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Chapter 1

Introduction

1.1 Motivation of this work

One of the main goals of particle physics is the determination of the funda-
mental structure of the matter. The currently accepted model for elementary
particle physics, the Standard Model (SM), requires 12 matter elementary
particles and four force carrier particles to summarize all what we know
about the most fundamental constituents of matter and their interactions.
The SM explains and predicts a vast variety of phenomena, and subtle effects
predicted by the model have been repeatedly verified in high-precision exper-
iments. Nevertheless, there are important aspects that remain unexplained,
like the origin of the mass of particles or the values of some fundamental
parameters.

A requirement of any particle physics theory is that every particle (for
example a proton) has its antiparticle (in this case called antiproton), as
was first pointed out by Dirac [1, 2]. An antiparticle has the same mass as
the corresponding particle, but with some quantum numbers, like the elec-
tric charge, reversed. When a particle meets its antiparticle both annihilate
and their masses are transformed into radiation. Existence of antimatter
was extensively proved in last century, and nowadays has found applications
in everyday life, as for example the use of low-energy antielectrons (called
positrons) in medical imaging tools like PET ! devices.

IPET (Positron Emission Tomography) is a medical tool which produces images for
disease detection. Radioactive nuclei are injected to the patient, and they accumulate in
the area or tissue to image. Positrons coming from the decay of these radioactive nuclei
annihilate with electrons in nearby atoms, producing energy that emerges as photons.
These photons are collected allowing the reconstruction the targeted area.
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The cosmological theories currently accepted require that equal quantities
of matter and antimatter should have been created after the Big Bang. How-
ever, an asymimetry in the quantities of matter and antimatter is at present
observed in Nature, which is a key property of our world.?2 The observed
imbalance might come from CP violation [3], an effect that occurs only with
certain kind of elementary particles.

The CPT Theorem is one of the most basic precepts of particle physics.
It considers the three independent transformations C (charge conjugation),
P (space reversal or parity), and T (time reversal), and states that the com-
bined operation of time reversal, charge conjugation, and space reversal in
any order is an exact symmetry of any interaction, meaning that under the
three transformations all physical laws must be invariant.® To elaborate, if
each particle is replaced with its corresponding antiparticle, and the space
coordinates and time are reversed, the dynamics of both particle and an-
tiparticle is the same [4]. In the macroscopic world these three symmetries
hold separately. For example, an object going from A to B will follow the
same trajectory but backwards, if time is reversed, returning from B to A.

However, CPT theorem does not state anything about the separate oper-
ation of one or two of these transformations in the elementary particle world.
For example, it was proved [5], after the suggestion by Lee and Yang [6], that
when one applies the transformation P to a particle called neutrino, the re-
versed particle does not exist. One finds in Nature left-handed neutrinos and
right-handed antineutrinos, but not right-handed neutrinos and left-handed
antineutrinos. This is called P violation in weak interaction, which is the
interaction governing the dynamics of these particles. The symmetry of this
interaction is restored when one applies the combined CP transformation,
that is, left-handed neutrinos follow the same laws as right-handed antineu-
trinos.

In 1964 it was observed that CP symmetry is violated in systems of neu-
tral K-mesons [7]. Contrary to neutrinos, which are leptons, K-mesons [8] are
hadrons, which means that as protons or neutrons, are made up of quarks.
CP violation may explain why our world has much more matter than anti-
matter, due to the slight differences in the way that quarks and antiquarks
interact through electroweak interactions. In fact, CP violation was proposed
long time ago by Sakharov [9] as one of the three conditions that should be
satisfied to have an Universe with different quantities of matter and antimat-

2Tf equal quantities of matter and antimatter would exist, they would end up annihi-
lating between them, leaving the Universe made up only of light.

3More precisely, what are invariant are the Hamiltonians governing the dynamics of
the given particles.
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ter.

In the SM, CP violation is inextricably tied up with the existence of at least
six quark flavours, and is completely described by a single parameter. This is
a complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [10, 11],
which parameterizes transitions between different generations of quarks by a
set of four independent parameters.

In any case, CP violation in neutral K-mesons is small, at the level of 0.2%,
making difficult to trace back these differences to the theories for elementary
particles, as for example this complex phase in the CKM matrix. It is ex-
pected that CP violation is stronger in another system of neutral mesons,
called B-mesons [8]. The study of CP violation in B-meson systems is the
main purpose of the LHCb experiment. Its ability to measure precisely some
fundamental parameters in several complementing ways will test the SM
picture of CP violation and will provide the exciting possibility of seeing
evidence for physics beyond the SM.

To investigate and measure the parameters that describe the matter,
physicists made use of accelerators to break up particles into their funda-
mental constituents. The basics of this procedure is the following. A bunch
of well-known particles as electrons or protons are accelerated to huge en-
ergies using electric fields. Particles are accelerated very close to the speed
of light, acquiring huge kinetic energies. Using a sophisticated system of
magnets, the bunch is curved and focused. At a certain time, the bunch
is directed against a target (fixed target experiments) or a second bunch of
particles traveling in opposite direction (collider experiments). Usually, this
second bunch of particles has the same but opposite velocity as the first one,
and this kind of collision is called a center-of-mass collision.

When the collision happens, and due to the high kinetic energy of the
colliding particles, we can not only investigate their internal structure but
also create new exotic particles that do not occur normally in our macroscopic
world. In these high-energetic collisions, what interacts are not the colliding
particles themselves but their fundamental constituents. This is because
the well-known de Broglie formula [12] that, according to the wave-particle
duality principle, relates the energy of a particle to its associated wave-length
as A < 1/E. As one should use waves with wave-length of the same size as the
details one wants to observe, collisions of particles with high kinetic energies
allow to study their internal structure.

In the collision between the highly accelerated particles, their huge kinetic
energy is available not only as kinetic energy for the resulting particles, but
also as mass to create new particles. This is expressed through the equiva-
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lence between energy and mass formulated by Einstein in his famous paper in
1905 [13] as E = mc?. Energy (E) can be converted into mass (m) and vice
versa, with the square of the speed of light (c) as conversion factor. If the ini-
tial particles have enough energy, they can create new particles heavier than
the particles themselves. The set of produced particles depends essentially
on various conservation laws and on the amount of center-of-mass energy
available in the collision. Therefore high-energy experiments, through ener-
getic collisions of other particles, allow to observe more massive and more
exotic particles than the initial ones, which do not occur under normal cir-
cumstances in nature.

Many of the particles created in the collision are highly unstable, and de-
cay fast into more stable states, giving rise to more particles. Essentially, the
lifetime of the particle before decaying is given by the strength of the inter-
action involved, and varies between about 10723 s for strong interaction and
about 107! s for weak interaction. Ultimately, one ends again with a set of
“stable” and known particles, as protons, neutrons, electrons, neutrinos and
muons. Usually a huge number of them is produced: in a collision between
two protons at very high energies, one typically ends up with hundreds of
particles.

The production or decay of a given particle depends on the forces gov-
erning the behaviour of its constituents, and therefore contains information
about the way the basic constituents of the matter interact. This infor-
mation can be extracted studying the characteristics of new particles, like
masses and lifetimes, and through the study of the decay ratios of unstable
particles into different states. However, in order to understand the under-
laying dynamics, we have to analyze the kinematics. This means that after
the collision, we need to count, trace and identify all the different particles
that were produced to fully reconstruct the process. A particle can be fully
identified when we know its charge and its mass. This is done with a set of
very sensitive and specialized particle detectors that are able to measure a
specific set of particle properties, such as charge, mass or energy.

The aim of this thesis is to describe the performance and characteristics
of the silicon microstrip detectors that will be used in the Silicon Tracker
of LHCb experiment. LHCb will be installed at the Large Hadron Col-
lider (LHC) [14], a particle accelerator that is being built at CERN [15], in
a subterranean ring of 27 km circumference at the border between France
and Switzerland. In LHC, two beams of protons at a center-of-mass energy
of 14 TeV will collide at four different points along the ring. Around one of
these collision points it will be installed the LHCb spectrometer. As well as
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having the highest energy of any accelerator in the world, the LHC will also
have the most intense beams.

Due to the huge LHC energy, new particles never observed yet may appear
after the collision. They will decay very fast, offering the possibility to study
the rates of the different decays, never observed before or observed with low
statistics, and other rare phenomena. Particle physicists expect to extract
through them parameters describing interactions between the fundamental
constituents of the matter, in particular, they expect to check whether the
SM is an adequate model for describing fundamental forces and particles.

The LHCD experiment [16, 17] has been designed to perform high-precision
measurements of CP violating phenomena and rare decays in the B meson
systems. B-mesons are bound states of one b-antiquark and a lighter quark.
The study of B-meson decays is a key process for the precise determination of
CP violating parameters since, according to the SM, large CP violation effects
are predicted in them. Furthermore, high statistics will be achieved since,
in proton-proton collisions at LHC energies, a production of about 10'? bb
pairs per year is estimated.* CP violation is expected to manifest in time
dependent decay rate asymmetries of B and B into the same final state, and
in asymmetries in the decay rates of B and B into CP conjugated specific
final states. In addition, measurements will be possible in many different
decay channels, allowing to over-constrain the parameters and, possibly, to
find inconsistencies suggesting the existence of physics beyond the SM.

As it was pointed out above, to measure the rate of the different decays, all
decay products have to be identified. To do this, specialized particle detectors
measure a specific set of particle properties, such as momentum, charge,
mass or energy. A central element of any high energy physics experiment
is the tracking system, which records the traces of charged particles created
in the collision. Together with a magnetic field, it allows in addition the
determination of the momentum of those particles.

In LHCb, excellent momentum resolution is required in order to measure
precisely the invariant mass of B decay candidates and separate the B meson
signal from the background. To that purpose, precise track determination is
necessary. It was decided to construct the tracking system combining two de-
tector technologies: the outer region, away from the beam-pipe, is covered by
the straw-tube drift chambers, and it is called Outer Tracker [18]. The inner
region, around the beam-pipe, where particle densities are higher, is covered
by silicon microstrip detectors, and it is called Silicon Tracker (ST) [19, 20].

4At LHC energies, the B production cross-section is estimated to be around 0.5 mb,

yielding about 10'2 bb pairs per year at the nominal luminosity of £=2 x 1032 cm~2 s~ 1.
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Simulation studies have shown that a spatial resolution of around 60 ym is
adequate for the ST. These silicon microstrip detectors are very thin n-doped
silicon wafers, with thicknesses between 320 and 500 pum, where fine strips
of p*t-doped silicon are implanted using photolitographic and etching tech-
niques. Typical sizes are about 10 x 10 cm? sensors with around 500 parallel
50 pm wide strips, with centers separated approximately 200 ym. Each mi-
crostrip forms with the silicon bulk a pn-junction. When a charged particle
crosses the microstrip detector generates electron-hole pairs. By applying a
reverse polarization to the pn-junctions, this charge is collected in the p-
strips. An individual readout of the p*-strips allows the determination of the
position of the traversing particle through the analysis of the charge collected
in each strip. A throughout understanding of the silicon microstrip detector
properties and the optimization of some design parameters, such as thickness
or strip geometry, to achieve the desired performance are the main points at
issue in this thesis.

1.2 Sketch of contents

This thesis describes the different tests carried out on silicon microstrip de-
tectors to be installed in the Silicon Tracker (ST) of the LHCb experiment,
starting from the characterization of different prototypes up to the final tests
on the detectors that are being installed at CERN.

The results of the work summarized along this thesis can be divided in
three main blocks. The first one comprises an exhaustive characterization
of the several prototype sensors that were selected as suitable candidates for
the experiment. The goal of this part of the work has been to contribute
to the decision upon the design parameters of the sensors, such as thickness
or strip geometry, fitting best with the experiment requirements. This has
been achieved through a complete set of measurements, including electrical
characterizations, mechanical and thermal measurements, laboratory tests of
the performance of modules (sensors connected to the readout electronics)
and, finally, test-beam measurements at CERN. The results of this first part
are presented in Chapters 6 to 9.

The second part consists of the study of irradiated prototype sensors and
modules. Once a final design for the sensors is decided, it is necessary to
check that their performance will not be dramatically affected by the hard
irradiation that they will suffer during the 10 years of expected operation
of the LHCDb experiment. The results of this second part are presented in
Chapter 10.
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The third part is related to the development and implementation of the
sensor quality assurance procedures followed by the ST group, to verify the
characteristics of the sensors delivered by the manufacturer prior to their
final installation in the detector. The results of this third part are presented
in Chapter 11.

The organization of the thesis follows the chronological order in which
each set of measurements presented here were done. The numbers, dimen-
sions, and design parameters given throughout the chapters correspond to
the ones at the time when the measurements were performed. This order is
altered in the introductory chapters, were the final design of the experiment
is presented. The thesis is intended to a separate reading of each chapter,
and this implies certain degree of repetition in definitions. The contents of
the next chapters are outlined below.

In Chapter 2, we introduce CP violation and analyze the physics objectives
of the LHCDb experiment. In Chapters 3 and 4, we briefly describe the LHC
accelerator and the LHCb detector, mainly focusing in the ST. In Chapter 5,
we review the physics of silicon microstrip detectors discussing the main
concepts that will be used in the rest of the work.

In Chapter 6, we present the results of the electrical characterization of
different prototype sensors with strip geometry parameters similar to those
foreseen for the ST, and with three different thicknesses. We performed mea-
surements of leakage currents, depletion voltages, total strip capacitances,
inter-strip capacitances, coupling capacitances, and polysilicon resistors. The
best sensors were selected to build modules that were later tested in a laser
test-stand and in a test-beam.

In Chapter 7, we present results of thermal and thermo-mechanical mea-
surements on a test module. Modules will be built at room temperature, but
will be operated below 5°C. Different thermal expansion coefficients of the
materials used in the construction of the modules will give rise to mechanical
stress. The aim of these measurements is to investigate how the structure
formed by the silicon sensors, their mechanical support and the hybrids re-
act to temperature variations, and to demonstrate that the detectors can
withstand the expected thermal gradients without damage.

In Chapter 8, we investigate the performance of different prototype mod-
ules within a laser test-stand as part of studies carried out to determine the
optimal wafer thickness for the ST sensors. Measurements were performed
to study the response of the silicon microstrip detectors together with the
readout chips. The performance of the modules, like signal shape charac-
teristics, charge sharing between strips, or charge-loss between strips, were



8 Introduction

studied and determined for different settings of bias voltage, shaping time of
the readout chips and position of the laser with respect to the strip.

In Chapter 9, we present the results of a dedicated test-beam on the pro-
totype modules that complements and confirms the results of the previous
chapter. Signal shapes were studied, and the parameters meeting the spec-
ifications for the ST were determined. Signal-to-noise ratios were obtained
and the minimum sensor thicknesses to provide full detection efficiencies for
each module length were determined.

In Chapter 10, we present the results of radiation studies on prototype
sensors that were irradiated up to fluences equivalent to and larger than
the expected particle fluence in the innermost region of the IT detector af-
ter 7 years of operation at nominal luminosity. The measurements include
an electrical characterization of the irradiated sensors and a study of the
performance of the irradiated modules using the same laser test-stand as in
Chapter 9. A comparison to unirradiated sensors and modules is carried out.

In Chapter 11, we give a description of the three types of sensors that will
be finally used in the ST, and present the sensor quality assurance program
followed by the ST group. A total of 1400 sensors will be installed, and
have to be tested to ensure their functionality and check that they pass the
specified acceptance criteria. We summarize the results for the first batches
of sensors, which involve about 10% of the total production, including sensors
of all three types.
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Chapter 2

CP violation and physics
objectives of the LHCb
experiment

In this chapter, we briefly describe the physics goals of the LHCb experiment,
which constitute the real scientific motivation of the work presented in this
thesis. The experimental search of new physics beyond the Standard Model
is outlined, including the role of the accelerator and the constraints imposed
on the spectrometer.

2.1 Introduction

The theory currently used to describe particle interactions, the Standard
Model (SM), has been tested and verified with a high number of experiments
and to a high level of precision, but it is known to be still incomplete. Im-
portant aspects remain unexplained, like the origin of fermion masses and
mixing or the structure of heavy particle spectrum. In order to probe the
limits of the SM, the exploration of physics with b flavoured hadrons ap-
pears to be very promising. This is because the large b-quark mass allows a
clean determination of its couplings to other quarks, due to the asymptotic
freedom property of QCD, necessary to relate hadronic amplitudes to observ-
able decays. If, in addition, the experiment can provide good quark flavour
identification in these decays, not only b — ¢ and b — u transitions can be
studied, but also b — s (and b — d) which are forbidden at lowest order in
the SM. As an example, the latter transitions only receive contributions from
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electroweak loops, and these are extremely sensitive to the spectrum of new
heavy particles.

CP is the combined transformation of charge conjugation C and parity
transformation P. Non-conservation of the CP symmetry (CP violation) was
first discovered in 1964 [7] in neutral-kaon systems as a small effect (0.2%).
More recently, it has been also observed in B-meson systems [8] with much
larger values (~ 30%). It implies that matter and antimatter can be distin-
guished in an absolute, convention-independent way. The existence of CP
violation is a necessary condition to generate the matter-antimatter asym-
metry observed in the Universe [9]. The SM can accommodate CP violation
through quark-mixing with three quark generations [11], but it does not ex-
plain it. Conversely, measurements of CP violating asymmetries can be in-
terpreted as measurements of quark mixing phases. It is worth to note in this
respect, that quark phases can only arise from the fermion mass generation
mechanisms, whether or not in compliance with the SM.

As a matter of fact, the level of CP violation that is required to explain
the observed cosmological matter-antimatter imbalance is several orders of
magnitude larger than that predicted within the SM, which hints for new
potential sources of CP violation beyond the current electroweak theory.
Therefore, CP violation has developed into one of the most important and
actively pursued fields of research in particle physics.

The outline of this chapter is the following. In Section 2.2, we briefly
explain how CP violation is accommodated within the SM. In Section 2.3,
we introduce the B-meson systems and explain their importance for the de-
termination of precise CP violating parameters. In addition, recent results
of some of these parameters, obtained at B-factories, are reported. In Sec-
tion 2.4, the physics objectives of the LHCb experiment are presented, and
the processes where CP violation will be studied are summarized.

2.2 Quark mixing and CP violation within
the Standard Model

The 3 x 3 quark-mixing matrix that relates mass to electroweak eigenstates
has exactly four measurable phases, once the non-physical ones, associated
to individual quarks, are discounted. They are usually called in the liter-
ature [20] 3, v, x and x~ . The last two allow for CP-violation in BY-BY
and B%-BY mixing, respectively. The LHCb experiment will measure all of
them in a model-independent approach, given the fact that the SM predicts
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explicitly relationships among them, which can be derived from the matrix
unitarity.

In the SM, flavour-changing processes between quarks occur solely through
charged-current interactions, with couplings described by a 3 x 3 quark-
mixing unitary matrix, which is usually referred to as the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [10, 11]. As mentioned above, this matrix connects
the electroweak eigenstates (d', s',0') of the down, strange and bottom quarks
with the corresponding mass eigenstates (d, s, b):

dl Vud Vus Vub d
s =1 Vea Ves Vb s | =Vexkm | s
b Via Vis Vi b b

A commonly used parametrization, introduced by Wolfstein [24], uses the
parameters A, A, p,n. In this parametrization, the matrix unitarity can be
maintained to the desired order of precision. To order A3, Vi is written
as:

1—)\2/2 A AN (p —in)
Veku = - 1—X?/2 AN +0(XY)
AN (1 —p—in) —AN 1

CP violation occurs if n # 0. The parameter A is identical to the Cabbibo
angle [11] and has been measured to be a~ 0.22, which implies that the
diagonal elements of the matrix are close to 1 while the off-diagonal elements
are small. One of the advantages of Wolfstein s parametrization is that it
reproduces well the experimental pattern of Vg, moduli, unexplained by
the SM, for which A, A, p,n are arbitrary parameters derived from quark
couplings to Higgs fields.

Of the nine unitary relations of the CKM matrix, six have a result of zero
and can be drawn as triangles in the complex complex plane as illustrated in
Figure 2.1. If there is no CP violation, all triangles degenerate to lines. Only
two of the triangles have all three sides of comparable magnitude, namely
O()X®). The corresponding equations, which are the most relevant for B
physics, are:

VudVp + VeaVp + ViaViy =0
VisVay + VisVigs + VidVia = 0
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Figure 2.1: Two unitary relations drawn in the complex plane.

The second triangle has a particular relevance to the BY meson system. In
the Wolfstein parametrization,

arg V;id = _ﬁa arg Vub = -7, arg V;ts = —-x+m,

and all other elements of the CKM matrix are real. The x~ phase only arises
at order \*, and therefore it is strongly suppressed by the SM.

2.3 Brief experimental status of CP violation
in B mesons

B-mesons are bound states of one b-antiquark and one lighter quark [8]. Their
antiparticles, called the B-mesons, contain one b-quark and one lighter anti-
quark. Usually B and B mesons together are generically called ” B-mesons”,
unless the discussion requires them to be distinguished from each other. The
study of B-meson decays is a key process for the precise determination of CP
violating parameters, since large CP violation effects are predicted in them.
Furthermore, measurements are possible in many different decay channels,
allowing to over-constrain the parameters and, possibly, to find inconsisten-
cies suggesting the existence of physics beyond the SM.

The quantities |V| and |V, can be determined from various B meson
decays generated by tree diagrams [20]. Furthermore, |Vi4| and |V can
be calculated from BY-BY and BJ-B? oscillation frequency, assuming that
the oscillations proceed only via the SM box diagrams shown in Fig. 2.2.
Currently, the B3-BY oscillation frequency is very well measured, Amy =
0.502 & 0.007 ps~* [8], but only a lower limit has been set on the B-B?
oscillation frequency, Ams > 14.4 ps~! (CL> 95%) [8]. Combined, these
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Figure 2.2: The SM box diagrams that generate BJ-BY and Bl-BY oscilla-
tions.

measurements determine two sides of the triangle shown in Fig. 2.1 and thus
permit to construct the triangle and extract A, p and 7.

The so-called B-factories at SLAC (BaBar experiment) and KEK (BELLE
experiment) have provided us with a wealth of interesting data on BY and
B* meson decays originated from the decay of the Y (4S)-resonance using
ete” beams. The most important result is the measurement of a time-
dependent CP asymmetry in the decay B} — JA/K$ . Both BY and BY can
decay to the same CP final state, and a small difference in the decay times
between the B and the B meson to these states is expected. The asymmetry
is proportional to sin2f and therefore gives a direct measurement of this
angle. The latest result of this asymmetry from Belle [25] gives a value
stn2f = 0.652 £ 0.039 £ 0.020. This measurement has provided the first
observation of CP violation outside the kaon system.

On a more open and recent research level, both BaBar and Belle collabo-
rations have presented first results on the observation of decays b — s5s and
b — sdd. In the SM, these decays proceed through penguin diagrams, and
their CP asymmetry measure the same sin2f as it is measured in b — c¢cs.
Discrepancies between the two sin28 have been reported. BELLE has re-
ported a 2.4 standard deviation discrepancy with respect to the SM expecta-
tion [26], in the combined result for B — ¢K2, KTK K2, f,(980)K2, n 'K?,
wK?, K270 and K2K2K? decays. The BaBar Collaboration has also pub-
lished recent results that indicate a deviation (2.8 ¢) from the SM in chan-
nels affected by the same penguin diagrams [27-31]. Since box and penguin
diagrams are specially sensitive to new physics effects, it is of utmost impor-
tance that these observations are invesigated by a high statistics experiment
like LHCD.
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2.4 Physics program of the LHCDb experiment

The LHCD experiment has been proposed [20] to carry out a complete study
of all quark mixing phases, and the main ingredient to achieve that goal is
the use of an extremely high energy proton collider, the LHC. The LHCb
spectrometer has been designed to exploit the large and strongly forward
peaked bb production cross section at 14 TeV pp center of mass energy. With
it, correlated b and b quarks can be tagged and CP-violation asymmetries
can be accurately measured, as well as neutral B’-B° oscillation frequencies.
At the nominal luminosity of £= 2 x 10%? cm 2 s~ !, 10'? bb pairs per year
will be produced at LHCb.! The experiment will collect approximately the
same number of reconstructed B} events in one year that the B factories in
total will have accumulated by the time when LHC will start producing data.
But more importantly, LHCb will for first time collect statistically significant
samples of B, which will allow precise and independent measurements of the
~ phase. Further details about the spectrometer are given in Section 3.2.

For a comprehensive study of CP violation including possible contributions
from new physics, the B? meson plays an essential role [34]. If indeed new
physics such as SUSY is just around the corner, it must contribute to B%-
B? oscillations and various decay modes which are generated by the loop
diagrams, e.g. penguins and boxes. Since CP violation is sensitive to the
phases of couplings, it gives a unique opportunity to probe not only the
strengths but also the phases of the new couplings.

!The experiment is currently setting up for a luminosity increase up to L= 2.5 x
1032 cm~2 571, which is expected to be viable after recent developments of the High Level
Trigger [32].
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B? mesons cannot be produced with very high intensity at current ete™
colliders. This is because the B-factories collide electrons and positrons at a
combined energy close to 11 GeV, optimum to produce a YT (4S)-resonance.
Due to the mass of this state, only B* and B}/Bf are accessible to these ex-
periments. At LHC, due to the much higher center-of-mass energy available,
BY and BY? become also available, allowing a much wider range of measure-
ments that will permit to over-constrain the unitary triangles. Selected LHCb
baseline physics measurements are described below.

The B physics sensitivity can be illustrated with the analysis of B-BY os-
cillation. This observation is one of the first physics goals of the experiment.
To measure this, LHCb will reconstruct the decay B? — Doz, for which
80000 fully-reconstructed events per year of data-taking are expected. The
signature of the oscillation is shown in Figure 2.3 before and after reconstruc-
tion. The proper-time resolution is about 40 fs for this mode. After including
the effect of the acceptance, which removes events at short proper-time, the
oscillation signal is still clearly visible [33, 35]. A 5o observation of mixing
is possible up to Am, = 68 ps~!, which is well beyond the SM expectation.
Once the effect is seen, the oscillation frequency is expected to be precisely
determined with o(Am;) ~ 0.01 ps!.

The angle x is feasible at LHCb in two different approaches:

I. A state initially produced as a B(B?) can either directly decay to Jibo,
or can oscillate into a BY(B?) and then decay into J/¢. The interference
between these amplitudes results in a time-dependent CP-asymmetry
which measures the phase difference between the decay amplitude and
the BY-BY oscillation amplitude. In the SM, this phase difference is
given [36] by twice the angle x. As a result, the amplitude of the
resulting time-dependent CP-asymmetry is expected to be sin(—2y).
In the SM, the B? mixing phase is expected to be small, ¢, = 2x =
2n)2, of the order of —0.04. The observation of a large CP asymmetry
in this channel would therefore be a striking signal for physics beyond
the SM. This can be also applied to B2(B?) decays into JAn and into

Ne®-

I1. In the decay B — DFK® the final state is a non-CP eigenstate to which
both B? and B? can decay. The decay B? — DFK= can proceed through
two tree decay diagrams, shown in Figure 2.4. The interference these
tree diagrams gives access to the phase v — 2y.

The phase of Vi, 7, will be measured at LHCb in three different ways:
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and BY — KTK~ decays.

One way to extract vy, which is essentially independent from new physics
contributions, is to incorporate into the experimental analysis the two
tree diagrams, b — @+ W' and b — ¢+ W*. This can be done
by studying the time-dependent rates of BY decaying into DK~ and
D; K™ and their CP-conjugated processes [37], as explained above. Fig-
ure 2.4 illustrates the corresponding diagrams. From them, one can
extract ¢s+ v without any theoretical ambiguity. Here, ¢ is the phase
of B2-B? oscillations, which can be obtained from the time-dependent
CP asymmetry of B? and B? decaying into Jiy¢ (or other CP eigen-
states produced by the b— ¢+ W~ and b— €+ W™ tree processes).
Combining the two results, v can be determined.

Another way of measuring v comes from time-dependent asymme-
tries for B — 7F7~ and B? — KTK~, A°P(t) = A cos(Amgt) +
A™Xgin(Amgt) . Both tree and penguin processes contribute to these
decays. The diagrams for these processes are shown in Figure 2.5. Four
observables are parameterized with seven parameters, v, ¢4 and ¢s and
the ratios of penguin over tree contributions. If we assume that the
strong interaction dynamics remains invariant under this interchange
(U-spin symmetry) [38], the relative contributions of the penguin pro-
cess with respect to the tree process are identical for the B — 77~ and
B? — KK~ decays. Under this assumption, v can be determined from
the time-dependent CP asymmetry for B® and B® decaying into 77~
and that for BY and B? decaying into K*K~. Using the ¢4 and ¢, val-
ues obtained from the CP asymmetries measured with B®, B® — JA/KS
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and B, B? — Jip¢ respectively, the assumed U-spin symmetry can be
tested as well.

III. Another opportunity for observing the interference between the two
tree processes, b — @+ W™ and b — ¢+ W™, and thus extracting v, is
given by D-D° mixing [39]. This can be done by measuring the time-
integrated decay rates for B — DYK*?, B® — D°K*?, B® — D%,K** and
for their CP-conjugated processes, where D%, = (D°+D")/v/2 denotes
the CP-even eigenstate of the D’-D° system. Figure 2.6 shows relevant
diagrams.

It is important to note that the phase v measured in the first method will not
be affected by the possible existence of new particles. The second method
makes an explicit use of the penguin processes where new particles can con-
tribute in loop exchanges. Therefore, the extracted value of v could be af-
fected by new physics. Equally for the third method, new physics in D°-D°
mixing could affect the extracted value of . From these three measurements,
we can determine the angle v and, together with the |V,;,| measurements, ex-
tract the CKM parameters, A, p and n even in the presence of new physics,
and pin down the contribution of new physics to the oscillations and penguin
diagrams like those shown in Figure 2.5.

In the SM analysis, using the present knowledge of CKM elements |Vyy|,
|Vebl, [Via| and sin 23, « is predicted to be ~ 65° [40].

There are many other CP-violating decay modes where the extracted
phases of Viq, Vb and Vs are affected differently by new physics. Rare-
loop induced decays are sensitive to new physics in many extensions of the
SM. At LHCb, studies of radiative penguin decays B® — K*'v, B — ¢,
B? — w, electroweak penguin decay B® — puu~K*°, gluonic penguin decays
BY — ¢K?2, B! — ¢¢ and the rare decay BY — utp~ will be performed.
Studies of those decay modes with high accuracy will probably enable to
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‘ Parameter ‘ Channel ‘ Yield ‘ Precision ‘
B — DFK= | 5400 o(y) ~ 14°
BY— 7tx~ | 26000 o
B> KTK_ | 37000 oly) ~ 6
i B DK™ | 500
B — DYK*0 | 3400 o(y) ~ 8°
B"— DZ.K™ | 600
X B — Jipg | 120000 olx) ~2°
[Via/Vis| | BY — Dynt | 80000 | Amyg up to 68 ps !
AL BY— K*9y [ 35000 o(A%L) =~ 0.01

Table 2.1: Selected performance after 1 LHCb year. Only statistical errors
are taken into account. Reproduced from [35].

determine the structure of the operators governing the new physics, in a
complementary way to the direct searches of the Higgs boson that will be
performed at ATLAS and CMS. As explained, BY mesons play a crucial
role here. This gives a distinct advantage to hadron machines over e*e~ B
factories operating at the Y(4S). Similarly, Bf mesons and b baryons are
also an exclusive domain of hadron machines. In addition, for interesting
CP-violating B® decay modes such as 7+7~, K*7F and K**/*¢~, the LHCb
experiment will be able to collect huge statistics compared to the currently
operational experiments.

It is clear from the previous discussion that, in order to perform its func-
tion, the LHCb spectrometer must attain the following technical aspects:

e Cope with a very high particle occupancy, specially in the low angle
region, close to the accelerator beam pipe. Despite the relatively low
luminosity as compared to ATLAS and CMS, particle fluences will
reach 5 x 10° cm?s™! in the innermost regions of the detector. This
poses a constraint on detector granularity and special care on detector
ageing, due to the high irradiation, as we will see in the following
chapters.

e Provide single-hit tracking efficiencies larger than 98% and uniformly
distributed, in order to collect the required statistics of fully recon-
structed b-hadron decays, within one year of data-taking time. Since,
as we have seen, many of the decay modes of interest involve at least
four final state charged particles, it is clear that B-meson reconstruc-
tion efficiencies will scale as high powers of single-particle efficiency.
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Therefore, detector efficiencies are indeed critical, which imposes lower
limits on charged particle signal-to-noise ratios, as we shall see. Mate-
rial budgets on the construction of the trackers are also important in
this respect, specially concerning hadron interactions of low energy 7+
and K*.

We have mentioned here two key aspects of the LHCb experiment, which
are of direct concern to the Silicon Tracker work developed in this thesis.
Certainly, other technical challenges of the spectrometer, such as particle
identification by the RICH detectors, precision vertexing capability, or elec-
tron and muon tagging, are equally important.

In Chapter 4 we will provide a rather detailed description of the Silicon
Tracker, before we concentrate on the studies and measurements done on
detector properties, which will show that the aspects mentioned above will
indeed be met by the spectrometer.
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Chapter 3

The LHCDb spectrometer

In this chapter we give an introduction to the LHC accelerator and the LHCb
experiment. We describe the different sub-detectors that compose LHCb,
presenting their main purposes and characteristics.

3.1 The LHC

The Large Hadron Collider (LHC), at present under construction at CERN,
is a proton-proton collider with a center-of-mass energy of /s = 14 TeV.
The LHC has two low luminosity experiments: ALICE, a dedicated heavy-
ion collision experiment, and LHCb, a dedicated B-physics experiment; and
two high luminosity experiments, ATLAS and CMS, two general-purpose
detectors that aim for a peak luminosity of 10** cm 2s~!. When the LHC is
commissioned in 2007, it will be the largest energy collider ever built. Bunch
crossing at the LHC will occur every 25 ns, which requires the use of fast
pipe-lined electronics in all detectors.

3.2 The LHCb spectrometer

The LHCb experiment [16, 17, 20] has been designed to perform high-
precision measurements of CP violating phenomena and rare decays in the
B meson systems. The luminosity at the LHCb interaction point of L=
2 x 1032 ¢cm™? 57! yields about 10'? bb pairs per year." The copious pro-

ILHCb luminosity is reduced by a factor of 50 with respect to ATLAS and CMS
experiments in order to maximize the number of single interactions per bunch-crossing.
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Figure 3.1: Vertical cross section of the LHCb detector.

duction of B4, Bs and B, mesons and b-baryons, together with the unique
particle-identification capabilities of the LHCb spectrometer, will allow the
experiment to study the physics of hadrons containing b-quarks more accu-
rately and in greater detail than any other experiment.

A vertical cross section of the LHCb detector is shown in Figure 3.1.
It has been designed as a single-arm magnetic spectrometer, exploiting the
large and strongly forward bb production cross section at the LHC [16]. The
detector acceptance extends out to 300 mrad in the horizontal bending plane
of the 4 Tm dipole magnet and to 250 mrad in the vertical plane.

Immediately surrounding the p-p interaction point there is the silicon Ver-
tex Locator (VELO) [41]. It is built in two halves, placed on both sides of the
beam, that can be moved close to it during data taking, or retracted during
machine injection. Both halves accommodate 21 measuring stations, each
made of two half-disks of 300 pum single-sided silicon microstrip detectors,
that allow the measurement of r and ¢ coordinates, with stereo angle, for
excellent vertex resolution and precise decay lengths measurement.

The main tracking system consists of four planar tracking stations: the
Trigger Tracker (TT) station located upstream of the spectrometer magnet,
and three stations (T1-T3) located downstream of the magnet. TT station is
entirely covered by silicon microstrip detectors, whilst in stations T1-T3 two
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detector technologies are employed: the outer region, away from the beam-
pipe, is covered by the straw-tube drift chambers of the Outer Tracker [18];
the innermost region around the beam-pipe, the Inner Tracker (IT), where
particle densities are highest, is covered by silicon microstrip detectors. The
IT and TT station form the Silicon Tracker (ST) project. It will be described
in detail in Chapter 4.

Particle identification is provided by two Ring-Imaging Cherenkov detec-
tors that are located one upstream (RICH1) and one downstream (RICH2)
of the tracking system. The calorimeter system, consisting of a scintillator,
a pre-shower detector, an electromagnetic and a hadronic calorimeter (SPD,
PS, ECAL, HCAL), provides identification capability for electrons, photons
and hadrons. The muon detector (M1-M5) provides muon identification for
trigger purposes.

In order to fully exploit its physics potential, the LHCb apparatus must
ensure high trigger and event reconstruction efficiencies for all interesting
decay channels. At LHCb, the cross section of bb production amounts to
less than 1% of the total cross-section. The goal is to exclusively reconstruct
the B meson decays of interest, measure the proper-time even for the fast
oscillating Bg mesons and provide reliable tagging of the b flavour. Thus, the
crucial features of the experiment are robust and efficient trigger, particle
identification and decay time resolution. In the high-rate environment of
the LHC, efficient and precise reconstruction of the trajectories of charged
particles is a key ingredient for providing the required momentum resolution
for proper lifetime measurement of B-meson decays.

The reconstruction of the trajectories of charged particles in this harsh
environment is challenging. In each p-p crossing producing a bb pair, within
the LHCDb acceptance there are about 50 charged particles. In addition, the
amount of material seen by a particle up to the end of the spectrometer
amounts to 30 — 40% of a radiation lenght. This leads both to multiple
scattering and the generation of secondary particles in hadronic and electro-
magnetic interactions.

3.3 Track reconstruction

LHCb has developed a multiple-pass tracking finding strategy [20, 42]. In
a first pass, tracks that traverse the entire spectrometer from the Vertex
Locator to the last of the IT stations are searched for. These so called “long-
tracks” have the highest precision and are the most important for physics
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analyses. The hits used on these tracks are then flagged as used and a
search made for tracks with hits only in the IT stations and the T'T station.
Typically, these tracks are the decay products of K, and hyperon decays
occurring outside the acceptance of the VELO. Finally, with the remaining
unused hits a search is made for low momentum particles which are bent out
of the acceptance by the magnet but have hits in the VELO and TT station.

Figure 3.2 shows the efficiency to reconstruct long tracks calculated by
Monte Carlo simulations as presented after LHCb reoptimized design [20].
For tracks with momentum higher than 10 GeV, an average efficiency of
~ 95% is found. The corresponding ghost rate depends on the transverse
momentum of the particle: if it is required that the pt of the reconstructed
track is larger than 0.5 GeV, as is done in many physics analyses, a ghost
rate of 4% is achieved. The plot shows that the search for low momentum
particles is more difficult than that for high momentum particles.

All reconstructed tracks are fitted to obtain optimal estimates of the track
parameters and the associated covariance matrix. In Figure 3.3, the momen-
tum and impact parameter resolution obtained are shown. The momentum
resolution is plotted as a function of the track momentum and is seen to be
increasing from 0p/p = 0.35% for low momentum tracks to dp/p = 0.55% for
tracks at the high end of the energy spectrum. In the same figure, the momen-
tum spectrum for B-decay tracks is also illustrated. The impact parameter
resolution is plotted as a function of 1/pr of the track. For comparison, the
momentum and 1/pr spectra of B-decay particles in the detector acceptance
are plotted in the same figure.
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Figure 3.3: (a) Momentum resolution, dp/p, for long tracks as a function
of momentum, p. (b) Impact parameter resolution as a function of 1/pr.
The momentum and transverse momentum spectra of B-decay particles are
shown in the lower part of the plots. Reproduced from [20].
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Chapter 4

The LHCDb Silicon Tracker

In this chapter we describe the Silicon Tracker, subdetector for which the
sensors studied in the present work were investigated. We focus our attention
on the points relevant for our work with silicon sensors. Further details can
be found in the references given throughout.

4.1 Silicon Tracker

In LHCb, excellent momentum resolution is required in order to measure
precisely the invariant mass of b decay candidates and separate the B meson
signal from the background. In addition, it is essential for determination of
of the neutral meson proper lifetimes, where flavour oscillations will be ob-
served. The main purpose of the tracking system is therefore to recognize the
charged particle tracks and determine their momentum and sign of charge.

The Silicon Tracker (ST) is part of the tracking system of LHCb and
consists of two sub-detectors that will be built using silicon microstrip tech-
nology: the Trigger Tracker (TT) station, and the Inner Tracker (IT). The
design of the IT and the TT station is described below. Further information
can be found in [19, 20, 43, 44]. Both detectors will be used by the High-Level
Trigger (HLT) and offline analysis to determine charged particle momenta
(and pr) of individual tracks, and to fully reconstruct the trajectories of all
charged particles. Furthermore, data from the T'T station will be employed
by the Level-1 trigger ! to assign transverse momentum information to high
impact parameter tracks reconstructed in the VELO.

ILevel-1 trigger will run at the main CPU farm at 1 MHz.
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Simulation studies have shown that the momentum resolution in LHCD is
dominated by multiple scattering over a wide range of momenta and therefore
the material budget has to be minimized. For the ST, this poses a special
challenge since parts of the front-end electronics that have to be close to
the detector are located inside the acceptance of the experiment. On the
other hand, these studies have shown that a moderate spatial resolution of
around 60 um is adequate for the ST, which naturally leads to a choice of
strip pitches of approximately 200 pm.

At the LHC, bunch crossing occurs every 25 ns. This calls for front-end
electronics with fast shaping time in order to avoid the need to reconstruct
overlapping events from consecutive bunch crossings. Fast front-end electron-
ics are, however, susceptible to significant Johnson noise if connected to large
load capacitances as given by the long readout strips employed in the ST.
Silicon sensors and front-end electronics have to be carefully designed and
matched to each other in order to optimize the signal-to-noise performance
and guarantee high single-hit efficiencies.

4.1.1 Inner Tracker

Tracking stations T'1-T3 are located downstream of the spectrometer mag-
net, and are placed at equidistant positions along the beam line (see Fig-
ure 3.1). In each of them, the Inner Tracker (IT) covers a cross-shaped area
around the beam pipe, where particle densities are highest (see Figure 4.1),
and has dimensions of approximately 120 cm wide and 40 ¢cm high. Though
it covers only 1.5% of the surface area, 20% of the tracks pass through it.

An isometric view of a IT station is shown in Figure 4.2. Each IT station
consists of four detection layers. The first and the fourth layer have vertical
readout strips, whereas the second and the third layer have readout strips
rotated by a stereo angle of £5°. This provides a precise measurement of
track coordinates for momentum determination in the bending plane of the
magnet and sufficient resolution for pattern recognition in the vertical coor-
dinate. The layout of a detection layer in the IT is shown in Figure 4.3. The
shape and dimensions of the IT active area have been optimized to ensure
sufficiently low occupancies in the surrounding detector [19]. The dimensions
differ slightly for the three tracking stations, due to the conical shape of the
beam pipe and the use of standard silicon sensors for all stations.

Each station consists of four independent detector boxes, above, below
and to both sides of the beam pipe. The boxes are light-tight and ther-
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Figure 4.1: Front view of one of the tracking stations T1-T3. The IT covers
a cross-shaped area around the beam pipe. The remainder of the acceptance
is covered by the long Outer Tracker straw drift-tube modules. The shape
and dimensions of the I'T are optimized to ensure sufficiently low occupancies
in the surrounding detector.
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Figure 4.2: Isometric view of a I'T station. The downstream walls and some
modules are not shown in order to display the interior of the detector boxes.

41.4 cm

-t

Figure 4.3: Layout of a IT station. Two-sensor long modules use 410 pym
thick sensors, whilst one-sensor long modules use 320 pym thick sensors.
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mally insulating. Liquid cooling provides an operation temperature of 5°C
in the I'T boxes. A detector box contains 28 silicon modules arranged in
four detection layers. One-sensor modules are used in the top/bottom boxes
and two-sensor modules in the left /right boxes. Adjacent modules overlap a
few millimeters in order to ensure full acceptance coverage and facilitate the
relative alignment of the modules using hits from shared tracks.

In the IT, the silicon sensors bonded to the front-end readout electronics
are mounted onto a sandwich structure support plate, which consists of an
isolating polyimide layer and two carbon fiber sheets, separated by 1 mm of
Airex foam. Figure 4.4 shows an expanded view of a two-sensor module.

Each module is read out by integrated circuits, the Beetle chips [45], that
are located at the front-end hybrids at the end of the detector modules [46].
The Beetle chip is a 128-channel ASIC device for 40 MHz sampling and
multiplexed dead-timeless readout that is manufactured in a 0.25 yum CMOS
process and was irradiation tested up to 40 MRad. The chip features for
each channel are a low-noise charge-sensitive preamplifier, an active CR-RC
pulse shaper with a minimum rise time (~ 13 ns) well below the LHCb
requirements, and an analogue pipeline with a programmable latency. IT
modules carry three Beetle chips each, that are mounted on a printed circuit
board. Ceramic pitch adapters are necessary to match the silicon sensor
pitch to that of the Beetle input pads.

All modules are mounted in a common cooling plate, which will be kept
at low temperature in order to remove the heat generated by the front-end
chips and provide cooling for the silicon sensors.

Two types of rectangular silicon sensors of different thickness but oth-
erwise identical design are employed in the I'T. All sensors are single-sided
p-on-n type, measure 11 cm in height and 7.8 ¢cm in width, and have a strip
pitch of 198 ym. The dimensions of the sensors were optimized to fit the ac-
ceptance requirements of the I'T. The number of 384 readout strips per sensor
was chosen to match the granularity of the 128-channel front-end readout
chips. In order to minimize material budget, 320 ym thick sensors are used
for the single-sensor modules above and below the beam pipe, whilst 410 ym
thick sensors are required to ensure good enough signal-to-noise performance
for the two-sensor long modules to the left and to the right of the beam pipe.
Further details about sensor design characteristics are given in Chapter 11.
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Figure 4.4: Expanded view of a two-sensor module for the I'T station.

4.1.2 Trigger Tracker Station

The T'T station, located upstream of the spectrometer magnet, is entirely
built using silicon microstrip technology, and covers the full LHCb accep-
tance.

An isometric drawing of the TT station is shown in Figure 4.5. The TT
station consists of four detection layers that have dimensions of approxi-
mately 160 cm width and 130 cm height. The first and fourth layers have
vertical readout strips, whereas the second and the third layers have readout
strips rotated by a stereo angle of £5°. The four layers are arranged in two
half stations, TTa and TTb, separated approximately 30 cm along the beam
axis. All silicon sensors are kept in a common light-tight, dry and thermally
insulating detector housing with an ambient temperature of about 5°C pro-
vided by liquid cooling. The TT detector box is horizontally split in two half
stations allowing a retraction from the beam pipe.

The layout of a detection layer in the TT station is illustrated in Figure 4.6.
The basic detector unit is a seven-sensor long module that is electronically
split into several readout sectors, as indicated by the different shadings in
the figure. An isometric view of such an unit is shown in Figure 4.7. Long
readout strips covering the full height of the station would lead to unaccept-
able large strip capacitances and noise performance of the front-end readout
amplifier. Front-end hybrids carrying four Beetle [45] chips and associated
mechanics for all readout sectors are located above and below the sensitive
region, outside the acceptance of the experiment. The outermost readout
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Figure 4.5: Isometric view of the TT station. One detector half is shown
retracted from the beam pipe and the downstream wall of the enclosure is
not shown in order to display the interior of the detector box.
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Figure 4.6: Layout of a detection layer in the TT station. Readout sectors
are indicated by different shadings. All silicon sensors are 500 pm thick.
Dimensions are in cm and refer to the sensitive area covered by the silicon
SEnsors.

sectors on each module consist of four sensors that are directly bonded to
their respective front-end hybrids. The next sectors consist of three sen-
sors, that are connected to the front-end hybrids via 40 ¢m long kapton
interconnect cables. In the modules directly surrounding the beam-pipe, the
innermost sector is additionally divided into a two-sensor and a one-sensor
readout sectors, the innermost one connected to its front-end hybrid via an
approximately 60 cm long interconnect cable.

The TT station will contain longer readout sectors than the I'T, resulting
in higher strip capacitances and a worse noise performance of the front-end
readout amplifier. This requires the use of thicker sensors to obtain larger
signals and ensure good enough signal-to-noise performance. TT station
makes use of the silicon sensors that were developed for the outer barrel
of the CMS silicon tracker [47]. Sensors have a thickness of 500 pm and
measure 9.4 cm in length and 9.6 cm in width, and have a strip pitch of
183 pm. Further details about the sensor design characteristics are given in
Chapter 11.

The performance of these long silicon ladders had to be studied to demon-
strate that a good signal-to-noise ratio could be achieved, at the same time
as the “spill-over” (the fall-time of the preamplifier signals) of signals to the
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Figure 4.7: Isometric view of a T'T half module, showing the readout hybrids
and the kapton interconnect cable employed to read out the inner readout
sector.

following bunch crossings could be kept sufficiently small in order not to
compromise physics performance. This R&D conforms an important part of
the work presented in the following chapters.
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Chapter 5

Silicon microstrip detectors

In this chapter we give an introduction to the physics and technology of
silicon microstrip particles detectors, focusing our attention on the operating
principles of these detectors and the aspects relevant for the work presented
in the following chapters.

5.1 Introduction

Semiconductor detectors, and in particular silicon detectors, play an increas-
ingly important role in high-energy physics experiments. For charged parti-
cle detection, silicon strip and pixel detectors are presently the most precise
tracking devices. In addition, these detectors are radiation hard and fast-
responding, which allows for applications in high-rate environments. Excel-
lent treatments of the the basics and developments on silicon detectors have
been documented in several publications [48-52].

The outline of this chapter is the following. In Section 5.2, the basic
properties of silicon and of a p—n junction are described, and the principles of
operation of these detectors are presented. In addition, the planar processing
technology is briefly described. In Section 5.3, the radiation induced damage
of silicon detectors is discussed.

37
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5.2 Physics and properties of silicon detec-
tors

5.2.1 Silicon properties

Silicon sensors are attractive because of their very good intrinsic energy reso-
lution (an electron-hole pair is obtained for every 3.6 eV released by a particle
traversing the medium). Furthermore, the high density of the medium re-
duces the range of secondary electrons, allowing very good spatial resolution.
Because of these characteristics, they are used as tracking systems.

For applications as particle detectors, silicon is mainly used in a single crys-
tal formation. The silicon atoms are arranged in a diamond-like face-centered
cubic lattice where each atom is surrounded by four nearest neighbours in a
tetrahedral configuration. Each atom shares its four outer (valence) electrons
with the neighbouring atoms, thus forming covalent bonds.

At 0 K, all valence electrons participate in the covalent bondings, and no
free electrons are available for electrical conduction. However, at higher tem-
peratures, the electrons can be thermally excited out of a covalent bond and
become free to participate in electrical conduction. At the same time, elec-
tron vacancies (holes) in the covalent bond can be refilled by other electrons,
giving rise to a movement of holes which also contributes to the electrical
conductivity.

In addition to thermal excitation, externally triggered processes such as
ionizing radiation or exposure to electromagnetic waves in the visible or UV
range, alter temporary the conductivity by creating free electron-hole pairs.
The capability of silicon to collect this created charge allows its use as a
particle detector. To do this, almost all free intrinsically generated charge
carriers have to be removed from the silicon bulk to avoid that the signal
generated by a particle crossing the detector would be covered by the fluctu-
ations of the detector current. One way to increase the signal-to-noise ratio is
to cool the crystal, which is not very practical. The method commonly used
in modern particle detectors to remove free carriers from the silicon bulk is
the formation of a p — n diode structure.

5.2.2 The p —n junction

The p- and n-type materials are obtained by replacing some of the silicon
atoms by atoms from the groups IIl and V, respectively, which is referred
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Atomic number 14
Average atomic mass 28.09
Density (g/cm?) 2.329
Dielectric constant (eg) 11.9
Radiation length (cm) 9.36
(g/cm?) 21.82
Band gap (eV) 1.12
indirect
Intrinsic carrier concentration (cm™3) | 1.4 x 10
Mean energy to create e-h pair (eV) 3.62
Drift mobility u (cm?/Vs)
Electrons p, 1450
Holes 1, 450
Saturation field (V/cm) 2 x 10*

Table 5.1: Selected properties of silicon.

to as doping. FElements from the group III have three valence electrons,
and easily attach an electron from silicon atoms. They are called acceptors.
Attachment of electrons creates holes, which are the majority carriers in p-
type semiconductors. The elements from the group V, the donors, have five
electrons in the valence shell and very low energy is required to bring one
of them to the conduction band. The majority carriers in n-type materials
are electrons. In both p- and n-types materials there are carriers of the
other type, coming from thermal excitation of silicon atoms, that are called
minority carriers.

If p- and n-type semiconductor materials are brought together to form a
pn-junction, diffusion of majority carriers into the other type semiconductor
region occurs as a result of the gradient of densities: holes from the p side
diffuse into the n side, and electrons from the n side diffuse into the p side.
Around the junction, this migration leaves in the p side a negative net charge
and a positive one in the n side, in the so called depletion region. This
space charge is due to unneutralized, immobile acceptor and donor ions in
regions n and p, respectively, and generates an electric field. This creates a
drift component of current opposing the diffusion, and the initial migration
of carriers across the junction sets up a barrier to further migration, and
equilibrium is reached.

The width of the region with no free charges, the depletion region, is given
by the sum of the depletion depths into the n-side, W,,, and into the p-side,
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2eVy
W, = 5.1
\/ g Ny(N, +Nd) (5.1)

26% Nd
W, = 5.2
P \/ q Na(Na+Nd) ( )

where € is the dielectric constant, q is the absolute value of the electron
charge, and N,, N, represent the concentration of acceptors and donors,
respectively. Vj stands for the potential between both sides.

The depletion zone extends into the p and n sides in inverse proportion
to the concentrations of impurities. Detectors typically use an asymmetric
structure, e.g. a highly doped p electrode and a lightly doped n region, so
that the depletion region extends predominantly into the light doped volume.

The charge created in the depletion region by a traversing particle could
be collected at the junction and read out, whilst the charge created in the
neutral, non-depleted zone, mainly recombines and is lost. It means that
increasing the width of the depletion region increases the collected signal.
Ideally one would like to have the whole thickness of the sensor depleted of
free carriers.

The width of the depletion region can be altered by applying an external
voltage across the junction. A positive voltage applied to the p-side and
a negative one to the n-side (forward biasing) would oppose the built up
internal voltage. As a result, the depletion region is reduced and the current
between the terminals grows exponentially with the voltage. On the contrary,
when a negative voltage is applied on the p-side and a positive one on the
n-side (reverse biasing), the depletion region grows and only a constant and
small current is expected (up to high applied voltages, when breakdown
may be reached). The application of silicon as particle detectors is only
possible if the presence of free charge carriers is minimized, which is achieved
with a maximum depletion region. Hence, this can be done by applying the
necessary voltage to fully deplete a reverse biased pn-junction. In fact, in
order to avoid looses in charge collection and reduce the time invested in it,
silicon sensors are operated with a bias voltage higher than the required for
full depletion of the junction, i.e. “overbiased”.

Since there is a voltage dependent charge associated with the depletion
zone, one may speak of a junction capacitance. This decreases with increasing
the bias voltage as C' o< V/2, arriving at a constant value when the depletion
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Figure 5.1: Scheme of the basic operation of a single-sided p*n Si-detector,
showing the p* implants insulated from the AC-coupled Al electrodes by a
layer of SiO,. It consists essentially of a reverse biased diode, operated at a
voltage sufficient to fully deplete the thick n layer.

layer reaches the back of the crystal because a further increase of the biasing
voltage would not increase the charge.

5.2.3 Silicon microstrip detectors

The position localization accuracy of silicon detectors is achieved by dividing
the large-area pn-diode into many small regions, pixel-like or fine parallel
strips, that act as individual independent electrodes. This section restricts
to the description of silicon microstrip detectors, in particular single-sided
ptn detectors (p* strips on n-type substrate), as the ones used in the Sili-
con Tracker of LHCb. A schematic cross-section of this type of microstrip
detectors is shown in Figure 5.1.

When an incident particle ionizes the n-bulk, the resulting holes and elec-
trons drift towards the p* (cathode) and n* (anode) sides due to the electric
field caused by the depletion voltage. The collected charge produces a cur-
rent pulse on the electrodes, which are individually read out by amplifiers.
Thereby, the position of the strip at which the signal was generated yields
the position of the traversing particle.

Most detectors are fabricated using high-resistivity n*-type silicon wafers
as the bulk material, which serves as the detection volume. The p* implants
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Figure 5.2: Cross section along a strip of a detector with integrated coupling
capacitance and polysilicon biasing resistors.

are used to deplete the n-bulk and act as measuring electrodes. The alu-
minium readout lines serve as a contact to the input of the amplifier of the
readout electronics. It can be in direct ohmic contact with the strip im-
plant, but then the constant detector leakage current would flow into the
amplifier. This might result in a serious operation problem by saturating
the charge amplifier. Thus, an insulating layer is usually placed between
the aluminium metal layer and the p™ implants. The capacitance formed by
the strip implant, the insulator (typically a multilayer structure of SiO, and
SizNy, and the readout line, known as the coupling capacitance, enables the
signal current to be induced in the readout line at the time as avoids the
leakage current to achieve it (this is called AC-coupling). The n* backplane
connection is used as an ohmic contact to the n-type material.

The individual strip implants are connected to a “bias line” which provides
a fixed potential to all strips, through resistors integrated in the detector.
The resistance for these bias resistors has to be high enough to separate the
strip from the others. The resistor values also have to be constant since large
variations in them can lead to variations in the applied bias voltage to each
strip. Figure 5.2 shows a cross section along a strip of such a structure. The
resistors are made of implanted polycrystalline silicon (called from now on
polysilicon), and its resistance depends on the doping level, their length and
width.

Furthermore, the sensor is enclosed by one or several “guard rings” that
define the active depletion volume of the detector, prevent the sensor from
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Figure 5.3: Photograph of a corner of a prototype sensor. The different
elements are labeled.

field border effects (charge accumulations in the silicon edges), and prevent
the leakage current from being absorbed by the edge strips, which would
spoil their performance. The guard rings also degrade the potential towards
the cut edge of the silicon, where otherwise large currents could flow.

Typical dimensions for silicon microstrip detectors are strip pitches (dis-
tance between strip centers) from 20 ym to 250 um, and a thickness between
250 and 500 pm. These parameters depend on the application, and have
to be optimized considering the readout electronics. As an example [53],
the spatial resolution depends on the readout pitch but also on the read-
out method. For a digital readout it can be shown that the measurements
precision, defined here as the root-mean-square distance of the measured co-
ordinate to the true hit position, cannot be less than p/ V12, where p is the
readout pitch. For analogue readout the precision can be improved by cal-
culating the center of gravity of the signal or other interpolation techniques
if the charge is spread over several strips.

Another crucial specification of the detector is the signal-to-noise ratio
which directly translates into a hit finding efficiency. In silicon, higher signal
is obtained with thicker sensors. On the other hand, for tracking detectors,
radiation length is an important issue and therefore sensors should be as
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thin as possible. In addition, the noise critically depends on the detector
capacitive load, which is a function of the sensor geometry, as well as on
other requirements such as fast readout and radiation hardness. The sensor
geometry has thus to be carefully chosen in order to optimize the detector
performance.

5.2.4 Processing of microstrip detectors

Planar technology allows to make a very thin layer of p-type silicon on a n-
type wafer. Thanks to this method it is also possible to make narrow strips
with very good precision.

For detectors, high-resistivity n-type silicon is mainly used as substrate.
The chosen lattice orientation is typically (111), because it gives the highest
energy loss, or (100) material, due to its lower density of dangling bonds
at the silicon/silicon dioxide surface, and hence lower trapped charge at the
interface. In the present technology of silicon production, ingots of a diameter
up to 6 inches can be grown. Those ingots are sliced to wafers about 500 ym
thick and then polished to obtain a very smooth and clean surface with the
desired thickness.

In Figure 5.4, a simplified production sequence is illustrated. First the
n-type silicon wafer is chemically cleaned and oxidized by heating it in an
oxygen atmosphere at around 1000°C to have the whole surface passivated.
Using photolithographic and etching techniques, windows are opened in the
oxide to enable doping of silicon in the desired areas. Using appropriate
masks, any geometry of pads or strips is feasible. Doping of silicon can be
performed by either ion implantation or diffusion. Figure 5.4 shows schemat-
ically ion implantation and typical values of ions energies and densities. The
pt strips are implanted with boron, and the back contact is made with phos-
phorus or arsenic ions. The next step after ion implantation is annealing
(heating at 600 — 800°C) to reduce the damage to the crystal caused by the
irradiation with the heavy ions and to get the implanted atoms properly built
into the lattice.

Implanted strips must be metalized because ultrasonic bonding is possible
only on metals. The surface of the wafer is covered with aluminium and
using appropriate masks, the desired pattern is generated. The back of the
wafer is usually aluminized too. The wafer is then ready for cutting.

An alternative method of doping silicon to obtain the p* layer is by dif-
fusion of impurities atoms. Gaseous boron is deposited on the surface of the
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Figure 5.4: The planar process for detector fabrication.

wafer forming boron glass, which is then stripped away. During the depo-
sition, ions diffuse into silicon. The diffusion is performed at 930°C and a
layer of oxide is grown on the p™ strips. This oxide can be etched away to
apply metal directly on the strips or leave it to make a capacitor to decou-
ple the leakage current from the input of the amplifier (integrated coupling
capacitors).

5.3 Radiation induced damage of silicon de-
tectors

Radiation damage in silicon can be divided into surface and bulk damage that
have relative importance depending on the kind of radiation and structure
of the detector. A brief overview of these effects is given below. Further
information can be found in [48, 56].

Electron-hole pairs created by Ionizing Energy Loss (IEL) —photons or
charged particles— do not cause permanent damage in crystalline silicon.
On the contrary, the amorphous oxide insulator is very sensitive to the ion-
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izing radiation. Because of the large band gap of insulators (8.8 eV for SiO,
compared to the 1.12 eV for Si), free electrons and holes can be trapped
by deep levels associated with defects in the oxide. From these levels, the
emission of captured carriers into the conduction and valence bands is very
unlikely at room temperature. In addition, electron mobility is several orders
of magnitude higher than that of holes, so the capture of holes is the domi-
nant process that changes the material’s properties. Therefore, the radiation
damage of the oxide manifests as an accumulation of positive charges in the
oxide and the silicon-oxide interface. Macroscopic effects are changes in the
inter-strip capacitance (noise factor), breakdown behaviour, or an increase
of surface generation current.

Bulk damage is due to Non Ionizing Energy Loss (NIEL). The bulk is
mainly damaged by displacement of the lattice atoms producing damage of
the crystal structure, and is generated by massive particles such as hadrons
and heavy ions. The essential radiation induced changes in macroscopic
detector properties due to bulk damage are an increase in leakage current,
a change in the effective doping concentration, and a degradation in charge
collection efficiency.

The bulk damage leads to an increase of the leakage current. The leakage
current increase due to radiation scales linearly with the received fluence ¢
and is proportional to the depleted volume V of the detector:

Al = aVé. (5.3)

The proportionality factor « is the current related damage constant, which
depends on the particle type and energy and is independent of the specific
material. The increase in leakage current gives rise to an increase of shot
noise, and might derivate in thermal runaway of the detectors.

Radiation damage in the silicon bulk produces a change in the effective
doping concentration. The original dopants such as phosphorus or boron
may be captured into new defects induced by the radiation, thereby los-
ing their original function as donors or acceptors (called donor- /acceptor-
removal) [48]. In addition to complexes involving the original dopants, com-
plexes with other impurities, as well as other radiation-generated primary
defects such as divacancies, can be formed giving rise to the formation of
new dopants.

The effective doping concentration of an initially n-type silicon wafer is
shown as a function of the irradiation fluence in Figure 5.5. It can be
seen that the effective doping decreases with the irradiation fluence and
that the silicon becomes intrinsic at an irradiation fluence of approximately
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Figure 5.5: Effective doping concentration and full depletion voltage for an
initially n-type silicon sensor as a function of the equivalent 1 MeV neutrons,
as measured directly after irradiation. Reproduced from [57].

2x10' 1MeV n/cm?. Above this value the silicon becomes effectively p-type.
This behaviour is referred to as type inversion [48].

The change in the effective doping concentration produces a change in the
full depletion voltage, as

N,
Vaep = ed2?§0f. (5.4)

The full depletion voltage after irradiation depends on the initial doping
concentration, the received fluence and the temperature.

The interaction of the radiation with the silicon lattice leads to permanent
material changes such as trapping centers. This gives rise to an increase of
charge carrier trapping, which may be released too late for detection, causing
a degradation of the charge collection efficiency and the signal.

After the end of the irradiation process, the radiation induced damage in
the detector (which manifests itself in an increase of leakage current, effective
doping change, and trapping probability) diminishes with time. The rate of
damage decrease is strongly dependent on the temperature at which the
detector is kept during the waiting period.
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Chapter 6

Electrical characterization of
different prototype sensors

In this chapter we present the electrical characterization of three groups
of prototype sensors with strip geometry parameters very similar to those
foreseen for the Silicon Tracker, but with three different thicknesses, being
thus well suited for initial measurements. These tests were the first step for
the determination of the optimal wafer thickness for silicon sensors that will
be used in the detector.

6.1 Introduction

The silicon sensor geometry for the TT station differs from the one used
in the Inner Tracker (IT) mainly on the thickness (see Chapter 4). The
TT station will consist of longer silicon modules than the IT, resulting in
a higher noise due to the higher load capacitance connected to the readout
electronics. Therefore, thicker sensors have to be employed in order to obtain
larger signals and a sufficiently high signal-to-noise ratio.

The design of the TT station is driven to minimize the mass in the active
area. Therefore we consider long analog cables which connect the silicon
sensors to the readout electronics outside the active area. The characteristics
of these interconnects also influence the noise performance and had to be
studied in great detail.

This chapter describes the electrical characteristics of three groups of
wide pitch silicon sensors that were studied for the Silicon Tracker (ST),
and presents the results of leakage currents, depletion voltages, total strip
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capacitances, inter-strip capacitances, coupling capacitances, and polysili-
con resistor values. These measurements were performed on 320 pum thick
Hamamatsu LHCb Multi-Geometry sensors, 410 pym thick GLAST2000 sen-
sors, and 500 pm thick OB2-type CMS silicon sensors (purchased from the
CMS silicon tracker group). The aim of these measurements was to achieve
a thorough understanding of the electrical properties of these sensors, and to
select the best sensors of each group according to the electrical characteris-
tics. These sensors were later assembled to three sensor long modules, and
were tested in a laser test-stand and in a test beam in May 2003. Details
of this tests are given in Chapters 8 and 9, and in [58, 59]. In addition,
capacitance measurements of long flex kapton interconnect prototype cables
are presented.

The tests were carried out in the Physik-Institut der Universitat Ziirich
using a manual probe station (PM 5 Karl Suss), a Keithley 487 unit (pico-
ammeter + voltage source) and an HP 4192A LF LCR-meter.

The outline of this chapter is the following: the three groups of stud-
ied prototype sensors are described in Section 6.2. Results of the electrical
characterization, including leakage currents, depletion voltages, total strip
capacitances, inter-strip capacitances, coupling capacitances, and bias resis-
tor measurements are presented in Section 6.3. The kapton interconnect
prototype cables are described, and results of capacitance measurements are
given in Section 6.4.

6.2 Prototype silicon sensors

Three groups of silicon microstrip sensors were electrically characterized, each
group consisting of five sensors. All these prototype detectors are p-on-n type
single-sided AC-coupled sensors, produced from 6” wafers. Tables 6.1 and 6.2
summarize the sensor details. Their main characteristics are explained below:

e Hamamatsu LHCb Multi-Geometry sensors

The multi-geometry Hamamatsu sensors (from now on called LHCb)
were manufactured by Hamamatsu Photonics, Japan, according to the
specifications of the ST group. The five sensors were coming from an
overrun and were delivered to us in addition to the 15 officially ordered.
The 15 officially shipped sensors are characterized in [60].

The sensors have physical dimensions of 110 x 78 mm? and a nominal
thickness of 320 yum of the n-type substrate. The actual thickness of the



Prototype sensors ol

| | Hamamatsu LHCb | GLAST2000 | OB2CMS |
Wafer size 6” 6” 6”
Sensor size 110 x 78 mm? 89.5 x 89.5 mm? | 96 x 94 mm?
Crystal orientation (100) (100) (100)
Active area 108 x 75.6 mm? | 87.5 x 87.5 mm? | 94 x 92 mm?
Nominal thickness (320 £ 20) pm (410 + 15) pm | (500 £ 20) pm
Bulk material n type n type n type
Implant pt type pt type pt type
Pitch see table 6.2 228 pm 183 pm
Implant width see table 6.2 56 pm 46 pum
# of strips 352 384 512
Biasing polysilicon polysilicon polysilicon
readout coupling AC AC AC

Table 6.1: Geometry parameters and characteristics of Hamamatsu LHCb
Multi-Geometry, GLAST2000, and OB2 CMS sensors.

‘ Region ‘ Pitch ‘ # of strips ‘ Implant width ‘ w/p ‘

A 198 pm 64 50 pum 0.252
B 198 pm 64 60 pm 0.303
C 198 pm 64 70 pm 0.354
D 237.5 pm 80 70 pm 0.295
E 237.5 pm 80 85 um 0.358

Table 6.2: Geometry parameters of the Hamamatsu LHCb Multi-Geometry
Sensors.
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sensors were measured over the whole surface on the optical metrology
machine * at the Physik Institut in Ziirich which resulted in a thickness
average of 3168 um. The sensors consist of five different regions. Two
different pitches of p™ strips, 198 um and 237.5 um, are implemented
on the sensor. Additionally, the width of the p* strips is varied. The
198 pum region has implant widths of 50 ym, 60 pm and 70 pym, whereas
the width of the strips in the 237.5 pm region is 70 pm and 85 pm,
respectively. This design results in five different values of the ratio
strip width to strip pitch, w/p, although two are almost the same. The
width of the aluminium electrodes is specified to be 8 ym wider than
the implant width, which gives rise to a more stable operation with
respect to high bias voltages.

The five sensors that we studied have serial numbers from 0001 to 0005,
and are here called LHCb 1 to LHCb 5, respectively.

GLAST2000 sensors

The SSD S8743 GLAST2000 sensors (from now on called GLAST) were
fabricated by Hamamatsu Photonics, Japan.

The physical dimensions of these sensors are 89.5 x 89.5 mm?2. The
nominal thickness of the n-type substrate is given as 410 ym. Our
measurements however, yielded an average thickness of 418 + 5 um.
The p* strip pitch is 228 pm and the width is 56 pm, resulting in a
w/p ratio of 0.246. The width of the aluminium electrodes is specified
to be 8 ym wider than the implant width.

The sensors we studied have serial numbers from 04096 to 04100, and
are here called GLAST 1 to GLAST 5, respectively.

OB2 CMS sensors

The OB2-type CMS sensors (from now on called CMS) were manufac-
tured by ST Microelectronics, Italy, and were purchased from the CMS
Silicon Tracker group.

The physical dimensions of these sensors are 94.4 mm x 94.6 mm?2.

The nominal thickness of the n-type substrate is given as 500 ym. Our
measurements however, yielded an average thickness of 515 £ 5 pm.
The p™ strip pitch is 183 ym and the width is 46 pm, which results in
a w/p ratio of 0.251. The width of the metal strips is 58 ym (12 pm
wider than the implant strips).

'Mahr OMS 600 Multisensor Metrology Machine.
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Hamamatsu LHCb | GLAST2000 | 0OB2 CMS |

<1 puA < 500 nA < 10 pA
Leakage current at souv at 150 V at 450M v
Breakdown voltage > 300 V > 175V > 550 V
Depletion voltage 40-100 V <120V 100-300 V
Inter-strip capacitance not specified < 1.5 pF/em | < 1.3 pF/cm
Coupling capacitance > 125 pF/mm? > 500 pF > 520 pF
Bias resistors (1.5 £ 0.5) MQ 20 - 80 M | (1.5 + 0.5) MQ

Table 6.3: Specifications of Hamamatsu LHCb Multi-Geometry [60],
GLAST2000 [61], and OB2 CMS sensors [62—64].

The sensors have serial numbers 30210414735xxx. The three last num-
bers (xxx) are related with the name given to the sensor as follows: 814
is called CMS 1, 804 is CMS 2, 813 is CMS 3, 710 is CMS 4 and 821 is
CMS 5.

6.3 Results

6.3.1 Leakage current

The leakage current is the reverse current of the pn-junctions. It gives rise to
a background noise and is caused by thermally excited minority carriers that
are generated in the depleted region and, due to the electric field, drift to the
electrodes. For a given bias voltage, the size of the leakage current depends
to a certain extent on environmental factors, like temperature, humidity and
time of operation of the sensor, but its variation will in general be small
(of the order of a few hundreds nA at the full depletion voltage for a good
sensor).

The current between the backplane and the bias ring was measured for
all 15 sensors as a function of the reverse bias voltage, using a Keithley 487
unit (picoamperemeter + voltage source). The bias voltage was increased
in steps of 5 V up to 500 V (or up to breakdown if observed before) over a
period of 5 minutes. We define the breakdown voltage as the reverse bias
voltage at which a sharp increase in the current occurs. The measurements
were performed at room temperature, typically about 20°C, and at a relative
humidity below 30%.
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The measured leakage currents and breakdown voltages are compared to
the specifications of each type of sensor in Table 6.4.

The I-V curves measured for all 15 sensors are shown in Figure 6.1. Cur-
rents are divided by the sensor volume in order to facilitate the comparison
among the different prototypes.

At the top, the currents measured for the LHCb sensors are shown. Two
of the five sensors evidence breakdown before 500 V: LHCb 1 at 80 V, and
LHCDb 5 at 420 V. LHCb 3 shows a steady increase in leakage currents and a
clear breakdown voltage limit can therefore not be derived. The curves have
very different shapes, which shows that these sensors are not uniform with
respect to leakage currents. It can be seen that the currents of two of the
sensors (LHCb 1 and LHCb 3) are higher than the specifications, and there-
fore they must be rejected if they would have come from a normal production
run. In addition, breakdown occurs before 300 V for sensor LHCb 1.

The middle plot shows the currents measured for the GLAST sensors. The
bias voltage was increased up to 500 V without evidence of breakdown in any
of the 5 sensors.These sensors agree with both specifications, showing very
low currents (about 120 nA at 500 V) and no breakdown in all the voltage
range provided by the source. This group of sensors have a great uniformity
with respect to the currents. We compared our measurements with the ones
provided by the manufacturer, and we found ours to be about 30% lower.
This difference can mainly be attributed to the differences on the setup or
ambient conditions, like temperature 2 or humidity.

The measured currents for the CMS sensors are shown at the bottom. A
large increase in current after 250 or 300 V is observed. According to our
breakdown definition, all these sensors evidence breakdown before 500 V. In
the CMS specifications the sensors shall satisfy the condition Alj./AV <
10 nA/V in the range 450-550 V. Although the total magnitude of currents is
within specifications, the sensors fail in the breakdown voltage specification
completely.

Currents were divided by the sensor volume in order to facilitate the com-
parison between different prototypes. As shown in Figure 6.1, GLAST sen-
sors have the lowest leakage currents, being one and even two orders of mag-
nitude lower than CMS and LHCDb sensors, respectively.

2Hamamatsu measures the leakage current at 25 + 2°C whilst we measure at room
temperature, typically about 20°C.
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Figure 6.1: Leakage currents as a function of the bias voltage for the differ-
ent sensors. The currents are normalized by the sensor volume in order to
facilitate the comparison among the prototypes. Note the difference in the
vertical scale for each plot.



56 Electrical characterization of prototype sensors

Sensor Leakage current Breakdown voltage
Measured ‘ Specifications | Measured ‘ Specifications
LHCb 1 2.4 pA V=80V

LHCb 2 | 0.2 uA V, > 500 V

LHCb 3 | 1.9 uA Ile;’g 8<0 1§‘A not defined | Vj > 300 V
LHCb 4 | 0.4 uA Vs > 500 V
LHCb 5 | 0.1 uA V, =420V
GLAST 1| 69 nA Vy > 500 V

GLAST 2| 65nA
GLAST 3| 67nA

Ve > 500 V
Ve>500V | Vy>175V

Tiear, < 500 nA

GLAST 4| 66nA At 10V =50 v
GLAST 5| 67 nA V, > 500 V
CMS1 | 12 A V, =275 V
CMS2 | 39 uA V, =200 V
CMS3 | 35 A Il;‘;’“:;o%A V, =200V | V,>500V
CMS4 | 3.4 A V, =200 V
CMS5 | 08 A ¥, =300 V

Table 6.4: Comparison between measured values and the specifications for
leakage currents and breakdown voltages. The leakage currents of two sen-
sors, LHCb 1 and LHCb 3, are higher than the specifications. CMS sensors
fail the breakdown voltage specifications, as well as sensor LHCb 1.
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Figure 6.2: Leakage current of CMS 4 measured on different days. Huge
variations were observed without any apparent reason. The curve labeled
with “A” was made immediately after annealing, and has the lowest currents.

6.3.2 Stability of I-V curves

The I-V curves were repeated for one sensor in each group after some days
as a check of the stability. For the GLAST and LHCb sensors, the curves
were consistent and stable. The currents for the CMS sensors were, however,
not reproducible. Figure 6.2 shows different -V curves obtained for sensor
CMS 4 (this behaviour is representative for the others). Large current vari-
ations were observed without any apparent reason. After a visual inspection
under microscope, we found chipping edges, which could be the underlying
problem of these variations. A possible explanation is that the sensors could
attract some moisture at the edges, which may affect the currents. As a
test, an annealing of CMS 4 was made (it was kept in an oven flashed with
argon at 85° C for 2.5 hours), and afterwards the current was immediately
re-measured. It was found to be lower than in preceding measurements (see
Figure 6.2, curve labeled with “A”), which somehow confirm our explana-
tion. Later it was observed [66], that the leakage currents for sensors of
the same type, manufactured by the same company, depended critically on
the application of vacuum to the chuck of the probe station. Although this
dependence was not investigated on these five sensors, it is likely that the
mechanical stress is affecting the currents.

Moreover, the current stability of two sensors of each group was inves-
tigated and verified in a ~ 40 h long biasing test, while temperature and
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Figure 6.3: Current stability test for the GLAST 5 sensor. The sensor was
biased at 200 V during 25 hours. No significant variations of the leakage
current were observed after stabilization in the first hours.

relative humidity were monitored. No significant variations of the leakage
currents were observed over the duration of this test.

6.3.3 Depletion voltage

The full depletion voltage determines the operation voltage of the sensors.
We estimated the full depletion voltage from the measurement of the bulk
capacitance as a function of the applied bias voltage. The bulk capacitance
of the sensor is the capacitance of all readout strips to the backplane. It is
proportional to the inverse of the square root of the bias voltage applied to
the sensor until full depletion is reached, and then assumes a constant value.
We plot 1/C? as a function of the bias voltage and estimate the depletion
voltage as the intersection of two straight lines fitted to the rising part and
the flat part of the curve.

The capacitance measurements were performed using a Keithley 487 unit
as a voltage source and an HP 4192 LCR-meter to measure the capacitance
between the bias line and the backplane. Figure 6.4 shows the measured
curves of 1/C? as a function of the bias voltage for all 15 sensors.

The upper plot in the figure shows the measurements for all five LHCb
sensors. The C-V curves were made using a signal frequency of 1 kHz and a
signal amplitude of 0.1 V. The obtained full depletion voltages are between
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Depletion Voltage
Measured | Specifications

LHCb 1 60 V
LHCb 2 64 V
LHCb 3 64 V Vg :40—100 V
LHCb 4 64 V
LHCb 5 62 V
GLAST 1 0V
GLAST 2 0V
GLAST 3 0V Va<120V
GLAST 4 0V
GLAST 5 0V
CMS 1 190 V
CMS 2 130 V
CMS 3 130 V Va <300V
CMS 4 130 V
CMS 5 220V

Sensor

Table 6.5: Comparison between specifications and measured full depletion
voltages for all 15 sensors. All of them are within specifications.

60 and 64 V (detailed values can be found in Table 6.5).

The middle plot shows 1/C? vs bias voltage for all five GLAST sensors.
These sensors have high-value bias resistors (of about 50 M) which, together
with the bulk capacitance that we want to measure, act as low-pass filters.
Therefore, a lower measuring frequency was used with these prototypes. The
signal frequency was 100 Hz and the signal amplitude 0.1 V. Some scattering
in the measurements, due to this low frequency, can be observed. Neverthe-
less, a good estimation of the full depletion voltage is still possible. It was
found to be of the order of 70 V for all these sensors.

The lower plot shows 1/C? vs bias voltage for all five CMS sensors. A
signal frequency of 1 kHz and a signal amplitude of 0.1 V were used for these
measurements. The full depletion voltage of three of the sensors is 130 V,
while the remaining deplete at higher voltages (about 200 V). This can be
explained as the sensors have different bulk resistivities, as they come from
different batches. Detailed values are summarized in Table 6.5.
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Figure 6.5: Setup for the total strip capacitance measurements.

6.3.4 Total strip capacitance

The total strip capacitance is here defined as the sum of the capacitance to
the backplane and the capacitance to adjacent strips, measured at a signal
frequency of 1 MHz [67]. The effect of the remaining strips was neglected
in view of the large pitch of the sensors. The two closest neighbours were
AC-coupled to the backplane. A sketch of the measurement setup can be
seen in Figure 6.5.

The interest in these measurements lays in the fact that the total strip
capacitance limits the achievable signal-to-noise ratio of a sensor connected
to fast readout electronics, since the Johnson noise from the load capacitance
at the input of the pre-amplifier is the main contribution to the noise of the
front-end amplifier.

In addition, the full depletion voltage could also be estimated from these
measurements. As mentioned before, the capacitance to the backplane is
proportional to the inverse of the square root of the bias voltage until full
depletion is reached, and then assumes a constant value. Since the inter-strip
capacitance is almost independent of the bias voltage, this argument holds
also for the total strip capacitance. Nevertheless, the method based in bulk
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Sensor w/p C(pF) | C/L (pF/cm)
GLAST 1 14.7 £ 0.7 1.7 £ 0.1
GLAST 2 14.0 £ 0.5 1.6 £ 0.1
GLAST 3 | 0.246 | 14.0 £ 0.4 1.6 + 0.1
GLAST 4 13.5 £ 0.5 1.5+ 0.1
GLAST 5 11.3 £ 0.1 1.30 £ 0.01
CMS 1 12.6 £ 0.6 1.4 + 0.1
CMS 2 13.0 £ 0.8 1.4 + 0.1
CMS 3 0.251 | 12.5 £ 0.6 1.4 + 0.1
CMS 4 13.5 £ 0.3 1.48 £ 0.03
CMS 5 12.4 + 0.6 1.3 £ 0.1
Sensor | Reg. | w/p | C(F) | T/L (pF/cm) |
A 0.2562 | 15.1 £ 0.3 1.37 £+ 0.03
B 0.303 | 16.1 £ 0.3 1.46 + 0.03
LHCb 1 C 0.354 | 17.2 £ 0.1 1.56 £+ 0.01
D 0.295 | 16.0 £ 0.2 1.45 £+ 0.02
E 0.358 | 17.4 £ 0.3 1.58 £ 0.03
A 0.252 | 154 £ 04 1.40 £+ 0.04
B 0.303 | 16.2 £ 0.4 1.47 £ 0.04
LHCb 2 C 0.354 | 17.3 £ 0.1 1.58 + 0.01
D 0.295 | 16.7 £+ 0.3 1.55 £ 0.03
E 0.358 | 17.4 £+ 0.6 1.61 £ 0.05
A 0.252 | 15.6 £ 0.1 1.44 £+ 0.01
B 0.303 | 16.7 £ 0.0 1.55 + 0.00
LHCb 3 C 0.354 | 18.4 £+ 0.2 1.70 £ 0.02
D 0.295 | 16.5 = 0.5 1.53 £ 0.05
E 0.358 | 18.1 £ 0.1 1.68 £+ 0.01
A 0.252 | 15.6 £ 0.1 1.44 + 0.01
B 0.303 | 16.7 £ 0.1 1.55 £ 0.01
LHCb 4 C 0.354 | 17.6 £ 0.1 1.63 £ 0.01
D 0.295 | 16.5 + 0.1 1.53 £ 0.01
E 0.358 | 17.9 £ 0.0 1.66 £ 0.00
A 0.252 | 15.5 £ 0.1 1.44 £ 0.01
B 0.303 | 16.5 £ 0.1 1.53 £ 0.01
LHCb 5 C 0.354 | 17.9 + 0.1 1.66 £ 0.01
D |0.295 | 17.0 £0.0 | 1.57 £ 0.00
E 0.358 | 18.0 £ 0.0 1.67 + 0.00

Table 6.6: Total strip capacitance and capacitance normalized by the strip
length for the different sensors. The numbers given here are the mean value of
the measured capacitances for five strips on each GLAST and CMS sensors,
and for two strips on each region of the LHCb ones. The errors correspond
to the RMS of the data.
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Figure 6.6: Total strip capacitance as a function of the bias voltage for one
strip of each type of sensor.

capacitance measurements is more precise, since it takes into account the
whole sensor, and not only one particular strip.

Measurements of the total strip capacitance as a function of the bias volt-
age were carried out for five strips in each of the GLAST and CMS sensors,
and for two strips in each region for the LHCb ones. Figure 6.6 shows an
example of this dependence for one strip in one sensor of each type. The ob-
tained capacitance values, at bias voltages above the full depletion voltage,
are summarized in Table 6.6. The mean value was calculated for each sensor
and the error assigned to it corresponds to the RMS of the individual mea-
surements for this sensor. For the LHCb sensors, this was done separately
for each region. Since LHCD sensors have in three regions different w/p, the
total strip capacitance is not uniform. As expected, the capacitance increases
roughly linear towards higher w/p ratio.

6.3.5 Inter-strip capacitance

The inter-strip capacitance as a function of the bias voltage was measured for
one sensor of each type to make an estimation of the relative contributions of
the inter-strip capacitance and the capacitance to the backplane to the total
strip capacitance.

The capacitance was measured between five pairs of strips for the GLAST
and CMS sensor, and for two pairs in each region of the LHCb one. The
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Sensor ‘ Reg. ‘ w/p ‘ C(pF) ‘
0.252 | 3.62 £ 0.06
0.303 | 4.14+0.1
0.354 | 4.42 £+ 0.01
0.295 | 3.75 £ 0.03
0.358 | 4.4 4+ 0.2
GLAST 1 0.246 | 3.6 £ 0.2
CMS 4 0.251 | 39+0.1

LHCb 5

= Ol Q@ =

Table 6.7: Inter-strip capacitances to one neighbouring strip, measured at
1 MHz.

signal frequency of the LCR-meter was 1 MHz, and the signal amplitude
0.1 V. The bias voltage was varied between 0 and 200 V. As expected, the
inter-strip capacitance decreases with the applied voltage up to this reaches
a few volts and the region in the proximity of the two strips is depleted.
Towards higher bias voltages the value of inter-strip capacitance is constant.
The mean values of the inter-strip capacitances for the three sensors are
shown in Table 6.7.

Inter-strip and backplane capacitance measurements were compared to a
numerical calculation carried out using the Finite-Elements-Analysis-Software
ANSYS. Capacitances were calculated for seven different sensor geometries:
the five different regions of the LHCb sensors, the GLAST sensors and the
CMS sensors. Details of the simulation are given in [68, 69].

There is an increase of the contribution of the inter-strip capacitance com-
pared to the backplane capacitance to the total strip capacitance for thicker
sensors. The total capacitance of the 500 pm thick CMS sensors is roughly in
the same range as the ones of the 400 ym thick GLAST sensor and region A
of the LHCDb sensor, with 320 um thickness.

Figure 6.7 compares the calculated and measured values, showing good
agreement between them. The total capacitance varies with the w/p ratio
at constant sensor thickness. Therefore the regions B and D, as well as C
and E, of the LHCb sensors show a comparable total capacitance, although
they have different strip pitches. This fact is caused by the increase of the
contribution of the inter-strip capacitance to the total strip capacitance for
smaller pitches.
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Figure 6.7: Comparison between measured (symbols) and calculated (hori-
zontal lines) values of the total strip capacitance per length unit for seven
different sensor geometries. Reproduced from [68].

6.3.6 Coupling capacitance

The coupling capacitance is the capacitance between the strip implant and
the aluminium readout line. The aluminium readout line serves as a contact
to the input of the amplifier but, if it would be in direct ohmic contact
with the strip implant, the leakage current would flow into the amplifier.
This might result in a serious operation problem by saturating the charge
amplifier. When an insulating layer is placed between the aluminium line
and the p* implant, the resulting capacitance enables the signal current to
be induced in the readout line at the time as avoids the leakage current to
achieve it. The coupling capacitances have to be significantly larger than the
inter-strip capacitance in order to ensure a good charge collection.

The coupling capacitance was measured as a function of the excitation
frequency by connecting the LCR-meter between the AC- and DC- pads on
the sensor. In principle, this capacitance should not depend on the applied
bias voltage. However, a small variation of the measured capacitance with
the first biasing volts was observed. All measurements were performed with
the sensors biased at 50 V.

The coupling capacitance was measured for five strips in one GLAST and
one CMS sensor, and for two strips in each region of one LHCb sensor. Due
to the finite resistance of the implant and the metal, the circuit behaves as
a low-pass filter and the effective capacitance drops off at high frequencies,
as shown in Figure 6.8. The true capacitor values were extracted from the
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Figure 6.8: Coupling capacitance for one LHCb, one GLAST, and one
CMS sensor. The values differ from region to region in the LHCb sensor
due to the different implant widths.
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Sensor | Reg. Width Coupling papacitance (pF)
(pm) | Specifications | Measured
A 20 > 675 807
B 60 > 810 955
LHCb 5| C 70 > 945 1105
D 70 > 945 1105
E 80 > 1080 1315
GLAST 1 26 > 500 960
CMS 4 46 > 520 540

Table 6.8: Measured coupling capacitances for the different sensor geome-
tries. The capacitance values differ from region to region in the LHCb sensor,
increasing with the implant width.

measurements at low frequencies and the mean values are shown in Table 6.8.
They differ from region to region, due to the different implant widths. All
measured coupling capacitances are within specifications.

The frequency dependence of the coupling capacitances measured for the
LHCDb sensor were compared to calculations obtained with a SPICE model
of a lumped RC circuit [68] in Figure 6.9. In the model, the calculated
resistance of the aluminium strip and the mean of the measured coupling
capacitances are used, leaving the resistance of the p™ implant as the only
free parameter. For the comparison the measured and calculated capacitance
and resistance values are normalized to a implant width of 1 ym. For the
central curve (f = 1.0), a p* implant resistance of 3.6 M{2/cm is used. This
value is scaled with factors f = 0.6 and f = 1.4 for the enveloping curves.
The agreement between measurements and calculations seen is fairly good.

6.3.7 Bias resistors

The bias voltage is provided to the individual strips through polysilicon re-
sistors in all these prototypes. The resistance of these bias resistors has to be
high enough to separate the strips from the others. The resistor values have
also to be constant, since large variations could lead to variations in the bias
voltage applied to the strips and hence to a punch-through or breakdown of
strip isolation.

We measured the resistance of polysilicon resistors by applying a voltage
across them and measuring the current, with the detector biased above full
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Figure 6.9: The frequency dependences of the coupling capacitances mea-
sured on the LHCb sensor and normalized to an implant width of 1 ym are
compared to calculations with a SPICE model of a lumped RC circuit. The
pt implant resistance of 3.6 MQ/cm (f = 1.0) is scaled with factors f = 0.6
and f = 1.4 for the enveloping curves. Reproduced from [68].

depletion. This test was made for five strips on one sensor of each type.
Figure 6.10 shows the measured I-V curve for a resistor on each sensor. The
curves are fitted to straight lines and the resistance is extracted from the
slope. Results are summarized in Table 6.9. The mean value was calculated
for each sensor and the error assigned to it corresponds to the RMS of the
individual measurements for this sensor. All obtained polysilicon resistor
values are within specifications.

Sensor Polysilicon Resistors (M)
Specifications | Measured
LHCb 3 1.5+ 0.5 1.7 + 0.2
GLAST 1 20 - 80 47.0 £ 0.9
CMS 4 1.5+ 0.5 1.34 £ 0.04

Table 6.9: Measured polysilicon resistors. The value given here corresponds
to the mean value of five resistors on each sensor, and the error to the RMS
of the individual measurements for this sensor.



Kapton cables 69

Bias resistors

4e-06

2e-06

Current (A)
o

-2e-06

-4e-06 |-

Voltage (V)

Figure 6.10: Bias resistor measurements, showing /-V curves for one resistor
on one sensor of each type. Each curve is fit to a straight line and the
resistance is extracted from the slope.

6.4 Kapton cables

The TT station (see Chapter 4, or [43, 70]) will be covered by long modules
that are electronically split into several readout sectors. Front-end hybrids,
the associated mechanics, and service lines for all readout sectors are located
above and below the sensitive region, outside the acceptance of the experi-
ment. The outermost readout sectors on each module consist of four sensors
that will be directly bonded to the their respective front-end hybrids. The
next sector consists of three sensors that will be connected to the front-end
hybrids via approximately 40 cm long interconnect cables. The innermost
sector on the modules directly surrounding the beam pipe are additionally
divided into two- and one-sensor readout sectors, the innermost being con-
nected to its front-end hybrid via approximately 60 cm long interconnect
cables.

The capacitance of these long cables is added in parallel to the capacitance
of the sensors. Therefore, the load capacitance connected to the readout
electronics is increased, and correspondingly the noise. The capacitance of
the kapton interconnects is significantly lower than the sensors, due to the
smaller dielectric constant of kapton compared to silicon and the greater
freedom to optimize the strip geometry for low capacitance.

We received prototype cables from the Swiss company Dyconex, which
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Figure 6.11: Long low-mass kapton interconnects.

were originally designed and produced for the D} experiment at Tevatron.
These cables were well suited for initial measurements as they are similar
to those foreseen for the TT station. Several types of cables have been
investigated: a cable with a covering solder resist mask on top of the traces,
42 cm long, called here “short with cover”; and two cables without solder
resist, 42 and 54.5 cm long, called here “short without cover” and “long
without cover”, respectively. A photograph of these prototype cables is shown
in Figure 6.11.

The cable substrate is kapton, with a thickness of 50 pm. The roughly
20 pm thick solder resist is an organic polymer which protects the traces and
increases the strength of the cable, but it also enlarges the capacitance. The
cables consist of 129 signal traces with a fine pitch of 91 um. The width
of these traces is 15 pum, and they are made of 7 pym thick copper which is
gold-plated over the full length. In addition, the cables have one HV bias
trace and one ground bias trace. Further details of the cables can be found
in [71].

6.4.1 Capacitance

The capacitance of the different prototype cables was studied. Its dependence
on the type of cable, its length, and the influence of next-to-next neighbouring
traces were investigated. The capacitance was measured by connecting the
LCR-meter directly between the cable traces and using a signal frequency of
100 kHz (the measured capacitance of these cables does not depend on the
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Figure 6.12: Capacitance for the different types of cables: short with cover
(W), and short and long without cover (WO). The cable lengths are 42 cm
(short) and 54,5 cm (long). For the same length, the capacitance of the cable
with cover is significantly larger than the corresponding without cover.

frequency up to several MHz).

Capacitance dependence on the type of cable

For this test the LCR-meter was placed between pairs of consecutive traces
in each type of cable, and the signal frequency was varied between 1 and
103 kHz. In Figure 6.12 the obtained values for the cable with cover (short)
and for the long and short without cover are shown. It can be seen that,
for the same length, the capacitance of the cable with cover is, as expected,
significantly larger than for the cable without cover. This is due to the space
above the traces, which is now filled with a dielectric material.

The capacitance was measured for three pairs of traces in each cable, there-
fore this measurement corresponds to the capacitance just to one neighbour.
The mean value of the measured capacitances per unit of length are shown
in Table 6.10.

The capacitance to one neighbour trace on the cable was compared to a
model done using the Maxwell field simulator (details about the simulation
can be found in [68]). The capacitance calculated from the electrostatic fields
showed a good agreement to the measurements, for the cables with and with-
out solder resist. The calculations resulted in 10-15% smaller values, which
can either be attributed to remaining stray capacitance in the measurements
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‘ Type of cable ‘ Capacitance per unit length ‘

Without cover 0.17 pF/cm
With cover 0.26 pF/cm

Table 6.10: Capacitance per unit of length for the cables with and without
cover. The actual contribution to the capacitance is two times the number
given above. The capacitance is significantly higher for the cable with cover.

Cables without cover
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Figure 6.13: Capacitance at 100 kHz as a function of number of consid-
ered next-to-next neighbours. The contribution of the second neighbour is
significant, while the contribution of the third one is negligible.

or to slightly different geometries.

Estimation of the next-to-next neighbour contribution

This test was made for the cables without cover, for both the long and short
ones since, according to the capacitance measurements presented above, they
seem to be more suitable for the T'T station. The contribution of the next-
to-next neighbour was estimated by shorting together two or three traces in
one side of a test trace, and placing the LCR-meter between the test one and
the group. The result was compared with the values obtained in the previous
section (only between two traces). Data are shown in Figure 6.13. A clear
contribution from the second neighbour of ~ 10% can be observed, whilst
the contribution from the third one is negligible.
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Figure 6.14: Capacitance as a function of the cable length, measured using
a signal frequency of 100 kHz. Measurements were made between two traces
(setup 1) and also taking into account a second neighbour (setup 2).

Dependence on the cable length

The capacitance was measured for different lengths of the cable without
cover. Results are shown in Figure 6.14 for the capacitance directly measured
between two strips (setup 1), and taking into account the contribution of the
next-to-next neighbour (setup 2). Initially, the measurements were made for
the long and short cables, and afterwards the capacitance was re-measured
after cutting to the last one 5 cm and 10 cm, respectively. A linear increase
of the capacitance with the length is observed in the tested range of lengths.

6.4.2 Peeling tests

To check the mechanical resistance of the cables to eventual mechanical dam-
ages such as scratches, the adhesion strength of the copper traces on the cable
without cover was tested with a peeling test. This test consisted in the ap-
plication of an adhesive tape (3M Scotch) over the bonding pad area of the
cable and, after setting a weight during some minutes for convenient glueing,
the tape was removed. The cable was then inspected under a microscope to
see if copper traces would peel off. The cable resulted to be quite resistant.
Several peeling tests with different types of adhesive tapes were needed until
finally one part of the traces could be peeled off. The state of the cable before
and after the last test is shown in Figure 6.15. In the last picture, two open
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traces can be observed.
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Figure 6.15: State of the kapton cable before the last peeling test (left) and
after it (right). Two open traces can be seen in the last picture.

6.4.3 Short HV-test

In order to estimate a voltage rating for the cable, a current of a few mA
was driven through its bias trace, by applying a high voltage of 500 V. We
did not observe any breakdown or sparking effect in the kapton.

6.5 Conclusions

An exhaustive electrical characterization of three groups of prototype sensors,
with thicknesses 320, 410, and 500 pm, respectively, and with strip pitches
of approximately 200 ym has been performed. The best sensors from each
group, mainly according to the results on leakage currents and breakdown
voltages, were selected to build modules with strips up to 33 cm in length.

Capacitance measurements of long flex kapton interconnect prototype ca-
bles have been presented. These results were used as starting point to opti-
mize the kapton cable strip geometry and characteristics for low capacitance
and resistance requirements.
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Chapter 7

Mechanical and thermal
characterization of a T'T
half-module prototype

This chapter describes the mechanical effects of thermal cycles on a Trigger
Tracker half-module to demonstrate that the detectors can withstand the
expected thermal gradients without damage. The stress transferred by the
carbon fiber rails and the ceramic to the silicon sensors was investigated,
and the deformation that occurred during these tests was measured by strain
gauges that were attached to sensors on a test half-module. In addition, heat
transfer through the carbon fiber rails was studied.

7.1 Introduction

The Trigger Tracker (TT) station [20, 43] will use about 70 c¢m long half-
modules that consist of seven silicon sensors divided electronically into several
readout sectors (for further details, see Chapter 4). In order to minimize the
dead material in the acceptance of the experiment, the front-end hybrids for
all readout sectors are located at the external end of the half-module. All
these elements share a common mechanical support. Thus, from a mechanical
point of view, half-modules are the basic constituents of the station.

The half-modules will be built at room temperature, but will be oper-
ated below 5°C in order to keep radiation-damage induced leakage current
at an acceptable level over several years of operation. Different thermal ex-
pansion coefficients of the materials used in the construction of the module
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will give rise to mechanical stress. In this chapter, we present measurements
of the stress on the half-modules arising from thermal causes. In addition,
heat transfer through the carbon fiber rails that hold the silicon sensors was
studied.

The structure of this chapter is the following. In Section 7.2, we describe
the experimental setup and briefly introduce the technique used to measure
mechanical stress with strain gauges. In Section 7.3, we present results for
thermal measurements in a half-module under conditions similar to those
expected in the experiment. In Section 7.4, we present results for thermo-
mechanical measurements.

7.2 Experimental setup

In this section we review the experimental setup, describing the half-modules
used in the tests and the measurement equipment.

The TT station will be entirely covered by silicon microstrip detectors
identical to CMS OB2 [47, 68]. The detector will be assembled from half-
modules, each of which consists of seven silicon sensors with a ceramic sub-
strate carrying the front-end readout hybrids attached to one of its ends. The
sensors have lateral dimensions of 9.64 cm in width and 9.44 cm in height, and
the half-modules are 66.2 cm long. The ceramic substrates will be mounted
onto a cooling block to remove the heat produced by the readout chips. The
temperature of the cooling block will be —20°C, and the ambient tempera-
ture in the box will be ~ 5°C. Mechanical stability of the half-modules will be
provided by carbon fiber rails that run along the side edges of the sensors and
the ceramic substrates. Further details can be found in Chapter 4 and [43].

To investigate the strain produced by thermal effects in the half-modules,
a test module was built using the same materials that will be used for the final
modules: silicon plates to simulate the sensors and a piece of ceramic in place
of the hybrid, all supported by carbon fiber rails. The ceramic was mounted
onto a water-cooled copper block. A heater was attached to the ceramic in
the position foreseen for the readout chips. This half-module was, however,
built according to an earlier module design [20]. The main differences with
respect to the current design are the dimensions and the number of sensors.
In this test module, the silicon and the ceramic plates are each 110 mm long,
78 mm wide, and 500 pm thick. In each half-module, 6 silicon pieces are
glued in a column, resulting in a 77 cm long module. The carbon fiber rails
are 2 mm thick and 6.5 mm high, with a length of 77 cm. Furthermore, bare
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Figure 7.1: Location of the strain gauges (rectangles) and temperature probes
(circles) on the surface of the prototype half-module. The same number of
strain gauges are placed on the opposite side of the module, directly under-
neath the ones shown. The letter G refers to a group of four strain gauges
(two on each side) arranged in a Wheatstone bridge. The bare silicon and
ceramic plates are placed separately. The silicon pieces are represented in
grey, whilst the ceramic is in white. The heater resistors are glued to the
ceramic. The sketch is not to scale.

silicon and ceramic plates were used as a reference.

The test module and bare pieces were mounted inside a freezer. Tem-
perature and humidity sensors were placed inside the freezer to monitor the
ambient conditions.

To measure the strain caused by thermal effects and investigate the ther-
mal flow, unidirectional strain gauges TML type FLA-3-11-1L [72] and tem-
perature probes DS18520 [73] were attached to the surface of the module.
Figure 7.1 shows the location of these elements. The strain gauges are con-
nected in groups of four, arranged in Wheatstone bridges. In each group, two
gauges are glued to the top and two directly underneath to the bottom of the
silicon sensors (only the ones on the top are shown in the sketch). When a
bending of the module occurs, the top and bottom pairs are subject to equal
and opposite strains (one pair will measure a positive tensile strain whilst
the other will measure negative compressive strain). This strain results in a
change in the resistance of the strain gauges that is converted into a voltage
output by the Wheatstone bridge circuit.

The strain gauges are connected through lead wires to an amplifier module
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and a Keithley 7001 unit with a Keithley 7056 multipurpose scanner card.
Voltage sources are needed to provide power to the heater, the amplifiers,
and the temperature and humidity sensor. These devices were controlled via
GPIB bus by Labview programs running on a PC.

7.3 Thermal measurements

The main objective of the measurements presented in this section is the
determination of the heat profile produced by the readout chips along the
half-module, to predict any associated effect on the leakage current of the
silicon sensors.

The thermal flow through the carbon fiber rails was investigated by sub-
jecting the module to different thermal conditions. Various temperature
settings were applied using the cooling system, the heater, or both together.
The temperature along the module was measured using the temperature sen-
sors described in Section 7.2. As shown in Figure 7.1, some sensors are placed
close to the rails while the others are placed in the central part of the silicon
plates.

Three series of measurements were made, all of them starting at room
temperature. In the first series, the heater power dissipation was varied
between 5 and 15 W while the chiller was kept off. In the second series, only
the chiller was switched on and the coolant was set to temperatures between
20°C and 10°C. In the third series, both the heater and the cooling system
were switched on. Figure 7.2 shows the temperature profile along the module
surface for the different settings of the first series of measurements, and
Figure 7.3 shows the same for the second series. The ambient temperature
was subtracted from each point to avoid effects related to ambient conditions.
In the plots, the distances are given with respect to the nearest edge of the
heater, which is itself 3 cm wide. The positions of the temperature sensors
on the ceramic are considered as negative and the ones on the silicon as
positive. The temperature given for each point corresponds to the mean
value of the readings taken during approximately 30 min, after about 1.5
hours for stabilization.

As it can be expected, the temperature on the ceramic is higher than on
the sensors when only the heater is on, and lower in the case that only the
chiller is on. Only the first two silicon sensors (each sensor is 11 cm long) in
the module see any temperature effect.

In the third series of runs, both the heater and the cooling system were
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Figure 7.2: Temperature profile along the half-module for different settings
of the heater. Negative distances refer to the temperature sensors on the
ceramic, whilst positive to the ones on the silicon. Each sensor is 11 ¢cm long.
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Figure 7.4: Temperature profile along the half-module for different settings
of the heater and the chiller.

switched on. Four different settings were applied: heater powers of 5 and
8 W while the chiller was working at 10°C or 15°C. Figure 7.4 shows that
the heat produced by the heater (readout chips) is efficiently removed by the
liquid cooling under the ceramic. Only the sensor immediately close to it
increases its temperature by less than 5°C, which has no dramatic effects on
the detector performance.t

To study in more detail the efficiency of the liquid cooling to remove the
heat, an additional series of measurements was made. The chiller tempera-
ture was set to 10°C and the heater power was varied between 0 and 20 W.
Figure 7.5 shows the hybrid temperature as a function of the heater power.
Again, the ambient temperature was subtracted from each point to avoid
effects related to ambient conditions. The results demonstrate once more
that the cooling system removes the heat efficiently. For example, at the
expected dissipated power per half-module (around 9 W), the hybrid tem-
perature exceeds the temperature measured with the heater off by less than
5°C.

In addition, the temperature in the side of the module (near the carbon

LThis might be relevant for the performance of very irradiated sensors. As an example,
according to Figure 10.14, for a sensor irradiated with a fluence equivalent to 7 years of
operation in the innermost part of the IT, a temperature variation from 278 to 283 K
gives rise to a current variation from 0.3 to 0.5 mA, which implies an increase of ~ 30% in
the thermal noise. Nevertheless, in the final detector boxes the volume of air to be cooled
will be significantly lower than in the present setup, and therefore it is expected that the
actual temperature variation will be less than the numbers quoted here.
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Figure 7.5: Hybrid temperature as a function of the heater power. At the
expected dissipated power per half-module (around 9 Watts), the hybrid
temperature exceeds the temperature with the heater off by less than 5°C.
The chiller temperature was set to 10°C.

fiber rails) was compared to the temperature in the center and, as shown in
Figure 7.6, no significant differences were found. This means that the carbon
fiber rails act also as thermal insulators, not allowing the heat generated
by the chips reach the sensors. Therefore the heat is transported by the
surrounding air.

7.4 Thermo-mechanical measurements

The mismatch among the coefficient of thermal expansion (CTE) of the ma-
terials from which the module is constructed may give rise to stress and local
bending when the temperature changes, although the symmetric design of
the rails was chosen to minimize the stress and the material. The coefficients
of thermal expansion of these materials are given in Table 7.1.

The strain was measured as a function of the temperature during the
series of runs explained in Section 7.3 and using the strain gauges described
in Section 7.2. An example of these tests is shown in Figure 7.7, where
the voltage output of the strain gauge G4 and the readings of the closest
temperature sensors are plotted as a function of time. A clear correlation
between the two observables can be seen.

2We do not use the ceramic Al O3 as it has a higher CTE (CTEaj,0, = 6.7x 1075K™1).
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Figure 7.6: Comparison among the temperature readings near the carbon
fiber rails (side) and in the center of the module. The ambient temperature

was subtracted from each point. The heater was on, dissipating 15 W.

| Material | CTE [K'] |
Silicon 2.6x10°°
Ceramic (AIN) 2 | 4.5x107°
Carbon Fiber 1x107°

Table 7.1: Coefficients of thermal expansion of the materials that the module

consist of.

G4

o
©
T[T T [ TTTT[rrTT

0.7

T T T S S T A R
0 500 1000 1500 2000 2500 3000 3500
Time (s)

Temperature (°C)

-T2
*T3

200 L L L L L

L
0 500 1000 1500 2000 2500 3000 3500

Time (s)

Figure 7.7: Voltage output of the strain gauge G4 (left) and closest temper-
ature sensors readings (right) versus time. A clear correlation between the

two data sets can be observed.
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Figure 7.8: Variation of the strain gauges voltage output as a function of
the variation of the temperature, for the two gauges located in the middle
sensor. It can be seen that the strain near the rails (G6) is higher than in
the center (G7), due to the mismatch of the materials CTE.

For these series of runs, we measured the voltage output of the strain
gauges as a function of the temperature. Figure 7.8 shows the results for the
gauges located on the middle sensor. Results for the far sensor are similar.
In the figure, the strain near the rails is compared to the one in the center
of the silicon sensor. As can be clearly seen, the strain near the rails (G6) is
higher than in the center (G7), due to the mentioned CTE mismatch between
carbon fiber and silicon. Extrapolating from the results obtained for G6, we
expect an output voltage of AU ~ 120 mV at AT = 20°C. According to [74]:

AU = UezKG% (7.1)
where U is the voltage output, Ue, is the excitation voltage (3.3 V), K is the
“gauge factor” of the strain gauges (given by the manufacturer as 2.144+1%),
and % is the strain, an output voltage of AU = 100 mV corresponds to a
deflection in the direction perpendicular to the module surface of ~ 0.2 um
over the length of the strain gauge (8.8 mm), which corresponds to a deflec-
tion of ~ 3 um over the length of the silicon sensor.

Figure 7.9 shows the same plot for the gauges placed in the sensor near the
hybrid, where the temperatures achieve the largest variations. The readings
for G4, the strain gauge next to the hybrid and in the center of the silicon,
were plotted versus the closest temperature (T3), and were compared to the
ones for G10 (strain gauge close to the hybrid and to the rails). It can be
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Figure 7.9: Variation of the strain gauges voltage output as a function of the
variation of the temperature, for the two gauges located in the sensor near
the ceramic, where the temperatures achieve the largest variations.

seen that the output voltage varies linearly with temperature. In this case,
the strain observed in both gauges is nearly the same. Note that we are
sensitive to local bending effects only.

7.5 Conclusions

Different thermal expansion coefficients of the materials used in the con-
struction of the modules will give rise to mechanical stress, since modules
will be built at room temperature but will be operated below 5°C. We have
presented results of thermal and thermo-mechanical measurements on a test
module. It was seen how the structure formed by the silicon sensors, their
mechanical support and the hybrids react to temperature variations, demon-
strating that no significant deformations are expected. In addition, the heat
profile produced by the readout chips along the half-module was determined.
It was shown that the cooling system removes the heat efficiently, and there-
fore no dramatic effects on the detector performance are expected. It was
also shown that the heat is transported by the surrounding air and not by
the carbon fiber rails.
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Chapter 8

Laboratory measurements on
prototype modules using an
infrared laser system

In this chapter we discuss in detail results of measurements made with in
a laser test-stand on prototype modules for the Silicon Tracker. Measure-
ments were performed to characterize the silicon microstrip detectors and to
study their performance with the Beetle 1.2, as part of studies carried out to
determine the optimal wafer thickness for the Silicon Tracker sensors.

8.1 Introduction

The decision to construct the Trigger Tracker (TT) station entirely from
silicon microstrip technology was taken in May 2002. In the station design,
the TT station uses modules of 33 cm in length,! and it was necessary to verify
the signal-to-noise (S/N) performance of such long modules. The longest
module tested before for the Inner Tracker (IT) was 22 ¢cm long and 320 ym
thick. It was found to give a S/N performance that was just acceptable. On
the other hand, a new generation of the front-end chip — the Beetle 1.2 — is
expected to give better S/N performance compared to the Beetle 1.1 that was
used in the previous studies [77]. Five prototype modules were constructed,
with sensors of 320 um, 410 pym and 500 pgm nominal thickness, in order
to study the performance with the Beetle 1.2 and to determine the optimal

1 This corresponds to the design at the time when the tests were performed, and differs
slightly from the final one (see Chapter 4 or [70]).
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wafer thickness for the TT sensors.

First tests on these modules were made in a laser test-stand at the Uni-
versity of Ziirich. Such setups have been widely used in the design and
construction of silicon detectors [78-80] and have several advantages. They
are relatively easy to construct and allow fast characterization of the perfor-
mance of both the silicon sensor and the front-end electronics. In addition,
the laser spot can be positioned on very specific regions of the sensor allow-
ing studies to be made of the strip-to-strip uniformity, charge sharing and
capacitive coupling between adjacent readout strips. On the other hand, the
laser setup has some drawbacks. First, the stability of the laser diode with
time and temperature must be monitored. Second, care must be taken to
avoid internal reflection of the laser signal from the aluminium backplane.
In addition, the laser pulse cannot penetrate the metalization of the readout
strip. This means it is not possible to make measurements in this region of
the detector. Finally, no measurement of cluster finding efficiency is possible
in the laser setup since the absolute charge scale is uncertain.

The performance of the modules, essentially though pulse-shape related
parameters like remainder or rise-time), was studies as a function of the
module capacitance for different chip settings and bias voltages. In addition,
the optimal working bias voltage was determined and compared to the full
depletion voltage extracted from C-V measurements. We investigated the
charge loss between strips, an important issue due to the large w/p of these
Sensors.

It should also be noted that the charge distribution created by the laser
pulse is not the same as that created by a charged particle. Ignoring §-rays
the charge distribution due to a charged particle is uniform. The laser pro-
duces an exponentially decreasing charge density. The wavelength of the laser
used is 1064 nm which corresponds to a penetration depth of 400 pm [79].
This penetration depth should be compared to the sensor thickness, that
are 320 pm, 410 pm and 500 pm for the LHCb, GLAST, and CMS sensors,
respectively. The expected charge distributions produced by the laser, as-
suming that there is no reflection from the backplane, were calculated and
compared to those due to a charged particle [58]. It was seen that for the
LHCb modules the laser is a reasonable approximation to a charged particle.
This statement is less true for the thicker GLAST and CMS modules.

The outline of this chapter is the following: the properties of the proto-
type modules are presented in Section 8.2. The laser setup is described in
Section 8.3. Results of the studies made with the laser, consisting in func-
tionality tests, bias voltage scans, pulse-shape studies, and position scans are
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presented in Section 8.4.

8.2 Prototype module properties

Three types of sensor were available for module construction: the LHCb
multi-geometry prototype sensors used in earlier tests for the Inner Tracker [19],
GLAST2000 sensors [81], and CMS-OB2 sensors [47]. All the sensors used
have a pitch of around 200 ym and were characterized in Chapter 6. From
these sensor types the following modules were built: one module with one
sensor of LHCD type (called from now on LHCb1), one module with two sen-
sors of LHCb type (LHCb2), one with three sensors of LHCb type (LHCb3),
one module with three sensors of GLAST type (GLAST), and one with three
sensors of CMS type (CMS). Each module was equipped with three Beetle 1.2
chips [82].

The relevant properties of the modules are summarized in Table 8.1.
The total strip capacitances, Cgyip, have been calculated using the numbers
in [68].

Strip Nominal ) Strip
Module length (cm) | thickness (um) Pitch (jum) width (um) Csirip (PF)
LHCb1 10.8 320 198 78 16.8
LHCb2 21.6 320 198 78 33.6
LHCb3 32.4 320 198 78 50.6
GLAST 26.3 410 228 62 41.3
CMS 28.9 500 183 58 37.6

Table 8.1: Prototype module properties. The numbers quoted for the LHCb
multi-geometry sensors are for Region C.

8.3 Laser test-stand setup

An overview over the laser setup is shown in Figure 8.1. To avoid daylight on
the photosensitive silicon sensors, the test-modules are mounted in a freezer,
which also houses the stepper motor and the laser focusing optics which are
described in Section 8.3.1. This also has the advantage of providing good
thermal insulation for the detectors and gives a stable temperature inside
the box. The readout hybrid of the test module was mounted on a water
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Figure 8.1: Overview of the laser test-stand setup.

cooled copper block. The temperature of the coolant was kept at 12°C during
the measurement program. Two PT100 temperature sensors were used to
monitor the ambient temperature inside the box and the temperature of the
cooling block, that was (20.9 + 0.2)°C and (13.3 & 0.1)°C, respectively. A
40 MHz oscillator was used as system clock. The trigger rate was around
20 Hz.

8.3.1 Laser and stepper motor

A 1064 nm Nd:YAG laser diode 2 was used to produce a signal in the silicon.
This wavelength gives a photon energy of 1.165 eV which is large enough to
reach the band gap of silicon (Fg = 1.1 eV at T = 300 K). These photons
then create electron hole pairs which drift to backplane respectively readout
strips and generate the sensor current. The laser is pulsed with a pulse
generator with a rise time of ~ 2 ns, which is triggered by the readout
trigger. An adjustable delay time between laser pulser and sampling time
of the readout chip allows to perform delay scans. The height of the laser
signal is determined by the amplitude of the pulse, but is not linear with the

2The laser system was produced by M. Glaser from the CERN EP-Division.
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Figure 8.2: Inside view of the
freezer. On the left side the
stepper motor with the optical
unit, in the top part the read-
out electronics and under the
stepper motor arm a test mod-
ule is visible.

input voltage. In fact there is a lower edge, below which no signal can be
seen. Operating the laser close to this edge results in large instabilities.

Therefore, a high value for the input voltage was chosen and a passive
beam splitter was used to attenuate the laser signal. The signal height
was adjusted to deliver an ADC signal corresponding to approximately one
MIP.? The height of the laser signal was found to drift with time. After a
measuring period of ~ 2 hours fluctuations of the signal height of order ~ 5%
were observed. To reduce this problem the laser was turned off periodically
and allowed to cool.

The laser beam is guided via optical fibres from the beam splitter to
the optical focusing unit. The shell of the optical unit is fixed in a height
adjustable arm of the sledge (see Figure 8.2). According to the laser optics
specifications the focal point is 12 mm in front of the lensing system. This
height of the arm above the silicon sensor can be adjusted with a micrometer
screw in order to focus the laser beam.

The stepper motor is controlled through a LabVIEW program. The axis
of the motor is connected via a thread rod with the sledge on which the
optical unit of the laser is mounted (see Figure 8.2). The stepper motor is
mounted into the test system in a way that the optical unit can be moved

3As a reference the height of a one MIP signal for each module from the charge cali-
bration, as explained in [58], was used.
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perpendicular to the strips of the test sensors. The step size of the stepper
motor is 5 pm.

8.3.2 Readout Chain

The sensors are wire bonded to a readout hybrid which holds the three Bee-
tle 1.2 chips [82]. The readout mode of the chips used was 128 analogue
channels multiplexed onto one port at 40 MHz. The output signals from
the Beetle chips are connected via a 9 cm long Kapton flex cable to a PCB
board. On this board the signals are multiplexed and transfered via a 5 m
long twisted pair CAT6-cable out of the box. In the other direction the dif-
ferential control signals (clock, trigger, reset) are transmitted to the Beetle
hybrid. The PCB also contains connectors for the high and low voltage,
supplied from power supplies outside the freezer, and needed for operation
of the Beetle chips and to bias the sensors, respectively. Outside the box
the CAT6 cable is connected to an interface which de-multiplexes and ampli-
fies the signals of the three Beetle chips for the following digitization stage.
This is carried out by 8-bit FADCs that are located on an ODE prototype
board [83]. The ODE board is read out via the VME bus to a PC running a
LabVIEW program.

The programming of the Beetle readout chips was performed using with a
standard I?C interface that was controlled via a LabVIEW program provided
by the ASIC Lab in Heidelberg. In particular, it is possible to change the
shaping time of the Beetle chip within a certain range by setting different
values of the parameter Vy,. Tests were performed using values of V, set
to 0 mV, 400 mV and 1000 mV where a value of 0 mV corresponds to the
fastest shaping.

To process and analyze the data a modified version of the software de-
veloped for the ST test-beam was used. Details on the procedure used for
determining pedestals and common mode noise can be found in [84]. Around
two million triggers were recorded in a period of four weeks.

8.4 Results

In the following sections the main results of the measurement program carried
out with in the laser test-stand are presented.
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Figure 8.3: Channel noise for the CMS module, V;; = 400 mV.

8.4.1 Functionality tests

Each module was checked for broken Beetle chips and disconnected channels.
One Beetle chip on the LHCb1 module and one chip on the LHCb2 module
did not work. The first failure was due to an accident during the installation
of this module and was not repairable, the second was due to a disconnected

power bond and was later fixed. Two bad bonds were found and repaired on
the LHCb1 module.

A search was performed for noisy channels. As an example Figure 8.3
shows the noise, i.e. the RMS of the ADC counts recorded in absence of
laser signal versus channel number for the 384 channels on the CMS module.
The channels bonded for calibration [58] were found to be more noisy and
are masked off in this plot. It can be seen that channels 123 and 124 are
noisy, and that there is a tendency for either the first or the last channel on
a Beetle chip to be noisy. The second point was also found to be true for the
other modules tested. The results of the functionality tests are summarized
in Table 8.2.

IV curves were measured for each module. Currents were below 3 pyA at
the highest voltage tested (300 V for LHCb and GLAST modules, and 450 V
for the CMS module). No breakdown was observed.
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Module | Beetle ID Working First channel | Last channel Other noisy

channels
LHCb1 B OK Noisy Noisy —
LHCb1 C OK Noisy Noisy —
LHCb1 D Destroyed — — —
LHCb2 E OK Noisy Noisy —
LHCb2 F OK Noisy OK —
LHCH2 10 Disconnected . . .

power bond

CMS 14 OK Noisy Noisy 123,124
CMS 15 OK OK Noisy —
CMS 16 OK OK Noisy —
GLAST 17 OK Noisy OK —
GLAST 18 OK Noisy OK —
GLAST 19 OK Noisy Noisy —
LHCb3 1A OK Noisy Noisy —
LHCb3 1B OK OK OK —
LHCb3 1C OK OK Noisy —

Table 8.2: Summary of functionality tests.
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Figure 8.4: Example of a laser focussing run. A ¢ of 4.3 um was achieved in
this case.

8.4.2 Laser Focusing

The first step in the measurement program for each module was to adjust
the micrometer screw setting such that the focal point of the laser coincided
with the centre of the sensor. The fact that the laser light does not penetrate
the metalization of the readout strip can be used to achieve this as follows.
First, the rough region of focus is defined by “eye”. A scan is then made
moving the laser spot across the sensor. An example of such a scan is shown
in Figure 8.4. It can be seen that as the position of the laser spot is moved,
there is an edge where the observed signal decreases rapidly to zero. This is
the start of the metalization of the readout strip. A fit of an error function
is made to this edge. This procedure is then repeated for several micrometer
screw settings, and the one with the minimum width, o, of the error function
is taken as the optimal focus point. Typically, a o of 4 ym was achieved.
This corresponds to a FWHM spot-size of 11 pm.

8.4.3 Bias voltage scans

The charge collected on the readout strips depends on the applied bias volt-
age. If the detector is not fully depleted, the bulk material is divided into two
zones, the depleted zone reaching from the p—side into the bulk and the non-
depleted zone extending towards the n—side. Electron-hole pairs generated
in the depletion zone are separated by the electric field. The holes drift to the
p—side and are collected in the readout strips, and the electrons drift towards
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the n—side. However, the charges generated in the non-depleted zone are not
well separated, since there is not electrical field present, and recombine before
arriving to the electrodes. Even when full depletion is reached, the collected
charge increases with the applied bias voltage until a plateau is reached (i.e.
all the charge is collected), due to the dependence of the drift velocity on the
electric field and the limited integration time of the preamplifier.

A bias voltage scan was performed for each of the five modules in order to
obtain their working points. It was seen that the time of the signal maximum
depends on the applied bias voltage. Therefore for each bias voltage it was
first necessary to determine the optimal sampling time. This was done by
taking 4-5 runs with different delay times chosen around the rough position of
the signal maximum and fitting a parabola to the measured signal as function
of delay time. Once the corrected timing for each voltage was found, the scan
was performed. Figure 8.5 shows the maximum signal amplitude versus the
applied bias voltage for each module. All the measurements were performed
with the Beetle shaping V, set to 400 mV and with the laser spot positioned
close to the metalization of the readout strip.

The measurement showed that the LHCb modules reach the plateau at
around 100 — 110 V. For the GLAST module full charge collection starts at
150 V whereas for the CMS module this is the case at 440 V. For the CMS
module the time of the maximum does not change up to 260 V.

The plateau voltages can be compared with the depletion voltages obtained
from C-V measurements quoted in Table 8.3. In absolute values, larger
over-depletion is needed as the thickness of the sensors increases. For the
CMS module, the difference between the measured depletion voltage and the
bias voltage for full charge collection is 250 V. This huge difference and the
dependence of the time of the signal maximum might be due to the fact, that
the depletion voltages for two out of three sensors used for the test module
differ by 90 V.

8.4.4 Pulse-shape studies

A series of scans were performed in order to investigate the dependence of the
pulse shape on the bias voltage, the shaping time of the Beetle chips (V,),
and the position of the laser spot with respect to the readout strips. In these
scans the delay between the trigger signal and the Beetle sampling time was
varied over a range of ~ 150 ns in order to observe the full pulse shape. Two
different, groups of voltages, V1 and V2 (see Table 8.3), and three different
settings of V}, (0, 400 and 1000 mV) were used.
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Figure 8.5: Amplitude of the signal as a function of the bias voltage for the
five modules.
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| Module | Depletion voltage (V) | V1 (V) | V2 (V) |

LHCb1 65 90 200
LHCb2 65 90 200
LHCb3 65 90 200
GLAST 70 95 235

CMS 130-220 220 385

Table 8.3: Chosen values of V1 and V2 for the delay scans.

The value of V1 for each module was chosen to be 20 — 30 V above the
full depletion voltage using the numbers given in Chapter 6. The value of
V2 was chosen to be well above the full depletion voltage so as to guarantee
full charge collection. It should be noted that the three sensors on the CMS
modules have quite different full depletion voltages. The corresponding with
the illuminated sensor was 190 V. The near strip data was taken at the edge
of the metalization and the mid-strip equidistant between the centre of two
readout strips.

Two examples from the 45 delay scans taken are shown in Figure 8.6. The
upper plot shows the results of a pulse shape scan with the fastest shaping,
Vis = 0 mV, for the LHCb1 module. The lower plot shows a delay scan with
the slowest shaping, V;, = 1000 mV, for the LHCb3 module. In these plots,
the signals on the neighbouring strips are shown in addition to the signal
on the strip illuminated by the laser. The signal on the neighbouring strips,
or cross-talk, can be reproduced in a simulation due to capacitive coupling
between the readout strips [69]. The signal on the right neighbour is larger
than on the left one because the laser is positioned on the right strip of the
illuminated strip, allowing some charge sharing in addition to the capacitive
coupling.

It can be seen that the signals on the neighbouring strips reach the signal
maximum earlier in time than the signal on the illuminated strip. This
time difference was found not to depend neither on the bias voltage nor the
capacitance of the module, but to increase with increasing Vi,.

The level of signal cross-talk in the final experiment is determined by the
charge on the neighbouring strips at the time of the signal maximum on the
illuminated strip. Table 8.4 shows the relative signal amplitudes for the five
modules for the near strip data with V;, = 400 mV and bias voltage V2.

A small but significant signal on the second neighbours of the illuminated
strip, with relative maximum height of 0.03, was observed. No signal was
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Figure 8.6: On the top, delay scan for the LHCb1 module biased at 200 V,
with Vs = 0 mV, and the laser near strip. At the bottom, delay scan for the
LHCb3 module, biased at 200 V, with Vy; = 1000 mV, and the laser near
strip.

Module Relative .signal amp'litude
on neighbour strips
LHCb1 0.11 £0.03
LHCb2 0.11 £0.03
LHCb3 0.14 £ 0.03
GLAST 0.13+0.03
CMS 0.14 +0.03

Table 8.4: Relative amplitude on neighbouring strips for the five modules,
V2, Vi =400 mV, near strip data.

observed on the next-to-next neighbours.

An alternative way to visualize this effect is to plot for a fixed trigger
delay the average charge seen on the strips around the one illuminated by
the laser. This has been done setting the trigger delay such that the signal on
the strip closest to the laser spot is at its maximum value. Figure 8.7 shows
the obtained shapes for the near strip data, and Figure 8.8 for the mid-strip
data.

An important quantity for the operation of the detector in the LHC en-
vironment is the fraction of the signal left in the following bunch crossing,
i.e. 25 ns after the signal maximum — the signal remainder. Monte Carlo
studies of the LHCDb detector performance assume a signal remainder of 0.3
for IT and 0.5 for TT [85]. The dependence of the remainder on Vj, and
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Figure 8.9: On the right, remainder as a function of capacitance for various
settings of V5. The dotted lines are to guide the eye. On the left, comparison
of the measured remainder with front-end measurements. The front-end
measurements lie inside the dotted lines.

on the bias voltage was studied for all the modules. It was found not to
depend significantly neither on the bias voltage nor the position of the laser
relative to the strip. However, as expected it increases significantly with the
Beetle shaping parameter V;, and the load capacitance. This can be seen in
Figure 8.9. It can also be seen that a remainder of less than 0.5 can easily
be met for values of Vy, up to ~ 400 mV.

In the same figure, the results with Vy; = 0 mV are compared to the
Beetle 1.2 front-end measurements described in [19]. These measurements
were made with discrete capacitances instead of the sensors, and a J-function
input signal. It can be seen that for the long modules the measured remainder
is systematically smaller than expected from those measurements.

Another important characteristic of the pulse-shape is the rise-time which
is here defined as the time from 10% to 90% of the signal maximum. Fig-
ure 8.10 shows the measured rise-times for the five modules at three Beetle
chip shaping parameters Vy,. As expected, it was found to depend on Vi,
and the load capacitance Again, the results for Vy, = 0 mV can be compared
to the front-end measurements (right plot in Figure 8.10). It can be seen that
the measured rise-times are slightly slower than expected from the front-end
measurements.

The dependence of the rise-time on the bias voltage was also investigated.
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Figure 8.10: On the right, rise-time for the five modules, for three V;, set-
tings: 0, 400 and 1000 mV. The bias voltage was V2, and the laser was
placed near strip. The error on each point is 2 ns. On the left, comparison of
rise-time for Vy, = 0 mV, near strip V2 data with front-end measurements.
The front-end measurements lie inside the dotted lines.

As it can be seen in Figure 8.11, the rise-time is faster for the higher bias
voltage. This is due to the higher electric field in the sensor which results in
faster charge collection.

To understand the data simulation studies modeling both the response of
the silicon and the Beetle chips were performed. The first results from such
studies are described in [69].

8.4.5 Charge loss in between readout strips

In tests performed with the previous generation of ST prototype modules a
charge loss of order 10—20% was observed to occur in the region between two
readout strips [19, 84]. This effect was also investigated in the laser setup.

For each module, two position scans were made with the bias voltage set
to V1 and V2, respectively. The laser spot was moved across the strip in
steps of 5 um. As an example, the results of these scans with the bias voltage
V1 are shown in Figures 8.12 for the five modules. In each plot the signal
on the left and right strips is shown together with the sum of the charge on
the four strips closest to the laser position. In all plots the charge loss in
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the inter-strip region is clearly visible. In addition it was seen that the total
collected charge for the V2 data was always higher than for the V1. This is
consistent with the results of Section 8.4.3 — full charge collection efficiency
is not expected for the V1 bias voltage. It can also be seen that the left-hand
side of each plot is generally higher than the right. This is due to the laser
instabilities mentioned in Section 8.2. This effect is most pronounced for the
data taken with the GLAST module (Figure 8.12).

To estimate the size of the charge loss, the following procedure was used.
The average of the data taken near to the left and right strips was taken as a
measure of the near strip charge. The uncertainty on this number was taken
to be the difference between the left and right strip values divided by two.
The charge mid-strip was taken as the value observed at that position. The
relative charge loss, A, is then estimated as:

_ Nypce(near) — Nype(mid)
=

A

NADC’ (near)

Table 8.5 summarizes the results of the charge loss for the two applied
bias voltages. The stability of the laser is not sufficient to make quantitative
statements concerning for example the dependence of the dip on the bias
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[ Module | A, for V1 [%] | A, for V2 [%] |

LHCb1 17.5£0.9 202+1.3
LHCb2 174+14 205£1.1
LHCb3 11.6£1.6 18.0£1.2
GLAST 23.5+6 242+3
CMS 11.3£1.6 10.5£1.3

Table 8.5: Values of the relative charge loss, A, for all the modules. V;, was
set to 400 mV.

voltage.

8.5 Conclusions

Prototype modules for the ST were studied with in a laser test-stand which
has allowed a fast characterization of their performance. For future measure-
ments with the laser setup, the time stability of the pulse height needs to
be improved. Alternatively one of the other outputs from the beam-splitter
could be monitored with time and used to correct the measured signal for
time dependent drifts.



Conclusions

ADC Counts

ADC Counts

103

70 070
[LHCb1 module 1= :LHCbg module °®
' 3 e .. Sum 4 strips o ©

60 Oe0f ° °®
C ) o [ ®eee 0®®®
C ge®00  Sumisiips o ee 2 [ Chageleft i ChargeRight ®

50 50 ww *ﬂﬁ
fChageleit @ o ® d Charge Right - "'“ N

P N 40F ‘ ™
[ " [ "

: " : " u

30 30 " "

[ W ' I W
[ ™ [ ‘z
- 20F w *

20f " C a wy
C C "

C i o r a "

10 w 10F Lu¥ wy
n w C Wy
T L My o
IR P PN PR R R o) I RN I BT PRI R
.08 01 012 014 0.16 018 0.2 -0.04 -0.02 0 0.02 0.04 0.06

X position/mm X position/mm
- 290

go[-LHCb3 module < F GLAST module
3 G80F .....

70F i E
C e Sum 4 strips o%e 270k @ °
E % o < F o, Sum4grips  o®@90e,

60 @ “e00e®g0e00000® FCharge Left” @8 .... %
[ 60F ()

50:_ i . ‘l. 00000® Charge Right
F Charge Left ChargeRight  wi 50F " kg
o " F " A

40:— " " W 20F N “

aof W M £ ‘n. .

e " E
F ™ I 30F " 'y
- iyt LT g ny

20 " E Ak
E ‘ﬁ ‘m 20: “.A l“‘

10F w* “u : ot “u
E Wy 10: L l‘n““

ob e e ob b b e L
0 0.02 0.04 0.06 0.08 01 0.12 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
X position/mm X position/mm
0
c t CMSmodule
§‘20_ Sum 4 strips
[ ©Oee o
o [ ° 00009
- ® o0
Qo0f ®000000®®® .
80" Charge Left Charge Right
e ik
g ) ™
60F “ o 0
L N o
L .
40w YT
L '} W
wh '™
[k My
20_ ' ok ““‘
o PN I PRI AP I AT W
0 002 004 006 008 01 012 0.14

X position/mm

Figure 8.12: Charge sharing and loss for the five modules, with bias voltage
set to V1 and Vy, = 400 mV.
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Chapter 9

Test-beam measurements on
prototype modules

In this chapter we describe the results of a comprehensive measurement pro-
gram carried out at the CERN X7 test facility in May 2003 on prototype
modules for the Silicon Tracker.

9.1 Introduction

After the decision to construct the Trigger Tracker (TT) station entirely from
silicon microstrip technology, it was necessary to verify the design concept for
this station. At the location of the TT station, an area of 131.8 x 159.1 cm?
has to be covered ! [19, 86]. In order to minimise the amount of dead material
in the acceptance, all the front-end chips will be located at the edge of the
detector. Kapton cables ranging in length from 33 to 55 cm will be used
to connect the inner sensors to their corresponding hybrids [86]. This gives
capacitive loads of ~ 50 pF for all the readout sectors.

The detector noise increases with the load capacitance of the readout sec-
tors. Since the capacitance depends on the strip length, the performance of
the long modules foreseen for the TT station has to be investigated. Re-
sults of earlier tests on modules constructed from 320 pm thick sensors are
reported in [19, 84]. The longest module tested in that work was 22 cm in
length and had a capacitance of around 35 pF. The measured signal to noise
(S/N) performance was found to be just acceptable for the Inner Tracker (IT)

!The dimensions correspond to the design at the time when the tests were performed,
and differ slightly from the final ones (see Chapter 4 or [70]).
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application. The extrapolated performance for a 50 pF load capacitance does
not meet the requirements of the TT station. However, the available version
of the front-end chip — the Beetle 1.2 [77] was expected to provide better
S/N performance than the Beetle 1.1 that was used in the previous tests
described in [84].

Five prototype modules were constructed, with sensors of 320 ym, 410 pym
and 500 pgm nominal thickness in order to study the performance with the
Beetle 1.2 and to determine the optimal wafer thickness of the sensors for the
TT station. First tests of these modules were carried out in a laser test-stand
and are described in Chapter 8 and [58]. Here we present the results of a
comprehensive measurement program undertaken with a 120 GeV 7~ beam

at the CERN X7 test-beam facility.

The outline of this chapter is the following. In Section 9.2, the proper-
ties of the prototype modules are presented. In Section 9.3, the test-beam
setup at the CERN X7 test-beam facility and the measurement program are
described. In Section 9.4, results of bias voltage scans, pulse-shape studies,
signal-to-noise performance, charge loss studies are presented. In Section 9.5,
a summary of the test-beam results is given.

9.2 Prototype module properties

Three types of sensor were available for module construction: the LHCb
multi-geometry prototype sensors used in earlier tests for the Inner Tracker [19],
GLAST2000 sensors [81], and CMS-OB2 sensors [47]. From these sensor
types the following modules were built: one module with one sensor of LHCb
type (called from now on LHCb1), one module with two sensors of LHCb
type (LHCb2), one with three sensors of LHCb type (LHCb3), one module
with three sensors of GLAST type (GLAST), and one with three sensors of
CMS type (CMS). Each module was equipped with three Beetle 1.2 chips.

For the studies in this chapter, the most important properties of the sen-
sors are the thickness, capacitance and implant width. LHCb type sensors
have a nominal thickness of 320 pm, GLAST2000 sensors of 410 pm, and
CMS sensors of 500 pm.

The total capacitance of each module has two components — the capaci-
tance of the silicon strips themselves and the capacitance of the pitch adapter,
Cp. The strip capacitance depends on the ratio of the implant width to the
strip pitch, w/p, therefore the different regions on the modules constructed
from LHCb sensors have different capacitances. In addition, each region of
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Type | Piteh (um) | PR p (pFem ) | G (bF)
LHCbH A 198 50 1.41 2.5
LHCb B 198 60 1.52 1.5
LHCb C 198 70 1.62 2
LHCb D 240 70 1.56 2
GLAST 228 56 1.57 2

CMS 183 46 1.37 2

Table 9.1: Prototype sensor properties. The values of p are estimated using
the numbers given in Chapter 6.

a LHCDb sensor maps to a specific area on the pitch adaptor. This leads to
different values of (), for each region. Values for C}, and the strip capaci-
tance per unit length, p, are given for the all the sensor geometries tested in
Table 9.2.2 The total capacitance for each region can be calculated using:

Cst'rip = CP +pX L.

The resulting numbers are summarized in Table 9.2.

9.3 Test-beam setup and measurement pro-
gram

The five prototype modules were tested in a 120 GeV/c n~ beam at the
CERN X7 test facility in May 2003. Four double-sided silicon strip detec-
tors provided by the HERA-B vertex detector group [87] served as a beam
telescope. This allowed the impact point of the 7~ tracks on the sensors
under test to be determined with a resolution of approximately 14 um. The
readout was triggered by a coincidence of four scintillation counters placed
upstream and downstream of the beam telescope. A photograph of the setup
is shown in Figure 9.1. All the components were installed in a light-tight
aluminium box. This box could accommodate four prototype modules at
a time, therefore measurements were initially performed with the LHCb1,
LHCb2, GLAST and CMS modules installed. Once the measurement pro-
gram for the LHCb1 module was completed, it was removed and replaced by
the LHCb3 module.

2Numbers are not given for region E on the LHCb modules as it was not tested.
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| Module | Strip length (cm) | Csyrip (PF) |

LHCb1A 10.8 17.8
LHCb1B 10.8 17.9
LHCb1C 10.8 19.5
LHCb1D 10.8 18.8
LHCb2A 21.6 33.1
LHCb2B 21.6 34.3
LHCb2C 21.6 37.0
LHCb2D 21.6 35.7
LHCb3A 324 48.3
LHCb3B 32.4 50.7
LHCb3C 324 94.5
LHCb3D 324 92.5
GLAST 26.3 43.3

CMS 28.9 41.6

Table 9.2: Calculated capacitances for the different modules and detector
regions.

As the acceptance of the beam telescope was smaller than the width of the
sensors under test, not all the readout strips on the sensors could be illumi-
nated simultaneously. The modules constructed from LHCb multi-geometry
sensors were installed in such a way that regions A-D were illuminated. No
data were accumulated for region E, which had been rejected as an option
for the ST based on results from earlier measurements [19].

Each test module was mounted on a separate support rail, which allowed
the horizontal position to be adjusted such that the beam spot illuminated
different regions along the module. To remove the heat generated by the
Beetle readout chips, the end of the module carrying the readout hybrid was
attached to a copper cooling block. Water at a temperature of 10°C was
used as a coolant.

An extensive measurement program was carried out in order to study the
performance of the prototype modules. In total, more than 36 million events
were saved to disk during the two week test-beam period. Initial bias voltage
scans were carried out to determine the working point for all subsequent
measurements. The data from these scans were also used to study signal
shape parameters as a function of the bias voltage. High-statistics data
samples of 250 000 events each were then accumulated for:
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Figure 9.1: Overview of the test-beam setup in X7.

e Two bias voltage settings, V1 ~ 1.5 X Vgep and V2 & 2 X Vgep, Where
Viep 1s the full depletion voltage of the respective sensors.

e Three different signal shaping times of the Beetle preamplifier. The
signal shaping time is controlled by programming the internal register
Vs of the Beetle chip, and data were accumulated for V;; = 100 mV
(fast shaping), Vs = 400 mV, and Vy, = 1000 mV (slow shaping).

e Up to five different beam positions along the modules. The beam spot
was centered on each of the sensors on a module as well as on the
inter-sensor gaps.

Prior to each of these main data runs, a low statistic latency scan was
performed in order to determine the optimal signal sampling-time for the
Beetle chips. To achieve this, the delay between trigger and signal sampling
time was varied in three to four steps of 4 ns around the presumed maxi-
mum of the signal, and the most probable value of the signal amplitude was
determined for each module and settings. The delay time for the subsequent
data taking was then chosen as the one that maximized the most probable
signal amplitude averaged over the four modules.®> The data from the high-

3The optimum delay is slightly different for each module, since the modules present
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statistics runs were used to analyse the signal-to-noise performance and the
particle detection efficiency of the modules as a function of bias voltage, sig-
nal shaping time and beam position, as well as a function of the 7~ track
position with respect to the readout strip centre. In addition, a study of
cluster shapes was performed.

Finally, high-statistics delay scans covering the full duration of the pulse
were performed for the two bias voltage settings (V1 and V2) and for two
different shaping times (V; = 100 mV and Vj, = 400 mV). For these scans,
the beam spot was centered on the sensors closest to the readout chips. The
data from these runs were used to study signal shapes on the strips closest
to the 7~ track and on the neighbouring strips, as a function of bias voltage,
shaping time and track position.

9.4 Results

9.4.1 Functionality tests

Each module was checked for broken Beetle chips and a search was performed
for disconnected and noisy channels. As an example Figure 9.2 shows the
noise, i.e. the RMS of the ADC counts registered in absence of particles
versus channel number for the GLAST module. It can be seen that the
variation in the level of strip noise from channel-to-channel is small. The
“spikes” that can be seen are due to channels that were bonded to an external
PCB to allow for a charge calibration [58].

Corresponding plots for the other modules, together with pedestals and
the distribution of reconstructed clusters as a function of strip number (the
“beam profile”), can be found in [59]. From these plots a list of noisy and bad
channels was extracted and are summarized in Table 9.3. The entries in this
table can be compared to those listed in Chapter 8, on the measurement pro-
gram with the laser setup that preceded the test-beam. There are additional
faults in the test-beam compared to the laser setup, probably attributable
to handling errors. In the test-beam, two strips on Beetle E were flagged as
noisy, Beetle 16 was non-operational, four strips on the GLAST module were
flagged as noisy, and there was one un-bonded strip on the LHCb3 module.

different load capacitances to the Beetle chips, resulting in a different peaking time of the
front-end amplifier. However, the test-beam setup did not permit to set individual delay
times for each module. Based on the results presented in [58], it is estimated that the
chosen delay always lay within a window of £+ 2.5 ns around the optimum delay time and
that the effect on the measured signal amplitude is smaller than + 1%.
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Figure 9.2: Strip noise for the example of the GLAST module with Vj, =
400 mV.

On the other hand, Beetle 10, which was not functional at the time of the
laser measurement program, was fixed.

The beam position illuminates the part of the sensor corresponding to the
first two chips on each module. This was chosen in order to study effects
at the sensor edge. For the LHCb modules this means the behaviour of the
three 198 um pitch regions can be investigated together with the 238 pm
pitch region D.

9.4.2 Bias voltage scans

In order to obtain the working points for each module, bias voltage scans
were performed. For each module, the bias voltage was varied over a wide
range above the expected depletion voltage. From previous studies [58],
it is known that the optimal sampling time depends on the bias voltage.
The charge collection time decreases with increasing voltage, which can be
explained by an increase of the velocity of the charge carriers in the silicon
bulk. Then, for each voltage setting four runs were taken with different
sampling times chosen to encompass the actual maximum of the signal for
all the modules. For each of these runs the most-probable-value (MPV) of
the S/N distribution was determined by fitting a Landau convolved with a
Gaussian. From the maximum of this fit, the S/N value and the appropriate
delay time can be determined for each bias voltage setting. Figure 9.3 shows
the bias voltage scans for the different modules tested. The two sets of points
for each module represent the S/N ratio for tracks passing close to a readout
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module | Beetle ID | Working Calibration | Bad bonds Noisy
channels channels channels
LHCb1 B OK 55, 94
LHCb1 C OK 5,44, 79, 112
LHCb1 D Destroyed
LHCb2 E OK 94 13, 21
LHCb2 F OK 5,44, 79, 112
LHCb2 10 OK 19, 48
CMS 14 OK 123, 124
CMS 15 OK 78
CMS 16 Dead
GLAST 17 OK 94
GLAST 18 OK 35, 68 39
GLAST 19 OK 40, 73 37,107, 108
LHCb3 1A OK 55, 94
LHCb3 1B OK 5,44, 79,1 12 51
LHCb3 1C OK

Table 9.3: Noisy and dead channels at the end of the test-beam

Channels are numbered per Beetle chip starting from zero.

signal/noise
N
T (=] T

=
[or]

v
v v
L 2

=
[e}

A CMS/on-strip

.
wbwww

v

v CMSlinter-strip

[N
(o2}

signal/noise

-
wbww

12F4

Yy vy

A GLAST/on-strip

10

¥ GLASTIinter-strip

7200

I T S T R
250 300 350 400

bias voltage [V]

Hiodu

L co b b
150 200 250
bias voltage [V]

7100 150

3
A
3 L A A 4, A
e A A A
= 15
© A
s L
2
2]
v v v vvyY
A
L v A AA A AL A
NS
10
A Ihcbi/
[ ¥ lhch
L A Iheb:
Ihch2/inter-strip
5 L I T N Y

200 250
bias voltage [V]

Figure 9.3: The S/N ratio obtained for the CMS, GLAST and LHCb-modules
as a function of the bias voltage.

strip and for tracks passing through the inter-strip region.

4

The bias voltages at which the S/N reaches a plateau are compared in

4The “on-strip” and “inter-strip” regions are defined here as £0.166 x strip-pitch from
the strip centre and the middle between two strips, respectively. These are larger areas
than used later in the efficiency determination due to the limited statistics available in the
bias voltage scans.




Results 113

Table 9.4 with the measurements of the depletion voltage via the development
of the backplane capacitance [68]. All the modules reach a plateau at 2-
2.5 times the depletion voltage. The test-beam measurements of the start
of the plateau are in agreement with those performed with the laser (see
Chapter 8) except for the CMS module, that reaches it earlier in the test-
beam measurements. This may be due to the difference in charge deposition
profiles between the laser and particles, which is most pronounced for the
CMS module [58].

‘ Module ‘ depletion voltage ‘ signal plateau ‘

LHCb1 64V 120 V
LHCb2 64V 120 V
GLAST 0V 150 V

CMS 190 V 300 V

Table 9.4: Comparison between the full depletion voltage obtained from
C — V curves and the observed plateau from the S/N in the test-beam.

A comparison of the S/N measured for large over-depletion between the
“on-strip” and “inter-strip” regions, indicates that the charge loss in the
inter-strip region cannot be explained by insufficient time to collect all the
charge — that is to say a “ballistic deficit”, since in that case the difference
between the two should become smaller for higher bias voltages.

9.4.3 Pulse-shape studies

A series of high statistics scans were taken in order to study the pulse-shape as
a function of both the applied bias voltage and the Beetle shaping parameter,
Vis. In these scans the delay between the trigger signal and the Beetle
sampling time was varied in order to observe the full pulse shape. For these
studies only tracks that passed within +0.2 x pitch of the centre of a readout
strip were used. As an example in Figure 9.4 the results of these scans are
shown for the bias voltage setting V2 and for V;; = 400 mV. For the modules
built from the LHCb multi-geometry sensors results are shown for region A
only. In each plot the signal on the strip closest to the particle trajectory
is shown together with the two strips to its left and to its right. It can be
seen that for all the modules there is a sizeable signal on the neighbouring
strips. These signals cannot be due to charge sharing by diffusion between
the strips because of the wide pitch of the sensors. In addition the amplitude
is too big to be explained by cross-talk within the Beetle chip which has been
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Figure 9.4: Pulse-shape scans.

measured to be ~ 3% [88]. It can also be seen from these plots that the signals
induced on the neighbouring strips have a different time dependence to those
on the central strip. Firstly, the time of the maximum amplitude for these
signals is earlier in time than that of the central strip. Secondly, these signals
undershoot earlier in time. Simulation studies of charge collection in silicon
and signal generation in the Beetle chips have shown that these signals can
be accurately reproduced if capacitive coupling between the readout strips is
taken into account [69, 89.

An important parameter for the operation in the LHCb experiment is the
signal remainder 25 ns after the signal maximum — the fraction of the signal
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Figure 9.5: Signal remainder 25 ns after the maximum. For the LHCb mod-
ules results for region A are shown.

which will be seen in the following LHC bunch crossing. In Figure 9.5 the
measured signal remainder is plotted as a function of detector capacitance
for each of the two shaping times. As expected, the size of the remainder
decreases with decreasing V. As in [58] a roughly linear dependence on the
detector capacitance is observed.The values of the remainders obtained here
are in good agreement with the ones obtained with the laser setup.

In Monte Carlo studies of the LHCb performance signal remainders of
less than 50% for the 33 cm long ‘T'T’ modules and less than for 30% for the
22cm long IT modules are assumed [90]. Both these requirements can be
met if V, is set to 400 mV or less.

9.4.4 Signal-to-Noise performance

One of the main goals of the test-beam was to investigate the S/N perfor-
mance of the modules. Two alternative definitions of ‘signal’ were used. The
first is to simply sum the ADC counts of the four strips closest to the pre-
dicted impact point of the telescope track. The second is to use the results
of the clustering procedure described [59]. A signal significance for each strip
is defined as d?/n?, where d is the pedestal and common mode subtracted
ADC value and n is the strip noise. Contiguous regions of strips with pos-
itive charge and a signal significance exceeding a given cut parameter were
accepted as clusters if the sum of the single strip significances was larger
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Figure 9.6: S/N derived from the sum of the four strips closest to the ex-
trapolated track impact point. Region C was used for LHCb3 module. Vi,
was set to 400 mV.

than a second cut parameter. The signal-to-noise ratio (S/N) of all clusters
was normalized to that of one-strip clusters. Noise clusters were taken to be
those clusters not associated to tracks reconstructed by the telescope. Cuts
were selected according to the acceptable noise rates and efficiencies for the
experiment. Further details can be found in [59].

Figure 9.6 shows the resulting S/N distribution for V;; = 400 mV, using
the four strip analysis for the GLAST, CMS and LHCb3 modules, while
Figure 9.7 shows the S/N distributions obtained with the standard cluster
finding algorithm. In both cases, the “noise” was normalized to the level of
the single strip noise. The S/N values obtained with the four strip analysis
are larger than those obtained with the clustering algorithm analysis. This
demonstrates that in the cluster finding algorithm the neighbouring strips
are not always included. The difference in S/N between the two clustering
schemes is most pronounced for the LHCb3 module (18%) where the average
cluster width is 2.2 strips, and least pronounced for the CMS module (5%)
where the average cluster width is 3.4 strips [59].

Also shown in these plots are the results of a fit to the distribution of a
Landau convolved with a Gaussian and its most probable value (MPV). The
plots in Figure 9.7 produced using the cluster finding algorithm also show
the noise cluster distribution. It can be seen that for the GLAST and CMS
modules there is a clear separation between the tail of the noise distribution
and the signal distribution. This is not the case for the LHCb3.
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Figure 9.7: S/N obtained with the cluster finding, averaged over the entire
inter-strip region. Region C, was used for the LHCb3 module. Vy; was set
to 400 mV.

9.4.5 Charge loss in between readout strips

It had been observed [58, 84] that there is a significant charge loss in the
region between two readout strips. This can also clearly be seen in Figure 9.8
where the S/N from the four strip analysis is plotted as a function of the
inter-strip position of the extrapolated tracks for all modules. The four strip
analysis is used for this plot in order to ensure that the dip in S/N is not
caused by some artefact of the clustering algorithm. It can also be seen from
these plots that the S/N ratio increases for longer shaping times (larger V)
but the loss in S/N appears independently of the shaping time. The same
behaviour was seen in the results obtained using the clustering algorithm [59].
This is consistent with the results of the previous test-beam that indicated
that the charge loss in the inter-strip region is not caused by a ‘ballistic
deficit’ since this would be reduced for longer shaping times. The effect can
be reproduced by simulation if it is assumed that it is caused by charges
trapped in the inter-strip region where the electric field lines leave the sensor
region before reaching the readout strips [69, 89].

Figure 9.9 shows the cluster finding efficiency is as a function of the track
impact point for all the modules. For the CMS and the GLAST modules
full efficiency is found for all shaping times, due to the high S/N. For the
LHCb2 and LHCb3 modules, it can be seen that the charge loss between the
two strips translates into a loss in cluster finding efficiency. An increase in
the efficiency in the inter-strip strip region is observed as V/; is increased. As
expected from the poor S/N performance, this efficiency loss is particularly
pronounced for the LHCb3 module where, for tracks passing close to the
middle of two readout strips, even for V;, = 1000 mV full efficiency cannot
be achieved and, for Vy, = 400 mV the efficiency is below 90%. This is not
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Figure 9.8: S/N as a function of the inter-strip position for the different
modules and shaping times (V},). For the LHCb modules, region A is plotted
(same w/p as GLAST and CMS module). The S/N was determined from

the summed charge on four strips. Vs was set to 400 mV.
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marked 'Near’ is closest to the readout hybrid.

acceptable for use in LHCb. It is also clear from these plots that the S/N
performance obtained with the LHCb2 module is marginal.

The S/N performance has also been investigated as a function of the beam
position along the module. The results of this study are shown in Figure 9.10.
It can be seen that for all modules there is no significant dependence in the
performance with respect to the position along the module.

Since different sensor types have been tested it is possible to investigate
the dependence of the charge loss between the strips on the strip geometry.
This has been done as follows. First, tracks that pass within +0.1 in pitch
units around a strip centre are selected. The ADC counts on the three strips
closest to the track are then summed and the resulting distribution fitted
with a Landau convolved with a Gaussian. The MPV of the Landau from
the fit is then taken as the size of the on-strip charge, C,,. Next, tracks that
pass within +0.1 of the middle of two readout strips are selected and the four
strips closest to the track summed. Again the resulting distribution is fitted
with a Landau convolved with a Gaussian. The MPV of the fitted Landau of
this distribution is the size of the mid-strip charge, C,,;4. The relative dip,
rq is then defined as:

Tq = Cmid/con-

In Figure 9.11 74 is plotted against 24 = (p — w)/t where p is the pitch, w
the implant width and ¢ the detector thickness for the sensor geometries that
were tested. It can be seen that ry is approximately linear with z, in the
range investigated. This relationship means that the relative size of the dip
can be reduced either by increasing w/p or by increasing the sensor thickness.
These numbers are consistent with there being no dip when the size of the
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Figure 9.11: Relative dip as function of z,.

inter-strip region becomes zero.

9.5 Conclusions

The results of test-beam measurements of silicon detectors with strip length
of up to 33 cm and with corresponding capacitances of up to 55 pF have
been described in detail. These tests have made use of the Beetle 1.2 front-
end chip. The observed S/N performance of the modules was found to be
consistent with the expectation based on measurements of the Beetle front-
end chip. Signal shapes meeting the specifications of less than 50% remainder
for the TT-station and less than 30% remainder for the IT stations can be
obtained if the shaping time parameter Vy, is set to 400 mV.

The fact that modules with different thickness and with regions of dif-
ferent w/p have been tested simultaneously has allowed the effect on sensor
properties such as a capacitive coupling and charge collection efficiency to
be investigated. This in combination with knowledge of the Beetle noise
performance makes it possible to predict the S/N performance both on and
mid-strip for possible sensor geometries that have not been tested. Extrap-
olations made using the numbers given here were presented in [43].

It is clear from the measurements presented here that 320 pym silicon does
not give sufficiently high S/N to give full detection efficiency for modules
with strips of length 33 cm. It therefore seems that modules with a thickness
of at least 410 pm should be used in the TT station. The final choice of
sensor thickness for the TT station was described in [43], and corresponds to
the numbers given in Chapter 4.
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Chapter 10

Irradiation of prototype sensors
and modules for the Inner

Tracker of LHCDb

In this chapter we present results of an irradiation study on silicon sen-
sor prototypes for the Inner Tracker carried out in order to investigate their
radiation hardness. In addition, measurements of the performance of irradi-
ated modules using an infrared laser system are presented. In particular, the
effect of the irradiation on the charge collection and the dependence of the
leakage currents on the temperature are studied in detail.

10.1 Introduction

The expected particle fluence in the innermost region of the Inner Tracker
(IT) detector is approximately 1.8 x 10'* cm™ 1 MeV neutron equivalent
fluence ! after 10 years of operation at nominal luminosity [19]. In order to
investigate the radiation hardness of the sensors, an irradiation study with
prototype sensors for the IT was carried out at the Proton-Synchrotron (PS)
accelerator at CERN. Three sensors were irradiated with 24 GeV/c protons
up to fluences of 1.9 x 10'* p/cm? and 6.3 x 10'® p/cm?. Assuming a hardness
factor k = 0.6 for 24 GeV /c protons [94], this corresponds to 1 MeV neutron
equivalent fluences of 1.14 x 10'® ¢cm~2 and 3.78 x 10 cm~2, respectively.

Two of the irradiated sensors were then used to construct modules. Both

LA safety factor of two is included in this calculation.
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modules were equipped with a readout hybrid carrying three Beetle 1.3
chips [45]. The modules were tested in a 120 GeV/c 7~ beam at the CERN
SPS in July 2004. The analysis of the data taken during the test-beam is
on-going and will be reported in detail in [92]. During the test-beam the de-
tectors could only be operated at room temperature and, consequently, drew
a large radiation induced leakage current which led to sizeable shot noise.
Therefore, it was decided to make further tests of this modules in the laser
setup at the University of Zurich described in [58], where the temperature of
the modules can be controlled. This allows studies of the size of the leakage
current as a function of temperature.

The outline of this chapter is the following. In Section 10.2, the irradiation
setup at the CERN irradiation facility is described. In Section 10.3, the
measurements on irradiated silicon sensors are explained. Results from the
electrical characterization are presented. The leakage current and the full
depletion voltage for the irradiated sensors were measured and compared
to predictions. In addition, measurements of total strip capacitance, inter-
strip capacitance, coupling capacitance, and strip currents were performed
on selected strips on the sensors, to check whether there was any change
after irradiation. In Section 10.4, laboratory measurements on irradiated
prototype modules using an infrared laser system are presented. The laser
setup is described, and results of the performance of the modules are given.
Bias voltage scans to investigate charge collection efficiency were carried out,
and measurements of the sensor current as a function of temperature are
presented. In Section 10.5, a summary of the obtained results is given.

10.2 Irradiation test

Three LHCb Multi-Geometry prototype sensors (called LHCb 1, LHCb 5,
and LHCD 8 in the following) and one CMS OB2 test-structure were irra-
diated. The LHCb sensors, manufactured by Hamamatsu, are single-sided
ptn silicon sensors with a thickness of 320 um and physical dimensions of
11 x 7.8 cm?. They consist of five regions with different strip geometries
(different strip pitch and different values of the ratio width over pitch). The
CMS test-structure, manufactured by ST Microelectronics, contains a mon-
itor diode, a baby-detector, and isolated elements of strips, polysilicon, cou-
pling capacitances, etc. It is produced on p*n silicon with a thickness of
500 pm. Further details on the sensors and the test-structure can be found
in [60] and [47], respectively. The electrical characterization of the LHCb sen-
sors before irradiation has been described in Chapter 6.
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Figure 10.1: Photograph of the sensors mounted in the detector box. The
thermal enclosure was not yet installed.

The irradiation was carried out using 24 GeV/c protons at the T7 irradi-
ation facility [95], located at the East Hall area of the PS at CERN. During
the irradiation, the detectors were moved with respect to the beam in order
to irradiate the largest possible surface as uniformly as possible. A photo-
graph of the setup is shown in Figure 10.1. The detectors were mounted in a
thermal enclosure and attached to a x-y moving table, which was provided at
the irradiation facility and permitted to scan the sensors through the proton
beam. The box could be moved by 7 x 7 cm?, which was not enough to cover
the full area of the sensors. Hence, there is a region on the sensors which
could not be irradiated. The sensors were mounted on Plexiglas holders, and
the test-structure was mounted in a ceramic holder.

The detector box was cooled by a chiller and flushed with dry nitrogen.
The temperature inside the box was kept constant at —4°C.

The sensors were biased at 30 V during the irradiation in order to avoid
effects related to charge accumulation underneath the implants, and the de-
tector currents were monitored remotely. Furthermore, the temperature at
several points inside the thermal enclosure was monitored throughout the
irradiation using PT100 thermistors.

The proton fluence was determined using activation measurements of alu-
minium foils located behind the sensors. The foils were analysed using
gamma ray spectroscopy to detect the decay of ?Na, which is produced
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‘ Sensor H Fluence (p/cm™?) ‘

LHCDb 5 1.9 x 10
LHCb 8 6.3 x 103
LHCb 1 6.3 x 103
Diode 6.3 x 103

Table 10.1: Average fluence of 24 GeV protons per cm? received by the
sensors in the uniformly irradiated region.

through the activation of the aluminium by protons. In addition, there was
a secondary emission counter that was positioned in the beam upstream of
the irradiation area. At the start of the irradiation, this counter was cali-
brated using additional aluminium foils that were placed on each side of the
box.

One of the sensors was irradiated to a fluence of 1.9 x 10** p/cm? while the
remaining sensors and the CMS test-structure were irradiated to a fluence
of 6.3 x 10'® p/cm?. The irradiation was performed in two steps. First, all
sensors were irradiated up to the lower fluence. The box was then moved
out of the beam, but stayed in the irradiation facility until the next access.
Meanwhile, the sensors were kept at a temperature of —4°C to avoid an-
nealing effects. Then, sensor LHCb 5 was removed from the box and the
remaining sensors were irradiated up to the higher fluence.

The average fluences received by each sensor, obtained from the aluminium
foils activation measurements, are summarized in Table 10.1. The profile of
the irradiation in the direction perpendicular to the readout strips on the
sensors is shown in Figure 10.2. It was obtained by cutting the aluminium
foils into about 5 mm wide strips that were analysed separately. It can be seen
that a large fraction of the surface of the sensors was uniformly irradiated,
but there was a part of the sensors, approximately 2 ¢cm wide, that received
a lower dose. This region corresponds to region E of the sensors (80 strips
with a pitch of 237.5 um [60]). The irradiation along the readout strips
on the sensors was uniform. The active elements in the test-structure were
uniformly irradiated.

After the irradiation, the sensors were kept in the box and at a temper-
ature of —4°C until access to the irradiation area was possible. Then, the
sensors were annealed for 80 minutes at 60°C in order to accelerate the effects
of short-term annealing,? and to be consistent with standard RD48/ROSE

2According to reference [56], this heat treatment has the same annealing effect on the
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Figure 10.2: Fluence as a function of the position. The values are obtained
from the aluminium foils activation measurements. Each position unit cor-
responds to roughly 0.5 cm. The aluminium foil number 1182 was placed on
the back of sensor LHCb 5, and foil number 1181 was on the back of sensor
LHCb 8.

prescriptions for annealing [96]. After this heat treatment, the electrical
characterization was performed.

10.3 Measurements on irradiated silicon sen-
sor prototypes

Bulk damage in irradiated sensors [56, 97] is caused by the displacement of
silicon atoms in the lattice due to the non-ionizing energy loss of penetrating
particles. The essential changes in macroscopic detector properties due to
bulk damage are an increase in leakage current, a degradation in charge
collection efficiency, and a change in the effective doping concentration. The
last effect leads to a change in the full depletion voltage and usually limits the
detector lifetime, since the leakage current can be suppressed by operating
the detectors at low temperatures.

In this section, we present measurements of depletion voltages and leak-
age currents, as well as AC- and DC- strip tests for the irradiated sensors.
Between the tests, the sensors were stored in a freezer at —20°C, in order to

leakage current as a storage for about 20 days at room temperature.
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suppress reverse annealing effects.

10.3.1 Depletion Voltage

Radiation damage in the silicon bulk produces a change in the effective doping
concentration and thus a change in the full depletion voltage, as

N,
Viept = ed?> =L, 10.1
dept = € 2€€g ( )
The full depletion voltage after irradiation depends on the initial doping
concentration, the received fluence and the temperature.

To determine the full depletion voltage, we measured the bulk capacitance
of the detectors as a function of the bias voltage. The bulk capacitance is
proportional to the inverse of the square root of the bias voltage applied
to the sensor until full depletion is reached, and then assumes a constant
value. The full depletion voltage can thus be determined as the bias voltage
at which the detector capacitance reaches a constant value. We plot 1/C? as
a function of the applied bias voltage and estimate the full depletion voltage
from the intersection of two straight lines fitted to the rising part and the
flat part of the curve, respectively.

The capacitance measurements were performed using a Keithley 237 unit
working as a voltage source and an HP 4284 LCR-meter between the bias
line and the backplane of the sensors. The C-V curves were made using
the parallel mode of the LCR-meter, with a measuring frequency of 1 MHz
and a signal amplitude of 0.1 V. The measurements were performed at room
temperature.

Figure 10.3 shows 1/C? as a function of the bias voltage for the three
LHCDb sensors and the diode on the test-structure. The curves measured
before irradiation are included for comparison. As can be seen, the structure
of the curves for the highly irradiated sensors is quite complex, and Vgep
cannot be accurately defined.® The two-step structure seen in this curves
could be due to the non-uniform irradiation of the sensors, since different
regions on the sensor reach full depletion at different bias voltages. We could
only measure the bulk capacitance of the sensor as a whole.

In order to obtain an estimation of the full depletion voltages in the uni-
formly irradiated area of the sensors, two different methods were followed.

3These measurements could have been improved by using a thermal chuck, which un-
fortunately was not available. This would have allowed to perform the tests at lower
temperature, reducing the leakage currents and their influence on the measurement.
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Vaepr. (V Viept. (V
Sensor (me‘]c)ho(d i) (meiho(d )2)
LHCb 5 40 37
Diode 115 102
LHCb 8 130 106
LHCb 1 130 101

Table 10.2: Full depletion voltages of the LHCb sensors and the diode on the
test-structure. The first column, method 1, are the depletion voltages esti-
mated as the intersection of two straight lines, whilst the depletion voltages
in the second column, method 2, were obtained as the voltage at which 1/C?
decreased by 5% compared to the value in the plateau.

In the first method, we still interpret the full depletion voltage as the inter-
section of two straight lines, one fitted at high voltages (i.e. in the plateau)
and the other fitted to the next lower slope segment. In the second method,
the full depletion voltage is considered to be the voltage at which 1/C? de-
creased by 5% with respect to its value in the plateau. The estimated full
depletion voltages are shown in Table 10.2. The results obtained using the
two methods do not differ by more than 30 V.

Several studies [98] have shown that, beyond a certain fluence, silicon
detectors built from n-type material behave as p-type devices, i.e. they ex-
perience a type inversion. Calculations of the expected full depletion voltage
as a function of time were performed using the so-called Hamburg model [56],
which takes into account the stable damage as well as short-term annealing
and long-term reverse annealing of the effective doping concentration [99].
The calculation was performed for the irradiation at —4°C, followed by the
annealing for 80 minutes at 60°C. Figure 10.4 shows this model for the LHCb
sensors, together with the measured full depletion voltages extracted from
Table 10.2. The mean of the results obtained from the two methods was con-
sidered as the full depletion voltage, and half of the difference among them
was assigned as its error.

The model was calculated for two different sets of parameters which are
believed to give reasonable descriptions of irradiation data [100]. The mean
value of the results was assigned as the expected full depletion voltage, and
half of the difference among them was assigned as its error. In addition, a
model calculation without the annealing for 80 minutes at 60°C (solid line),
which illustrates the stable damage due to irradiation, is included in the plot.
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Figure 10.3: Depletion voltages measured on the sensors and the diode, before
and after irradiation. The different magnitudes obtained before and after
irradiation for each sensor are due to differences in the setup, since different
blocking capacitors were placed at the entrance of the LCR-meter. This is
not important for the determination of the depletion voltage, since it is only
extracted from the shape of the curves.
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Figure 10.4: Measured full depletion voltages for three LHCb sensors and
expected values according to the so-called Hamburg model as a function
of the 1 MeV equivalent neutron fluence. A model calculation without the
annealing for 80 minutes at 60°C (solid line), which illustrates the stable
damage due to irradiation, is also included.

The experimental data and the model are not in good agreement, the
measured full depletion voltages being significantly higher than predicted by
the model. In particular, the model predicts large depletion voltage drops
during the annealing step that was performed immediately after the irradia-
tion. Surprisingly, considering only the stable damage, the model calculation
ends up with a value very close to the measurements.

Our measurements showed that the sensors could be depleted at about
50 V after the lower fluence. This depletion voltage is lower than the initial
depletion voltage and gives enough safety margin to sufficiently overbias the
sensors, since we could bias them up to 500 V.

10.3.2 Leakage currents

The bulk damage in irradiated detectors produces an increase in the leakage
current due to the generation of additional energy levels in the band gap,
which allow for easy excitation of electron-hole pairs.

The leakage currents measured before irradiation for the LHCb sensors
have been reported in [60] and [68], and are shown in Chapter 6 for two of
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Figure 10.5: Leakage currents after irradiation, measured at temperatures
between 24.5°C and 27°C. The diode shows a breakdown at ~ 400 V.

them. The diode current before irradiation was about 5 nA at 300 V.

The measured leakage currents for the three irradiated LHCb sensors and
the diode on the test-structure are shown in Figure 10.5. The measurements
were carried out at room temperature, between 24.5°C and 27°C, using a
Keithley 237 unit (voltage source + amperemeter) and a manual probe-
station. The sensor LHCb 1 showed before irradiation an early junction
breakdown at about 60 V. This breakdown is not observed after irradiation.
The diode shows a breakdown at about 400 V after irradiation.

The leakage current depends exponentially on the temperature 7, of the
sensor.? For the present analysis, it was normalized to T = 20°C according
to the relation:

4This relation could not be checked here since we did not have a thermal chuck. It was
verified later in a temperature controlled setup, as will be shown in Section 10.4.4.
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| Sensor || I at Ve (mA) | T at 500 V (mA) |

LHCb 5 1.24 1.50
Diode 0.043 0.065
LHCb 8 3.61 4.72
LHCb 1 4.14 4.82

Table 10.3: Leakage currents at Vg, and at 500 V, normalized to T' = 20°C.
LHCb 5 is the sensor irradiated with lower dose, and LHCb 1 and LHCb 8
are irradiated with higher dose.
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Figure 10.6: Leakage currents after irradiation, measured at room temper-
ature, for sensors LHCb 5 and LHCb 1. The different curves correspond to
measurements biasing the sensor from the backplane or from the pads located
at the front side of the sensor. Pad 1 and pad 2 refer to the pads located
near regions A and E, respectively.

[(T) = I(T}) (%)2 exp (-22—; {% _ ;—m}> (10.2)

where £/, = 1.12 eV is the band gap energy in silicon at room temperature
and kp is the Boltzmann constant. T and 7, are in K. This relation holds
true if the current is caused by generation current in the bulk material,
which is the case after irradiation. The obtained leakage currents at the
full depletion voltage and at 500 V, normalized to T = 20°C, are given in
Table 10.3.

The functionality after irradiation of the “Nsub” pads (pads on the front
side of the sensors that serve as a contact to the backplane, and are foreseen
to be used to bias the sensors in LHCb) was also checked. Figure 10.6 shows
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three different measurements of the leakage current for sensors LHCb 5 and
LHCb 1, one of them biasing the backplane directly (by biasing the chuck of
the probe-station), and the other two using the aforementioned Nsub pads.
It can be seen that the pads are functional after irradiation, and only at
low voltages provide less voltage to the sensor than the direct contact to the
backplane, due to an increase of the resistance of the implanted vias. The
slightly different currents at higher voltages are due to the heating of the
sensor while doing the tests.

10.3.3 Current related damage constant «

The leakage current per unit of volume after irradiation scales linearly with
the received fluence. The proportionality factor between the two terms for a
given particle type is the current related damage constant c,

Al = avd (10.3)

where AT is the change in the detector leakage current, v is the active volume
of the detector, and ¢ is the received fluence.

We calculated o using the leakage current of the detectors at Viias=Vaepi.,
normalized to T" = 20°C (see previous section), and the fluences from the
activation measurements of the aluminium foils. Since the fluence was not
uniform, we used

Al=a) (vigs) (10.4)

where v; is the silicon volume underneath the aluminium foil strip ¢, and ¢;
the fluence measured for this strip (see Figure 10.2). Results are shown in
Table 10.4. The mean value of the current related damage constant, obtained
for the 24 GeV proton irradiation, is o = 2.78 x 1077 A/cm. This result is
in good agreement with the value of 2.54 x 10717 A/cm given in [98], which
was obtained after annealing for 4 min at 80°C, equivalent to our annealing
for 80 min at 60°C.

It is common to normalize any particle fluence ¢ to the equivalent 1 MeV
neutron fluence
#(1 MeV eq n) = ky¢ (10.5)

with k, being the so-called hardness factor. Comparing the o parameter from
this irradiation to the value for 1 MeV neutrons, o = 4.56 x 10~17 A/cm
quoted in [98, 101], we obtain a hardness factor of k,= 0.61 for 24 GeV
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Iat Vigepr. | Y_(Ai¢;) | Thickness | o 24 GeV p

Sensor

(mA) (p) (pm) (A/cm)
LHCbH 5 1.24 1.35 x 10%° 320 2.86 x 10~17
Diode 0.043 3.09 x 10 500 2.78 x 10~17

LHCb 8 3.61 4.38 x 10'° 320 2.58 x 10~17
LHCb 1 4.14 4.38 x 10'° 320 290 x 10717

Table 10.4: Current related damage constant obtained for each detector. The
mean value is o = 2.78 x 1077 A /cm.

protons. This value is in excellent agreement with the value of 0.62 given
in [102).

10.3.4 Strip tests

In this section, we present AC- and DC- tests performed on selected strips
of the irradiated sensors. All sensors were electrically characterized before
irradiation, and the results can be found in Chapter 6 and in [60, 68]. How-
ever, the capacitance measurements are very sensitive to small differences in
the setup and, in order to have a reference for direct comparison, we also
repeated all measurements on an unirradiated sensor (LHCb 18).

Total strip capacitance

The total strip capacitance is here defined as the sum of the capacitance to
the backplane and the capacitances to the two adjacent strips. The effect of
the remaining strips was neglected in view of the large pitch of the sensors.
The two closest neighbours were AC- coupled to the backplane. A sketch of
the measuring setup can be seen in Chapter 6.

Measurements were carried out for one or two strips in each region of the
LHCD sensors. The capacitance values obtained at bias voltages above the
full depletion voltage are summarised in Table 10.5. Compared to the unirra-
diated sensor LHCb 18, no significant increase of the total strip capacitance
is observed for sensor LHCb 5, whereas the total strip capacitances for the
sensors irradiated with the higher fluence are about ~ 15% higher. Since
region E was not irradiated, there is no increase of the strip capacitance.

Figure 10.7 shows the bias voltage dependence of the total strip capac-
itance for sensor LHCb 5. The observed drop in the capacitance towards
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| Sensor | Reg. | C (pF) | | Sensor | Reg. | C (pF) |
A 13.0 A 15.5
B 14.0 B 16.4
LHCb 18 | C 15.0 LHCb 8| C 17.2
D 14.6 D 15.9
E 16.8 E 16.7
A 13.8 A 15.6
B 14.5 B 16.8
LHCb 5 C 16.0 LHCb1| C 18.4
D 15.1 D 16.5
E 15.0 E 17.0

Table 10.5: Total strip capacitances measured at 1 MHz. LHCb 18 is unirra-
diated, LHCb 5 is the sensor irradiated with the lower dose, and LHCb 1 and
LHCDb 8 are the highly irradiated sensors. The measured strip capacitances
before irradiation were roughly the same for all these sensors.

LHCDb 5, strip in region C
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Figure 10.7: Total strip capacitance as a function of the bias voltage for one
strip in region C of sensor LHCb 5, after irradiation.
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Sensor || LHCb 18 LHCb 1
. C (pF C (pF

Region | €' (pF) (stri;p#)n (stri;p#)Z)

A 3.5 3.5 3.4

B 3.9 3.8 3.8

C 4.3 4.4 4.4

D 3.4 3.5 3.6

E 3.9 3.9 3.9

Table 10.6: Inter-strip capacitances to one neighbouring strip, measured at
1 MHz, for sensors LHCb 18 (unirradiated) and LHCb 1 (irradiated to the
higher fluence). No change after irradiation is observed.

higher voltages is much smaller than for the unirradiated sensors (see Fig-
ure 6.6). The same effect was observed for the highly-irradiated sensors,
where the variation with the voltage is even smaller.

Inter-strip capacitance

The inter-strip capacitance as a function of the bias voltage was measured
between two pairs of strips in each region of the LHCb 1 sensor, one pair of
strips in each region of the unirradiated sensor, and between three pairs of
strips on the baby-detector. The LCR-meter was used in Cs-Rs mode, with
a signal frequency of 1 MHz and a signal amplitude of 1 V. The inter-strip
capacitance was found to be constant above a bias voltage of about 150 V.
No change in the inter-strip capacitance after irradiation was observed. The
measured inter-strip capacitances for the two sensors are shown in Table 10.6.
The capacitance for the baby-detector was 0.77 pF, both before and after
irradiation. Similar results, showing no significant increase of the inter-strip
capacitance for (100) silicon (as used for the LHCb sensors and the CMS
diode), have been reported in [103]. However, it is puzzling for us that we
observed a ~ 15% increase in the total strip capacitance while the inter-strip
capacitance remained unchanged after irradiation.

Coupling capacitance

The coupling capacitance is the capacitance between the strip implant and
the aluminium read-out line. It was measured by connecting the LCR-meter
between the AC- and DC- pads on the sensor. In principle, this capacitance
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Sensor LHCb 18 LHCb 1
Reg. [| C (pF) [ C/S (pF/mm?) | C(pF) | C/S (pF/mm?)
A 810 150 800 148
B 955 147 950 147
C 1110 147 1100 146
D 1100 146 1100 146
E 1330 154 1320 153

Table 10.7: Measured coupling capacitances for sensors LHCb 18 (unirradi-
ated) and LHCb 1 (irradiated to the higher fluence). The values normalized
to surface unit are also shown.

should not depend on the applied bias voltage. However, a small variation
of the measured capacitance with the first biasing volts was observed. All
measurements were performed with the sensors biased at a voltage above the
full depletion voltage.

The coupling capacitance was measured as a function of the excitation
frequency for one strip in each region of one highly irradiated and one unir-
radiated LHCb sensor. Due to the finite resistance of the implant and the
metal, the circuit behaves as a low-pass filter and the effective capacitance
drops off at high frequencies, as shown in Figure 10.8. The true capacitor val-
ues were extracted from the measurements at low frequencies and are shown
in Table 10.7. They differ from region to region, due to the different implant
widths. The values normalized to surface unit are also shown.

The measured coupling capacitances before and after irradiation are in
good agreement and we conclude that the irradiation does not change the
coupling capacitance.

Strip currents

Individual strip currents were measured for one of the irradiated sensors to
compare the leakage current profile with the irradiation profile obtained from
the analysis of the aluminium foils. The measurements were performed by
biasing the sensor and contacting a picoamperemeter between the bias line
and the DC-contact pad of each strip in turn.

Figure 10.9 shows the currents as a function of the applied bias voltage
for selected strips on the sensor LHCb 1. The peaks at low bias voltages are
a consequence of the connection of the picoamperemeter in parallel to the
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Figure 10.8: Coupling capacitance for the irradiated LHCb 1 sensor.

polysilicon bias resistor. This basically short-circuits this strip to the bias
ring, while all other strips are connected to the bias ring via the bias resistor
of ~1.5 MQ). As a result, the test strip is biased at a higher potential than
its neighbours and, unless the sensor is fully depleted, an additional charge
flows from the neighbouring strips thus producing the peak at low voltages.

The profile of the currents across the sensor is shown in Figure 10.10,
where the value of the currents in the plateau is plotted versus the strip
number. The currents are uniform for strips located in regions A, B and C;
there is an increase in region D due to the change of pitch from 198 um to
237.5 pm, and then the currents decrease towards higher strip numbers due
to the lower dose received in this region.

Figure 10.11 shows the currents normalized to the strip volume ° as a func-
tion of the strip number. The normalized currents are uniform from region
A to the beginning of region E, and then decrease towards the sensor edge.
The current profile agrees well with the irradiation profile obtained from
the aluminium foil activation measurements, shown in Figure 10.2, which is
included in the plot for comparison.

SFor a single strip, the volume was calculated as the length of the readout strip multi-
plied by the nominal sensor thickness and the strip pitch.



140 Irradiation of prototype sensors and modules

Strip currents. LHCb 1
0.0001 T T T T T T T

strip 10 (A) ——
strip 50 (A) ---e---
8e-05 E
strip 100 (B) ——
strip 130 (C)

strip 170 (C) ——
strip 205 (D) -+ -+ ]
strip 235 (D) ---=---
strip 255 (D) ----+--
strip 269 (D) —— |

6e-05

Current (A)

4e-05
‘ strip 289 (E) ---+--
strip 299 (E)
2605 s Strip 319 (E) ---=--- il
strip 329 (E) ---e--
strip 339 (E) ---o---

1 1

0 100 200 300 400 500 600 700 800
Voltage (V)

Figure 10.9: Currents for selected strips on sensor LHCb 1. The letters in
brackets indicate the region to which the probed strip belongs.

24 GeV/c proton | Equivalent years of
fluence (p/cm?) | LHCb operation
Irradl LHCb 5 1.9 x 10%3 7

Irrad2 | LHCb 8 6.3 x 1013 20

Module | Sensor ID

Table 10.8: Fluences received by the sensors used in module construction.

10.4 Measurements on irradiated prototype
modules using an infrared laser system

Two of the irradiated sensors studied above were used to construct modules
referred to in the following as Irrad1l and Irrad2. Both modules were equipped
with a readout hybrid carrying three Beetle 1.3 chips [45]. Details of the
fluence the sensors were exposed to can be found in Table 10.8.

The Irradl module was tested in a 120 GeV/c 7~ beam at the CERN
SPS in July 2004. The analysis of the data taken during the test-beam with
this module is on-going and will be reported in detail in [92]. During the
tes-tbeam the detectors could only be operated at room temperature and,
consequently, drew a large radiation induced leakage current. Therefore,
further tests were made in the laser setup described in Chapter 8, where the
temperature can be controlled. This allows studies of the size of the leakage
current as a function of temperature. In addition, the large leakage current
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Figure 10.10: Current as a function of the strip number, for sensor LHCb 1.
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drawn during the test-beam led to a large voltage drop across the resistors of
the low pass filter of the bias voltage circuit. In the case of the Irrad2 module
this led to one of the resistors burning out making it impossible to complete
the measurement program. Before the studies described in this section were
carried out, the 10 k2 resistors on the low pass circuits were replaced with
1 k2 ones. For the measurements presented here the voltage drop across the
low pass filter was negligible.

The measurement program within the laser test-stand consisted of bias
voltage scans to investigate charge collection efficiency, pulse shape scans,
and measurement of the sensor current as a function of temperature.

In the case of the Irradl module this program was carried out for Beetle
chip 8 and Beetle chip 9. These chips correspond to Region A and Region C
on the LHCb multi-geometry sensors [19]. For the Irrad2 module data was
only taken with Beetle chip 9. In addition, many more runs were taken in
order to make systematic checks of the behaviour of the system. In total two
million triggers were recorded in a data taking period of six weeks.

10.4.1 Sensor history

After irradiation annealing of the sensors occurs. This is strongly temper-
ature dependent and can significantly alter the electrical properties of the
sensors. Therefore, it is important to keep track of the conditions that the
sensors were kept in after irradiation. Immediately after irradiation the sen-
sors were annealed for 80 minutes at 60°C. Following this, the sensors were
stored in a freezer at —20°C apart from:

e 1-2 days when the electrical characterization was performed,

e 2 weeks during the module assembly,

e 10 days during the test-beam period,

e 4 days during the transport of the modules to Zurich from CERN.

During these periods, which amount to 30 days, the sensors were kept at
room temperature.

10.4.2 Laser setup

A detailed description of the laser test-stand is given in Chapter 8. The
modules were tested in a commercial freezer (Figure 10.12), inside which
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the temperature can be set in the range —20 to 20°C by the means of an
external thermostat. Once the value set has been reached the freezer power
cycles such that the measured ambient temperature inside the freezer is stable
within £0.5°C. To avoid condensation during the cooling cycle the freezer
was continuously flushed with dry air. This allowed the relative humidity
inside the freezer to be kept below 25%.

Figure 10.12: Mounting of the Irradl module inside the laser box.

The modules were mounted on a water cooled copper block. By vary-
ing the temperature of the cooling water, a temperature 15 to 16°C on the
readout hybrid was maintained. This temperature was monitored by means
of a thermocouple placed on the cooling block adjacent to the hybrid. To
measure the temperature on the silicon sensor, another thermocouple was
attached to the middle of the backplane of the sensor. This thermocouple
was electrically isolated from the backplane by a thin layer of Kapton tape.

To generate charge in the silicon sensor a 1064 nm Nd:YAG laser diode
was used. The laser signal is generated outside the box and guided via an
optical fibre through a variable optical attenuator and then to a passive
beam splitter. One of the outputs of the splitter is fed to an oscilloscope for
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monitoring whilst the other is guided via optical fibres to an optical focusing
unit which is mounted inside the freezer. The shell of this unit is attached
vertically to an arm that can be adjusted with a micrometer screw. This
allows the laser spot to be focused on the silicon sensor. Typically, a spot
size of 12 ym was achieved using the technique described in Chapter 8. The
laser arm is mounted on a sledge whose horizontal position can be adjusted
using a computer controlled stepper motor. This allows the position of the
laser spot with respect to the strips on the sensor to be adjusted in 5 ym
steps.

Details of the electronic readout chain are given in [58, 104]. The standard
operating parameters for the Beetle 1.3 chip were used ¢ apart from V},; which
was scanned over the range 0 to 1000 mV. It has been observed that the
Beetle performance depends on the supply voltage, Vdd. If the value of Vdd
is significantly lower than 2.5 V a slower signal will be observed [105]. The
value of Vdd in the laser setup was measured to be 2.44 V which is close
enough to 2.5 V to ensure good chip performance. The readout mode used
was 'Analogue on four ports’ [45]. In this mode, which will also be used
in LHCb running, the analog data from the 128 input channels per chip are
multiplexed into four output ports of thirty-two data channels each, preceded
by four header bits.

10.4.3 Charge collection studies

The model of charge collection in irradiated sensors proposed in [106] has
been used to determine the full depletion voltage from the charge collection
curves. In the following, the model and the results obtained are described.

The model

After hadron irradiation, defects produced in the lattice act as trapping cen-
tres. A fraction of the charge generated in the active volume may be trapped
for longer than the integration time of the readout amplifier. Consequently,
charge trapping can cause a signal deficit. In the model used here it is
assumed that trapping depends on the carrier velocity since slow moving
carriers will spend longer in the vicinity of the trapping centers. This means
that above full depletion the signal size in irradiated detectors continues to
grow until the saturation velocity of the charge carriers is reached. At this
point the trapping remains constant and the signal reaches a plateau.

6 Lpre = 596 A, Iiha = 78 pA, Lurrbuy = 800 pA [45].
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As a consequence of trapping, only a fraction of the carriers produced
at a point zy will reach another point located at z;. That fraction will be
proportional to exp[—(z1 —x0)/A], with A being the signal attenuation length.
A linear relationship between A and v is assumed:

AW) = Ao+ M\ 2 (10.6)
Vs
and where v, is the saturation velocity. Then, the signal collected when a
bias voltage V' is applied is:

q(V) = g_;)/owm exp(— /:0 %)dx (10.7)

where () is the total charge deposited inside the detector volume and wy is the
thickness of the detector. The outer integral is performed over the position of
the charge generation inside the detector’s depleted bulk (z) whilst the inner
integral is performed from that point to the readout plane of the sensor. The
different parameters in Equation 10.7 are:

w(V) = { wor/V/Vaep iV < Viep (10.8)

W iV > Vi
A@) = Ao + A 22 (10.9)
v(z) = p(x)e(x) (10.10)
pu(z) = W (10.11)
_ 2Vaep

e(z) (w(V) —z). (10.12)

wp
The five free parameters of the model are the total the charge (@), the deple-
tion voltage (Vjep), the saturation velocity (vs) and Ag and A; which describe
the effect of charge trapping. Since v, is expected to be ~ 100 pm/ns [49] it
can be used as a cross-check of the fit procedure. Alternatively, its value can
be fixed and the remaining four parameters fitted. Both possibilities will be
investigated in the following sections. The value for ;1 used has been calcu-
lated at the temperature of the measurements using the values given in [49].
It should be noted that in the absence of trapping (A > wy) Equation 10.7
becomes just ¢(V) = Qow(V)/wy. That is to say the signal amplitude is
proportional to the thickness of the depleted region.
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Fit results

Five bias voltage scans for the irradiated sensors were carried out. The
conditions for the scans are summarized in Table 2. For all the scans the laser
was positioned close to the metalization of a readout strip. It was shown in
[58] that the time of the signal maximum depends on the applied bias voltage.
Therefore, for each bias voltage, the signal amplitude was determined taking
4-5 runs with different sampling times around the rough position of the signal
maximum. A parabola fit to the measured signal as a function of the sampling
time was then made and the signal maximum extracted. Then, the signal
amplitude as a function of the applied bias voltage is fitted to the model
described in the previous section. For each data set two fits were carried out.
In the first (‘five’ parameter fit) the value of v, was left free whilst in the
second (‘four’ parameter fit) the value of v, was set to the expected value of
100 pm/ns. In addition, the same procedure has been applied to the data
taken previously with the un-irradiated LHCb 1 module [58].

As an example the result of the five parameter fit for the Irrad2 module
with Vi, = 400 mV is shown in Figure 2. Plots for all scans can be found
in [93]. The numerical values obtained for all the fits are given in Table 2
and Table 3.7

Module Beetle st Q() Vdep Vs A() )\1 Vdep (C-V)

chip | (mV) | (ADC) | (V) | (pm/ns) | (pm) | (pm) V)

LHCb1| B | 400 | 58 [101 ] 1082 [ 825 [39999 | 65
g 400 64 [ 45 274 145 [ 14271

Irradl 100 62 47 499 139 | 15580 40
9 400 55 a7 495 156 | 17715
4 1 2 | 3222

Irad2 |8 188 g: 1?12 Zg 29 3228 120

Table 10.9: The results of the five parameter fits to the bias voltage scans.

From Table 2 it can be seen that for the five parameter fits the values
of A\; decrease with increasing fluence. This result is in agreement with the
trend found in [106] and is consistent with trapping increasing with higher
radiation dose. However, the values found for the saturation velocity in
these fits are systematically too large. For the four parameter fits, where
v, is fixed to 100 um/ns, no clear correlation between )\; and the radiation

"The uncertainties on the obtained fit values are not quoted. This is because they are
sensitive to the initial values given to MINUIT [107] and the obtained x? of the fit.
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Figure 10.13: Bias voltage scan for the Irrad2 module, Beetle chip 8, Vy, =
400 mV. The dashed line is the result of a five parameter fit to the model
described in the text.

dose is seen. These results suggest that the model, though providing a good
fit to the data is not applicable in our case. One explanation for this is
ballistic effects due to the shaping time of the Beetle which is the same order
of magnitude as the signal collection in the sensor. This means that in the
absence of trapping centers the signal size continues to increase well after
the full depletion voltage is reached. This effect is not taken into account in
the model, which assumes that the integration time is large enough to collect
the non-trapped carriers. From Equation 10.9 there is a strong correlation
between \; and v,. The fit tries to account for the fact that ballistic effect are
not modeled by adjusting these values such that the x? is minimized.® It is
interesting to note that the fit results agree best with those presented in [106]
for the Irrad2 where the effects of irradiation are largest. As an additional
check for the LHCb 1 module data, a fit with no trapping to the data was
made. The depletion voltage obtained agrees well with values obtained in the
fits with trapping. This gives some confidence that the problems extracting
A1 and v, do not effect this parameter as well.

For both modules the fitted values of the depletion voltage are 10 to 20 V
higher than those found using the C-V curve [68, 91]|. For the irradiated

8The radiation dose of the sensors tested in [106] was larger and the readout electronics
used were slower.
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Beetle Vis Qo Viep Ao A Vdep(C-V)

Mode | chip | (V) | (ADO) | (V) | em) | ) | (V)
[LHCb1| B | 400 | 58 [101] 797 [4274 | 65 |
X 400 66 | 46 | 145 [ 5010
Irradl 100 64 | 42 | 112 | 2884 40

9 400 57 54 195 | 3079

400 57 | 137 | 91 | 4400
Trrad2 8 100 50 | 146 | 90 | 3769 120

Table 10.10: The results of the four parameter fits to the bias voltage scans.

modules this could be explained by reverse annealing of the modules during
the test-beam period and transport to Zurich when the modules were kept
at room temperature. However, since this discrepancy is also seen for the
un-irradiated LHCb 1 module it could also point to a systematic shift in
the value of the depletion voltage extracted from the fit due to the ballistic
effects discussed earlier.

For all further measurements standard bias voltage ‘working’ points were
defined for the two modules. These are 250 V and 300 V for the Irradl
and Irrad2 modules respectively. Both values are well above the full deple-
tion voltage of the modules. The value for the Irradl was chosen to allow
comparison with the results given in [92].

10.4.4 Leakage current studies

Before irradiation the current drawn by the LHCb multi-geometry sensors is
negligible up to the breakdown voltage. As shown in Section 10.3.2, radia-
tion damage in the silicon bulk leads to the generation of a sizeable leakage
current. According to Eq. 10.2, the leakage current depends exponentially
on the temperature of the sensor. During the electrical characterization, it
was not possible to check this dependence since we had not a thermal chuck
and measurements had to be performed at room temperature. However,
as explained in Section 10.4.2, within the laser test-stand the temperature
could be controlled and that dependence could be studied. Figure 10.14
shows the measured leakage current as a function of the sensor temperature
for the Irradl and Irrad2 modules. Also shown on these plots are fits to
the functional form given in Equation 10.2. In these fits the values of I,.;
and E, are kept as free parameters. It can be seen that, for both modules
tested, the temperature dependence of the current is well described by Equa-
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tion 10.2. The values of E, and I,.; obtained from these fits are summarized
in Table 10.11. For comparison this table also contains the expected leakage
currents for the applied bias voltages at a temperature of 20°C extracted
from earlier measurements on the irradiated sensors (Section 10.3.2). The
values of F, obtained from the fit are roughly in agreement with the known
band-gap of silicon at 293 K of 1.12 [49, 108]. The measured leakage cur-
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Figure 10.14: Sensor current versus temperature for the Irradl (left plot)
and for the Irrad2 (right plot) modules. Irradl was biased at 250 V, and
Irrad2 at 300 V. The dashed lines are fits to the functional dependence given
by Equation 10.2.

Sensor Current (mA)
Fit | Expected

Irradl | 1.18 £0.02 | 1.1 £0.01 1.35

Irrad2 | 1.20+0.03 | 3.25 £ 0.1 4.0

Module | E, (eV)

Table 10.11: Fitted values of the band-gap energy, F, and the sensor current
at 293 K. The expected values of the current are estimated using the values
in Section 10.3.2.

rents roughly agree with a linear increase in the received fluence, as expected
from Equation 10.2. However, the values for the current obtained from the

9There seems to be some confusion concerning this value within the HEP community.
For example the 2004 edition of the PDG gives a value of E, = 1.2 [8]. Other papers,
e.g. [109], use the value of 1.12 given in the text.
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fit are ~ 25% lower than those expected from the previous measurements.
There are two explanations for this difference. First, there may be a system-
atic difference in the definition of the sensor temperature between the two
setups. In Section 10.3.2 the ambient temperature of the probe-station used
for the measurements was taken to be that of the silicon. However, due to
the heat dissipated by the leakage current, the temperature of the sensor will
be higher than the ambient temperature. In the case of the measurements
presented here it was found that the temperature on the silicon would rise by
~ 1.0 K when a bias voltage was applied. This effect explains at least half
of the discrepancy. In addition, as mentioned before, there was a period of
30 days between the two series of measurements during which the modules
were kept at room temperature. During this period further beneficial anneal-
ing of the modules will occur. This will lead to a reduction in the damage
factor and hence the leakage current. Using the values given in [110] it is
estimated that this effect reduces the observed leakage current by 20%.

10.4.5 Pulse shape scans

A series of pulse shape scans varying the delay between the laser pulse and the
Beetle sampling time were performed. These scans allowed the dependence
of the pulse shape on the bias voltage and the Beetle shaping parameter
Vis to be investigated. Each scan leads to a plot of signal height versus
delay time such as shown in Figure 10.15. Two important quantities can be
extracted from these plots. The first quantity is the rise-time which is defined
as the time taken for the signal to increase from 10% to 90% of its maximum
value. The second is the so called signal remainder — the fraction of signal
remaining 25 ns after the signal maximum. To extract this quantity the
time (¢4) and amplitude (s,,4,) of the signal maximum are first extracted
by making a parabolic fit about the rough position of the signal maximum.
The signal amplitude (s,) at ¢ = t;q + 25 ns is then determined by linear
interpolation of the two data points closest to this time. The remainder is
then given by:

T = S+/Smaz- (10.13)

The uncertainty on the remainder is estimated to be 1.5%.

Figure 10.16 shows the signal remainder obtained for the Irrad1l and Irrad2
modules as a function of the Beetle shaping parameter V;,. As expected, the
remainder increases with increasing Vy,. However, for the chips tested, the
remainder is smaller than expected from the the Beetle front-end chip mea-
surements [45] and the earlier laser measurements described in Chapter 8.
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Figure 10.15: Example pulse shape scan for Beetle chip 8 on the Irradl
module. V}, was set to 400 mV and the bias voltage was 250 V.

This discrepancy decreases with increasing shaping time. In the Irrad1 mod-
ule, one of the Beetle chips, chip 8, is faster than the other, chip 9.

The dependence of the remainder on the bias voltage has also been in-
vestigated, and is shown in Figure 10.17 for the irradiated modules. For the
chips tested, it can be seen that the remainder decreases with increasing bias
voltage. This effect is most likely due to the higher electric field that will lead
to faster charge collection. It should be noted that the remainder continues
to decrease even for voltages far above the measured depletion voltage.

Finally, the dependence of the rise-time on Vy, has also been measured
(Figure 10.18). Again, in the Irradl module, Beetle chip 8 has a faster
rise-time than Beetle chip 9. The results agree reasonably well with the
expectations from the front-end measurements.

10.4.6 Systematic checks

Two systematic checks of the accuracy and reproducibility of the remainder
measurement have been performed. First, for the case of the Irradl module,
data has been taken with different temperatures of the water coolant and
hence different settings of the readout hybrid temperature. The results of
this test show that in the tested range, between 12 and 18°C, and within the
uncertainty of the measurement, there is no dependence of the remainder on
the readout hybrid temperature.

The second check made was to repeat the remainder measurement but to
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Figure 10.16: Remainder versus V}, for the Irradl (left plot) and the Irrad2
(right plot) modules. On each plot, the dashed line is the expectation from
the front-end chip measurements [45]. The bias voltage was set to 250 V for
the Irrad1 module, and to 300 V for the Irrad2 module.

vary the strip illuminated by the laser. This was done for six strips on Beetle
chip 8 on the Irrad2 module. For these measurements Vy, was set to 400 mV
and the bias voltage was set to 300 V. For each channel the signal remainder
was estimated using the procedure described above. The average of the
distribution is 14% with a standard deviation of 1%. The latter is consistent
with the quoted uncertainty of the remainder measurement of 1.5%. These
results indicate that the laser setup is stable and the results are reproducible.

10.5 Conclusions

We have performed an irradiation study on three LHCb Inner Tracker pro-
totype sensors and one CMS test-structure, that were exposed to 24 GeV/c
protons up to fluences of 1.9 x 10'® p/cm? and 6.3 x 10'® p/cm?, equiva-
lent to 7 years or 20 years of operation in the innermost part of the Inner
Tracker, respectively. The standard annealing scheme of 80 min at 60°C was
followed. The proton fluence was obtained from aluminium foils activation
measurements.

It was found that the sensors fully depleted at about 50 V after the irra-
diation to the lower fluence. This depletion voltage is lower than the initial
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Figure 10.17: Remainder versus bias voltage for the Irradl (left plot) and
Irrad2 (right plot) modules. Vy; was set to 400 mV.

and gives ample safety margin to sufficiently overbias the sensors. The cur-
rent related damage constant and the hardness factor for 24 GeV protons
were extracted from the leakage current measurements and were determined
to be @ = 2.78 x 107" A/cm and k,= 0.61, respectively. Inter-strip capaci-
tances and coupling capacitances remain essentially unchanged after irradi-
ation. The total strip capacitances for the sensors irradiated to the higher
fluence showed an increase of about 15% compared to unirradiated sensors.
No significant increase was observed after the lower fluence.

A comprehensive measurement program carried out on prototype modules
constructed with the irradiated sensors has been reported. A detailed study
of the charge collection after irradiation has been performed and it has been
found that the model presented in [106] gives a reasonable parameterization
of the data. However, due to the modest radiation dose compared to those
investigated in [106] the results are sensitive to other effects, such as ballistic
deficits due to the fast shaping time of the pre-amplifier. Despite this, the
depletion voltages extracted from the fit, after allowing for reverse annealing,
are in agreement with the C'-V measurements.

A study of the dependence of the sensors leakage current as a function of
temperature has been made, and was found to follow the expected exponen-
tial dependence.

Pulse shape scans were performed for the irradiated modules. The signal
remainder for a given setting of V;, was observed to be smaller than in
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Figure 10.18: Rise-time versus Vy, for the Irradl (left plot) and Irrad2 (right
plot) modules. The bias voltage was set to 250 V for the Irradl module, and
to 300 V for the Irrad2 module.

previous measurements. Therefore, if chips with properties similar to those
tested here were used in the final experiment they could be operated at higher
values of V}, in order to obtain the same remainder and noise performance
as those tested previously.

These measurements have been useful in gaining experience with the han-
dling of irradiated sensors. In particular, it has been learnt that care must
be taken with respect to storage between measurement periods else sizeable
annealing can occur.



Chapter 11

Final design of the silicon
microstrip sensors and quality
assurance procedures for the
Silicon Tracker

In this chapter we give a description of the three types of sensors that will
be used in the Silicon Tracker and present the quality assurance program fol-
lowed by the Silicon Tracker group together with the results obtained for the
first batches of se nsors. About 10% of the total production, including sen-
sors of all three types, are analized in this chapter. All sensors are produced
by Hamamatsu Photonics.

11.1 Final design of the silicon microstrip de-
tectors for the Silicon Tracker

11.1.1 Silicon microstrip detectors for the IT

The “Inner Tracker” (IT) consists of three tracking stations downstream of
the spectrometer magnet and covers a cross-shaped area around the beam
pipe. Each station consists of four independent detector boxes, above, below
and to both sides of the beam pipe, each with four planar detection layers
that will be covered by silicon microstrip detectors. One-sensor modules built
using 320 pm thick silicon microstrip detectors are used in the top/bottom
boxes, and two-sensor modules built using 410 pm thick silicon microstrip

155
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| | HPK-320 & HPK-410 |

Wafer size 6”
Overall width (78 £ 0.005) mm
Nominal thickness HPK-320 (320 £ 10) pm
Nominal thickness HPK-410 (410 £ 10) pm
Wafer flatness +25 pym
Cutting line parallelity +5 pm
Overall length (110 £+ 0.005) mm
Minimum active strip length 108 mm
Bulk material n type
Implant pt type
Crystal orientation (100)
Pitch (198 £ 1) pm
Implant width (50 £ 1) pm
# of strips 384
Biasing polysilicon
Read-out coupling AC

Table 11.1: Geometry parameters and characteristics of the Inner Tracker
Sensors.

detectors will be used in the left/right boxes. A detailed description of the
IT can be found in Chapter 4.

A total of 504 sensors will be employed in the IT stations. They have
to be tested to ensure their functionality and check whether they pass the
specified acceptance criteria.

The two types of I'T sensors are identical apart from their different thick-
nesses. The detectors are single-sided p-on-n type, AC-coupled sensors, pro-
duced from 6” wafers. The physical dimensions of the sensors are 78 x
110 mm?2. The p* strip pitch is 198 pm and the implant width is 50 pm,
which results in a w/p ratio of 0.25. The width of the metal strips is 58 pm
(8 um wider than the implant strips), which gives rise to a more stable oper-
ation with respect to high bias voltages. The nominal thickness of the n-type
substrate is 320 pm for the from now on called HPK-320 sensors, and 410 ym
for the so-called HPK-410 sensors. Further details can be found in [114, 115].

The sensors are manufactured by Hamamatsu Photonics (HPK). The total
production will comprise 580 sensors: 194 HPK-320 sensors and 386 HPK-
410 sensors. A pre-series production of 60 sensors was ordered, out of which
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| | HPK-320 & HPK-410 |

Total leakage current <1 pA at Ve +100 V
Individual strip current | < 10 nA at Vg, +100 V
Breakdown voltage > 500 V

Full depletion voltage 50-140 V
Coupling capacitance > 60 pF/cm
Total strip capacitance < 1.6 pF/cm

Bias resistors (1.5 £ 0.5) MQ
Bad strips per sensor < 1%

Table 11.2: Specifications and acceptance criteria of the Inner Tracker sen-
SOrs.

49 sensors were delivered: 14 HPK-320 and 35 HPK-410 sensors. According
to the company, they underestimated the production yield and were not able
to send the remaining sensors on time, shifting the missing sensors from the
pre-series production to main production. As a compensation, 12 mechanical
pieces (without implants) and 3 lower-grade sensors (visually bad) were sent
to us for free. The sensors were received at CERN and then shipped to Ziirich
for testing.

11.1.2 Silicon microstrip detectors for the TT-Station

The Trigger Tracker (TT) station [20, 43] consists of four planar detection
layers that will be entirely covered by silicon microstrip detectors. A de-
tailed description can be found in Chapter 4. It makes use of sensors that
were developed for the Outer Barrel of the CMS silicon tracker, type CMS-
OB2 [47, 68]. A total of 896 sensors will be employed in the station, and 1100
sensors (including spares) have to be tested to ensure their functionality and
check whether they pass the specified acceptance criteria.

The CMS-OB2 detectors, from now on called HPK-500, are single-sided
p-on-n type, produced from 6” wafers. The p™ strips are AC-coupled and
connected through polysilicon resistors to a common bias ring. Sensors have
a thickness of 500 ym and measure 9.4 cm in length and 9.6 cm in width.
The p* strip pitch is 183 pm and the width is 46 pm, which results in a w/p
ratio of 0.25. The width of the metal strips is 58 um (12 ym wider than the
implant strips), which gives rise to a more stable operation with respect to
high bias voltages.
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| | HPK-500 |
Wafer size 6”
Overall width (96344 + 20) pm
Overall length (94326 + 20) pm
Active area width 93906 pm
Active area length 91600 pm
Nominal thickness | (500 £ 15) um
Bulk material n type
Implant pt type
Crystal orientation (100)
Pitch 183 pum
Implant width 46 pm
# of strips 512
Biasing polysilicon
Read-out coupling AC

Table 11.3: Geometry parameters and characteristics of CMS-OB2 sensors
produced by HPK, the so-called HPK-500.

| | HPK-500 |
Leakage current at 300 V < buA
Leakage current at 450 V < 10pA
Breakdown voltage > 500 V
Full depletion voltage 100-300 V
Coupling capacitance > 55.2 pF/cm
Bias resistors (1.5 + 0.5) MQ
Bad channel rate < 1%

Table 11.4: Electrical specifications for the CMS-OB2 (HPK-500) sen-
sors [116].
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The sensors are manufactured by Hamamatsu Photonics (HPK). Until
April 2005 we received 98 sensors from the total production of 1000 sen-
sors.! Sensors are received at CERN, and then are shipped to Ziirich for
testing.

11.2 Sensor quality assurance procedures

To ensure the desired performance of the detector modules, a rigorous quality
assurance (QA) of the sensors is required. Our QA program consists in two
stages: tests performed by HPK prior to shipment and tests performed by our
group after reception [111-113]. The first stage is described in Section 11.2.1
and the second in Section 11.2.2.

11.2.1 Vendor results: HPK tests

HPK tests the sensors prior to shipment in order to verify that they pass the
acceptance criteria, and provides us with the results of these tests. For the I'T
sensors, these tests include leakage currents up to 500 V, full-depletion volt-
ages, and strip currents on every sensor. For the T'T sensors, the tests include
leakage currents up to 600 V, full-depletion voltages on monitor diodes, and
DC-tests on every sensor. In addition, they perform AC-tests on one out of
ten sensors. For all types, they measure the sensor thickness on every sensor
and, on a wafer lot basis we receive information on polysilicon resistors, cou-
pling capacitances, breakdown voltage of capacitors, and implant resistances.
In addition, HPK provides a list of bad strips.

According to their results, the sensors have excellent quality, with leakage
currents below 1 A at 500 V and the remaining electrical parameters within
specification as well. Out of the 49 I'T delivered sensors, there are only two
sensors with one bad strip each (one leaky strip and one strip with a pinhole
in the coupling capacitor). Out of the 98 TT delivered sensors, there was
only one sensor with one bad strip, labeled as leaky by HPK.

As an example,? the strip currents at 250 V for two HPK-410 sensors with
typical profiles are shown in Figure 11.1. The strip currents are very small
for all sensors and out of the 49 IT sensors only one strip was leaky drawing

1ST Microelectronics produced 100 CMS-OB2 pre-series sensors, that will be kept as
spares. Results of sensor qualification on them was reported in [66].
2Strip currents are selected as example since we did not measure them.
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Figure 11.1: Strip currents measured at 250 V by HPK for two HPK-410
Sensors.

‘ Sensor type ‘ Delivered sensors ‘ Total production ‘

HPK-320 14 194
HPK-410 35 386
HPK-500 98 1000

Table 11.5: Sensors delivered until May 2005 and total quantities to be pro-
duced.

~ 230 nA at 250 V. The strip currents for all IT pre-production sensors can
be found at [117].

11.2.2 Sensor quality control performed by the ST group
and results for the first batches of sensors

Until May 2005 we received a total of 147 sensors (=~ 10% of the total),
including sensors of all three types that will be used in the ST. Table 11.5
summarizes the types and quantities of the delivered sensors, together with
the total quantities that will be produced.

In this section, we describe the quality assurance tests that were per-
formed on the sensors by the ST group, together with the results of our
measurements.
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Number of sensors

Visual Grade HPK-320 ‘ HPK-410 ‘ HPK-500

A 12 24 81
B 2 11 14
C - - _

Table 11.6: Number of sensors according to the visual inspection grade.

Visual Inspection

A visual inspection was performed on all sensors in order to search for macro-
scopic defects. This is an important test, since large defects are easily de-
tected and can give rise to instabilities in the electrical behaviour of the
sensors or an increase of the leakage currents. First, an overall inspection of
the strip side and the backplane was performed by eye and using a magnify-
ing glass. Then, the strip side full surface was inspected under a microscope,
taking note of scratches and defects, looking for chipped edges, pad bond-
ability or contamination, as well as checking for the overall cleanliness of the
sensors. In addition, the serial number on the scratch-pad was checked to be
the same as that marked on the envelope.

According to the observed defects, a grading procedure was developed:

e Sensors without deep scratches or chips, and without pad contamina-
tion, were classified as A grade.

e Sensors with some superficial scratches (not deep enough to break
strips) or acid damage in less than 1% of the strips, or slightly chipped
edges, or a combination of these, were classified as B grade.

e Sensors with chipped edges, or deep or long scratches, or acid damage
in more than 1% of the strips, or damaged bondings pads, or damaged
resistors, or extremely dirty, were classified as C grade.

In Table 11.6, the number of sensors according to the visual grading is
shown. In general, sensors were found to be of very good quality in this
visual inspection. No deep scratches or big defects were found. About 80%
of the sensors were free of defects and classified as A grade sensors. All
remaining sensors were classified as B grade. A and B grade sensors can
both be used to build silicon modules for use in the experiment.
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Figure 11.2: Examples of the defects found on sensors that were classified as
B grade in the visual inspection. On the top, excess of aluminium between
two strips (left) and chipped strips (right) found on IT sensors. At the
bottom, scratch over bonding pads (left) and defective strip (right) found on
TT sensors.

Some examples of the observed defects, like an excess of aluminium be-
tween two strips, scratches over bonding pads, a few slightly chipped strips,
or a defective strip are shown in Figure 11.2.

Leakage currents

The leakage current is the reverse current of the pn-junctions. It gives rise to
a background noise and is caused by thermally excited minority carriers that
are generated in the depleted region and, due to the electric field, drift to the
electrodes. For a given bias voltage, the size of the leakage current depends
to a certain extent on environmental factors, like temperature, humidity and
time of operation of the sensor, but its variation will in general be small (of
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Figure 11.3: Typical IV curves measured on the three types of sensors. No
breakdown is observed below 500 V.

the order of a few 100 nA at the full depletion voltage for a good sensor).

In this section, results on leakage currents for the 49 I'T pre-series sensors
and the 98 TT production sensors are presented, and typical IV curves are
shown. The leakage current dependence on the application of vacuum to the
chuck of the probe station is investigated, and the stability and repeatability
of the currents are studied.

The current between the backplane and the bias ring was measured for
all sensors as a function of the reverse bias voltage, using a Keithley 487
unit (picoamperemeter + voltage source). The bias voltage was increased in
steps of 5 V up to 500 V, over a period of 5 minutes. The measurements
were performed at room temperature, typically about 20°C, and at a relative
humidity below 30%.

A great uniformity of the currents from sensor to sensor was found. As
an example, typical IV curves are shown in Figure 11.3 for three sensors of
each type.

The distribution of the leakage currents measured at 500 V is shown in
Figure 11.4. They were found to be very low, typically below 500 nA at 500 V.
None of the sensors evidenced breakdown below 500 V,? and all sensors are
within the acceptance criteria (see Tables 11.4 and 11.2).

It had been observed [66] that the leakage currents for sensors produced

3Two of the lower-grade HPK-410 sensors supplied as free samples were tested up to
higher voltages, and they evidenced breakdown at about 800 V.
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Figure 11.4: Distribution of the leakage currents measured at 500 V on the
three types of sensors. All sensors fulfill the specifications.

by other companies depended critically on the application of vacuum to hold
the sensors to the chuck of the probe station. To check for a possible effect on
the HPK sensors, the leakage currents of 15% of the sensors were re-measured
without chuck vacuum. No difference between the currents obtained with and
without chuck vacuum was observed for any of the sensors. As an example
the measured curves for one of the tested sensors of each type are shown in
Figure 11.5.

The repeatability of the IV curves under stable conditions (same strain,
temperature and relative humidity) was checked for ~ 10% of the sensors.
About 30 IV curves on each sensor were taken automatically over night, wait-
ing for 35 min between two consecutive measurements. Figure 11.6 shows as
an example the 30 IV curves obtained for one of the tested sensors. Typically,
the IV curves were found to be reproducible within better than 100 nA.

Moreover, the current stability of 10% of the sensors was investigated in a
~ 30 h long biasing test, while temperature and relative humidity were mon-
itored. The leakage currents were stable and reproducible against long term
drifts. Only small drifts in current were observed and these were correlated
to temperature, as shown in Figure 11.7.

A comparison was made between the currents that we measured and the
data provided by HPK. We found currents slightly lower than the values
quoted by HPK. Typically, we measured leakage currents of about 150-500 nA
at 500 V, whilst HPK measured leakage currents of 250-600 nA at the same
voltage. We assume that this difference is due to differences in the setup or
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Figure 11.5: Leakage currents measured with and without chuck vacuum for
one sensor of each type. The currents do not depend on the application of
vacuum to the chuck.
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Figure 11.6: Leakage currents taken for sensor HPK-500 50039 as a test of
repeatability. The 30 IV curves shown in the plot were taken during night,
waiting 35 minutes between them.
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Figure 11.7: Current stability test for one sensor of each type. The sensors
were biased at 450 V during between 58 and 110 hours. Drifts in current are
fully correlated to ambient temperature (T).

ambient conditions.

Depletion Voltage

The full depletion voltage determines the operation voltage of the sensors.
Therefore, it is a very important information for module assembly, since sen-
sors should be matched in depletion voltage when they are mounted on the
same module. We estimated the full depletion voltage from the measurement
of the bulk capacitance as a function of the applied bias voltage. The bulk
capacitance of the sensor is the capacitance of all readout strips to the back-
plane. It is proportional to the inverse of the square root of the bias voltage
applied to the sensor until full depletion is reached, and then assumes a con-
stant value. We plot 1/C? as a function of the bias voltage and estimate the
depletion voltage as the intersection of two straight lines fitted to the rising
part and the flat part of the curve, respectively.

The capacitance measurements were performed on all sensors, using a
Keithley 487 unit as a voltage source and an HP 4192 LCR-meter to measure
the capacitance between the bias line and the backplane. The CV curves
were measured using a signal frequency of 1 kHz and a signal amplitude of
1 V. Figure 11.8 shows a typical curve of 1/C? as a function of the bias
voltage. The measurements performed by HPK are included to demonstrate
the reproducibility of the data.
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Figure 11.8: Determination of the full depletion voltage from the measure-
ment of 1/C? as a function of the bias voltage. The depletion voltage is
determined as the intersection of two straight lines and is indicated by the
arrow. Shown is a typical curve, corresponding to sensor HPK-410 40005.
The curve measured by the vendor was added to show the reproducibility of
the data.

Figure 11.9 shows the distribution of the full depletion voltages for all
sensors. All HPK-320 and HPK-410 are between 70 and 140 V, and all
HPK-500 deplete between 160 and 250 V, fulfilling the specifications.

In addition, we estimated the full depletion voltages for the HPK-320 and
HPK-410 sensors using the method followed by HPK. In this method, the
full depletion voltage is considered to be the voltage at which 1/C? decreases
by 4% with respect to its value in the plateau. In Figure 11.10, the results
obtained using this method (method 2) are compared to those obtained from
the intersection of two straight lines (method 1). The results using the two
methods are in excellent agreement. A comparison between the full depletion
voltages that we determined using method 2 and the data provided by HPK
is shown in Figure 11.11. Very good agreement between both data sets can
be observed.

Tests with automatic probe station
The coupling capacitance is the capacitance between the strip implant and

the read-out aluminium line. Its measurement allows to detect certain classes
of bad strips, which are characterized by a metal open, a metal short or a
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Figure 11.9: Distribution of the measured full depletion voltages. All HPK-
320 and HPK-410 sensors deplete between 70 and 140 V, and all HPK-500
deplete between 160 and 250 V, fulfilling the specifications.
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Figure 11.10: Comparison between the full depletion voltages estimated as
the intersection of two straight lines (method 1) and as the voltage at which
1/C? decreases by 4% with respect to its value in the plateau (method 2) for
sensors HPK-320 and HPK-410.
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Figure 11.11: Comparison between the full depletion voltages measured by
HPK and our measurements (using method 2) for sensors HPK-320 and
HPK-410. Excellent agreement between both data sets is observed.

pinhole in the dielectric substrate of the coupling capacitor.

Coupling capacitance measurements were performed using an Electroglas
1034XA6 automatic probe station equipped with a probe card to simultane-
ously contact AC- and DC- pads on a given strip, and an HP 4192A LCR-
meter. The probe station and the LCR-meter were controlled via GPIB bus
by Labview programs running on a PC. The measurements were taken at a
signal frequency of 1 kHz and a signal amplitude of 1 V [60].

The measurements were carried out on about 20% of the sensors and on
the three lower-grade sensors provided by HPK. An example of the obtained
coupling capacitance profiles is shown in Figure 11.12. One of the strips has
coupling capacitors out of specification due to pinholes in the oxide. The bad
channels observed in our coupling capacitor scans are listed in Table 11.7
together with the list of bad strips provided by HPK. Out of the total of
14080 inspected strips, four strips were flagged as bad by HPK as containing
pinholes or having capacitance values out of specification. Out of these, we
could detect three. We could not verify one strip flagged as pinhole. We did
not find any bad strip in addition to those flagged as bad by HPK.

The number of defective strips is specified to be less than < 1% per sensor.
All inspected sensors were below this number.
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Bad strips (HPK)

Sensor ID Bad strips (Ziirich) Pinholos | Bad Capacitor
30002 196 196 -
40027 - 269 -
40037 (low-grade) 321, 320 - 321, 320

Table 11.7: List of strips flagged as containing pinholes or capacitor values
out of specification by HPK, and strips flagged as bad in our setup.

9e-10 T T T T T T T T
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Figure 11.12: Coupling capacitance as a function of the strip number for
sensor HPK-320 30002. Strip 196 has a coupling capacitance of 2 mF, which
is out of specifications and lays out of the scale of this plot. This is a typical
profile of the coupling capacitors across the sensor, which is likely to be
related to process inhomogeneities.
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Figure 11.13: Total strip capacitance as a function of the bias voltage for one
strip of sensor HPK-410 40001.

Total strip capacitance

The total strip capacitance is here defined as the sum of the capacitance
to the backplane and the capacitance to adjacent strips, measured at a signal
frequency of 1 MHz [67]. The effect of the remaining strips was neglected in
view of the large pitch of the sensors. The two closest neighbours were AC-
coupled to the backplane. A sketch of the measurement setup can be seen in
Figure 6.5.

The interest in these measurements lays in the fact that the total strip
capacitance limits the achievable signal-to-noise ratio of a sensor connected
to fast read-out electronics, since the Johnson noise from the load capacitance
at the input of the pre-amplifier is the main contribution to the noise of the
front-end amplifier.

Measurements of the total strip capacitance as a function of the bias volt-
age were carried out for six strips of two lower-grade HPK-410 sensors, and for
two strips of the baby-detectors contained in two HPK-320 test-structures.
Figure 11.13 shows an example of this dependance for one strip of sensor
HPK-410 40001. The obtained capacitance values, at bias voltages above
the full depletion voltage, are summarized in Table 11.8. The mean value
was calculated for each sensor and the error assigned to it corresponds to the
RMS of the individual measurements for this sensor.
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Sensor ID ‘ Strip ‘ C (pF) ‘ C (pF) ‘ C/L (pF/cm) ‘

#1 16.6
# 2 17.6
#3 15.6
40001 16.8 £ 0.7 | 1.56 £ 0.
# 4 16.7 0.06
#5 17.3
#6 17.1
#1 16.3
# 2 17.2
#3 17.3
40010 7 75 172 £ 09| 1.59 £ 0.08
#5 16.4
#6 18.8
Test-structure | # 1 15.4
30012 ) 51 153 +£ 0.2 | 1.42 £ 0.02
Test-structure | # 1 16.1
20013 ) 51 15.6 £ 0.5 | 1.44 £ 0.05

Table 11.8: Total strip capacitance for two lower-grade HPK-410 sensors
and for two baby-detectors contained in HPK-320 test-structures. The mean
value of the capacitance on each sensor and the mean capacitance normalized
by the strip length are included. The errors correspond to the RMS of the
data.
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Metrology

Metrological measurements were performed on all sensors in order to de-
termine the warp of the sensors and to verify the cutting line precision and
parallelity, as well as other geometrical features on the sensors. We measured
the diameter of the alignment marks on the sensors, the distance between
them, the parallelity between edges, the width of the guard ring, bias ring
and selected strips, the distance between the edges and the guard ring, bias
ring and selected strips, the overall length and width of the sensor, the dis-
tance between consecutive strips, the parallelity between edges and strips,
and flatness. The metrology grading procedure was based only on some of
them: flatness, overall length and width of the sensor, distance between the
edges and the strips, and parallelity between the edges and the strips. All
sensors were mechanically classified as A grade. The parallelity and precision
of the cut edges are important due to the proposed module assembly proce-
dure [118], which exploits the accuracy of the dicing edge of the sensors for
alignment purposes. In an assembly template, the sensors are pushed with
their cut edges against positioning pins in order to align them with respect
to each other and with respect to alignment pins in the module support.

According to the specifications, the sensor warp should be less than 50 pym,
and the cutting line parallelity should be better than 10 pym for the HPK-
320 and HPK-410 sensors [114, 115], and the sensor warp should be less than
100 pm, and the dicing accuracy at the level of 20 ym for the HPK-500
sensors [47].

Figure 11.14 shows the distribution of the measured overall width and
length for sensors HPK-320 and HPK-410. On average, the sensors are 9 ym
longer and 6 ym wider than the nominal dimensions, which is actually outside
the given tolerances. The sensor-to-sensor variation in width is however
small, with a RMS of 1 ym and a full range of less than 5 ym. Variations
in length are slightly larger but since this dimension is not critical for the
construction of the detectors, one can argue that the specifications were
unnecessarily tight and all sensors were accepted.

Figure 11.15 shows the distribution of the measured parallelities between
the sensor symmetry axis and a selected strip for sensors HPK-320 and HPK-
410. For each sensor, the coordinates of ten points along each edge were
measured. By fitting them to straight lines, the edges were reconstructed,
and from these the symmetry axis was determined. The same procedure was
repeated for the selected strip. The assigned parallelity is Ltanf, L being
length of the sensor edge and # the angle between the reconstructed lines.
The mean parallelity accuracy was determined to be ~ 1 um.
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Sensor length (mean=110.009 mm, RMS=0.002 mm)
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Figure 11.14: Distribution of the measured overall length (top) and width
(bottom) for the 49 HPK-320 and HPK-410 sensors. The mean length is
110.009 mm, and the mean width is 78.006 mm. The standard deviation
from sensor to sensor is better than 2 ym.
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Parallelity strip x to axis (mean=0.0007 mm, RMS=0.0005 mm)

1. ) 15
parallelity strip x to axis (mm)

Figure 11.15: Distribution of the measured parallelities between the sensor
axis and a selected strip for sensors HPK-320 and HPK-410. The mean
parallelity accuracy was determined to be better 1 pum.

Same measurements were performed for the HPK-500 sensors. Figure 11.16
shows the distribution of the measured overall width and length for HPK-500
sensors. Each distribution shows two prominent peaks, that are caused by
the two different measurement techniques that were here applied. Sensors
falling in the right peak, i.e. having larger dimensions in width and length,
were measured using a thru-light focusing, while the dimensions of the re-
maining sensors with smaller length and width were obtained by a incident
light focusing. The nominal difference of 4 ym between the two peaks in the
width distribution represents a systematic measurement uncertainty on the
true dimension by using different focusing techniques and high magnification
on an object with 500 pm thickness. In the thru-light measurement the sensor
edges are projected onto the camera causing after focusing a sharp shadow,
while in the incident light measurement only averaged space points along the
depth profile are taken. Thus, the dimensions in the tru-light measurement
are typically 4 pm larger than in the incident light measurement.

The reason why the two techniques differ in the length distribution by
10 pm is not intrinsic to the sensors but caused by a non-parallelity of the
thru-light in that direction.

Figure 11.17 shows the distribution of the measured parallelities between
the sensor symmetry axis and a selected strip for sensors HPK-500. The
parallelity accuracy was determined to be better than 1 ym.

The flatness of the sensors was determined by measuring a profile of the
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Sensor length (mean=94.329 mm, RMS=0.004 mm)
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Figure 11.16: Distribution of the measured overall length (top) and width
(bottom) for the 98 HPK-500 sensors. The mean length is 94.329 mm, and
the mean width is 96.344 mm. The standard deviation from sensor to sensor
is better than 4 pm.
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0 Parallelity strip x to axis (mean=0.0004 mm, RMS=0.0003 mm)
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Figure 11.17: Distribution of the measured parallelities between the sensor
axis and a selected strip for sensors HPK-500. The parallelity accuracy was
determined to be better than 1 pm.

surface height of the sensor laying freely on a flat surface, with the strip
side facing upwards. On each sensor, z-coordinates have been recorded on
an equidistant grid of 6 x 6 points covering the full surface of the sensor.
Typical examples of the obtained profiles for each type of sensors are shown
in Figure 11.18. It shows a characteristic sensor deflection of 75 um for the
HPK-320 sensors, a deflection of 55 pym for the HPK-410 sensors, and of
50 pum for the HPK-500 sensors over the full surface. The distribution of the
measured warp for all inspected sensors is shown in Figure 11.19. The mean
warp was determined to be ~ 85 pym for the HPK-320 sensors, ~ 40 pym
for the HPK-410 sensors, and ~ 56 pm for the HPK-500. The maximum
measured warp was 95 um for the HPK-320 sensors, 60 um for the HPK-410
sensors, and 67 pum for the HPK-500 sensors. The warp values for the HPK-
320 and HPK-410 sensors are outside the specifications, but this seems to be
not a problem. Although more mechanical strain is induced on the sensors
when the modules are built, it was demonstrated that this had no effect on
the leakage currents.

Overall sensor grading
Depending on the results of the tests described above, an overall grading was

assigned to each sensor. The sensors are classified according to the following
criteria:
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Figure 11.18: The z-profile of a sensor of each type is shown. The measured
points are connected by surface grid lines. The z-coordinates were recorded
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Figure 11.19: Distribution of the measured flatness on the HPK-320 sen-
sors (top), on the HPK-410 sensors (middle), and on the HPK-500 sensors
(bottom).
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Number of sensors

11
Overall Grade HPK-320 ‘ HPK-410 ‘ HPK-500

A 13 33 95
B 1 2 2
C - - 0
X - - 1

Table 11.9: Number of sensors according to the overall inspection grade.

e Grade-A: good sensors, graded as A or B in the visual inspection, and
leakage currents I < 1 pA at Vg + 100 V, and less than two bad
strips per sensor, and graded as A in the metrology tests.

e Grade-B: medium sensors, graded as B or C in the visual inspection,
and leakage currents I < 1 pA at Ve + 100 V, or between 2 and 3
bad strips per sensor, and graded as A in the metrology tests.

e Grade-C: poor sensors, graded as C in the visual inspection, or leakage
currents I > 1 pA at Ve + 100 V, or more than 3 bad strips per
sensor, or graded as B in the metrology tests.

e Grade-X: destroyed.

Grade-A sensors should be used in the inner parts of the detector where
particle densities are highest, whilst grade-B sensors could be used for the
outer parts of the detector or as spares. Grade-C sensors should not be used,
neither for the detector nor as spare. Concerning metrology measurements,
leakage currents and number of bad strips, all tested sensors fulfill the re-
quirements of grade A. After a re-evaluation of the visual grading, five out
of the 147 IT tested sensors were given an overall grade B, whereas all other
sensors were classified as grade A. No sensor was classified as grade C and
one sensor was destroyed. The number of sensors according to the overall
grading is shown in Table 11.9.

11.2.3 Database and web page

All information from sensor probing of both the IT and TT sensors is stored
in a mySQL-based [119] database. A web based query is used, with a PHP-
interface [120]. It allows to store, query, and retrieve vendor and testing
information on the sensors, and is used to track or select components during
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Figure 11.20: Screen-shot of the graphical user interface.

module construction. A screen-shot of the graphical user interface is shown in
Figure 11.20. Shown is a summary of measurements and gradings, together
with comments for some of the sensors. Further details can be found in [121].

11.3 Conclusions

We have presented the results of sensor qualification for the pre-series produc-
tion for the I'T and the first batch of production sensors for the T'T station,
all produced by HPK. Our main results are the following:
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e Visual inspection over all sensors was performed in order to detect

macroscopic defects like scratches, chipped edges, pad contamination,
as well as to check the cleanliness of the sensor. About 80% of the
sensors were found to be free of defects, and all sensors were judged to
be usable for detector production.

Leakage current measurements were performed on all sensors. Currents
were found to be very small, typically below 500 nA at 500 V, and very
similar from sensor to sensor. All sensors fulfill the leakage current
specifications. None of the sensors evidenced breakdown below 500 V.
Furthermore, the currents were found not to depend on the application
of vacuum to the chuck of the probe station and were repeatable and
stable over time of operation, as was verified on a sample of 15% of the
sensor that were chosen randomly.

Depletion voltages were measured for all sensors. All HPK-320 and
HPK-410 show full depletion voltages in the range of 70-140 V, and all
HPK-500 deplete between 165 and 250, fulfilling the specifications.

Coupling capacitance measurements were performed on 20% of the sen-
sors using an automatic probe station. Out of the total of 14080 in-
spected strips, four strips were flagged as bad by HPK as containing
pinholes or having capacitance values out of specification. Out of these,
we could detect three. We could not verify one strip flagged as pinhole.
We did not find any additional bad strip.

Metrological measurements were performed on all sensors in order to
determine the cutting line precision and parallelity, and the warp of
the sensors, as well as other geometrical features. The mean warp was
determined to be 85 um for the HPK-320 sensors, 41 pm for the HPK-
410 sensors and 56 pm for the HPK-500 sensors. The mean parallelity
was determined to be better than 1 pum for all three types. For the
HPK-320 and HPK-410 sensors, the mean values of the sensor outer
dimensions are within 9 ym of the nominal values, and the standard
deviation from sensor to sensor is better than 2 ym. For the HPK-500
sensors, the mean values of the sensor outer dimensions are within 3 pym
of the nominal values. The standard deviation from sensor to sensor is
better than 4 pym.

According to the overall grading,five out of the 147 tested sensors
were classified an grade B, whereas all other sensors were classified
as grade A. No sensor was classified as grade C and one sensor was
destroyed.
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All sensors have been qualified, and both the IT and T'T module produc-
tion are taking place.
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Conclusions

The work presented in this thesis has been an effort to contribute to the
understanding of silicon microstrip detector properties, in order to render its
utilization possible by the LHCb experiment. Although silicon detectors have
been successfully used for precision vertexing at several accelerator experi-
ments in the last decade,* their implementation for a large-surface tracker
has required to carry out specific and detailed studies, not only to confirm
that their proposed use at the LHC is indeed viable, but also to help the ac-
tual implementation by providing knowledge of its main limiting performance
parameters.

Several tests on silicon microstrip detectors for the Silicon Tracker 5 have
been presented, starting from the characterization of different prototypes up
to the final tests on the detectors that are being installed at CERN.

Three groups of prototype sensors, with thicknesses 320, 410, and 500 pm,
respectively, and with strip pitches of approximately 200 um were character-
ized as part of the studies carried out by the Silicon Tracker group for the
optimization of the sensor geometry, to guarantee efficient and reliable oper-
ation of the detector. In this respect, the first step was a rather exhaustive
electrical characterization of all prototype sensors, which has been presented
in Chapter 6. The best sensors from each group, mainly according to the
results on leakage currents and breakdown voltages, were selected to build
modules with strips up to 33 cm in length.

These modules were tested in a laser test-stand and in a test-beam, as it
was explained in Chapters 8 and 9, respectively. In order to determine their
working points, bias voltage scans were performed for all modules. Results

4Including LEP, CESR, PEP, KEK, and Tevatron Collider.

5The Silicon Tracker group is formed by about 50 researchers from six institutes: Max
Plank Institut fiir Kernphysik, Heidelberg; Kiev Institute for Nuclear Research; Labora-
toire de Physique des Hautes Energies, Lausanne; Budker Institute for Nuclear Physics,
Novosibirsk; Universidade de Santiago de Compostela; Physik-Institut der Universitét
Ziirich.
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showed that they reach a plateau at 2 — 2.5 times the depletion voltage.
Signal shape characteristics were studied, and it was seen that signal shapes
meeting the specifications of less than 50% remainder (fraction of the signal
left in the following bunch crossing) for the TT station and less than 30%
remainder for the I'T stations can be obtained if the shaping time parameter
is appropiately set.

The laser test-stand allowed a fast characterization of the module perfor-
mance, although it was seen that, for future measurements with the laser
setup, the time stability of the pulse-height needed to be improved. The
test-beam measurements permitted to investigate in addition the signal-to-
noise (S/N) ratio, resolution, efficiency and noise rate of the prototype mod-
ules. A sizeable loss of the collected charge was observed in the region be-
tween two readout strips for all the prototypes. The minimization of this
effect had to be taken into account for the final choice of the detector pa-
rameters, so that full hit detection efficiencies will be ensured for all I'T and
TT stations. It is clear from the measurements presented here that 320 ym
silicon does not give sufficiently high S/N to give full detection efficiency
for modules with strips 33 cm long. It therefore was decided that modules
with a thickness of at least 410 um should be used in the TT station. The
final choice of sensor thickness for the TT station was based on these results
together with simulation studies, and it was finally chosen to be 500 ym. For
the Inner Tracker, two sensor thicknesses were selected: 320 pm silicon for
the 11 cm long modules, and 410 pm silicon for the 22 cm long modules.

Modules will be built at room temperature but they will be operated be-
low 5°C. Different thermal expansion coefficients of the materials used in the
construction of the modules will give rise to mechanical stress. In Chapter 7,
we presented results of thermal and thermo-mechanical measurements on a
test module. It was seen how the structure formed by the silicon sensors,
their mechanical support and the hybrids react to temperature variations,
demonstrating that no significant deformations are expected. In addition,
the heat profile produced by the readout chips along the half-module was de-
termined. It was shown that the cooling system removes the heat efficiently,
and therefore no dramatic effects on the detector performance are expected.
It was also shown that the heat is transported by the surrounding air and
not by the carbon fiber rails.

Particularly important is the issue of radiation hardness and long-term
damage of the sensors in the Silicon Tracker, given the fact that it will cover
the low angle region with respect to the LHC colliding beams. As shown in
Chapter 10, we have performed an irradiation study on three LHCb IT pro-
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totype sensors and one CMS test-structure, which were exposed to 24 GeV/c
protons up to fluences of 1.9 x 10" p/cm? and 6.3 x 10'® p/cm?, equiva-
lent to 7 years or 20 years of operation in the innermost part of the Inner
Tracker, respectively. The standard annealing scheme of 80 min at 60°C was
followed. The proton fluence was obtained from aluminium foils activation
measurements. It was found that the sensors fully depleted at about 50 V
after the irradiation to the lower fluence. This depletion voltage is lower than
the initial and gives ample safety margin to sufficiently overbias the sensors.
The current related damage constant and the hardness factor for 24 GeV
protons were extracted from the leakage current measurements and were de-
termined to be o = 2.78 x 107" A /cm and k,= 0.61, respectively. Inter-strip
capacitances and coupling capacitances remain essentially unchanged after
irradiation. The total strip capacitances for the sensors irradiated to the
higher fluence showed an increase of about 15% compared to unirradiated
sensors. No significant increase was observed after the lower fluence.

A comprehensive measurement program carried out on prototype modules
constructed with the irradiated sensors has been reported in Chapter 10. A
detailed study of the charge collection after irradiation has been performed
and it has been found that the model presented in [106] gives a reasonable
parameterization of the data. However, due to the modest radiation dose
compared to those investigated in [106] the results are sensitive to other ef-
fects, such as ballistic deficits due to the fast shaping time of the pre-amplifier.
Despite this, the depletion voltages extracted from the fit, after allowing for
reverse annealing, are in agreement with the C-" measurements. A study of
the dependence of the sensors leakage current as a function of temperature
has been made, and was found to follow the expected exponential depen-
dence. Pulse shape scans were performed for the irradiated modules. These
measurements were useful in gaining experience with the handling of irradi-
ated sensors. In particular, it has been learnt that care must be taken with
respect to storage between measurement periods else sizeable annealing can
occur. It has been shown that a stable and robust long-term operation in
the expected radiation environment can be achieved over the lifetime of the
experiment.

In Chapter 11 we have presented the quality assurance program for the ST
silicon sensors and the results for the pre-series production for the I'T and the
first batch of production sensors for the TT station, all produced by Hama-
matsu Photonics (HPK). The results for these sensors are very satisfactory.
Visual inspection over all sensors was performed in order to detect macro-
scopic defects. About 80% of the sensors were found to be free of defects,
and all sensors were judged to be usable for detector production. Leakage
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current measurements were performed on all sensors. Currents were found
to be very small, typically below 500 nA at 500 V, and very similar from sen-
sor to sensor. All sensors fulfill the leakage current specifications, and none
of them evidenced breakdown below 500 V. Furthermore, the currents were
found not to depend on the application of vacuum to the chuck of the probe
station and were repeatable and stable over time of operation. Full depletion
voltages were measured for all sensors. All HPK-320 and HPK-410 deplete
between 70 and 140 V, and all HPK-500 deplete between 165 and 250, fulfill-
ing the specifications. Coupling capacitance measurements were performed
on 20% of the sensors using an automatic probe station. Out of the 14080
inspected strips, three were found to have pinholes, in accordance with the
HPK previous measurements. Metrological measurements were performed
on all sensors in order to determine the cutting line precision and parallelity,
and the warp of the sensors, as well as other geometrical features, important
for the spatial resolution as well as for the assembly procedures. Sensors were
finally classified according to an overall grading, which determined their use
in the inner parts of the detector, with highest particle densities, or in other
parts. All sensors passed the acceptance criteria and can be used for module
production.

The results presented in this thesis show that the construction of a low
angle large-surface tracker can be accomplished with the required occupancy
and efficiency, for measurement of b-quark decays from the 14 TeV LHC
proton collisions. The understanding of the measurements presented and
discussed here have contributed to the final choice of detector parameters and
assembly procedures for the LHCD Silicon Tracker. Module production has
already started for both the IT and TT stations at CERN (by Lausanne and
Santiago groups) and Ziirich, respectively. Sensor qualification for module
production continues, and full tracker assembly is expected to be completed
by the end of 2006.
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Resumo

Un dos obxectivos principais da fisica de particulas é a determinacion da
estrutura fundamental da materia. O modelo actualmente aceptado para
a fisica de particulas elementais, o Modelo Estandar, precisa 12 particulas
de materia elementais e catro particulas portadoras de forza para resumir
todo o que ata o momento sabemos acerca dos constituintes mais elemen-
tais da materia e as sutas interacciéns. O Modelo Estandar explica e predi
unha ampla variedade de fenémenos, e efectos finos preditos polo modelo
foron repetidamente verificados en experimentos de altas enerxias. Sen em-
bargo, hai aspectos que permanecen inexplicados, como a orixe das masas
das particulas ou os valores dalgiins parametros fundamentais.

Calquera teorfa de fisica de particulas require que cada particula (por
exemplo un prot6n) tefia unha antiparticula (neste caso chamado antiprotén),
como foi primeiramente sinalado por Dirac [1, 2]. Unha antiparticula ten
a mesma masa que a correspondente particula, pero con algins nimeros
cuanticos, coma a carga eléctrica, opostos. Cando unha particula atopa
a sua antiparticula, ambas se aniquilan e as sias masas transférmanse en
radiacién. A existencia de antimateria foi extensamente probada no tltimo
século e hoxe en dia ten aplicaciéns na vida cotid, como € o caso do uso de
antielectréns (chamados positréns) en aparellos médicos de imaxe tales coma
os tomégrafos PET.5

As teorias cosmoldxicas aceptadas actualmente requiren que cantidades
iguais de materia e antimateria foran creadas despois do Big Bang. Sen
embargo, obsérvase unha asimetria na cantidade de materia e de antimate-
ria presente na Natureza, o cal constitie unha das caracteristicas do noso

SPET (Positron Emission Tomography) é un aparello médico que produce imaxes para
a diagnose de enfermidades. Inxéctanse no paciente nicleos radiactivos que se acumulan
nos tecidos ou dreas que se queren estudar. Positréns procedentes deses nicleos radiactivos
aniquilanse con electréns dos nicleos cercanos, producindo enerxia que emerxe en forma
de foténs. A colecta destes foténs permite a reconstruccién da érea a estudo.
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mundo.” O desequilibrio observado pode ter a sia orixe na violacién CP, un
efecto que soamente ocorre con certo tipo de particulas elementais.

O teorema CPT é un dos preceptos mais basicos en fisica de particulas
e trata coas tres transformaciéns independentes C (conxugacién de carga),
P (paridade ou inversién espacial), e T (inversién temporal). O teorema
CPT afirma que a operacién combinada de inversién temporal, conxugacion
de carga e inversion espacial, en calquera orde, é unha simetria exacta de
calquera interaccion, é dicir, que baixo as tres transformacions calquera lei
fisica debe ser invariante.® Dito doutro xeito, se cada particula é reemprazada
pola stua antiparticula, e as coordenadas espaciais e temporais son invertidas,
as leis fisicas permanecen inalteradas [4]. No mundo macroscépico estas tres
simetrias ciumprense por separado. Por exemplo, un obxecto que vaia de A
a B seguird exactamente a mesma traxectoria pero & inversa, se o tempo é
invertido, para volver de B a A.

Sen embargo, o teorema CPT non di nada sobre a operacién por separado
de unha ou duas destas transformacions no mundo das particulas elemen-
tais. Por exemplo, foi comprobado [5], despois da suxerencia feita por Lee e
Yang [6], que cando un aplica a transformacién P a unha particula chamada
neutrino, a particula resultante non existe. Un atopa na Natureza neutri-
nos a esquerdas e antineutrinos a dereitas, pero non neutrinos a dereitas
nin antineutrinos a esquerdas. Este feito é chamado violacién de P en inte-
raccion feble, que é a interaccién que goberna a dindmica destas particulas.
A simetria desta interaccion é restablecida cando se aplica a transformacion
CP combinada, o que significa que os neutrinos a esquerdas seguen as mesma
leis que os antineutrinos a dereitas.

En 1964 observouse que a simetria CP violabase en sistemas de meséns-K
neutros [7, 8. O contrario que os neutrinos, que son lepténs, os meséns-
K son hadréns, o que significa que, 6 igual que os proténs ou neutréns,
estan formados por quarks. A violacion CP pode explicar por que o noso
mundo estd formado por moita mais materia que antimateria, debido &as
pequenas diferencias en que os quarks e antiquarks interaccionan a través
da interaccién feble. De feito, a violacién CP foi proposta tempo atras por
Sakharov [9] coma unha das tres condiciéns que tenien que ser satisfeitas para
ter un Universo con cantidades diferentes de materia e antimateria.

No Modelo Estandar, a violacién CP estd necesariamente vencellada &

"Se existiran cantidades iguais de materia e antimateria, acabarian aniquildndose entre
elas, deixando un Universo formado sé por luz.

8De xeito mdis preciso, o que son invariantes son os Hamiltonianos que gobernan a,
dindmica desas particulas.
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existencia de polo menos seis sabores de quarks, e estd completamente des-
crita por un unico parametro. Este é unha fase complexa na matriz de
Cabibbo-Kobayashi-Maskawa (CKM) [10, 11], a cal parametriza transiciéns
entre diferentes xeracions de quarks a través dun conxunto de catro parame-
tros independentes.

En calquera caso, a violacién CP en meséons-K neutros é pequena, 6 nivel
do 0.2%, dificultando a determinacién da orixe destas diferencias nas teorias
de particulas elementais, como é o caso desta fase complexa na matriz CKM.

Para investigar e medir os pardmetros que describen a materia, os fisicos
fan uso de aceleradores de particulas co fin de romper estas nos seus cons-
tituintes fundamentais. Os principios desta técnica son os seguintes. Un feixe
de particulas conecidas, coma electrons ou proténs, é acelerado a moi altas
enerxias empregando campos eléctricos. As particulas son asi aceleradas ata
velocidades préximas 4 velocidade da luz, co que adquiren enormes enerxias
cinéticas. Usando sofisticados sistemas de iméans, o feixe de particulas é
curvado e focalizado. En determinado momento, o feixe é dirixido contra un
branco (experimentos de branco fixo) ou contra un segundo feixe de particulas
que viaxan en sentido contrario (experimentos colisionadores). Xeralmente,
o segundo feixe ten a mesma magnitude pero oposta velocidade, e entén, este
tipo de colision, recibe nome de colisién no centro de masas.

Cando ten lugar a colisién, e debido 4 alta enerxia das particulas, podemos
non s6 estudar a sda estrutura interna senén tamén crear novas particulas
exoticas que non existen no mundo de macroscépico. Nestas colisiéns alta-
mente enerxéticas, o que interacciona non son as propias particulas que co-
lisionan senén os seus constituintes fundamentais. Esto é debido & conecida
féormula de de Broglie [12], a cal, dacordo co principio de dualidade onda-
particula, relaciona a enerxia da particula coa sta lonxitude de onda asociada
segundo A o 1/FE. E preciso usar ondas con lonxitude de onda do mesmo
tamano que os detalles que queren observar. Asi, colisiéns de particulas con
altas enerxias permiten o estudo da sta estrutura interna.

Nas colisions entre particulas altamente aceleradas, a stia enorme enerxia
esta disponible non sé coma enerxia cinética das particulas resultantes senén
tamén coma masa para crear novas particulas. Esto exprésase a través da
equivalencia entre masa e enerxia formulada por Einstein no seu famoso ar-
tigo de 1905 [13] coma E = mc?. A enerxia (E) pode converterse en masa (m)
e viceversa, co cadrado da velocidade da luz coma factor de conversion. Se as
particulas incidentes tenen suficiente enerxia, poden crear novas particulas
mais pesadas que elas mesmas. O conxunto de particulas producidas de-
pende esencialmente de varias leis de conservacion e da enerxia en centro
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de masa disponible na colisiéon. Asi, os experimentos de altas enerxias, a
través de colisions moi enerxéticas de outras particulas, permiten observar
particulas mais masivas e mais exéticas que as iniciais, que non se producen
baixo circunstancias normais na Natureza.

Moitas das particulas creadas na colision son altamente inestables, e desin-
tégranse en estados madis estables dando lugar a madis particulas. Esencial-
mente, a vida media das particulas antes da sua desintegraciéon vén dada
pola forza da interaccién que estd implicada, e varfa entre uns 10723 s para
a interaccién forte e uns 107'% s para interaccién feble. 0 final, rematase
de novo con un conxunto de particulas “estables” e ben comnecidas, coma
proténs, neutrons, electrons, neutrinos e muons. Xeralmente prodicese un
nimero moi elevado delas: tras a colisién entre dous proténs a moi altas
enerxias, rematase tipicamente con centos de particulas.

A producion e desintegracién dunha determinada particula depende das
forzas que gobernan o comportamento dos seus constituintes e, polo tanto,
contén informacion acerca de como interaccionan os constituintes basicos
da materia. Pddese extraer esta informacién a partir do estudo das carac-
teristicas de novas particulas, como as masas e vidas medias, ou a través
do estudo das probabilidades das diferentes canles de desintegraciéon de es-
tados inestables en distintos estados. Sen embargo, para comprender a
dinamica subxacente, temos que analizar a cinematica. Por tanto, tras a co-
lisién, precisamos contar, localizar e identificar todas as particulas produci-
das para poder reconstruir o proceso. Esto faise cun conxunto de detectores
de particulas moi sensibles e especializados, que son capaces de medir un
determinado grupo de propiedades das particulas tales coma carga, masa ou
enerxia.

O obxectivo desta tese é a descricién do funcionamento e caracteristicas
dos detectores de micropistas de silicio que van ser empregados no Silicon
Tracker do experimento LHCb. O LHCD vai ser instalado no Large Hadron
Collider (LHC) [14], un acelerador de particulas que estd sendo construido
no CERN [15], nun anel subterrdneo de 27 km de circunferencia situado
na fronteira entre Francia e Suiza. En LHC, dous feixes de proténs a unha
enerxia en centro de masas de 14 TeV, colisionaran en catro puntos diferentes
6 longo do tunel. Ao redor dun destes puntos de colision estard instalado o
espectrémetro LHCD (ver Figura 11.21). Unha vez rematado o LHC, ademais
de ser o acelerador con mais alta enerxia, vai ter os feixes mais intensos nunca
acadados.

Dada a enorme enerxia de LHC, novas particulas, non observadas nunca,
poden aparecer tras as colisions. Estas desintegraranse moi rapido, pero ofre-
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Figure 11.21: O acelerador LHC no CERN, cos catro puntos de colision
sinalados cos nomes dos experimentos que se van instalar en cada un deles.

ceran a posiblidade de explorar a dinamica e interaccions entre constituintes
bésicos da materia. Estudando as taxas de desintegracién nas diferentes can-
les e outros fenémenos pouco frecuentes, os fisicos de particulas esperan medir
parametros que describen as interacciéns entre os constituintes fundamentais
da materia e, en particular, esperan comprobar se o Modelo Estandar é un
modelo axeitado para a descricién das forzas e particulas fundamentais.

O experimento LHCb [17, 19] foi desehado para realizar medidas de alta
precision de fenémenos de violacion CP e desintegraciéns raras nos sistemas
de meséns-B. Os meséns-B son estados ligados dun antiquark b e un quark
madis lixeiro [8]. O estudo de meséns-B é un proceso clave na determinacién
precisa de fenémenos de violacién CP dado que, segundo o Modelo Estandar,
predinse neles efectos importantes de violacion CP. Ademais, acadanse altas
estatisticas xa que, en interaccions entre protén-proton as enerxias empre-
gadas en LHC, estimase que se producirdn uns 10'? pares bb anuais.” A
violacion CP espérase que se pofia de manifesto en asimetrias dependentes
do tempo nas taxas de desintegracién de B e B no mesmo estado final, e en
asimetrias nas taxas de desintegracién de B e B en estados finais CP conxuga-
dos especificos. Ademais, sera posible realizar as medidas en moitas canles de

9 As enerxias empregadas en LHC, a seccién eficaz de producién de meséns-B estimase

que andard en torno 6s 0.5 mb, o que daré lugar a uns 102 pares bb anuais 4 luminosidade

nominal de £= 2 x 1032 cm~2 s~1.
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Figure 11.22: Seccién vertical do espectrémetro LHCb.

desintegracién diferentes, permitindo sobre-restrinxir os parametros e, posi-
blemente, atopar inconsistencias que suxiran a existencia de nova fisica mais
ala do Modelo Estandar.

Como foi sinalado anteriormente, para medir as taxas das diferentes desin-
tegracions, todos os produtos da desintegracion tefien que ser identificados.
Para facer esto, detectores de particulas especializados miden un conxunto
especifico de propiedades das particulas, tales coma momento, carga, masa
ou enerxia. Un elemento central de calquera experimento de altas enerxias
é o sistema de trazado, o cal rexistra as traxectorias das particulas cargadas
creadas na colision. Xunto cun campo magnético, permite ademais a deter-
minacién do momento de ditas particulas.

Unha seccion vertical do espectrometro LHCb amosase na Figura 11.22.
En LHCb, precisase unha excelente resoluciéon en momento tanto para a me-
dida precisa da masa invariante dos candidatos a desintegraciéns de mesons-
B, coma para separar o sinal dos meséns-B do fondo. Para iso, é necesaria
unha determinacién precisa das traxectorias. Decidiuse construir o sistema
de trazado combinando dias tecnoloxias de deteccion diferentes: a rexién ex-
terna, lonxe da tuberia do feixe, estd cuberta por tubos de deriva e recibe o
nome de Outer Tracker. A rexién interna, en torno a tuberia do feixe, onde a
densidade de particulas é maior, estd cuberta por detectores de micropistas
de silicio e recibe o nome de Silicon Tracker. Estudos baseados en simu-
laciéns indican que unha resoluciéon dunhas 60 ym é adecuada para o Silicon
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Figure 11.23: Esquema da operacion basica dun detector de silicio con volume
de deteccién tipo n, onde se amosan os implantes p™ illados dos electrodos de
Al por unha capa de SiO,. Basicamente, é un diodo polarizado en inversa,
operado a unha voltaxe suficiente para baleirar de portadores libres de carga
todo o volume n.

Tracker. Os detectores de micropistas de silicio son obleas de silicio dopado
n moi finas, con espesores entre 320 e 500 ym, onde se empregan técnicas fo-
tolitogréaficas e de gravado para introducir pistas moi finas de silicio dopado
pt. A seccién vertical dun destes aparellos amdsase na Figura 11.23. Os
tamaifios dos sensores tipicos son uns 10 x 10 cm? con ao redor de 500 pistas
paralelas dunhas 50 pym de anchura, con centros separados 200 pm aproxi-
madamente. Cada unha das micropistas forma co volume de silicio n unha
union pn. Cando unha particula cargada atravesa o detector de micropistas
xera pares electrén-oco. Aplicando unha polarizacién inversa as uniéns pn, a
carga é recollida nas pistas p*. Unha lectura indivual das pistas p* permite a
determinacién da posicion pola que a particula atravesou o detector mediante
a analise dos sinais xerados en cada pista. Unha profunda comprension das
propiedades dos detectores de micropistas de silicio e a optimizacion dalgins
dos parametros do seu deseno, coma por exemplo 0 espesor ou a separacion
entre os centros das pistas para alcanzar o rendemento desexado, son os
principais obxectivos desta tese.

O traballo presentado nesta tese supén unha importante contribucién a
comprension das propiedades de detectores de micropistas de silicio para facer
posible a stia utilizacién no Silicon Tracker ' do experimento LHCb. Anque

100 grupo Silicon Tracker estd composto por uns 50 investigadores de seis institutos:
Max Plank Institut fiir Kernphysik, Heidelberg; Kiev Institute for Nuclear Research; Labo-
ratoire de Physique des Hautes Energies, Lausanne; Budker Institute for Nuclear Physics,
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este tipo de detectores foron utilizados con éxito na tltima década para a
localizacién precisa de vértices en varios experimentos de colisionadores,!! o
seu emprego nun tracker de grande superficie requeriu da realizacion de es-
tudos especificos e detallados, non s6 para demostrar que o seu uso en LHCb
é viable, senén tamén para axudar na sua implementacién proporcionando
cofiecementos sobre os seus parametros de funcionamento.

Presentaronse varias probas realizadas en sensores de micropistas de si-
licio para o Silicon Tracker, empezando pola caracterizacion de diferentes
prototipos ata as probas finais nos detectores que estan sendo instalados no
CERN.

Tres grupos de sensores, con espesores de 320, 410 e 500 pm, respec-
tivamente, e con distancias entre centros das pistas de aproximadamente
200 pm, foron caracterizados coma parte dos estudos levados a cabo polo
grupo Silicon Tracker para a optimizacion da xeometria dos sensores, co fin
de garantir un funcionamento eficiente e fiable do detector. A este respecto,
o primeiro paso foi unha caracterizacién eléctrica exhaustiva de todos os sen-
sores prototipo, que foi presentada no Capitulo 6. Os mellores sensores de
cada grupo, baseandose fundamentalmente nos resultados das correntes de
fuga e voltaxes de ruptura, foron seleccionados para construir médulos con
pistas de ata 33 cm de lonxitude.

Estes moédulos foron probados con laser e en probas con feixe, como foi
explicado nos Capitulos 8 e 9, respectivamente. Para determinar os seus
puntos de traballo, levaronse a cabo varridos de voltaxe de polarizacién para
todos os mddulos. Os resultados amosan que a carga recollida nos médulos
alcanza un plateau a 2 — 2.5 veces a voltaxe de baleiramento dos sensores.
Estudéaronse caracteristicas da forma do pulso, e viuse que formas de pulso
que satisfan as especificacions para o Silicon Tracker poden alcanzarse se se
usan parametros de forma do pulso nos chips de lectura, Vy,, de 400 mV
ou menos. Ademais, viuse unha clara perda da carga recollida na rexion
situada entre duas pistas de lectura en todos os prototipos que tivo que ser
considerada no espesor final dos sensores.

A bancada de probas co ldser permitiu unha caracterizacion rapida do
funcionamento dos moédulos, anque se viu que, para medidas futuras con
esta montaxe, era necesario mellorar a estabilidade da altura do pulso. As
medidas nas probas con feixe permitiron investigar, ademais, o cociente sinal-
ruido, resolucion, eficiencia e taxa de ruido dos mdédulos prototipo. Como se

Novosibirsk; Universidade de Santiago de Compostela; Physik-Institut der Universitit
Ziirich.
UIncluindo LEP, CESR, PEP, KEK, e Tevatron.



209

pode ver claramente nas medidas aqui presentadas, os sensores de 320 pum
de espesor non dan suficiente S/N para proporcionar plena eficiencia de de-
teccion en modulos con pistas de 33 cm de lonxitude. Polo tanto, decidiuse
que sensores cun minimo de 410 ym de espesor deberian usarse na estacion
TT. A decisién final do espesor dos sensores que se empregarian baseouse
nestes resultados xunto con estudos de simulacién de dispersiéon miiltiple no
detector, e finalmente escolleuse que fora 500 yum. Para o Inner Tracker,
escolléronse sensores de dous espesores: silicio de 320 ym para os médulos
de 11 cm de lonxitude, e silicio de 410 ym para os moédulos de 22 cm de
lonxitude.

Os médulos vanse construir a temperatura ambiente, pero van ser operados
por debaixo de 5°C. Os diferentes coeficientes de expansién térmica dos ma-
teriais usados na construciéon dos médulos van producir estrés mecanico. No
Capitulo 7, presentamos resultados de medidas térmicas e termomecanicas
realizadas nun médulo de proba. Estudouse como a estrutura formada polos
sensores de silicio, os seus soportes mecanicos e os hibridos reacciona ante
cambios de temperatura, demostrando que non se producen deformaciéns
significativas. Ademais, foi determinado o perfil de calor producido polos
chips de lectura 6 longo do médulo. Amosouse que o sistema de enfriamento
elimina a calor eficientemente e, polo tanto, non se prevén efectos impor-
tantes no funcionamento dos detectores. Foi tamén demostrado que a calor
é transportada polo aire circundante e non polos rais de fibra de carbén.

Particularmente importante é, ademais, a cuestion da resistencia & ra-
diacion e o dano a longo prazo dos sensores no Silicon Tracker, dado o feito
de que este vai cubrir a rexién de baixo angulo con respecto & tuberia do
feixe en LHC. Como se amosou no Capitulo 10, levamos a cabo un estudo
de irradiacién con tres sensores LHCb IT prototipo e unha estrutura de
probas CMS, que foron expostos a proténs de 24 GeV/c ata fluencias de
1.9 x 10" p/cm? e 6.3 x 103 p/cm?, equivalentes a 7 e 20 anos de operacién
na parte madis interna do Inner Tracker, respectivamente. Seguiuse o esquema
estandar de temperado durante 80 minutos a 60°C. As fluencias de proténs
obtivéronse a partir de medidas de activacion de follas de aluminio. Viuse
que os sensores alcanzaban o total baleiramento en torno 6s 50 V despois da
irradiacion coa dose mais baixa. Esta voltaxe de baleiramento é mais baixa
incluso ca inicial, e da suficiente marxe para sobre-polarizar os sensores. A
constante de dano por radiacién e o factor de dureza foron extraidos para
protons de 24 GeV a partir das medidas de corrente de fuga, e obtivéronse os
valores a = 2.78 x 10717 A/cm e ko= 0.61, respectivamente. As capacidades
inter-pista e as capacidades de acoplo permanecen basicamente inalteradas
tras a irradiacion. A capacidade total das pistas dos sensores irradiados &
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fluencia maéis alta amosaron un incremento do 15% en comparacion cos va-
lores dos non irradiados. Non se observou un incremento significativo tras a
irradiacion & fluencia maéis baixa.

Un exhaustivo programa de medidas foi levado a cabo cos mdédulos pro-
totipo construidos cos sensores irradiados. Fixose un estudo detallado da
recoleccién de carga despois da irradiacion e atopouse que o modelo presen-
tado en [106] d4 unha boa parametrizacién dos datos. Sen embargo, dada
a modesta dose de radiacién comparada coa investigada en [106], os resul-
tados son sensibles a outros efectos, como déficits balisticos debido 6 corto
tempo de recollida de carga do preamplificador. A pesar disto, as voltaxes
de baleiramento extraidas dos axustes, despois de considerar o efecto inverso
do temperado, estan en bo acordo coas medidas C' — V. Levouse a cabo un
estudo da dependencia das correntes de fuga coa temperatura, e atopouse a
esperada dependencia exponencial. Realizaronse varridos de pulso para os
modulos irradiados. Estas medidas foron de gran utilidade para gafiar expe-
riencia coa manipulacién de sensores irradiados. En particular, aprendiuse
que se debe ter coidado co almacenamento dos sensores entre medidas xa que
pode aparecer un efecto significativo polo temperado.

No Capitulo 11 presentamos os resultados do control de calidade realizado
nos sensores de pre-producion do Inner Tracker e nos primeiros lotes de sen-
sores recibidos para a estacion T'T, todos eles fabricados por HPK. Levaronse
a cabo inspeccions visuais de todos os sensores para detectar posibles defectos
macroscopicos. Atoparonse libres de defectos en torno 6 80% dos sensores,
pero foron considerados como validos para a producién do detector o total
dos recibidos. Realizdronse medidas de corrente de fuga en todos os sensores.
Viuse que estas eran moi pequenas para todos eles, tipicamente por debaixo
de 500 nA a 500 V, e moi parecidas entre sensores. Todos os sensores verifi-
can as especificaciéns no tocante as correntes de fuga. Ningiin sensor amosou
ruptura por debaixo de 500 V. Ademais, comprobouse que as correntes non
variaban coa aplicacion de baleiro para a suxeicion dos sensores & estacion de
probas e que, asimesmo, eran repetibles e permanecian estables 6 longo do
tempo de funcionamento, tal e como foi verificado nunha mostra do 15% dos
sensores escollidos 6 chou. Medironse as voltaxes de baleiramento de todos os
sensores. Os sensores HPK-320 e HPK-410 tenien voltaxes de baleiramento
entre 70-140 V, e os sensores HPK-500 alcanzan o total baleiramento en-
tre 165-250 V, cumprindo as especificaciéons. Medironse as capacidades de
acoplo nun 20% dos sensores usando unha estaciéon de probas automaética.
Das 14080 pistas inspeccionadas, catro foran sinaladas por HPK coma de-
fectuosas por ter buratos no 6xido ou por ter valores da capacidade fora
das especificacions. Destas, noés puidemos atopar tres. Non atopamos, sen
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embargo, unha sinalada como contendo buratos no 6xido. Non atopamos
ningunha pista mala adicional. Realizaronse medidas metroléxicas en todos
os sensores para determinar o paralelismo e a precision no corte dos sensores,
o alombamento dos sensores, asi coma outras caracteristicas xeométricas, im-
portantes para a resolucién espacial e os procesos de ensamblaxe. Segundo
a clasificacion global, cinco dos 147 sensores analizados clasificironse coma
grao B, mentres que todos os demais acadaron o grao A. Os sensores de
grao-A débense usar nas partes internas do detector, onde a densidade de
particulas é maior, mentres que os de grao-B poderian usarse para as partes
externas ou gardarse para recambios. Todos os sensores pasaron os criterios
de aceptacion e pédense usar para a producién de méddulos.

Os resultados presentados nesta tese amosan que a construciéon dun detec-
tor de trazas de grande superficie pode ser conxugado cos requerimentos de
ocupacidn e eficiencia do LHCb. A comprensién das medidas presentadas e
discutidas aqui contribuiron & decisién final dos parametros do detector e dos
procedementos de montaxe para o Silicon Tracker. A producién dos médulos
para a estacion TT e o Inner Tracker xa comenzou en Zurich e no CERN,
respectivamente. O control de calidade dos sensores e médulos continta, e
espérase que o detector de trazas 6 completo sexa rematado a finais de 2006.
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