radio Frequency) magnetron sputtering are a good alternative
to bias resistors. Titanium Nitride (TiN) is one such prominently known transition
metal nitride compound.
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3.3 Processing of Diodes, MOS Capacitors and Bias Resis-
tors

3.3.1 Fabrication of Diodes and MOS Capacitors

The processing of MOS capacitors was similar to that of particle sensors, that are
diodes (specifications mentioned in Section 4.2); except the essential difference is that
MOS capacitors don’t have implants, and no contact openings in the aluminum oxide.
Therefore, although the schematic view of MOS capacitor, shown in Figure 10, is
correct; but in reality the front side metal contact comes before the back-side metal.
The different phases of the device processing was done by Jennifer Ott in Micronova.

The MOS capacitors that were fabricated have a p-type Silicon substrate with
Atomic Layer Deposition (ALD) of thin Alumina (Al2O3) layers at a temperature
of 200◦C. Trimethylaluminium (TMA) was used as Aluminum precursor and either
water (H2O), ozone (O3), or water and ozone (H2O+O3) pulsed directly after each
other were used as oxygen precursor. Since thermally grown SiO2 gate dielectric
leads to an unacceptable tunneling of leakage current, there was a need to replace
this oxide by another dielectric material with a higher dielectric constant than that
of SiO2 such that a thicker layer gives a higher value of gate capacitance along with a
low leakage current, moderate thermodynamic stability and higher breakdown field.
For the p-type detectors, alumina is also needed for providing the negative charge
in the oxide layer. ALD process provides an excellent thickness control and apart
from meeting these demands, this technique relies on a film growth process that is
self-resolving based on surface reactions in a sequential manner.

Prior to deposition, the silicon substrates were cleaned by standard cleaning
procedures that remove the organic contaminants by oxidation with solution of
Ammonium Hydroxide and Hydrogen Peroxide (NH4OH + H2O2) with distilled
water at 75◦C. This was followed by thermal oxidation; and a procedure to pattern
the native oxide present on the wafer substrate by HF dip, which acts as a hard
mask for implantation. Further in order to remove the ionic (metallic) contaminants
present on the wafer, standard cleaning 2 (SC-2) was performed with a solution
of Hydrogen Chloride, Hydrogen Peroxide (HCl + H2O2) and distilled water at a
temperature of 75◦C.

The pattering of the oxide layers was followed by implantation with Phosphorus
on the front side and Boron in the entire back side in order to generate p-type
and n-type silicon, respectively. After implantation, the samples were cleaned with
Isopropyl alcohol (IPA) and Acetone. Activation of implants was performed at a
high temperature of 1100◦C, followed by removal of oxide. Further, Alumina was
deposited by ALD, after which it was patterned with contact openings by thermal
evaporation. The top metallic contacts (with Aluminum) were made by sputtering
of Aluminum, followed by its patterning. Metallic contact was made even on the
backside with Aluminum deposited by sputtering. Further, the wafer was diced
after its final sintering. The periodicity of the silicon crystal terminates at the
Silicon/Al2O3 interface. The bonds at the point of termination in the interface create
interface trap states and have to be passivated by forming a mixture of Nitrogen
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and Hydrogen gas for annealing. Hydrogen atoms help in reducing the interface trap
states by diffusing through the dielectric and passivate the bonds. The flowchart
given in Figure 19 shows the fabrication process of MOS capacitors [34].

Figure 19: Flowchart showing the steps involved in the fabrication of diodes and
MOS capacitors.
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3.3.2 Processing and Patterning of TiN bias resistor structures

Titanium Nitride (TiN) thin film processing and patterning of the films to bias
resistor structures were done by Jennifer Ott at Micronova in Espoo. The thin film
deposition of TiN was done by Radio Frequency (RF) sputtering on three 6′′ silicon
wafers, each with a thin layer of thermally grown silicon oxide on the surface [50].

RF sputtering is a type of Physical Vapor Deposition (PVD) thin film deposition
technique. In this process, positive energetic ions, such as Ar+, generated in mag-
netron system possessing a frequency of 13.56 MHz are bombarded on the sputtering
target, causing an ejection of atoms. A thin film deposition takes place when the
ejected atoms condense on the surface of the substrate. Figure 20 demonstrates the
thin film deposition of TiN on silicon substrate. In this case, the sputtering system
consisting of TiN target atoms was pumped with a mixture of Argon and Nitrogen
gases, both with different flow rates, using mass flow controllers within a specified
sputtering timespan. The RF power was maintained at 800 W [51, 52].

Figure 20: Schematic showing the basics of RF magnetron sputtering system.

After the film deposition, the wafers were rinsed with water and dried under
N2 gas flow. Further, the films were patterned by wet etching technique with a
solution of 30% concentration of Hydrogen Peroxide (H2O2) in deionized water at a
temperature of 50◦C ensuring that the underlying layer is still intact. Patterning of
the TiN bias resistor structures was done by photo-lithography [53]. Figure 21 shows
schematics of the wafer layout divided into different chips. Each chip is denoted by
code containing information about the batch and the position on the wafer. The rows
are represented with letters in an alphabetical order, starting from the topmost row
below the heading denoted by letter A to the bottom–most row denoted by letter M.
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The columns are denoted by numbers starting with 1 for the chips located in the left
edge till the ones located at the right edge of the wafer. There are four different types
of chips arranged within the wafer. Each chip consists of 23 similar types of resistors
arranged in 6–8 rows. The batch code distinguishes the four different types of bias
resistors on the basis of their width (W) and length (L) in micrometers. Table 1
shows the dimensions (length, width and area) and description about the layout for
the different types of bias resistor structures [50].

Figure 21: Schematic showing the TiN wafer layout containing the bias resistors.
BIAS (in red) and METAL (in dark grey) refer to BIAS mask for patterning of
thin film TiN layer and METAL corresponds to the patterning of Al metallic layer
sputtered on top of the wafer.
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Table 1: Description of the dimensions and the layouts of the bias resistor structures.
Type Length (µm) Width (µm) Area (µm2) Description

W4L460 460 4 1840 Winding on pixel
W4L700 700 4 2800 Winding around pixel
W5L600 600 5 3000 Strip, round turns
W4L3550 3550 4 14200 Strip, angular turns

Figure 22: Completely processed TiN thin bias resistor structure wafer [50].

After photo-lithography of TiN, a layer of aluminum with an approximate thickness
of 400–500 nm (same as that for MOS capacitors and diodes) was sputtered on the
wafers in order to provide the grid lines and contact pads for the bias resistors.
Figure 22 shows a completely processed wafer with TiN bias resistors and aluminum
contacts.
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4 Electrical Characterization: C-V and I-V mea-
surement

Quality assurance tests of the sensors and the other semiconductor components can
be done by measuring their electrical properties. The crucial electrical properties of
silicon sensors that can be measured are reverse current as a function of bias voltage,
commonly known as I-V characteristic, and capacitance as a function of bias voltage,
commonly known as C-V characteristic. Resistance values of bias resistors can also
be measured from I-V characterization method. These characterization methods can
be used to extract some important parameters such as full depletion voltage, leakage
current at the full depletion voltage as well as the breakdown voltage.

The C-V and I-V characterizations were done at the experimental set-up at
Helsinki Institute of Physics (HIP) and CERN. The functionalities of both the
set-ups were the same. In this particular work, the set-up at HIP is going to be
explained in detail. All the measurements with the C-V and I-V set-up were done
at room temperature (RT). The set-up consists of a closed metallic dark box for
electromagnetic shielding and the sensor from light exposure prevention. The main
components are: Keithley 2410 source-meter, Keithley 6487 picoammeter, LCR meter
E4980A, Isobox, switch box, banana connectors, chuck, micromanipulators, needles
and microscope. The measurements are done by setting certain parameters such as
frequency, initial and final voltage with steps as well as the number of measurements
per step and compliance current on a PC running with a user interface based on
MATLAB.

4.1 Measurement set-up
Figure 23 shows the schematics for I-V measurements. For current-voltage (I-V)
characterization, the sensor is placed on the chuck to provide bias voltage on the
backplane of the sensor. There are two needles, one connected to the pad and
the other connected to the guard ring of the sensor. The needles are held by the
micromanipulator which helps in making the contact on the pad and guard rings
by moving them in three dimensions (-x, -y and -z directions) by the help of fine
adjustment screws. High voltage to the chuck is applied by the Keithley 2410 source-
meter that can provide voltage within the range of ±1000 V. The voltage source has
a maximum current of 1 mA and can also measure higher currents. It also consists
of an electro-meter which is completely isolated from the voltage source and can
measure current within an accuracy of 100 pA. The left micromanipulator, connected
to the guard ring, is grounded with common ground of the picoammeter and high
voltage (HV) source. On the other hand, the right micromanipulator is grounded
through Keithley 6487 picoAmpere-meter. Keithley 6487 is used to measure the pad
current while Keithley 2410 is used to measure the total current.

Figure 24 shows the schematics of the capacitance-voltage measurements. The
LCR meter is the main electronic equipment that uses AC signal to measure the
impedance of electronic components. For CV characterization of sensors, we use
LCR meter E4980A with a test frequency range from 20 Hz to 1 MHz to measure
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Figure 23: Schematic view of I-V set-up at HIP.

Figure 24: Schematic view of C-V set-up in HIP used for the measurements

capacitance with an accuracy of 1 femto-Farad. The device has a maximum signal
voltage level of 1 V. The complex impedance of the detector is responsible for the
shift in phase and amplitude of the returning pulse. This in turn would correspond
to the real and imaginary parts of the detector’s impedance.

The depleted region in the bulk of silicon diodes can be seen as a parallel
combination of a capacitor (C) and resistor (Rp), while the non-depleted region in
the bulk of the diode can be pictured as a series resistor (Rs). Figure 25(a) shows
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Figure 25: Equivalent circuit diagram of: (a) reverse-biased diode, (b) series mode
of approximation and (c) parallel mode of approximation [54]

the equivalent electronic circuit diagram for a silicon detector in reverse biased
configuration. The only way to measure both of these parameters at the same time
is with the help of a capacitance bridge. As can be seen in Figure 25(b), the serial
mode neglects the parallel resistor and combines just the capacitance with the series
resistor thereby neglecting the depletion region within the bulk of the sensor. On
the other hand, in parallel mode, the series resistor is neglected and one measures
simply the depleted region [c.f. Figure 25(c)] [54].

Since the leakage current for an un-irradiated silicon sensor is not high, it is
possible to take both the serial and parallel simplification modes into consideration
at the same time, as both modes are equivalent. This is not the case for an irradiated
sensor, as the leakage current of the detector and the resistivity of the un-depleted
region get considerably high. Since the work here focuses on sensors irradiated at
high fluences, we consider the parallel mode a better approximation as the leakage
current is considerably high. For sensors irradiated with lower fluences, the series
mode is a better approximation. Therefore, it is up to the user to decide the circuitry
which would be the best representation of the detector and suitable for the LCR
meter.

Another important equipment used in the C-V characterization is the Isobox.
The Isobox is a circuit board consisting of a range of resistors, capacitors, junction
diodes and Zener diodes, that couples the signal from the LCR meter to the high
bias voltage and filters the bias voltage out of the capacitance meter. The ’protection
box’ protects the capacitance meter from high voltage.

4.2 Sample Measurements and Specifications
C-V/I-V measurement of Beam Luminosity Telescope (BLT) sensors, MOS capacitors
and bias resistors were done at the probe station in the Detector Laboratory at
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Helsinki Institute of Physics (HIP). The RADMON sensors were measured in the
EP-DT Solid State Detector (SSD) laboratory at CERN.

Silicon Sensors

The BLT sensors were manufactured at Micronova in Espoo whereas the RADMON
sensors were manufactured at Centro Nacional de Microelectrónica (IMB-CNM) in
Barcelona. Both the BLT and CNM sensors were made of silicon with a crystal
orientation of <100> with a thickness of ∼300 µm. <100> silicon was chosen to
minimize Si–SiO2 interface deterioration. CMS prefers silicon with <100> crystal
orientation over the standard <111> silicon as it possesses less dangling bonds with
reduced surface damage and can be etched ten times faster than the latter.

The substrate for BLT sensors is p-type Czochralski silicon doped with Boron
with a resistivity of 4-8 kΩ-cm. The sensors were produced on three separate wafers
that were independently produced by growth of thin layers of Al2O3 deposited by
ALD on silicon substrates by using water, ozone and water along with ozone pulsed
directly one after the other. The three wafers were named as follows: H2O, O3,
H2O+O3. Henceforth, we shall refer to the BLT sensors extracted from any one of
the three wafers using the name of wafer. The different structures of BLT sensors
along with their pad area are as follows (schematics shown in Figure 26):

1. Small Round Diode (SRD): Diameter of Pad area is 2.5 mm

2. Large Round Diode (LRD): Diameter of Pad area is 5 mm

3. Small Beam Luminosity Telescope (SBLT): Pad area of 2.5 mm × 2.5 mm

4. Large Beam Luminosity Telescope (LBLT): Pad area of 5 mm × 5 mm

5. Standard Diode (STD) : Pad area of 5 mm × 5 mm

RADMON sensors from IMB-CNM had a pad size similar to that of STD diodes
but with a single guard ring, and were made up of n-type silicon bulk. The resistivity
of the silicon substrate was 2 kΩ-cm [55]. C-V measurements of BLT sensors and
RADMON sensors were done at room temperature at frequency of 1 kHz. Figure 27
shows a schematic layout of STD diode measured at HIP and RADMON sensor
measured at CERN.

MOS capacitors

C-V measurements were made on a set of fifteen non-irradiated MOS capacitors
from three different wafers that were differentiated on the basis of the precursor used
in ALD process as oxygen source, as for silicon detectors (H2O, O3, H2O+O3). As
previously, henceforth, we shall refer to the MOS capacitors extracted from any one
of the three wafers using the name of wafer. The MOS capacitors with a diameter of
magnitude of 2mm had p-type bulk. The structure, fabrication and working principle
of the MOS capacitors used in C-V characterization were explained in Chapter 3.
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Figure 26: Schematic showing (a) the lay out of SBLT/LBLT and SRD/LRD diodes
(b) a close up look at the sensor showing the pad and the guard rings.

Figure 27: Schematic showing (a) the lay out of 5 mm x 5 mm STD diode with
multiple guard rings (b) the layout of 5 mm x 5 mm RADMON sensor with a single
guard ring.

The MOS capacitors were irradiated at three different fluences with 10 MeV
protons in the linear accelerator at the Accelerator Laboratory at University of
Helsinki by Mizohata Kenichiro. The NIEL factor value is 4.3. Table 2 presents the
different radiation fluences and the according samples. After irradiation, the sensors
were refrigerated in order to prevent annealing.

Figure 28 shows a schematic of the wafers containing BLT sensors of different
structures and MOS capacitors. The sensors and capacitors are positioned in such a
way that they optimize the usage of the surface of a circular wafer. The wafer can
be divided into four quadrants. The position of each SBLT diode in the 2nd and 4th
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Table 2: Proton irradiation fluences, Equivalent neutron doses, and the corresponding
samples from three individual wafers.

Fluence [10 MeV protons/cm2] O3 wafer H2O wafer H2O+O3 wafer
1.2 . 1015 T9 T9 X9
1.2 . 1014 M3 M3 Y11
2.3 . 1014 S11 O7 Z13

quadrants and MOS capacitor in the 3rd quadrant is given by a letter and a number
(showing the row and column, respectively). Implanted and non-implanted MOS
capacitors are placed adjacent to each other. Every odd-numbered MOS capacitor is
non-implanted while every even-numbered MOS capacitor is implanted. In this work,
we have focused on the non-implanted MOS capacitors. SRD diodes are 16 in total,
positioned arbitrarily along the edges of the circle. TCT (15 in total), STD (23 in
total), LRD (8 in total) and LBLT (8 in total) are located in the 1st quadrant.

Figure 28: Schematic showing one of the wafers containing BLT sensors and MOS
capacitors along with their arrangement.
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TiN Thin Film Bias Resistors

Three different wafers (namely, W2, W4 and W5) containing TiN thin film bias
resistor structures were characterized. TiN was grown on the three wafers with
different sputtering parameters which were: sputtering time, Argon (Ar) gas flow
rate, Nitrogen (N2) gas flow rate, and average sheet resistance. The values for the
different sputtering parameters for TiN thin film deposition for each of the wafers
are mentioned in Table 3. Based on their I-V measurements, the corresponding
resistance value RBias was determined for each type of resistor.

Table 3: Sputtering parameters for TiN thin film deposition on W2, W4 and W5
wafers. The gas flow rates are mentioned in units of standard cubic centimeters per
minute (sccm).

Sputtering parameter W2 W4 W5
Sputtering time (s) 1200 1200 800
Ar flow rate (sccm) 74 18 18
N2 flow rate (sccm) 14 72 72

Average sheet resistance (Ω/sq.) 22.75 32.55 54.37

4.3 Determination of Full Depletion Voltage, Flat Band Volt-
age and RBias

The pn-junction in the silicon bulk is similar to a parallel plate capacitor. The size
of the parallel plate capacitor is the same as that of the depleted region within the
bulk. Hence, the capacitance can be given as follows:

C = εA

d
(29)

where A is the square of the capacitor’s plate and d is the thickness of the capacitor
(i.e., depletion region). However, from equations (15) and (16), we get the following
relation between capacitance and bias voltage:

C = A

√
εqNeff

2Vbias
(30)

Considering that ε, Neff and q the fundamental charge are constant for a given
sensor, we see that C2 is inversely proportional to bias voltage (Vbias). The 1/C2

versus Vbias curve is consistent with the above relationship until full depletion voltage.
The capacitance also known as end capacitance is constant when Vbias goes beyond
full depletion voltage. The full depletion voltage can be determined from the crossing
point of the two linear fits in 1/C2-V plot as shown in Figure 29.

For MOS capacitors, the flat band voltage is dependent on the oxide charges
present in the Si–SiO2 interface (Section 2.3.4). The flat band voltage (Vflatband) for
MOS capacitors can be calculated from the C-V characteristic curve. The C-V curve
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Figure 29: Determination of full depletion voltage (Vfd) from the point of inflection
in 1/C2-V curve plot. The point of intersection of the two linear curves (shown in
blue and black along with their corresponding equations) gives the depletion voltage
for the sensor.

for a non-irradiated MOS capacitor is an S-curve. The analysis of flat band voltage
from C-V curve, as shown in Figure 30, for one of the samples of MOS capacitors
shows the accumulation, depletion and inversion regions. We also observe a double
junction in inversion region which will be later discussed in Results (Section 5.3).
The oxide charges can be calculated by using equation (27). From Figure 30, we can
get the value of the effective number of oxide charges in the interface as follows:

Since under ideal cases,
ΦMS = 0 (31)

Vflatband = ΦMS −
Qeff

Cox
(32)

where, Cox is the capacitance corresponding to the accumulation region which is
∼1.2× 10−8 F. According to Figure 30, the flat band voltage is 1.8 V. The effective
number of oxide charges, Nox,eff is given by:

Nox,eff = Vflatband × Cox

q
(33)

Therefore, the effective number of oxide charges in the interface is of the order of
1.35× 1011. Taking the diameter of the MOS capacitor into consideration, the total
negative charge is of the order of 1× 1012/cm2, which is the order of magnitude that
we expect!
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Figure 30: An example showing the determination of flat band voltage for a MOS
capacitor from C-V characterization curve at 1 kHz. The voltage value corresponding
to the mid-point between the point of intersection of the green-blue and blue-black
lines in the S-curve of the C-V plot corresponds to the flat band voltage. The
equation of the green, blue and black lines are also mentioned in the plot

When sweeping the bias voltage from positive to negative value (+25 V to -5
V) and then from negative to positive voltage value (-5 V to +25 V), the C-V
characteristic curves for each of the cases give a slight shift in flat band voltage.
This shift in flat band voltage can be used to determine the number of trapped
oxide charges. Figure 31 shows the shift in flat band voltage by a magnitude of 1 V.
Equation (28) gives us the relation between the trapped oxide charge (Qoxide−trapped)
and the shift in flat band voltage ∆Vfb obtained from the C-V hysteresis curve.

Qoxide−trapped = ∆Vfb × Cox (34)

where Cox is the capacitance corresponding to the accumulation region which is
∼1.26× 10−8 F. The effective number of trapped oxide charges Neff−oxide−trapped is
given by:

Neff−oxide−trapped = Qoxide−trapped

q
(35)
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Figure 31: C-V hysteresis curve for one of the MOS capacitors from O3 wafer
measured at 1 kHz by sweeping the bias voltage from –5 V to +25 V and again by
sweeping the bias voltage from +25 V to –5 V. The flat band voltage for each of the
curves is also mentioned in the plot.

Therefore, we get the effective number of trapped oxide charges of the sample to
be of about 0.79× 1011.

The I-V characterization of TiN bias resistor structures gives a linear curve in
current versus voltage plot as shown in Figure 32. According to Ohm’s law, voltage
V is directly proportional to current I with RBias being the proportionality constant:

V = RBiasI (36)

Therefore, from the slope of the linear curve in the I-V characteristic plot, we get
the value of 1/RBias.
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Figure 32: I-V plot for one of the W4L3550 resistors from C5 position of W2 wafer.
The letter d and number 18 refer to the position of the resistor at a specific column
and row, respectively, within the chip. The equation of the curve as well as the
resistance value (RBIAS) are given.



45

5 Results and Discussion
The results from the conducted set of measurements are organized in the following
way. First, I have presented a comparison study of sensors based on the analysis
of full depletion voltage from C-V measurements and of the leakage current values
corresponding to the full depletion voltage from I-V measurements. The studied
sensors are non-irradiated Beam Luminosity Telescope (BLT) sensors which have
thin layers of Al2O3 deposited by ALD method by using either water, ozone, or
water along with ozone pulsed directly one after the other as the insulating oxide.
This first study also includes a comparison of full depletion voltage and leakage
current corresponding to the full depletion voltage at room temperature between
n-type silicon bulk RADMON sensors and p-type standard (STD) BLT diodes of the
similar design specifications but different resistivity values. Secondly, we present a
comparative study of I-V characteristics of bias resistor structures with four different
structures fabricated by thin film deposition of Titanium Nitride with different RF-
sputtering parameters as mentioned in Section 4.1. Thirdly, we describe a comparison
study of the electrical characteristics of MOS capacitor test structures fabricated by
the growth of thin layers of Al2O3 deposited by ALD on silicon substrates by using
either water, ozone, or water along with ozone pulsed directly one after the other.

5.1 Electrical Characteristics of BLT sensors
Table 4 shows the full depletion voltage along with uncertainty values for BLT sensors
of different structures from the three different wafers determined from their C-V
measurements (cf. section 6.2). Figure 33 shows the plot of full depletion voltage
values along with uncertainties for the different sensors. Since the full depletion
voltage is dependent upon the depletion width, it is clear from Table 4, that it is
expected to have the full depletion voltage value within 120-130 V as their depletion
width is approximately of the same magnitude.

Table 5 shows the values for leakage current corresponding to full depletion
voltage of the sensors. From this table, it is clear that the leakage current values for
LBLT and LRD diodes are much higher than those for SRD and SBLT sensors due
to their larger active area which is responsible for higher surface currents.

Full depletion voltage, leakage current corresponding to the full the depletion
voltage and end capacitance values from C-V and I-V measurements of RADMON
and STD BLT sensors are give in Table 6. Both the sensors are manufactured from

Table 4: Full depletion voltage (VFD) values of different structures of non-irradiated
BLT sensors from the three different wafers (cf. section 6.2).
Type of Structure VFD O3 wafer (V) VFD H2O wafer (V) VFD H2O+O3 wafer (V)

SBLT 118.75 ± 3.54 130.22 ± 7.10 120.00 ± 5.35
LRD 120.00 ± 0.65 122.00 ± 4.47 124.00 ± 5.48
LBLT 120.00 ± 0.65 123.33 ± 5.77 130 ± 0
SRD 122.50 ± 9.57 125.00 ± 5.77 117.50 ± 5.00
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Figure 33: Mean values of the full depletion voltage along with their errors bars (esti-
mated by calculating the standard deviation values from the repeated measurements
of the same structures from each wafer) determined from C-V measurements of four
different structures of BLT sensors from the three types of wafers.

Table 5: Leakage current (Ileak) values of different structures of non-irradiated BLT
sensors from the three different wafers corresponding to their VFD values obtained in
Table 4.
Structure Ileak O3 (×10−10A) Ileak H2O (× 10−10A) Ileak H2O+O3 (×10−10A)
SBLT 2.98 ± 0.62 3.98 ± 0.52 2.86 ± 0.58
LRD 9.59 ± 0.06 10.70 ± 0.13 7.64 ± 0.68
LBLT 16.0 ± 2.4 10.61 ± 0.20 8.50 ± 0.34
SRD 2.50 ± 0.57 3.61 ± 0.08 3.46 ± 0.45

high resistivity mCz-silicon, except that one is made of p-type substrate and the other
of n-type silicon. It is evident that the end capacitance values are approximately
of the same order of magnitude since the depletion width is of the same magnitude.
Similarly, the full depletion voltage is approximately same due to the wafer resistivities
which are of the same order of magnitude. However, the leakage current for the STD
BLT sensor is much higher than that for RADMON sensor which is again caused by
surface currents. A possible reason for higher surface currents can be due to issues
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Table 6: Full depletion voltage (VFD) along with the corresponding leakage current
(Ileak) values and end capacitance for non-irradiated RADMON sensor and Standard
(STD) BLT sensor from the H2O wafer.

Type of sensor VF D (V) Ileak (nA) End capacitance (pF)
RADMON sensor 129.25 ± 4.50 0.80 ± 0.03 9.28 ± 0.01

STD BLT sensor (H2O) 133.60 ± 9.78 6.29 ± 0.30 8.34 ± 0.27

in processing, perhaps contamination, or imperfections in metal patterning.

5.2 Electrical characteristics of bias resistors
Resistance values along with their statistical error from I-V measurements of bias
resistor samples from the three different wafers are mentioned in Table 7. Figure 34
shows the resistance values with uncertainty values for four different structures of
bias resistors measured from the three wafers.

Figure 34: Plot showing resistance values with uncertainties (estimated by calculating
the standard deviation values from the repeated measurements of the same structures
from each wafer) for bias resistor samples with four different structures from three
wafers (W4, W2 and W5).
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Table 7: Mean resistance values along with error bars, calculated from the standard
deviation of a set of resistance values, determined from I-V measurements of the
different structures of bias resistors from the three wafers (c.f. Section 6.3)
Wafer number W4L460 (in kΩ) W4L700 (in kΩ) W4L3550 (in kΩ) W5L600 (in kΩ)

W4 4.66 ± 0.51 8.07 ± 0.66 40.40 ± 4.49 10.51 ± 1.06
W2 3.63 ± 0.67 6.50 ± 1.67 28.72 ± 6.05 8.59 ± 1.67
W5 9.76 ± 2.31 15.67 ± 1.32 75.34 ± 7.86 19.05 ± 1.39

From Figure 34, it is clear that the resistance values for bias resistor structures
from wafer 5 (W5) are higher than those for the resistor structures from wafer 2 (W2)
and wafer 4 (W4) by 44–52% and 54–62%, respectively. A possible reason behind
this difference could be due to the difference in sputtering time during the thin film
deposition of TiN in the three wafers. Shorter sputtering time corresponds to a
smaller thickness of the TiN film. Since, thickness of the film is inversely proportional
to the resistance, it explains the dependence of resistance on sputtering time. On
comparing the resistance values for bias resistor structures from W2 and W4, we
notice that resistors from W4 have a higher magnitude than those from W2 by
18–28%. This can be explained due to the difference in N2/Ar gas flow rate. As for
the comparison between the four structures, resistance values of W4L3500 structure
resistors are higher than those for W4L460, W4L700 and W5L600 structure resistors.

5.3 Electrical characteristics of MOS capacitors
The flat band values were determined from C-V measurements at room temperature
for non-irradiated MOS capacitors at two high-frequency values of 1 kHz and 10 kHz,
and for irradiated MOS capacitors at 1 kHz. A graphical representation of extracting
the flat band voltage value from the capacitance versus voltage plot has been described
earlier [in section 6.3].

Table 8: Flat band voltage (Vfb) values of non-irradiated MOS capacitors from the
three different wafers measured at 1 kHz and 10 kHz at room temperature (298 K).

Frequency Vfb H2O wafer Vfb H2O+O3 wafer Vfb O3 wafer
1 kHz 2.14 ± 0.56 4.59 ± 1.66 3.31 ± 0.48
10 kHz 1.62 ± 0.70 5.56 ± 1.93 4.02 ± 0.81
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Figure 35: Flat band voltage values with uncertainties (estimated by calculating the
standard deviation values from the repeated measurements of the same structures
from each wafer) for MOS capacitor samples measured from the three different wafers.
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Figure 35 shows the mean value of flat band voltage along with uncertainties for
the non-irradiated MOS capacitors from all three wafers, namely, H2O+O3, O3, and
H2O. The flat band voltage values with their standard deviations are also tabulated
on Table 8.

Figures 36(a), 37(a) and 38(a) show the flat band voltage (Vfb) values from C-V
measurements at 1 kHz for voltage sweeps from accumulation to inversion region and
vice-versa, for the MOS capacitors of the O3, H2O, and H2O+O3 wafers, respectively.
There are a few observations one can make from these figures:

1) Depending upon the flat band voltage (Vfb) values analyzed from C-V mea-
surements of non-irradiated MOS capacitors at two high frequencies (1 kHz and 10
kHz), we can conclude that :

Vfb,H2O+O3 > Vfb,O3 > Vfb,H2O

Flat band voltage (Vfb) is a measure of the negative fixed oxide charge within the
dielectric. On comparing the Vfb values for MOS capacitors from the three wafers, it
is evident that negative charge concentrations are larger for Al2O3 when grown on
H2O+O3 than when using O3 or H2O.

The above result is not just in agreement but is also an extension of the the
results from F. Campabadal et al. wherein the MOS capacitors fabricated by ALD
of Alumina with O3 as oxidant precursor have higher densities of oxide charges in the
interface states in comparison to those fabricated with H2O as oxidant precursor [56].

2) The capacitance value corresponding to the accumulation region lies within
the order of 10–13 nF, in each case. This is equivalent to the capacitance due to the
oxide layer (Cox). Equation (27) gives us a correlation between Vfb, Cox, ΦMS and
Qeff . The difference between the gate metal work function and semiconductor work
function for the dielectric, ΦMS, can be approximated to be of the same value for all
MOS capacitors from the three wafers. Since the effective charge in the oxide layer
Qeff is directly proportional to the value of Vfb, we can conclude that the values for
effective oxide charge within the oxide layer can be arranged as follows:

Qeff,H2O+O3 > Qeff,O3 > Qeff,H2O

3) It is also important to note that the C-V curves for the MOS capacitors from
individual wafers are not consistent. A double junction can be spotted from the C-V
curves of a few samples from H2O (T9 sample, Figure 37(a)) and H2O+O3 (X9 and
Y11 samples, Figure 38(a)) wafers when the voltage sweep goes from inversion region
to accumulation region. The reason is that when the initial voltage applied is swept
starting from the inversion region, the MOS capacitor drives into deep depletion. In
this case, the MOS capacitor cannot recover from deep depletion since the initial
hold time is too short and the measured capacitance is much less than the minimum
capacitance in equilibrium. On maintaining the starting voltage, given that the
frequency is high, C-V curve climbs to a certain minimum value until it stabilizes to
equilibrium. At a higher frequency, minority charge carriers recombine quickly with a
decrease in gate voltage. However, the system reaches a non-equilibrium state if the
delay time is too short and the capacitance is higher than its value at equilibrium.
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Figure 36: C-V plots of (a) non-irradiated and (b) irradiated T9, S11 and P5 MOS
capacitors from the O3 wafer, obtained by voltage sweep from –5 V to +25 V and vice
versa, at a frequency of 1 kHz. Flat band voltage values are indicated in the legend
box in the case of non-irradiated MOS capacitors and next to the C-V curves in the
case of irradiated MOS capacitors. In panel (b), results are shown for irradiation at
three different proton fluences.
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Figure 37: C-V plots of (a) non-irradiated and (b) irradiated T9, O7 and M3 MOS
capacitors from the H2O wafer, obtained by voltage sweep from –5 V to +25 V
and vice versa, at a frequency of 1 kHz. Flat band voltage values are indicated in
the legend box in the case of non-irradiated MOS capacitors and next to the C-V
curves in the case of irradiated MOS capacitors. In panel (b), results are shown for
irradiation at three different proton fluences.
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Figure 38: C-V plots of (a) non-irradiated and (b) irradiated X9, Y11 and Z13 MOS
capacitors from the H2O+O3 wafer, obtained by voltage sweep from –5 V to +25 V
and vice versa, at a frequency of 1 kHz. Flat band voltage values are indicated in
the legend box in the case of non-irradiated MOS capacitors and next to the C-V
curves in the case of irradiated MOS capacitors. In panel (b), results are shown for
irradiation at three different proton fluences.
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4) On calculating the statistical mean of the shift in flat band voltage (∆Vfb)
values from the hysteresis curves while sweeping the voltage from accumulation to
inversion region and vice versa, it is evident from Table 12 that:

∆Vfb,H2O+O3 < ∆Vfb,O3 < ∆Vfb,H2O

Larger shift in flat band voltage in hysteresis curve corresponds to a larger value
of oxide charge trapping. Therefore, we can infer that charge trapping is least in the
case of MOS capacitors fabricated with ALD of Alumina layers grown with H2O+O3
as an oxidant precursor, compared to those grown with H2O and O3.

The above result is not just in agreement with but is also an extension of the
results from J.M. Rafí et al. and F. Campabadal et al. wherein the ALD of Al2O3
grown in H2O shows larger hysteresis than those in O3 [57, 56].

Figures 36(b), 37(b) and 38(b) show the flat band voltage (Vfb) values for MOS
capacitors, irradiated with protons at three different fluence values: 1.2e15 p/cm2,
2.3e14 p/cm2 and 1.2e14 p/cm2, taken from the O3, H2O and H2O+O3 wafers,
respectively. We observe the following from the above mentioned figures:

1) The capacitance value corresponding to the oxide layer, i.e., the capacitance
value in the accumulation region, decreases with an increase in fluence. This effect is
caused by displacement damage due to proton irradiation. Displacement damage
results in an increase in resistivity of the substrate. The decrease in capacitance
values can deteriorate the performance of the external electronic circuits in the
system. Similar results were found for MOS capacitors with n-type silicon substrate
by R. Arinero et al. [58].

2) Since the measurement is done at a high frequency, we observe that the
capacitance in the accumulation region is not constant throughout the voltage scan.
This anomaly in distortion of the curve can be explained by defects due to radiation
in the oxide layer wherein at higher frequencies the trapping time is longer than the
period of the CV measurement.

3) Capacitance values corresponding to the inversion region for all the MOS
capacitors, irradiated with protons at three different fluences, do not go to zero. This
could be due to interface defects caused in the thin native oxide (in this case, SiO2)
layer that was formed as the wafers were exposed to air for a day after thermal oxide
was removed during their fabrication.

4) The flat band voltage (Vfb) values for MOS capacitors from O3 and H2O+O3
wafers decrease with an increase in fluence. The change in flat band voltage indicates
a change in charge of the oxide layer as function of radiation dose. This shift in Vfb
toward a lower value with increase in radiation dosage is exactly what is expected as
it indicates that we have a positive charge accumulation.

An anomaly is however observed in the case of the H2O wafer where the shift
in flat band voltage is in the positive direction with an increase in proton fluence.
This can be explained by radiation-induced effects due to hydrogen release in the
dielectric layers [59]. A similar behavior was observed by J.M. Rafí et al. wherein
under high proton irradiation with fluence values above 1.47e14 p/cm2, higher values
of effective oxide charges were obtained, meaning that the shift in flat band voltage
value was in the positive direction [57].
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5) Change in flat band voltage (∆Vfb) values for MOS capacitors from the three
different wafers irradiated at 1.2e15 p/cm2, 2.3e14 p/cm2 and 1.2e14 p/cm2 are
mentioned in Table 9, Table 10 and Table 11, respectively. ∆Vfb is a measure of
the trapped oxide charges in the interface. Since measuring the shift in flat band
voltage depends upon the sweep rate relative to the to de-trapping and trapping
time constants, it can be observed that larger trapping occurs for MOS capacitors
from the H2O+O3-based wafer compared to those from the H2O and O3 wafers.

Non-irradiated MOS capacitor samples fabricated from H2O+O3-grown ALD
Alumina layers show a lower value of trapped charges in comparison to those from
the H2O and O3 wafers. However, on irradiation, H2O+O3-grown ALD Alumina
layers show higher concentration of trapped charges in comparison to H2O and O3.
This drastic change in concentration of charges trapped in the dielectric layer on
proton irradiation is an interesting phenomenon that can create a scope for further
studies.

Table 9: ∆Vfb values (in V) determined from C-V measurements (at room temperature
at a frequency of 1 kHz) of MOS capacitor samples taken from the three different
wafers that were irradiated at a fluence of 1.2e15 p/cm2.

Wafer ∆Vfb (for non-irradiated) ∆Vfb (for irradiated)
H2O (T9) 0.4 3.5
O3 (T9) 0.7 14

H2O+O3 (X9) 0.1 14
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Table 10: ∆Vfb values (in V) determined from C-V measurements (at room tem-
perature at a frequency of 1 kHz) of MOS capacitor samples taken from the three
different wafers that were irradiated at a fluence of 2.3e14 p/cm2.

Wafer ∆Vfb (for non-irradiated) ∆Vfb (for irradiated)
H2O (O7) 0.5 2
O3 (S11) 0.4 2

H2O+O3 (Y11) 0.2 14.5

Table 11: ∆Vfb values (in V) determined from C-V measurements (at room tem-
perature at a frequency of 1 kHz) of MOS capacitor samples taken from the three
different wafers that were irradiated at a fluence of 1.2e14 p/cm2.

Wafer ∆Vfb (for non-irradiated) ∆Vfb (for irradiated)
H2O (M3) 0.7 1
O3 (P5) 0.2 0

H2O+O3 (Z13) 0.5 13

Table 12: Statistical mean of ∆Vfb values for non-irradiated MOS capacitor samples
taken from the three different wafers determined from Table 9, Table 10 and Table 11.

Wafer ∆Vfb for non-irradiated (V)
H2O 0.53
O3 0.43

H2O+O3 0.27
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6 Summary and Conclusions
This thesis focused on investigating the electrical properties of silicon particle detec-
tors, bias resistor structures for AC-coupled strip detectors and MOS capacitors by
C-V and I-V measurement techniques. C-V and I-V measurements were conducted
on different structures of BLT diodes, RADMON sensors and MOS capacitors from
three separate wafers that were fabricated by using either water (H2O), ozone (O3), or
water and ozone (H2O+O3) pulsed directly one after the other, as oxygen precursor
in Atomic Layer Deposition (ALD) of Alumina on p-type silicon substrate. I-V
measurements of TiN-based bias resistor structures that were fabricated on three
separate wafers by RF-sputtering of TiN on silicon substrate with different sputtering
parameters were also examined. All the measurements were performed at room
temperature.

The BLT diodes and RADMON sensors were characterized via certain parameters
obtained from their C-V and I-V measurements, namely: full depletion voltage
(VFD) and leakage current (Ileak). MOS capacitors were irradiated with protons at
three different fluence values and were characterized via flat band voltage (Vfb) value
extracted from the C-V measurements of both non-irradiated and irradiated samples.
I-V measurement of the different bias resistor structures helped us to determine their
resistance values.

It was found that the full depletion voltage of the different structures of BLT
diodes are of the same order within a significance of 2σ. However, leakage current
for LRD and LBLT, possessing a larger metallic contact surface area, is much higher
than that for SBLT and SRD because of higher surface currents. On comparing
the electrical characterization parameters of STD BLT and RADMON diodes, we
observed that the full depletion voltage of the STD BLT diode is higher than the
RADMON sensor since its resistivity is much less than that of the RADMON sensor.
Therefore, we can infer that the larger the resistivity of the silicon substrate, the
lower the value of the full depletion voltage. However, the leakage current of the
STD BLT diode is higher than that for the RADMON sensor due to surface current.

The flat band voltage value of MOS capacitors helps us in analyzing the charge
densities at the Si–SiO2 interface states in particle detectors. The effective concentra-
tion of charge densities at the interface states is higher for ALD Al2O3 layers grown
with H2O+O3 compared to H2O and O3 as oxidant source. Shift in flat band voltage,
as the voltage sweep in C-V measurements goes from accumulation to inversion region
and vice-versa, corresponds to the trapped oxide charges in the dielectric. Compar-
ison of the flat band voltage values of MOS capacitors from the three wafers that
were generated by using different oxygen precursors in ALD of Alumina showed that
samples from the H2O+O3 wafer are more sensitive to irradiation than those from
both H2O and O3 wafers. However, the effective number of trapped oxide charges at
the interface is much lower for non-irradiated samples with H2O+O3-grown Al2O3
layers than those grown with H2O or O3. Further, proton irradiation for samples
fabricated from H2O-grown Alumina layers show a positive shift in the flat band
voltage value which corresponds to the dominating effect due to hydrogen release in
the dielectric layer that tends to supersede radiation-induced effects due to positive
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charge trapping under higher fluences of proton irradiation.
RF-sputtering parameters such as sputtering time and Ar/N2 gas flow rates are

responsible for the difference in resistance values of the different bias resistance
structures from the three wafers. Since the samples from the W5 wafer have higher
resistance in comparison to those from W4 and W2, it is evident that a shorter
sputtering time with low Argon gas flow rate and a high N2 gas flow rate of 18 sscm
and 72 sscm, respectively (in this case), is suitable in fabrication of thin film deposition
of TiN-based bias resistors by RF-sputtering .

The upgrade of the LHC to HL-LHC phase, operational from 2026, will increase
the number of collision rates of the particles, which will in turn subject the silicon
detectors in the CMS tracker to an extreme radiation environment. While our
results indicate that solutions exist to produce silicon sensors in order to increase the
radiation hardness of the silicon detectors, further research on this topic is warranted
to fully understand the electrical properties of these components.
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