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Preface

The excellent LHC performance in 2010 and 2011 has brougls bf new physics, notably
narrowing the range of masses available to the Higgs pattica window of just 16 GeV. Within
this window, both the ATLAS and CMS experiments have seetstilmat a Higgs might exist
in the mass range 124-126 GeV. However, to turn those hittsardiscovery, or to rule out
the Standard Model Higgs particle altogether, requiresronee years worth of data. During
2012, the machine will be running at a collision energy of &.TEhe bunch spacing remains
at 50 ns. The data target is 5! throughout this year for ATLAS (and CMS), three times
larger the total untill now. Then a long shutdown will be taker around 18 months in order to
prepare operation at its full design collision energy of ¥ Teaching the nominal luminosity
of 1x10%* cnT? s71. It has been proposed a high luminosity upgrade of the LHGHemext
decade (the HL-LHC Project), so it can not be left behind #wearch activity on the sub-
detectors to withstand much higher instantaneous luntinasid to operate after 300 of
integrated data. The goal is to achieve the same or bettfarpeance at the HL-LHC as at the
LHC, despite the large increase in event rate and final intedrdose.

This thesis is focused on the development of silicon micipstetectors enough radiation
hard to cope with the particle fluence expected at the ATLA®IrDetector region under HL-
LHC conditions that imply total fluences of fast hadrons abb# cn2. The work is framed on
the CERN RD50 Collaboration which proposes to develop asamdiuctor detector technology
that can operate beyond the limits of present devices unidéromments as for example the
described above.

Following a short review in chapter 1 of the Standard Moddtwls the actual theory that de-
scribes elementary particles and their interactions, tiysips accessible with the Large Hadron
Collider including the search of the Higgs boson and the vatitins to go beyond are given. In
chapter 2 a general description of the LHC facilities at CE&Bhown. The experiments around
the machine are presented, focusing on the ATLAS TracketthEmmore, in this chapter both
the expected physics and the machine plans for HL-LHC aete@l A more detailed descrip-
tion of the upgrade concerning ATLAS and particularly thednDetector is found. Finally, in
the chapter 2 the main objectives of the CERN RD50 Collabmratre listed.

The semiconductor physics concerning silicon detectoteemted in chapter 3. First, the
basic concepts required to understand the operating plasodf silicon detectors are explained.
This covers topics as tHgand Theorpr the pn-junction. Secondly, the main structural features
of silicon microstrip detectors are described followed bg processes by which the signal is
created and collected. The chapter ends with the discus$ithe spatial resolution required
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16 Preface

to these sensitive position detectors and the sources sé forolved in the signal acquisition.
Since due to the ATLAS Inner Detector will face the harshdration environment, a description
of the basic radiation mechanisms in silicon detectorssis given in chapter 4.

In chapter 5, the ISE-TCAD software package used to cartikd@miconductor device sim-
ulations is presented. Every stage in a simulation progeekplained, starting with the device
generator, the device simulation and analysis of the resbitained by TCAD tools. A second
part of this chapter develops simulations of a simplified tiraensional silicon microstrip sen-
sor in order to find a model that describes a real silicon seasaccurate as possible. Chapter
6 describes the experimental procedures for the electiwaiacterization of silicon microstrip
detectors and the readout acquisition systems in orderrforpgance charge collection mea-
surements. It is presented the Alibava acquisition systéhis new analogue readout system
for microstrip silicon sensors was developed as a resultaoilaboration between the Univer-
sity of Liverpool, CNM (Barcelona) and IFIC (Valencia) ardg thesis presents one of the first
work plan using the Alibava acquisiton system. Finally, histchapter, a description of the
irradiation facilities is also given.

p-Type silicon microstrip sensors have been showing a iogiperformance under high
radiation environments. Chapters 7 is devoted to presentetults from the characterization of
p-type silicon microstrip detectors irradiated at the etgeé fluences for the strip region of the
ATLAS Inner Detector upgrade. The validation of sensor dasyfrom diferent manufacturers
are covered in terms of charge collectidfi@ency and signal to noise ratio. fBérent sensor
parameters has been also compared and any potential issbedra discussed in order to find
the most appropiate properties which better face with temtia

The second part of this thesis that corresponds to the ahyptencerns studies of th&ect
of very high instantaneous ionization in a microstrip sificdetector. It is considered a n-type
silicon sensor, the current detector technology fot the ASLSCT, with the objective to apply
the results to a possible beam loss scenario under the ygecanditions at LHC.

The final chapter, number 9, contains all the conclusionshegin this thesis.



Chapter 1

Theoretical Physics Motivations

The Standard Model [1] is the theoretical framework thatvimtes the most accurate de-
scription of the interactions among elementary partickkdas been incredibly successful in
explaining most particle physics measurements. Thereoiseher, one missing ingredient to
this recipe that has not been yet discovered and that is tgsHtioson. Despite the experimen-
tal success of the Standard Model, there are some aspedats ara not fully satisfactory. For
instance, it contains no treatment of gravity or generaittiéty nor it includes any mathematical
mechanism to solve the hierarchy problem. The LHC has a figlsips potential, ranging for
more precise measurements of Standard Model Parametérdiimgthe search of the elusive
Higgs boson to the search for new physics phenomena.

1.1 Standard Model Review

The Standard Model (SM) is a highly successful theory thatdees how the elementary
particles interact. This model has been able to descrihdtsasbtained at previous experiments
up to energies of around 2@eV [2] but it is not a complete description of observed physical
phenomena. The Standard Model is a quantum field theorystensiwith quantum mechanics
and the special theory of relativity.

According to the SM, the matter constituents are pointliketiples of spin A2 (fermions).
Moreover, each particle has an antimatter counterpartexisictly the same properties exceptthe
electric charge (which has an opposite sign). In additioiéoelectric charge, all the particles
of matter may carry as well a color charge (for the strongégon) and an isospin charge (for
the weak interaction). These charges are the responsitile pfrticle interactions which in the
SM happen via exchange of gauge particles of spin 1 (bogo@)e of the merits of the SM is
to unify the electromagnetic, nuclear weak and strong aatigwns under the same framework.
Thus the SM is a gauge theory based on the Sl SUL(2) ® Uy(1) symmetry group.

The SM can be described by three types of fields, the mattel fidlich corresponds to the

1Gravity, the fourth interaction, is not contained in the SMids extremely weak when compared to the other
interactions at these energy scales.

17



18 1. Theoretical Physics Motivations

1st generation  2nd generation  3rd generation
Quarks u (up) ¢ (charm) t (top)
charge+2/3 charget+2/3 charget+2/3
d (down) s (strange) b (bottom)
charge-1/3 charge:r1/3 charge:r1/3
Leptons e (electron) ©~ (muon) 7~ (tau)
charge:-1 charge:-1 charge:-1
ve (€7 neutrino) v, (1~ neutrino) v, (r~ neutrino)

Table 1.1: The fundamental matter particles of the Stantardel. Particles are grouped in
generations according to the increasing mass of the pestitlis noted that only the 1st gener-
ation, i.e.(u, d)and(e, v¢) are found in ordinary matter.

Theory Coupling constant Range [m] Ma&dV/c?]
v (photon) QED a=1/137 0 0
70 W= electroweak G m, ~ 10°° 10718 912,802
gi (gluons) QCD as~1 10°1° 0
G (Graviton) - Gm,~ 10 0o 0

Table 1.2: The gauge bosons (force carriers) of the Stariadz].

fermionic leptons and quarks summarised in Table 1.1; thiggdields, from which the gauge
bosons appear and the Higgs scalar fields, which explainghergtion of particles and gauge
bosons (Z and W) masses. The gauge bosons are 8 massless fgluttre strong interaction,
1 massless photon for the electromagnetic interaction andssive bosons, Z antf* for the
weak interaction as summarised in Table 1.2.

The weak interaction can be unified with the electromagetigzaction into the electroweak
interaction (EW) [3]. The EW theory predicts the existentd physical vector bosong/(Z
andW*). A theoretical prediction is that they are massless buvdotor bosons for the weak
interaction (Z andV*) were experimentally found to be massive. For the modellawafor
massive gauge bosons, an additional scalar field that btkakalectroweak symmetry has to
be introduced. This is called spontaneous symmetry brgdkin The scalar field will not only
provide masses for the gauge bosons but also predicts atioaddiscalar particle, the Higgs
boson [5]. The fermionic particles couple to the Higgs fiel@dbtain mass.

Hadronis the name of a non-elementary particle which is built ofrgs&eld together by the
strong force. Moreover, the hadrons are sub-classifié@igonsandmesonslepending if they
are formed by § or g, respectively. Mathematically, quarks are triplets of 81é-(3) gauge
group and it has been mentioned they carry color chargeshvari responsible for their par-
ticipation in the strong interaction (Quantum ChromoDyi@theory, QCD). The 8 massless
gluons mediate this interaction and they carry color ctatgemselves (thus self-interacting)
and they are supposed to be massless within the SM. On one dnaawtts are never observed
freely, they are always confined in bound states (i.e. indr&lsince they are color singlets).
This property is known asolor confinement It is due to the fact that gluons, that are color
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charged, interact with each other, leading to an increasgbeoftrong coupling constantd)

at large distances. On the other hand, at small distan@sshfgh energy) the strong coupling
constant decreases and therefore quarks and gluons cadéestood as free particles with the
so-called propertgsymptotic freedomin that freedom state, quarks can exchange gluons which
can produce additiongf pairs. Finally, the interaction between all these quarkbginons can
produce collimated groups of hadrons in the direction ofpthieent quark (so-called jets).

1.2 The search of the Higgs boson

The Higgs particle predicted by the model remains to be diEm at the time of writing.
However, several theoretical arguments strongly indittzdeif the Higgs boson exits, it could
be discovered at the LHC.

One of the main topics at LHC (at the ATLAS and CMS experimgistthe search of the last
missing piece of the Standard Model: The Higgs boson. Itsnsasot predicted by the theory.
If the SM has to remain a viablefective theory up to the Planck energy scaie ¢ 10'° GeV)
and the Higgs mechanism is valid, the Higgs boson mass neut lihe narrow interval of
130-180GeV/c®. The lower and upper bounds with respect to the energy scal@latted
in Fig. 1.1. For energy scales) ~1 TeV, the Higgs mass is constrained to lie in the range
50GeV < my < 800GeV/c®>. The LHC will be able to explore the Higgs mass range up to
1TeVc2

600 T T T T T T T T T T T T T

my= 175 GeV |
as= 0.118

500

400

300

mH(GeV)

200

100

logio A(GeV)

Figure 1.1: The predicted bounds from theory as a functiothefenergy scaléd. The top
quark mass is taken to ba = 175GeV/c?. From a small window of Higgs masses around
160GeV/c? the Standard Model is valid to the Planck scaelQ'® GeV). For other values of
the Higgs mass the Standard Model is only #ie&ive theory at low energy and new physics
has to set in at some scale(from [6])
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All LEP experiments have searched for the SM Higgs boson witfether 2465b™! of
e*e” data untill energies of 20@eV/c?. At these energies the Higgs boson mass is expected
to be produced mainly in association with a Z boson throughahnihilation of an electron
and a positron as shown in Fig. 1.2. The direct search of tiggddboson has only provided
a lower bound on its masey > 114GeV/c? (95% C.L.), resulting from the exclusion of the
kinematical range accesible to the accelerator. A glob#d fill electroweak data [7] leads to a
Higgs mass close to the lower limit and an upper limit0200GeV/c?, (95% C.L.).

In addition, Tevatron increased the exclusion range of thsstor the Higgs of 158-1TGeV/ ¢?
[8]. As due to the fits of all Standard Model parameters, atliglygs boson is preferred.
A mass of the Higgs bosomy > 175 GeV has a much lower probability than the range
114GeV < my < 158GeV. Including the ATLAS and CMS combination data up to half of
2011, the presence of the standard model Higgs is excludieimass range 141-4B&V/c?
at> 95% C.L.. Indeed, the region from 146 to 443 GeV is excludeabas C.L.. These limits
for the Higgs mass are recopilated to Fig. 1.3.

Figure 1.2: In this Feynman diagram, an electron and a pwosénnihilate, producing a virtual
Z boson that becomes a Z boson and a Higgs boson. This precesteid Higgs-strahlung and
it is the dominant production process for a standard modgd$ii

Higher order corrections to the electroweak observabkesnamost cases dependent on the
Higgs boson mass. Precise electroweak measurementsmedat LEP are accurate enough
to be sensitive to the mass of the Higgs boson through thebative corrections. It results
in a theoretical limit ofMy < 212GeV/c? [9]. The SM will not be able to survive without
modifications if the Higgs mass is above 1TeV.

The searh for the Standard Model Higgs boson has been useteaschmark to establish
the performance of important systems of the LHC experimemtsey are designed to cover
the diferent signatures of the Higgs boson, consisting in the ifieation of the predicted de-
cay modes and production mechanisms, with statisticaifgignce over all the mass range as
presented in figure 1.4.

Atlow masses (ny < 2my ), the Higgs width would be a few MeV, and so the observed width
would be defined by the instrumental resolution. The predamt decay mode would be into
hadronsH — bb) with a branching ratio of- 90 % but with the constraint to detect the channel
due to large QCD two-jet backgrounds. The significance ofHhe> bb can be increased
with the associated production of the Higgs with a W or Z @ pair but these channels have
smaller cross sections. A cleaner decay mode would be yy. The branching ratio is small,
0 (1073 and this decay mode is observable over a limited Higgs mexgen, between 80 and
150GeV/c?. The signal detection in this channel requires the rejeaidhe large backgrounds
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b% TATLAS + CMS Preliminary, \s = 7 TeV [—=— Observed
B L, = 1.0-2.3 fb/experiment {5 Expectedt 1o
c 10E SRS R SN Expected + 2
T R (RSN S S \ X
S = " D \\\\‘\ MBI RRNY LEP excluded
z \ R < [T Tevatron excluded
j N \\\\\ N ol 57 LHC excluded
. MR .
2 il
Yo} 1 N
o B RN =
n{|RRRRHIN
QUL
10—1 DRI RSN | 411y
100 300 400 500 600

Higgs boson mass (GeV/c?)

Figure 1.3: Experimental limits from the LHC on standard middiggs production in the mass
range 100-600 GeV. The solid curve reflects the observediexgetal limits for the production
of Higgs of each possible mass value (horizontal axis). Bgén for which the solid curve is
below the horizontal line at the value of 1 is excluded with5&®confidence level (CL). The
dashed curve shows the expected limit in the absence of tigsHhoson, based on simulations.
The green and yellow bands correspond, respectively to G&#95% confidence level regions
from the expected limits. The hatched regions show the siahs from the searches at the
different collidersResults from november 2011

]
8 1 H o~ vy
8 fLdt=301b . tHH L bb)
£ (no K-factors) A H - 2zz0 . a1
= ATLAS H - ww® - v
5 107 = qgH - gqww®
5 [ 4 qoH - qqm
n Total significance

10 |

|

P TR P IS SO SO SO NN SR S S BT
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Figure 1.4: Signal significance of the various SM-Higgs disry channels as well as for the
combination of channels, after one year or @0 (from [10]).
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from theyy continuum production and the two photon decay mode of thealgionsz® — yy.

In the intermediate Higgs mass regiom; > 150GeV/c?, the channeld — ZZ — llll, where
each Z decays to a pair oppositely charged leptons provideyalean signature. Below the ZZ
production threshold, one of the Z bosons is virtual and taeswan not be used as a constraint.
Nevertheless, the signal provided by the decay chaHnel ZZ* — llll can still be observed
with large significance. Alsdd - WW* — Ivlv would provide a experimentally clean channel
to study the properties of the Higgs boson.

For large masses)y > 600GeV, the decay modeld - WW — lvjj (where j stands for jet)
andH — ZZ — llvy are the only possible signatures. The rates for those relnigtn since all
three flavours of neutrino are available.

1.3 Limitations of the Standard Model

The SM appears as a successful theory describing the stnohglectroweak interactions of
elementary particles. The status of experimental measmtnin particle physics are in good
agreement with the SM predictions. Nevertheless therdlissine issues unresolved within
SM which can point to beyond SM Physics at the TeV or highelesca

Some of the deficiencies in the SM are enumerated below.

1. Grand Unification. The SM does not unify the strong and EW forces. Although the
strong interaction is described by the SM, it is not as goaxtideed as the EW force. Is
the Grand Unifying Theory (GUT) that really unifies thesecis [11]. But this theory had
also experimental problems because GUTs allow proton demag its lifetime depends
on the GUT scale. Very precise experiments have put lowetsliom the proton lifetime
and up to now no proton decays has been observed, implyingatHaast the proton
lifetime is longer than the one predicted by GUT. Furthere@ravity is not included.
Thus, new theories should be proposed.

2. Renormalization. A reasonable theory for physics should not produce anyiia§irfor
measurable quantities. As the SM is renormalizable, iefindn measurable quantities
can be absorved into non-measurable quantities. So thajahtities predicted by the
theory are well defined and have a finite value. This leadsaddtt, that these quantities
depend on the energy scale at which they are measured. dheridfe interaction cou-
pling constants, which set the strength for the interastipnesent the so-callednning
coupling constantfl2]. This principle applies to the coupling constants & 8M as well
as to masses. As the three coupling constants (electrori@gmeak and strong) are all
running, one could assume that they all cross at one poinaendnified there. But this
is not the case for SM as seen in Fig. 1.5(a). However, withespassible extensions of
the SM such as the minimal supersymmetric standard modebW)$12], with particles
of masses around eV, an unification of the three forces of the SM is possible as see
in Fig. 1.5(b).

3. Hierarchy problem. It is related to the huge gap between two fundamental scdles
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physics: the EW scale\gw ~ 10° GeV) and the Planck scaleé\é ~ 10*° GeV) where the
gravitacional interaction becomes important.

One of the consequences is that if no new physics exists battiese two scales, and
therefore the SM is valid up to the Planck mass, then the Higass diverges, unless it
is unnaturally tuned. The observable Higgs mass is compafsgdhare massMyo) and
radiative correctionssMy) and the correct physical vally may be obtained as:

M3 ~ M2, + SM3 (1.1)

The leading term of the radiative corrections is quadriiyicependent on the coupling
constant of the corresponding interaction and thus on tieeggrscale. This can be as-
sociated to the GUT scaleé\gyt ~ 10'° GeV) in order to be consistent with a relatively
light Higgs boson i1y < 1 TeV/c?). So that, the valua/lﬁO is required to be accurate in
one part in 1€°in order to compensate the divergent corrections. Thislprepwhich is

known as thdine tunningproblem of the SM, is still unresolved within the SM context.

If this large diference between the only fundamental energy scale in natdrdia energy
scale of the Higgs mass (and of the rest of the elementariciesrin general) exits, the
SM can be considered as a low-energfgetive theory of a more general unified theory,
where the lower energy scale would follow from symmetry kieg processes implied
and described in the theory. Anyhow, the hierarchy probledicates that the SM is
incomplete at the TeV scale where the LHC will be able to esqland therefore new
physics should either stabilize the Higgs mass, or if thegkligoes not exist, provide
mass to the weak gauge bosons by some other yet unknown nisoh&oth posibilities
will of course be known at the same time once this energy raneeplored.

4. The fermion mass hierarchy problem Beyond the ordinarily observed matter content
that can be constituted by the following fermions, (€7, u, d), the measurements have
confirmed the existence of 3 families: ¢,, 14, ¢, s) and¥., 77, t, b) are heavier copies
of the first family with no obvious explanation in the SM. Th®l §ives no prediction
for the number of fermion generations. Furthermore, thermiexplanation or prediction
of their masses, which are observed to have hierarchicedmpaspanning over 6 orders
of magnitude between the top quark and the electron. Ever mysterious are the
neutrinos, which are lighter still by many orders of magdéu

5. Neutrino masses The neutrinos are massless particles in the SM. Howewan fiif-
ferent experiments it is known that these particles havesasasThe new models have to
explain this fact.

6. Cosmological considerationlt is theorized that the baryon matter density-ig %. The
rest of the universe is made up ef24 % dark matter and 72 % dark energy [13]. SM
neither provides any explanation for dark energy nor it hasitable dark matter candi-
date. Similarly, the observed asymmetry between mattelaatiematter in the universe
can not be explained within the framework of the SM.
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1.4 Beyond Standard Model

Some of the above mentioned problems could be solved withehpeof the theoretical exten-
sions of the SM. Ambitious examples of these models are Sypenetry or Extra dimensions
that are described detailed in the next sections. Howdweretare other important models. The
2 Higgs-Doublet Models (2HDM) are one of the simplest pdsséxtensions of the SM that
includes enlargement of the scalar sector, a 4th generatitermions, Baryogenesis (it could
provide an explanation for the matter-antimatter asymyredtthe universe) and Dark matter (in
the case of thanert higgs doublet modelfor instance). A complete review of these models can
be found in the reference [14]. All these theories will bejeated of extensive searches at the
LHC.

1.4.1 Supersymmetry

An extension of the SM is the supersymmetry [15]. The sint@apersymmetric extension
of the SM is the Minimal Supersymmetric Model (MSSM) [12]. iSlyauge theory assumes
that every particle on the SM would have its own superpastiterthe same quantum numbers
but with the spin diering by /2 (each fermion has a bosonic counterpart, the squarks and
sleptons, and the bosons have fermionic superpartneesiggllinos and gauginos). It implies
the discovery, identification and the study of a whole newctpen of particles, including no
less than 5 Higgs particles. The entire parameter space d8SM can be studied at LHC.

All superpartners would be degenerated in mass with th@argdiparticles if supersymmetry
was not broken. This breaking leads to the superpartnetsradgrge masses. The possibility
of supersymmetric extension of the SM relies on strong asnisderived from theory. SUSY
would lead to the solving of the fiierent unexplained issues regarding the SM exposed above.
Within SUSY, the unification of the gauge couplings for thesy, weak, and electromagnetic
interactions is possible at the GUT energy scale (see Fiybje The supersymmetric particles
effectively contribute to the running of the coupling conssafur energies above the typical
SUSY mass scale.

Adding the supersymmetric partner particles leads to t@di@orrections which cancel the
guadratically divergent terms of the Higgs mass, herebyirspthefine tunningproblem of the
SM.

Another issue which remains still unresolved is gk matterin the universe. Most of the
missing dark matter is suggested to be in the form of nortivedtic cold dark matter, consisting
in weakly interactive massive particles (WIMPs). The deoafysupersymmetric particles, such
as squarks and gluinos, would involve cascades which alwagsain a neutralinoy), the
lightest neutral weakly-interacting supersymmetric johgt Supersymmetry provides thé€ as
a perfect candidate for cold dark matter. It is considereletstable in the MSSM and hence
expected to exist in the universe today. As tHevould interact very weakly with the detector,
the experiment would measure a significant missing tralsevemergyErT”‘SS, in the final state.
The rest of the cascade would result in a number of leptongedsd
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Figure 1.5: Running coupling constants of the three Stahkladel interactions. Itis shown the
inverse of the three Standard Model coupliagsvith i =1, 2, and 3 for théJ (1)y, S U(2). and

S U(3)c symmetry groups respectively as a function of the slidirges€ (in GeV) in (a) for
the Standard Model and in (b) for the minimal supersymmetttension of the Standard Model
(MSSM). The gauge couplings meet aimost exactly in one psathewhere around 10GeV,
usually referred to as the GUT scale (Gran Unification Theory

1.4.2 Extra dimensions theories

Several new models propose the existence of extra dimenfiéhleading to a characteristic
energy scale of quantum gravity in the TeV region and theegfolving the hierarchy problem.
Extra dimensions models add more space dimensions on td afdual three spatial dimen-
sions. In these theories, the SM fields are confined to a 4+tiimeal manifold, while gravity
can propagate through all the dimensions. Then, the obdereakness of the gravitational
interaction (compared with other interactions) is not famental, it is merely a consequence
of the existence of the extra dimensions. Moreover, the@ eimensions are assumed to be
curled up, such that their small size explains why they wadhvisible to us.

These extra dimensions may become detectable at very haghies. One possible experi-
mental signature could lead to the emission of gravitongkwkcape into extra dimensions and
therefore generatEmessor miniature black-hole production with spectacular decayolving
democratic production of fundamental final states suchtaslgptons, photons, neutrinos, W's
and Z's [17].
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Chapter 2

Experimental Framework

2.1 The Large Hadron Collider at CERN

ThelLarge Hadron Collide(LHC) [18,19] at CERN near Geneva is currently the largest ev
built accelerator. Itis installed in the existing.Z&mtunnel that was constructed between 1984
and 1989 for thé.arge Electron-Positron CollidefLEP).

It is designed to collide proton beams with a nominal cenfreaass energy of 14eVand a
luminosity peak of 18 cnm? s71. It can also collide heavy (Pb) ions with an energy &PeV
per nucleon and a peak luminosity ofZ1@nT2 s,

In order to accelerate the proton beams the existing CERBl@@tor complex is used (see
Figure 2.1). It starts with 50/eV protons generated by the LINAC?2 linear accelerator. The
Proton Synchroton Booster (PSB) increases the energytGdV before the SPS accelerates
the beam to 45GeVand injects it into the LHC. The maximum energy which can bagferred
to the beams is directly related with the accelerator radpi&eV/c)= 0.3gBr being p the
transverse momentum of the particl&the strength of the magnetic field in Teslas arttie
radius of the curvature of the circular accelerator in unftsneters). There are two transfer
tunnels, approximately.2 kmin length, linking the LHC to the CERN accelerator complextth
acts as injector.

Each beam has an internal structure as they are arrangedcéhédmiseparated in space which
condense up t0.15x 10 protons. Collisions will have a rate of 4dHz (i.e. one collision
every 25ns). The machine will run up to the design luminosity of*i@nt? st. A total
integrated luminosity of 300b~! is expected to be collected. At the time of writing, the LHC
is working at a peak luminosity of.85x 10°3 cnt? s7%. The LHC performance for the recent
years 2010-2011 achieves the foreseen plans as shown aibtlee?t 1.

The collider consists in two rings with counter-rotatingabes. A magnetic field of .83
Tesla is generated to bend the trajectory of the 7 TeV pro&amis along the LHC tunnel. It
is achieved by 1232 superconducting dipole magnets. Thid & magnets uses twin bore
magnets which consist of two sets of coils and beam channiéinvwthe same mechanical
structure and cryostat. This design comes to the fact tlealt HHC magnets have to accelerate

27
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Figure 2.1: Configuration of the CERN accelerator complea leations of the four LHC

experiments.
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Data taking year Integrated luminosity recorded by ATLAS peak luminosity
2010 45pb! 21x10%cnr?st
2011 5.257fb1 3.65x10%3cnr?st

Table 2.1: LHC luminosity for the year 2010 and untill octobm the year 2011 for collisions
at+/s=7TeV.

two beams of equally charged particles but in opposite tiors and there are obvious room
constraints. The coils are made of niobium-titanium (Nb¥liich is a material that allows to
reach the superconducting regime when it is.8tkL [19]. A detailed cross section of a dipole

magnet is shown in Fig. 2.2 where all its parts are depicted.
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Figure 2.2: Cross section of a LHC dipole magnet design sigvts components.

In addition, 392 quadrupolar magnets are used to focus amdatdhe beams. Also there
are sextupole, octupole and decapole magnets mainly fopensating the systematic non-
linearities. Some of the most relevant LHC parameters arensarized in Table 2.2.

The aim of the LHC is to reveal the physics beyond the Stanbiendiel from proton-proton
collisions with a centre of mass energy of up to TdV. In addition, LHC serves also for
precision measurements of the Standard Model parametées.fofmidable LHC luminosity
and resulting interaction rate are needed because of thik @mss sections expected for the
most interesting physics processes which will be discutsted However, with an inelastic
cross section of 8tnb, the LHC will produce a total rate of 20nelastic events per second
at design luminosity. This presents a serious experimelifiadtulty as it implies that every
candidate event for new physics will on the average be aceaieg by 23 inelastic events per

bunch crossing.
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| | Nominal Parameters |

Intensity per bunch 1.15x 10" protons per bunch
Number of bunches per beam 2.808
Bunch spacing 25ns
Average radius of a beam at interaction point (IP) 16 um
Crossing angle 300urad
Magnet field strength 8.33T
Dipole magnet temperature 19K
Total beam current 0.584A
Inelastic proton-proton cross section 80mb
Collisions per bunch crossing 23
Track multiplicity 700

Table 2.2: LHC general parameters at the high luminosityodf &nt? st

The number of events per second generated in the LHC coltis®given by:

Nevent= Lo event (2.1)

whereoevent IS the cross section for the event under study hrite integrated luminosity
which is defined by

szlj dt 2.2)

L is the machine instantaneous luminosity which depends emlthe beam parameters. It
can be written for a Gaussian beam distribution as:

_ Ng Ny frevyr

2.3

Ane 5 (2:3)

F= + (2.4)
1+ (s

whereN, is the number of particles per bunaty, the number of bunches per beafp, the
revolution frequencyy, the relativistic gamma factog, the normalized transverse beam em-
mittance,s* the amplitude function at the collision point. The latteotparameters together
describe the beamsize at interactigns a beam quality concept reflecting the concept of bunch
preparation ang* is a beam optics quantity and is determined by the accelemsgnet con-
figuration at the interaction pointF is the geometric luminosity reduction factor due to the
crossing angle at the interaction point. It is dependenthenfall crossing angle®., and the
bunch lengthg.

Theoretically, the luminosity can be increased by incregdioth the number of particles
per bunch and the number of bunches, and by reducing theséutéwsn area between them.
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Nevertheless, this is hard to achieve in practice since gjemimitation comes from beam-to-
beam dects. The proton bunch creates a hugely non-linear eleegostic field which modifies
the trajectory of particles from their ideal orbits. Thederon the particle is proportional to the
number of protons on the bunch, and limits the bunch intgsit- 10'* protons.

The LHC has two general purpose experiments, ATLAS [20] aMB(d21], both aiming
at a peak luminosity off = 10* cnT?s™ for proton-proton operation. There are also two
low luminosity experiments: LHCb [22] for b-physics, aimgimt a peak luminosity of. =
10%2 cnr?s7t, and TOTEM [23](integrated into CMS) for the detection obfams from elastic
scattering at small angles, aiming at a peak luminosity’of 2x 10?° cnt2s™L. In addition
to the proton beams, the LHC has also operated with ion bedimsLHC has one dedicated
ion experiment, ALICE [24], aiming at a peak luminosity 6f= 10?” cnt2s™%. Pb-Pb nuclei
collisions will be studied at a centre of mass energy.bflseVper nucleon. Related to the LHC
running with Pb-Pb nuclei collisions for the years 2010-R@here has been a peak luminosity
of 3.68x 1076 cn2s™* with collisions aty/s = 2.76 TeV. The LHC experiments can be seen in
the figure 2.3.

Figure 2.3: Representation of the LHC ring with its experna¢ underground caverns and
services at the surface buildings.

LHC experiment requirements

These LHC physics goals can be turned into a set of genenaitesgents for the LHC detec-
tors:

e Fast, radiation hard electronics and sensor elements @r toatope with the harsh radia-
tion environment. High detector granularity to reduce thertapping events.

e Good charge-particle momentum resolution and reconstruetficiency in the inner
tracker are essential to observe secondary vertices.
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e \ery good electromagnetic calorimetry for electron andtphddentification and com-
plemented by full-coverage hadronic calorimetry for aateijet and missing transverse
energy measurements.

e Good muon identification and momentum resolution over a \wéage of momenta.

e Highly efficient triggering on low transverse momemtum objects witliicent back-
ground rejection.

2.2 LHC Experiments

This section is devoted to a general description of the LH@eements. A schematic view
of them can be found in Fig. 2.4. A more detailed descriptidh e focused on the high
luminosity experiment ATLAS and in particular its silicoratker which constitutes the main
subject of this thesis work.

Figure 2.4: Graphical simulation of the huge LHC experinsgnbt to scale).

2.2.1 A Toroidal LHC ApparatuS (ATLAS)

ATLAS [25] is a general purpose experiment for high lumimpgup to 164 cnt? s1). Its
design has been optimized to be sensitive to a wide rangeysigshsignatures in order to fully
exploit the discovery potential of the hadron collider.
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The experiment will perform high precision measurementSkhhparameters and the Higgs
boson search. The relevant decay modes of the SM Higgs bagbe &HC energies were
explained before. These searches fix a set of requiremetgsnts of detector performance.
For example, from thed — yy decay mode, a very good electromagnetic calorimetry for
electron and photon identification and energy measurengrgguired, with gooa? rejection
and dficient photon isolation.

ATLAS is the largest LHC detector with 44 m long and 25 m higts. weight is 7000 tons.
The overall ATLAS detector layout is shown in figure 2.5.

25m r//

Tile calorimeters
- ) LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker

Figure 2.5: General view of the ATLAS detector. The dimensiare 25nin height and 44nm
in lenght. The overall weight of the detector is approxirhaf®00tons

The ATLAS detector is nominally forward-backward symmetsiith respect to the interac-
tion point. It comprises three main subsystems: trackirigray calorimeters and muon detec-
tors. From the inside out:

e Thelnner Detector (ID) combines high resolution discrete silicon detectarthie inner-
most layers (pixel and microstrips detectors) with a cardirs gaseous straw drift-tube
detector in the outermost radii. It is immersed in @ 8olenoid field. It ensures a robust
pattern recognition and momentum determination, pre@stx measurements, electron
indentification, and pion separation. The ID will be desedlin more detail later.

e The Electromagnetic Calorimeter (ECAL) for the identification and energy measure-
ments of electrons and photons. With an hermetic coveragses liquid argon (LAr) as
an ionization medium (it is also known as LAr calorimeterjthdead absorbers arranged
in a accordion geometry. The high granularity of the deteetements allows to work
with excellent performance in terms of energy and positesolution. It is surrounded
by cryostat as it needs very low temperatures to operate.
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e TheHadronic Calorimeter (HCAL) for the measurements of hadronic jets and missing
energy E?‘Sﬁ. The barrel calorimeter (TileCal) is provided by an irosatber and plastic
scintillator plates (called tiles). HCAL is separated iattarge barrel (TileCal) and two
smaller extended barrel cylinders, one on either side ofé¢im¢ral barrel. In the end-caps,
LAr technology is also used for the hadronic calorimeteovjling both electromagnetic
and hadronic energy measurements.

The showers produced by particles such asyth@de* are practically contained in the
electromagnetic calorimeter, as they can penetrate mgshtthen hadrons and produce
narrower showers. Often a hadronic shower will start in fleeteomagnetic calorimeter
and most of which will be absorbed in the hadronic calorimete

e TheMuon Spectrometer, a stand-alone tracking device for muon detection inclgdin

— High precision tracking chambers: the Monitored Drift Tal§DT) and the Cath-
ode Strip Chambers (CSC), for an excellent measuremenéahtion momenta.

— Trigger chambers with very fast response (timing resofutidl.5-4 ns) and bunch
crossing identification: the Resistive Plate Chambers (R#nG the Thin Gap Cham-
bers (TGC).

An air-core toroid magnet system generates strong benadivgidn a large volume within

a light and open structure. This magnetic system has a i@&eh long, with an inner

bore of 9.4 m and an outer diameter of 20.1 m) and two inseridecap magnets (with
a length of 5.0 m, an inner bore of 1.65 m and an outer diaméted.@ m). The barrel

toroid consists of eight flat coils assembled radially antisetrically around the beam
axis. The magnetic field provides for typical bending power8 Tm in the barrel and

6 Tm in the end-caps.

To select events of interest, a three-level trigger systeuséed. The hardware-based level-1
(L1) uses a subset of detector information to reduce theteaémto a design value of 75 kHz.
It uses information from the calorimeters and muon trigderabers. The two software-based
trigger levels, level-2 and the event filter, are colledtivienown as the High Level Trigger
(HLT) and reduce the event rate to about 200 Hz. This redudsigpossible because the HLT
uses seeded, step-wise and fast selection algorithms basbé reconstruction of potentially
interesting physical objects like electrons, muons, jetsks, and missingr and can provide
the earliest possible rejection of background events.

2.2.2 Compact Muon Solenoid (CMS)

CMS [26] is the other general purpose experiment for highimasity (up to 164 cn? s2)
and it has the same discovery potential as ATLAS althoughatsiware and software design
is different. It is smaller than ATLAS (2415 nm?) although heavier with 12500 tons. The
layout of the experiment is shown on figure2.6. At the hea@MfS sits a 13nlong, 6minner
diameter, 4T superconducting solenoid providing a large bending pod2rTm) sorrounded
by massive iron return yoke with 4 inserted muon chambersh Bauon chamber consists of
several layer of aluminum drift tubes (DT) in the barrel rgand cathode strip chambers (CSC)
in the endcap region where the muon rate and the neutron taokd) are higher. The muon
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system is complemented by resistive plate chambers (RR@icated to the trigger system and
are used in the barrel as well as the endcap regions.

The inner part is large enough to accommodate the innerdratd the calorimeter inside.
The electromagnetic calorimeter (ECAL) uses over 80 00itidleiting lead tungstate (PbWAD
crystals. The scintillation light is detected by silicorafanche photodiodes (APDs) in the barrel
region and vacuum phototriodes (VPTSs) in the endcap regiopreshower system is installed
in front of the endcap ECAL fog° rejection.

The ECAL is surrounded by a brassintillator sampling hadron calorimeter (HCAL). The
light is detected by photodetectors (hybrid photodiodesiBDs) that can provide gain and
operate in high axial magnetic fields. Two very-forward fwenic calorimeters exist outside
the coil, located at each end of the detector in a harsh iadifield and can therefore not be
constructed of conventional materials. Instead the alessrire made of steel, whichfiers
less activation under radiation than copper, and the steomrersampled by radiation resistant
quartz fibres.

The tracking volume is given by a cylinder aBdnlength and 2 mdiameter. CMS employs
10 layers of silicon microstrip detectors, which provide tiequired granularity and precision.
In addition, 3 layers of silicon pixel detectors are place@dii between 4 cmand 102 cm the
closest to the interaction region in order to improve the sneament of the impact parameter
of charged-particle tracks, as well as the position of sdaonvertices. Each subsystem is
completed by endcaps which consists of 2 disks in the pixlaiier and 9 plus 2 disks in the
strip tracker on each side of the barrel (see Table 2.3). Xpeated flux at a radius of dmis
3x 10* cnt?. For the strip region, at 2@mfrom the interaction point is expecteck2.0* cnv?
whereas X 10 cnT? are expected at 116m These fluxes are simulated [26] at an integrated
luminosity of 500fb~* corresponding to about 10 years of LHC operation.

\ ‘*\\\m

1
-

Figure 2.6: General view of the CMS detector. The dimensaresl5min height and 2Imin
lenght. The overall weight of the detector is approximaigd$00tones
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| Detector| distance from beamling Technology | Area [n¥] | Channels [M]]
Strip 55<R< 115cm p-on-n (50Qum thick)
pitch ~200um 210 66
22<R<50cm p-on-n (32Qum thick)
pitch ~80um
Pixel < 20cm n-on-n (285um thick) 1 9.3
oxygenated

Table 2.3: Technologies used in the CMS Silicon Tracker ttcimthe specifications for radia-
tion hardness and detector occupancy.

2.2.3 Large Hadron Collider beauty (LHCDb)

LHCb [27] is a low luminosity experiment (up to 3%cnT? s71) for measuring the parameters
of CP violation in the interactions df-hadrons. The LHCb detector is a single-arm spectrom-
eter stretching for 20 metres along the beam pipe and withheafal angular coverage from
approximately 10 mrad to 300 mrad in the bending plane. Iltslstectors are stacked behind
each other like books on a shelf. The choice of the detectumgéry is justified by the fact that
at high energies both tHe andb-hadrons are predominantly produced in the same forward or
backward cone. The layout of the LHCb spectrometer can beisdgg. 2.7.

Fcar HCAL
SPD/PS M3
Magnet RICH2 M1

T3

M4 MS

Figure 2.7: Schematic view of the LHCb detector.

It has a warm dipole spectrometer magnet providing an iatedrfield of 4 Tm. The LHCb
tracking system consists of the VErtex LOcator system (idiclg a pile-up veto counter) called
VELO that uses silicon microstrip detectors and four platmacking stations. The Tracker
Turicensis (TT) is upstream of the spectrometer magnet EISO) and three tracking stations
(T1-T3) behind the magnet, made of silicon microstrips ia ittner parts (Inner Tracker, IT)
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| Detector | Technology | Pitch [um] | Area [n¥] | Channelsi°] |
VELO n-on-n (30Qumthick) | [38-102] - ~172032
Silicon Tracker
T p-on-n (50Qum thick) 183 8.4 143360
IT p-on-n (320-41Qm thick) 198 4 129 024

Table 2.4: Technologies used in the LHCb Silicon Systemsdtcinthe specifications for radi-
ation hardness and detector occupancy.

and KaptopAl gas-tight straw-tubes for the outer parts (Outer Trackdr). The TT and the IT
are called the Silicon Tracker.

The particle identification system consists of two Ring IimgdCherencov counters (RICH 1
and RICH 2) to achieve excellemtK separation in the momemtum range from 1 to G0/ c,
and Hybrid Photon Detectors. The upstream detector, RICEot%ers the low momentum
charged particle range 1-60GeV/c using aerogel an@,4 F1o radiators, while the downstream
detector, RICH 2, covers the high momentum range fretb up to and beyond 108eV/c
using aCF4 radiator.

The calorimeter system is composed of a Preshower Dete®RiPS) in order to reject the
high backgrounds of charged pions and a Scintillator Paddetto reject the backgroundsdt.
After that, the classical structure of an electromagnedlorimeter (scintillatgtead structure)
followed by a hadron (scintillatgiron tiles) calorimeter is adopted. The muon detectionesyst
is composed of five stations (M1-M5) placed downstream ofithgnet along the beam axis. It
comprises 1368 Multi Wire Proportional Chambers (MWPC).

A more detailed description of the subsystems that usesiliechnologies are provided in the
following. The VELO consists of a series of silicon moduleach providing a measure of the
r and¢ coordinates, arranged along the beam direction. The tragidiates provided by the
VELO are used to reconstruct production and decay vertitbsauty- and charm- hadrons, to
provide an accurate measurement of their decay lifetimédd@measure the impact parameter
of particles used to tag their flavour. The modules have adsital geometry with circular
strips centered as perfectly as possible around the beamildheé innermost radius of the module
limited by the required beam aperture imBn They are formed by two concentric semi-circular
sensors. One of the two sensors of the module, caltednsor, provides information on the
azimuthal coordinate around the beam. The other senstagdaisensor, provides information
on the radial distance from the beam axis. The two halvesldHmai aligned to better than
100umrelative to each other in these coordinates. The damagkdorsin the most irradiated
area for one nominal year of running, i.e. an accumulatedriasity of 2 fb™*, is equivalent
to that of 1 MeV neutrons with a fluence of3x 10* neq/cn?, whereas the irradiation in the
outer regions does not exceed a fluence »flH!? neq/cmz. The detector is required to sustain
3 years of nominal LHCb operation. Table 2.4 shows the teldyies and some characteristics
of the LHCDb silicon subsystems.

During the production of VELO, the possibility of manufadhg full sizen* p sensors arose
due to the advantages that presents this sensor technaegyChapter 2), principally in cost
of manufacture due to that doubled-side processing is neded One full size module was
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produced in this technology and installed in one of the mpstream slots. It is foreseen to
replace all the VELO modules after damage due to accumutatidtion or beam accidents.

About the Silicon Tracker (ST), both TT and IT uses silicaipstensors with a pitch of about
200um. The IT covers a high cross shaped region in the centre ofhifee tracking stations
(T1-T3). Each of the four ST stations has four detection igyeth vertical strips in the first
and the last layer and strips rotated by a stereo angle’ @&né+5° in the second and the third
layer respectively. Related to radiation damage, for 10s/eboperation at nominal luminosity,
expected fluences in the innermost regions of the detector®tlexceed & 104 neq/cm2 for
the TT and 9 10'2 neq/cn? for the IT.

2.2.4 AlLarge lon Collider Experiment (ALICE)

ABSORBER

[ TRACKING "\

Figure 2.8: Schematic view of the ALICE detector.

ALICE [28] is a general purpose, heavy-ion detector whiadtukes on QCD, the strong inter-
action region of the Standard Model. It is designed to addifes physics of strongly interact-
ing matter and the quark gluon plasma at extreme values ofjgiensity and temperature in
nucleus-nucleus collisions. It will work at a peak lumintgsif 10?” cnt? s for nominal Pb-Pb
ion operation. Its overall dimensions arexX66x 26 m® with a total weight of approximately
10 000 tons.

It consists of a central barrel part and a forward muon spetdter as seen in Fig. 2.8. The
central part is embedded in a large solenoid magnet of 0.50mFRhe inside out, the barrel
contains an Inner Tracking System (ITS) of six planes of higgolution silicon pixel (SPD),
drift (SDD), and strip (SSD), a cylindrical Time-Projeati€hamber (TPC), three particle iden-
tification arrays of Time-of-Flight (TOF), Ring Imaging Qleakov (HMPID) and Transition
Radiation (TRD) detectors, and two electromagnetic caletérs (PHOS and EMCal). Finally,
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| Detector - layer] Technology | Area [n?] | Channelsii‘] |
SPD-1 n-type pixel, 20Qum thick 0.07 3276 800
SPD -2 n-type pixel, 20Qum thick 0.14 6 553 600
SDD -3 drift, 300umthick 0.42 43 008
SDD -4 drift, 300umthick 0.89 90112
SSD -5 strip, 200um thick 2.2 1148928
SSD -6 strip, 200um thick 2.8 1459 200

Table 2.5: Technologies and dimensions used in the ITS eteof ALICE to match the spec-
ifications for radiation hardness and detector occupancy.

the forward muon system consists of a complex arrangemeatisufrbers, a large dipole mag-
net (3 Tm) and fourteen planes of tracking and triggeringrdbers located up to 14 m from the
interaction point.

Focusing on the tracking in the central part, it is dividewithe ITS, and the TPC. The need
for efficient and robust tracking has led to the choice of a TPC as #ier tracking detector.
The TRD will also be used for tracking in the central regiompioving thep; resolution at high
momentum. Because of the high particle density (50 pastistgcn? is predicted for the inner
layer), and in order to achieve the required impact parammeselution, silicon pixel detectors
have been chosen for the innermost two layers, and silicétdétectors for the following two
layers. The two outer layers, where the track density is egoeto be below one particle per
cn?, are equipped with double-sided silicon microstrip detest All ITS is located at radii
between 4 and 48m The technologies used in the various layers of the ITS aresarized
in Table 2.5. The expected fluence at the location of the itayar (39 cm) of the ITS pixel
detector is B x 10'2 ngq/cn? for 10 years of nominal operation. The fluence at the outesrlay
of the ITS that is at 48mof the beam pipe is 8 10 neq/cn?.

2.3 The ATLAS Tracker: The Inner Detector

The ATLAS Inner Detector (ID) is a cylinder of length2zsm and a radius of 15 m and
performs the pattern recognition, momentum and vertex ureasents together with electron
identification. These capabilites are achieved with a disdnigh resolution silicon Pixel detec-
tor followed by a silicon microstrip detector, the SemiCootbr Tracker (SCT) and in the outer
part of the ID, the Transition Radiation Tracker (TRT) asrsigeFig. 2.9. The components of
the ID are summarized in the Table 2.6. The ID operates engueiida 2 T axial magnetic
field generated by a solenoid. This magnetic field is usedéading the charged particles and
measure their charge and momentum.

Mechanically, the ID is divided in three parts: a centralrbaregion and two symmetric
end-caps. The barrel extends oe80 cmalong the Z-axis. The silicon detectors are arranged
on concentric cylinders around the beam axis (three pix@riaand four SCT layers) up to a
radius of 56 cm. The Pixel and SCT modules at the end-capsrareged on disks along planes
perpendicular to the beam axis. The TRT consists of aboudB0@aseous straw tubes arranged
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End-cap semiconductor tracker

Figure 2.9: A cut-away view of the ATLAS Inner Detector, shogthe various subdetectors.

in 73 layers in the barrel region andx2.60 straw planes in the end-cap regions providing an
average number of 36 hits per track.

Due to the large track density expected at the LHC, the IDtedaizs and all the sensor
elements must be fast enough and of course radiation haadldition, a very fine granularity is
needed to handle the particle fluxes and to reduce the in#ueinaverlapping events. For this
purpose the ID has 5832 individual silicon modules (with@t86 million of readout channels).

2.3.1 The Pixel Detector

The pixel detector is the innermost subsytem of the ID. Itital\in order to achieve an
excellent pattern recognition close to the collision paintl very good-tagging performance.
It largely contributes to the impact parameter resolutiot t the ability of the ID to determine
secondary vertices.

The detector itself consists of one B-layer (for its impodain B-physics), two barrel layers

| Detector| distance from beamline [cm] Section | Layers| Area [n¥] | Channels [M]]

Pixel R~5.1 B-layer 1 0.2 13.2

99<R<123cm Barrel 2 1.4 54
89<R<15cm End-cap 3 0.7 6.6

SCT 255 <R<55cm Barrel 4 34.4 3.2
251<R<6lcm End-cap 9 26.7 3.0

TRT 554 <R <1082cm Barrel 0.1
617 <R<1106cm End-cap 0.32

Table 2.6: Main parameters of the Inner Detector.
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and two end-caps, with three disks each [29]. The B-layaydated at a radius of 5cmfrom
the interaction point (IP) and the two barrel layers & @nand 123 cm The two end-caps
situated at each side of the barrel are located@8 8 R < 14.96 cmfrom the beamline.

The pixel modules (identical for all regions) are singlécsih sensors of 88x 1.64 cn? di-
vided in 46 080 pixels and a size of pth x 400um along theRg andZ directions respectively.
They are an*n silicon pixel array bump-bonded to 16 readout chips. ph@inction is located
on the backside, with a multi-guard structure controlling potencial drop towards the cutting-
edges. These sensors have gB0of thickness. There are 1456 modules in the barrel and 288
in the end-caps.

23.2 SCT

The SCT detector is designed to provide four precision nreasents per track at intermedi-
ate radii of the ID. Like the Pixel Detector, it consists ofa@riel layers and 2 end-caps on each
side of the barrel where silicon modules are mounted. Thel®E#®088 modules in total where
2112 are barrel modules and 1976 are end-cap modules.

The four barrels are located at.2&m, 37.1 cm, 44.3 cm and 514 cm respectively from
the IP. On each barrel, the modules are placed in rows phi@ilee beam axis. There are 12
modules in each row with a total of 2112 modules [30]. A bameldule consists of two pairs
of single-sidedp*n silicon detectors glued back-to-back at @@ad angle and separated by a
heat transport plate. Each silicon wafer ig 6 cn?, 285um thick, and has 768 readout strips
with 80 um pitch. On each side of the module, two wafers are wire-boridgedther to form
12 cmlong strips. Combining the measurements from both sidegjoadimensional space-
point is created. The readout is performed by means of 12\iRBCD front-end chips and
mounted above the detectors on a hybrid. The readout chagists of a front-end amplifier
and discriminator, followed by a binary pipeline which s®the hits above threshold until the
level-1 trigger decision.

Each end-cap consists of 9 disks supported by a cylinder mitdules arranged in rings
within a disk. The disks are located at a.2% R < 56 cm from the beamline. The end-
cap modules are identical to the barrels, except in theipshttapezoidal in this case for a
¢-arrangement within a ring, but otherwise similar to therélamodules in electronics and
readout. A disk may have up to three rings, therefore thrpesyf end-cap modules (namely
inner, middle andouten) are needed [31]. Thefective strip length after bonding is 12 cm
for middleandoutermodules, and half this value farners(with only one sensor per side). The
strip pitch varies from 55 to 9pm depending on the end-cap module type.

233 TRT

The TRT is based on straw detectors which measure the i@nsidiation produced when
a relativistic charged particle crosses the boundary batweedia with dierent dielectric con-
stants [32]. The transition radiation is emitted as X-raya vvery forward direction with respect
to the parent particle trajectory.

The TRT geometry is optimized to maximize the production datéction of the transition
radiation X-rays in the polypropylene radiatior materiatladhe gaseous counters. The TRT
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consists of about 300 000 gaseous straw tubes arranged a@toles, and these mounted into a
barrel and two end-caps on each side of the barrel. Each modatains a variable number of
straw drift tubes depending on its position within the d&iecThe entire volume between straws
is filled with a low-density foam (polypropylene) fibre ratia Each straw is 144 cm long (for
the barrel) and has a diameter of 4 mm, each fitted with am8@diameter gold-plated tungsten
wire [33]. They are filled with a mixture of 709%%e, 27% CF,4, and 3%0, at atmospheric
pressure.

The TRT barrel is made of three cylindrical concentric ringach containing 32 identical
modules. Three types offtikrent modules are used (one per ring), identical in shapdibut
fering in size. Starting from the IP, the barrel covaerg8 cmalong the beam direction. In the
end-caps, the straws are arranged in 20 wheels per sidéediin two sets of identical wheels.
The two sets, namely type A, and B, contain respectivelywaind eight wheels each. The
straw length in the end-caps is 37 cm.

When a particle passes through the straw, it ionizes the mhshee electrons drift towards
the central wire (anode) acting the straw wall as cathodeaveaianche is formed close to the
wire where the electric field is high. The multiplication pess is in the proportional regime,
providing a signal amplification of 2.5 x 10*. The measurement of the time the charge spends
to drift towards the sense wire allows an stimation of wheegarticle crossed the straw with
a position accuracy of 14Qum.

2.3.4 Reference frame

The used ATLAS coodinate system is described following. ¥éetor that points from the
interaction point to the centre of the LHC ring defines th&™ axis and the *y” axis points
upwards. The ¥z” direction is along the beam axis. Besides the standarte€ian coordinate
system, especially for physics analyses, a coordinatemsystith (, ¢,6) is useful. R is the
transverse radius from beampipe anthe azimutal angle, measured from the x-a¥isan be
used to directly measure the angle away from the beampipe.

For describing tracks of particles in a detector, the rapi@) is especially useful becausg is
invariant under longitudinal (in z) Lorentz boosts. Rapid defined as

1 E+p|_

yZEIOgE—p._

(2.5)

where E is the energy of the particle apdis the longitudinal component of the momemtum
of the particle. For a particle with zero rest mass, this équoas reduced to

n=- Iog(tang) (2.6)

wheren is the pseudo-rapidity; is also a good approximation fgrin the relativistic limit.
This parameter is convenient for describing the coverage détector. A highy coverage,
meaning; > 1, means that a detector has good coverage in the forwaighegi

The momemtum and vertex resolution requirements from bysall from high-precision
measurements to be made with fine granularity detectorengdive very large track density
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| Detector| Section | 5 coverage| Resolutions[um] |

Pixel B-layer +25 Ry =10,z= 115
Barrel +1.7 Ry =10,z=115
End-cap| 1.7-25 Rp =10,R=77
SCT Barrel +14 r¢ =17,z=580
End-cap| 14-25 | r¢=16,R=580
TRT Barrel +0.7 130
End-cap| 0.7-25 170

Table 2.7:n coverage of the Inner Detector parts and their nominalrisiti resolution for a
whole module as defined by the performance requirement®dAThAS experiments [25].

expected at the LHC. The highest granularity is achievedraddhe vertex region using the
silicon pixel detector. The total number of precision layemnust be limited because of the
material they introduce. Typically, three pixel layer anghe strip layers (four space points)
will be crossed by each track. A large number of tracking mol{typically 36 per track) is
provided by the TRT. The combination of the two techniques gbbust pattern recognition and
high precision in botly andz coordinates. The pixel layers are segmentedpiandz, while
the barrel SCT detector uses small angle if#@d) stereo strips to measure both coordinates,
with one set of strips in each layer parallel to the beam tdacmeasuring¢. In the end-cap
region, the detectors have a set of strips running radialtiyaaset of stereo strips at an angle of
40mrad. The detector has been designed to have spatial resoldtiofhwon in r¢ and 580um

in zper module, containing orrg and one stereo measurement.

The TRT only provides¢ information, for which it has an intrinsic accuracy of 136 per
straw. The barrel TRT straws are parallel to the beam dorcind in the end-cap region, all
the elements are perpendicular to the beam axis. The sttavathihe outer radius contribute
significantly to the momentum measurement, since the lowagigion per point compared to
the silicon is compensated by the large number of measuitsnaen longer measured track
length. The expected measurement resolutions are sunedanizable 2.7.

The Inner Detector layout provides full tracking coveragerdy| < 2.5(Fig. 2.10), including
impact parameter measurements and vertexing for heawydfl@ndr tagging. The secondary
vertex measurement performance is enhanced by the innelagesof pixels.

2.3.5 Radiation Levels

The high interaction rate in proton-proton collisions auatshigh luminosity will lead to a
very high radiation level in the detectors. It depends ondiiector position relative to the IP.
So, the most intense fluxes will be inside the inner trackgiore

Charged hadron secondaries mainly charged pions fromsiiiejaroton-proton interactions
dominate the radiation backgrounds at small radii. Thetitute the most serious background
for the innermost layers of the inner detector as seen inZid. above. It can also be seen that
the charged hadron fluence contours run parallel to the le@mihich is a consequence of the
flatness of the charged particle rapidity plateau of mininiias events.
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Figure 2.10: Position angtcoverage of the inner detector components.

The fluence map for all neutrons is shown in the Fig. 2.11 belGlose to the interaction
point, charged pions dominate the bulk damage in silicorwéier, further out in the SCT and
TRT systems, neutrons are dominant. Some neutrons areategi from the interaction point,
as well as secondaries from the beampipe, but most of thera rmm albedo (backsplash from
the surfaces of the electromagnetic calorimeter). The danisource of neutrons is from the
endcap calorimeters, especially the FCAL. Table 2.8 shawggted radiation levels in key
areas of the detector.

| Location | freq (10" cnt?) |
Pixel B-layer 135
SCT layer 1 2
SCT disk 9 1
TRT outer radius| 0.25

Table 2.8: The expected 1MeV neutron equivalent fluefigg predicted for the inner detector
after 10 years of operation.

The dfects of background radiation fall into a number of genertd@aries:

¢ increased background and occupancies (Fig. 2.12) leadlingfficiencies, worsened res-
olutions and fake tracks.

¢ radiation damage and ageing of detector components andagles (Fig. 2.11).

¢ Interactions leading to anomalous deposits of local ramhatan disrupt electronic signals
(single events upsets) or destroy components (single elenage).
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Figure 2.11: Above, charge hadron fluence rates in the inetectbr, and below, total neutron
fluence rates in the inner detector. These fluence maps aveti@dpn units of kHzcn? but it
is noted that it does not imply periodically occuring everhe background fluence rates will

follow a Poisson distribution (from [34]).
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Figure 2.12: Higgs event: H> 2e 2u. In the upper part a "clean” event is shown. In the
picture below, the same event is shown with the expectedjsaakd for LHC design luminosity
(from [35]).

2.4 The High Luminosity Large Hadron Collider

The LHC detectors have been designed for a nominal lumino$it 0> cnr? s™t. An up-
grade of the LHC towards higher luminosities $16nT2 s™1) has been considered as an exten-
sion of the physics program [36]. This increase of almostander of magnitude in luminosity
will increase in the collision rate extending the sendiitd new physics by roughly 206 30 %
in terms of energy or particle mass, and allowing additi@mal more precise measurements to
be performed. The upgraded machine project is called supyelHadron Collider (SLHC).
However, it has been stablished a maximum operation luritinog5 x 10** cnt? st in or-
der to maximize the useful physics at high luminosity. Thésvrproject is denominated High
Luminosity LHC (HL-LHC).

The increase in the number of collisions would also put gredémands on the detectors
used in the experiments. Firstly, the number of particlesipced in each bunch crossing would
increase by a factor of 10. In order to reliably distinguigitveen the tracks produced by these
particles, the granularity of many of the detectors wouldch® be increased. Secondly, the
luminosity increase would also lead to a tenfold increasthénradiation damage received by
the detectors. Therefore, their design must function withimuch harder environment and
yet preserve, if not improve, their ability to maximize theguade’s physics opportunities. In
preparation for this, sever®& D programs are already working to provide guidelines for new
detector technologies, which may be employed at the aatietphigh radiation levels, as well
as to study and design the new possible detector layoutsdier ¢o be able to cope with the
improved physics program.

2.4.1 Expected Physics
Data from LHC detectors should be able to cover most of thadstal Model (SM) physics

program, in particular the Higgs discovery program. In &iddj LHC should be able to probe
the existence of physics beyond the SM, like SUSY, extradsimas or exotic phenomena (not
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predicted by SM) as lepton and quark compositeness. The pkgsics case for HL-LHC is
hence dificult to predict today, since it depends very much on what tHE€ lwill find or not
find.

The main goal of HL-LHC, as it appears now, is to extend thealisry reach for physics
beyond the SM and to improve the sensitivity for measuremetich are rate-limited at the
LHC. For this purpose, a large event statistics is esseifitislassumed that integrated luminos-
ity of 100-300fb~! (1000-3000fb~1) per experiment will be collected at the LHC (HL-LHC).
In addition, precision measurements of the SM parametdrbaiimited by systematic uncer-
tainties already after the first five years of data taking aCLIA few examples of physics case
in which HL-LHC can improve with respect to LHC are discusbetbw. More details on the
HL-LHC physics potential can be found in references [36-39]

When the LHC is running at design luminosity, if the Higgsstgj it should not scape from
discovery in almost the whole mass range. Once it has beanats however, parameters
such as the mass and couplings will need to be measured. aisaguire more than 30fb?.
Due to small branching ratios for clean final states, theeeirsuficient statistics to measure
the Higgs self-coupling at the LHC. As for the Higgs, if SUS¥dbserved at the LHC then
the masses and model parameters will need to be determiloedy with the connection to
cosmology (e.g. dark matter), the impact on Higgs phenotogyaand the SUSY breaking
mechanism. Depending on the scenario in which SUSY will akitself, the measurements of
masses and disentangling offdrent models could befiicult with the LHC.

If neither the Higgs nor SUSY is found, then other possik#itneed investigation, such as
other electroweak symmetry breaking mechanisms, extrambions, little Higgs models and
Technicolor. Detecting such new physics may also be beywaddpabilities of the LHC.

2.4.2 Machine plan

At the time of writing this memory, the plans for the upgradeni LHC to HL-LHC is
foreseen to occur in three phases, though they may change.

1. Phase 0
By 2012, more than 10b~* of integrated luminosity is expected to be delivered witd th
peak luminosity above #8cnt? s71. Then, a 18 months long shutdown is scheduled. It
is mainly for maintenance and technical consolidation fiar thachine performance and
some concerning experimentissues (for instance, ATLABWw#d to exchange the exter-
nal beam pipes with light material one). After that, fron2014, it is expected operation
with an increase of its energy from the current energy @feX/ to 14 T eVreaching the
nominal luminosity of 1x 1034 cnt? s71 (with few hundredsb! of integrated luminos-
ity) and a bunch crossing time of 2

2. Phase |
A second shutdown is anticipated a018. At least, it will last 9 months to consolidate
collimation, quadrupole focusing magnets replacement imgaraction regions due to
radiation damage and to prepare crab cavities (forfeecve beam crossing scheme)
and RF cryo system. This shutdown should make sure the nathireach double the
nominal luminosity. It is also foreseen to connect a newdjrealled Linac-4 (replacing
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the existing Linac 2) to the PSB as well as a PSB energy updrade 1.4 to 2 GeV
injection to the PS.

It is expected an operation with a luminosity up to 2-B0** cnt? st and delivered a
total of 300fb~! untill the end of this phase.

3. Phase ll.
~2022-2023 with a previous shutdown (18 months will be neddedstall and debug
a new ATLAS ID detector). Experiments expect to accumulgteéou3000fb—* with a
nominal luminosity up to & 10* cnt? s7* until ~2030. Various options are under study
to find the best way to deliver this luminosity, including linosity levelling so that the
high interaction rate will be sustained throughout thel sglloping with the very high

data rates and radiation levels at the HL-LHC will requirganahanges to ATLAS at
this time.

2.4.3 The ATLAS upgrade

For the ATLAS experiment, the timescale of such a significgugrade is driven by two major
factors: An increase in pile-up of events per beam crossimg 20 to 200, and an increase of
total fluence of particles. The former implies a finer grantydor the detectors to keep the
occupancy acceptable low and trigger and data acquistid@}Bystems able to handle much
higher event rates. The latter implies significant radiatlamage on the detectors as well as the
front-end electronics. In view of these limitations, theet¢or system will need to be replaced
or technologically improved in order to keep their perfonoa despite the large increase of
event rates and total particle fluence. The detectors atdoliv and large; are most fiected,
including the ID, forward calorimeter and forward muon wiseeOn the contrary, the barrel
calorimeters and muon chambers are left largely untouched.

The ATLAS plan foreseen for the upgrade period is the follayi0]:

Phase 0

e With increasing the luminosity the muon spectrometer isosgg to significant back-
grounds from low-energy neutrons and photons. Currefié/beam pipe in the forward
region is made of stainless steel which produces high backgis in the muon system
and becomes radiactive. A change of material in the beamtpiperyllium beam pipe
would significantly reduce the activation of the beam pipdhrge orders of magnitude
and hence the backgrounds rates in the muon spectromejer [41

e The innermost layer of pixels, the B-layer, is the closesth® interaction region and
therefore subject to the most severe radiation conditidrise original program of the
B-layer replacement foresaw the extraction of the B-laywet igs substitution with a new
one. However, this turned out to be unfeasible, so it is pdnmow to exchange the beam
pipe with a thinner one and use the additional space for alquixel layer, an insertable
B-layer (IBL). The IBL will serve as a backup in case of prabewith the innermost
layer, and will improve tracking and the determination af@edary verticesti-tagging).
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Phase |

During the second long shutdown, ATLAS detectors are bedagly for ultimate luminosity
by means of:

e To preserve Level-1 trigger sensitivity to high-leptons despite pile-up and cavern back-
grounds, various trigger upgrades are pursued: L1-MuorL&n@alo trigger upgrades to
combine them at L1 as well as possible new topological triggements. A hardware-
based fast track finder is being developed which will provitissively parallel pattern
recognition improving fiiciencies irb- andr-tagging and lepton isolation and completing
global tracking at the beginning of Level-2 trigger.

e All the muon chambers on the forward small wheels (Cathode &hambers) will be
replaced with new chambers with more layers to secure mgg@rformance. In addition,
new electronics is being developed for trigger improversent

Phase Il

e The forward region of the muon system has to be upgraded. Aidate option is to
replace the current Monitored Drift Tubes (MDT) and the CS@msystem with smaller
tubes with radius reduced from 30 to 15 mm. About 8 times Ipasecharge is expected
because the smaller cross section of the tube. Alternaptierois to do both tracking
and triggering with a single chamber. Several technologriesinder study (micropattern
gaseous detectors BicromegasMICRO Mesh Gas Structure, at@EMs Gas Electron
Multipliers) as currently used in the forward trigger systbut optimised for higher rate
operations.

e The forward calorimeter (FCAL) has to face intensive beaatihg and radiationféects.
Replacing forward calorimeter modules represents a sefmgistical challenge, since
it would require opening the end-cap cryostats and will tee years. To avoid this,
ATLAS considers installing avarm forward calorimeter module in front of the current
innermost module. This new forward calorimeter module wdake the burden of the
heat load, and would require new technology as well as aaditishielding on its inner
face, in order to protect the ID. In addition, the calorinmetgstems will need a new
generation of front-end electronics for better perforngaaed a finer granularity, as well
as for trigger improvements.

e Atthe HL-LHC conditions, the ATLAS TRT would experience exinely large occupan-
cies, while radiation damage to the sensors and FE electarfithe silicon microstrip
and pixel subsystems would seriously degrade their pedoomby 2019. For this phase,
the ID will be entirely replaced with an all-silicon systenitlwa finer granularity. At
the same time, it is necessary to minimise the material profilthe ID: dforts are al-
ready underway to investigate increased service muliipieand diferent construction
schemes. In addition, increased heat generated by FE ashautsglectronics will require
an upgraded cooling system.
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2.4.4 The tentative ID upgrade

The most significant upgrade for ATLAS will be the full repéaaent of the whole ID fore-
seen at the phase Il. In order to cope with the increase irupilevents by about one order of
magnitude at the higher luminosity, a silicon detector witthanced radiation hardness is being
designed.

The current ID utilizes silicon technology of pixel (Pixeadtéctor), strips (SCT) and transition
radiation technology (TRT) as seen in section 2.3. It has loesigned to survive the fluence
levels corresponding to 500b™t. Operating the tracker beyond this point would lead to a
degradation of the ATLAS tracking performance and henogt the physics output. In a typical
recorded event at the HL-LHC, it is expected to have00 collisions and about 10 000 tracks
per bunch crossing (being 20 collisions and about 700 tracks per bunch crossing umaer t
nominal LHC conditions). Simulations of the pile-up eveatpected from collisions under
LHC and sLHC luminosities are compared in Fig. 2.13(a) aid¢) (Plots provided by A.
Abesselam).

(b) Pile-up (400 collisions) at £ cn2s1 which
includes a safety factor over the maximum expected
200.

Figure 2.13: Simulations of the pile-u events expected fpooton collisions under LHC and
SLHC luminosities.

To maintain the tracking performance at this increased paecy of tracks, the upgraded
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tracker must have a finer granularity than the current tnadkg. 2.14 shows a possible layout
of areplacement tracker [42]. This layout would provideriaguired granularity to ensure good
pattern recognition in all regions of the tracker.

4+ 3+2 (Pixel, SS, LS)
V14—2009
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—=—120.8 21441
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Figure 2.14: This is the current strawman layout for the apgrof the ID, developed by the
Utopia (task force to develop the upgrade inner trackerxelPdarrel and endcap layers are
shown in green. In blue the three short strip layers are sgmited and the two long strip layers
in red. The five strip discs at each side are shown in purplé nbted that all the TRT are

replaced by strip silicon sensors.

For the upgrade at the phase-l, it is foreseen to ad# bow-mass pixel layer (at.3 cm)
inside the present B-layer together with a new beampipe pwore the impact parameter reso-
lution and compensate possiblefiiiéiencies of the current pixel detector. It is the so-callesl t
insertable B-layer (IBL). It is expected to have a radiati@ndness up te- 5x 10'° cnT? at the
designed peak luminosity of310% cnt?s™2.

For the phase-Il, the pixel detector will be fully replacgddobarrel layers within a radius of
about 3.7-20.9 cm. The barrel SCT will be extended to a 5Sagilimicrostrip layers at radii of
38, 49, 60, 75, and 95 cm. Currently it consists of only 4 layesm a radius of 30-51 cm. The
three outer barrel SCT layers will replace the barrel TR Fimer three layers are designed to
contain short 24 mme-long strips. These are ghert striplayers. The outer two barrel layers
are thelong strip layers. They are required to have 48 mm-long strip detectbrss design
is expected to keep the occupancy belo& % at the innermost radius, which is considered
adequate. The tracker will be completed with a set of dist@@ed normal to the beam axis.

As radiation damage scales with integrated luminosityrétkation environment inside the
tracker will increase. The short strip detectors are reglito withstand 2 x 10'® neq/cn?
which consists of approximately 50 % neutrons and 50 % cliahgelrons, while the outer
detectors will have to cope with610 neq/cn? consisting mostly in neutrons. The pixel region
will withstand a radiation dose of 210 neq/cm2 at the innermost layer. These quantities are
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summarized in Table 2.9.

All together, a detector with the described layout wouldeghavotal pixel area of about 408
with 300 million channels, and a total silicon-strip areabéur 1507 and 40 million channels,
a significant increase on the current inner tracker.

| Location | freq(SLHC) [10™cni?] |
B-layer at 3.7 cm 22
Outer pixel layer at 21 cm 3
Middle strip layer at 38 cm 1.2
Outer strip layer at 95 cm 0.5

Table 2.9: The designed fluencégy, predicted for the inner detector afterl0 years of oper-
ation under the sLHC conditions.

A massiveR& D program is under way to develop silicon sensors withisient radiation
hardness [43] and to design of a ID scheme for an appropiaetpn in terms of integration
engineering, powering, thermal management and cooling.

2.5 RD50 Collaboration

Considering the expected total fluences of fast hadronseab@$ cnt? in the HL-LHC, the
tracking detectors must be ultra radiation hard, providesadnd #icient charge collection and
be as thin as possible.

CERN has initiated a research program in order to find salstir tracking systems at
high radiation environment experiments as such in the HIGLBne of the projects is RD50
"Radiation hard semiconductor devices for very high lunsityocolliders”- . Itis a collaboration
for research and development to provide a detector techgolehich can operate safely and
efficiently under an environment as described above.

The RD50 Collaboration was created in 2001 and approved 02.20FIC-Valenciais a
founding member of the collaboration. Presently, RD50 t®artotal of 256 members with 46
participating institutes. This comprises 38 institutesirl 7 diferent countries in West and East
Europe, 7 from North America (USA, Canada) and one from Midgtst (Israel).

The main objective of the R&D program is:

To develop radiation hard semiconductor detectors that caroperate beyond the lim-
its of present devices. These devices should withstand fadsidrons fluences of the order
of 10'® cm™2, as expected for example for a recently discussed luminogitpgrade of the
LHC to 10%°cm?s™.

Further objectives are:

Lhttpy/cern.ctird50
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To develop new low-cost radiation hard technologies taimsent the tracker region.

The outline of recommendations to experiments on the optirmaterial, device, structure and
operational conditions for detectors and on quality cdngrocedures to ensure optimal radi-
ation tolerance. These recomendations should be suppoytéests performed on a generic
demonstrator detector system tested under realistic ipeaaconditions.

To achieve a deeper understanding of the radiation damage$s in silicon and other detector
relevant semiconductors with the aim to reach the aboveiorad goals and to support and
collaborate with other HEP detector related researchitietwon radiation damage.

RD50 covers all possible semiconductor materials and teolgies except diamond (RDAR
and cryogenic detectors (RD39 The approach is to understand the relation between micro-
scopic defects and macroscopic properties and to use theléahge to engineer new materials
with higher radiation hardness. In parallel new detectohmelogies are being explored and
finally the improvements are applied to sensor prototypesdtlider experiments.

The RD50 collaboration is organized in four research liree® (figure 2.15), which will be
described in the following:

e Defect and Material Characterization

The microscopic defect properties like type of defect, emtiation, cross section and
energy levels are determined by spectroscopic methodsiékp level transient spec-
troscopy(DLTS), thermally stimulated currenfTSC), infrared spectroscopyand more.
This characterization is applied to standard and new nadselbiefore and after certain
radiation scenarios. A subproject of this research lindhésWODEAN project, which
concentrates on defect analysis on identical samples {(@d@usamples irradiated with
protons and neutrons) performed with the various toolslabi@ inside the RD50 net-
work.

e Detector Characterization

Simple pad detectors made from these new materials areedtbglimeasurement of the
current-voltage (V) and capacitance-voltage (CV) chemastics, the charge collection
efficiency (CCE) and trapping times as well as electric field prefby means of the
transient current techniquélCT). Device models are developed on basis of these mea-
surements and optimal operational conditions are derived.

e New Structures
In this research line new concepts are studied like prodoati thin sensors and 3D
sensors. One important point is to find coeetive solutions.

e Full Detector Systems

Here, the newly developed strip sensors undergo the finadgesith LHC like electron-
ics. Results from pad, ministrip and full strip sensors ai@d compared.

TheFull Detector Systemsan be considered as the main frame for the developmentf thi
work. This subproject is devoted to:

“httpy/graybook.cern.giprogrammegxperimentd/RD42. htm
3httpy/graybook.cern.glprogramme@xperimentgRD39.html
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Co-Spokespersons

Gianiugi Casse and  Michael Moll
Liverpool University CERN FH-DT
Defect/ Material Detector New Full Detector
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Mara Bruzzi Brlchart Fretwurst Richard Batss Gregor Krambergar
(Flotence Uni/THFN) (HamburgUniversity) ((Hasgow Tniversity) (731, Ljubljana)
Characlenzation of Developm ent and *Test structure +3D detectors LHC-tike tests
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m aterials pre- and - High res CZ, MCZ =Device modeling =Compatison,
post-itradiation - Other im puzities =Operational pad-mini-full
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(G Lindstroem) (M ell) = New DMaterials (WLB oseardin) producers
(E. Verhitslcaya)

CERMN contact: Michael Mol

Figure 2.15: RD50 Organization: Research lines.

e Taking advantage of the LHC speed electronics to test theatié parameters for the
present segmented detectors. Study of the lifetime limihefsystem as a whole. Study
the possible improvement of the present system to be impitade

e Systematic evaluation of segmented detectors made of néy@ Riaterials and the stud-
ies of new structures.

¢ Anticpipation of the new problems connected with HL-LHCnks to R&D on electron-
ics.

e Device simulation of segmented devices.
e Design and realization of radiation hard pixel and miciipsietectors.

e Setup of low noise systems to measure microstrip and pixatserwith thin detectors or
new material to characterize very low signals.



Chapter 3

Silicon Detectors

Radiation can be detected via its interaction with the maltat constitutes suitable detec-
tors. Charged particles and photons interact with the @oestt atoms of the sensor material
producing free charges that can be converted into a detectaimal. Silicon detectors have
been used for energy measurements in nuclear physics $98de[44] and in particle physics
since the 1970s. After the discovery of charmed particleldinG, particle physicists started to
develop position sensitive semiconductor detectors iemiareconstruct tracks. In 1980, Kem-
mer introduced the planar technique [45] for the productibsilicon detectors which allowed
the segmentation of the sensor.

3.1 Semiconductor theory

3.1.1 Crystal structure

Silicon is an element of the IV-th group of the periodic talddeing characterised by four
electrons in its outermost orbital (valence electrong)ulgh the formation of covalent bonds in
a diamond lattice structure (see Fig 3.1). Although siliowery abundant on earth, it is rarely
found in its crystalline form. Several crystal growth teithues have been developed to produce
monocrystalline ingots, which will be used as the basic ntior the production of detectors.
These techniques will not be discussed here, but a good spnuawabe found in [46].

The lattice orientation of a silicon wafer is determined hg brientation of the seed used
to grow the ingot. The crystal orientation is referred to ider indices of the cutting plane
(wafer surface), denoted by (h,k,l). The notatidmk,|> refers to the vector perpendicular to
the plane (h,k,l). There are three possible orientations fdetector, namely100>, <110>,
and<1121>, pictured in Fig. 3.2. The éierence between the three orientations lies in the density
of surface atoms near the cutting plane, and hence the gesiinpaired electrons (broken
covalent bonds). This will influence the surface parameietle detectors. Thelll> offers

55
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Figure 3.1: Schematic view of the covalent bonds betweemoBisiand a cell of silicon lattice
(diamond structure).

the tightest packaging of atom layers and thus obtains thleelst energy loss for traversing
particles. Nevertheless, thel00> crystal orientation is preferred as it has the lowest serfac
density. This improves the radiation hardness with respestrface &ects. Also, the bulk
resistivity (the initial concentration of defeg®ping of the wafer) will depend on the crystal
growth technique as for detectors, the resistivity needi®tas high as possible in order to reach
a full depletion at a low voltage.

z

f x

(100) (110) (111)

Figure 3.2: Respectively (100), (110), and (111) lattidgemation planes (pictured in red lines).
The orientations100>, <110>, and<111> refer to the perpendicular vector to the correspond-

ing plane.

3.1.2 Band theory

For a complete understanding of the band structure, one taeycensidering isolated silicon
atoms and then they are brought together. When the atomsaapdrt, the possible energy
levels which can be occupied by electrons are quantizedlistwete energy levels and they are
the same for each atom. As, for instance, two atoms are btaogéther, each of the energy
level for each atom changes because of the influence of tlee atbm. However, since two
electrons can not have the same quantum numbers accordihg Rauli exclusion principle,
the discrete energy level (atomic orbital) must split inkm tsublevels (molecular orbitals) in
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order that each electron can occupy a distinct quantum. stéte amount of splitting depends
strongly on the internuclear distance of the two atoms. Thgec the two nuclei, the stronger
the perturbation and larger the splitting.

If three atoms are close together, a particular energy kplék into three separate levels of
slightly different energies. If several atoms are brought together intolacule, their atomic
orbitals split and produce a number of molecular orbitaljprtional to the number of atoms.
Figure 3.3 shows a schematic view of the evolution of thegnspectrum from an atom (a), to
a molecule (b) and to a solid (c). It must be noted that thetspjialso depends on the atomic
orbital. For the deepest levels, the splitting is smallerduse the orbital is tightly bound to its
own nucleus and it is not greatlyfacted by the perturbation. In that orbitals, the electrars a
found located in particular atoms even when the internuaéestance is small. Higher-energy
levels, which have larger radii, are only loosely bound teirttown nuclei. These levels are
occupied by the valence electrons that are deslocatedaarb@art of the whole system.

Atom Molecule Solid

ﬁ ~ ~ Wa

(a) (b)

Figure 3.3: Schematic view of the evolution of the energycspen from an isolated atom (a),
to a molecule (b) and to a solid (c).

When a large number of atoms (of orde?36r more) are brought together to form a solid, the
number of orbitals becomes exceedingly large, and tfieréince in energy becomes very small,
so the levels may be considered to form a continuous bandesfgrthan the discrete energy
levels of single atoms. However, some intervals of energyain no orbitals i.e., the forbidden
energy levels form band gaps. As the energy range within d dapends on the internuclear
distance and does not depends on the number of atoms in tieensytke larger the number of
atoms, every band will contain a larger number of energyl$adistributed approximately in the
same energy range for a particular internuclear distance.

The way how these bands are formed and filled determine whetberystal has insulator,
metal or semiconductor properties. The structure of anamsy semiconductor and conductor
are shown in Fig. 3.4. The lower-energy, almost fully ocediand is called the valence band
and the upper-energy, almost unoccupied band is callecbtimduction band.

In a semiconductor, atk) all the electrons will occupy the valence band and there @an b
no net current flow. There is an energy gap between this andahéuction band. At room
temperature (30&) some of the electrons become thermally excited to the ottimuband
leaving holes in their place. Any hole can be filled by an etatfrom a neighbour atom, thus
resulting in the net flow of the hole. Holes can therefore lgaréed as positive charges and can
be described with a "positive charge mobility”. Thermal ixiton produces new electro-hole
pairs while other pairs recombine.
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(a) Insulator (b) Semiconductor (c) Metal
Conduction Band Conduction Band
(empty) e o ® Conduction Band
Eg ~ 1eV

Eg ~ 9¢V ‘O_O_OJQ

Valence Band Valence Band

Valence Band
(full)

Figure 3.4: Band structures of (a) an insulator, (b) a sendaotor and (c¢) a conductor.

An insulator has similar band structure to a semiconduetarept that the bandgap energy is
higher. This means that there are no free electrons and hottes ordinary temperatures. In a
conductor, there is no band gap between the occupied andupied states, which means that
the electrons are able to move freely even at low tempesture

Let consider silicon atoms. Figure 3.5 shows the band slitbf silicon whose atomic
structure is ¥ 2% 2p® 3¢ 3p?.

4N states
0 electrons

6N states
2N electrons

4N states
4N electrons 2N states

2N electrons

Electron energy ——p

|
|
|
|
|
|
|
1

¢ I ——

Figure 3.5: The splitting of the 3s and 3p states of silicda the allowed and forbidden energy
bands as a function of the distance between the atoms. N mithber of atoms.

Ten of the fourteen silicon atom electrons occupy deep gnlexgls h = 1,2) which are
completely full and tightly bound to the nucleus. The foumegning valence electrons are
relatively weakly bound to the nucleus at the- 3 level. At a particular internuclear distance,
the 3s and 3p states interact and overlap. The bands spiibbufour quantum states per atom
are in the lower band and four quantum states are in the ugmet. At absolute zero degrees,
electrons are in the lowest energy state, so that all stateégilower band (valence band) will be
filled and all states in the upper band (the conduction baiitipevempty. The bandgap energy
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Ey between the top of the valence band and the bottom of the ctindiband is the width of
the forbidden energy band. In silicon, the width of the gah12eV.

The Bloch Teorem

It has been discussed qualitatively how and why bands ofvaliicand forbidden energies are
formed in a crystal. These concepts can be developed mamtigly by considering quantum
mechanics as shown here.

The behaviour of an electron in a crystalline solid is detead by studying the appropiate
Schradinger equation [47]. This may be written as

e V24V =E 3.1
(—ﬁ . (r))w)— () (3.)

whereV/(r) is the crystal potential seen by the electron, giId andE are respectively, the
wave function and the energy of this electron. The cryst&ptiial has a periodic nature since
the atoms in a crystal are located at regularly spaced wétatbpositions. For silicon atoms
the lattice constant is.53095 A at 300 K. Thus an electron propagating through a arystl
interact to every atom in the solid as well as with other etew. Every electron will thus see a
periodic potential satisfying,

V(r +a) =V(r) (3.2)

wherea is the lattice constant. According to tioch theoreni47], the solution of equa-
tion 3.1 for a periodic potential has the form

Uni(r) = Uni(r) €0 (3.3)
and these functions are called Bloch functioog(r) modulates the amplitude of the wave

function associated with the free particle motion of elect from one cell to the next, as shown
in Figure 3.6 and has the same period as the lattice itself,

Unk(r + @) = Unk(r) (3.4)

l}nUmUﬂ ﬂf\ [

Figure 3.6: The Bloch function wave. The smooth curve regrtssthe waved®™ which is
modulated by the atomic like functiap(r)
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Therik is referred to as the crystal momentum &nisla quantum number characteristic of the
discrete translational symmetry of the periodic crystdle Second index of the wave function
is known as the band index.

The wave functionyn(r) of a particular electron is a crystal orbital, as it is dealized
through the solid, and not localized around any particuiama Thus the electron is shared by
the whole crystal. The probability densjtyx(r) |?, gives the probability of finding the electron
at a particular position in the lattice.

The variation of the parametkwill lead to a continuous variation of the eigenvaliligg and
this continuous variation dt is what is meant the term band structure. The number of bands
can be large and only the lowest ones are occupied by elact®ach band covers a certain
energy range. The energy intervals between the bands tiestie energy gaps, which are
forbidden energies that cannot be occupied by electrons.

Electron Effective Mass

The movement of an electron in a lattice will betdrent from that of a free electron. The
electron motion through the crystal is visualized as a Iaedlwave packet composed of a su-
perposition of Bloch functions of fierent wave momenta around an average wave momentum
k. It is important to note that the same concepts are appli¢isetonovement of a hole consid-
ering electrons and holes as charge carriers. In additian &xternally applied force, there are
internal forces in the crystal which influence the motion let&ongholes in the lattice. It can
be written,

Ftotal = Fext+ Fint = m-a (3.5)

whereFta, Fex, @ndFine are the total force, the externally applied force and therirdl
forces, respectively, acting on a particle in a crystal. pammeten is the acceleration anu
is the rest mass of the particle.

Since it is dificult to take into account all the internal forces, it is veittthe equation,

Fex=1T-a (3.6)

where the acceleratianis now directly related to the external force. The parammetecalled
the dfective mass, takes into account the particle mass and &ess itsto account thefiect of
the internal forces.

It can be proved that thefective mass of an electron in a crystal is related to the dispe
relation of the energf with the crystal momenturk that is, to the band structure itself.

For a 1-D crystal, if an electric field, is applied to the charge carrier, it is obtained

dy
Fext=—€e=m"- d_tg 3.7)

wherevy is the group velocity of the electrgimle wave packet that is given by
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dw 1
Vg=@=%VkE (3.8)

Using the equations 3.7 and 3.8, it is obtained

o 1

m~t= ﬁ vk VkE (39)
For an anisotropic band structure as for electrons in Si grtfm* can be larger along

one direction than another, depending on the shape of thhgyebands. To say that the mass

depends on the direction just means that it depends on thesvafky, k, andk, that determine

the direction of the wave packet. In this case the scdfactive mass is formally replaced by an

. «—>
effective mass tensomy*:

()t = L EWK) (3.10)

12 dkiok;

The dfective mass is a parameter that relates the quantum meshartice classical force
equations. In mostinstances, the electron (hole) in thdwction (valence) band can be thought
of as a classical particle whose motion can be modeled by &eart mechanics, provided
that the internal forces and quantum mechanical propatesaken into account through the
effective mass. That is, a electron in a periodic potential celecated relative to the lattice in
an applied electric (o magnetic) field as if the mass of theteda were equal to anfliective
mass.

3.1.3 Intrinsic silicon

The thermal excitation of an electron from the valence banith¢ conduction band creates
free charge carriers in both bands (electrons in the commubgind and holes in the valence
band). The numbar of energy levels in the conduction band occupied by elestiorequilib-
rium is given by:

n= fEc Ne(E)Fe(E)dE (3.11)

whereE. is the energy value at the bottom of the conduction basdE) is the density of
states per unit volume for electrons which is given by [47]

Ne(E) = 5518y VE - E; (3.12)

The probability that a state of energy E is occupied by artelacomes from the Fermi-Dirac
distribution, F(E):

1

1+exgEE

Fe(E) = (3.13)
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wherexg is the Boltzmann constant and T is the absolute temperaitheyl (300K) ~ 0.026eV.
Er is the Fermi energy and typically corresponds to a pointectosthe halfpoint of the band
gap for intrinsic silicon. It represents the energy levelskhs occupied with a probability of
exactly 05. Therefore, the concentration of electrons in the coridndiand is integrated to
give:

c—Er

n = Necexpg— E ) (3.14)

KB
with Ec being the energy at the bottom of the conduction band andfthetige density of
states in the conduction bandg, given by:

.
Ne = 2(TE<BT y3r2

> (3.15)

wherem is the dfective mass of the electron in the conduction band.

It is useful to calculate the equilibrium concentration ofds, p, in the valence band. The
distribution functionF(E) for holes is related to the electron distribution functiey{E) by:

Fr(E) = 1 - Fo(E) (3.16)

because a hole is the absence of an electron in the valende Baom equations 3.13 and
3.16 one obtains: L

exp =) +1

K

Fr(E) = (3.17)

If the holes near the top of the valence band behave as jartigth éfective massp, the
density of states per unit volume for holes is given by

2
NH(E) = 5y (12 VE,—E (3.18)

whereEy is the energy at the top of the valence band. Proceeding agpution 3.14, one
can compute the hole concentration in the valence band:

Ev - Er
KBT

p = Nvexg ) (3.19)

where the &ective density of states in the valence bald, is given by:

27T|'T]r.|KBT
Ny = 2(———)%? 2
v = 2—) (3.20)
By taking the ratio of equations 3.14 and 3.19, Hieis obtained,
Ec + Ev kgT Ny
Ef = —In|— 21
E 2 + 2 n(NC) (3 )
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In an intrinsic semiconductor, the concentration of hoéesqual to the concentration of free
electrons and is called the intrinsic carrier density:

n=p=n = \/NCNVeXQ—ZKE—;_I_) « T%exq%) (3.22)

whereEg = Ec — Ey denotes the gap energy (this decreases with the temperatddor
silicon at room temperatuieg = 1.12eV [47]). The only assumption made is that the distance
of the Fermi level from the edge of both bands is large in caispa withxgT. These results
hold for impurity ionization as well.

Multiplying the two distributions results in

E
np=n? = NeNyexp-—=) (3.23)
KBT

This property is referred to as timeass action lawlt is valid for intrinsic or doped material
in thermal equilibrium.

3.1.4 Doped silicon

It is possible to compute the intrinsic concentration ofieas in silicon from equation 3.23
being 145x 10%nT3 at 300K [48]. Taking into account the density of the material (see
appendix A), this implies that one out of ¥Gatoms is ionised. To increase the concentration of
carriers, silicon can be doped with impurity atoms. Suchunijes must be atoms of the llird
or the Vth group of the periodic table. These will replace saiticon lattice atoms and form
covalent bonds with the neighbouring atoms as shown in Fig. 3

L . o - atoms

- - Electrons shared
Phosphorus > by neighbouring

= =3 P
. -;@) o J@’. e 0w ';.g..-?-.}.; .
-

Figure 3.7: Schematic of doped silicon with Boron atoms Wlaaly have three valence elec-
trons and leaving an extra hole and Phosphorous atoms wéttefactrons in its valence shell
leaving an extra electron.
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The elements of the Vth group, as Phosphorous (P), are caltatbrs”. They have five
electrons in the valence shell; four of them form covalemtdsowith silicon atoms and the fifth
one is only weakly bounded so that thermal energy is enoudting it into the conduction
band. From the band point of view, the donor atoms createggrievels near to the top of the
band gap which corresponds to the states of the fifth eleepported by the donor atoms. As
the energy gap of the new states with respect to the condulotiad is rather small, at room
temperature, all the donors are positively ionised thuesgctincentration of free carriers is equal
to the concentratioly of impurities sinceNg >> n;. A silicon crystal doped with donors is
called n-type because of the excess of free negative chargers. In this case, the conductivity
in the crystal is determined by the flow of these electrongyTdre the majority carriers while
the holes are denoted minority carriers.

Another type of doping is due to the so-called "acceptorments of the Ilird group as
Boron (B). They have three electrons in the valence shetlrelates electron deficiencies when
replace silicon atoms in the lattice. The resulting holeseasily filled by thermally excited
electrons coming from silicon atoms. The acceptor atomaterenergy levels near to the bot-
tom of the band gap which corresponds to the unoccupiedsstatee hole left by the acceptor
atoms. As the energy gap of the valence band to the new statather small, at room tem-
perature they will be occupied and hence the impurity atoresiagatively ionised and holes
are created in the silicon. The concentration of free cariiequal to the concentratidi, of
impurities sinceN, >> n;. A crystal doped with acceptors is denoted as p-type, andahduc-
tion is mainly due to holes, its majority carriers. The twads of doped silicon is ilustrated in
Fig. 3.8.

c. I .

Extra electron
Er L) ] o4

energy levels

EF O @) [@) ¢} O & Extra hole

EV EV energy levels
Valence Band Valence Band

N-type P-type

Figure 3.8: The extra levels in the band model created byrtipuiity atoms are shown for

n-type and p-type silicon. In n-type material there aretetecenergy levels near the top of the
band gap so that they can be easily excited into the condulbtiad. In p-type material, extra
holes energy levels in the bandgap allow excitation of ve@dmand electrons, leaving mobile
holes in the valence band.
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Carrier Transport

Free electrons and holes in a semiconductor are constamdgrgoing random thermally
motion, but this alone does not result in a net current flovesehcharge carriers in silicon have
athermal velocity of the order $0n/s[49]. If now it is considered the application of an external
electric field, E, the charge carriersfar an acceleration. The carriers scatter frequently, ¢psin
momentum in each collision, nevertheless the charge caweél travel at an average drift
velocity given by,

Vdrifte = —MeE (3.24)
Vdrift,h = UhE (3.25)

whereue anduy are the mobilities of the electrons in the conduction barditae mobility
of the holes in the valence band respectively. It is defindaktpositive for bottke™ and holes.
At lower electric fields, the drift velocity is small comparéo the thermal velocity, and the
scattering rate is independent of the field strength. Sodtiftevelocity increases linearly with
the field strength, and the mobilities will be roughly comstddowever, as the field strength and
drift velocity get high, scattering occurs more frequerdlyd eventually the velocity saturates.
Thus, a field dependence mobility model assumes

uE

HE
Vsat

V(E) = (3.26)

wherevsy is the drift saturation velocity. The drift velocity of halén silicon saturates at an
applied electric field of approximately 1&/cmand it corresponds to a velocity of 16nys.
For electrons the maximum drift velocity is approximately 20’ cnys, at a lower applied
electric field of 4x 10° V/em[50].

Apart from this, it is important to note that the electron daade mobilities may be dierent;
for example, the electron mobility in silicon is about 3 tisrtbe hole mobility at 30& as seen
in Table 3.1. The hole maotion is smaller due to the holes camchbapied by both free electrons
and atomic electrons. ltgfect is that the fective mass of holes in silicon is higher than the
one of electrons [49] and the mobility is related to the ckargrriers fective mass by means
of equation 3.27.

Jeh = €Ten/MS, (3.27)

wherem,, is the éfective mass of the electron or hole ang refers to the average time taken
between two collisions of the free moving carriers.

pe(cm?V=s™) | up(cnfV-is™)
Silicon 1350 480
Germanium 3900 1900

Table 3.1: Mobilities for electrons and holes at 30@or silicon and germanium materials.
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In addition, in silicon at a temperature range of 200 < 400K the mobility varies ag ™
wherem = 2.5 for electrons andn = 2.7 for holes [49].

The drift current densitygrift, IS given by

Jaritt = pVaritt = pE (3.28)

wherep is the charge density. It depends on considering the electrahe hole current
and is given by = gnfor electrons angp = gp for holes. The resistivity is defined as the
proportionality constant between the electric field E areddhift current densitygyift:

E = 0Jaritt (3.29)

while it depends on the concentration of both free carrielecfrons and holes) and on their
mobilities, e andun:

E 1 1

= = == 3.30
% T quen+mp) o (3.30)

The conductivityg, is also defined in the above equation.

For intrinsic silicon, one obtains~ 235KQcm The charge neutrality condition governs the
number of carriers:
n+N; =p+NJ (3.31)

When the net impurity concetratigriNg — N | is much larger than the intrinsic carrier con-
centratiom;, thenn = Ng — N, in the conduction band arqal= N, — Ny in the valence band. So,
for p-type silicon,

1
= 3.32
0= GNa (3.32)
and analogously for n-type silicon,
1
~ 3.33
> Gilg (3.33)

Both types of silicon can be used as bulk material for detsctdHowever, the p-type is
preferred for very high radiation environment as expecteldlaL HC as it will be shown in
chapter 4.

3.2 The pn-junction

A pnjunction is one of the elementary building blocks of almdssamiconductor devices
such as diodes, transistors, solar cells, LEDs, and intedjicrcuits. It basically the interface
formed by contacting p-type and n-type silicon materiale pktype silicon is electrically neutral
but has a population of holes in the valence band with a deasitl; and the n-type silicon is
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also electrically neutral but has a population of electriorthe conduction band with a density
of Ng. These charge carriers are free to move. When this two sechimbors are joined there
is a gradient in these carriers concentrations resultirtgeérformation of two opposite currents
across the junction:

e Diffusion Current, Jgis¢

Due to the density gradients, the electrons of the n-sidetstaiffuse towards th p-side
and recombine with the holes. The holes in the p-sidieisk into the other direction and
recombine with the electrons in the n-side. It results inffudion current:

Jaitt = 9(DnVN—DpVp) (3.34)

with Vn andVp the charge carrier gradients across the junctionnendD, the difu-
sion coeficients for electrons and holes respectively gisetne Einstein relations [51]:

Dn,p = Tﬂe,h (3.35)

e Drift Current, Jgrift

The difusion of the electrons (holes) leads to fixed positive ctiifgegative) ions in
the n-type (p-type) silicon. Due to these space charge megm electric field will be
developed from the n-side towards the p-side. The eleabtiergial can form a barrier for
further difusion and it will cause carrier drift in the opposite directito difusion. The

drift current as explained above is given by:

Jaritt = A(uen + unpP)E (3.36)

The device will reach a state of equilibrium when the netentrflow is zero,

Jaritt + Jaiff =0 (3.37)

A "depletion region” is created with much lower carrier centration than the bulk material.
Due to doping, the Fermi level will move towards the valeneadfor p-type material and
towards the conduction band for n-type material. At thergwlilibrium, the Fermi level at
the pn-junction has to line up. This will shift the valencedaronduction band leading to a
barrier potential [49]. If the Fermi levels were unequagrimet current flow would occur. The
characterisctics of the pn-junction are plotted in Fig.3.9

The height of this barrier potential depends on the puritthefmaterial and, assuming that
N, andNy is much bigger than;, it can be calculated from:

KT, NaN
Vbi = —In a2d
n:

1
Itis called the built-in potential and is of the order of a faundred of milivolts. The barrier
is high enough that few electrons can cross from n-type ypp-tegion reducing the flusion
current.

(3.38)
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Hence by joining n- and p-type silicon together a region eated which is depleted of free
charge carriers and experiences a built-in electric fielltdithe ionized atoms in the junction.
This region is perfectly suited to the detection of radiatitmcident radiation on this region ion-
izes the silicon and the resultant electron-hole pairsheilhccelerated under the built-in electric
field. They will move in opposite directions to produce a meable signal. It is the operation
principle for radiation detectors in which the free spacargk region has to be extended over
the full sensitive area to increase the collected signalibibediscussed in the following.

Reverse bias

In equilibrium, the difusion of electrons (holes) due to the unequal majority achaagrier
concentrations in the n-type and p-type materials is corsguen by the drift of electrons (holes)
in the opposite direction induced by the space charge. Aereat voltage applied to the pn-
junction will disturb this balance and influence the drifdagiffusion currents of the charge
carriers and therefore, the space charge region. The tatart density through the junction of
an ideal diode can be described by the Shockley equation [49]

J= Jo(e —1) (3.39)

The saturation current densitls is given by

_ 9Dppro N dDnNpo

Jo = L, L (3.40)

whereD, and D, are the difusion codicients for electrons and holegye andny are the
hole density in the n-side and the electron density in th&e-at thermal equilibrium, and
Lp = +/Dptp andL, = Dyt are the ditusion lengths of holes and electrons.

The space charge region may be extended by the applicatian external potential of the
same sign a¥},; across the junction. If a negative potential is applied &opside (or a positive
potential to the n-side), the barrier for electrons movirgyt n- to p-side is increased and the
diffusion current in this direction decreases exponentiafiylting in a very small current. The
pn-junction is said to be in theeversebias region as seen in Fig. 3.10. The current in reverse
bias direction is saturated at saturation current dedgity

By changing the polarity of the applied voltage the barseeiduced and theftlision current
increases through the junction as minority carriers aecheid into the junction. Charge created
in the neutral, non-depleted zone recombine with free earrand is lost. In this case, the
pn-junction isforward biased.

Generally, semiconductor radiation detectors work usawgrse-biased pn junctions, where
a positive bias is applied to the n-type region or a negatiae to the p-type region. In this
scenario, the total potential across the junction is the sfithe built-in potential,Vyi, and
the applied biasy. Since the depletion region contains few charge carrieesgkternal bias
produces very little current flow. Instead, electrons inthiype and holes in the p-type will
be attracted away from the edges of the depletion regiorsirgit to widen. The electric field
and the width of the depletion zone can be calculated by sglttie one-dimensional Poisson
equation according to [49]
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Figure 3.9: Diagram of the interface region of a pn-junctieech subdiagram shows a variable
as a function of distance witki = O just in the junction. (a) The p-type and n-type silicon. (b)
The free charge carriers concentration withholes in the p-type side andy electrons in the
n-type one; note the depletion of carriers in the depletagian. (c) The fixed space charge
density equal to the doping concentration multiplied by ¢tectron charge. (d) The electric
field, E. (e) The electric potentiap,
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Forward Bias
Region

Reverse Bias Region

Figure 3.10: Ideal current-voltage characteristics of gunetion.

d2V_ o

VE=-— =L
dx2 ESj

(3.41)

where the permittivity of silicon igsi = & - o, beinge, the silicon dielectric constant and
&o Is the permitivity of the vacuum. Assuming an abrupt junctand absence of free carri-
ers in the depleted region, the charge dengityis given by the spatial charge that in doped
semiconductors, is about equal to the impurity conceatnati

—-gNa -Wp < x <0

mw={qm 0< x <W, (3.42)
The width of the depletion zone results in
2es;
W=Wh+Wp= [ ——— Wi +V) (3.43)
gl Net |

whereW, andW, are the width on the n- and p-side respectivel4rr = Ng — Na is the
effective doping concentration. Typically > V,;, henceVy is commonly neglected. The
depletion width in terms of the resistivity from the equat®.32 and 3.33 reads:

W = /2ss5i0uV (3.44)

whereu indicates the majority carrier mobility.
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It is worth to note that the higher the resistivity of the nrate the lower bias voltage is
necessary to fully deplete a given thickness.

The applied voltage required to extend the depletion regiar the complete thickness of
the device is called the depletion voltaykq and can be calculated using the equation 3.43 for
a detector of thickness

Vig ~ 2i | Nett | o2 (3.45)
ESi

If the applied bias exceeds the full depletion voltage, tbeiak is said to be overdepleted
and a constant field oM — Viq)/d is added at each point in the device. If an external potential
with the opposite sign t&; is applied to the detector, the pn-junction is said tofdwevard
biased. The barrier for electrons moving from n- to p-sidddsreased. The current flow in
this direction increases exponentially (see Fig. 3.10) b@ing suitable for particle detection.
Detector behaviour in forward bias is not discussed here.

Capacitance

Since a reverse biased pn-junction consists of an insglédyer between 2 conducting re-
gions, it acts as a capacitor. The space charge region haagegbroportional to the detector
active area (A), the detector thickness and tifeative doping concentration. Equation 3.46
provides an expression for the capacitance of the detes&jnjhich is calculated from the
charge carriers accumulated in the depleted zone as thie@ppltage changes.

~dQ_ A esiq | Net |
C(V)—d_v—s&w—A\/T for W<d (3.46)

Therefore as the applied bias voltage increases, fieetive carrier concentration decreases
since the region is becoming depleted of free charge carriene capacitance of the detector
decreases as the bias voltage applied is increased. Whdayiletion region extends across the
whole thickness of the detector at the full depletion vatddy(V¢q) = d), the capacitance of
the detector saturates at the value calculated by the geoaieapacitance being

iA
Cgeom = ‘9% (347)

Detector Currents

When a silicon detector operates under reverse bias consljiihe resulting current is called
the leakage current The current that flows through a pn-junction has severalpmmants,
namely; the ditusion current through the barrier (reverse current), geimar currents in the
space charge region, surface current, and currents aksbeiigh the edge of the device. For
an ideal device at low bias voltages the reverse currentritbes! before, will dominate. How-
ever, for real devices this is rarely the case. The generatiorent arises from electron-hole
pair generation in the space charge region of the devicealtleetmal excitation of electrons
from the valence band to the conduction band. It is due tomédoation-generation midgap
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states within the depletion region induced by crystal dsfend impurities presented at sili-
con. Since the charge carrier density is low, the recominingdrocesses are improbable and
generation dominates. Thermally generated electron4bails in the undepleted region of the
device do not contribute to the current as in the lack of éfefield they simply recombine. The
generation currentlg) is given by [49]

Jy= q;W « W (3.48)
g

wherery is the carrier generation time in the space charge regiaso,Ajeneration current is
proportional to the square root of the applied bias from theation 3.43. The generated charge
carriers are to be considered as a noise source for semicmmdensors. Due to the temperature
dependence af; andrg the generation current has a temperature dependence given b

3T o ™ o T2exp(- =2 (3.49)
Tg 2KBT
Typically at operational bias voltage the generation aurd®minates the reverse current in
the device with a strong dependence on the temperaturde@kage currentmeasured may be
corrected to a reference temperature using the followimgecton:

)Zexp(-i[i— =) 1T (3.50)

-
I(T) = (T 2 T Tref

ref
where Eq is the silicon bandgap (12 eV), xg the Boltzman constant and T the absolute
temperature.

The currents through the surface and the edges of the deteatde eliminated by the use
of an implant surrounding the junction region, known as thard ring structure that will be
explained later. The currents then flow through the guargl rather than the sensor reducing
the sensor leakage current to a negligible level. Theretbedeakage current can be controlled
to a certain extent by proper design and careful manufagjymiocess.

Breakdown Voltage

If the reverse bias is increased to very high values, etadtioreakdown occurs at the junction
which is the region of the maximum electric field. An avalamtineakdown occurs as the free
charges acquire enough energy from the high electric fietdraaving through the medium
produce new electron-hole pairs by ionization. These cameyzough energy to create further
microdischarges. The voltage at which the electrical bitemk occurs is called the breakdown
voltage,Vpg.

3.3 Silicon detectors

The symmetrical abrupt pn-junctions as decribed in previgection is a simplified version
of the most common type of junction used in HEP (High Energydris) detector applications.
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From the condition of charge neutrality of the system (eiguad.31), it follows that the total
positive and negative charge in the space charge regiontbdesequal. It gives

NaW, = NgW, (3.51)

Basically, a silicon detector consists to one side of thetjon has a large doping concentra-
tion, for example a heavily doped n-type material (denoted™), compared to the other side
which is lightly doped, for example, a p-type regiqm ( shortened simply t@). It has been
realized an* p junction. In that case the depth of the depleted region omtisae is small
compared to the depth on the weakly doped p-side. The adietid always grows from the*
implant and can be extended far into théulk silicon with increasing reverse bias. Hence the
n* implant maybe made only microns wide and the depletion regiohe p bulk silicon can be
a few hundred microns wide.

Microstrip detectors are a very common type of silicon d@tecused in tracking systems
of HEP experiments. To achieve a precise position measunehe n-side of the junction is
divided into many parallel strips. Each strip-bulk junctiacts as an individual silicon detector.

3.3.1 Structure features
n*-on-p

In atypicaln*-on-psilicon detector (see Figure 3.11), the bulk of the detastosually p-type
silicon with a doping concentration of 3atomgcn?. This should be compared to the intrinsic
carrier concentration which is of the order of*8@n73. The microstrips corresponds to the
n* implants on the top of p-type silicon surface, typically 2Qum wide, 1-3um deep. Each
of the n™ implanted strips is bonded to the front-end readout elaatsy which amplifies the
signal produced by ionizing radiation. An advantage of gsihimplants as readout electrodes
is that the signal is basically provided by the movementettbns that have three times higher
mobility than holes. It results in a much shorter collectiomes and therefore higher charge
collection dficiencies [53]. In addition, other elements are necessafgrio a proper silicon
detector.

e An oxide layer (approximately 1-4mthick) lies on top of the implanted strips, known as
the AC oxide, which prevents the leakage current flowingatliyeo the readout electron-
ics.

e The signal from each of the strips is AC coupled to a metal§&ip lying directly above
then* strip implants, and the charge is read out through this oloontact.

e As a bias is applied across the device, a DC path is requirseelba the back and front
contacts. The DC path will carry the leakage current of thaage dominated by ther-
mally generated carriers in the bulk. The DC path on the stdp of the device is realized
via a common bias line. Itis@a* implant running across all strips and connected to each
strip via a polysilicon bias resistor and returned to thekpiame.

e The front segmented face of the detector must hagtopor p-spray[54] to maintain
isolation between tha* implants as explained in the section 3.3.3.
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Bias
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Readout strip
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D p+
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Figure 3.11: Schematic transversal view of @ silicon detector. The bulk type is p-type silicon
and the electrodes ané implants. An insulator (Sig) is used to protect the silicon of the wafer.
The strips are connected to the readout electronics thraongtuminum layer.

¢ A low resistance ohmic contact to the back of the device isiired for applying the
high voltage and is obtained througtp&implant with a layer of metal in direct contact
which covers the entire backside of the device. Phémplant is required to prevent the
depletion region reaching the metallisation.

e The guard ring structure is a feature specially made to mg@rthe leakage current at
the detector edges and avoid possible electrical breakd@uitside the sentitive region
of the device the situation is a bit more complex as not thelevhorface is at the same
potential. The cutting edge is conductive due to mechadealage caused by the cutting
procedure and will be at the backplane potential, which éshias voltage. Due to the
lateral extension of the depletion, when the space chamghes the cutting edge the
strong crystal damage which is present there acts as a Viemtiee generation center
and causes a dramatic increase of the leakage current. idwdiy, the always present
positive charge in the SjQcauses electrons to accumulate at the top edge of the bulk. As
the electron accumulation is conductive, it will adjusthie backplane potential and the
full bias voltage drops over a very short distance, leadinggh electric fields and a low
breakdown voltage. The purpose of the guard ring (or mudtiguings) is to stablish a
smooth voltage drop toward the cutting edge and to assutehtbautermost ring is on
the backplane potential. No space charge region can thelisst@utside the outermost
ring.

These features can be observed in the photograph of a siticrostrip detector which is
represented in Fig. 3.12. This arrangement is caifedn-p detector. However, this is not the
only possible arrangement.
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Figure 3.12: Microscope view of a silicon microstrip detectTheRyis, the bias line and the
strips are pointed. The outer ring corresponds to the guagd r

nt-on-n

The bulk is lightly n-type doped silicon and the segmentegsaren” implants. The back-
plane has g* implant and the abrupt junction is th& n junction created at the backplane.
The depletion zone grows from the backplane to the frongtrip implants. While the sensor
remains under-depleted, the strips are shorted and thikg@s higher noise levels [55] so that,
the device must be fully depleted to yield good charge ctlecfficiencies. Nevertheless, by
choosingn® readout as in the previous structure, the signal is proviedlectrons moving
towards then* electrodes yielding a higher signal pulses. In additioaséhdetectors have ad-
vantages in performance after radiation damage as will péamed in Chapter 4. Radiation
damage causes the silicon to undergo type-inversion wihlts in the bulk silicon becoming
lightly p-doped. Hence, the higher electric field is in thépsside of the device and they will be
able to work under-depleted.

This kind of detector also needs isolation structures imlstdes. For this reason, the fabri-
cation ofn*-on- detectors requires aligned double sided processing whimeases the com-
plexity and cost of such devices. The double sided procgssinecessary for the inclusion of
guard ring structures near the junction before irradiation

p*-on-n

The bulk is lightly n-type doped silicon and the segmentegstarep” implants. The back
implant isn*. The abrupt junctions are between the strips and the budosil The depletion
zone grows from the strips to the backplane so that, the dean operate partially depleted and
the signal is formed by the movement of holes. Under radiatiey will sufer type-version as
will be explained in Chapter 4 and the junction will migrabethe backplane.
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3.3.2 Substrate types

Silicon detectors are processed on high resistivity moystaline silicon. In this section, the
silicon growth processes will be briefly described. Thes$kedint techniques are described in
details in [46].

o Float Zone Silicor(FZ)

The FZ method is a high-purity silicon growth method. It haethe exclusive growth
method used in the manufacture of detectors until only a fewrsyago. The monocrys-
talline FZ silicon is grown in an environment without any gigal contact, which leads
to the possibility of high resistivity silicon growtk(1 KQm) [56]. For radiation detector
applications, it is preferred a high resistivity in orderéach a full depletion at low volt-
age. The main impurities (carbon and oxygen) have cond@nirkevels not exceeding
5x 10%%cnT3.

¢ Diffusion Oxygenated FZ SilicdDOFZ)
It has been proved that the oxygen atoms improve the silibanacteristics under irradi-
ation [57]. The oxygen concentration in FZ Silicon can beéased by dfusing oxygen
into a FZ silicon wafers at high temperature 1000C). The resultant silicon is called
DOFZ. An oxygen concentration of the ordertiénh3 is reached

e Magnetic Czochralski SilicoMCz)
Czochralski silicon (Cz) is the growth method of choice foicmelectronics applica-
tions [58] but its low resistivity makes it unsuitable forrpele detectors. This material
is characterized by oxygen is always the dominant impuiiygared to FZ silicon with
typical concentrations of §10*’cnT3. The MCz silicon is produced as Cz silicon but
in the presence of a magnetic field reducing the concentrafionpurities and allowing
higher resistivites [59].

3.3.3 Isolation methods

In contrast to thg*-on- case, where the isolation of the adjacphimplants is provided by
the omnipresent electron accumulation layer in the oxitie,9ame layer would shorten thé
implants without further precautions. Isolation is usygitovided by a p-type boron implants.
Depending on the dose of this isolation implant the methadiled either p-stop or p-spray.

e p-Stop
A common technique is to introduce a high dosepdfboron implant sorrounding the
strips [60, 61] as shown in Figure 3.13(a). An advantageisftdthnique is that a typical
dose of about 1% boron ionscnT? will in any case guarantee a good isolation also after
the radiation-induced surface positive charge.

The potential of the p-stop depends on the implant geomtteybackplane bias, and
the substratefBective doping. As the latter two quantities are also venhhiga highly
irradiated sensor, the potentialffi@grence between* strips and p-stops increases with

1The saturation concentration of oxygen in silicon-ig 0*8cni3
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ongoing irradiation, leading to an additional increasehef ¢lectrical field. This means
that the breakdown voltage of devices featuring p-stopsedses with irradiation.

Maximum electrical field

n* strip n* strip

p / n bulk

LTI IIL I IIE I I I I I I AT I IS I I IS I I I AP

(a) p-stop

Maximum electrical field
N

p / n bulk

7

(b) p-spray

Figure 3.13: Isolation techniques for adjacehntimplants. (a) p-Stop isolation. (b) p-Spray
isolation. The maximum field regions are located at the dj@m-junctions.

e p-Spray
If the dose of the isolation implant is matched to the saiomatalue of the oxide charge
which is in the order of % 10* cnt2, the boron concentration is small enough that an
overlap of the boron implant with the" strip implant does not lead to breakdown. The
whole surface is then covered by the medium-dose boron ithf#2]. As in the p-stop
case, the point of maximal electrical field is at the laterajynction between the isolation
boron implant and tha* strips as indicated in Figure 3.13(b).

The unirradiated device displays the highest electric figld therefore the lowest break-
down voltage in its lifetime. With the increase of the oxideurge to its saturation value
the shallow p-spray layer moves into the depleted and thetrigldield decreases. The
lowest electric field is reached when the boron implant megoxactly the saturation
value of the oxide charge. However, if the implantation disswo low, the isolation
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might not be sfficient. Therefore, one usually chooses an implant dose whislightly
higher than the necessary one to prevent failure in the datgctuations in the produc-
tion process. In this case, the device has a better highgeoftarformance after irradiation
than before.

e Moderated p-spray: p-Stopp-Spray
In order to improve the pre-irradiation high voltage stiypibf p-spray devices while
keeping their good post-irradiation behaviour, the cattexdtlerated p-spray technique has
been developed [54](Figure 3.14).

n* strip n* strip

(c) moderated p-spray
Figure 3.14: Schematic cross section of a device with maeemspray isolation.

The boron dose in the middle of the gap between two strips earbsen high enough to
ensure interstrip isolation, e.g. twice the expected a#itur value of the surface charge.
At the same time, the boron dose in the sorrounding of thedhfn-junction can be
optimized for best high voltage performance which is reddhéhe dose is close to the
expected saturation value of the surface charge.

3.3.4 Signal formation
3.3.4.1 Interaction between radiation and silicon

A minimum ionising particle rip) that traverses a silicon detector, loses energy mainly by
ionization. An average energy ofG3eV is required to produce a single electron-hole pair in
silicon. The mean number of electron-hole pairs createchbypaissage of mip through a
silicon detector is 80 electron-hole pairs per micron [68]a thin detector, the total energy loss
will be small compared to the total particle energy, tydicad 100 MeV. In practical terms,
this means that the high energy particles produced in eslids the LHC will only lose a small
fraction of their energy as they pass through a silicon deteand will produce nearly uniform
carrier generation along their path. Fomép traversing a 30@um thick silicon sensor (as the
silicon sensors at ATLAS) the most probable energy loss Is&\X [64]. Hence the mean charge
deposited by anip amounts to 24000 electron-hole pairs correspondingdd G.

The quantity and distribution of the electron-hole painsgyated by ionization will depend on
the type of radiation. Neutral particles, such photons andnons are transformed in detectable



3.3. Silicon detectors 79

charged particles by processes as the photoeledtictein the case of photons, where the
neutral particle is absorbed in a single interaction andlectr®n gains its energy. The energy
must exceed the bandgap energy. Additionally, at highergée® other interactions such as
Compton scattering or pair production will occur. The nentinteractions are dominated by
collisions with the atomic nuclei, leading to elastic sesttg, radiative capture or fission. In this
processes, charge particles or nuclear fragments arat@skthat can directly cause excitation or
ionization. Charged particles will fiigr direct collisions with the atomic electrons transfegrin
their energy or less frequent with the nucleous of the siliatoms. The two main processes are
ionization and coulomb scattering with the atomic nucleddditionally, the charged particles
can transfer their energy to the crystal lattice itselfgmtiglly displacing atoms from their lattice
sites.

Since these interactions between charged particles angetheonductors are statistical in
nature, the total energy deposited by each particle wilf.vedowever, the energy distribution
produced over a large number of events is predictable atmW®la Landau distribution [64] as
shown in Figure 3.15(a).

This has a long high-energy tail, since collisions can docesly result in a very large energy
transfer to the detector. As a result, the most probableggress is diterent from the mean
energy loss. The Landau theory assumes a free charge elettrss section neglecting the
atomic bonds. So, a gaussian distribution convoluted withredau curve is used to reproduce
the experimental energy distribution as shown in Fig. 3)1L5(
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Figure 3.15: Examples of a (a) Landau distribution, and &@lndau convoluted with a gaussian
distribution.

3.3.4.2 Charge collection

In the following it is assumed a'rstrips on p-type bulk sensor reverse biased by the backplane
so the higher electric field is on the readout strip side. iAdteation of electron-hole pairs, these
charge carriers are in the conduction band and are free te.nténder an applied electric field
the charge carriers are accelerated to the electrodes déthee. This electric current produces
a measurable signal. A signal is already detectable whechihge starts to move and not only
when it arrives at the collecting electrode. During driftetcarriers also fiuse by multiple
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collisions (this &ect will be discussed in the section 3.3.5).

As the carriers move through the medium they scatter (kialliisotion). Since the charac-
teristic times of the crystal lattice excitations (phonpage much smaller (of ordgrsin Si)
than the transport times, the carrier is always in equilitorivith the lattice. The carrier trans-
port thus becomes non-ballistic and the velocity does npédd on the time during which the
charge carrier is accelerated, but only on the magnitudeeolfoical electric field. Thus, the ve-
locity of carriers at positiorx depends only on the local electric fiel(x), regardless of where
they originated and how long they have moved. This leadsad@tfuation 3.52

Varift(X) = LE(X) (3.52)

The instantaneous current induced on a electrode by themmweof a chargeg with a drift
velocity, vgrift, is given by the Shockley-Ramo theorem [65]

i = —qvarirt (N Ew(X) = —QuE(X)Ew(X) (3.53)

Ew(X) is theweighting fieldin units ofm™ according to [65] and corresponds to the gradient
of a weighting potentigl¢,,. The charge produced byraip is observedthrough the current
induced by the charge movement within the electric fieldednating the induced current over
the time as the charge, trasverses from position 1 to position 2, yields thalence in induced
charge on a considered electrode:

AQ = (2w — ¢(1)w) (3.54)

The electric field E(xX), on all the detector and the weighting fiekgl,(x), are distinctly dif-
ferent (for any configuration with more than two electrodéd)e electric field determines the
charge trajectory and velocity, whereas the weighting fadracterizes how charge motion
couples to a specific electrode depending only on the gegroéthe detector. The equation
3.53 is the solution of the Poisson equati®A¢,, = 0, assuming an unit potential on the con-
sidered electrode, and 0 on all others [66]. Because thehiveggpotential is strongly peaked
near the signal electrode, most of charge is induced whemtwing charge is near the signal
electrode, i.e. most of the signal charge is due to the chiargenating on the signal electrode.

Electrons and holes havefidirent mobilities, 1350 and 48fr?/sin Si, respectively. Thus,
in a field of 1¢ V/cmthe electron velocity is 18 um/ns For comparison the thermal velocity
of an electron in Si at room temperature is about Z@f)ns, so the carrier motion is the super-
position of a substantial random thermal motion and the dtié to the electric field. Although
electrons and holes move in opposite directions, theirrdmriton to the signal current is of
the same polarity since they have opposite charge. Theitatated charge, that is the signal
charge, Q, will be therefore the sum of the induced currepti® moving electrons and holes:

te(€) te(h)
Q- fo i©)dt + fo if)dt (3.55)

wheret.(e) andt;(h) are respectively the collection times for electrons ané$aorhe collec-
tion time is the time required for a charge carrier to trasgehe sensitive volume and is given
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by the equation 3.56 [49]. Integration times larger thancbléection time of all charge carriers
yield the full charge. A shorter integration time yields adtional charge.

_ d? In( Vhias + Vdep
2llVdep Vbias — Vdep + 2Vdep(1 — x/d)

tc ) (3.56)

whereVyep is the depletion voltageyyias is the bias voltaged is the detector thickness, and
X is the distance where the carrier was created with respebietoeadout side. Due to their
different mobility values, the collection of electrons is muabtér than that of holes (roughly
a factor ~ 3) and basically the signal current corresponds to thereleciurrent. The resulting
distribution for electrons as function of bias voltage alne position of creation of the charge
carriers are shown in Fig. 3.16. It is minimumyat O (carriers created in the junction), since
here the electric field is maximum, whereas a maximum timeashed when the carrier has
to trasverse the full detector thickness. If the appliedag® is not enough to fully deplete the
detectort, — oo, resulting in long tails in the induced signals. For siliatetectors operating
in a high density particles environment, very fast respdimses are required, so it is desirable

to keep the collection time as low as possible. In the casé,ef > Vqep the collection time
reduces to:

o Noep @

t In(1+ ~
¢ ( Vbias — Vdep ﬂ(Vbias - Vdep)

(3.57)

- 2ﬂVdep

collection time [ns]

Figure 3.16: Collection time for electrons as a function iahroltage and the ratix/d, where
dis the sensor thickness amdhe position of the creation of charge carriers with respethe
readout electrode. The plot has been obtained assuminig@nssiensor of width 30am with
a depletion voltage of 6¥ in equation 3.56. A value of 135h7/V sfor the electron mobility
has been taken.

A high electric field in the detection volume is desirableffmt response but also for improved
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charge collectionféiciency. Crystal lattices are not perfect; irregularitieghe crystal structure
and impurities can form trapping sites for the charge cegrighis is discussed in more detail
in Chapter 4. One result is that trapping leads to a carfigtirie before trapping occurs, so
if the carriers are swept more rapidly from the crystal, ffa@ping probability is reduced. An
illustrative view of the movement of a charge carrier undigfudion processes within a low
electric field compared to within a high electric field can leersin Fig. 3.17. The charge
carrier movement by éiusion is random due to thermal excitation and it is the elefigld that
provides a charge carrier net flow. In Fig. 3.17(a) the lovetele field makes dtfusion more
dominant and increases the probability of charge trappimdrig. 3.17(b) with higher electric
field, the charge carrier drift dominates the way to the eteld and the charge carrier will be
collected within a shorter collection time. The chargeextion dficiency can be speed up by
increasing the voltage to overdepletion, i.e. the biasagdtexceeding the value of the full
depletion voltage of the device. Some care must be takendmcéise, as if the voltage is raised
up enough (electric fields 10° V/cm), the avalanching process may lead to breakdown of the
junction as explained in section 3.2.

trap
@

—_—
Low E

trap,
o O

High E

Figure 3.17: lllustrative view of the movement of a chargeiea under dffusion processes
within a low electric field (a) compared to within a high ekécfield (b). The scattering occurs
with the crystal atoms. When the electric field is higher,ted tthe drift velocity is, the carrier
spends less time in the vecinity of the traps.

3.3.5 Spatial resolution and noise

The signal pulse at the strips is amplified and integratechbyr¢éadout chip to measure the
total charge deposited into the microstrip detector. Saicthe strips are readout, the strip to
which the signal arrives gives information about one cawath of position of the traversing
particle. So, a microstrip detector is a sensitive positigstem and can be used as a tracker.

The spatial resolution of microstrip detectors dependsath physical and external parame-
ters:

e The physical parameters are the statistical fluctuatiotiseoénergy loss and theftlision
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of carriers during the drift.

e External parameters include the strip pitch and the noiskeofeadout electronics.

The average drift movement of the charge carriers is aloagetlctric field lines towards
the electrodes. But also electrons and hol&&isie during the drift due to the random multiple
scattering and originating the spread of the charge cloudlyni the transversal direction to
the drift path. The distribution of the charge carriers agthe track may be described by a
Gaussian function [67]:

dN 1 X2
— = exp———)dx 3.58
N arDt H 4Dt) (3:58)

In the above equatioN/N indicates the fraction of carriers that can be found in atleng
elementxat a distance from the track after a timeafter the charge creatioi. is the difusion
coeficient, proportional to the mobility (see equation 3&ad hence dierent for electrons and
holes. The standard deviation of the distribution is

o = V2Dt (3.59)

and is equal for both carriers since the drift time is invrpeoportional to the mobility (see
equation 3.27).

The position resolution of a silicon detector is determiatfirst order by geometrical factors,
as the width of the electrodes and the pitch. In practics,tiné size of the readout electronics
that imposes constraints on the size of the detecting devidee broadening of the charge
distribution can be used to improve the instrinsic resoluiof the detector, as the charge is
shared between more readout electrodes. In a detectorcobidsad by a strip pitch larger than
the difusion width, as it is in ATLAS with a pitchp = 80 um, the dtferences between the
measured and the true positions have a Gaussian distritwiib the standard deviation:

2p2

0'21—2

(3.60)

so the resolution is the strip pitch divided bj12. For the ATLAS strip pitch of 8am, theo
corresponds to 2@m. The centre of gravity of the resulting signal can be caladaincreasing
the accuracy of the measurement compared to the case wiserdguinformation of which
electrode collected the charge is used.

3.3.6 Sources of noise

The signal generated in silicon detectors is generally adlsemplitude (24000 electrons)
and hence an amplification and shaping stages are requiris forther processing. A charge-
sensitive preamplifier is typically used, avoiding any degence on the change of the detector
capacitance with temperature. Noise will be introducedigyreadout electronicdtacting the
charge measurement. Consequently, the signal-to-ndise $a\R gets degraded. Some gen-
eral considerations regarding the noise of an AC couplesbtimtare described in the following.
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1. Thermal noise (or Johnson noise)
Thermal variations in the temperature of the detector predluctuations in the energy

of the charge carriers present in the bulk. This term is prtiqaal to %;. Hence, the
sensor should have high values of the bias resistor.

2. Shot noise (or Parallel noise)
Due to the quantization of the electric charge, fluctuatintise number of charge carriers
occur in the current flow. This is called shot noise and is messas the variance of the
fluctuations about the mean constant current. In this casenoise is proportional to

Y 20 lieakage

3. Serial noise
Serial noise finds its source in the readout amplifier. Theléieynoise is described by a
combination of voltageg,) and current noise sourciy) at its input. Other contribution
comes from the resistandgs, which represents the sum of all resistances present in the
input path (the electrode resistance, any protection mésvand parasitic resistances in
the input transistor).

The electronic noise can be described in terms of eitheagelbr current noise sources. The
thermal and shot noise of the detector are represented bgntumise generators. On the other
hand, the series resist®; acts as a voltage generator.

A convenient way to express the total noise is in terms of thevalent noise charge (ENC)
corresponding to a signal which would generate an outpuagelof the same magnitude as
the r.m.s. noise in the system, e.g. a signal-to-noise eafi@ml to one. The ENC is usually
expressed in Coulombs or the corresponding number of elextiThe total noise is given by

2
(ENC)? = a(2qlieakage+ LI i2,)7s + b(4KT R + eﬁa)& +C (3.61)
Rbias Ts
wherea, b, andc depend on the shape of the pulse determined by the pulsersivaps, is

its characteristic timeCy is the capacitance of the detector. At short shaping tinhesydltage
noise dominates, whereas, the contribution from noisesatsrincreases with shaping times,
i.e. with pulse duration. The total noise is minimum whendbgent and voltage noise sources
are equal.



Chapter 4

Radiation Damage in Silicon

The ATLAS silicon tracker system for the HL-LHC will be imns&d in a harsh radiation
environment. The expected radiation doses in the innerneg&n (r ~5 cm) of the ATLAS
experiment are up to #Bparticles per square centimeter after 10 years of operafioerefore,
the detectors will sfier serious damage from these high radiation doses. Sonitpgeriant to
know the dfects of the radiation on the detectors.

The radiation induced defects suppose microscopic danwatfetsilicon crystal structure.
The consequences of these defects are shown through magimstects which have to be
carefully evaluated to ensure proper operation over thddngth of an experiment expected
lifetime. Even today, mostfiects are only partly understood. One has to rely on a careful
evaluation of radiation experiments and parametrizatioth® resulting &ects, maybe with a
partial understanding about the physical background.

4.1 Microscopic dfects

Radiation inducedféects are usually divided into bulk and surface defects. Bheér are
caused by the displacement of crystal atoms while the lattdude all @fects in the covering
dielectric and the interface region.

4.1.1 Bulk damage

When silicon sensors are exposed to radiation, the latiEiots with both: the silicon atomic
electrons and with the nuclei in the lattice. While the iatgion with the atomic electrons is a
transient €ect that is indeed used for the particle detection, theatern with the lattice may
lead to permanent material changes.

The dominant mechanism of primary defect formation in sitiés the elastic collision of an
incoming high energy particle with an atom of the crystatidat The primary knocked atom
(PKA), that has obtained an excess momentum, starts mowinhgs lexposed to the stopping
influence of neighbouring atoms. If the momentum transf@nisugh, it may depart from its

85
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site over a distance of several lattice constants. Thegargquires on average an energy of
25eV to displace a silicon atom to intersticial position [68].this case a Frenkel pair [47] is
created, corresponding to an intersticial, an atom betwegular lattice sites, and a vacancy, at
the empty lattice site.

The ditusion gives rise to an intersticial and vacancy migratiacpss. Most of the vacan-
cies and interstitials recombine, some vacancies mayaicttéo form stable divacanciés, a
complex formed by two neighbouring vacancies [69], or higlecancy complexes while the
rest difuses away. Those can react with other radiation induceddeflorming defect com-
plexes, or react with impurity atoms such as carbon, oxygerpaosphorus, those being among
the most common impurities in silicon bulk as it is represdnin Figure 4.1.

Frenkel Pair:[ Silicon interstitial  vacancy divacancy

OOQ&QQOQQOQ

O O 0O O O O O
O 0000000 0O0
O OO0 OO0 O0 O

O\ O O O O O 00O

Phosphorous

Vacancy -
Phosphorous
Impurities (C, O)

Figure 4.1: Schematic diagram of some defects in a n-typ®sitrystal lattice.

Interstitials and vacancies form defect complexes whichestablish energy levels (traps) in
the band gap. These traps, spatially well localised indigesemiconductor lattice are called
"points defects”.

In the case of heavy incident particles, like neutrons otqe, sifficient energy can be
transferred to the PKA so that a multiplicity of secondargpificements occurs in a region
with a radius of a few hundred angstrom (A). Isolated intéa$tatoms and vacancies are then
formed along the PKA trajectory. As the kinetic energy ofitidividual atoms decreases during
the collisions, the distance between the collisions alsweadeses. This leads to the formation of
random and irregular clusters of points defects.

Due to thermal motion, point defects and clusters interacind and after irradiation. The
mobility of the defects is strongly temperature-dependEntis, a complex annealing behaviour
will occur. In addition, these kinds of defects may be eleatly active and they introduce en-
ergy levels in the band gap whose position can be measuredtieyemt spectroscopic meth-
ods [70]. Most of these energy levels are situated near toniblele of the band gap and then
calleddeep energy levelsShallow levelsre just acceptors and donors lying very close to the
valence and conduction bands, which commonly ionize at rtemperature. In general, the
defects may be electrically active and hence change th&ielpooperties of the material.
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Even though it is not possible to correlate all the changdkémmacroscopic operation pa-
rameters of the sensors with specific microscopic defdetschanges have been studied and
paramatrized in detail [71].

NIEL hypothesis

The radiation damage has a dependence on the type and eridtggy incident radiation.
Therefore, it is useful to scale measurements on radiaonage for dierent kinds of radi-
ation. As charged particles scatter via electromagnetaraction with the silicon atom that
are partially screened by its electron cloud, they produoeenpoint defects and less clusters
than neutrons which only feel the nuclear but not the elecaignetic interaction. However, the
differences between the types of interactions are leveled otltebgecondary interactions of
knocked out silicon atoms.

As the interaction of radiation with electrons producessation but not crystal deects, the
quantity used for scaling is th®on ionising energy losNIEL [72]. This quantity summarizes
all energy deposited in the crystal which has not been usethéfully reversible process of
ionization and allows to compare the damage caused by ftferetit types of particles with
different energies. It is expressed in unitke¥- cn?/g.

The displacement damage cross secti@{E), also calleddamage functiorns the average
value of the recoil energy released to the silicon in the fofrdisplacement damage by the in-
coming particle depending on its incident energy. (It is expressed in units dfleV- mh. The
relationship between the NIEL and the displacement dameggs section is given by Equa-
tion 4.1 [72]

A dE
D(E) = N_A&(E)l non-ionizing (4-1)

where A is the atomic weight of silicon arda is Avogadro’s number. For silicon with
A = 28.086g/molthe relation between D(E) and NIEL is:

100MeVmb= 2.144KeVcnt/g (4.2)

The displacement damage cross section is shown in Figuss42unction of incoming par-
ticle energy for neutrons, protons, pions and electrong. displacement damage cross section
for 1 MeV neutrons is set as a standard for normalisation, wbg(& MeV) = 95 MeVmb It is
common to use neutrons ofMeV as reference particles.

The proton damage cross section is larger than neutroregiadlp at low energies, due to addi-
tional (and dominating) electrostatic interactions betwthe particle and the silicon. At higher
energies, the electrostatic interactions no longer dotaiaad the damage cross sections almost
reach a common constant value for neutron and proton radiakiposure.

The hardness factat, for a given incident particle, is defined from the displaeatrdamage
cross sectionD(E), as given in equation 4.3 and normalized to 1 MeV neutrons.

) - [ D(E)$(E)IE

" Dn(1 MeV) [$(E)dE (43)
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Displacement damage in Silicon
for neutrons, protons, pions and electrons
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Figure 4.2: The scaling of the displacement damage in silieith energy for neutrons, protons,
pions and electrons. Diagram from [73].

The energy spectrum of the radiation is represented by thetitin ¢(E). The fluence of an
arbitrary type of particle®pnys is scaled to a fluence of MeV neutrons ®eq. The energy-
dependentardness factqik, of a certain type of particle converts the "physical” fluenpnys
into the neutron equivalent fluenck,q [74]. Table 4.1 presents the hardness factor as measured
for different particle and incident energy types.

| Irradiation Facility | Energy and Particlg Hardness Factor |
Proton Synchroton (CERN) 24 GeV protons 0.62
TRIGA Mark Il Research Reactor (JSI-Ljubljana) 3 MeV neutrons 0.88
Cyclotron and Radioisotope Center, CYRIC | 70 MeV protons 1.4
(Tohoku University, Japan)

Table 4.1: Some examples of the hardness facepending on the particle type and its energy
in different irradiation facilities [57, 75-77].

The equivalent fluence can then be calculated from

The NIEL scaling hypothesis does not provide a perfect themfit all experimentally mea-
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sured data. The damage may also depend on the specific moeiesrgy transfer between the
radiation and the silicon lattice, which are not includedhe NIEL scaling hypothesis. The
main observed deviation from the NIEL scaling values wasalisred by the CERN-RD48
(ROSE) collaboration [78] and concerns the radiation dartagcharged hadrons. Detectors
fabricated with silicon with high oxygen concentration®whincreased resistance to charged
hadron radiation damage as compared to non-oxygenateorsjb7, 79]. However thisfeect is
not observed for neutron irradiation. Despite this disaregy between the NIEL hypothesis and
the measured data, the NIEL scaling manages to succesatdbunt for most of the particle
and energy dependences of the observed damage in silicahismddely used.

4.1.2 Surface damage

As already pointed out in the previous chapter, the S,3nterface in silicon detectors is in
fact characterised by the presence of a net density of pegitiarges in the 8. The oxide
charge consists of this fixed positive charge and additionaiface states that are created at the
Si-SiG; border. This charge increases with the irradiation butgresent even in non-irradiated
oxides since it depends on the fabrication process [80].

As the crystal structure of silicon oxide is highly irreguyldisplacements of single atoms due to
irradiation do not lead to macroscopic changes in the sil@dde properly. However, ionization
in the oxide, is not fully reversible and may cause steadyghs of the interface properties.

lonising radiation creates electron-hole pairs in the exilh the silicon lattice the pair cre-
ation is a completely reversible process with no damagiferts. But this is not true in the
surface oxide. Depending on the electric field, a part of thiespfails to recombine. As the
mobility of the electrons is higher than the mobility for Bsl(~ 20 cn?/V - s for electrons and
2x107° cn?/V9 in oxide, electrons are swept out from the oxide faster theles which are
eventully captured at the oxide-silicon interface leadim@ positive charge buildup in the ox-
ide. In addition, the electric field directed away sweepshbles created elsewhere towards
the oxide [81], thereby increasing the oxide charge. As timalrer of interface states is lim-
ited, saturation of positive oxide charge buildup is reaoclvben all are occupied by holes. For
high-quality thermally grown oxide a typical value of ab8ut 102 cn? is reached [82].

This charge induces the creation of an electron layer,a#tle electron inversion layer which
is settled at the silicon side of the Sichiinterface. This layer will fiect the electrical behaviour
in this region. In a detector with n-type readout electrodes electron layer will short the n-
type strips together, leading to unwanted signal sharirggcdunteract this, these devices use
additional p-type implants to compensate the electronractation layer. This strip isolation
techniques have been explained in the chapter 3. In a deteittop-type readout electrodes, a
higher field region will be created where each p-type imphaeéts the electron layer.

4.2 Macroscopic #ects

The radiation leads to a distorsion of lattice symmetryaddtrced by point defects, clusters
and impurities complexes. This reflects in the emergencasofete energy levels inside the
silicon energy gap. These energy levels may act as genen@tmmbination centers or as
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trapping ones, féecting the electrical operation of the device. As the mobdf the defects is
strongly temperature-dependent, it is clear that radiaitidluced changes of sensor properties
show a complex annealing behaviour due to the many possbtmsary defects.

Especially, the lattice defects have three consequencianain detector properties:

e As they are able to capture and emit electrons and holes iddpketed region. It leads
to an increase of the leakage current with a consequentiseref the noise. Thefects
in the detector performance are a decrease of the signaige ratio and an increase of
power consumption.

e When signal charge is trapped in the depletion zone by defiéchay be released too late
causing a signal loss. Therefore, a decreasing of the clealigetion dficiency occurs.

e The charge density in the space-charge region can be chahgesdequiring an increased
bias voltage to make the detector fully sensitive.

In the following, these radiation induced macroscojie&s will be discussed in detail.

4.2.1 Leakage current

The leakage current of an irradiated detector increaseslyna@cause of the rise of the gen-
eration current. This is caused by the creation of traps débp energy levels situated in the
middle of the forbidden gap. Figure 4.3 illustrates the naéeand conduction bands with a deep
defect. The electron-hole generation can be viewed as tieetderomoting an electron to the
conduction band and a hole falling to the valence band, ona&textron from the valence band
using a defect level as a step in its promotion to the condndtand.

Conduction Band Conduction Band
Ec
electrons electrons
holes electrons
Ev
Valence Band Valence Band

Figure 4.3: Deep defect levels acting as generation cerfinrethe left the defect level generates
a electron-hole pair. On the right the electron in the vaddoend is promoted to the conduction
band by a deep level.
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The generation of electron-hole pairs within the spacegshergion of a silicon detector gives
rise to a leakage current in the device. This increase irgilealge current generated in the bulk
volume due to radiation damage has a linear dependence eujtinealent fluence received by
the silicon detector by means of equation 4.5. Some previmasurements of this dependence
with silicon microstrip detectors are shown in [46,57,83].

Alv0| =ad (4.5)

The proportionality constant, is the current related damage rate. It depends on thesidrin
charge carrier concentration and therefore on the temyerat which the measurement was
performed. Howevely is independent of the initial resistivity of the silicongtikoncentration
of other dopants like oxygen or carbon, and the fabricatioegss of the sensor [84].

4.2.2 Hfective doping concentration and depletion voltage

In a non irradiated detector, th&ective doping concentratioNes+, is determined by shal-
low dopants in the material. Under irradiation, the eneeygls created in the band gap induced
by radiation will change the doping concentration. Onlyc#ieally active defects contribute to-
wardsNgt. These defect levels are mainly of the acceptor type whicbine negative charged
when occupied by an electron. Then, negative charge acetesuh the depletion region and
causes n-type silicon become less n-type with increasirgdéie. At some point, the negative
charge compensates the positive charge of the donor ingsurWith further increasing fluence
the material behaves more and more as p-type. This invessiwst the physical removal of the
donors in then-type silicon, but rather an increase of acceptor states.

Fig 4.4 shows the change in théextive doping concentration for n-type silicon and the
depletion voltage (recallingyep | Nets | from Equation 3.45) as a function of the dose. At
a certain point, called th8pace Charge Sign Inversid8CSI) ortype inversionpoint at an
irradiation fluence of a few times #9cnT?, the space charge region is neutral (intrinsic silicon).
With increasing radiation the space charge gains a netiwegztarge. Above this value, the
doping concentration increases dominated by acceptedifects with a negative space charge.
The silicon bulk becomesfiectively p-type. The pn-junction moves from tipé-side of the
sensor to the'-side and the space charge region grows from there. It ismontote that the
sensor remains operational even after inversion but thectetwill not be fully depleted. This
can lead to a defect of the collected signal since the changeecs produced in the undepleted
region is d@ected by difusion process and are not collected by the electrodes. FEat prtype
silicon, the material does notfar type inversion but an increasing of acceptor-like defect

Annealing process

As mentioned before, defects migrate through the silicttiteadue to thermal process, the
doping concentration changes after the end of the irraiafiherefore, the detector properties
can be subjected to change. The evolution on time of the wetebaracteristics is denoted
annealing

The time evolution of the féective space charge at an environment temperature ‘@ 80
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Figure 4.4: Change of the full depletion voltage of a 300 thick n-type silicon sensor and
its absolute fective doping concentration versus the normalized flueénuaediately after the
irradiation [85].

shown in Fig 4.5. As the defects and their reactions are nbtgderstood in detail, a phe-
nomenological parametrization has been performed. The ategpted description of this be-

haviour is the so-calleBlamburg modeJ46] using the following three components, also illus-
trated in Fig 4.5.

ANeff(Deg, t(T)) = Na(Peg, t(T)) + Nc(Peg) + Ny (Peq, t(T)) (4.6)

whereN; is thebeneficialannealing componenhyc is thestableannealing component and
Ny is thereverseannealing component. They depend on the fluengeand the annealing time,
t, at a certain temperatur€,

Each term is described in detail below:

¢ Beneficial Annealing
The first term in equation 4.8\,, specifies theshort termor beneficialannealing. The
term beneficialoriginates from type inverted silicon, where the initiatsen of the an-
nealing curve leads to a reduction in the depletion volt&ert annealing times (of the
order of hours or les$Xescribed in [85] are not relevant for the operation of thesees.

Therefore, all but the longest decay times can be neglectddNa can be empirically
expressed as

Na ~ DG, € (4.7)

The introduction rateg,, was experimentally determined togpe= (1.81+0.14)x 102 cnr?.
The temperature-dependentdecay timéT ), can be expressed by the Arrhenius relation

1The beneficial time constanty, at 60 C has been measured to be around 24 minutes for FZ silicon ft&eund
10 days at room temperature [87]
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Figure 4.5: Typical annealing behaviour of the irradiatinduced changes of theffec-
tive doping concentrationNess at a temperature of 6Q after irradiation with a fluence of
1.4x 10" cnr? [86].The dfective doping is parametrised by the benefich)( stable Nc),
and reverseNy) annealing components.

1 —Ea/k T
— = Kap€ N 4.8
Ta(Ta) a0 ( )

with ka0 = 2.4732 x 10 s7* and the activation energy of the beneficial annealing pces
Ea, = (1.09+0.03)eV[46].

e Stable Annealing
The expression in 4.6 denotes 8table damagas the ternNc (®e), which depends only
on the fluence. The paremetrisationNyf is shown in Equation 4.9.

Nc(®) = Neo(1 - ) + g.® (4.9)

The first term in 4.9 charecterizes the deactivation of thtelrdonor states. The initial
concentration of removable donoidg o, differs from the &ective doping concentration
Netto=0 Measured before irradiation. This is interpreted as aglaltinor removal, while
part of the initial donors stay electrically active evereaftery high fluences. The pa-
rameterc is the material dependent constant relating donor removalénce (values for
the donor removal rate of phosphorous in FZ silicon waferskmafound at [88]). This
parametrization given for the stable damage assumes thiargymo acceptor states are
contained in the silicon materials, which is true for mostenals used.

The second term in 4.93.®, describes the creation of acceptor-like defects propor-
tional to the fluence. For example for neutron irradiatidrg introduction rate ig. =
1.5x 1072 cnm! for standard silicon ang. = 2.0 x 1072 cn* for oxygenated silicon [89].
These defects are acceptor-like in a sense that they leadégative space charge and
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hence to an increase of the full depletion. However, theyatdaad to an increase of the
conductivity of the material, because the levels causedbyge defects are deep in the
band gap.

The stable damage component is the most critical for theadiperof silicon detectors in
HEP experiments, since the beneficial component has a ghertbnstant so it will occur
during maintenance periods and the reverse annealing awnp@ suppressed by low
temperature operation. This resultsNp being the most significant damage component,
which can not be controlled by temperature.

Reverse Annealing

The last contributionNy, in 4.6 is the so-calleceverse annealingerm which describes
the increase of the full depletion voltage with time at ro@mperature as can be seen
in Fig 4.5. It is due to the increase in the negative spacegehiarthe silicon detector.
This process is described in terms of the buildup of accegtédes, but it could equally be
due to the removal of donors. The time constant for this carepbof the damage is of
the order of months at room temperature [46]. Here severahpetrizations are possible
depending on the underlying model. Although it is commordyead that the reverse
annealing is a first order process [46], the experimental dia best fit by

1

NY(t) = NY!oo(l - Tt/‘ry

) (4.10)
with Ny., = gy® being the reverse annealing amplitudgy is the reverse annealing
rate and was determined to lge = (5.16+0.09)x 1072 cnT?! [46]. The temperature
dependence of the reverse annealing process can be expbgsaestandard Arrhenius
relation of the time constanty

1
— = K\(,oeff_; (4.11)
Ty

containing the parametetg, = 1.5°34 x 10* s™* and the activation energy of the reverse
annealing procesgy = (1.33+0.03) eV [46].

4.2.3 Charge collection with trapping

The electrons and holes created by the radiation drift teeteetrodes under the presence of
an applied electric field. Fixed deep defect levels may tnapdtrifting charge. Theseapsare
mostly unoccupied in the depletion region due to the lack®é tharge carriers and can hold
parts of the signal charge. If the time elapsed before thegehia released from the trap is more
than the shaping time of the electronics, then the chardeatimin gficiency decreases. Shallow
traps do not contribute significantly to charge trapping tuthe fast detrapping time.

When extra free electrons due to an ionising radiation aneigd¢ed, they can lose energy and
fall into the unoccupied traps, as illustrated in Figure Zis will happen at a rate given by:

on

E = _nvteho—eNtrapS (412)
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Figure 4.6: Deep defect levels acting as traps for chargeéecar When the charge carrier is
held is not mobile and stayed trapped. At some later time ldaren (hole) is released to the
conduction (valence) band.

for electrons and similarly, free holes will be trapped bggy states below the midgap (to
be specific, electrons in this defect states will drop to thierwce band and fill these holes) with
arate given by:

0

(3_It3 = —pUPhO'hNtraps (4.13)
whereuy, is the thermal velocity of electrofimles,o¢ is the electrofhole capture cross

section of the traps andyaps is the number of traps. This will mean that the number of fiae ¢

riers will decay exponentially over time. Experimentatlyis exponential decay in the number

of free electrons can be parametrised using tfectve electron lifetimeres e, as follows:

on n
ot Teffe

(4.14)

An equivalent expression may be derived for holes. At flusaggroaching 26 1MeV ny/cn?,
thetetre Will be much lower than the collection time, and trappinghdiminate the CCE per-
formance. Furthermore, up to fluences oflOMeV ng/cn?, these &ective lifetimes have
been shown to vary inversely with the radiation fluedeg[90]. This can be parametrised by

1

Teffe

= BeDeq (4.15)

Then, since the defect concentrations should increasarlineith the radiation fluence, we
can relate the parametgy to the trap parameters by

Be = Z Upoen (4.16)

n is the trap introduction rate. The summation is done ovethalltraps above the midgap.
Similar equations apply to hole trapping by states belowtdgap [91]. Therefore, the number
of traps,Nyraps is defined by
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Ntraps = T](Deq (417)

Experimentally, in silicon the trapping parametgssandp;, are fairly similar [90]. However,
since electrons have about three times the mobility of haoley can travel much further in a
given time and so are less susceptible to trappfteges. Due to the weighting fields, the carriers
drifting to the segmented electrodes on the front surfacepdéinar detector make a much larger
contribution to the total signal than the carriers driftinghe back surface. So, by using n-type
readout, the electrons will contribute more to the totahalgthe éects of trapping will be
reduced, and the signal will be improved.

4.2.4 Limit of radiation hardness

One of the limits of radiation hardness is given by the tdié&xaeduction of the height of
the signal. As this degradation is a steady process it is osgiple to give a strict rule when a
sensor can be considered unusable. For the readout elestused in ATLAS typically a signal
of about 5000~ permip is required to ensure the particle detection with #itiency larger
than 95% [25].

The reduction of the signal charge is caused by the increfdee affective space charge
and by charge trapping. The former can be compensated upeidaanclevel by an increase of
the operation voltage. Trapping can be reduced by collgelactrons which are less prone to
trapping than holes as explained in the previous sectiorbgridgh bias voltages, resulting in
short collection times.

However, an increase on the bias voltage leads to an incteaseer dissipation and warms
the sensor. Higher temperature implies higher leakagestiend therefore larger dissipated
power. This is a positive feedback system that may quicklerdje (hermal runaway unless
prevented by proper cooling. The volume generation cuaemiell as the full depletion voltage
can be predicted for a given fluence through the equatiorsepted above.

If the sensors are irradiated above the level of type ingarghe increase of theffective
doping concentration proportional to the fluence leads tmarease of the full depletion volt-
age, which can, in some cases, exceed thousand volts after wears of operation. As it is
unpractical to increase the operation voltage into thigeaone might choose to work partially
depleted sensors. However, for a given maximum operatitiag®the depth of the depletion
zone and therefore the electrical signal will decrease. détector system has therefore to be
designed in such a way that it still can work with the redudgdals, or the maximal operation
voltage is still high enough to provide affgient signal.

For the LHC experiments a radiation hardness up to a fluend®'6flMeV ny/cn? has
been targeted and reached. Nevertheless, the Super-LH@quire a radiation hardness of the
tracking devices located closest to the beampipe up 6 1M@eV n/cn?. Intense research is
working to improve radiation hardness of silicon deviceagxample the RD50 collaboration
where most part of this thesis is framed.

In n-type readout sensors, the collection of the fastertreles (with a three times higher
mobilities than holes) on the high electric field side cdnites to a significant reduction of
te, with a very significant improvement on the charge collettéfficiency compared to the
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traditional p-type readout. A step futher in the impleméntaof the n-type readout was the use
of high resistivity, detector grade p-type substratesems of n-type ones. This was motivated
by the lower processing cost and by the preference of kegp@high electric field side always
near to the segmented electrodes. In fachin devices, the junction side is on the backplane
of the detectors, before type inversion. In this case, tigh klectric field side is opposite to
the read-out and overdepletion is needed for optimum ojparaAlso, to avoid high currents
due to short between the backplane bias and the readow 8trqugh the detector edges, the
implantation of guard rings on the backside is requiredsHiuble-side processing can impact
the cost of the device up to 4050% and it can be avoided witifp devices.

Research has started into the properties*estrips on p-type bulk detectors for the applica-
tion to radiation hard particle detector [92—94]. Theirtiegradiation tolerance comparing to
p*n detectors is shown in Fig. 4.7.
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Figure 4.7: Collected charge as function of 1 MeV neutronedent fluence of 23GeV protons,
26MeV protons and reactor neutrons for irradiated silicanistrip sensors [95]. It can be seen
the high radiation toleranceof p-type sensors at high lo#ages.
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Chapter 5

ISE-TCAD simulation package

The simulation studies in this thesis were done with "SyyepSE-TCAD” version X-
2005.10 [96], a finite-element semiconductor package. TEBD uses our knowledge of the
partial diferential equations describing charge carrier's motiowl@teractions with the crystal
lattice in semiconductors, coupled to finite element metbadmulate the electrical parameters
of the device.

5.1 Transport equations of semiconductor devices

The dynamics of charge carriers in semiconductors likeailis well described by the Pois-
son equation (eq.5.1) coupled to the electron and holeroaititiequations (eq.5.2 and eq. 5.3):

ev2y =-q(p-n+Np- — Na) (5.1)

wheree is the electrical permitivityy is the electrostatic potential,is the elementary elec-
tronic chargen andp are the electron and hole concentrations, ldpdis the number of ionized
donors, andNa- is the number of ionized acceptors. The movement of the ehzagiers gives
a current density:

on

V'Tn=QR1et+qE (5.2)
0

-V 3 =qRetq (5.3)

whereJ, is the electron current density, adglis the hole current densitRR,e: is the electron-
hole recombination rate. The electron and hole currentitienare given by,

dn

T (5.4)

j>n=—nq,un' V ¢n +q Dn

99
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and

- d
Jp=-PAup- Vép—dq Dpd—s (5.5)

with u, andup, the electron and hole mobilities agd and¢y, the electron and hole quasi-
Fermi potentials due to the device is displaced from equiiib. Finally, D, andD, are the dif-
fusion codficients for electrons and holes respectively. Electron amel toncentrations can be
recomputed from the electron and hole quasi-Fermi potientiad vice versa, using well-known
formulas 3.14, 3.19. The system of equations is an apprdiomaf the Boltzmann transport
equation system that completely describe carrier stedigtithe &ective mass approximation.

By solving these basic equations of semiconductor devidtsappropiate boundary condi-
tions, the behaviour of a semiconductor device can, in lacbe found analytically. However,
in practice, this can only be done for relatively simple degiand conditions. The alternative
approach involves representing the device structure byshrokdiscrete nodes, and applying
the semiconductor equations to each point in an approxifoate Instead of partial dierential
equations, we now have a large system of equations, writtéerins of electrostatic potential
and carrier concentrations at each node. These can be dolaaedacceptable level of accuracy
by iterating [97].

5.2 TCAD - Technology Computer Assisted Design

This section describes a complete TCAD simulation profetiting with the device genera-
tion, device simulation and analysis of the results obtdimgTCAD tools.

In this project, a semiconductor device is approximated pPamesh of connected nodes
which may form a regular grid. Firstly, we need to be able foresent the state of a semi-
conductor using the mesh. MESH is a meshing tool that prevésieautomatic generation of
meshes. Itis used to create the basic geometry of the detibedoundaries, electrical contacts,
and the various doping profiles within the semiconductoremialt The meshes are adapted to
the doping concentration in order to capture steep greslient

From the semiconductor equations in section 5.1, therehage important variables that de-
scribe the state of the device at any moment: the electiogtatential, the electron and hole
concentrations. Other quantities, such as the carrieentgiand electric field, are simply func-
tions of these three variables. During the simulation, esade will have its own electrostatic
potential and charge carrier concentrations. The voluntedsn the nodes is split up into a
series of elements. The values of the three variables aneedetfiiroughout each element by
taking the values at the surrounding nodes and applyingeatimterpolation process [98].

The resulting system of equations (plus boundary condijican be solved by a variety of
iterative methods. IIiBynopsyd CAD, a global approximate Newton method is used. The
problem can be expressed in the fog) = 0, wherez is a vector representing a possible
solution and g the system of equations. Suppose we startagtess solutiom,, giving us a
system of equationg(z,) whose value is nonzero. If we know the gradieng),-,,, then this
allows us to generate a new solution that should be closéetodrrect one:
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(vg)z=zn
9(zn)
This iterative process can be repeated until the corred¢gonm is sdficiently small. The

main challenge of using this method is that sineg)¢-,, is not known precisely, a suitable
approximation needs to be found. This is discussed in R€f. [9

Zni1=Zn—4

(5.6)

5.2.1 Device generatorMESH

The first step in the simulation process is to build a grid oflemthat approximates the
structure of the device. I8ynopsyghis is done using the program MESH. The input to MESH
is a set of text fileswhich specify the following:

e The basic device structure.
The dimensions of the flerent materials in the device, such as the silicon subsirate
dielectric layers, and also the contacts.

e Doping distributions within the device.
Defined using analytical functions. For example, a dopeg still be defined by the
surface region where the doping takes place, and a Gaussifile glescribing how the
doping concentration varies with depth in the silicon.

e The mesh spacing in theftkrent regions of the device.
For example, maximum and minimum allowed spacings, camutio adapt the mesh
spacing to the doping profiles accurately.

The simulation process assumes that, between nodes, tieostatic potential and quasi-
Fermi potentials vary linearly. So, if the value of some ahtes changes rapidly across a region
containing few nodes, the accuracy of the simulation wiltéguced. However, as the number
of nodes increases, the resulting system of equations getsrland the solving process be-
comes slower and morefiicult. The solution is to use a high mesh density only in théoreg
where the doping concentration changes rapidly, the @&daid is high, high levels of carrier
generation will occur or interfaces betweelffelient materials. Fig. 5.1 shows an example of a
mesh used to simulate a planar silicon detector. The basictste is a p-type silicon substrate
with frontside contacts for the n-doped strips and a baeksahtact for the™ electrode defined
as ohmic contacts. The top of the semiconductor structure passivated using®um thick
oxide layers. Theféects of the oxide layer were taken into account by a surfazambination.
Also it has p-spray between the strips.

Within the strips, the doping concentration is high and sa&kdixed value, and at the edges
of the strips the doping concentration fallf§ with distance with an error function. The mesh
spacing density is highest around the strips (see Fig 5/8revthe doping concentration varies
rapidly with position, and also at the back surface, wheespitp™ interface #fects the device
behaviour.

1These files can be generated by a graphical geometry desigdoping profiling tool called MDRAW. It is also
linked to the mesh generator
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Figure 5.1: Structure of a 2D mesh used in the planar silieiaalor simulation.
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Figure 5.2: Zoom of the 2D mesh simulation. It can be seen idjeeh node density near the
strip.
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At the contacts (considering ohmic contacts, i.e. metalisenductor surfaces), the boundary
conditions generally consist of a fixed electrostatic ptégrand charge neutrality, the current
is allowed to flow through them. At the boundaries of the devigsh, the default conditions
are that the electric field and current density normal to thenlolary are zero. These are referred
to as Neumann boundary conditions:

EN=0 (5.7)

- -

— —
S N=0 0N =0 (5.8)

The dfect of the contact work function is considered negligiblédnigghly doped regions are
located below the electrodes.

In a real detector in a steady state, these conditions wiliraly occur along planes of sym-
metry in the device. This means that basic steady-statelaimns can be done using just the
simplest repeating unit of the detector. A larger volume Midncrease the complexity of the
mesh. Generally, a detector has a repetitive structurl,mény strips or pixels, and in a steady
state it will have a repetitive field pattern, carrier deesitetc. In a planar microstrip detector,
this will be a strip. However, in order to simulate weigthiigjds or charge sharing for example,
a larger region must be simulated as shown in Fig. 5.1.

5.2.2 Device simulation:SENTAURUS DEVICE

SENTAURUS DEVICErogram is used to run the simulation. This is controlled bgxafile.
It contains a comprehensive set of physical models, marthgatevice geometry, performs the
simulation process and conditions that need to be simulétatso permits mixed-mode circuit
simulations with compact models, and numeric devices. &las be altered by the user from
the sentaurugext file. These issues will be discussed in detail for'p silicon sensor in the
next sections.

Physics Models
Effective Intrinsic Density

The band gap and band density of states are crucial paraeét@isemiconductor material.
They are summarized in the intrinsic densit{T) (equation 3.23) for undoped semiconductors
and the &ective doping density by means of doping-dependent bapdigaowing for doped
semiconductors through the equation 5.9.

AEg

Nieff = nieXF(ZK T
B

(5.9)

For the simulation of a™p silicon sensor, th&lotboonmodel has been chosen [100]. The
lattice temperature dependence of the band gap is modelled b
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| parameter]  value | units |
a 473x107% | eVK
B 636 K

Nret 3.162x10% | cnr®

Table 5.1: Default parameters for silicon@lbtboonmodel.

aT?
T+

Eq(T) = Eq(0) - (5.10)

whereT is the lattice temperature (defined in the simulation fiig)0) is the band gap energy
at OK, anda andg are material parameters defined at the table 5.1 for this Inode

The dfective band gap results from the band gap reduced by bandagegving (Eg):

Eger(T) = Eg(T) — AEq (5.11)

Band-gap narrowing for th8lotboommodel in Sentaurus Devices computed from equa-

tion 5.12.
AEg = Epgn |n(i) + (n( N )2+ 0.5 (5.12)
Nref Nref

whereN; = Na + Np is the total doping concentratiorEpg, and Nres are accesible in the
Slotboornrparameter set (see Table 5.1).

Recombination

Generatiofrecombination terms are important to describe the behawbsilicon sensors.
Generation is responsible for leakage current presentesl/@rse-biased sensors. Recombina-
tion is important to describe the transient behaviour ofénvace after perturbation by a charged
particle crossing the depleted bulk. In a simple simulagiithout radiation damage) the carrier
generation and recombination rates are base8rmtkley-Read-Ha{SRH) model. It depends
on the electron and hole concentrations and tifiecéve doping density. The model assumes
that the transition of carriers between bands occurs thr@ugingle trap energy level located
deeply in the gap. I8entaurus Devicehe following form is implemented for Silicon:

2
HR NP =Nty

® 7 p(n+ny) + (P + P)

(5.13)
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| | electrons| holes [ units |
Tmin 0 0 S
Tmax | 1x10™° | 3x10°° S
Nref 1 X 1016 1 X 1016 Cm3
y 1 1 1

Table 5.2: Default parameters for doping-dependent SRitite.

with
E
Ny = Niefs exp( trap) (5.14)
KT
E
P1 = Nieff exp(—ﬂ) (5.15)
KT

whereEyq, is the diterence between the defect level and intrinsic Fermi levik Silicon
default value isEap = 0.

The minority lifetimesr, andr, are modelled as doping-dependent factors [101] with the
Scherfetterelation given by the equation 5.16 and with the default pester values listed in
Table 5.2.

Tmax — Tmin
Tn!p = Tmin + T NatNo (5.16)
L+ ()

It is also possible to choose an avalanche multiplicatiodehovhere the generation rate in-
creases in high-field regions. Electron-hole pair produnctiue to avalanche generation (impact
ionization) requires a certain threshold field strength thedpossibility of acceleration, that is,
wide space charge regions. If the width of space charge magigreater than the mean free
path between two ionizing impacts, charge multiplicatimecws, which can cause electrical
breakdown. The reciprocal of the mean free path is calledothieation codficient, «.Various
expressions exists for thg, , term [102]. These cdicients depend on the temperature of the
phonon gas against which carriers are accelerated andetieiefield. With these cdicients
for electron and holes, the generation rate can be exprassed

G= annvpy + Q’ppr (517)

wherev; , denotes the drift velocitySentaurus Devicellows users to select the appropiate
driving force for the simulation, that is, the method useddoelerating field.

The SRHrecombination model can be included locally at the intexfaetween two dierent
regions as the oxide-silicon interface typical in silicatattors.
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| | electrons | holes | units |
Hmin. 52.2 44.9 cnt/Vs
Hmir2 52.2 0 cn?/Vs
U1 43.4 29.0 cnt/Vs
Pc 0 9.23x 10° cnr?

C, | 9.68x10%® | 2.23x 107 | cnr?
Cs | 3.43x10P° | 6.10x10° | cnr?
a 0.68 0.719 1

B 2.0 2.0 1

Table 5.3: Default ca@icients for theMassetimodel for silicon.

Mobility

Sentaurus Devicases a modular approach for the description of the carridgilities. In
the simplest case, the mobility is a function of the lattemperature. In the so-called constant
mobility model, the mobility is only fiected by phonon scattering, and, therefore, dependent
only on the lattice temperature:

T
Hconst = Hb (T—){ (5.18)
0

where theuy, is the mobility due to bulk phonon scattering (see values@nTable 3.1)T is
the lattice temperature, afd@ = 300K. The default value of the exponenis 2.5 for electrons
and 27 for holes [49]. This model should be only used for undopedens. For doped
materials, the carriers scatter with the impurities. Taédls to a degradation of the mobility.

The model for the mobility degradation due to impurity seattg is a material-dependent
one. For silicon, it is thdlassetimodel [103]:

Pc ) Mconst — Mmin2 M1 (5.19)

= Hmins €XP|— + -

Hb = Hmind p( Na+Np/) L1+ ((Na+Np)/C)* 1+ (Cs/(Na+Np))P
The reference mobiliti€gmin, umirz, anduy, the reference doping concentratidfs C;, and

Cs, and the exponentsandg for silicon are given in Table 5.3.

To activate mobility degradation at interfaces, it is comagithe transverse field,. Then,
it is used to calculate the surface contribution to the nitybilThe surface contribution due
to acoustic phonon scattering,f) and to surface roughness scatteripg)(are given by the
Lombardimodel [104]. These surface mobilities are then combinet thi¢ bulk mobility,up,
according to

1 D D
—+— + — (5.20)
Mo Mac  HMsr

1
u
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whereD = exp(—X/lqit) with x being the distance from the interface dgd a fit parameter
which takes the value of 210°® cmfor silicon. The cofficientD is a damping that switches
off the inversion layer terms far away from the interface.

In high electric fields, the carrier drift velocity is no losgproportional to the electric field
strength, instead, the velocity saturates to a finite spegd, This dfect is included in the
simulation through th€analimodel [105]:

(a + 1) HMiow

a + [1 + (_(‘YJrl) /‘lDWFhfs)ﬂ]l/ﬂ

Vsat

u(F) = (5.21)

whereuo denotes the low-field mobility defined by the previously disd mobility model.
The exponeng is temperature dependent according to:

T

B=Po (m)ﬁexp (5.22)

whereT denotes the lattice temperatutién s is the driving force given by the value of the
gradient of the quasi-Fermi level:

Fhts = | v(Dn,p| (5.23)

Finally, the saturation velocity is given by:

K Vsatexp
300 ) (5.24)

Vsat = Vsat0 (?

whereT denotes the lattice temperature. This model is recommefodesilicon. Table 5.4
lists the silicon default values.

| | electrons| holes | units |

vsato | 1.07x107 | 8.37x 1P | cnys
Vsatexp 0.87 0.52 1
Bo 1.109 1.213 1
Bexp 0.66 0.17 1
a 0 0 1

Table 5.4: Default parameters for siliconGdnali model.

lonizing Radiation Simulation

Beside the device, a called "heavy ion” model will generateseelectron-hole pairs in some
region of the device, to simulate th&exts of ionizing radiation. Important factors are:
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e The space-time location of the ion at entering the device.

e The shape for the spatial distribution of the ionizati@a(ssiarhas been chosen for our
simulations).

e The relation between the energy loss and the numbers ofgraiated.

\Heavy lon

\ . \ ‘\
. «—— Track
l |max ‘
. oy
\ W(l)

Figure 5.3: A heavy ion penetrating into semiconductorrisk is defined by a length and the
transverse spatial influence is assumed to be symmetrid timtrack axis.

A simple model for the heavy ion impinging process is showRig 5.3. In this model the
generation rate caused by a heavy ion is computed by:

G(,w,t) = LET(I) x RW) x T(t) [cnm3s™] (5.25)

wherel is the penetration length of the particlejs the width of the generation cylinder and
tis the time. Ifl > Inax (Imaxis the length of the track),

G, w,t) = 0 (5.26)

R(w) andT(t) are functions describing the spatial and temporal vaniatiof the generation
rate.LET(l) is the linear energy transfer generation dengigi(s/cn?®) and is the fundamental
parameter to define how many pginscrometer the heavy ion generates. The functions used for
this model are given in reference [106].

Radiation Model

A more complicated issue is the simulation of theets of radiation-induced defects to
match with real data. It is intend by including carrier matioetween the conduction and va-
lence bands and a series of extra trap levels within the mdgentaurus Devicerovides
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several trap types (acceptor, donor), types of energyilolision and various models for capture
and emission rates. Traps are available for both bulk semisctors and interfaces. More so-
phisticated simulations of irradiated bulk properties ldaequire a more complex description
of generation-recombination mechanisms that is not iredud our simulation. Bulk material

is simply represented by its resistivity and generatiasenebination processes are parametrized
by radiation induced traps and stand&lockley-Read-Halecombination. The amount of
ionized traps is determined using Boltzmann statistics.

Simulation Process

The most basic form of simulation simply applies a set of lataug conditions, typically a set
of electrode voltages, and finds the solution for a devicesteady state. Under these conditions,
the time-dependent terms in the semiconductor equati@nsean. These simulations can, for
example, be used to find the electric field pattern in the @evic

The next variety is "quasi-stationary”. The device is firstved in a stationary state, as
described above. Then, some of the boundary conditions asi¢the electrode voltages are
changed by a small amount, and the device is re-solved iredysttate. This is repeated over
a series of steps, in order to find how the device behaviouewvavith a determined parameter.
This can be used to find the current-voltage characteristit®e device. At each step, an initial
solution is found by extrapolation from the previous salo8, speeding up the process.

Also, there are "transient” simulations, where the devécgiinulated in the time domain. The
initial state of the detector is found in a steady-statepav@, and then the simulation proceeds
in a series of small time steps. At each step, the rates ofgehancarrier concentrations and
potential are found for each node, and these are then usettthé state of the device at the
next step. This can be used to find the current signal prodogedparticle interacting with a
detector. To ensure that the process is accurate, the gepraiust be small compared to the
time scales of the processes occurring during the simulétiee collection time).

Lastly, in "mixed-mode” simulations several simulated ideg can be connected in a circuit
together with elements that have a compact model as for deanegistors and capacitors. This
kind of simulations will be used in the chapter 8.

In the following simulations, unless otherwise stated, dffiective intrinsic density includes
doping-dependent band-gap narrowing. The mobility of #agier was taken into account us-
ing doping concentration-dependent and high field sanmadependent physical model. This
means that the electron and hole velocities can not incseaitkout limit as the electric field
gets stronger, but will instead reach a saturation velocity

The simulations were done at a temperature of Rp&nd it is used the Shockley-Read-Hall
recombination model. Specific physics models can be applidiferent regions of the device.
Examples of simulation command files are added to the app&di

5.2.3 TECPLOT

It is a compact visualization tool that allows an exploratid meshes and detector character-
istics created by MESH and the electrical characteristitained by SENTAURUS DEVICE as
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results of the simulation. The created figures can be viewdd@anipulated and finally printed
outin a encapsulated postscript (eps) form.

5.2.4 INSPECT

It permits the analysis of the simulateely data, the extraction of characteristic data from
TecPlot and provides a programmability using TCL (Tool CoamechLanguage) scripting. The
final plots can be printed in eps form.

5.3 Basic simulations

This section details the fierent characteristics of the sensor we want to simulaterenddta
extracted from the simulation results to obtain informatan the possible behaviour of real
Sensors.

The goal of these simulations is to look inside a simplified thimensional silicon microstrip
sensor. Electric field and depletion behaviour are anaiisedder to find a model that describes
a real silicon sensor as accurate as possible. Macroscoaiaateristics as depletion voltage,
collected charge... allow to compare them between sindikate real data. A three defect level
model is used in the simulations to study the behaviour ofi sensors under filerent level of
irradiation.

A 2D basic structure of a silicon sensor (Fig. 5.1) has beed as a simplified model of an
unirradiatech*p microstrip silicon sensor. By reducing the size of our sewemparatively to
the real sensor geometry, the simulations are easily sativeghort computing time and allows
us to explore the main parameters that can be extrapolageddmplete sensor geometry. The
simulation domain consists of a 3-strip subset of a largaer array. A 4Qum strip width and
80 um pitch are assumed, respectively. Single sided detectorstheen considered of 3Q6n
thick.

The doping concentration used for our sensor model is taken the characteristics of unir-
radiatedn®™p microstrip silicon sensors produced at CNM which also Haeen studied at the
laboratory in order to compare the simulated and the real. détie bulk is p-type silicon. The
strip implant is highly doped n-type and are insulated fraanheother by low dose of p-type
implant (p-spray). Back side electrode is highly dopedjpetyFigure 5.4 shows the geometrical
distribution of the device and Table 5.5 summarizes the mioalevalues for doping used in the
simulation. Doped regions areuin deep and decay exponetially over the doped zone.

The main additional model used here was the introduction fiked positive charge of
4x 10 cnT? at the interface between the silicon substrate and the daige. This is due
to the presence of trapped holes within the oxide layer, saudsed in section 3.3. The outer
surfaces of the oxide layers used Neumann boundary congljtichich is a good approximation
to the oxide behaviour in a "clean” wafer.
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Figure 5.4: Doping profiles used in our simulation.

| | concentrationgnm] |
p-bulk 43x 10"
n*-implant 1.4x 1070
p*-backplane 1.0x 107
p-spray 1.11x10%
Qoxide 4% 10"

Table 5.5: Parameter set for doping concentrations usetd@imulation of a microstrip silicon
sensor. These values have been taken from the characteaétieal microstrip silicon sensor
produced by CNM.

5.3.1 IV and CV characteristics

The bulk current of a silicon sensor under reverse bias @akdge current) is strongly de-
pendent on the generation rate in the driffaion process. This currentis given by the applied
bias on the sensors, and hence, described as proportigdhaldepletion width. Also it adds up
to the signal pulse when a particle is detected, increasiagoise. It is important to keep its
value as low as possible.

Fig. 5.5 shows the |-V curve of the simulateth sensor by a solid line. The simulation data
is compared to real data corresponding p FZ sensor with the same doping profile represented
by circles. The dierences between real data and simulations are mainly die onperfec-
tions and surfaceffects of the real detector as well as to the simplificationshefsimulated
model. The simulated leakage current data has been scatesktasor with 130 strips in order
to compare with the real detector data. However, tlkeint level of current is related to the
sensor is simulated two-dimensionally and the lenght ofsthip is not taken into account. In
addition, the simulation does not take into account the effgets. Respect to the real sensor,
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the lateral border of the device presents a high density fefotiethat increases the generation
rate and hence, the leakage current, even after full depletiowever, it is noted that the ink
point in the curve at which the leakage current begins igiealbe constant due to full depletion
is for both data at an approximately reverse bias o¥/30

6‘\\\\\\\\\\\\\\\\

Leakage Current [nA]

— simulation data
n-on-p real data

K\\\ I P L

0 50 100 150 200

=

w
L L A L L B

Bias Voltage [V]

Figure 5.5: Leakage current-bias voltage characterigtithie simulated sensor (solid line) and
a realn*p FZ detector (circles).

Apart from this, as the bias voltage on the sensor electrodeases, the amount of free
charge carriers in the sensor bulk is reduced, up to the pdiete all the charge carriers are
gone and the depletion region extends to all the sensorrtegsk The bias voltage where this
condition is reached\;q) can be computed through the simulation of the capacitanezvolt-
age curve (Fig. 5.6). From this curve the full depletion &g# corresponds ¥4 ~ 30 V.

The comparison between simulated and real data is shownurefly7. The simulated data
has been scaled to a real sensor area. Nevertheless, thdatadahcludes féects as lateral
depletion that is not taken into account in the simulated.dat

The simulation model describes the electrical behaviowr nfon-p FZ sensor in a general
way. Despite somefiects are not taking into account in the simulation and theulsitad ge-
ometry does not correspond to a complete sensor, it is gessibxtract basic parameters of its
performance.

5.3.2 Electric field

The electric field shape inside the bulk of the sensor is amitapt parameter to determine its
charge carrier behaviour and its typical pulse shape. ®eednarge carriers move in the electric
field and its magnitude influences the speed at which the ehaipllected and the probability
of breakdown due to avanlanche formation. Breakdown etefield in silicon is in average
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Figure 5.6: Simulated capacitance-bias voltage chaiatitefor an*p FZ sensor. The curve
shows a full depletion voltage at 3Q It is noted the logarithmic scale.
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Figure 5.7: JC? as a function of the bias voltage for a simulated sensord$ioke) and a real
n*p FZ detector (circles).
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close to|Epread ~ 3x 10°V/cm Figure 5.8 represents the maximum electric field reachedglu
the bias voltage ramp-up time simulation foffdrent voltages. The increasing of the electric
field is linear and its magnitude is under the breakdown lewér for the highest bias voltage
of 1000V. For a safe operation of the sensor, a field magnitude ovelithit should not be
presented.

4 Bias -1000V
5.0e+04 o Bias -500V
1 ——Bias -200V
—Bias -100V
——Bias -30V

4.0e+04 o

3.0e+04

Max Electric Field [V/cm]

2.0e+04

Figure 5.8: Maximum electric field at the simulateth sensor for several bias voltage. The
axis indicates the simulation stages on voltage up to théeapipias voltage.

Figures 5.9 and 5.10 show a zoom of the electric field distidbunear the central strip corner.
They show the region where higher electric field occurs. FEdu9 represents the electric field
for low bias voltage considering before (bias at)aand after depletion stages (with bias at 100
and 200V). Also it is showing the electric field at full depletion vagie (30V). The region with
the highest electric field is defined by thedziSi interface where the p-spray layer is situated
due to doping gradients among th&éients regions.

Figure 5.10 shows the electric field pattern for highly biasensor. Right-handed figure
represents a reverse biased sensor at\baad left-handed figure is obtained for 1000 The
electric field magnitude remains under breakdown limit. &#weless, at 1000@ a high electric
field zone is observed at the strip corner. It is produced duké contact between the strip
and the p-spray layer at a such applied high potential. Itessmts a possible microdischarge
mechanism on sensors and as consequence not an appropiatepace. The p-spray dose is
a crucial parameter to take into account in the desigm"pfsensors in which strip isolation is
mandatory.

5.3.3 Strip isolation

For this simulation study, the strip isolation with p-spisiexplored. Figure 5.11 shows the
electric field distribution through the sensor at a reveias bf 100V. It is compared the sensor
with p-spray (fig. 5.11(a)) and the same sensor without teprpy layer (fig. 5.11(b)). Regions
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Figure 5.9: 2D electric field distribution for the simulateth sensor for a (a) under depletion
bias (10V), (b) full depletion voltage (30V), (c) over dejida bias (100V), and (d) higher bias
(200V).

ElectricField [V*cm~-1]

@ (b) . 5.0E+04
bias -1000V bias -500V 4.0E+04
E 3.0E+04
b 2.0E+04
] 1.0E+04
= n+ strip § 0.0E+00
T —
E S F’ - ——
E‘ 4 microdischarges?
=, 5
>
10
T L T
205 210 215 210
X [um] X [um]

Figure 5.10: 2D electric field distribution for the simuldte*p sensor for highly reverse bias
voltages (a) 1000V, and (b) 500V.



116 5. ISE-TCAD simulation package

with equal electric field are defined by solid lines. It is imjamt to note that with p-spray the
electric field region around every strip is not shared withrieighbouring strip. Not in the case
which p-spray is not presented and then, it is increasedhhege sharing between the strip,
hence, decreasing the spatial resolution of the detector.

(a) ElectricField [Vxem~-1] (b)
B 6.0E+03
4.8E+03 bias -100V
] 3.6E+03 1
| 2.4E+03 |
1 P-Spray . 1.2E+03 i No P-Spray
] 0.0E+00 1
Ot@@ \/ G 1 i e
i I
50 50—
E ] E ]
= =
> >
100 100
150+ 150
- T T | L T T | T L T | L T - L | L T T | T T L | T L
50 100 150 50 100 150
X [um] X [um]

Figure 5.11: 2D electric field distribution of the simulat®g sensor at a bias of 100(a) with
p-spray isolation, and (b) without p-spray isolation.

Fig. 5.12 shows the electron density in the sensor with atitbwt p-spray isolation. The lack
of strip isolation has for féect the so-called electron inversion layer as explainedhapter 3.
High electron concentration is accumulated in th®,S8i interface attracted by the positive
charge trapped at the oxide by the amorphous character okitie. This layer makes the strip
isolation mandatory in order to avoid shorted strips.

For the time being, a non-irradiated sensor is considereen i this case, a low concen-
tration of charge is presented at oxide-silicon interfaugh as 4« 10! cnr?. Nevertheless,
the most critical situation concerning strip isolationrighe first stages of irradiation where the
charge oxide is saturated. It could happen in a very shoetdifter irradiation, after 1 Mrad of
absorbed dose [82]. Fig. 5.13 shows the simulated eleattitdit a reverse bias of 100 After
oxide charge saturation with a typical valueQfiige = 3 x 102 cnm2 and p-spray is represented
in the fig. 5.13(a). It is compared with the non-irradiatedecavith (fig. 5.13(b)) and without
(fig. 5.13(c)) p-spray. The presence of a p-spray layer irtasirwith the substrate originates
the higher electric field region that is not seen in fig. 5.1.3(c

Concerning oxide saturation, the electric field magnituderéases lightly and with it, the
probability to breakdown. The p-spray layer guaranteesmapbete strip isolation when the
oxide charge saturation occurs as in the case with no smtura$ seen the resulting electron
density in Fig. 5.14.



5.3. Basic simulations 117

eDensity [cm”-3] ()
(@) 1.4E+19 .
il bias -100V
4.1E+11
6.9E+07
1.2E+04
2.0E+00 No P-Spra

P-Spray

Y [um]
Y [um]

80 100

80 100 120 140
X [um] X [um

Figure 5.12: 2D electron density on the simulatég sensor at a bias of 100(a) with p-spray
isolation, and (b) without p-spray isolation.
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Figure 5.13: 2D electric field distribution on the simulateg sensor at a bias of 100 with
(a) p-spray isolation and oxide charge saturation, congpaith the case (b) with p-spray and
not oxide charge saturation. (c) shows the case with no gydpolation and not oxide charge
saturation.
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Figure 5.14: 2D electron density distribution on the sinedim*p sensor at a bias of 100with
(a) p-spray isolation and oxide charge saturation, contparth the case (b) with p-spray and
not oxide charge saturation. (c) shows the case with no gyspolation and not oxide charge
saturation.

5.3.4 Mobility

Without electric field, in the sensor, the charge carrietscteons and holes) move around
randomly due to their thermal excitation. Therefore, orrage there will be no overall motion
of charge carriers in any particular direction over time.

When an electric field is applied, each charge carrier islarated by the electric field. How-
ever, the charge carrier repeatedly scattéfsnystal defects, phonons, impurities, etc. There-
fore, it does not accelerate indefinitely; instead, it mowéh a finite average velocity, that is
the drift velocity. This net carrier motion is usually mudbwer than the normally occurring
random motion.

As the electric field increases, the electron mobility steddgrading as shown in the left graph
in Fig. 5.15 due to the impurity scatterinffects can not be ignored whereas the drift velocity
remains finite. In addition, the mobility dependence on tbeikg concentration contributes to
its degradation as the increasing electric field alters thprdy at each node. In the simulation,
it is also taken into account the scattering with surfacenpins and surface roughness.

The mobility model takes into account the drift velocitywgation at high fields. From the
right above figure in Fig. 5.15 it observed the carrier driftocity saturation as the bias voltage
increases reaching a saturation velocity of 100I&pnsat about 600 V. The right below figure
in Fig. 5.15 shows that the simulation are found at the limegime of the electric field.
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Figure 5.15: Left figure shows the change in the electron liphis a function of the bias volt-
age applied to the simulated p-type sensor. Right abovedfigpresents the electron velocity
as a function of the bias voltage reaching saturation at ndages. Right below figure shows
the electric field linearity as the bias voltage increases.

5.3.5 Charge collection fficiency

For this study, it is simulated and explored the time-vagyéorrent response of the sensor to
an ionizing particle across it. A given amount of chargeieapairs is initially distributed along
an arbitrary path, and subsequently moves across the bdkruhe influence of electrostatic
and difusion forces.

First, itis considered a non-irradiated sensor to stalolishectly the simulated charge collec-
tion processes and then radiatidfeets are accounted for by introducing suitable terms irgo th
transport equations solved by the program.

Non-irradiated sensor

Simulation of a non-irradiated microstrip sensor was penfed up to 100¥/. A fixed trajec-
tory has been assumed, impinging yat= 0, x = 100um). It is placed between the two first
strips, nearer to the first strip than the second one and naoorttze detector surface. It crosses
full sensor width with a charge density a2B2x 10-°pC/um (i.e 80e”/umthat corresponds to
24000€e" in the detector volume) which corresponds to the chargeityegsnerated by anip
traversing a silicon microstrip device of 3@én thick.

Current pulses at the strips can thus eventually be prebiatmwing to evaluate the sharing
of the generated charge among the collecting strips. A\b@&verse bias has been considered,
so that the bulk is fully depleted. The strip to which the gaied charge drifts is determined by
the electric field strenght and ¥t= 500V >> V¢4, the influence of dfusion on induced charge
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becomes small. Fig. 5.16(a) shows the predicted curredtged at any strips after a4 fC
charge has been uniformly distributed along the @®Grajectory. It is obtained a higher signal
response read out by the first strip since it is the strip rstdoethe trajectory of the particle.
The charge drift induces a current pulse also in the neighgutrips. Only the two nearest
neighbours strips on one side have been considered in thaasion. The 2 neighbour strip
gives a considerable signal meanwhile the signal induceldeo# neighbour strip is negligible.
At this 29 neighbour it is induced a negative pulse due to this eleetsedthe electron motion
to the rest of electrodes in the opposite direction as they wellecting carriers with opposite
charge.

By integrating such pulses over a 85time interval after subtracting the leakage current, the
charge collected at each strip has been stimated as seen i.F6(b). The resulting collected
charge is shared by the two first microstrips® strip ~58 % and its 1 neighbour~ 42% of
the total charge. The influence of the third strip on chardlecton is ignored.
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Figure 5.16: Left plot. (a) An example of induced current ahgp track of normal incident
angle on the simulated non-irradiated p-type sensor opetedt500V. Right plot (b) The signal
integral to get the charge collected by every strip of theutited non-irradiated p-type sensor
operated at 50¥. It is noted that the total charge collection is accumuldtedhe two first
strips between which thmip crosses.

Therefore, the collected charge (CC) is defined as the suheaignals on the two first strips.
Fig. 5.17 shows the dependence of charge collection on thleedbias voltage. It is shown the
total charge collected by the sensor up to a bias voltage @20t is compared real data (by
grey points) corresponding to a non-irradiated p-type FZrastrip sensor with simulation data
(solid line). The maximum bias voltage is stablished by thpar bias voltage in real data. The
CC voltage dependence can be explained by the increasdtafedoicity at higher bias voltages,
and the consequent reduction of ballistic deficit till th# depletion is reached. Both data sets
correspond to a 30@mthick sensor. This way, after full depletion, a maximum eoted charge
of 24000 electrons is shown.
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Figure 5.17: Collected charge as a function of bias voltag@fnon-irradiated p-type 3Qdm
thick detector. It is compared the collected charge obthfnem a real detector (gray points)
and simulated data of a sensor with the same characte(istilig line).

lllustratively, a self-consistent picture of charge matis recovered at Fig. 5.18 and at
Fig. 5.19. They are showing the electron density (Fig. 5al®) the hole density (Fig. 5.19) at
the particle crossing through the sensor reverse biasdaat S5SEvery image corresponds to a
determined simulation time. It was considered a total satioh time of 25 ns and it was stored
the sensor properties afffitirent stages of the simulation. These are listed in TableXs 6vell
as the alteration of the electric field due to the particlessimmgy through the sensor is shown in
Fig. 5.20.

| image | simulation time [ns]|

(a) 0.03
(b) 0.2
(c) 0.5
(d) 1.0
(e) 2.0
)] 5.0
(9) 10.0
(h) 25.0

Table 5.6: Legend to consider to figures 5.18, 5.19, and &26ry subimage corresponds to a
different stage of time in the transient simulation of the plerticossing a sensor.

In Fig. 5.18, it is observed the position at which the paetigtharts crossing the sensor and the
electrons are attracted to the frontside of the sensor where-type electrodes are. While the
Fig. 5.19 shows the hole moviment to the backside of the sehsoto they are attracted to the
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p-type electrode. The motion of these charge carriers leatlge signal pulse read out from
those electrodes. With the readout on the n-type electrib@esignal pulse is mainly due to the
electrons moving to the electrodes.
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Figure 5.18: Electron density pattern of a simulated p-sgresor biased at 500 V. Every image
corresponds to a fierent stage of the transient simulation of a particle cnopiie sensor. The
legend of the images is shown in Table 5.6. Every image cporeds to a dierent simulation
time, that is, (a) M3 ns (b) 0.2 ns (c) 05ns (d) 1ns (e) 2ns (f) 5ns (g) 10ns and (h)
25ns

Irradiated sensor

Radiation damage introduces defects in the bulk of theosgilihat modify its behaviour as
explained at Chapter 4. These defects may recombine, orctrejorm complexes with each
other, or with existing impurities in the bulk introducingtea energy levels within the silicon
bandgapSynopsysimulates this bulk radiation damage modelling the dynarmfthese traps.
Itis necessary to select the parameters of a set of defestsmably consistent with experimental
measurements of trap types and concentrations in ordeptodece the correct macroscopic
behaviour.

The trap levels used here correspond to the modified p-typkehfimm the work done at the
University of Glasgow [107] that is, in turn, based on the elodted at [108]. It is used to
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Figure 5.19: Hole density pattern of a simulated p-type eehsmsed at 500 V. Every image
corresponds to a fierent stage of the transient simulation of a particle cnogiie sensor. The
legend of the images is Table 5.6. Every image corresponagliferent simulation time, that
is, (@) Q03ns, (b) 0.2 ns (c) 05ns (d) 1ns (e) 2ns (f) 5ns (g) 10ns and (h) 25s
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Figure 5.20: Electric field pattern of a simulated p-typesserbiased at 500 V. Every image
corresponds to a fierent stage of the transient simulation of a particle crastie sensor. The
legend of the images is Table 5.6. Every image correspondsliferent simulation time, that
is, (@) Q03 ns (b) 02 ns (c) 05ns (d) 1ns (e) 2ns (f) 5 ns (g) 10ns and (h) 25ns
Iso-electric field regions are marked with solid lines fararler view of the images.
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model p-type float zone silicon. The details of the traps arergin Table 5.7. Each single trap
can be independently parametrised [106] in terms of:

e Trap type: acceptor and donor.
e Energetic distribution of traps: level (used), uniformperential, and gaussian.
e Trap energyin eV).
e Trap concentration (ienT? for bulk andcnT? for interfaces):
Conc=®-p (5.27)

whered is the fluence ircnm? andy is the introduction rate. By default, trap concentra-
tions are uniform over the domain for which they are specified

e The electron and hole capture cross sectiogsindo, in cn? which reflect the probabil-
ity of trapping.

Type Energy | Defect Oe oh n
(eV) (cn?) (cn?) (cnT?)
Acceptor| Ec —0.42 vV 95x10 1 95x 1014 1.613
Acceptor| Ec —0.46 | VVV 5x 10 5x 1014 0.9
Donor Ev+036| GO 3.23x10 18 | 323x10° ™ 0.9

Table 5.7: Modified p-type float zone silicon trap model usethe following simulations.

The two acceptor levels are slightly above the midgap, andiBayenerate electron-hole
pairs increasing the leakage current. Although most of teetors will be empty, a small pro-
portion will be occupied by electrons and become negatigbBrged, increasing thefective
p-type doping. Finally, the unoccupied acceptors will teapess electrons from the conduction
band. The one donor level is significantly below the midgaqu &s main €ect is trapping
excess holes from the valence band and a little contribtitid@akage current orfkective dop-
ing concentration. In addition, the three level are relatedominant defects based on direct
measurements of trap properties from techniques as Deeag Teansient Spectroscopy [109].
Then, they can be modified to give a better match to the magpisclamage féects seen in
detectors. What really make an irradiated sensor simulationplicate is to know exactly the
defect concentration and their energy levels. The moded issdated defect levels. Neverthe-
less, it is not understood the influence of defect clusterthermlectrical properties.

Simulation of irradiated sensors was limited to a fluenceG3? lheq/cm2 as this is the max-
imum fluence at which the radiation damage model has proveretquite accurate. Ex-
perimentally, the electron and hole trapping rates have lsbewn to be linear with fluence
up to 1x 10" neg/cn? [110], as parametrised h§en. These have been measuredBas=
4.0x107 cnPst and 44 x 107 cn?s™t. This limitation is because the method used to mea-
sure the lifetimes will only work with fully depleted detecs, and the depletion voltage of a
heavily irradited sensor may become very high, being erpanmtally very dfficult to reach full
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depletion. So, these simulations only consider fluences UxtL0™ neq/cn?. Finally, surface
damage was modeled by means of an amount of charge trapea thi oxide of Ix 10 cnv?
being 4x 10'* cnT? before irradiation.

The charge collection behaviour of the strip detector wamikited at dierent levels of dam-
age as shown in Fig. 5.21. It is represented the predicted @CEree fluences, depending on
the applied reverse bias. Théext of trapping can be clearly seen. Abodvg, a substantial
part of the charge is trapped due to the slow drift. Due to #teaghping time is long compared
to the simulation time used, charge once trapped, does mdtilmate to the signal. The trap-
ping probability is proportional to the fluence, so, thffeet is more pronounced at the higher
fluences.

Related to experimental measurements, the predictiomefiations does not match perfectly
with measurements as illustrated in Fig. 5.22. It is shovercitrresponding decrease in the col-
lection dficiency as function of the fluence at 400 V of applied reverss bor the simulated
sensor and three microstrigp FZ silicon sensors with ffierent silicon bulk (FZ, MCz, and
DOFZ) and one microstrip™n FZ silicon sensor. The simulated CCE values follow the same
trend as the experimental values. However, at the fluenceases, the simulations give sub-
stantially higher charge collection except when compawiitg then*n sensor. In this case, the
simulations results are close to the experimental meagnememinding that after irradiation,
the n-type silicon bulk is type-inverted becominfeetively p-type. Conclusively, the simu-
lation data result in an overstimation of the charge cdlbecfor p-type sensors, with a close
approximation at type-inverted n-type sensors due to tliedgerformance ofi*n sensors in
terms of charge collection as explained in Chapter 4.

At this point, the next step would be a modification of the mMaderder to fit the simulation
results more closely to the experimental results. Howesiece the charge collection is depen-
dent on dfferent factors (electron and hole trapping rates, and clsanglee dfective doping), it
is converted in a tedious time-consuming task with likelyagtial success. It is likely that there
is more charge carrier trapping that this model predicts.tf8e model is taken as a optimistic
stimation for charge collection measurements of planarastcip p-type silicon sensors.
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Figure 5.21: Simulated charge collectionnihp strip detectors at fferent fluence as function
of the applied reverse bias.
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Figure 5.22: Comparison between simulated and experitengage collection im*p strip
detectors as function of the fluence. Itis also included ¥peBemental measurements obtained
from an*-n strip sensor. Experimental results are taken from measemts presented in this
thesis. Both the simulation and the experimental resuttd 460 V bias.
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Chapter 6

Experimental techniques for the
characterization of silicon
microstrip detectors

This chapter provides an overview of some of the basic cleniaation procedures of silicon
microstrip detectors, namely the current-voltage (V) aagacitance-voltage (CV) techniques
and the sytems used to evaluate the performance of sensargiadiation. Also, two dierent
charge collection test setups are discussed. These te@smuge then applied toftBrent strip
detectors. Details of the irradiation facilities used thigbout the studies in this thesis are also
provided.

6.1 IV and CV techniques

Measurements of the current-voltage (V) and the capam#tamltage (CV) characteristics
are made as basic tests for characterizing and evaluatnggttfiormance of silicon detectors.

The characterization of such sensible devices as the niigraletectors must be carried out
under controlled environmental conditions. A clean rooass|10 00Dwith an area of 80r?
is used to thatfeect. It is located atFIC (Instituto de Fisica Corpuscular) and shown in the
picture 6.1. The clean room system allows to control the tmampire and the humidity. The
work values were set to 200.5°C and 45+ 5% respectively and they are within the fixed values
by the ATLAS Collaboration (2% 2°C and 50+ 10%) for the characterization of detectors.

6.1.1 Current-Voltage (V) testing

The leakage current can degrade the detector operationhadirtg to the noise and if the
breakdown voltage occurs at a very low voltage, it will preivany signal from being measured,

Particle count of a size.Bumand larger should not exceed a total of 10 000 particles ggic daot.

129
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Figure 6.1: Clean room facility at IFIC-Valencia.

and can also damage the readout electronics or the detesetir i

For a silicon sensor, the leakage current is dominated bgrgéon current in the silicon
bulk with a temperature dependence given by equation 3.90.nén-irradiated sensors it is
generally low. But as seen in section 4.2.1, the currenescaith radiation fluences, so for
irradiated sensors the leakage current contribution tontise is higher. In other side, the
leakage current determines the power consumption of tleettetsince the leakage current will
lead to power dissipation within the detector, which plagresiter demands on the power supply
and the cooling systems in a experiment.

Due to these considerations, the control of the IV charaties is mandatory, especially for
experiments with high volume of detectors. From a practimaht of view, the current flow
should ideally be as low as possible. In any case the leakagent will increase with radiation
damage. In addition, it will also determine the voltage aiohithe avalanche breakdown occurs
and establish the maximum operation voltage of the detector

The non-irradiated detectors were mounted in a probe staiaced at the temperature-
humidity controlled clean room. They were held against aanetuck of the probe through
a vacuum suction system. The chuck was electrically isdlexeept for an electrical contact to
the measurement system. Finely-tipped needles were usedk® contact with the metal pads
on the front face of the detector, consisting of the stripcttire and the guard rings surrounding
the device under test.

Fig. 6.2 shows the IV measurement system. A Keithley K23Tag@ source is used also
as current meter to measure the variation in the currenugfir@ach needle with the applied
voltage. An example of a |-V test on a strip detector can ba ge€ig 7.7 in the chapter 7.

In all measurements presented in this thesis the guard ragyoennected unless explicitly
mentioned otherwise. So, the contribution of the surfaceectis collected independtly to the
bulk current generated within the depleted region.

Aside from these practical concerns, the IV test also gieesesinformation about the de-
vice’s internal behaviour. The shape of the IV curve indisa dependence on the squared root
of the applied voltage as seen from the equation 3.48. Ittésrleakage current dominated
by the carrier generation in the depleted bulk. From theetapi voltage approximately, the
curve linearizes and the value for the generation currenaiies constant. Then, the current is
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Figure 6.2: IV measurement setup.

dominated by the resistivity of the diode.

6.1.2 Capacitance-Voltage (CV) testing

The CV characteristic of a device was measured in a similammaas the IV characteristic
except for the addition of a LCR meter (Wayne Kerr 6425B). TB& meter was connected in
parallel across the device with the Keithley voltage so@xshown in Fig. 6.3 to measure the
sensor capacitance as a function of the supplied voltagepiidbe needles simultaneously bias
the device and apply a small-amplitude AC voltage to theesponding contacts at a frequency
w. The amplitude of the resulting small-signal AC current floan be used to calculate the
capacitance between the two contacts, given that,

lc = Ve/Ze = VcjwC (6.1)

whereV, is the applied voltage andl, = 1/jwC is the detector impedance seen by the AC
signal.

A frequency of 10KHz was used, to match RD50 recommendations [111] so the me&hasure
capacitance is almost independent on the applied voltdyeDT supply voltage was decoupled
from the small-amplitude AC voltage of the LCR meter usingaztors. This extra capacitance
is accounted for through a trimming calibration of the systapacitance. An example of a CV
curve from a strip detector can be seen in Fig 7.7 in the ch@pte

As the capacitance squared of a diode is proportional taitrerse of the applied bias voltage
(as given in equation 3.46), the measured capacitance depeaon the voltage of a device can
be used to extract the width of the space charge region. Aftledepletion, the capacitance of
a diode is unchanged with applied bias, therefore the fyllet®n voltage V4, maybe deter-
mined from the CV method. In practice, two straight lines evitted to thdogC versuslogV
plot, one to the linearly increasing section before fullléépn and one to constant capacitance
section after full depletion. The point of interception bé&ttwo lines corresponds to the point at
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Figure 6.3: CV measurement setup.

which the device is fully depleted and therefore the valutheffull depletion voltage may be
obtained.

It is also used the/L2-V curve to determine the full depletion voltage that wikalshow the
characteristic kink aV¢y. The systematic errors are mainly due to frequency and teahpe
and are estimated to be below 10%. It is important to notettleamethod of determiningqy
is not dfected in any way by the segmentation of the detector.

The extracted value fdr'tq is the minimal voltage required to obtain maximal chargédeos|
tion efficiency, which is ultimately the most significant parameterdetector operation. This
simple technique provides reliable results when appligtbtwirradiated silicon devices.

In irradiated detectors, the obtain®g, is not 100% correlated to the one obtained by the CV
method in a simply way. This is due to thffext of trapping since a number of charge carriers
is removed to the signal by trap defecfieating toNg; and therefore t&zq.

6.1.3 Interstrip resistence

The interstrip resistance is an important parameter usetilitty the sensor surface. One can
conclude from the value of the interstrip resistance on tae ©f its surface, defect content in
silicon, etc. Apart from this, the interstrip resistanceta ohmic side of the detector shows
the quality of performance of the strip isolation structus® that, a sfiiciently high interstrip
resistance can prevent signal sharing between neighbdiick would lead to degradation of the
position resolution.

While measuring the interstrip resistance, minimum distors of electrostatic fields within
the interstrip volume should be provided. The pn-junctiorpetype sensors extends from the
frontside of the sensor, near thé strips to the backside. This guarantees a stable electidc fie
in the interstrip region even if there is no full depletion.

The used method permits to determine the interstrip resistiiom strip leakage currents [112].
The essence of the method is in that while the sensor is blasad/oltage sourcedl;), an ad-
ditional voltage sourcdly) is applied between two adjacent strips according to Figy. Bhen,
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the resulting current of the, is measured and plotted as a function of its voltage. A equiva
lent resistance is determined by the slope of the straigatdorresponding to the ohmic region
according to the equation 6.2.

Req = (d'eq)l (6.2)
7 \dU;
U2
+ YR
| K/}f‘
DC contact‘ AC contact ‘ bias resistor
— oxide

-
electron drift

Al

Figure 6.4: Scheme employed for the determination of therstip resistance.

The ohmic isolation resistance should be independerd grsince that it is related mainly
with surface leakage current. Thi voltage is applied directly between the strip implants (DC
contacts). Fig. 6.5 shows the view of the contacts presexitién surface of a typical microstrip
silicon sensor.

Figure 6.5: Schematic view of a corner of a microstrip detect- AC strip contact, 2- DC strip
contac, 3- guard ring pad, and 4- biasing pad of microstrips.

Due to the presence of the bias resistors,Rhgis determined as the equivalent resistance
made up by two bias resistors and one interstrip resistdtstsed in parallel according to equa-
tion 6.3.
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(6.3)

6.2 Charge collection test setup

A very important test of the detector performance is to esallts response to incident
charged particles. i.e thefeiency on charge collection. By measuring the charge didiec
efficiency (CCE) of a detector versus the bias voltage, one cangat information about the
depletion behaviour, since only the carriers generateldardepletion region will be collected.

In this section, two dferent charge collection test setups are described. Ong isetthich
ap source is used as source of charged particles and a secapdisattests the detector under
a laser source. Apart of this, two acquisition systems haenlused throughout these studies
and with the two setups mentioned before. Both will be alszdbed in this chapter.

6.2.1 Radioactive source setup

The used source is &Sr B source Activity: 0.25:Ci,10kBq Ref. date: 1 June 20R6This
emits electrons with a spectrum of energies up.&821eV. These electrons will pass through
the silicon detector. As the energy loss of electrons ofehisrgy is close to minimum ionising
particle nip), these electrons generate 80 electron-hole pairs peomatong their path. In that
way, these electrons can be referred tordiss The source will also emit low-energy electrons
which will be stopped by the detector and generate a larget,variable quantity of charge
carriers.

In this setup (Fig. 6.6), a microstrip silicon detector iagad under thg source. In addition, a
collimator is necessary between fhsource and the detector under test, to give a narrower beam
of electrons. The reverse bias voltage applied to the detecsupplied by an external voltage
source. Under the detector, there is a scintillatds 0.5 cn?), connected to a photomultiplier
tube as well.

When the radioactive source emits a high-energy electt@asses through the detector, re-
sulting in a current signal. At the same time, it is absorbgthle scintillator. The light pulse at
the scintillator is detected by the photomultiplier, proshg a fast electrical negative analogue
pulse. These output signal pulses of the photomultipliezsaanplified and discriminated, ob-
taining digital pulses which are used as trigger signale S¢tup includes two photomultipliers.
They both can be used together in the setup, taking as triiggeoincidence signal between the
two photomultipliers. Nevertheless, it is recommendedgsin unique photomultiplier previ-
ously calibrated since that a low quantity of electrons hegbe below photomultiplier as they
are absorbed by the scintillator plastic.

This provide to the system a trigger signal to measure theabigom the detector under test
each time a hit occurs. This trigger signal is also used ttuelecthe lower-energg because
they will not reach the scintillator, as they may be stoppgthle silicon sensor.

The detector signal is amplified by a charge sensitivity &inption stage with a gain factor
of 1000 and connected toHP infinium1 GHzbandwidth oscilloscope.
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Figure 6.6: Scheme of the radioactive source setup.

Calibration

The photomultipliers were calibrated before mounting te&is in order to estimate the
threshold required for an appropiate signal counting. Tineshold is set to ensure that only
B particles are accepted and are not masked by noise signals.

It was considered two fferent photomultipliers placed as in Fig. 6.6. Fig. 6.7 shtives
counts per second for every photomultiplier as a functiaihefgain voltage. It is noted a higher
signal frequency in PM1 than in PM2 due to PM1 is closer to #uactive source, only with
the silicon sensor between them. From these plots it isisteu a gain voltage of 87V for
PM1 and 920mV for PM2.
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Figure 6.7: Counts per second as a function of the gain velégplied to two dierent photo-
multipliers.
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The second step is to evaluate the number of counts as fanatithe threshold as seen
in Fig. 6.8 for every photomultiplier. Trigger signals wdube lost if a too high threshold is
considered. In the other case, a too low threshold intraglnoése counts that would be taken
as trigger. An acceptable threshold of @¥ is considered for both photomultipliers to ensure
that the PM signal is due to the passage of a high-engpayticle.
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Figure 6.8: Counts per second as a function of the threslolavio different photomultipliers.
It is noted that only around 10 % of electrons reachs the PM2.

6.2.2 Laser setup

A laser setup was used for the charge collection measursrimeatder to get more intensive
signals from the detector. Figure 6.9 shows the diagrameo$#tup.

The laser beam is a beam of photons instead of charged parti€¢he penetration and in-
teraction mechanisms of photons of laser liglttadiin several aspects from ionising particles.
Since the laser beam energyl(ZeV) is lower than the energy required for the generation of an
electron-hole pair in Silicon (8 eV), the ionization is generated by exciting the electronseft
bands Ejaser > Ecap = 1.1 eVin Silicon).

A laser light is generated by exciting a laser source withxdareal squared pulsed signal of
2V and 1 MHz rate which comes from a pulse generAmitent 81130A

The laser light has a wavelength of 1066 that corresponds to near infrared. This light
penetrates deeply into silicon and the charge generatiomggy is therefore more similar to
what amip generates. With a laser wavelength less than @@Qtypically 682nm), charge
generation is produced at an average depth-dfum in Silicon. It allows to study surface
charge collection if the detector does not have metal coatirits back side. The light is lead
through an optical fibre with a focusing lens to the sensorctvlis situated on a positioning
system in three dimensions with micrometer precision. Hitisrnative @fers a good spatial
resolution with a laser beam well focused. Placing the lasarposition of maximum signal on
the detector and moving it perpendicular to the strips inlssta@ps of a few microns, you can
get the variation of the signal and do an estimation of the sige of the laser. The minimal
spot size achieved was 6f8 um of radius (see Fig. 6.10).
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Figure 6.9: Scheme of the laser setup.
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The pulse generator also triggers the signal acquisitidre réverse bias voltage applied to
the detector is supplied by an external voltage source, tiinase of th@ source setup. The
output signal of the detector is connected to a charge satysamplifier with a gain factor of
100 and the output (trigger and detector signals) is coeddctaHP Infiniumoscilloscope.

6.3 Single channel acquisition system

The output (trigger and detector signals) is sent to a 1 Ghizllwadth HP Infiniumoscillo-
scope, which serves as data acquisition system. This kirsgtstém is calle&ingle Channel
since it just allows to read one channel of the detector (iystiee sum of various channels is
acquired). For this system, all the strips of a microstiiig@n detectors are read out together as
seenin Fig. 6.11.

Figure 6.11: View of the strips of adn? p-type sensor connected shorted together to a pad in
the detector board of th@ingle Channel Acquisition System

In order to filter the noise, the sensor signal is averaged aafficient large number of
triggers. The output signals are monitored at the oscitpeand stored in output text files for
an offline analysis. The analysis extracted the pulse shape: signditade, rise time as well
as the sensor leakage current. Then, the charge can be aahgmithe time integral of the
average signal amplitude of the signal. In this system, ¢éins@r probe box (where the sensor is
mounted) is equipped with a PT100 probe for temperature todmg.

As example, Fig. 6.12 shows the oscilloscope screen raptiegean averaged laser signal
(in green) read out from a non-irradiated sensor biased & A4~ 30V). The yellow line
corresponds to the laser pulse used as trigger. The pulsal $gacquired in units of - s.

The acquisition of the detector signal through this systemat the most adequate due to
different reasons. As explained before, the readout of the iseigsails is for all the strips at the
same time. One can not know what channels have been hit, ughtble final use of a silicon
tracker detector. It is interesting to characterize thesgsenwith a system as similar as possible
to those used at real experiments. Nevertheless it is ukefalgeneral characterization of the
sensor properties and behaviour with an appropiate spetbe oéadout electronics.
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Figure 6.12: Oscilloscope screen showing a laser signgkéan) of a non-irradiated microstrip
silicon detector biased at 70 W {4 ~30 V) and the laser pulse used as a trigger (in yellow).
Acquired with theSingle Channel Acquisition System

Taking into account these considerations, a more sopaisticacquisition system was made
necessary. A new acquisition system was developed in ardeséarch the performance of high
irradiated microstrip silicon sensors as similar as pdssitbreal experiments. This system will
be explained in the next section.

6.4 ALIBAVA system

An analogue signal readout system for microstrip silicomsses was developed as a result
of a collaboration among the University of Liverpool, the KINCentro Nacional de Micro-
electronica) of Barcelona and the IFIC (Instituto de éasCorpuscular) of Valencia. This sys-
tem is able to measure the collected charge in microstigosilsensors by reading out all the
channels of the detector at the same tims (28).

There is a need of studying the main properties of highhdiated microstrip silicon sensors
since this type of detectors are used at the LHC experimeXiso as a higher luminosity is
intended to be achieved at HL-LHC experiments, it would badwvantage to be able to predict
the behaviour of this kind of sensors under HL-LHC operatiogditions.

This sytem can measure the collected charge per channebimiarostrip silicon sensors
by using two front-end readout chips. The system can opeitiier with non-irradiated and
irradiated sensors as well as with n-type and p-type migpsiticon sensors. In this thesis, this
system has been used to research the performance of migibtion sensors irradiated at the
expected doses under HL-LHC conditions.

The ALIBAVAsystem is a compact and portable acquisition system. It éas divided into
two main parts, a hardware part and a software part (see Hig).6I'he hardware part acquires
the microstrip silicon sensor signals either from an exdktrigger input, in case of radiactive
source setup is used, or from a synchronised trigger ougnetrgted by the system, if a laser
setup is used. This acquired data will be roughly processddeant by the hardware in order to
be stored in a PC or laptop for a more detailed processing.

This hardware part is a dual board based system composed bthamboard and a daugther
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Figure 6.13: Diagram of the ALIBAVA system with itsftirent components.

board. The mother board is intended to process the analajadltht comes from the readout
chips, to process the trigger input signal in case of raiasburce setup or to generate a trigger
signal if a laser setup is used, to control the whole systethtartommunicate with a PC via
USB port. The daugther board is a small board intended fotawing two Beetle readout
chips [113], fan-ins and detector support to interface #resers.

Hence, the most of the hardware required is implementedeimtbther board. Particularly,
the following hardware blocks are implemented in the mobward: the trigger output genera-
tion stage for the laser setup, the trigger input processtiage for the radiactive source setup,
the signal conditioning and digitalization of the analogia@a coming from the Beetle chips,
the control and configuration generation block for the Beetlips, the USB communication
controller, and external memory for temporary storing tbeured data. Also, the FPGA and
associated circuits and the power supply generation blocthe required voltage levels (ana-
logue and digital supply levels) are integrated in the molioard.

The daugther board contains the hardware required for anmatating the two Beetle readout
chips, for bufering the analogue data that is sent to the mother boardeéeiving the control
and configuration signals for the Beetle chips, for sendinthe mother board a temperature
signal, for connecting the microstrip silicon sensor(sjite Beetle chips and for biasing the
detector(s) from an external voltage source.

The main reason for dividing the hardware into two boards isrevent the rest of the hard-
ware from the aggressive environment (radiation or very temperatures) that will ster the
detectors. Both boards are communicated by flat ribbon dablthe analogue data signals
coming form the Beetle chips, slow and fast control digitghals to the Beetle chips and tem-
perature signals as well as the supply level for the Beetfilgscind biiers. The high voltage
detector power supply will be provided directly to the dduagtboard. Therefore, the daugther
board can be placed close to the radiation source whereandtteer board can be near the
controller. The length of the flat cable can be about varioer@s without any need of signal
equalization.
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Regarding the software part of the system, its function isdotrol the hardware part of
system and to process the data acquired (temperature da@data and digitalized Beetle
chips data output), which is sent in a raw format from the radibard, in order to obtain data
with physical meaning. Also, data introduced by the userasgssed by the software to be sent
to the FPGA in the correct format and the software also maositoe state of the system and
the data acquired for user information. The software istkerface between the system and the
user by means of a Graphical User Interface (GUI). This way software controls the whole
system for configuration, calibration and acquisition.

The acquisition data is stored in adequate output file forifiais format file will be compat-
ible with software used for further data analysis.

6.5 Data analysis with ALIBAVA

When a high-energy particle passes through a detectorpitsits energy through a series
of collisions with electrons in the material. This is a stitial process, which means that the
amount of energy deposited in the detector, and hence thalsignerated, will vary from
particle to particle. The total number of electron-holerpajenerated is proportional to the
deposited energy. Over a large number of hits, the quaritignergy deposited will follow a
predictable distribution. In a thick detector, the numbiecallisions will be large, and so this
distribution will be a Gaussian about the mean value. Fomp&# silicon detector, which is
relatively thin, the number of collisions will be smallerhd@ energy loss will follow a Landau
distribution convoluted with a Gaussian distribution tomgensate for any broadening of the
espectrum due to noise, and non uniformity of the incidertig}a momentum.

By integrating the signal current induced by the charge omptihe signal charge is obtained.
The signal charge is very low (typically to the order 06 3C [63]), and must be amplified.
Electrical noise and inherent statistical fluctuations déstort the signal, which leads to an
important design requirement. The signal from the prediapipasses to a shaping amplifier
to fit the frequency of the signal, as the signal and noiseugaqgies vary from each other.
By doing this, the signal-to-noise ratio is improved sigrdfitly. Then, the pulse returns to a
baseline voltage before the next pulse begins. Then, ittairdd a pulse with a specific height
which can be measured through analog-to-digital convéoteADCs), which are proportional
to the original charge induced on the strip. Fig. 6.14 shdvesreconstruction of the Beetle
analogue front-end pulse shape using an electron as inqideticle. The averaged collected
charge in electrons versus the TDC measurement is plottezlpiilse is negative since electrons
are collected with a p-type detector.

The system was calibrated by using a precision pulse geméceinject known charge pulses
into the preamplifier, and measuring the signal arrivindhatADC. Due to noise, the recorded
ADC values followed a Gaussian distribution, so the pealhefdistribution was taken. After
repeating this using charge pulses witftelient magnitudes, a linear fit was made to this data
to find the conversion factor from ADC values to charge in ietats. The results are shown
in Fig. 6.15. In the upper plot of the Fig. 6.15, the ADC coymitctrons rate as a function
of the channel is shown for a non-irradiated p-type deteclbis rate is used to calculate the
equivalent signal amplitude in electrons from the signgbtorde in ADC counts read out from
every channel of the detector. It can be seen that there ifexatice between the values of



142 6. Experimental techniques for the characterization o$ilicon microstrip detectors

=
3
@

o

]
i
v

. x10° electrons
+
)

25

b i
: T%ﬁ

-35f

Y FEET FUTE FUTE FRUTE FRTRY AT FRUTE FTURE FAAT
0O 10 20 30 40 50 60 70 80 90 100
ns

Figure 6.14: A sample signal shape of an electron in a p-tgbeatiors as obtained out of the
ALIBAVA system. It is represented the averaged collectedrgh (in electrons) as a function
of the TDC measurement (img). It is noted a charge peak around 33000 electrons instead th
expected 24000 electrons for a 30 thick silicon sensor. It is due to gairffects that are
explained in chapter 7.

the first 128 channels (which correspond to the Beetle chigoionected) and the second 128
channels (which corresponds to the Beetle chip connectesljadthe equivalent capacitance of
the detector. The plot shows that the ADC coyelesctrons rate does not change in a significant
way, which was the expected behaviour. In the lower plot effig. 6.15, the signal in ADC
counts is represented as a function of the correspondiectatd charge and the channel number.

The standard approach when measuring CCE is to plot théuititm of the remaining charge
in electrons (after calibration and pedestal and commonentodrections have been made) of
the measured events versus the frequency of them, and tHérthe distribution to find the
peak value as seen in Fig. 6.16. It can be seen that the spefitsua distribution similar to
the Landaudistribution with a long tail for greater collected chargasl convoluted with a
gaussian due to noise. This was the expected result forygesdf measurement since it would
be directly related to the energy loss in the silicon detewatith a thickness of 30@m. The
peak of the distribution corresponds to the charge gertfateamipin a such silicon detector.
In the espectrum shown in Fig. 6.16 the peak valuel@¥ 0.13 ke") does not correspond to
the expected maximum collected charge k&4) due to gain fects that are explained in the
chapter 7. In the work presented at this thesis, the measuntsroarried out with the ALIBAVA
system were an early testing of the system and some issuestoaime surface (gainfiects,
temperature dependence...) that were taking into accouhéimeasurements analysis.

In Fig. 6.17, the signal spectrum for the Beetle chip not emted to the detector (upper plot)
and the signal spectrum of the Beetle chip connected to ttexte (lower plot) are shown.
They represent the number of events for every charge cidfeit electrons. The sigma of the
curve fitted in each plot represents the noise in electrorrgesponding to each Beetle chip (i.e.
detector noise, Beetle chip noise and electronic noisedréffbre, the noise of the detector and
the corresponding Beetle chip (lower plot) is 1247 eledrdhshows that a negative spectrum
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Figure 6.15: System with a non-irradiated p-type deteabmmnected to one Beetle chip (chan-
nels 129-256). Upper plot: ADC couriesectrons rate for every channel number. Lower plot:
signal in ADC counts versus injected charge in electronschiadinel number.

corresponding to the charge collected by a p-type detectoelactrons. In addition, it shows
also positive spectrum due to noise in posible channelshwiviere not operative because of
shorts in the bonding process. The upper plot only has therabise spectrum since there is no
detector connected to that Beetle chip.

In Fig. 6.18 the spectrum signal is shown for a non-irradigtéype detector biased at 200
measured by means of the laser setup. In this case, laseptimlides a fairly uniform beam of
photons throught the detector volume. Every photon proslad@rge number electron-hole pairs
in a small region where the photon is absorbed primarily bamseof photoelectricféect [48].
The absorption of these photons is probabilistic. Due toléinge number of collisions, the
distribution will be a gaussian about the mean value whithken as the collected charge. This
resulting charge collection is then scaled to find the cpading signal that would be produced
by a minimum ionizing particle.

After the acquisition of the peak value of the collected gleaat every bias voltage, it can be
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Figure 6.16: System with a non-irradiated p-type deteatomnected to one Beetle chip (chan-
nels 129-256) at a bias voltage of 200 V. Spectrum of the sapruired with a time cut between
12 nsand 22nswith the radioactive source setup. The number of events ascibn of the
absolute value of the collected charge (electrons) is sgmted. It is noted that the peak value
around 27ke  is higher than the expected maximum collected charg&é2) It is due to gain
effects that will be explained in the chapter 7.

represented the collected charge versus the bias voltagedoy silicon detector.

6.6 Irradiation faclilities

6.6.1 Neutron irradiation facility

The reactor research centre of the Jozef Stefan Instittie isite of a nuclear reactor of type
TRIGA [114], constructed to provide neutrons for experitaépurposes. The main part of the
reactor is its core, consisting of fuel and control rods.slsurrounded by a graphite reflector
and placed into a reactor vessel filled with water, all withitnick concrete shield.

Irradiation of a sample is done by placing it into the coretlgh an irradiation tube which
occupies a fuel rod position. ATLAS group uses two such igtah tubes which are located at
the edge of the core. The tubes have twidedent dimensions:

e The small tube has a circular cross section withéndiameter.

e The large tube has an elliptic cross section with axis lengtand 5 cm.

The irradiation tubes enter the core from above and are doulong because the core is
covered with 5m of water. The tubes are curved in a chicane just above thetogueevent
radiation from the core escaping through the tube. The okitimits the length of the sample to
be irradiated to about 1&m A closed liquid cooling circuit was designed to ensurerth&ible
temperature during and after the irradiation. The proxiroitthe core provides high neutron
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Figure 6.17: System with a non-irradiated p-type deteabmmnected to one Beetle chip (chan-
nels 129-256) at a bias voltage of 200 Upper plot: number of events for every acquired
charge collection (in electrons) for the channels corradjpa to the Beetle chip not connected.
Lower plot: number of events for every acquired charge ctiba (in electrons) for the channels

corresponding to the Beetle chip connectrd to the detector.
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Figure 6.18: Spectrum of the signal acquired with the las&rs The number of events as a
function of the absolute value of the collected charge {edes) is represented. The peak value
corresponds to the charge collection by a photon beam arad itchbe scaled to the equivalent
signal produced my a minimum ionizing particle. It corresg@e to a non-irradiated p-type
detector connected to one Beetle chip (channels 129-2%6)ias voltage of 200 V.
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fluxes with a relatively high portion of fast neutrons. Theitnen energy spectrum in the tube
was determined by measuring the activation of foils difestent materials. Using the measured
energy spectrum and damage functions one can determinaiheffL MeV NIEL equivalent
neutrons [115]. NIEL equivalent flux was also measured utfiedeakage current method [83].
Since the flux is linearly proportional to the reactor opi@gpower, the flux of IMeV NIEL
equivalent neutrons in the reactor is:

e 8.8x10° n/kW-cnfsin the small tube

e 18x10° n/kW-cnsin the large tube

The reactor can be run with large span of operating powens\(fe¢o 250 kW), enabling irra-
diations with various neutron fluxes. A reactor power ok¥8means a fluence o110 n/cn?
reached in 22 seconds.

The hardness factor was calculated to 189@ 0.05 (0.05 is the statistical error only, describe
the reproducibility under the same experimental cond#j¢hl16]. The neutron flux is expected
to vary linearly with reactor power. The irradiations weerfprmed at dierent reactor power,
thus varying the neutron flux.

6.6.2 Proton irradiation facility

The proton irradiation was made by a Cyclotron AVF930 at C&Ri7] in Japan. The protons
are accelerated to a kinetic energy of\M@V with the azimuthally varying field (AVF) cyclotron
of a magnet radius of 93@mwith the accelerating radio frequency of 11442z and extracted
to a beamline. The beamline flange is just an exit made thrawgitield wall.

The beam profile is measured by using finger aluminum bamsni& 40 mmx 20 mmthick).
These are scanned and reading the current induced by pi@i@iMeV protons should stop in
20mmof Aluminum). The maximum beam current of the beamline isBA@nd the maximum
FWHM of the beam spot is aboutrBm It is determined the beam current and irradiation time
so that the sum fluence should reach the target.

Sample PCBs (Fig 6.19) are stacked and Al foils are attachedldw final proton beam
intensity measurements B\t — 2*Na spallation process. They are also cooled at>-@@nd
biased at 10 during irradiation. The uncertainty of the fluence comesifibe cross section
uncertainty for this process (10%). Then, it is calculatesidcan area about the samples PCBs.
Samples are wire bonded to allow for electrical characition before and after irradiation. The
70 MeV proton to 1MeV ny conversion is assumed to betl

6.6.3 Other irradiation facilities

The detectors used in this thesis were irradiated in theeabesgcribed irradiation facilities.
Nevertheless, several irradiation facilities are avddab irradiation process for research.
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Figure 6.19: Sample PCB. Bias lines and sampled electrodesgige bonded to allow electrical
characterization before and after irradiation.

CERN PS

It is a Proton Synchroton accelergtdocated at CERN. Two types of irradiations can be
performed:

e Protons of 245eV/c with fluxes of 1-3x 10'3p h~* cnm2. The dimensions allowed for the
samples to irradiate arex22 cn.

e Neutrons of 1IMeV with fluxes between 3-1810%n h™! cm? and with a maximum
sample size of 308 300x 300mn.

Proton Irradiation Facility, PIF

It is located at the Paul Scherrer Institut (PS4t Switzerland. As a prime use, the PIF
is available for irradiation experiments connected wite Buropean Spacial Agency (ESA)
space program. The facility is also available for other eggptesearch conducted by external
laboratories as CERN, universities and industry. It usesoms within an energy range of 6-
63 MeV with fluxes of< 5x 10° p s cnT2. The beam spot is a circle of up tocén diameter
with an uniformity> 90% over a £mdiameter.

Cyclotron Research Centre (CRC) at Louvain-la-Neuve

It is an Isochronous Cyclotréocated at the Institut de Physique Nucléaire (UCL-FYNQ)) i
Belgium. It provides:

e Fast neutron beams with energy ranging froM@&V to 45MeV with a maximum neutron
flux of 7.3x 10'° n s cnT?, using Deuteron on a Be target.

Lhttpsy/irradiation.web.cern.ghradiation
2httpy/pif.web.psi.ch
Shttp;/www.cyc.ucl.ac.be
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Monoenergetic neutron beams, using protons on a Li targetga more energy-peaked
beam (25-7MMeV), but with lower fluxes of the order of £& s cnT2.

Light ion beams, protons with energy from 10 toM&V and fluxes up to 10p st cnT?.

Heavy ion beams as for example®particles. Developed in collaboration with ESA to
tests electronics components with high linear energy tearf6ET) particles.

Cobalt irradiator for gamma irradiations, most used forleacchemistry purposes.



Chapter 7

Radiation silicon detector
characterization

In this chapter, it is presented the characterization ofitve technology for radiation detec-
tors that is then*p detectors. As explained in chaptend,strip readout on a p-type silicon bulk
sensors present better performance in terms of radiati@nbas than the* strip readout on a
n-type silicon bulk sensors. So*p detectors have been proposed, within the RD50 collabora-
tion, as candidates to survive the extreme radiation cmmditof the both HL-LHC and sLHC
environment.

7.1 CNM microstrip silicon sensors

7.1.1 Prototypes of CNM microtrip silicon sensors

n*p sensors have been prototyped by the CNM-IMB for these esudMicrostrip sensors
have been manufactured on a 10 cm silicon wafer containingig6éostrip detectors, 20 pad
detectors, 12 pixel detectors and 8felient test structures to measure fabrication process pa-
rameters as the interstrip resistence and the oxide chakgaew of the wafer is shown in
Fig. 7.1. The used mask set was designed by the CERN RD5000aditort. Sensors were
manufactured witf100) silicon wafers from Siltronix.

The main parameters of the microstrip detectors used faetlseudies are summarized in
table 7.1. They have a structure of multiple guard rings @jainding the 130 strips (solely
the central 128 strips are connected to avoidféedként underlying electric field for the edge
strips). The strips are biased via polysilicon resistorsnezted to a bias ring. The strips also
have an integrated metal capacitor for the capacitive dogf the signal connected to the
electronics by wire bonding.

Ihttpy/cern.chird50
Zhttp;/www.siltronix.com
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Figure 7.1: Wafer processed at CNM-IMB clean room fac#itid he wafer contains (a) strip
detectors, (b) pad detectors, (c) ATLAS pixel detectorsd, @) different test structures.

| sensor paramete value |
area 1.06x 1.06cn?
thickness 285+ 15um
# strip channels 128
length 10472um
strip width 32um
pitch 80um
nominal resistivity 30kQ-cm

Table 7.1: Main parameters of CNM microstrip silicon sessor

Concerning the interstrip isolation, the p-spray isolatie used (see section 3.3.3). The
implant conditions for the p-spray are [117] (except for ¢laely sej:

e Energy,E = 100keV

e Dose,dose= 3x 102 cnr2

In addition, these studies are forffgirent sort of silicon substrates in order to compare them
under irradiation. So, the considered silicon substrateshfe CNM sensors are Float Zone
(F2), Diffusion Oxygenated Float Zone (DOFZ) and Magnetic Czochiréiékz).

The table 7.2 summarizes all tested CNM sensors considertisi studies: the number of
the sensors from a numbered wafer, their detector techpa@digon growing method, and the
acquisition system used to carry out the measurementseHnerthree series of CNM sensors
that are callecearly detector setCNMO7, and CNM0Q Every serie draws together sensors
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measured at a particular period of time undefedent conditions as for example the signal
acquisition system used.

| # Wafer | #sensors| Technology| Growing Method|  Acquisition System |
Early detector set
1(x) 5 n-on-p Fz Single Channel System
CNMO07
5 6(-1) n-on-p DOFZ Single Channel System
10 6(-2) n-on-p MCz Single Channel System
CNMO09
4 4 n-on-p Fz ALIBAVA System
17 (xx) 4 n-on-n FZ ALIBAVA System

Table 7.2: Summary of the used devices) Early p-type sensors was used to calibrate the
system and other relevant tests:)(A batch ofn*n sensors was considered to compare with
n*p sensors.

7.1.2 Neutron irradiation

It is important to test prototype silicon detectors afteatnen irradiation in order to stablish
their radiation hardness properties to survive the expddteLHC radiation fluences. The most
significant contribution to the radiation damage of the wstrip sensors in the tracker volume
is due to backscattered neutrons. Simulations show thateb#on fluence equals the charged
particle fluence emerging from the interactions at a rad&édce of about 25 cm from the beam
axis and is maintained at the same level up to a radial distahabout 100 cm [118].

In order to evaluate the neutron radiation tolerance in $esfitharge collection for dierent
silicon bulk materials, detectors have been irradiatedh witutrons at TRIGA Mark Il Nu-
clear Reactor (see section 6.6.1) at Jozef Stefan Institutgibljana at several fluences from
10 cnT? up to about 18 cnT?. These fluences corresponds to the expected doses which the
sensors will have to cope with under the conditions of highihosity.

After irradiation, the sensors were shipped in a cold paekawd stored at30° to prevent
annealing processes except a period of two hours duringitieebanding.

In table 7.3 it is showed the neutron fluences at which thesssrase irradiated.

7.2 Single channel acquisition system characterization

7.2.1 Weighting potential: Simulation studies

Early measurements were carried out in a Single Channel i8itign (SCA) system (see
section 6.3). The signal data is read out from an oscillos@q analysedffiine. The main
singularity of this acquisition system is that all the strgye connected to the same pad. In this
way, all the strips are read out together as they are shorted.
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| CNM Sensor Label Neutron fluencesgq/cny] |
Early detector set
p-Fz-1 0, 10, 105, 2x 10%5, 1016
CNMO7

p-DOFZ-5 0, 165, 3x 104, 10°, 3x 10'°, 8x 10°
p-MCz-10 0, 1014, 3x 10*, 10'5, 351015, 4010

CNMO09
p-FZ-4 0, 10", 3x10%, 10'
n-n-Fz-17 0, 104, 3x 10, 10

Table 7.3: Neutron Irradiation on CNM sensors. The radmimarked witl>< corresponds to
irradiated sensors which could not be measured becausé&earfedit reasons as very high level
of noise, and thermal runaway.

It was thought if this configuration couldtact to the characterization measurements respect
to the usual configuration where the signal is read out indegetly. Firstly, it was considered
the simulation of a detector under the two posible configomat The usual configuration for
the experiments will be callestrip configurationin the following and the single channel con-
figuration used at the testing laboratory will be caltédde configuratioras all the strips were
read out as if they were just one strip.

The simulated structure is a 2@ wide and 30Qm thick sensor. It consists in a p-type
substrate with a doping concentration off4@nT3. It has three 32um wide n* strips with a
pitch of 80um and a doping concentration of ¥nm?3 each. Thep* backplane concentration
is 107 cnT3. A p-spray isolation layer was added with a peak conceomaif 10 cm™2 and
a SiO; layer on the sensor surface with a typical concentratiorafaon irradiated sensor of
4x 10 cnT2. All these parameter values are standard and within thedlifor the typical
values for silicon detectors [52].

A first simulation consisted of the calculation of the weigbtpotential [66] for a single strip
(strip configuration and for 3 strips togethed{ode configuratioh It is known that the con-
tribution of the charge carrier to the induced signal degemdthe variation of the weighting
potential ¢,) as shown in equation 3.54 [65]. The variation shape.jrnvaries for diferent
sensing electrode geometry. The weighting potential fangle strip in thestrip configuration
is shown in red in Fig. 7.2 across the detector depth and @esgwith results reported in [119].
Fig. 7.2 also shows the weighting potential for the shortegdssin black in thediode configu-
ration. The computed weighting potential agrees with the weightiatential for a pad sensor
found in the literature [119]. Fig. 7.3 represents the weighpotential profiles for both con-
figurations on the sensor area. A strong field in the regiosecto the considered strip can be
observed.

An effect of the diference between the two configurations is on the collectioe fior the
signal. From collected charge simulations it is observed ¢tine needs more integration time
to collect all the charge in théiode configuratiorthan in thestrip configurationas shown in
Fig. 7.4. Itis observed that it is needed approximately Sreotlect all the charge for thetrip
configurationwhereas about 15 ns are needed to collect all the chargedatrih configura-
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Figure 7.3: Simulated weighting potential distributiorifie sensor area for both configurations.
(a) strip configurationand (b)diode configuration

tion. In principle, if the signal integration time is larger thtre collection time of all charge
carriers, the measured charge will be the full charge witldeyeendence on the configuration.
A shorter integration time yields to a fractional charge alfistic deficit. Finally, representing
the simulated collected charge as a function of the biasgelfor both configurations during
an enough integration time of 25 ns, the results are iddritichoth configurations as shown in
Fig. 7.5. So that, with a sficient collection time, this acquisition system can be used.
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both configurations after 25 ns of integration time.
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7.3 Characterization of CNM sensors - |

In this section, microstrip p-type silicon sensors prodl@eCNM are characterized in terms
of charge collection performance. Their electrical praipsras leakage current and capacitance
are also measured for non-irradiated sensors of every sggtettors to stablish their initial
parameters. In addition, all the sensors were charactebieiore irradiation in th&iliconlab-
oratory at the PH Department Silicon FacilitfDSF) at CERN. The DSF provides services
and support to any CERN related experiment or project whsehsilicon detectors with empha-
sis on the four LHC experiments. This initial characteiimatvas made in order to check the
after-manufacture state previous to the detector deligettye irradiation facilities and their pos-
terior distribution to the dferent research centres. All the tested CNM sensors werédevad
suitable to be used as radiation damage testing sensors.

In the following it must be considered that, for all detestahe closest guard ring to the sensor
active area was grounded as shown in the picture 7.6 unlpfisidy mentioned otherwise. This
is in order not to include the contribution of the currentfrthe surface. During the tests, the
detectors were kept at30°.

&,

<

[\

Figure 7.6: Front view of a p-type sensor corner showing thie onding to the bias ring (the
closest ring to the strip area) and the first closest guagd rin

7.3.1 Early detector set of CNM microstrip silicon sensors

A first set of irradiated microstrip*p silicon sensors were characterized using the SCA sys-
tem in order to calibrate the acquisition system. The silie@fer is FZ. These sensors corre-
spond to the wafer numbered as 1 in table 7.2. They were metouéal at CNM in order to
optimize the p-spray implant parameters in p-type micipstetectors before processing the
RD50 wafers [62,117] that do not constitute part of this wdrke sensors, labelled psFZ-1,
were irradiated at the fluences indicated in table 7.3. Ain@udiated sensor was also measured
for reference.

As explained in chapter 6, the charge generated acrossriberss due to a laser beam on the
sensor. The use of a laser beam provides more intensivelsiyaa with a radiactive source
specially with irradiated sensors where the produced &gnay be very masked by noise and
low due to trapping. However, with a laser beam, there is aretainty in the number of

Shttpy/ssd-rd.web.cern.¢ssd-rdlabo2gdefault.htm
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generated electron-hole pairs depending on the pulsesityethe beam incidence angle, etc.
So, the signal produced by this quantity of particles isbratied with the one produced by the
B~ emission of 2°S rradiactive source. Only a few relevant voltages are consiti® measure
the signal at the radiactive source setup (as the signalsittqn can be very laborious due to
the low activity of the radiactive source or, as mentionefibize very low signals produced in
the heavily irradiated sensors).

The non-irradiated sensor was electrically characteiizéite probe station at the clean room
to stablish the performance of this kind of technology beforadiation. Fig. 7.7 shows the
current-bias voltage characteristic and the capacithieevoltage by means of the linear rela-
tion between the AC? with the bias voltage. The latter allows to extract the vafieghe full
depletion voltage at the knee of the curve. For this p-typesifizon sensor, a full depletion
voltage of 276 + 1.3V is obtained.

$26 W01 F:
T

N

4

S

3

&

3

S

2!

Leakage Current [nA]
&

2

S

1

@

1

o o

o

L . . L L L
10 20 30 40 50 60
Bias Voltage

=2

.
>

-
S

.
)

Vg M 27.56 + 1.251
1/C [x 10 pF?] 14,63 + 0.2159
C, [PF] 26 + 9.755

1/C? [x 10 pF?

=
1)

)

)

IS

. . . L
20 40 60 80 100
Bias Voltage [V]

Figure 7.7: Leakage current as a function of the bias volgagper plot) and AC? as a function
of bias voltage for the reference non-irradiated FZ silisensor. The fit of the data gives a
maximum capacitance of 26+ 9.8 pF and a full depletion voltage of 26+ 1.3 V.

Figure 7.8 shows the current-voltage characteristic nredsat the laser setup and the col-
lected charge versus bias voltage for the non-irradiatadase The collected charge has been
fitted to a function defined as

Q(V)={ Q- \/VIfd Vi< Vi (7.1)
Qo V > Vigq

The full depletion is reached at a bias voltagevef = 30.9+0.2 V which is close enough
with the value extracted from thg@2-V curve. No systematic errors were determined. From
Vi4, the collected charge remains constant and correspontie tmaximum collected charge
at the sensor resulting from the fi§y = 23.6+0.1 ke again close enough to the expected
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value. The IV characteristic shows a kink point at approxetyathe full depletion voltage
which indicates that the current is dominated by the resigtof the diode as the bulk is fully
depleted. The increasing of the current after full depletsodue to the lateral extension of the
junction.
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Figure 7.8: Leakage current (upper plot) and collectedgséower plot) as a function of the
bias voltage for a non-irradiated FZ silicon sensor. Theffihe collected charge versus bias
voltage characteristic gives a full depletion voltagé/ef = 30.9+0.2V.

The current-voltage characteristics for irradiated mstiip detectors are shown in Fig. 7.9
obtained at the laser setup. The level of leakage currergdises with higher fluences. However,
breaks at earlier voltages are observed on the sensors whdrated with the lower fluences.
Moreover, there was provided one sensor more irradiatdd M@ n/cn? but it was lost due to
an irreversible very early break{ 1 mAat 150 V).

A possible explanation of the breakdown may be that the doectact between the" im-
plant and the p-spray layer gives high electric field regiwh&ch may cause breakdown. With
higher fluences, the p-spray charge is compensated withxide oharge and the electric field
is reduced, decreasing the risk of an early breakdown.

Figure 7.10 shows the collected charge versus bias voltagath irradiateg-FZ-1detector
measured with both setups (laser beam and radiactive goufte collected charge for the
detector irradiated with 20 ne/cn? was only tested up to a bias voltage of 45@t the laser
setup due to limitations because of a high leakage curreeakidown was observed starting at
~200V).

During the measurements, microdischarges were observéleotested sensors irradiated
at the highest fluences (0 2x 10'°, and 16° neq/cn?). These phenomenafficulted the

study of charge collection. Microdischarge onset appeat diferent voltage for each detector.
Table 7.4 presents the applied reverse bias voltage at wiimlodischarges appear. Through up
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-FZ-1 sensors

=
o
w
T T

* Non-Irradiated

* ® =10 nggfem?

* ®=10" nfem?

* ©=2x10" nyfem?
® = 10" n,/em?

Leakage Current [UA]
[E=Y
o

=
o

\

10—14—‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘J—l
0 100 200 300 400 500 600 700 800 900

Bias Voltage [V]

Figure 7.9: Leakage current as a function of the bias voltagthe irradiated sensogsFZ-1
They are microstrim*p FZ silicon detectors irradiated with neutrons (measurea@—30°C).
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Figure 7.10: Collected charge as a function of the bias gelfar the irradiated sensqpsFZ-1
They are microstrim*p FZ silicon detectors irradiated with neutrons (measurasg—30°C).
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setup.
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to ~500V, the microdischarges appear randomly. At a voltage grétaaer500 V, they appear
with a fixed frequency. The frequency shows a dependencyele#tkage current as shown in
Fig. 7.11.

| Fluence [ Microdischarges onselt
10 neg/cn¥ no microdischarges
10" neq/CN? 420V
2x 107 neq/cmz 200V
10 neq/CN? 430V

Table 7.4: Every sensor irradiated at the fluences abovesshoerodischarges starting at the
different voltages indicated in the table.
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Figure 7.11: Frequency of the microdischarges as a funofitive leakage current for the sensor
irradiated with 16° neq/cn?.

Figure 7.12 shows the microdischarges observed at the rserestiated with 18° neq/cm2
biased at 700 V.

These microdischarges can be a consequence of high eligeltlicegions inside the silicon
bulk likely related to the p-spray dose. Detector perforogalbecomes very sensitive to the p-
spray implant parameters as microdischarges can repithgegdrliest mechanism of failure for
microstrip detectors when operated at high voltage. Nbedass, they were able to be used to
test the acquisition system as it is the purpose of this wBektially depleted operation of the
most highly irradiated sensors is satisfactory and forinsg, corresponds to a signal-e6000
electrons at a bias of 800 V. Nevertheless, this voltage eacobsidered as an upper limit for
any practical large detector system.
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Figure 7.12: View of the oscilloscope screen showing therodiischarges for the sensor irra-
diated with 168° neq/cm2 biased at 700 V. The microdischarges appear at a fixed rade é=e
peaks at a fixed distance), that depends on the leakage turren

Annealing

An annealing process was carried out with a detector irtadiwith 16° neq/cmz. In order
to perform the measurements in dfoadable time, the sensor was exposed to a high tempera-
ture of 80C for different times to accelerate the annealing. This high temyrerptrovides an
acceleration factor of about 7400 times with respect to re@mperature (4 minutes at 8D
is equivalent to 20 days at room temperature). This allowseé&zh the plateau between the
beneficial and the reverse annealing in 4 minutes [120].

In this way, the collected charge dependence on time can &leaded. The annealing of
the device was done in five cumulative steps: 3 min, 10 min, 8Q @00 min and 300 min
at 80C. The sensor was heated inside an oven in ambient air. Thdssthprocedures were
followed to measure the charge collection properties &ieh annealing step. Fig. 7.13 shows
the collected charge as a function of annealing time ¢ dint voltages. It is only represented
the collected charge up to a bias voltage of 500 V as this ttetebhows breakdown at 400 V
and microdischarges start appearing at 420 V. At these haghvoltages, the self-heating of the
device even when kept at a temperature-8¢°C made the measurementtitiult.

It must be noted that the bias applied is far below the fullleliéggn. The depletion voltage
dependence on annealing time is illustrated in Fig. 4.5 h&astective doping and the depletion
voltage grow with the annealing time there will be a decraafséhe depleted region, which
translates to less collected charge at large annealingtime

Collected charge is uffi@cted by short annealing times. However, it decreases oy ém-
nealing times:>> 200 days at room temperature. Maintenance periods of deveeks during
the experimental lifetime of the detector (with temperasuat or close to room temperature)
will certainly not exceed the short annealing times wheeertétdiation damage is lower.

Nevertheless, several measurements of accelerated egnefdcts made with irradiated p-
type bulk detectors show that changes of charge collectibciency with annealing time in
p-type microstrip detectors are not very dramatic [1214128oreover, one can see that the
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Figure 7.13: Changes of the collected charge as a functi@mo¢aling time after irradiation
for a microstrip p-type detector irradiated at*1@e4/cn? and biased at dierent voltages. The
measurements were performed-80°C.

charge collection does not deteriorate even after longalimgetimes, when fects of reverse
annealing of space charge concentration are already damina

Final note

The dificulties found during these charge collection measurendsttymined the need of
automation in this kind of detector characterization. Isvealved by the development of an
appropiate software and user interface (thanks to Sergnz&@ez Sevilla) that made data taking
more dficient. TheC based software allowed to stablish all the initial paramseté the oscil-
loscope, voltage source, pulse generator and photonieitipbwer supply by means G1PB
buses as seen in the scheme 7.14. During the data takingeléetes! voltage, the measured
current read out from the voltage source and the correspgrstiope channel signals are also
stored in order to anfiline analysis of the detector signals.

In addition, these measurements allowed to stablish theereivironment inside the labora-
tory determining also the degree of its electric isolatibor example, we realized that a radio
frequency slipped in our data taking masking the sensor&gThis was solved by the use of
an adequate faraday cage for the measurements.

Finally, the charge collection measurements for the seinsaliated at 18 neq/cm2 showed
lower values than expected for that dose (if compared witls@es measured later). The early
and irreversible breakdown of the sensor did not allowedtterinine the reason of those values
(defective sensor, irradiation not corresponding to thellad one, wrong calibration, signal
masking by noise...).



162 7. Radiation silicon detector characterization

set o
——{ trigger FT——— /g

A A

PC

~

scope —
record & store data Acquisition

set -200V
HV source a ) sensor

5.0 uA

y

signal

A

Figure 7.14: Schematic view of how the software performgtigrge collection measurements.
The measuring instruments are managed through an usdag#et the PC by means of GIPB
buses.

7.3.2 CNMO7 microstrip silicon sensors

Other two sets of microstrip p-type detectors from CNM wessged. The sensors correspond
to the series called CNMO7. The wafer numbered as 5 is DOFZtendafer numbered as 10 is
MCz (see table 7.2). They were characterized at the Singdm@# Acquisition System (SCA
System). Every set was labelled@®OFZ-5andp-MCz-10for the DOFZ silicon sensors and
MCz silicon sensors respectively. They were irradiatethatiuences indicated in table 7.3. A
non-irradiated sensor of each set was also measured foenef

7.3.2.1 1V/CV measurements

First of all, the non-irradiated sensors were tested in tiobg station at the clean room to
evaluate the electrical performance of these technolodgtégures 7.15, and 7.16 shows the
leakage current versus bias voltage and the capacitaratéegbhs 1C?) versus bias voltage for
both sensors prior irradiation.

Concerning the capacitance plots, before depletion, kpeeted deviations from the simple
linear plot because there are interface charges in thestnfegaps altering the electrostatics.
Nevertheless, it is observed that the plots are still apgprately linear. From the knee of the
curve it is estimated that the total depletion of the subsisareached af+q = 26.7+ 0.9V on
the DOFZ sensor andsy = 1043 +5.7 V on the microstrip sensor produced on MCz silicon.
This translates in a doping concentration using the equéti#s and a resistivity from the equa-
tion 3.32 listed in the table 7.5.

It is obtained a maximum capacitance of296.4 pF and 29+ 15 pF for the DOFZ sensor
and the MCz sensor respectively. The saturation capaeisegne similar for both sensors since
the capacitances saturation values are inversely propaitto the thickness of the sensors by
means of the equation 3.47.
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Vig [V] Netr [cnT] o [kQ-cm]
DOFZ | 267+09V | (434+0.16)x10™" | 106+0.4
MCz | 1043+57V | (1.67+0.90)x 102 | 2.8+0.6

Table 7.5: The full depletion voltage extracted from thetplis used to estimate doping con-
centration and the resistivity of the bulk for both non-tficted p-type sensors with DOFZ and
MCz silicon.

7.3.2.2 CNMO7 sensors under neutron irradiation

The collected charge is measured as a function of the bigageofor every of the five irra-
diated sensors and one non-irradiated for reference. Tisosewere irradiated with eV
equivalent neutrons at the fluences%.@x 10, 105, 3x 105, and 8x 10 ney/cn?.

Concerning DOFZ sensors, the sensor irradiated %f‘tr]eta/cn? could not be measured be-
cause of thermal runaway. Fig. 7.17 shows the collectedgeh@C) as a function of the bias
voltage for the irradiated DOFZ sensors. The signal in the-in@diated detector reaches a
plateau at around 40 V and it is used to set the scale for fult CeV+q of 285um thick de-
tectors irradiated with neutrons a3.0 neq/cm2 and higher exceeds the maximum possible
applied bias voltage. Nevertheless, even farl®'® n.o/cn? the DOFZ sensors are operational.
The charge loss is very acceptable.
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Figure 7.17: Collected charge versus bias voltage for tlaeiatedn™p microstrip sensors with
DOFZ silicon.

Considering the MCz sensors, Fig. 7.18 is showing the cpomding collected charge versus
the bias voltage for the surviving irradiated sensors. Twegensors irradiated at the highest
fluences were seriously radiation damaged and any signkl bewbserved.

The signal in the non-irradiated detector reaches a platearound 170 V. As expected, the
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irradiated detectors show lower signal than the non-ieizdi one at lower bias voltages. Even,
for ¢ = 10" neg/cn?, it is observed a plateau at around 340 V that represents éxémm
collected charge at that fluence due to trapping loss chalg@ever, the signal keeps on rising
with increasing bias voltage. For voltages of 750 V and higtine signal in the sensors irradi-
ated at the fluences of ) and 3x 10" neq/cn? clearly exceeds the one in the non-irradiated
reference detector. For the detector irradiated wift? m&/cmz, a charge of around 15000 elec-
trons were measured at 850 V. This is a remarkable signal fmtector irradiated by a such
high fluence.
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Figure 7.18: Collected charge versus bias voltage for taeimtedn*p microstrip sensors with
MCz silicon.

The dfect of more charge being measured than the maximum chargetexpcan be at-
tributed to charge multiplication [51,124] occuring duértgact ionization. The multiplication
effect is not found in non-irradiated silicon detectors, imtiitg that the radiation induced de-
fects cause a change in thi@eetive space charge that leads to an increase of the elfiekiiat
the junction between the" electrode and the p-type substrate. Drifting charges arcateld in
such presumably very high electric field can gain enoughgsrter create additional electron-
hole pairs needing a considerably high bias voltage to deeftiect. Similar éfects have also
been observed in others heavily irradiated planar sili¢dp detectors [125-127]. Thidtect
becomes more pronounced with bias voltage above 1000 V asshdhe previous references.

It is also shown the leakage current versus bias voltageumedsvith the detector mounted
on the charge collection setup in Fig.7.19. It represergddtal current from the high-voltag
power supply including the current through the guard rindne Tevel of the leakage current
remains around theA order of magnitude except for the DOFZ sensors irradiatdueghighest
fluences of 3« 10'%, and 8x 10® n/cn? which reachs tenths @fA.
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Figure 7.19: Leakage current as a function of the bias veltagthe irradiated* microstrip
sensors with DOFZ silicon (witk) and MCz silicon (witho) measured with the Single Channel
Acquisition System.

Discussion

Surprisingly high values of collected charge were measwrigld detectors irradiated with
neutron fluences. Measurements of collected charge veragssbltages for the considered
sensors with DOFZ and MCz silicon material are compared ¢n#/20. Charges as high as
those measured for non-irradiated sensors were obsendst the uncertainties for a fluence
of 10" neg/cn? for MCz sensors and 810" neq/cn¥ for both sensors. This charge multipli-
cation dfect is more prominent for MCz sensors at least farl®'4 neq/cn?, being the charge
collection perfomance similar for ®neq/cn?.

Every edge of the strip implants supposes a stronger adatd in this region compared
to pad detectors for the same space charge concentratiaddltion, trapping alters the space
charge. Therefore, one could expect that conditions gighdriprobabilities for charge multi-
plication in the detector volume near the strips, highlgdiated at high bias voltages. Never-
theless, the measured collected charge does exceed sigtiifithe 100 % and thisfiect is not
observed at the leakage current measurements which arie vadsonable levels.

It has been proved that the addition of oxygen to high purity high resistivity FZ silicon,
resulting in DOFZ silicon, was more resistent against chddgadron irradiation [78,89]. The
high purity FZ method can yield wafers with low concentrataf O (~ 10'° cnt3), reaching
till ~ 107 cnt2 with oxygen dffusion technique. A much higher oxygen concentration and nat
urally presented is found in wafers produced with MCz sili¢69]. The oxygen concentration
in MCz silicon is about 5 10" cnr3. Both kinds of oxygen enriched substrate technologies
(DOFZ, MCz) are compared in this study under neutron ir@atia In Fig. 7.21 the collected
charge at a representative bias voltage of 500 V (the maxiai&ge at which silicon detectors
can be biased in the SCT of ATLAS [128]) is shown foffeient neutron fluences. It shows that
under neutron irradiation, the total collected chargeieftge the trapping, is ufi@cted by the
silicon substrate type.
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Figure 7.20: Comparison of charge collection as functiobia$ voltage for the sensors with
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7.3.2.3 Noise of CNMO07 sensors

In order to determine the signal as a consequence of a gactiessing through the detector,
the strip signal must substantially exceed the noise. Thexét is essential to determine the
noise that ffects the search of the signal in the SCA system.

Over a sifficiently large number of event®(~ 2048), the channel mean signal-pedes®al (
and noise ¢?) were calculated as

_ o1y
P:NZP,- (7.2)

19 _
o?= )P = (7.3)
i

whereP; is the raw signal (voltage level) for the j-th event for thegle channel. Then, to
calculate the signal within this acquisition system, theaoted signal should be redefined as
Sj = P; — P to substracte the pedestal.

The pedestal distributions were obtained from special-titieng runs using CNM sensors
with off-beam data or with the detector signal delayed out of th@eriggate. The noise is
measured as the r.m.s. of the pedestal distribution fitted@aussian function. It was used a
range-scale of 20MV/div at the oscilloscope enough to record the points properly.

Firstly, the pedestal distributions were measured for rs¢vn-irradiated detectors at room
temperature. In Fig. 7.22 is shown the pedestal distriniftoa DOFZ silicon detector at 150 V
as example. All these points are fitted to a gaussian to éxttraenean signal-pedestal and the
noise ().

The noise measured at room temperature with a non-irrab@M detectors is reported in
Fig. 7.23 as a function of the voltage. The noise is extrafttad the linear fit of the data. The
data show that the noise is practically constant due to tieen® dominated by the serial noise
for a non-irradiated sensor [129]. This value correspoadbié minimum level of noise due to
the readout electronics.

The noise is also evaluated for three detectors irradiaitfd imcreasing neutron fluences:
10", 3x 10, and 16° neg/cn?. The measurements were done-@6°C, in the same conditions
that in irradiated detector characterization. Fig. 7.2dwshthe pedestal distributions for the
three irradiated sensors. The reported data corresponi&s aoltage of 60%¥. As shown, the
level of noise are pretty similar for all cases.

In Fig. 7.25, the noise as a function of the bias voltage it@iowhich is showing a constant
level of noise when increasing bias. It is noted that theennigasured for irradiated detectors
is not so diferent from the one measured for non-irradiated detectatsvéth no dependence
on the irradiation fluence.

For irradiated sensors, the noise is mairftgeted by the reverse current (parallel noise). Nev-
ertheless, this limiting factor is reduced by operatingithediated detectors at low temperature
(~ = 30°C). This is the consequence that the noise of non-irradiatedirradiated detectors
is dominated by the serial noise whose main source is th@wadplifier. However, the size
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Figure 7.22: Pedestal distribution for a non-irradiatedHZ(-type sensor biased at 150V. The
pedestal value corresponds to the mean and the noise valesponds to the sigma of the
gaussian fit for this bias voltage.
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Figure 7.23: Measured noise as a function of the bias volfaga non-irradiated DOFZ sil-
icon sensor. The measurements were done at room temperé#tisenoted that the noise is
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Figure 7.24: Pedestal distributions for silicon sensaadiated at (a) 1%, (b) 3x 10*, and
(c) 10" neg/cn? at a temperature 6f30°C. The bias voltage corresponds to 600 V. From these
plots are extracted the mean (peded®aland thes (noise level) values at this bias.
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of the serial noise could be reduced by using improved @leits which is showed with the
ALIBAVA system (see results in section 7.7) and with it, agrisased signal-to-noise ratio is
expected.

Table 7.6 summarizes the noise values for the considerattiseind shows a no dependence
on radiation working at low temperature.

Fluence feg/cn¥] | o [mV] lieakage[1A] at —30°
200V | 700V
Non Irradiated | 0.277+0.006 | 255+0.04nA -
10 0.277+0.007 | 0.900+0.003 | 1.500+0.004
3x10¥ 0.280+0.007 | 0.920+0.006 | 1.620+0.003
100 0.263+0.006 | 1.18+0.08 2.50+0.02

Table 7.6: Level of noise for p-type silicon detectors meadwat SCA system. It is shown the
leakage current level at theses fluences.

7.3.2.4 Signal-to-noise ratio

Another figure of merit to characterize the detector pertoroe is the ratio of the signal of
incident particle to the system noise,

SNR=S/N (7.4)

S is the corresponding signal generated by an incident pauit the sensor an is theo
noise of the system under test. The signal-to-noise pedgonomfor CNMO7 sensors irradiated
at several neutron fluences has been estimated and plo&ad 26 for a bias voltage of 600.

S was obtained as the amplitude peak of the averaged signsieesgl at 600 V in units ahV.
N corresponds to the of the pedestal distribution and its values are summarizggbdable 7.6
for every fluence.

For the fluence 1% neq/cn? it is achieved a SNR- 14 and for a fluence of 8 10 neq/cn?
the observed SNR is 11 at a typical bias voltage of 600 V. For both cases, it is okeska SNR
above than the required SNR of 10 for the microstrip regiotham ATLAS tracker upgrade.
It is important to note that the SNR is overestimated due ¢onthise dependence on the strip
length (these test detectors have a smaller interstripcitapae). These test sensors have a
strip length of less than 1 cm whereas the anticipated gegrfatthe Short Strip Detector
region considers 2.4 cm long strips. However, for the higbrgected fluence in the innermost
microstrip region that is 78 neg/cn?, it is achieved a SNR very lower than 10 in our sytem.
The measured signal-to-noise ratio of the silicon detetteans that the signal decreases with
increasing fluence mainly due to trappinteets.

Before irradiation, it is obtained a SNR ef12 at a bias voltage of 350 V for the MCz sensor
and ~ 11 at a bias voltage of 200 V for the DOFZ sensor (not plotted 26).
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Figure 7.26: Signal-to-noise ratio (SNR) foffdgrent fluences for the CNMO7 microtrip silicon
sensors. The signal data correspond to a bias voltage of 660tkle MCz sensor irradiated at
10 neg/cn? and DOFZ sensors for the fluences 30M neq/cn? and 13° neq/cnr?.

7.4 ALIBAVA acquisition system characterization

The limitations of the single channel acquisition systegetber with the need to carry out
the sensor measurements as similar as they performs inxmali@ents became decisive to the
development of a new data acquisition system. It shouldvaitostudy the main properties of
highly irradiated microstrip silicon sensors in reseaathoratories.

The ALIBAVA system complies with the requisites given abov&ll concerning this new
acquisition system is explained in details in section 6mthis thesis, the early measurements
made with ALIBAVA system are presented. These measurenadstisserved as a batch test for
the new acquisition system. These first tests allowed togl#tmisystem and its software. Thus,
the system performance could be improved.

The charge collection measurements should be carried dowatemperature in order to
evaluate the proper radiation damage avoiding reverseadinge All the irradiated sensors
presented in this thesis are tested inside a freezeB@C where the measurements are done.
Working with the ALIBAVA system, only the daughter board wihe sensor is introduced to the
freezer. The Beetle chip has also to operate inside thedrektzvas observed a gain dependence
on the temperature as shown in Fig. 7.27. Operating the &ekip at-30°C inside the freezer
affects its calibration. Specifically, the low temperatuffeets the common mode, which may
shift outside the calibration range.

To overcome this limitation the calibration data at@0must be used. In addition, it is
necessary to compute a gain correction factor with a n@thiated sensor and tige setup to
apply to the irradiated sensors in this way:

Real = QrT/Q-30C (7.5)
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Figure 7.27: The ADglectron ratio as a function of the channel number obtaineiifi@rent
temperatures. It is shown the channels for both Beetle gvipsented at the daughter board.
Only a sensor is connected to the second chip that corresgorttie channel numbers 128-
255. The observed fierence between the channels connected to every chip (wdtlvahout
detector) is due to the change in the gain induced by the tetec
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whereQgr is the charge collected by the non-irradiated sensor iBth&etup at room tem-
perature an@@_zo-c is the collected charge by the same non-irradiated sensloe ithe3~ setup
at—30°C. Itis used for both cases the calibration data for the spording Beetle chip at room
temperature.

Thanks to the knowlegde improvement on the operation of thiBAVA system, this limi-
tation was tackled directly increasing the common modetlohihe daughter board Iffier by
changing the bfiier supply level from 3.3 V to 5 V. This modification (not applio these mea-
surements) allowed a right calibration data-&80°C and gain changes with temperature were
accurately tracked by calibration. Thus, there was no neede a gain correction factor.

How to perform with the ALIBAVA system at this early stage bf¢ design is summarized as
following. The measuring process involves five run modes:

e Calibration. ADC counfelectron rate for each input channel by means of calibration
pulse injected to the Beetle chips. The calibration datebiaioed for each Beetle chip
considered at room temperature.

e Pedestal run. The pedestals are saved and substracted#titieedata analysis.

e Laser synchronization for scanning the time delay betwkeraser pulse and the acqui-
sition.

e Laser run for each bias voltage.

e 3~ radiactive source rur?{Sr) for each bias voltage.

For the laser and radiactive source runs, the signal is cted@as the sum of strips in a cluster
with a SNR> 6 and for the neighbours, a SNR2.5. The signal is measured in units of ADCs
and the calibration data is used to obtain the charge inreles{Q.). The charge collected with
the laser illumination is normalized to that collected wath~ source at the same bias voltage.
It is only needed for a few voltages in order to get the nornadilbn factor:

Rnorm = QSOUFCE setuyéQlaser setup (76)

In addition, the peak of the charge spectrum for a non-iatadi in theQ-V plateau at th@~
setup sensor is normalized to the theoretical value of 2408Xrons in order to compare all the
measurements by means of the fadgje.

Finally, the collected charge at a specific bias voltage oreakat the laser setup for irradiated
sensors is recomputed as:

Q = Rogke X Raorm X Reai X Qe (7.7)

For every set of sensorBy4e andRcy are computed with the corresponding non-irradiated
sensor whereaRyorm is computed for every specific sensor. The collected chayga hon-
irradiated sensor is computed in this way except for theofdgs;.
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7.5 Characterization of CNM sensors - |l

7.5.1 CNMOQO9 microstrip silicon sensors

The next sets of microstrip silicon sensors were tested ansef the ALIBAVA acquisition
system (more details in section 6.4). The p-type sensorsgoonds to the seri€@NM09 The
wafers were manufactured with FZ silicon. The wafer 4 corgtai p sensors and the wafer 17
containsn*n sensors (see table 7.2). For identification, every set alzalled ag-FZ-4 and
n-n-FZ-17 They were irradiated at the fluences indicated in table ®Be non-irradiated of
each set was also measured for reference.

7.5.1.1 1V/CV measurements

The first step is the electrical characterization of the moadiated FZ sensors in the probe sta-
tion at the clean room to evaluate the electrical perforraarfithese technologies. Figures 7.28,
and 7.29 shows the leakage current versus bias voltage arzhffacitance (plotted agd?)
versus bias voltage for both non-irradiated sensors.

508 W04 FZ
T

Leakage Current [u A]

I 1 L L
100 150 200 250 300
Bias Voltage [V]

Vig V1 51.91+0.8954

1/C? [x 10 pF?

1/C} [x 10 pF ] 4.566 + 0.01973
C, [PF] 45.91+2.174
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L | L | L |
50 100 150 200 250 300 350
Bias Voltage [V]

Figure 7.28: Leakage current versus bias voltage and backglapacitance plotted agCP
versus bias voltage for the non-irradiateg FZ silicon sensor under study.

For the p-type sensor, the |-V plot does not show a stabitinadf the leakage current as
seen for the n-type sensor. Nevertheless, the n-type sshears a level of current around
55 uA, higher than the p-type sensor that is around A2 Concerning capacitance plots, the
behaviour is as expected. From the knee of the curve it imagtd that the full depletion of
the substrate is reached\aty = 51.9+0.9 V on the p-type FZ sensor anly = 51.2+19V
on the microstrip FZ sensor with then technology. Both non-irradiated sensors reach full
depletion at similar bias voltages which indicates thaftitlalepletion voltage does not depend
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Figure 7.29: Leakage current versus bias voltage and bac&ptapacitance plotted agCP
versus bias voltage for the non-irradiatech FZ silicon sensor under study.

on the sensor technology. Taking the DOFZ sensq@raforementioned, oxygen enrichment
of the silicon bulk which is achieved within the manufactigrprocess, results in a substantial
lower depletion voltage compared to FZ standard devicel [83he same way as in previous
section, it can be estimated the doping concentration ubmgquation 3.45 and the resistivity
from the equation 3.32. They are listed in the table 7.7.

It is obtained a maximum capacitance of#48 pF and 48+ 5 pF for the p-type sensor and
the n-type sensor respectively. The saturation capa@saare similar for both sensors since
the capacitances saturation values are inversely propaitto the thickness of the sensors by
means of the equation 3.47.

Viq [V] Netf [CnT7] o [kQ-cm]
nt*-pFZ | 519+09V | (8.36+0.16)x 101 | 551+0.11
N-nFZ | 512+19V | (8.37+0.32)x 101 | 5514021

Table 7.7: The full depletion voltage extracted from theple used to estimate doping concen-
tration and the resistivity of the bulk for both non-irraigid FZ sensors with p-type and n-type
silicon substrate.

Finally, Fig. 7.30 represents the collected charge as fomcif the applied bias voltage is
represented for the non-irradiated CNM sensors given ile fal2. It shows the data for sensors
with different kind of substrates (FZ, DOFZ and MCz) and for the teldgiesn®™p andn*n. In
addition, it is including measures from the twdfdrent acquisition systems (single channel and
ALIBAVA system). And as expected, no discrepancy is obsarve
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Figure 7.30: Collected charge as function of the bias velfagthe non-irradiated CNM sensors
considered. It is noted that the DOFZ sensors obtains therldepletion voltage.

7.5.1.2 CNMO09 sensors under neutron irradiation

Going on to the irradiated FZ sensors, Fig. 7.31 shows tHeatetl charge as a function of
the bias voltage for thp-FZ-4sensors. During measurements the sensors were kept irzarfree
at a temperature of — 30°C. For then*p FZ sensors, the charge collection was limited by
microdischarges. For example, the sensor irradiated ®trig/cn? could only be measured
at a bias voltage of 150. Even more, strong microdischarges were observed whenumiegs
the sensor irradiated ab810* neq/cn?. The attempt to evaluate them made microdischarges
affected to the electronics and the daughter board chip stoppedng properly.

In the laser setup the microdischarges and the signals caaegagated clearly since the mi-
crodischarges are located in certain channels. Theretfloeg,can be masked for thdfiine
analysis of the data. In other hand, when usingathsetup, it makes necessary measure at bias
voltages without microdischarges. The random nature ofaH&ctive source implies possible
overlaps betweefi~ signals and microdischarges. In addition, working with noitischarges
implies a limitation of the bias voltage in order to avoid dagimg the sensor and the electronics.
A more detailed study of the observed microdischarges cdoural in the section 7.5.2.

In Fig. 7.32 it is shown the collected charge versus biasageltfor FZn*n sensors. This
sensor technology shows the best charge collectiioiency. At a fluence of 10 neq/cn?
all deposited charge is collected at around 200 V. Evenxat@* neq/cn? the charge is fully
collected reaching the maximum at450V. Microdischarges were also observed for this set of
sensors. Nevertheless, theffeet was more easily masked as they appeared at a lower rate.

The leakage current versus bias voltage is shown in Fig. f0:38ll the irradiated FZ sen-
sors. At a fluence of 16 neq/cm2 the irradiatech™n sensor does not break down up to 700 V,
whereas th@*p sensor shows a breakdown at an early bias voltage of 230theAtighest dose
(10%° neg/cn?), no breakdown is seen for both types of sensors. Howeweltettkage current
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Figure 7.31: Collected charge as function of the bias velfag thep-FZ-4sensors. It is noted
that the sensor irradiated with %01@(4/cm2 could solely measured untill a bias voltage of A60
due to microdicharges.
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gets increased continuously which is likely caused by tlammaway phenomena.
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Figure 7.33: Leakage current as a function of the bias velfagthe irradiated FZ sensors with
p-type silicon substrate (i) and with n-type silicon substrate ().

7.5.1.3 Noise and signal-to-noise ratio

The signal-to-noise ratio (SNR) has been calculated fersbnsor seriecSNM0Q Fig. 7.34
plots the SNR for sensors irradiated at several neutrondegefor a bias voltage of 450 V.
In black points, it is shown the SNR for th#p FZ sensors and in red, the SNR for tinan
FZ sensors. For every fluence, the signal is extracted asdale foom the charge spectrum
at the corresponding bias voltage in units of electrons. fAdise is extracted as the from
the pedestal distribution in units of electrons and its galare summarized in table 7.8. The
pedestal distributions are measured from specific datagakins without laser g8~ signals.

| | p-FZ-4 | n-n-FZ-17|

Fluence feg/cn?] | o [ke] | o [keT]
Non Irradiated 1.26 1.38
1x 10 147 1.30
3x10% 123 132
1x10™ 1.40 1.40

Table 7.8: Level of noise fan*p (p-FZ-4) andn*-on-n silicon (-n-FZ-17) detectors at 450 V
measured at the ALIBAVA system, given in electrons.

The SNR for the two lowest fluences (1, ang 30'* neq/cn?) remains in a high level, around
19 for then*n sensors whereas it gets decreased for a fluence"ohdgcn till a value of ~ 8.
In other handn™p sensors show a higher degradation in terms of SNR. It iSreddaS NR~ 12
for a fluence of 3 10 neq/cm2 and very lower SNR of almost 6 for the highest fluence of
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Figure 7.34: Signal-to-noise ratio (SNR) foittdirent fluences for the CNMO09 microstrip sen-
sors. The signal data correspongt&Z-4sensors in black points and in red for tha-FZ-17
They were biased at 450 V.

10® neg/c?. The SNR of then*p sensor irradiated at 30neq/cn? was very &ected by mi-
crodischarges and its charge collection measurementsliweted to 150 V. Before irradiation,
it is obtained a SNR of 19 for then*p sensor and- 17 for then™n sensor at a bias voltage of
150 V.

7.5.1.4 Comparing with CNMO7 sensors

The comparison of all CNM sensors can be seen in Fig. 7.38 shidwn the collected charge
as a function of the neutron fluence at a bias voltage of 400 |.sensors on FZ, DOFZ, and
MCz silicon substrate have very similar performance uneéetmon irradiation whereas timén
sensors show an improved charge collection performancgrieg lower bias voltages to fully
collect the deposited charge. They are leBscied by trapping. Neverthelesgp sensors have
sufficient charge collectionficiency for the envisaged semiconductor tracker layersiumga
luminosity conditions. Even, at the highest radiation dof8 x 10%° neq/cmz, the size of the
output signal is still considerable.

7.5.2 Sensor microdischarges measured by the Alibava acgition system

For CNMO09 sensors, microdischarges were observed durimgeltollection measurements.
They appear as high signal peaks and they can show both tgapositive and negative.
Fig. 7.36 corresponds to two images of the oscilloscopeesa@ring measurements. The yel-
low line represents the analogue readout correspondinug®@eetle chip connected to a sensor,
wherel6 bitsheader and the multiplexed 128 channels can be seen. The figtne left shows
two microdischarges with eferent amplitudes and the figure to the right shows a micrbdige
in coincidence with a signal produced in the laser setup.

Microdischarges do not occur in all detectors and are lakateertain channels which can be
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Figure 7.36: Oscilloscope screen views of microdischaigyeads (left) and in coincidence with
a laser signal (right). The yellow channel is the analogaelo@t corresponding to one Beetle
chip where the 16 bits header and the 128 channels are showed.

masked in order not tofiect the data. However, they become more frequent at hightges
and the amplitude of the microdischarges can become signifaontributing to the spectrum
considerably as it is shown in Fig. 7.37.

Microdischarges appear at a higher bias voltage with irstngafluence as seen in table 7.9
for thep-FZ-4andn-n-FZ-17sensors.

In the other hand, its frequency increases with the voltpgdied. The hit map for several FZ
sensors is studied. It is plotted the frequency of registsignals as a function of the channel.
These plots are showing untill 256 channels which corregdpoithe two Beetle chips presented
in a daugther board. Only a sensor is measured at a time tbanimected to the second Beetle
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Figure 7.37: Spectrum of the laser signal in ADC units cqoesling to an irradiated sensor
showing microdischarges. The amplitude of the microdisphis estimated to be approximately
the corresponding to a 1rhip. These microdischarges were recorded in coincidence wh t
laser trigger.

p-FZ-4 n-n-FZ-17
Fluence fieq/c?] | onset voltage [V]| onset voltage [V]
0 160 230
1x 10" 150 390
3x 10% 270 400
1x10% 330 400

Table 7.9: The microdischarge onset voltage for every iated CNMO9 sensor.

chip (channels 128-255). The microdischarges are randdrarity those in coincidence with
the laser trigger are registered.

Firstly, it is considered bettercase in which the microdischarges appear at a higher bias vol
age. Let consider the senspiFZ-4irradiated at 3 10* neq/cn? where the microdischarges
appear at 270 V. Fig. 7.38 shows its hit map for several vekag\t 220 and 250 V it is only
registered the hits produced by the laser beam located adcifispchannel around 213 with a
frequency of approximately 2500 hitan. At the onset voltage, microdischarges start appearing
also in certain channels. Even at higher voltages the nupflErannels with microdischarges
increases and less laser hits are observed. During datetaiore high intensity microdis-
charges in coincidence with trigger are registered andaserlsignals are masked.

Fig. 7.39 shows the hit map for a worse case with a non-irtadisensor. The sensor in this
case corresponds to then-FZ-17non-irradiated sensor. At 240 V microdischarges are ajread
observed at around channel 255 but né¢eting too much to the laser hits. However, at 270 V
the frequency of the microdischarges increases to 4900unitevhereas laser hits decreases to
around 2000 higsun and microdischarges in other channels begin to be ezgist At 280 V,
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Figure 7.38: Hit Map for the sens@-FZ-4 irradiated at 3 10 neg/cn?. It is plotted the
frequency of the signal hits (laser and microdischarges héigistered in coincidence with the
laser trigger as function of the sensor channel for sevaighges using the laser setup. The
laser hits are located around channel 213. The ALIBAVA asitjon system is used. It is noted
that the plots includes the channels for the two Beetle ghipsented in the ALIBAVA system.
Only a sensor is connected to the second chip which corrésgori28-255 channels.

the frequency of the microdischarges continues increasiigalso shown the hit map at 300 V
where the frequency of microdischarges exceeds to thedassand therefore making the charge
collection measurement nosense.

Finally, it is plotted the hit map for another non-irradidgensor (p-FZ-4) whose microdis-
charge onset voltage is 160 V. As seen in Fig. 7.40 at 150 \éther no microdischages, and at
160 V, they start appearing. However, the frequency of th@adischarges increases abruptly
untill 3500 hitgrun whereas the registered laser hits decrease from 20§fuhiat 160 V to
1000 hitgrun at 170 V. As seen in the pléd), the hits are dominated by microdischarges and
no laser hits are registered.

The causes of the microdischarges welf@dlilt to determine. The microdischarges may be
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Figure 7.39: Hit Map for the sensorn-FZ-17non-irradiated. It is plotted the frequency of the
signal hits (laser and microdischarges) registered inaid@mce with the laser trigger as function
of the sensor channel for several voltages using the lasgy.sEhe laser hits are located around
channel 213. The ALIBAVA acquisition system is used. It igetbthat the plots includes the

channels for the two Beetle chips presented in the ALIBAVAteyn. Only a sensor is connected
to the second chip which corresponds to 128-255 channels.

due to high electric fields induced by high doping gradiegiars as for example, in the contact
between tha* implant and the p-spray layer. Other reasons may be eldihicdistorsions
caused by fabrication process defects or pin-holes durorgling. In addition, it has been
observed that the p-spray isolation has a better perforenafter irradiation than before and as
seen, the microdischarge onset voltage gets increasedreeithation. Thus, microdischarges
may be related to p-spray dose.

7.6 Study of the interstrip resistance

The technique to performance interstrip resistaig)(measurements was already explained
in section 6.1.3. The value d®, determines for the strip how the charge produced by an
ionizing particle is distributed (cluster) and, consedlyeaftfects the spatial resolution of the



186 7. Radiation silicon detector characterization

22001 [
F 2000(

2000F- 5
F 1800

18001

F 1600f
1600 s

L 1400~
1400 s
1200 12001
10000 1000
8001 800

600 600~
400" 4001
2000 2000 H
S RPN RPN IR | S| SR IR R | L
% 50 100 150 200 250 o 50 100 150 200 250
(a) 150V (b) 160 V
3500
3000
2000~
25001 1800
[ 1600
2000~ E
L 1400
L 1200—
1500 00¢
[ 1000
1000F 800
r 600/
5001 a0/
[ 2001
i) R Lo b Mo | | E. | PR | . N P |
(] 50 100 150 200 250 “0 50 100 150 200 250
(c) 170V (d) 200V

Figure 7.40: Hit Map for the sensprFZ-4on-irradiated. Itis plotted the frequency of the signal
hits (laser and microdischarges) registered in coincidevith the laser trigger as function of
the sensor channel for several voltages using the lasgu.s&he laser hits are located around
channel 213. The ALIBAVA acquisition system is used. It igetbthat the plots includes the
channels for the two Beetle chips presented in the ALIBAVAten. Only a sensor is connected
to the second chip which corresponds to 128-255 channels.

detector. Apart from this, studying the behavioulRp one can reveal the yield of good strips
or possible technological defects.

Non-irradiated p-type CNM sensors were used for these t€htsstudies were performed in
a probe station in the clean room facility. Both sensoftedin the kind of silicon substrate as
shown in table 7.10.

Fig. 7.42(a) and (c) show the equivalent resistance meamsumeof both considered detectors
by means of the linear fit of the ohmic region. It is represénte leakage current versus
bias voltage applied between two adjacent stripg through the DC contacts for several bias
voltage applied to the sensond,| (see Fig. 6.4). Fig. 7.41 shows the leakage current as a
function of the bias voltage applied to the whole sengh) for the two considered detectors.

Fig. 7.42(b) and (d) show a zoom of the previous leakage otuversus bias voltage plots in
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Label | technology| silicon substrate
s08-w04| n*-on-p Fz
s21-w1l0| n*-on-p MCz

Table 7.10: Sensor used for interstrip resistance studies.
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Figure 7.41: Leakage current as a function of the bias veltggplied by the sensor backplane
(U1). The upper plot corresponds to the p-Fz sensor labe&iw04and the lower plot is for
the p-MCz sensor labellesP1-w10

the ohmic region in order to extract the interstrip resiseavalue by means of:

1 1 1
- 7.8
Req Rint ZRbias ( )
For the estimation oRy,;, the nominal value foRyi3s has been considered [128].
Roias = 1.25+0.75 MQ (7.9)

Itis obtained as expected similar valuespf for both sensors (see table 7.11). These interstrip
resistances are close to ATLAS specificatioRg: (> 2 X Ryias) and in the order of magnitude as
Ryias: SO it can be considered an interstrip isolation of the save bfRyjas.

Label ReqMQ] | Ry [MQ)]
s08-w04| 1.01+0.01 | 1.69+0.69
s21-w10| 0.964+0.001 | 1.57+0.59

Table 7.11: measureR:q and estimate®®; for non-irradiated p-type sensors.
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Figure 7.42: The leakage current measured between twoedjatrips as a function of the
bias voltage applied between the strips for a FZ sensor @)aaMCz (c). Figures (b) and
(d) corresponds to a zoom of the previous figures in the ohagon in order to extract the
equivalent resistancél; corresponds to the bias voltage applied to the whole sensor.

7.7 HAMAMATSU microstrip silicon sensors

7.7.1 Prototypes of HAMAMATSU microstrip silicon sensors

n*p sensors were prototyped by HAMAMATSU Photorfiosm 6 inch (150 mm) wafers for
the HL-LHC [130]. These sensor series are callddl.AS07 The silicon material is float-
zone (FZ) and the wafer orientation 45100>. The mask layout for the wafer is shown in
Fig. 7.43. The layout contains a large-area main sensomoéisions ¥5x 9.75 cn?, which
is the maximum size square possible in the usable area définBAMAMATSU Photonics.

In addition, miniature X 1 cn? sensors with varius strip and isolation structures areuihed
in the layout, as well as %4 mn? miniature diodes, which are fit into the space remaining on

“Hamamatsu Photonics K.K., 1126-1 Ichino-cho, Hamamat$435-8558, Japan
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the wafer. For this study the miniature sensors have beeh uBee main parameters of the
miniature strip detectors are summarized in table 7.12.

87 54

Figure 7.43: The mask layout for the ATLASO07 sensors for ahb®wafer. The central piece
is a 975x 9.75 cn? main sensor and the positions P1-P24 correspond to thetmmi@isensors
of 1x 1 cn? [131].

| Sensor parameter | value |
area lcny
thickness 320um
number of strips, Z1-Z5 (Z6 104 (77)
strip length 0.80cm

strip width Z1-Z6 (Z5) 16 (22)um
strip pitch, Z1-Z5 (Z6) 74.5 (100)um
nominal resistivity ~ 6.7 kQcm

Table 7.12: Main parameters of HAMAMATSU microstrip silitgensors.

Each miniature sensor has one out of siffetent surface structures for strip isolation. The
cross sections of the surface structures, Zone 1- Zone @@Jlare shown in Fig. 7.44. Z1 has
no p-stop structure, Z2 has individual p-stops indepengentircling each n-strip and Z3-Z6
have one continuous, common p-stop in between n-stripsatieatym wide. The sensors are
made with an integrated AC-coupling structure consistihg sandwich of an insulating layer
with aluminum-metal and implant strips. For all the zonessgt Z5, metal is wider than the n-
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Figure 7.44: Cross-sections of the st and the isolation structures (p-stop) in the surface
of the miniature sensors. Six structures, named Zone 1- Bpaee implented- One structure
per miniature sensor. The dimensions argrim

strip implant to reduce the electric field strength at thérip-gmplant edge when the potential of
the metal and the n-strip implant is the same. The Z4 mirdsgdansors include a structure for the
AC coupling insulator to protect against accidents suchlzsaan splash into the sensors [132].
The protection structure, already considered at currefit ®rostrip sensors (see chapter 8),
is called the punch-through protection structure (PTP¥ Z& miniature sensors have a wider
pitch (100um).

There were several batches trying p-stop and p-stop combiite a p* surface-density con-
centration (p-stop- p-spray). The surface concentrations for tfestrip isolation methods are:

e p-Stop Dose- 2x 10'? ions/cn?
e p-Stop+ p-Spray Dose= 2 x 102 + 2 x 10* ions/cn?

7.7.2 Proton and neutron irradiations

A large number of miniaturdTLASO7sensors have been irradiated with both protons and
neutrons to evaluate the bulk damage produced at the piitieinces expected in the upgrade
strip tracker.

Proton irradiation was made with 70 MeV protons at the Cyolotand Radioisotope Center
(CYRIC) of Tohoku University in Japan (see section 6.6.2he Proton fluences were3x,
6.0x, and 13x 10 neg/cn?. The fluences are scaled to units of 1 MeV equivalent neutrons
per cn? taking into account the NIEL correction factor of 1.4 with adhce uncertainty no
more than 10%. The irradiation took typically tens of mirsute a few hours depending on the
fluence. The sensors were kept cold-@tC during irradiation and the irradiated samples were
inmediately stored in a refrigerator to prevent any pastdiation annealing. The samples were
irradiated as bare chips with no bias applied.

Neutron irradiation was carried out at the TRIGA nucleactea at the Jozef Stefan Institute
in Slovenia (see section 6.6.1) and with energies belowaqimately 3 MeV. The NIEL cor-
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rection factor is 0.88 with the overall fluence uncertairty@. The doses werex2, 5%, and
10x 10* 1 - MeVnyg/cn?. The irradiation was made at a rate 08  10*2 neg/cn?s™t with no
bias to the sensors. The irradiation tcﬂﬂeq/cm2 is thus completed in 9 minutes and annealing
effects during irradiations can be ignored. The irradiatedseswere stored in a refrigerator.

7.8 Characterization of HAMAMATSU sensors

7.8.1 IV/CV measurements

The pre-irradiation characterization consisted of thisctical characteristics: the leakage
current and the sensor capacitance as a function of theseebxs voltage. These measurements
were carried out at room temperature in the clean room faeitilFIC. The hamamatsu sensors
available for this study are listed in table 7.14.

The leakage currents of sensors with p-stop isolation artgal in Fig. 7.45(a) as a function
of the bias voltage. Some sensors were only measured up tsavbitage of 600 V how it
was stablished at first. In a second performance of the memsunts reaching a bias voltage of
1000 V, thoses sensors had been sent to irradiate as theyt dbhawe breakdown below 500 V.
Only one sensor showed breakdown at a bias voltage of 490hér@iiree sensors showed
breakdown at a voltage range between 850 and 950 V. The rekeafensors did not show
breakdown up to 1000 V.

The sensor capacitance is represented by meang3fds a function of the bias voltage in
Fig. 7.45(b). From this plot, the full depletion voltadky, can be extracted by the intersection
of the two linear functions fitted to two filerent slopes of the curve (see section 6.1.2). The
obtained full depletion voltages are in the range [170-100]

Just as example, théfective doping concentration and resistivity of the bulkdnaeen cal-
culated. It has been taken the sen&t7-BZ6-P12The fit of the JC? vs. bias voltage gives a
Vig = 1833+ 1.1V and the corresponding valuesi;; ando are listed in the table 7.13.

Vig [V] Nett [CnT3] o [kQ-cm]
nt*-pFZ | 1833+1.1V | (2.94+0.02)x 1012 | 44+0.03

Table 7.13: The full depletion voltage extracted from thetis used to estimate doping con-
centration and the resistivity of the bulk for a non-irradFZ sensor from Hamamats27-
Bz6-P13.

In the same way, the leakage currents of sensors with prptgpray isolation are plotted
in Fig. 7.45(c) as a function of the bias voltage. These ssnsisowed breakdown voltages
from 390 V up to 1000 V. The contact between the p-spray layign the n™ implant may
give rise high electric field regions which may produce eatireakdowns than without p-spray
(compared with figure 7.45(a)). Nevertheless, the p-spalaiion improves with irradiation
because the p-spray layer is compensated by the electrersion layer induced by radiation.
In order that, high electric fields regions can be reduced.

The sensor capacitance by means ##4as a function of the bias is shown in Fig. 7.45(d).



192 7. Radiation silicon detector characterization
ID label isolation Wafer No. Zone No. Position No. Vgp  Vigq
method vV V]
W23-BZ6-P12 p-Stop 23 6 12 >1000 165
W24-BZ6-P12 p-Stop 24 6 12 850 140
W26-BZ6-P12 p-Stop 26 6 12 850 140
W27-BZ6-P12 p-Stop 27 6 12 950 170
W24-BZ4-P22 p-Stop 24 4 22 >600
W27-BZ4-P22 p-Stop 27 4 22 >600
W28-BZ4-P10 p-Stop 28 4 10 >600
W29-BZ3-P3 p-Stop 29 3 3 >1000 155
W23-BZ3-P6 p-Stop 23 3 6 >600
W24-BZ3-P3 p-Stop 24 3 3 >1000 155
W24-BZ3-P18 p-Stop 24 3 18 >600
W26-BZ3-P18 p-Stop 26 3 18 >1000 160
W27-BZ3-P6 p-Stop 27 3 6 >600
W28-BZ3-P3 p-Stop 28 3 3 490 160
W4-BZ6-P12  p-Stop p-Spray 4 6 12 550 190
W7-BZ6-P12  p-Stop p-Spray 7 6 12 390 180
W11-BZ6-P12 p-Stop p-Spray 11 6 12 630 180
W13-BZ6-P24 p-Stop- p-Spray 13 6 24 700 190
W14-BZ4-P10 p-Stop p-Spray 14 4 10 530 180
W4-BZ4-P4  p-Stopr p-Spray 4 4 4 >600
W7-BZ4-P10  p-Stop- p-Spray 7 4 10 390
W11-BZ4-P10 p-Stop p-Spray 11 4 10 >600
W1-BZ3-P15 p-Stop p-Spray 1 3 15 950
W4-BZ3-P9  p-Stop- p-Spray 4 3 9 >600 170
W6-BZ3-P9  p-Stop- p-Spray 6 3 9 >600
W7-BZ3-P9  p-Stop- p-Spray 7 3 9 600  17(
W9-BZ3-P6 p-Stopr p-Spray 9 3 6 >600
W11-BZ3-P1 p-Stop p-Spray 11 3 1 850 170
W13-BZ3-P9  p-Stop- p-Spray 13 3 9 930 170
W13-BZ3-P15 p-Stop p-Spray 13 3 15 970 170

Table 7.14: HAMAMATSU microstrip silicon sensors used foese studies. The ID label
for every sensor refers to the wafer number, the zone, angdbiion number in the wafer.
The table includes the breakdown and full depletion volsafge the tested sensors prior to
irradiation.
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Figure 7.45: Electrical characteristics: Leakage curaj(c) and ¥C? (b)-(d) as a function of
the bias voltage for the p-type sensors.

The full depletion voltages extracted from the plot are lestw 170 and 190 V. As expected,
they are similar to those with p-stop isolation.

Finally, in the figure 7.46 is showing the breakdown voltafpeshe ATLASO7sensors. They
are plotted in groups for every sensor zone and isolatiomaoaet The zone 3 sensors have a
common narrow p-stop. The zone 4 sensors have a punch-thpyotection. And the zone
6 sensors have a wider pitch (1pf) than the common line (78 um). The technical spec-
ifications [133] set a limit for the breakdown voltage of 600TVis limit corresponds to the
maximum operating voltage as the onset voltage for breakdsivould exceed the operation
bias voltage. The zone 3 shows a good behaviour and withayrspacceptable.
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Figure 7.46: Breakdown voltages for tA@ LASO7sensors. They are shown for every zone (Z3,
Z4, and Z6) and every isolation method (p-stop and p-spegpray) of the considered sensors.
The technical specification is set at 600 V.

7.8.2 ATLASOQ7 sensors under irradiation

The ATLASO7sensors which were irradiated are listed in table 7.15.

The collected charge as a function of the bias voltage wasuned for every sensor after
proton irradiation as shown in Figure 7.47 .

The figure 7.48 shows the charge collection measured as &idoraf the bias voltage for
neutron irradiated sensors.

The performance for both set of irradiated p-type sensoshd@ving a gooch* isolation
and compatible for both kinds of isolation method. Fig. 7.Z8e radiation damage apparent
from the charge collection seems worse for neutrons thaprfatons for the fluence scaled by
the corresponding NIEL factor. Nevertheless the sensors hayood operation at such high
radiation fluences. For instance, at the highest fluencexafQ® neq/cm2 , and 600 V, the
collected charge is estimated to be 14000 and 1@0QGith protons and neutrons respectively.
Measurements with similar sensdx$LASO7have been carried out in other laboratories with
different acquisition systems showing an agreement betweetathdrom diferent sites. Data
compilation is showed in [134].

The evaluation of théTLASO7miniature sensors revealed the presence of microdischarge
which was a limiting factor in the sensor performance. Thiet&.16 displays the microdis-
charge onset voltage for every measured sensor. Howeeanitodischarges could be masked
in the dline analysis as explained in the section 7.5.2. This methade only used while the
microdischarges are located in known channels and do ndt themip signal. Measuring with
microdischarges can damage the sensor performance anliphe c
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ID label isolation Irradiation Fluence
method type Kk 10 neg/cn?]
W27-BZ6-P12 p-Stop n 0
W23-BZ6-P12 p-Stop n 2
W24-BZ6-P12 p-Stop n 5
W26-BZ6-P12 p-Stop n 10
W13-BZ6-P24 p-Stop p-Spray n 0
WA4-BZ6-P12  p-Stop- p-Spray n 2
W7-BZ6-P12  p-Stop p-Spray n 5
W11-BZ6-P12 p-Stop p-Spray n 10
W29-BZ3-P3 p-Stop p 0
W24-BZ4-P22 p-Stop p 2.3
W27-BZ4-P22 p-Stop p 6
W28-BZ4-P10 p-Stop p 13
W13-BZ3-P9  p-Stop p-Spray p 0
W1-BZ3-P15 p-Stop p-Spray p 2.3
W6-BZ3-P9 p-Stopr p-Spray p 6
W9-BZ3-P6  p-Stopr p-Spray p 13

Table 7.15: HAMAMATSU microstrip silicon sensors used foradiation studies.

ID label isolation Irradiation Fluence V,dis
method type k 10 neg/cn?]  [V]

W29-BZ3-P3 p-Stop p 0 290
W24-BZ4-P22 p-Stop p 2.3 60(
W27-BZ4-P22 p-Stop p 6 750
W28-BZ4-P10 p-Stop p 13 45(
W13-BZ3-P9  p-Stop- p-Spray p 0 270
W1-BZ3-P15 p-Stop p-Spray p 2.3 600
W6-BZ3-P9 p-Stopr p-Spray p 6 650
W9-BZ3-P6 p-Stopr p-Spray p 13 500
W27-BZ6-P12 p-Stop n 0 270
W23-BZ6-P12 p-Stop n 2 55(
W24-BZ6-P12 p-Stop n 5 400
W26-BZ6-P12 p-Stop n 10 40(
W13-BZ6-P24 p-Stop p-Spray n 0 160
W4-BZ6-P12  p-Stop- p-Spray n 2 300
W7-BZ6-P12  p-Stop- p-Spray n 5 400
W11-BZ6-P12 p-Stop p-Spray n 10 400

Table 7.16: The microdischarge onset voltaggis, for every irradiated\TLASO7sensor.
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Figure 7.47: Collected charge versus bias voltage for Haasunp-type sensors irradiated with
protons. The sensors with p-stop isolation and p-spppray isolation are compared. Similar
non-irradiated sensors were measured as reference.
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Figure 7.48: Collected charge versus bias voltage for Hamsunp-type sensors irradiated with
neutrons. The sensors with p-stop isolation and p-gpegpray isolation are compared. Similar
non-irradiated sensors were measured as reference.

Investigations fronHamamatsu Photoniddentified several weak spots on the sensors as the
potential causes associated with an asymmetric p-stogrd¢k81]. The mask was modified
accordingly and improved sensofS,LASO7-lI(no tested in this thesis) were subsequently fab-
ricated. A p-stop concentration o6410'2 ions/cn? showed an onset voltage of microdischarge
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Figure 7.49: Collected charge versus fluence for Hamamatgpepsensors irradiated with neu-
trons and protons. The sensors with p-stop isolation artdgp-p-spray isolation are compared.
The measurements correspond to a bias voltage of 400 V.

increased to over 1000 V [61,130].

7.8.3 Noise and signal-to-noise ratio

The signal-to-noise (SNR) ratio has been calculated foATHeASO&ensors. Fig. 7.50 shows
the SNR for the sensors irradiated at several proton fluelocesbias voltage of 500 V. It has
been represented separately the data for the sensors siitip fisolation (black points) and with
p-stoprp-spray isolation (red points). For every sensor, the $ignextracted as the peak of
the charge spectrum in units of electrons at the correspgridas voltage (500 V) from charge
collection measurements. Theis obtained from the peak of the pedestal distribution irtauni
of electrons and they are summarized in table 7.17.

| | p-stop sensors p-stop+p-spray sensors

Fluence feg/cny] o [keT] o [keT]
Non Irradiated 1.24 1.24
2.3x10% 1.26 1.28
6x10* 1.30 1.34
13x 10% 1.34 1.42

Table 7.17: Level of noise in electrons corresponding toBhetle chip (i.e. detector noise,
Beetle chip noise and electronics noise) for tRELASO7sensors at 500 V. The ALIBAVA
acquisition system has been used.

In the same way, it is calculated the SNR for the sensorsiated at several neutron fluences
for a bias voltage of 500 V shown in Fig. 7.51. It has been regmted separately the data for
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Figure 7.50: Signal-to-noise ration (SNR) foifférent proton fluences for tht&TLASO7mi-
crostrip sensors. The signal data correspond to sensdrpvgitop isolation in black points and
with p-stop+p-spray isolation in red points. The sensors were biase®@V.5The technical
specifications set a minimum SNR of 10.

the sensors with p-stop isolation (black points) and witstqp+p-spray isolation (red points).
The noise level obtained for every detector at thedént neutron fluences are summarized at
table 7.18.

| | p-stop sensor$ p-stoprp-spray sensors

Fluence fieq/CcNY] o [keT] o [keT]
Non Irradiated 1.20 1.30
2x10™ 1.31 1.43

5x 10 1.35 1.31
10x 10 1.40 1.56

Table 7.18: Level of noise in electrons corresponding toBketle chip (i.e. detector noise,
Beetle chip noise and electronics noise) for KELASO7sensors at 500 V. The ALIBAVA
acquisition system has been used.

The specifications set a reasonable signal-to-noise rahR( 10) to be achieved at max-
imum rated voltage of 500 V bias. Before irradiation the SNRe$timated to be around 20
with no dependence on the interstrip isolation method. Emeesoccurs for every fluence. At
a fluence of Bx 10" neg/cn? it is estimated a SNR around 17 and at 80* neq/cn? it is
obtained a SNR of around 15. At the highest fluenceq18' neq/cn¥) the SNR is reduced to
around the specification limit of 10 at 500 V.

Going to sensors irradiated with neutrons, the more se\eron radiation damage is clearly
exhibited. For the sensors with p-stop isolation, it isreated a SNR of around 13 forx210* neq/cn?
and 10 for 5< 10 neg/cn?. The SNR drops to nearly 7 for 3010* neq/cn?. Before irradia-
tion, the SNR it is stimated to be around 20 at a bias voltadg®0fV.
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Figure 7.51: Signal-to-Noise ration (SNR) forffdirent neutron fluences for thelr'LASO7mi-
crostrip sensors. The signal data correspond to sensdrpvgitop isolation in black points and
with p-stoprp-spray isolation in red points. The sensors were biase®@V.5The technical
specifications set a minimum SNR of 10. It is noted that forghstoprp-spray sensors, the
SNR is measured for aftiérent bias voltage (written down beside the measure)ffiettad by
microdischarges.

The p-stop-p-spray sensors are considered apart because they coubé mo¢aured up to
500 V due to microdischarges. The SNR is calculated at a Iplesbias voltage at which
the microdischarges can be masked withdtgaing the signal and noise measurements. In
the figure 7.51 is written down the bias voltage beside thainbt SNR. For a fluence of
2x 10" neg/cn?, the SNR results around 8 at 300 V whereas a SNR of around 7taénehl
with a fluence of 5 10 neg/cn? at 370 V. Finally, at the highest fluence (A0 neq/cn?),
the SNR is estimated to be by 4 at 300 V. Before irradiatiois,dbtained a SNR of 18 at 150 V.

7.9 CNM and Hamamatsu sensors under neutron irradiation

In this section, microstrip silicon sensors from twéeient suppliers (CNM and Hamamatsu)
have been characterized before and after irradiation. iicpéar, they both have been irradiated
with neutrons at the expected fluences under HL-LHC conutioThen they were character-
ized in terms of their charge collection performance. In. Fi%2, the charge collection curves
of the CNM detectors are observed to nicely straddle the Haaitsu detectors curves, clearly
indicating a consistency in the charge collection behawbstrip detectors from dierent man-
ufacturers.

Both p-type sensors (CNM and Hamamatsu) have showfic&nt charge collection for use
in those conditions. The'p FZ is set as the baseline technology choice for the ATLAS agbe)
It is shown a better charge collection with FZ silicon thanhADOFZ and MCz silicon at the
highest fluence{ 10%° neq/cn?) expected in the inner part of the strip region (short sefgion).
Therefore, the collected charge is required to be larger @00 electrons at 18 ney/cn?
(expected noise at this fluence 600 electrons) at 500 V biasder to get a minimum SNR
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= 10. For instance, the collected charge is about 9700 etexfoy theATLASO7-Z sensor and
about 8000 electrons for the CNM MCz sensor that is adequate.
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Figure 7.52: Collected charge as a function of the bias gelt®ar p-type silicon detectors.
ATLASO7sensors from Hamamatsu (in blue) and CNM sensors (in greergampared. The
short strip limit (6000 electrons at 500 V) is marked as rexfiee.



Chapter 8

High lonisation studies

Apart from the studies on radiation damage in microstrijgail detectors, it will be studied
the possible damage from théfexts of a large instantaneous ionization in microstricaiii
detectors. In this case, there have been considered nAitiqon sensors instead p-type ones.
It corresponds to the current detector technology for theAg SCT. The final objective is to
apply the results to a possible beam loss scenario, imggadirectly on the detectors for the
current operating conditions at LHC.

8.1 Introduction

As already explained in chapter 2, in the LHC, 2808 cournpéating bunches of 10! pro-
tons per bunch will collide at a frequency of A0Hz. The products of the collisions will be
registered by the experiments situated sorrounding thecfallision points. The ATLAS exper-
iment is located at the so-called Point 1 (IR1) of the aces¢ter The ATLAS Inner Detector
(ID), whose function is to track charged particles comingnirthe beam interaction point is
located the closest to this interaction point.

As the central beam can deviate from its trajectory, strajtqms can continually impact
the beam containment structure, or in the worst case djrdut! detectors and its electronics.
Multiple beam loss scenarios could occur;

e Single-turn losses: likely to occur during injection or bredump processes. IR1 (AT-
LAS) can be considered safe in this sense because it isegitdiat away from injection
and dump. In addition, the experiments are in safe mode tperduring these LHC
phases.

e Multi-turn losses: because of beam degradation (equipffadote, wrong magnet set-
tings,...).

Considering multi-turn losses, beam failures leading tioss detector damage are related to
the scrapping or the hit on collimators, beam aperturesjwacvalves and the beampipe it-

201
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Table 8.1: Doping concentrations for the simulated sensor
| | Doping concetrationofm™) |

p* implant 3x 10
n substrate 1x 10
n* backplane 1x10%°

self, resulting in uncontrolledeam splastevents. The ID could be damaged from secondary
radiation showers as it is located close to the beam line.

These simulations are focused on the microstrip silicoeatets of the ID subsystem, the
Semiconductor Tracker (SCT). The SCT as explained in thpteha consists of 4 barrel layers
at radius of 36-51 cm from the beam axis and 9 discs in each of the two end caashtside of
the barrel, with every layer able to read out a position in tivnensions. The modules mounted
on barrels and endcaps are built on four single-sided sensbe silicon sensors [128,135] are
glued back to back around a high thermal conductivity salstiThey arg* strips on an-type
bulk, AC coupled and biased through polysilicon resista&g].

The strip detectors are designed to be robust and duralie tong term &ects of the radi
in which they will operate [137]. However, it is not clear thbehaviour in the extreme cases
in which an intensive number of charged particles crossénea in a very short time, that is,
a beam loss scenario. No integral radiatifiieets are expected other than electrical stresses on
the bulk and their #ect in the oxide of the AC coupled devices.

8.2 High ionisation simulations

In order to study if the ATLAS SCT detector can survive LHC ipdlasses, a basic unit of a
microstrip detector was simulated and its response insgadhen exposed to comparable beam
intensities. The simulation of a silicon sensor has beenethout using a SCT sensor based
model implemented in th8ynopsysSE-TCAD software [96]. The behaviour of a semicon-
ductor sensor is described by a series d@ifedlential equations, such as the Poisson and carrier
continuity equations. In this package, a “mesh” of discedéments is defined to approximate
the structure of the device. Thefidirential equations are applied to each element in the mesh,
resulting in a system of equations that will be solved nuoadly to determine the device’s
behaviour.

The simulated structure corresponds to a two dimensiongblsi diode (equivalent to one
strip). All parameters have been established from the reménts for the SCT silicon mi-
crostrip sensors [128] and annotated in Table 8.1. It ctmsisa 1um deep, 6Qum wide p*
implant on a 28amthick and 10Qumwide n substrate. It is AC-coupled by means of.& fm
thick SiO; layer between the strip implant and the metallised (Aljpstontact as in Figure 8.1.
The dfect of charge build up at the/SiO, interface in a sensor is taken into account by defining
a low charge oxide concentration4.0* cnv?) into it.

The device is biased via a metallisedimplant on the rear of the device and the strip implant
is grounded by a resistor ofALMQ representing the bias polysilicon resistor in the silicen-s
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sor [138]. Finally, the strip contact is connected to an agjpnation of the chip input impedance
of 1000 [139].

R=1000 Strip

R=1.4MQ

Oxide

Al Contact

€285um
50

Backplane

Figure 8.1: Simulated sensor schematics with electridaipstgether with a zoom of the p-n
junction (right figure). The sensor shows the mesh consitenethe simulation, denser in the
central part where the ionization is produced.

In a scenario where a large number of charged particles assiog simultaneously the sen-
sor, a copious number of free carriers will be created and thidted towards the electrodes:
backplane ang* implant. The electric field accross the detector will be temporarily nodi-
fied due to the high concentration of free carriers and will ewlve as the carriers drift.

The aim of the simulation is to investigate if the voltageha p* implant is modified tem-
porarily as a consequence of the electric field variation tedefore the voltage across the
oxide layer. Several charge densities are created alongteatand uniform 28xm-long track
through the full thickness of the substrate. They are cdmwigt at 500V bias' and let evolve
during 15ns From these simulations, the device mesh is altered toeceeagion of high mesh
density around the starting position of the charge clouénsure the total charge deposited is
calculated accurately. The simulation then calculategdbalting potential in all parts of the
device.

1Before irradiation the SCT is biased at 190for operation. 500V is the maximum bias when the sensors are
irradiated as a higher bias is needed to reach full depletios studied the worst case scenario.
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Firstly, considering a charge density opC/um, the voltages reached at the implant and at the
Al strip contacts as a function of time are shown in Fig. 8.2¢&@$ Tharge density corresponds
to 74000mipsper strip. With such charge density, the implant voltagarsaés to 500/ very
fast at approximately.@ nsas shown in the Fig. 8.2(b). At th contact, a small voltage pulse
is induced over the coupling capacitance, which is read guhbé front-end electronic. The
highest voltage reached at thé strip contact is about.3 V as shown in Fig. 8.2(c). Itis far
below the voltage reached at tpg implant. So, these electrostatic simulations show that the
potential across the oxide will be basically the voltageheal in the implant.

Charge density = 1pC/um

=
= T s 850
2500 71 8
% C ] 400" 1
« r ] 3000 9
= r ]
S 4001 ] 200k
: i — Implant
. i 100
300 7] ¢ . ‘
r ] 02 04 06 08 1
L B (b) time [ns]
200 I = T
: 1 B f
. — Implant 1 T ]
1001~ P 1 a4
. —- Aluminum - 150 ]
L b \
[ g \
___________________ 1\ 1
T P B osh \ — s
0 2 4 6 8 10 12 14 N
(a) ) © 02 04 06 08 1
time [ns] time [ns]

Figure 8.2: \oltage reached at the implant and the aluminantacts as a function of the

simulation time with 7400@nipsper strip (a). A zoom of the voltage withinrisat the implant
(b) and the aluminum (c) contacts. Bias voltagB00V, saturation.

Simulations with lower charge densities are carried outdeoto check non-saturated cases.
As an example, it is shown the voltage reached atthénplant (Fig. 8.3(a)) and thAl strip
contact for a charge density of DpC/um (Fig. 8.3(b)). This charge density corresponds to
15000mipsper strip. The highest voltage in the implant is 44&t 23 nsand then it decreases
slowly as the charge carriers are collected. ForAhstrip contact it is found the highest peak
voltage at about.# V. The voltage at thél strip is consequence of the induced charge due to
the movement of the free carriers along the bulk. Obvioukky,same voltage is also induced
on thep* implant. However, the arrival of a huge quantity of free gfeacarriers modifies the
voltage at thep™ implant, because there is an accumulatiffiee. The time constant of the

charge draining out of thp* implant is dominated by the bulk capacitance and the patysil
resistor.

As alast example itis interesting to show the electrospadtential across the sensor bulk (see
Fig. 8.4). It has been done for a charge density.0L®C/um. This charge density corresponds
to 740 mips per strip. The high ionisation modifies the electric poi@niti the sensor as the
charge carriers are swept towards the electrodes and tkatf@trecovers the linearity as the
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Figure 8.3: \oltage reached at the implant (a) and the alumib) contacts as function of
simulation time with 1500@nipsper strip. Bias voltage 500V, no saturation is reached.

Table 8.2:mipsvs. Implant Voltage

Charge Density§C/um) #mips | Max. Implant Voltage(V)
(per strip)

8x 10 60 274
0.01 740 1253
0.015 1110 1585
0.02 1500 1850
0.1 7400 367.7
0.2 15000 4410
1 74 000 4985
2 148 000 4991
10 740 000 4997
850 63M 5000

charge carriers are drained. Every line refers tdi@dint time. The solid black line corresponds
to the case with no charge density and the dashed line foreadfrasns

The reacheg® implant voltages for all the simulated charge densitiesthed correspon-
dence in number ahipsare shown in the Table 8.2. Above Ifdipsin one strip, the voltage at

the implant reachs full HV (500V) and above*Idipsper strip there is more than 180across
the oxide.

In real detectors, if HV(50%) is reached across the oxide, the 768 strips per side neseste
that act as a resistance of 11Q@module would let flow a current of approximatelyp®. It is

obvious that the power supply system cannot provide thesntswhich are requested and the
current limit will stop powering the sensors.

If a potential diterence across the oxide is higher than 380the oxide will breakdown
according to ref. [140]. Sdrom simulations, it is concluded that there is a risk to bre&
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Figure 8.4: \oltage distribution across the sensor thiskweth a charge density of@pC/um
(740mipsper strip).
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the oxide in a possible beam loss incident with an operationbias voltage of500V. In real
detectors, apart from a non-operational sensor, this woalde a fatal charge deposition on the
electronic readout which is even more sensitive [141]. Hawegthe sensors were designed to
take this issue into account. There is a punch-through gtiotestructure [142] for the coupling
dielectric in order to prevent any damage. This punch-thhduse acts as a variable resistance
depending on the voltage applied between its terminals.

8.3 Punch-through fuse performance

In order to verify the behaviour of the punch-through fussjesal SCT sensors §66 cnr)
have been tested at the IFIC-Valencia clean room [143]. Ensars are spare samples from
the SCT production. Two or three random strips have beeadestevery sensor. The testing
procedure has been the following: Firstly, the proper sifitee strips is verified by means of the
measurements of the RC bias components. And secondly, teviber of the fuse is studied.
The setup configuration is shown in Fig. 8.5. The sensor isebiat 500/ for full depletion
operation K237 voltage source). A separated voltage souk24(L0 is applied between the
strip implant (DC contact) and th&l (AC contact) for the strip. Then, the resulting current of
the K2410is measured as a function of its voltage. The measuremeieoRC Ryoysilicon
Ccoupling bias components is done also after the test in order to dhedkitegrity of the oxide.

It is expected that during normal operation, the currentdloivough the polysilicon resistor.
When the fuse is activated as the voltage increases, thentwvill be diverted through the fuse
resistor (its resistance is smaller than the polysilicaistance). In the worst case, the oxide
could break and the current would flow through the oxide iasiteg considerably the current at
theK2410source.

The strip current is shown as a function of the voltage appdieross the oxide up to 50
(Fig. 8.6(a)). At low voltages, an ohmic behaviour is obserwhose slope corresponds to the
bias polysilicon resistor (this region is observed in Figi(B) that is a zoom from the corre-
sponding figure on the left).

Differential resistancel\/dl, is calculated from the I-V curves as shown in Fig 8.7. A samil
shape is visible for all 4 sensors. Table 8.3 shows someaeieesults for the sensors:

1. The RC bias components after the test in order to checkitagrity of the oxide. All the
measured strips give the expected values [138].

2. The value of the resistance in the ohmic region. It conm® the linear fit in Fig 8.7. All
the fit results are in agreement with the value of the polymilibias resistor to be around
1.4 MQ[138].

3. The voltage at which finishes the ohmic region that liesvbeth 13— 16 V and are in
agreement with previous measurements [140].

The conclusion is that the punch-through fuse is workingprly for the SCT sensors. The
resistance of the fuse lowers dramatically-t® KQ. Thus, in the case of high ionisation, it will
help to discharge thp™ implant when its voltage is above 16 V. Hence, it will protect as well
the coupling capacitor because it will reduce the voltagess
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Figure 8.5: Configuration Scheme for sensor measuremenptslar to test the punch-through
fuse performance.
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Table 8.3: SCT sensor parameters after the oxide test
| | | RC componentsg Rfit (MQ) | kink voltage (V) |
Sensor number: | S701707

# strip 418 R=1.29MQ 1.35+0.30 14
C=129pF
334 R=1.25MQ 1.35+0.30 13
C=128pF
Sensor number: | S700070
# strip 498 R=1.36MQ 1.48+0.30 14
C=120pF
391 R=1.34MQ 1.48+0.30 16
C=124pF
Sensor number: | S601538
# strip 662 R=1.40MQ 1.59+0.30 14
C=129pF
284 R=1.40MQ 151+0.30 14
C=137pF
82 R=1.49MQ 1.51+0.30 14
C=130pF

Fig. 8.8 shows the |-V curves obtained for one strip of theseetabelled 701484. In this
case, the strip currentis taken increasing the voltage @dhup to 60V. After this, the current
measurements are repeated decreasing the voltage frohtcs@V. A lower fuse onset voltage
is observed when the measurements are taken decreasirgitdgey8V) than when the applied
voltage is increasing (18). This is most likely due to temperaturffects [49].

One sensor labelled 700043 was tested for higher voltagay, ©was possible up to 170
due to the voltage source limitations. In Fig. 8.9 it is shda current for three strips as a
function of the voltage applied across the oxide at 500ias voltage. For this case, at every
voltage, the test was stopped to verify the bias resistorcangling capacitance components
and check the oxide.

In Fig. 8.9, after the linear part of the graph, the fuse isvated and then, the current is
diverted. Under 16 the oxide looks well but for larger voltages, the RC measemsgive
different values compares to those shown in Table 8.4 suggssting kind of break. However,
these tests were repeated on the same strips some daysniatiémas proved that the strips
recovered their expected values. So that, the oxide did reatkbat least up to a voltage of
160V.

From these measurements, it is demostrated that the fusatastwhen thep* implant
reaches the range of 3316 V. This will protect the oxide of higher electric fields up to01'\é
supporting ref. [140]. Nevertheless, it could not be protrenoxide breakdown at higher bias
voltages although some troublinffects started to appear at 180
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Table 8.4: Oxide test: RC Components. Sensor number:700043

Strip: 373 451 599
Init R=1.3MQ | R=142MQ | R=1.43MQ
C=121.4pF | C=120.4pF | C=121.1pF
80V R=1.48MQ - R=1.43MQ
C=125.7pF - C=124pF
100V R=1.42MQ - R=1.4TMQ
C=122.pF - C=122.pF
120V R=1.42MQ - R=1.44MQ
C=124.6pF - C=122pF
140V R=1.43MQ - R=1.44MQ
C=121.5pF - C=123.3pF
160V R=688.KQ | R=784.KQ | R=672.KQ
C=135.4pF | C=133.3pF | C=136.44F
After a couple of days:
R=1.44MQ | R=1.39MQ | R=1.42MQ
C=118.pF | C=120.%F | C=121.pF

8.4 Punch-through fuse simulations

In high ionisation scenarios, the fuse will help to drainrizas from thep™ implant, reducing
the accumulation of charge and its voltage. The simulatghmwved in the first part of this
chapter were done for a resistance of MQ. It was observed that above 3fipsper strip,
the voltage at the implant reached 10The measurements with real sensors showed no oxide
breakdown at least up to approximately W.0At this point the question to answer is: which is
the dose at which the implant voltage will reach more than-1&@0V with the fuse activated.
This test was done with ISE-TCAD simulations as explainestiction 8.2.

In the Current-Voltage Figure 8.7, the fuse region is fiteeebttract the resistance of the fuse.
It is obtained to be about®&Q. This value is used for the simulations in order to studyfifsct
on the detector. Despite that in a real detector, the fusstoess in parallel to the polysilicon
resistor, in our simulation, and for practical purposes, lifas resistor is replaced by the fuse
resistor. Then several charge densities are simulated @viaedin the same way that in the
previous simulations (section 8.2).

Table 8.5 shows the maximum implant voltage comparing biathlations (with the polysil-
icon and the fuse resistor) for the simulated doses. In Eit0,&he voltages reached at the
implant are shown as a function of time forffidgrent numbers omips hitting the simulated
device. The potential fierence across the oxide is basically determined by thegmkh the
implant. As the number ahipscrossing the sensor increases, the implant gets a hightageol
Nevertheless, the implant voltages are lower than with digsgicon resistor for the same dose.
With the highest charge density, no saturation is visiblerbare than 25sare necessary to
drain all the charge. It is not possible to simulate an oxidkdown, but taking into account
the results with real sensors (previous section and [1#03)possible to stablish a limit for the
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Table 8.5: Maximum Implant Voltage with the polysilicon ister and the fuse resistor for
different charge densities. Bias voltag&00V.

Charge Density§C/um) #mips | Max. Implant Voltage (V)| Max. Implant Voltage (V)
(per strip) Rpias=1.4 MQ Rfuse=5 KQ

8x10* 60 27.4 3.5
0.01 740 125.3 5.7
0.1 7400 367.7 35
0.2 15 000 441.0 54

1 74 000 498.5 121

2 148 000 499.1 159

3 222 000 499.5 179

5 370000 499.5 207

7 520 000 499.7 226

10 740 000 499.7 244

20 1.5M 500.0 274

100 7.4M 500.0 354

850 63M 500.0 437

1000 74M 500.0 442

oxide breakdown at 160. So, the punch-through fuse avoids the charge accumulatitre
implant untill a dose above 150 0@@ipsper strip that is when thp* implant reaches a voltage
of ~160V.

8.5 High ionisation at lower voltage operation

In previous sections, a high voltage operation of 308as been considered. In that case,
the simulations show the dose at which the implant voltageeds 16%/, the voltage at which
the oxide break could occur. It has been shown that with a Wajtage of 150V the oxide
will not break yet. However, the sensor behaviour at lowagdt operation has been drawn
from simulations. Fig 8.11 shows the configuration schenmsiciering a resistence of 10Das
approximation of the chip impedance and a resistancekd2For the punch-through fuse. As
the voltage at th@* implant reach 16- 20V, the fuse is activated and a resistance & is
used.

This configuration has been simulated and Fig. 8.12 showedltege reached at the implant
as function of the time with a bias of 50 and the fuse activated. In the same way, Fig. 8.13
is reporting the voltage reached at the implant as functfdhetime with a bias of 15 and
the fuse activated. ThreeftBrent doses has been simulated as 74@Q% 7.4 M mips and
74 M mipsper strip. For the highest dose the saturation is observed within a simulation
time of 25ns In general, it is observed a similar behaviour if comparét the device biased
at 500V.
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8.6 High ionisation on a broken oxide strip

If an oxide break is considered, this does not inmediatghpese a non-operational channel
or module. Actually, in the current SCT detector there arevadhannels<£ 1%) with broken
oxides. Nevertheless, it is important to know how the chabebaves and itsfiects on the
electronics in case of high ionisation at low voltage opera{50, 150V). In this case, the
configuration scheme shown in Fig.8.14 considers there @ielectric between thp* implant
and theAl contact. A those low voltages, the fuse is not activated ardiatance of 4 MQ is
used. The voltage at the implant is directly read fromAheontact.

ABCD Chip
100 Ohm

i

L_Al
_Implant

AW
A

1.5MOhm

Polysilicon bias N
resistor

Figure 8.14: Resistor configuration for a strip without exidLO0Q as approximation of the
chip impendance and a resistence d@f MQ for the polysilicon bias resistor.

This configuration has been simulated and Fig. 8.15 and $a® she voltage reached at
the p* implant as function of the time for threeftérent doses at which no saturation occurs.
Fig.8.15 is done for 50/ and Fig. 8.16 for 150/. The maximum voltage that reaches the
implant is not as high as with oxide as the current flows thihatng low chip input impedance.
It has been considered as approximation of the chip inpuédapce 10 that is the minimum
for the chip dynamic resistance. One must add that accotdilitgrature [141] the experiments
and tests performed on the chips show that these voltagssfaréor the chips.

8.7 Conclusions

With this work, it has been studied thfexcts of very high instantaneous ionisation in a silicon
microstrip detector. For this purpose, one strip wide redias been simulated and exposed to
high beam intensities. It has been demonstrated that thigielgeld in the detector bulk and the
voltage are modified under an intensive charge density.mbdification supposes a high charge
accumulation at th@* implant and therefore a considerable risk to break the oxittavever,
the SCT sensors have a punch-through protection fuse faraieling dielectric. For a better
understanding of this structure, several real SCT sparsosemwere tested. These tests showed
a properly working of the protection fuse which switched bowat 14— 16 V. The fuse permits
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a faster discharging of the sensor. Simulations taking &uimount this structure permitted to
establish the limits not to break the oxide with a dose ab&®@2QD0Omipsper strip. In addition,
the sensor behaviour at low voltage operation also has legmrted and compared with high
voltage operation. The simulations show that with\6@nd 150V, a similar behaviour under
high ionisation is observed.

Apart from this, an oxide break does not suppose a non-dpeeitsensor. The detector
continues working. Actually, in the current SCT detectagrthare a few channels (1%)
with broken oxides. The fundamental problem is in tliieets on a detectorfiected by a
considerable number of broken oxides and on its electraiice that the chips are the most
sensitive components to high ionisation [141]. On the babthis, an oxide break on a strip
were simulated at 50 and 150 When the oxide is broken, thd strip and thep* implant strip
are shorted and the current flows through the chip input impeel. High charge accumulation
is not observed at the implant and the reached voltages &fekar the module operation [141].



Chapter 9

Conclusions

This thesis is framed in the ATLAS experiment at CERN LHC d&ador. Specifically, for
phase Il of the accelerator upgrade operation. It has beglest the physics potential of an
increase of almost an order of magnitude in luminosity fromd¢urrent instantaneous value of
10*cn?s ! to a value of 5« 10*cn?s™t. This projectis known as HL-LHC (High Luminosity
LHC). Operation in such conditions involves pile-up praesdue to increased interaction rate,
from the order of 20 collisions to 200 collisions per beamssiog. Furthermore, it is also
assumed very high radiation doses reaching particle fligeat&d® neccn? on the closest
detectors to the particle collision point. Current teclogyl presented in the LHC experiments
could not stand such conditions. Therefore, for the ATLABeindetector (ID), it is strongly
required further research in the field of silicon detectditse anticipated ID for this Phase Il is
intended to be completely of silicon and with an increase tive number of channel to avoid
effects of pile-up events. This thesis is focused on the stgjpreof the ID located at distances
of 38-100 cm from the collision point of the beams.

In the last few years, a silicon detector technology restdia higher radiation doses as ex-
pected in the HL-LHC was being developed. The excellent @rigs showed by the*p de-
tectors with respect to currept n technology make them very suitable choice for these large
experiments. In fact, this technology is the baseline chdsethese detectors, while an opti-
mization of the detector structure is needed.

In the first part of this work, it is studied lierent types oh*p silicon detectors processed
by different centers (CNM-Barcelona and Hamamatsu Photonican)japhese detectors were
irradiated with particles fluences at the expected doseblifist HC. The radiation &ects on
the detectors were analyzed mainly in terms of charge daleefficiency and signal-to-noise
ratio, which decrease the longer the detector is irradiciérefore, the detector design must
be such that it can operate with reduced signals and opgratitages required to provide a
sufficient signal.

The CNM detectors were irradiated with neutrons at fluenpe®8x 10'°cnT2. Detectors
were tested with dierent types of silicon substrates (FZ, DOFZ and MCZ). Thieseettypes of
silicon are based onfiierent processing methods of silicon crystal and thégdin the oxygen
concentration therein. As it was already known, the oxygethhé crystal silicon improves the
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resistance of the detectors to the charged hadron irradiatiowever, the results in this thesis
reflect that the charge collected by the detectors is fiected by the type of substrate and
therefore the oxygen concentration.

Collected charge as function of the applied voltage measemn¢s showed almost the first
time values as high as those measured for a similar deteuitoadiated within the uncertainties
at a fluence of 1¥cnm2 for MCZ silicon and 3x 10%4cnm? for MCZ silicon and DOFZ. Charge
multiplication dfects are taking place during the charge collection. THicehas been seen
in numerous similar measurements being more evident aehighitages. The study of this
mechanism in steady state opens new possibilities for igtadiated detector operation.

It was also comparend®p silicon detectors witin™n detectors (both FZ silicon) in terms of
charge collectionn™n detectors showed better charge collectifiiciency, althougm*p detec-
tors have sflicient charge collection required for silicon microstrigelors for high luminos-
ity conditions. n*n detectors behave very well under irradiation, but thismebogy requires
double-sided processing because the pn junction begimetofgom the back, making it more
expensive. This is why it is preferredp technology for the ATLAS strip region. FZ silicon
detectors showed microdischarges during charge colleatieasurements as a function of the
applied voltage. Thisféect represents a major failure mechanisms in the detectmatpn.

It is a limiting factor at data taking and can damage the deteand its associated electronics
since its intensity increases with the applied voltage. Most likely cause for thisféect has
to do with the interstrip isolation. Detectors with implants require isolation techniques to
prevent shorted channels. These techniques require prtypants. The characterized CNM
detectors have a p-spray isolation. The high doping grathetween these implants can result
in intense electric field region and consequently locatectadischarges. Furthermore it has
been observed that these microdischarges appear at loltege® for non-irradiated detectors
and this onset voltage increases with higher irradiatioiis $hown that the dose of p-spray is
moderated by the radiatiorffect.

The following detectors considered are those provided hp&taatsu Photonics. In this case,
it was assessed thé&ects of both radiation (protons and neutrons) fiedent fluence rates up to
105 cnT?. Detectors with p-stop and p-stepp-spray isolation methods were available. These
detectors showed excellent performance in terms of chari¢gection and isolation between the
strips. However, these FZ silicon detectors also showedatiischarges. Research carried out
by Hamamatsu Photonics led to these microdischarges werdodthe asymmetrical design
of the p-stop used to isolate the strips, which was convdlgieorrected in later processed
detectors.

Comparing both types of detectors irradiated at the expedtese for the ID strip region
shows that both types of detectors havéisient charge collectionficiency. Therefore, this
detector technology meets the requirements for the new A LA can operate at luminosity
conditions of the HL-LHC. It is also observed that silicon B&lightly higher in these terms,
however, the presence of microdischarges with this typetgfalors calls for further research on
the detector design parameters. This thesis demonstratepar choice of design parameters
is essential for anfeective detector operation: A suitable p-spray dose or &ecobgeometry of
p-stop.

Finally this thesis has contributed to the current operatibthe ATLAS SCT. It has been
studied a possible beam loss scenario that is, an beam imjpectly on the SCTp*n silicon
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detectors. A silicon device with the same characteristasstieen edited and has been exposed
to high charge densities by means of simulations. It is shinatithe electric field alters and this
change leads to a high accumulation of charge inghénplant and therefore a considerable
risk of oxide breaking. In order to protect the oxide, thestedtors incorporate in its design
a punch-through structure (PTP) that prevents these adations enabling quick discharge of
the sensor. These studies allowed to establish a limit iarardt to break the oxide with a dose
up to 150000 per strip.



222 9. Conclusions




Resumen

10.1 Introduccion

Los detectores de silicio son dispositivos que se usan eectanstruccion de las trazas de
las particulas que los atraviesan en experimentos deaws de particulas elementales. Los
experimentos del gran colisionador hadronico del CERMIC) son una buena muestra de ello.

El LHC, funcionando desde noviembre de 2010, es actualnsedmbayor colisionador con-
struido. En él, se aceleran y se hacen colisionar protamesica energia nominal de T4V
(actualmente a TeV) y una luminosidad instantanea nominal dé*nr? s (actualmente
a 365x10% cnr? s71). Ademas también puede colisionar iones pesados de ptomaina
energia de B TeVpor nucledn y hasta una luminosidad instantanea decto? s

La alta luminosidad del LHC da lugar a una tasa de interacd@ orden de 10colisiones
por segundo. Esta tasa de interaccion es necesaria delsisipaquefas secciones eficaces de
produccion de procesos fisicos relevantes que se pesteesdudiar. El nlmero de eventos por
segundo generados en una colision del LHC viene dada pou&c®n 10.1.

Nevent= Lo event (10.1)

oevent€S la seccion eficaz del evento consideradioes la luminosidad integrada, la cual es
definida como la luminosidad instantangdantegrada en un intervalo de tiemgtdeterminado.
A su vez,L depende basicamente de los parametros del haz.

El proposito del acelarador LHC es basicamente dar respadas limitaciones que presenta
el Modelo Estandar [1] y revelar la fisica mas alla desmo. Ademas, también esta proporcio-
nando medidas mas precisas de los parametros ya conaabb®delo Estandar. Uno de sus
objetivos fundamentales es la bUsqueda del boson de Higgécula predicha por el Modelo.
Sin embargo, la teoria no predice su masa por lo que depedéderanal de desintegracion. Los
experimentos del LHC tienen la tarea de explorar todo elagagible de masa del bosén de
Higgs en funcion de su canal de desintegracion hasta cataete energia deTleV. Resultados
de finales del afio 2011 han mostrado evidencias que, si gktdigiste, su masa se encontraria
en el rango [114-141] GeV (ver figura 1.3).

www.cern.ch
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Experimentos del LHC

Para cumplir sus objetivos el LHC cuenta con cuatro experios los cuales se muestran
graficamente en la figura 10.1.

Figure 10.1: Simulacion grafica de los 4 experimentos #Ll(imagen no a escala).

El LHC tiene dos experimentos de proposito general, ATLAG y CMS [21], ambos op-
eraran a la maxima luminosidad instantanea dé ¢072s1. También, tiene dos experimen-
tos de baja luminosidad: LHCb [22] para estudios del fisiehquarkb con una luminosidad
instantanea de $dcnmr?s™t, y TOTEM [23](integrado en CMS) para el estudio de protones
procedentes de interacciones elasticas a pequefotoanguwna luminosidad instantanea de
2x 107 cnT2s7L. Finalmente, para las colisiones con haces de iones de plrabIC cuenta
con ALICE [24] con una luminosidad de 3¥0cnt?s™! y dedicado al estudio del plasma quark-
gludn a altas temperaturas.

ATLAS

Esta tesis esta enmarcada dentro del experimento ATLASopgue sera el Gnico que se
explique con mas detalle.

El experimento ATLAS esta basicamente compuesto porstibsistemas, los cuales son, de
mayor a menor proximidad al punto de interaccion:

e El Detector Interno (ID), el cual combina detectores de silicio de alta resdinespacial
(detectores pixel y microstrip) con un detector de tubosatival en su parte mas externa.
Esta inmerso en un solenoide que proporciona un campoetiagnie 2 T. Su alta gran-
ularidad permite una eficiente reconstruccion de trazasljaa de vértices secundarios y
determinacion de momentos.

e El calorimetro electromagretico (ECAL), para la identificacion y medida de energia de
electrones y fotones. Combina camaras de LAr (Argonidiqucomo medio ionizante
con absorbentes de plomo en una geometria de acordetmrdadeado por un criostato
ya que necesita operar a muy baja temperatura.
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e El calorimetro hadronico (HCAL), para la identificacion y medida de jets hadronigos
energia perdidaE{"®9. Se basa en absorbentes de hierro y plastico centelleadur
medio ionizante.

e El espectbmetro de muonespara la reconstruccion de trazas de los muones. Esta com-
puesto por diferentes tipos de tecnologias que combiaaraids para la reconstruccion
de trazas de alta precision y camaras de respuesta mdw @gra trigger.

e Unsistema magi@tico toroidal con una importante potencia de curvatura. Su parte barril
proporciona un campo magnético de 3 Tm y sus dos tapas aadalaél experimento
proporciona un campo magnético de 6 Tm.

HL-LHC

Una mejora del LHC en términos de un aumento en su luminds$idaido considerado como
una extension en su programa de fisica [36]. Un aument@sieuo orden de magnitud en su
luminosidad incrementara la tasa de interaccion exésmti entre 20-30% el alcance en masa de
nueva fisica y permitiendo mediciones mucho mas prec&aa establecido una luminosidad
maxima de operacion des10* cn?s™. Este nuevo proyecto para el LHC se denontiigh
Luminosity LHC(HL-LHC) y se llevara a cabo en dos fases:

e Fase | Después de alrededor de 4 aifios de operacion con logsalominales de lumi-
nosidad y energia para el LHC, se espera una parada t&mlaanaquina de alrededor
de 9 meses. En este tiempo, se realizaran tareas de cacsmtidle la colimacion o el
reemplazo de cuadrupolos magnéticos para el enfoque thades cerca de las regiones
de interaccion de los mismos donde sufren un mayor dafitapadiacion. También se
actulizaran el sistema de cruce de haces para una maydivieled. Con estas mejo-
ras, se espera alcanzar una luminosidad dex2* cnt?s! y un total de 300Fb~* de
luminosidad integrada al final de esta fase.

e Fase Il. Actualmente los planes situan esta fase alrededor 2022;260n un cierre previo
de la maquina de~ 18 meses para preparar principalmente los experimenteslpsr
condiciones de alta luminosidad prevista deB?* cnr2s™1. Se espera llegar a acumular
hasta 3000 b~* de luminosidad integrada.

El incremento en luminosidad supone mayores tasas dear@isly niveles de radiacion que
tendran que soportar los detectores que conforman losimgrgos alrededor del acelerador,
sobre todo, los detectores situados mas préximos al menioteraccion, como es el detector
interno. Esta tesis esta centrada en la fase Il del proykc#ita luminosidad de LHC y mas
concretamente, en los detectores de microstrip del detedtyno de ATLAS, por lo que a
partir de ahora, se hara referencia a esta esta region dbtalles de la actualizacion requerida
en ATLAS para su operacion a alta luminosidad se puedemémrac@n [40].

Dos son, por tanto, los factores que principalmente afestdmncionamiento del detector
interno:

e Unincremento de eventos de alrededor de 20 hasta 200 o@sspwmr cruce de haces. Esto
puede suponer problemas de apilamiento en los detectoigpse limplica la necesidad de
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una mayor granularidad de los mismos para mantener la ocigpafos mismos niveles
de operacion de los actuales detectores.

e Unincremento del flujo total de particulas que atraviesamlktectores. Este hecho da lu-
gar a la degradacion tanto de los detectores como de suoslieet e implica el desarrollo
de nuevos detectores mas resistentes a la radiacion.

Estos factores determinan como llevar a cabo la mejorasaeéas en los detectores para una
operacion adecuada bajo las condiciones del HL-LHC. Ramdparacion de los detectores,
varios programabtD ya estan trabajando para proporcionar las pautas parasitesnologias
de detectores resistentes a los niveles de radiacionatis, como también, posibles disefios
en la distribucion de los detectores.

Los estudios realizados en esta tesis se enmarcan en lao@ul@imnRD5C del CERN. Es
uno de los programds-D cuyo principal objetivo es el desarrollo de dispositivosig@nduc-
tores resistentes a niveles radiacion mas alla denaigels de dispositivos actualmente en uso.
Esta colaboracion esta participando activamente patasarrollo de nuevas y mas resistentes
tecnologias de detectores para el detector interno dexfmErienentos que operaran en el HL-
LHC.

La mejora prevista para el Detector Interno

El actual detector interno de ATLAS combina detectoreslpigesilicio (PIXEL) en sus ca-
pas mas proximas al punto de interaccion de los hacesctde¢s microstrip de silicio (SCT,
de SemiConductor Tracker) en sus capas intermedias y deteate tubos de deriva TRT por
Transition Radiation Tracker) en su parte mas exterios.detectores basados en silicio (PIXEL
y SCT) son capaces de reconstruir las trazas de las pagicoih una resulicibn muy elevadak,
imprescindible para distinguir vértices secundarioss tubos de deriva del TRT permiten re-
alizar el seguimiento continuo de las particulas (con 3@qsipor traza), aunque con una menor
resolucion espacial.

Las condiciones de luminosidad del HL-LHC implicarianrgtes niveles de ocupancia en el
TRT. Ademas el Detector Interno ha sido disenado parsaoesta unos niveles de radiacion
correspondientes a 50~. Su funcionamiento por encima de estas condiciones daga |
a una degradacion seria de los detectores, limitandoanto,tlos datos de fisica. Por lo que
el detector interno sera totalmente reemplazado paraéalfaon un sistema basado todo en
detectores de silicio, con mas granularidad y resistentas dosis esperadas en el HL-LHC.

La parte barril del SCT se extendera a 5 capas de detectemascdostrip a unas distancias
entre 38-95 cm del punto de interaccion de los haces (en edasdactuales 4 capas entre
30-51 cm). Las 3 capas mas externas del SCT reemplazaf@iralDe las 5 capas, las tres
mas internas estaran formadas de detectores de mipsostm strips de longitud 2.4 cm (capas
short stripg y las dos mas externas de detectores de microstrip c@s sigilongitud de 4.8 cm
(capadlong stripg, en vez de los actuales strips de 9 cm y por tanto, propcnidm mayor
granularidad. El detector PIXEL estara compuesto por 4santre los radios 3.7-20.9 cm,
en vez de las actuales tres capas entre 5.1-12.3 cm. Lasesgiccada lado de la parte barril
consistiran en 6 discos de detectores pixel y 5 discos @éefees microstrip.

2www.cern.chird50
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La tabla 10.1 muestra de los niveles de radiacion espefatasia fase || en comparacion
con los niveles de radiacion que tiene que soportar el et@derno actualmente en fun-
cionamiento. La contribucion de la radiacion a los detexs viene dada por aproximadamente
un 50% de neutrones y un 50% de hadrones cargados para lasdmpaips mas internas,
mientras que para las capas mas externas domina la cambritie neutrones debido a proce-
sos secundarios que tienen lugar en el calorimetro efeagnético.

| Detector | fmax[10™ neg e ?] (HL-LHC) | fiax[10™ neqcnm?] (LHC) |
Pixel 22a3.7cm lab.1lcm
Short Strip (38-62 cm) 1.2 0.2 (SCT)
Long Strip (74-100 cm) 0.56 0.03 (TRT)

Table 10.1: Flujos maximos de particulas estimados pgatetector interno de ATLAS bajo las
condiciones de luminosidad del HL-LHC y del LHC.

10.2 Detectores de Silicio

Teoria de semiconductores

El paso de una particula por un sensor de silicio se detgqusatia de la interaccion de esta
particula con los atomos de la red cristalina de silicie gonstituye el sensor. El modelo
de bandas de energia en un solido cristalino establecbanta de valencia que contiene los
electrones ligados al atomo. Mientras que la banda de ecor@ucontiene los electrones libres
que contribuyen a la conductividad eléctrica del matefiaibas bandas estan separadas por una
banda prohibida gap. Para un material como el silicio, el cual es semicondulet@mnchura de
estabandaes delReV. A OK, todos los electrones ocuparan la banda de valenadwan flujo
de corriente. A temperatura ambiente (300los electrones pueden ser excitados térmicamente
y adquirir la suficiente energia para pasar a la banda deucoitah, dejando un hueco positivo
en la banda de valencia que actla como portador de cargv@oBin los semiconductores se
produce corrientes producidas tanto por el movimiento éeteines como del desplazamiento
de los huecos (cuando un hueco se va llenando con electrerasrdos vecinos).

Un semiconductor es intrinseco cuando no contiene impsm@z la red cristalina. La conduc-
tividad se debe Gnicamente a los portadores de carga @asitarmicamente. La introduccién
deliberada de impurezas en pequefias cantidades en unamsgericonductor para aumentar
su concentracion de electrones o huecos se llaman dopajgté&rial resultante es un semicon-
ductor extrinseco.

Cuando el silicio se dopa con atomos con atomos pentdealéR), con cinco electrones de
valencia, cuatro de los cuales participan en enlaces ateaten los atomos de silicio vecinos.
El electron restante, débilmente ligado a su nlcleolgque casi con toda probabilidad estara
ionizado positivamente a temperatura ambiente. A estedépgemiconductor extrinseco se le
denomina de tipo N.

Por el contrario, si dopamos el silicio con atomos trivedsr(B), con tres electrones de va-
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lencia, se introducen huecos en la red que son faciles deada banda de valencia a temper-
atura ambiente, dejando atras un atomo ionizado negatinte. A este tipo de semiconductor
extrinseco se le denomina de tipo P.

La estructura fundamental de la mayoria de los detectareslidio es la union PN. Es-
tas uniones se forman al combinar en un material una regeonR con otra tipo N, cuyas
propiedades dependen principalmente de los niveles dgaddmafuerte diferencia de concen-
traciones de portadores de carga da lugar a procesos diédifieselectrones a la region de tipo
P y huecos a la region de tipo N, ya que las concentracioeeddn a igualarse y da lugar a
una corriente. Por otro lado, a ambos lados de la unibneswisd region de cargas fijas (iones
positivos en la region N y negativos en la region P) dandafda una diferencia de potencial.
Aparecera, por tanto, una campo eléctrico a través deitmucausando una corriente de deriva
gue se opone a la corriente por difusion.

El dispositivo alcanzara un estado de equilibrio cuandlujgl de corriente neto sea cero:

Jderiva + Jair = 0 (10.2)

Un regibn desierta, es decir, libre de portadores de casyaeada a ambos lados de la union.
Esta region es la base para la deteccién de radiacionsetekectores de silicio. La radiacion
incidente en esta region ioniza los atomos de silicio ypaes electron-hueco resultantes son
acelerados en en el campo eléctrico generado por la umiés.portadores de carga derivan
en direcciones opuestas dando lugar a una sefial de cemiemtible del paso de la radiacion.
La carga generada en las zonas no desiertas se recombinegiatmmente y no contribuyen a
la sefial. Lo que se suele hacer es extender la region ldboaugja a todo el area sensible del
detector aplicando un voltaje del mismo signo que la difeieede potencial en la union (voltaje
en inversa) y la corriente por difusion disminuye.

Operacion de un detector de silicio

Se ha descrito la estructura basica de un detector deosilim detector de silicio aplicado
a experimentos de fisica de altas energias consisteab@mnte, en una cara de la unién con
un alto dopaje (expresado comb para silicio tipo n) comparado con el otro lado de la union
ligeramente dopado, por ejemplo de tipoSe denomina una unigrp. En toda unién p-n se
cumple la ecuacion 10.3 [51],

NaW,, = NgWh, (10.3)

siendoN, y Ng las concentraciones de dopajédy y W, las anchuras de las zonas desertizadas
en las regionegy nrespectivamente. De la cual se deduce que la anchura déda ceg mayor
dopaje (%) es pequefia comparada con la region débilmente dopadg| campo eléctrico
siempre crecera de la zona hacia la zong y se extendara a lo largo de toda su anchura.

Los detectores de microstrips de silicio que se usan corenss de reconstruccion de trazas
se basan en dividir la region fuertemente dopada, que megdie unas pocas micras, en bandas
paralelas sobre el volumen menos dopado de silicio. Cadmwadtua como un detector de
silicio individual para medidas precisas de posicion.
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Los principales detectores de microstrips de silicio datlmbs en esta tesis son del tiptp,
como el que se representa en la figura 10.2. Existen tambi#neastructuras cony n, la cual
corresponde a los actuales detectores de microstrips deb 8. Hay numerosos estudios que
demuestran una mayor tolerancia a altas dosis de radidei@ntecnologia®p sobrep*n [92,
93]y por ello, es la tecnolgia considerada para los detestte silicio previstos para el detector
interno de ATLAS en el HL-LHC.
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Figure 10.2: Vista transversal de un detector de silitip. La capa aislante de SiGirve
como acoplamiento capacitivo. Las bandasctuan como electrodos y estan conectados a la
electronica de lectura a través de una capa de aluminio.

Para los detectores de silicio con bandgses necesario incluir una estructura de aislamiento
entre los electrodos. Esto es debido a la capa de acumuildeiélectrones que se produce en
la superficie del sensor al ser atraidos por la carga pogitesente en la interfaz Si-SiOLa
sefal quevenlos electrodos* se debe principalmente al movimiento de los electronesiopor
que la capa de acumulacion de electrones puede cortdairtns implantes*. Los métodos
de aislamiento de strips que se utilizan son:

e p-Stop. Consiste en una implargé de boro rodeando los strips.
e p-Spray. Consiste en la difusion de una capale boro sobre los strips.

e p-Spray moderado. Una capa de boro sobre los strips con una dosis mas moderada
y un implantep* en el centro con una dosis que garantice un correcto aistaeatre
strips.

Cuando una particula atraviesa un detector de silicioat@tidad de pares electron-hueco
creados es proporcional a la energia perdida por esaylartlLa energia media necesaria para
producir un par electron hueco en silicio eé 8V. Para una particula de minima ionizacion
(mip) atravesando un detector de silicio de 306 el valor promedio de energia perdida es de
81 KeV, luego urmip creara una carga maxima de unos 22500 pares electr@o-hdeque las
interacciones entre las particulas cargadas y el semictmdson estadisticas, la energia total
depositada por cada particula puede variar. Sin embarglistribucion de energia y por tanto,
de carga generada en el detector, sobre un nimero grandemtessigue la distribucion de
Landau. En este caso, el valor medio no coincide con el vadarpnobable, que corresponde a
~ 24000 electrones para un detector de 300 Para reproducir los resultados experimentales
se asume una distribucién de Landau convolucionada cogaungana.
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La sefial en el detector tiene la forma de pulso de corriestetegracion con el tiempo es la
carga total creada por el paso de la particula. Si el tiengpotdgracion no es lo bastante largo,
no se estara dando cuenta toda la carga depositada y lapsdjda se conoce como déficit
balistico del detector. Como éste ultimo viene fijadolpsmecesidades del experimento, entran
en juego los parametros del detector: su grosor, la camgergéa por umip en un detector de
300umtiene un tiempo de coleccion del orden de los 10 ns. Masadelgodria limitar la sefial
minima necesaria para una buena relacion geiidgd. O también aumentar su campo eléctrico
aumentando el voltaje de operacion; Un campo eléctricp ato puede dar lugar a fenbmenos
de ruptura por avalancha del detector. Obviamente, en wttdetparcialmente desertizado,
solo la carga depositada en el volumen activo del deteetarrecogida por los electrodos.

Efectos de la radiacon

La radiacion que atraviesa los detectores supone daffosuimpico a la estructura cristalina
del silicio. Esto da lugar a niveles de energia en la region prohibidzadelas. Estos niveles
inducidos por radiacibn actuan como centros de genaraci@combinacion afectando a la
operacion eléctrica del dispositivo. Un buen conocirtoette la fisica de estos efectos dara
lugar al desarrollo de tecnologias que puedan operar bajdicones de alta radiacion de una
manera eficiente. Los efectos en sus propiedades macroasgp describiran a continuacion.

e Un detector de silicio que opera en inversa tiene un flujo deesde inherente. A esta
corriente se le denomina corriente de fugas y viene domipadprocesos de generacion
de pares y dependiente de la temperatura. Los estados sieada radiacion cerca del
centro de la banda de estados prohibidos actian como selgrgeneracion por lo que
aumentan la corriente de fugas. Esto supone un aumentadelalectronico y por tanto
de una disminucion del la relacion sefiaido.

¢ Los niveles de energia creados en la banda prohibida yoaaiectricamente afectan de
un modo directo a la concentracion de dopaje efectiva. Kbjoal cual la anchura de
desertizacion coincide con el grosor del detector se lemémavoltage de desertizacion
V4. Este es directamente proporcional a la concentracion pgardes efectivaNerr) a
partir de la ecuacion 10.4.

q 2
Vig= —— | N d 104
4= S | Nets | (10.4)
Por lo que un aumento ey s implica la necesidad de aplicar un mayor voltaje al detector
para su completa desertizacion. Altas dosis de radiatiponen voltajes no asumibles y
por tanto, el detector tendra que operar por debajo de krtilezcion completa, dismin-
uyendo la eficiencia de recoleccion de carga y la relacgfajsuido.

e El mecanismo principal para la degradacion de la eficietkeia coleccion de carga es el
atrapamiento de la carga generada por el paso de partparlbs estados electronicos en
la banda prohibida correspondientes a defectos causadiasrpdiacion. Si la electronica
de lectura lee la carga en un tiempo inferior al tiempo de ir@émdel portador de carga
de latrampag esta carga se pierde y disminuye la eficiencia de recoleds carga y de
la relacion sefialuido.
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10.3 Resultados

Caracterizacion de detectores de silicio

En esta seccion se presentara un resumen de la caracitatize detectores de silicio de
microstrips llevada a cabo en el laboratorio de Silicio dstituto de Fisca Corpuscular de Va-
lencia. Se han evaluado sensores de microstrips de diésré&atiricantes: del Centro Nacional
de Microeléctronica (Barcelona) como de Hamamatsu Pliatdfiokio, Japon). Se han me-
dido sus caracteristicas eléctricas (corrientes desfuzapacidad...) como de operacion (carga
recogida, relacion sefjalido...).

sensores microstrips del CNM

La tabla 10.2 muestra los principales parametros de este®ees.

| parametro del sensor] |

area 1.06x 1.06cn?
grosor 285+15um
# strips 128
longitud del strip 10472um
anchura del strip 32um
distancia entre strips 80um
resistividad nominal 30kQ-cm
aislamiento entre strips p-spray

Table 10.2: Parametros principales de los detectoreslid® snhicrostrips procesados en el
CNM.

Se dispone de varias series de detectores Se diferencian en el tipo de sustrato de silicio
utilizado para el procesado de los detectoréstos son: Silicio crecido mediante la técnica
Float Zone(FZ), silicio Diffusion Oxigenated Float Zon®OFZ), el cual se obtuvo a partir de
una oblea FZ sometiéndola a procesos de difusion de naigssilicio Magnetic Czochralski
(MCz). También se dispone de una serie de detectdigson silicio FZ para comparar.

Estos detectores fueron irradiados con neutrones en ¢breaclear TRIGA Mark Il del In-
stituto Jozef Stefan en Liubliana (Eslovenia) con difezemtosis hasta:810' neq cnt2. Estos
flujos de particulas corresponden a las dosis que tendi&saportar los detectores microstrip
en condiciones de alta luminosidad. También se midi6 ueatier no irradiado de cada serie
como referencia.

Se hicieron medidas pre-irradiacion de caracterisét@stricas como la corriente de fugas
y la capacidad en funcién del voltage. Un nivel de corriesgefugas alto degrada el fun-
cionamiento del detector, contribuyendo al ruido. Adene@ta medida te permite reconocer
procesos de ruptura por avalancha en el sensor. Para estotodes no irradiados se obtienen
corrientes de fugas del orden de unos ppéolo que es considerado relativamente bajo. La
medida de la capacidad del detector te permite calcularl&ljgale desertizacibn completa,
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al cual la capacidad se hace minima y constante con el @@fjcado porque ocupa todo el
grosor del detector. La tabla 10.3 muestra los valoreé:g@ara los detectores medidos.

Vid [V] Netf [cnT]

N -pDOFZ | 267+09V | (4.34=0.16)x 10
n*-pMCz | 1043+57V | (167+0.90)x 102
nt-pFZ | 519+09V | (8.36+0.16)x 10
n*t-n FZ 512+19V | (8.37+0.32)x 10"

Table 10.3: Valores de voltaje de desertizacion completaiglos de las curvag@? vs. Vyias
para los detectores no irradiados. A partir de éstos, sdepastimar la concentracion de
dopantes efectiva con la ecuacion 10.4.

Una vez conocido que los parametros eléctricos de losetiifes detectores son adecuados, se
procede a la evaluacion de estos tipos de detectoresadesli Se ha medido la carga recogida
en funcion del voltaje aplicado. La carga recogida se dépaso de un haz laser a través del
detector como se muestra en la figura 10.3.

focusing lens

Laser driver ’7

ISR Readout

E

(+ amplification

X
positioning system ® stages)
72/ y

Figure 10.3: El sistema para la medida de recoleccion dmaapartir de un haz laser.

Voltage g |
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También se ha hecho uso de un sistema para la medida de &reangida a partir de la
emisions~ de una fuente radiactivd°Sr). El uso de un haz laser proporciona sefiales mas in-
tensas que la fuente radiactiva. Sin embargo, existe umatidiembre en el nimero de pares
generados por el laser dependiente de cambios en la idéehdel haz o del angulo de inciden-
cia. Debido a ésto, la medidas realizadas con laser stradds con algunas medidas usando
la fuente radiactiva para cada detector. El sistema de medidfuente radiactiva se muestra en
la figura 10.4.

Las medidas se llevan a cabo a una temperatura3@eC. Esta baja temperatura se debe a
evitar procesos de migracion de los defectos inducidosgati@cion que ocurren a mayores tem-
peraturas con el tiempo y asi evaluar directamente el gafi@rio producido por la radiacion.
Este efecto se denomimanealingy da lugar a la variacion temporal de las propiedades de los
detectores.

Los tipos de sustratos DOFZ y MCz se caracterizan por unaaifteetracion de atomos de
oxigeno en la red cristalina como impurezas, hastad@ 2 para el silicio DOFZ y~ 5x 10 cn?
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Figure 10.4: El sistema para la medida de recoleccion dmeapartir de una fuente radiactiva.

para silicio MCz. Por otra parte, se ha comprobado que ggiel impurezas en el silicio da
lugar a una mayor tolerancia a la radiacion de hadronesidagy La figura 10.5 muestra la
carga recogida en funcion del flujo de neutrones a un vakgieesentativo de 500 V (el voltaje
maximo al cual los detectores de silicio pueden ser aliatod en el SCT). En este caso, se
muestra que bajo irradiacion de neutrones, la carga réadgtal no varia en funcion del tipo
del sustrato del detector.
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Figure 10.5: Comparacion de la carga recogida como fund# flujo de neutrones para los
detectores de silicio DOFZ (en rojo) y MCz (en negro). Lo®datorresponden a un voltaje en
inversa de 500 V.

La figura 10.6 muestra la comparacion de la carga recogideppaletectores de silicio para
los diferentes tipos de sustratos en funcion del flujo déroeas recibidos y para un voltaje de
400 V. Los detectores' p muestran un comportamiento similar independientemesitigod de
sustrato. Sin embargo, los detectaré&s muestran mayor carga recogida requiriendo, por tanto,
voltajes mas bajos para recoger toda la carga depositada.

Swww.cern.chrd48
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Figure 10.6: Carga recogida en funcion del flujo de neusqaea diferentes tipos de sustratos
de detectores™p y n*n producidos en el CNM. Los datos corresponden a un voltajevensa
de 400 V. La grafica inmersa muestra las mismas medidasinasi@osis de 10 neq/cmz.

Se observaron microdescargas durante las medidas dea&6alde carga en los detectores
de silicio FZ. Las microdescargas se muestran como picosfte gue pueden alcanzar una alta
intensidad y pueden tener ambas polaridades, positivaatimagEstas no ocurren en todo el
detector si no que estan localizadas en ciertos canaléss &mnales pueden ser enmascarados
para un correcto analisis de las medidas. Sin embargo, aremyoltajes, llegan a ser mas
frecuentes y sus amplitudes significantes, contribuyehdegectro de carga medida como se
observa en la figura 10.7.

La tabla 10.4 muestra el voltaje al cual los detectores cozai@ a mostrar microdescargas.
El voltaje mas bajo lo muestra el detector no irradiado inéeque es mayor a mayor irradiacion
sobre el detector. Las microdescargas se producen en zemwdte dampo eléctrico que corre-
sponden a zonas con gradientes altos de dopaje. Concrétaenegstos detectores con p-spray
como método de aislamiento entre strips, las zonas de ncayguo eléctrico se encuentran en
la zona de contacto del implami& con la capa de p-spray. Ademas es conocido que el p-spray
tiene un mejor funcionamiento después de irradiado ya guesis es compensada con la capa
de acumulacion de carga que se forma entre los implaritds que reduciria la intensidad de
esas regiones de alto campo eléctrigsto explicaria que con flujos mayores, las microdescar-
gas aparecieran mas tarde.

sensores microstrips de Hamamatsu

detectoresi*p de silicio de microstrips fueron procesado por Hamamaltsuadnics (Tokio,
Japbn). Estos sensores pertenecen a una serie denominadesd7 que se produjo para la
colaboracion ATLAS que trabaja en el desarrollo de detestmicrostrips para el detector in-
terno de ATLAS en el HL-LHC. Los principales parametros gi®gs sensores se muestran en la
tabla 10.5.

Estos detectores han sido irradiados con protones y cononestpara evaluar el dafio pro-
ducido por la radiacion a las fluencias que se esperan estelrs de reconstruccion de trazas
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Figure 10.7: Espectro de carga en el sistema laser en uinaadDCs, correspondiente a un
detector irradiado con microdescargas. Se estima la ardplébida a microdescargas del orden
de 1.5mip. Estas microdescargas corresponden a las registradasneitdeacia con la sefal
trigger del laser.

n"pFZ | n"‘nFZ

F|Uj0 [neq/ sz] Vind [V] Vind [V]
0 160 230
1x 10t 150 390
3x 104 270 400
1x10% 330 400

Table 10.4: Voltaje al cual comienzan a aparecer microdgasgara los detectores de silicio
FZ.

de ATLAS para condiciones de alta luminosidad.

La irradiacion con neutrones fue en el reactor nuclear TRMgark 1l del Instituto Jozef
Stefan en Liubliana (Eslovenia) con diferentes dosis hbB&tane cn2. Y la irradiacion con
protones fue llevada a cabo en el ciclotron de CYRIC, cesdrmvestigacion de la universidad
de Tohoku, en Japon hasta una dosis.8ex10'° Neq cnT2. Se tomaron detectores no irradiados
con las mismas caracteristicas como referencia.

Antes de enviarlos a irradiar, se evaluaron sus caratassléctricas como la corriente de
fugasy la capacidad del detector en funcion del voltageaghb. Estas medidas se muestran en
las figuras 10.8.

De las corrientes de fuga se deduce que los detectores tamiaisto p-stopp-spray tienen
voltajes de ruptura mas bajos que los detectores con pastieamente. Puede ser debido al
contacto directo de los implante$ con la capa de p-spray. La figura 10.9 se muestran los
voltajes de ruptura para los detectores Hamamatsu medidssespecificaciones técnicas de
ATLAS sitlan un limite de 600 V para el voltaje de ruptura8a% de los detectores cumplen
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Parametro del sensor |

area lcn?
grosor 320um
nimero de strips 104
longitud del strip 0.80cm
anchura del strip 16 um
distancia entre los strips, Z1-Z5 (Z6) 74.5 (100um
aislamiento entre strips p-stop y p-stopp-spray
silicio Fz

Table 10.5: Principales parametros de los sensores derHaisia
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Figure 10.8: Caracteristicas eléctricas: Corrienteudas y YC? en funcion del voltaje para los
detectores*p con aislamiento p-stop (a)-(b) y con aislamiento p-sfeppray (c)-(d).

las especificaciones, si bien el resto tienes rupturas maxirpas a los 600 V. De las curvas de
las capacidades se extrae un voltaje de desertizacionetnpara todos los detectores medidos
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entre 170-190 V.

Breakdown Voltage [V]
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Figure 10.9: \oltajes de ruptura para los detect@¥€sAS07 Las especificaciones téctnicas
establecen un voltaje de ruptura minimo de 600 V.

De la misma manera que con los detectores del CNM, se ha jdocedvaluar la eficiencia
de recoleccion de carga de los detectargs de microstrips de Hamamatsu debido al paso de
un haz laser a través de ellos. También se realizaron teomzeratura de 3C. La figura 10.10
muestra las medidas de carga recogida en funcion delealés@limentacion para los detectores
irradiados con protonesy con neutrones respectivamenteada grafica también se especifican
los detectores con aislamiento p-stop y p-stospray.

El funcionamiento de estos detectores muestran un buemegsito entre los implantes
y compatible para ambos tipos de aislamiento: p-stop y p+gtespray como se puede ver en
la figura 10.11. El efecto de la radiacion es mas severo eotranes que con protones. Sin
embargo, los detectores muestran una buena operaci@saéias dosis. Por ejemplo, a la mas
alta dosis de 1 neq cnT? y 600 V, la carga recogida es de 14 000 y 10 000 electrones con
protones y neutrones respectivamente.

La evaluacion de estos sensores revel6 la presencia dedescargas. La tabla 10.6 muestra
los voltajes a los cuales comienzan a observarse estasdesoargas para cada detector. De
igual manera, los canales en los que aparece este efectedenpenmascarar para que no
afecte a las medidas de sefial debida al paso deipnEsto solo se puede hacer cuando las
microdescargas estan localizadas y no enmascaran llededivap lo que limito las medidas en
terminos de voltaje aplicado. Al ir aumentando el voltaj@nenta la presencia y la intensidad
de las microdescargas pudiendo dafar tanto el sensor eosteckronica asociada. También se
observan microdescargas a un voltaje mas bajo para lostaiets no irradiados.

Investigaciones llevadas a cabo ptamamatsu Photonidglentifico algunos puntos de alto
campo eléctrico asociados con un disefio asimétrico-gdp[131]. La mascara utilizada para
el procesado de las obleas de detectores de silicio fue s@miemente modificada y detectores
mejoradosATLASO7-1), no testeados en esta tesis, fueron fabricados.
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Figure 10.10: Carga recogida en funcion del voltaje deeatitacion para los detectonesp de
Hamamatsu irradiados con protones (a) y con neutrones @igcires similares no irradiados
fueron medidos como referencia.

Simulaciones de detectores de silicio con alta ionizai

Para las actuales condiciones de operacion del LHC, seah#eeho el dafio por alta ionizacion
sobre los detectores de silicio microstrips del actual SEE referimos a la situacion en la que
el haz de protones se desviara de su trayectoria. En esteleagwotones dispersos pueden
continuamente impactar en la estructura que contiene aldrado lugar a radiacion secundaria
denominada eventdmam splasisobre los detectores mas cercanos al punto de interageion
los haces y en el peor de los casos directamente sobre lasatetey su electronica. Posibles
pérdidas del haz pueden deberse principalmente a falles @stema magnetico que define la
trayectoria de los haces.

Los detectores microstrips del actual sistema de recamcstnude trazas estan especificamente
disefiados para resistir los efectos a largo plazo a landista la que se encuentra del punto de
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Figure 10.11: Carga recogida en funcion del flujo de pald&para los detectores Hamamatsu
irradiados con neutronesy protones. Los sensores compp-ptatop-p-spray son comparados.
Las medides corresponden a un voltaje de alimentacion@&.40

N° de identificacion aislamiento irradiacion Flujo Vind
[ x10% neg/cn?]  [V]
W29-BZ3-P3 p-Stop p 0 29(
W24-BZ4-P22 p-Stop p 2.3 600
W27-BZ4-P22 p-Stop p 6 750
W28-BZ4-P10 p-Stop p 13 450
W13-BZ3-P9 p-Stop- p-Spray p 0 270
W1-BZ3-P15 p-Stop- p-Spray p 2.3 600
W6-BZ3-P9 p-Stopr p-Spray p 6 650
W9-BZ3-P6 p-Stopr p-Spray p 13 500
W27-BZ6-P12 p-Stop n 0 270
W23-BZ6-P12 p-Stop n 2 550
W24-BZ6-P12 p-Stop n 5 400
W26-BZ6-P12 p-Stop n 10 400
W13-BZ6-P24 p-Stop- p-Spray n 0 160
W4-BZ6-P12 p-Stop- p-Spray n 2 300
W7-BZ6-P12 p-Stop- p-Spray n 5 400
W11-BZ6-P12 p-Stop- p-Spray n 10 400

Table 10.6: El voltaje al cual comienzan a aparecer micicatgas,Vmg, para cada detector

HamamatsuATLASO7.

interaccion de los haces. Sin embargo, no esta claro spatamiento en situaciones extremas
en la cual un nlmero muy grande de particulas cargadasestaa el detector en un tiempo muy
corto, es decir, en un escenario de pérdida de haz que iaxp@mte los detectores de silicio. Los
siguientes estudios se sitlan en ese escenario y pretantigparse a posibles consideraciones
que debieran tomarse en la operacion de estos detectores.
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Resultados

Para estudiar si los detectores que constituyen el SCT pussdeevivir a un escenario de
pérdida de haz, se llevaron a cabo simulaciones de un deteicirostrip de silicio. Se utilizb el
programa de simulacioB8ynopsy$SE-TCAD [96]. La estructura simulada corresponde a una
unidad basica de un detector, es decir, un strip con los aagmarametros de disefio que los
detectores de silicio del SCT [128] y se puede ver en la fighrd2l En este caso, corresponde
a un detectop™n.

R=100Q

€285um

0 50
Backplane

HV

Figure 10.12: Representacion de la estructura simuladaiérda) junto con una imagen mas
cercana a la union p-n (derecha).

Del paso de un nimero muy alto de particulas en un periodiesgpo muy corto se espera
fundamentalmente un estrés eléctrico en el volumenlsiendél sensor y su efecto en el 6xido
(SiOy) que permite un acoplamiento AC de los dispositivos. Engstacion, un nUimero muy
alto de portadores de carga libre en creado y derivan hasigéatrodo$™* y la cara posterior
n*. El campo eléctrico a través del detector sera modifitadporalmente debido a la alta
concentracion de portadores y evolucionara conformedagas deriven. Como consecuencia
el voltaje en los implanteg* variara y por tanto, el voltage a través del 6xido.

Varias densidades de carga altas fueron simuladas a lo detggrosor del detector y éste
fue llevado a 500 V (voltaje maximo posible para los detextale silicio del SCT). Se observo
que a partir del orden de I@nipspor strip, el voltage en el implanig® se satura situandose
en 500 V en un tiempo aproximado de8Msy se puede leer en el contacto de aluminio un
voltaje inducido del orden de 3 \Esto supone una alta diferencia de potencial a través del
oxido mientras se van drenando el alto nUmero de portadigearga que pudiera dar lugar a
su ruptura. A través de las resistencias de polisilicite dsenaje daria lugar a una corriente
muy alta del orden de.B A que supera los limites de corriente del sistema de alirniémtale
los detectores. Sin embargo, los detectores fueron dissfizon una estructura de proteccion
para estos casos. Se trata de la estructura puiRch-through protectiony actia como una
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Table 10.7: Voltaje maximo en el implante con la resistenla polisilicio y la resistencia de la
PTP para diferenctes densidade de carga. \Voltaje de aligiént 500V.

Densidad de carggpC/um) #mips | Voltajempiante Max. (V) | Voltajempiante Max. (V)
(por Stl’ip) Rpolysi=1-4 MQ Rp1p=5 KQ
8x10* 60 27.4 35
0.01 740 125.3 5.7
0.1 7400 367.7 35
0.2 15000 441.0 54
1 74 000 498.5 121
2 148 000 499.1 159
3 222000 499.5 179
5 370000 499.5 207
7 520000 499.7 226
10 740000 499.7 244
20 1.5M 500.0 274
100 7.4M 500.0 354
850 63M 500.0 437
1000 74M 500.0 442

resistencia dinamica dependiendo del voltage aplicatte &s terminales.

El funcionamiento de la estructura PTP fue verificada a pddgimedidas con detectores
reales. Se usaron muestras de sobra de sensores utiliz;zddaopformar modulos del SCT. A
partir de medidas de corriente en funcion del voltaje aplicentre el implantp* y el contacto
de aluminio para strips concretos, se obtuvo lo siguiente:

e La estructura PTP se activa alrededor de 13-16 V.

e Laresistencia del PTP cae hasta alrededorlid@®ermitiendo que el detector se descar-
gue a través de ella.

También se demostro y junto a referencias previas [148]ejwxido permanece protegido
hasta al menos 160-170 V. La siguiente pregunta es la doaiswal el voltaje en el implante
alcanza estos voltajes con la PTP activada. Para resporedta @aregunta, se hicieron simu-
laciones de altas densidades de carga a través de nudsittodee silicio con una resistencia
de 5KQ. A partir de estas simulaciones, se establecio que lactsteuPTP evita una acumu-
lacion de carga en el implanpg hasta una dosis sobre 150 Q@ifpspor strip, que es cuando el
implante alcanza un voltaje de160V. Estos datos se pueden ver en la tabla 10.7.

10.4 Conclusiones

Esta tesis estd enmarcada en el experimento ATLAS delradeleLHC del CERN. Concre-
tamente, para la fase Il de operacion del acelerador. 8diéstl gran potencial de fisica que
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supone un aumento de casi un orden de magnitud en luminodédadelerador, pasando del
actual valor instantaneo de3@nt? s1 a un valor de % 10** cnt? s71. A este proyecto se le
conoce con el nombre de HL-LHE{gh Luminosity LHG. Operar en tales condiciones de lu-
minosidad implica procesos de apilamiento de datos debalmaento de la tasa de interaccion,
pasando del orden de 20 colisiones por cruce de haces a 26i0mes$. Por otro lado, también
suponen muy altas dosis de radiacion sobre los detectegamtio a flujos de £0neqcn? en
los mas proximos al punto de colision de las particulzstecnologia actual presente en los
experimentos del LHC no soportaria tales condiciones. dE€lo, que particularmente para
el detector interno de ATLAS se hace obligatorio nuevasstigaciones en el campo de los
detectores de silicio. El nuevo detector interno de ATLAS/sto para esta fase Il pretende ser
completamente de silicio y con un aumento de canales respkeattual para evitar efectos de
apilamiento de eventos. Esta tesis esta enfocada en &gwlrtletector interno de ATLAS de
detectores de microstrips, situados a una distancia e®ti®3 cm del punto de colision de los
haces.

Desde hace ya unos afios se esta desarrollando una tdendéodetectores de silicio re-
sistentes a mayores dosis de radiacion, como las que seegpeel HL-LHC. Las excelentes
propiedades que vienen mostrando los detectonegon respecto a los actualpsn, hacen de
ellos una opcion muy adecuada para estos grandes exp&sn&e hecho, esta tecnologia es
la linea escogida como base de estos detectores, si biracssita optimizar la estructura del
detector.

En la primera parte de esta tesis se ha estudiado difergumsgie detectores de siliciop
procesados por diferentes centros (CNM-Barcelona y HarsanPhotonics-Japon). Estos de-
tectores fueron irradiados con flujos de particulas a lasdisperadas en HL-LHC. Se estudi-
aron los efectos de la radiacion sobre los detectoresipaimeente en términos de su eficiencia
de recoleccion de carga, la cual disminuye cuanto médiaua esté el detector. El disefio de
los detectores, por tanto, debe ser tal que puedan funaionaenales reducidas y operar a los
voltajes necesarios que proporcionen una sefial suficiente

Los detectores del CNM fueron irradiados con neutroneshasflujo de 8<10'° cnr?. Se
evaluaron detectores con diferentes tipos de sustratdicie $FZ, DOFZ y MCz). Estos tres
tipos de silicio se basan en diferentes métodos de prooeshdristal de silicio y se diferencian
en la concentracion de oxigeno que contienen. Se ha dexdosjue el oxigeno en el cristal
de silicio mejora la resistencia de los detectores a laiacath con hadrones cargados. Sin
embargo, aqui se refleja que la carga recogida por los degsato viene afectada por el tipo de
sustrato y por tanto por la concentracion de oxigeno.

Las medidas de carga recogida en funcion del voltaje afmicaostraron casi por primera
vez valores de carga tan altas como las medidas para unatetentlar no irradiado dentro
de las incertidumbres para un flujo de*46nT2 para silicio MCz y 3< 10* cnt? para silicio
MCz y DOFZ. Efectos de multiplicacion de carga estan teddelugar durante la recoleccién
de carga. Este efecto se ha visto en numerosas medidasresnjiasiendo mas evidente a
mayores voltajes. El estudio de este mecanismo en régistahle abre nuevas posibilidades
de operacion de estos detectores altamente irradiados.

También se compararon medidas de carga recogida por lestaetan*p con silicio FZ con
detectoresn*n también con silicio FZ. Los detectoresn mostraron mejores eficiencias de
recoleccion de carga, si bien, detectangp tienen suficiente recoleccion de carga requeridas
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para los detectores de silicio de microstrips para condésale alta luminosidad. Los detectores
n*n se comportan muy bien bajo irradiacion, pero esta tegi@lequiere procesado a doble
cara porque la unién p-n comienza a crecer desde la carerjposto que la encarece. Es por

ésto por lo que se prefiere la tecnologfa para la region de microstrips de ATLAS.

Los detectores con silicio FZ mostraron microdescargamdatas medidas de cargarecogida
en funcion del voltaje aplicado. Este efecto representadelos principales mecanismos de
fallo en la operacion de los detectores. Limita la toma ddidas y pueden llegar a dafiar el
detector e incluso su electrbnica asociada ya que su idehaumenta con el voltaje aplicado.
La causa mas probable para este efecto tiene que ver ehasta entre strips. Los detec-
tores con implantes* requieren técnicas de aislamiento entre ellos para eyiatos canales
se cortocircuiten. Estas técnicas requieren implantefpdey a una determinada dosis. Los
detectores del CNM medidos tienen un aislamiento p-spraglt& gradiente de dopaje entre
estas zonas puede dar lugar a regiones de intenso camricel§ccomo consecuencia mi-
crodescargas. Ademas se ha observado que estas micrgdssaaarecen a voltajes mas bajos
para detectores no irradiados y este voltaje va aumentamdyar irradiacion, lo que muestra
que la dosis del p-spray es moderada como efecto de la ranliaci

Los siguientes detectores considerados son los provietddgmamatsu Photonics. En este
caso, se evalub los efectos de la radiacion tanto de metoomo de neutrones a diferentes
flujos hasta 1¥ cnt?. Se disponia de detectores con aislamiento p-stop y p-ptepray.
Estos detectores mostraron un excelente comportamierté&rmimos de carga recogida y de
aislamiento entre los strips. Sin embargo, estos detectane silicio FZ también mostraron
microdescargas. Investigaciones llevadas a cabo por HatearRhotonics condujo a que estas
microdescargas eran debidas al disefio asimétrico delppdsilizado para aislar los strips, que
fue convenientemente corregido en posteriores proceskdistectores.

Comparando ambos tipos de detectores a la dosis esperadiaegioh de strips para el nuevo
detector interno (representado en la figura 10.13) se naugsi ambos tipos de detectores
tienen la suficiente eficiencia de recoleccion de carga lparaondiciones del HL-LHC. Se
dispone por tanto, de una tecnologia de detectores quelewnp los requisitos necesarios
para que el nuevo detector interno de ATLAS pueda operar ediciones de luminosidad del
HL-LHC.

También se observa que el silicio FZ es ligeramente supemiestos términos, sin embargo,
la presencia de microdescargas con este tipo de sustrambegesaria una mayor investigacion
sobre los parametros de disefio de estos detectores. eB&tgpbne de manifiesto como una
adecuada decision de los parametros de disefio son &esnzara un correcto funcionamiento
del detector: Una dosis adecuada de p-spray o una corremteegéa del p-stop.

Finalmente en esta tesis, se ha contribuido al actual foaoiento del SCT de ATLAS.
Se ha estudiado un posible escenario de pérdida de haz gaetama directamente sobre los
detectores de silicip™n del actual SCT. Se ha simulado un dispositivo de siliciolasmmis-
mas caracteristicas y se ha expuesto a altas densidadagde$e ha demostrado que el campo
eléctrico es alterado y esta modificacion supone una alewin alta de carga en el implargé
y por tanto, un considerable riesgo de romper el 6xido. Pareger el 6xido, estos detectores
llevan en su disefio una estructura (PTP por sus siglas &s)ngue previene estas acumula-
ciones permitiendo una rapida descarga del sensor. Estiodi@s permitieron establecer 150
000 mips por strip como limite para no romper el 6xido.
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Appendix A

Silicon Properties and
Fundamental Constants

A.1 Silicon Properties

| Quantity Value |
Atomic concentration at 30R 5x 10°?cnr3
Atomic Weight 28.086g/mol
Density 2.328g/cn?
Crystal structure Diamond
Lattice constant at 300K 53095 A
Dielectric constant 11.9
Energy gap at 300K 112eV
E (e-h pair) 3.6eV
Breakdown Field approx. 310°
electron Mobility at 30K and at low fields€ < 10° V/cm 1350cn?/Vs
hole Mobility at 300K and at low field€€ < 10°V/cm 480cn?/Vs
electron Difusion codficient at 300K < 36¢cnt/s
hole Diffusion codficient at 300K <12cnt/s

Table A.1: Basic properties of silicon.
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A.2 Fundamental constants

| Quantity Symbol Value |

Boltzmann constant KB 1.380 6504(24x 10022 J K1

= 8.617 343(15)x 105 eV K1
Elementary charge Jo 1.602 176 487(40x 10°1°C
Electron rest mass Mo 0.510 998 910(13MeV/c?

= 9.109 382 15(45% 103 kg
Permittivity of the vacuum &g 8.854 187 817 10712 F m!
Plank constant h 6.626 068 96(33x 10734 J s
Avogadro Constant Na 6.022x 10?2 atomgmole
Speed light in vacuum c 299 792 458nst

Table A.2: Fundamental constants as recommended by the T®D#sk Group (CODATA=
Committee on Data for Science and Technology) [144].



Appendix B

Sentaurus device command file

An example of a complete command file for Sentaurus Deviceesgmted< filename>_descmd).
Each statement section is explained indivudually.

x Having loaded the device structure in Sentarus Device,nietessary to specify which of
the contacts are to be treated as electrodes. ElectrodestalBus Device are defined by elec-
trical boundary conditions and contain no mesh. Any costtwdt are not defined as electrodes
are ignored by Sentaurus Device. In this example the siipalatarts ¢ with no bias applied
to the detector.

Electrode {
{Name= "backplané Voltage= 0.0 Material =" Aluminuni}
{Name= "strip;” Voltage= 0.0 Material = " Aluminun?}
{Name= "strip,” Voltage= 0.0 Material =" Aluminun’}
{Name= "strips” Voltage= 0.0 Material = " Aluminun?}
}

x This sections gives the names of the mesh grid and doping &itesthe output files you
want to create.

File {

« input files:
Grid =" < filename> _mshgrd” = this file defines the mesh and contacts
Doping= " < filename> _mshdat’ x this file defines the doping profile data for the device
structure)

x output files:
Current=" < filename> _desplt” = this is the file name for the final spatial solution variables
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on the structure mesh

Plot=" < filename> _desdat’ = this is the file name for electrical ouput data, such as cur-
rents, voltages... at electrodes

Output=" < filename> _deslog” = this s the file name for the output log that is automatically
created whenever Sentaurus Device is run

}
x This section allows a selection of the physical models togpdied in the device simulation.
Physics{

x standard physics models
Temperature 300
Mobility( DopingDep Enormal HighFieldSaturation )
Recombination( SRH(DopingDep) Avalanche(ElectricFigld
EffectivelntrinsicDensity(Slotboom)

* Heavylon statement creates a particle track, wittr@dm charge generated (i.e.2B2x 10-°pC/um),
arriving at the device. Length is distance along trackhws the width of the Gaussian describ-
ing the track profile, and LET is the charge pegm. The impinging time is set to.02ns

Heavylon (
Direction= (0, 1)
Location= (100,0)
Time= 0.02e-9
Length= [0 0.001 300 30M01]
wt_hi=[1.0 L0 10 10]
LET f=[0 1.282E-5 1282 -5 0]
Gaussian
Picocoulomb)
}

x |tis possible to define etierent physical models for fierent regions and materials within a
device structure. In this example a positive charge has tefined at the Oxidsilicon inter-
face.

PhysicgMateriallnterface "Oxide/S ilicon’) {
ChargeConc= 4el1l)
Recombination(surfaceSRH)

}

«For radiation damage simulations, it is necessary to defget af defects in silicon region.
PhysicgMateriak " Silicon’) {
Traps(
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(Acceptor Level fromCondBand Coac@ < Fluencex 1.613 > @ EnergyMid=0.42 eXsec-
tion= hXsectior=)

(Acceptor Level fromCondBand Cosa@ < Fluencex 0.9 > @ EnergyMid=0.46 eXsectioa
hXsection=)

(Donor Level fromValBand Cone @ < Fluencex 0.9 > @ EnergyMid=0.36 eXsectioa hX-
sectiorr)

)

}

* The plot section specifies all the solution variables thatsawved in the output plot files.

Plot {
Potential ElectricField Doping
Space Charge
eDensity hDensity eCurrefvector hCurreniector
eMobility hMobility
eVelocity hVelocity
HeavylonChargeDensity
}

* The CurrentPlot section is used to include selected meshintatthe current plot file (.plt).
CurrentPlot {

» Find the maximum electric field strength in the silicon
ElectricField(Maximumiaterial = " Silicori’))
}

» Sentaurus Device solves the device equations (which aeetslty a set of partial dieren-
tial equations) self-consistently, on the discrete mashniiterative fashion. For each iteration,
an error is calculated and Sentaurus Device attempts teecg@on a solution that has an accept-
ably small error. This example shows fairly standard mattioog. Many of these options are
now defaultin Synopsys. The examples in the Sentaurus Bevasnual are a good guide [106].

Math {
Digits=5 « it approximates the number of digits of accuracy to whichgure¢ion must be solved
before being considered to have converged
Iterations=100+x it specifies the maximum number of Newton iterations allowedbias step
Method=Blocked: it selects the linear solver to be used in thiatential equations
SubmethoéPardiso
« A few standard options to control solving method:
Extrapolate
Derivatives
RelErrControl
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x The solve section defines a sequence of solutions to be eldthinthe solver.

Solve{
x Get initial state of the device without a bias applied (defimethe Electrode section)

Poisson

x The second step introduces the continuity equations fatreles and holes, with the ini-
tial bias conditions applied. In this case, the electronfaslé current continuity equations are
solved fully coupled to the Poisson equation, taking thetsmh from the previous step as the
initial guess. The coupled command is based on a Newtonrsdlles is an iterative algorithm
in which a linear system is solved at each step simulation.

Coupled Poisson electron hole

x Internally, the Quasistationary ramp is controlled by dafgle sweeping from 0 to 1. So,
the max step corresponds td8+ 100V = 2.5V. The "iterations= 8" means that if we take
more than 8 iterations to solve a step, it'll reduce the sispand try again.

Quasistationary (
InitialStep= 0.5e — 3 MaxStep: 0.05 Minstep= 1e — 6 Increment 1.2
Goal{Voltage= —100 Name: backplang)
{
Coupled (iterations 8, notdampesd 15) {Poisson electron haoje
}

« A simulation over time, to get the current signal producedh®zyMIP needs the Transient
command.

Transient(
InitialTime= 0.0
FinalTime= 25.0e - 9
InitialStep= 0.25E — 11
MaxStep- 1le-9
Increment 1.1)
{
Coupled (iterations 8, notdamped 15) { Poisson Electron Holg
}
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x The next< name> _descmdfile ilustrates a Mixed-Mode simulation. In this simulatjon
a 2D silicon device (defined as "sensor” is combined with dag# source and two resistors to
form a silicon module circuit.
x The sequence of command sections tBedent when comparing mixed-mode to single-device
simulation. For mixed-mode simulations, the physical desiare defined in separate Device
statement sections. Inside the Device statement, ther&tegtPhysics, and most of the File
sections are defined in the same way as in command files fdegdegice simulations.

Device sensof

Electrode {
{Name= "nplusl” Voltage= 0.0 Material = " Aluminuni}
{Name="pplu” Voltage= 0.0 Material =" Aluminuni}
{Name="implan” Voltage= 0.0}
}

File {
Grid=" < filename> _-mshgrd”
Doping=" < filename> _mshdat’
Current=" < filename> _desplt”
Plot=" < filename> _desdat’

}

Physics{
Temperature 300
Mobility( DopingDep HighFieldSaturation Enormal)
Recombination(SRH(DopingDep))
EffectivelntrinsicDensity(Slotboom)

Heavylon (
Direction= (0, 1)
Location= (0, 0)
Time= 0.02e— 9 Length=[0 0.001 285 28%01]
wt_hi=[1.0 1.0 1.0 10]
LETf=[0 1.282E -5 1282E -5 0]
Gaussian
Picocoulomb)
}

Physic§Materiallnterface "Oxide/S ilicor’) {
ChargeConc= 4ell)
}
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Plot {
eDensity hDensity eCurrefvector hCurreniector Potential
SpaceCharge ElectricField Doping
HeavylonCharge HeavylonChargeDensity
eVelocity hVelocity eMobility hMobility
}

Math {

SubmethodPardiso

+* End of "sensor” device definition

* Global statements for all the circuit

Math {
Digits=5
Iterations=100
Method=Blocked
Extrapolate
Derivatives
RelErrControl

}
File{

Output=" < filename> _deslog”

x The circuit is defined in the System section, which uses a ERl@tax.
System{

Vsourcepset vep (cp 0jdc=0}
x A voltage source is connected between the nag® &nd ground node (0)
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sensor diode (nplusikp implantZi2 pplus2c2)
x The previous defined device namsensoris instantiated with a tag diode. Each of its elec-
trodes is connected to a circuit node.

Resistorpset r (i2 0) resistanedle6
x A resistor is connected between the no® ‘and the ground node (0)

Resistorpset ram (c2 0) resistanc&00
x A resistor is connected between the nod2and the ground node (0)

Solve({
Poisson
CoupledPoisson Electron Hole

Quasistationary (
InitialStep= 0.5e — 3 MaxStep= 0.05 Minstep= 1le— 6 Increment 1.2
Goal{Parametet vcpdc Value= 100})
{
Coupled (iterations8, notdamped15) {Poisson }

Transient(
InitialTime = 0.0
FinalTime= 15.0e- 9
InitialStep= 0.25E — 11
MaxStep- 1le—9
Increment 1.1
)
{Coupled (iterations8, notdamped15){ Poisson Electron Holg}
}
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