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[epidnyn

To Compact Muon Solenoid, eivar évag otd Toug d00 HEYAAOVLS OLVLYVEVTEG YEVIKNG XPHONG
7oL oLVERaAav otV TpodGPaty avoakaAvyr tov proloviov Higgs kabwg kot moAAég aAAég pe-
AETEG GTO KOPATL TNG CWUATOLKTG PUOLKTNG . To ecwtepiicd Tunpa tov CMS ovopdleton Tracker
Ko eivo évag aviyveutig ToAd vYNANG akpifeiag Tov petpd TIg TPOXLEG TWV CWHATLOIWVY TOV
dnpovpyotvtal oo tig cvykpovoelg Tov LHC. AmoteAeitan amd aviyveutég mupttiov pe vymAn
XopLkt) StakpLtiky tkoevotnTa ko ToAv LYNAovg pubpovg amdkpiong (< 20nsec). Me cuvoAlkn
emPavelx avo TV 200 TETPAYOVIKOV HETPOV, elval 1) HEYXAVTEPT) GLGKELT) TETOLOV eidOVG TOV
OV PTLAYTNKE TOTE.

H adénon mng otiypaiog pwtewvotntag otov avaPabuicpévo LHC Ba 0dnynoel oe moAd
LPNAY aEnpévn TukvoTnTA cPHATIWY KoBOG emtiong oe éva TOAD Lo atatnTikd TePLPaA-
Aov amtd mAevphg aktvoPolriog. Kath cvvémeia, o aviyvevtrg tpoxtedv tov CMS Ba xpetacBet
Joe ooV Tk aevaPadpieT kot emavooxedlaopod Twv acOnTpwy Kol Twv eEnTePLKOV NAEKTPO-
VIKOV GUOKELOV aviyvwong. Kabog oL aviyveutég mov éxovv eykataotabel ota mpdta oTddio
g Aettovpyiog tov LHC dev éxouv emapxkrn avtoyr otnv aktivofolic kot dev propodv vo ov-
TaokpLBov pe vymAn axpifeia oto véo amontnTikd meptfdAiov. O avaPobpicelg Bo yivovv oe
2 phoerg ko o avaPobpiopévog LHC avapéveron va eivor TARpwg Aettovpytkdg to 2026. Metd
TG avoPabdpicelg O Aertovpynoet yio 10 xpovia pe OTELVOTHTO TTOV VOHEVETOL VO PTACEL TCL
30006~ 1. H avapadpuion gaong 1 éxel 181 mpoyparonondet e THV AVTIKATAGTAGT TOL EGW-
Tepucod aviyveuth Pixel tov CMS tarcker. Xtn @don 2 O vtdpEovv onpavticég aAlayég oTov
e0WTELKO KoL 6To e€wtepuico Turpa tov Tracker. To e€wtepuicd TR avapévetal vo vtdpEovy 2
véeg povadeg mov ovopdlovton 2S ko PS. Avtol ot aviyveutég Ba éxouvv 2 oucOntrpeg oe moAD
pkpt) adoTooT pHeTaED TOoug pe aviyveuTég strip (2S) kou pe aviyvevtég strip xau pixel (PS).Ou
aviyveuTég ool Ba éxouvv Tnv SuvatdTnTa va Stakpivouy yeyovota ov eivot dixitepo opoy-
TIKQ OO TTAELPA PUGLKNG HE KATAAANAN GUGYXETLON TOV YEYOVOT®V 1) OTtol HITopel var dwaoel
TANPOPOPLES YO TNV EYKAPTLA OPHT) TOV COHATLIWDV.

T to Adyo awtd Eexivnoe puo peydhn exotporteio épevvag kot avauttuéng R& D amd to CMS
ylt Tov Tpocdloplopd Tov PEATIOTOL GXeSLAGHOD aviVeLT®OV He Wilaitepo avENpPEVT avToyh
otnv akTvoPolio Tov peAdovtikod CMS Tracker.

To k0pLo PEPOG AVLTHAG TNG EPYOLAG ELVOLL O NAEKTPLKOG XAPAKTIPLOROG HIKPOV oaONThpwv
KoL TEGT SOPWDV otd Ta Tp@Ta TpwToTLTTA Wafers Twv 2S kot PS povadwv tov e€wtepikot Tracker
Tov CMS . O NAeKTPLKOC YOPOKTNPLOHOG TOTEAEL ONHAVTLKO PHEPOG TOV TTPOYPAPHATOG Lo PhL-
Mong modtntag tov CMS. Ilpokepévou va BpeBolv oL féATIoTEG YepETPLeg KO Tt LALKA pe To
ool oL aviyvevTég awtol Bo katopépouy var avtomeEéABouy 0TI avEnpéveg amontioelg tng

oavoPabpiong Tov LHC.



210 KepdAao 1 yivetal piat GUVTOUN ELCAYWYT GTI YUOLKT TV NHIYOYOV Kot T Pootké
SOk oTOLYELX TTOV XPTGUYLOTOLOVVTAL GTOVG OLVLYVELTEG TTUPLTIOU.

3to Kepararo 2 yivetan pia meprypogr tov LHC kot tov mepapoatog CMS kat twv avafBob-
picewv ov Bo akorovdrcovv.

>to Kepdhaio 3 yivetal meprypagr] twv PookdV XOPAKTIPLOTIKOV TOV XVLYVELTOV TUPL-
TLOV TTOVL YPTCLHOTOLODVTAL GTT PUOLKT] LYNADV EVEPYELDOV.

310 kephAato 4 TapovcLAlOVTaL TO TELPOHATIKA ATTOTEAEGHOTO TOL NJAEKTPLKOD YOLPOKTY)-
PLOHOD TV SOKLHAGTIKOV SOHOV Kol TwV pivl ccBntrpwy mov éxel mpaypoatonownfel oTo ep-

yaotrpto opyavoroyiog aviyvevtdv tov EKESE Anpokpirog.



Abstract

The Large Hadron Collider at the European Council for Nuclear Research in Geneva is sched-
uled to undergo a major luminosity upgrade after its lifetime of ten years of operation,in order to
maximize its scientific discovery potential. The total integrated luminosity will be increased by a
factor of ten, which will dramatically change the conditions under which the four large detectors
at the LHC will have to operate.

The Compact Muon Solenoid, is one of the two large general purpose detectors which has
contributed to the recent discovery of the Higgs boson and many other physics results in particle
physics. Its innermost part is called Tracker and it is a high- precision instrument that measures
the created particles trajectories. It is composed of silicon detectors with high spatial resolution
and rate capabilities. With a total surface of more than 200 square meters it is the largest device
of its kind ever built.

The increase in instantaneous luminosity in the upgraded LHC will lead to very high in-
creased track density at the interaction points of the colliding beams and thus also to a much
more hostile radiation environment. As a consequence, the tracker of CMS will require a ma-
jor upgrade and redesign of the sensors and read-out electronics, as the components installed at
present do not have sufficient granularity and radiation tolerance. The upgrades will be done in
2 phases and the upgraded LHC is expected to be fully operational in 2026. After the upgrades
it will operate for 10 years with a luminosity that is expected to reach 3000fb~ 1. The Phase 1
upgrade has already been performed with the replacement of the inner Pixel Detector of the CMS
tracker In Phase-2 there will be major changes in Inner Pixel Detector and the Outer Tracking
system with new modules. The Outer Tracker is expected to have 2 new modules that is called 2S
and PS module. This modules will have 2 very closely spaced sensors with strip detectors (2S) and
with strip and pixel detectors (PS) and they will require discrimination logic of keeping the most
interesting physics results depending of the longitudinal momentum of traversing particles.

An extensive R& D campaign has therefore been started by the CMS collaboration to identify
radiation-hard silicon substrates and sensor technologies that could be implemented in the future
tracker.

Electrical characterization of mini sensors and test strictures of the first prototype wafers of
the 2S and PS module of the Outer Tracker of CMS has been performed. The Electrical charac-
terization is an essential part of the quality assurance program of the CMS. In order to identify
the geometries and the materials that fulfill the demanding requirements

In chapter 1 a brief introduction in the semiconductor physics and the basic building blocks
that are used in silicon detectors is made.

Chapter 2 gives a description of the LHC and CMS experiment and the upgrades that CMS



tracker will undergo in order to operate with high efficiency in the harsh environment after the
upgrade.

In Chapter 3 the basic characteristics of the silicon detectors that are used in high energy
physics are discussed.

In Chapter 4 experimental results are shown of the Electrical characterization of test -struc-
tures and mini sensors that have been performed at laboratory of detector instrumentation of
NCSR Demokritos.
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Chapter 1

Basic semiconductor properties and

devices

1.1 Introduction

Semiconductor devices and semiconductor technology have led to major technological ad-
vances. Since the mid -20th century semiconductor technology has developed very rapidly and
now is the largest industry in the world producing a new technology almost every day. Semi-
conductor devices are used to computers, collar cells, telecommunications. The device feature
size is shrinking continuously and the number of transistors on an integrated circuit (IC) chip is
increasing rapidly, as predicted by Moore’s law.

Semiconductors are used also as detectors in large variety of fields in science including nu-
clear physics, elementary particle physics, optical and x -ray astronomy, medicine and materials
testing. The success of semiconductor detectors is due to several unique properties such as: the
precise potion measurement, the readout speed, the simultaneous measurement of energy and
position.

In this chapter a brief introduction to the semiconductor properties is made with emphasis
in silicon and the basic devices that are used as building blocks for silicon detectors which are

used in particle physics experiments.

1.2 Semiconductor Physics

Semiconductors are materials with electrical conductivity between good conductors such as
metal (including copper, aluminum, tungsten, etc.) and good insulators such as rubber, plastic,
and dry wood. The most commonly used semiconductor materials are silicon (Si) and germanium
(Ge), both of which are located in column IVA of the periodic table of elements. One of the most
important properties of a semiconductor is that its conductivity can be controlled by intentionally
adding certain impurities, a process called doping, and by applying an electric field.

Si and Ge are group IV elements with 4 valence electrons and tend to form covalent bonds.
Each atom is surrounded by four close neighbors in the lattice. Si atoms are arranged in a tetra-
hedron and each atom share its fourth valence electron with the neighboring atoms. A three

dimensional and a two dimensional schematic is shown in 1.1.
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Figure 1.1: Tetrahedron bond and schematic two-dimensional representation [1]

1.2.1 Energy Bands

Isolated atoms have discrete energy levels. At large distances a Si atom have an electron
configuration (1522s22p%)3s23p? where each state has one energy level E,(n,[). When the
inter -atomic distance is getting smaller in order to form the crystal lattice of a solid, each atom
is exposed to the sufficiently strong field of the neighboring atoms. In a crystal lattice containing
N atoms, each energy level is repeated N times. In other words each energy state in the lattice
has an N -fold degeneracy. But the interaction of each atom in the lattice with the neighboring
atoms, removes the degeneracy. As a result each energy level is now split to N closely spaced sub
-levels. For N — oo, the space between the sub -levels reduce even more. Consequently, they
can be represented as energy bands. [2]

The separation between the sub -levels in a crystal of size 1 cm3,(N ~ 1022 atoms), with a
band width of about 1 eV is about 10722 eV The separation is so negligible that the bands may
be regarded as being practically continuous.

Bands are generally localized over the entire crystal. That is to say that the orbitals of a
crystal are no longer necessarily identified with individual atoms or individual covalent bonds but
generally exist throughout the entire body of the solid. Even so, the band structure of crystal, at
least in a broad sense, still corresponds to the formation of bonding and anti -bonding molecular
orbitals just like the merging of two individual atoms in a molecule. A more analytical description
can be found in [2]. The linear combination of all bonding and anti -bonding states leads to the
formation of the Valence bad which correspond to the bonding states, the Conduction band which
corresponds to the anti -bonding states and the forbidden gap with no available states. Figure
1.2 describes the formation of the energy bands when the density is increased (more atoms are
introduced).

Considering the wave functions of the electrons,in the outer shells overlap so much as to
produce an electron cloud of uniform density. Those electrons are called *free electrons” but this
is only a relative term because the electrons remain confined within the crystal. On the other hand
the wave -functions of electrons in the inner shells do not overlap and are slightly perturbed by
the neighboring atoms,the energy states remains practically the same as the individual atoms.

Electrons in conducting bands can move relatively freely inside solid materials and can conduct
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ENERGY ANTI-BONDING STATES
Y (EMPTY ORBITALS) — CONDUCTION BAND
Ep FORBIDDEN
GAP

E BOMDING STATES
s ( FILLED ORBITALS)
— VALENCE BAND

COVALENT DEMNSITY

I
i METAL
E SOLID

ISOLATED ATOMS

Figure 1.2: As atoms are moved closer together the bonding and anti -bonding states spread to form the valence band,

a forbidden gap, and a conduction band. [3]

electric currents when an electric field is applied to the solid material. Electrons in the valence
band are bound with the nuclei and cannot move freely, therefore, they cannot conduct electric
currents. Since the valence band has lower electric potential, electrons always tend to stay in the
valence band [2].

The valence band, the highest filled energy band with its upper energy border £, and the
conduction band, the lowest non filled energy band with its lower energy border I are separated
by the band gap ;. Where E, = E. — E,.

In metals, the conducting band and valence band overlap and the conduction band is par-
tially filled or the energy gap is very small, so small that electrons with thermal energy at room
temperature 300K ~ 0.0259eV) can be lifted from the valence band to the conduction band.
Explaining why metals are always good electrical conductors. Figure 1.3.

In insulators, such as glass and plastic, the band -gap is so large that electrons cannot gain
the required energy in order to jump from the valance band, to the conduction band so easily.
Therefore a dielectric has very few electrons to conduct electric currents.

For semiconductors, the band -gap is somewhere between that of conductors and insulators.
In a high purity silicon at 300 K and normal atmospheric pressure, the energy gap is £, = 1.12
eV. At low temperatures (1" &~ 0K) the valence band is completely filled and the conduction
band is empty therefore the semiconductor in this stage acts as an insulator. The electrons are
strictly bound to their covalent bonds. At higher temperatures a small number of covalent bonds
breaks and electrons and holes pairs are produced in the material.

Also if energy is imparted to a bond by incident radiation for example a photon or a transvers-
ing charge particle the bond can be broken. The electrons appear in the conduction band and can
move freely throw the lattice. The holes appear in the valance band and it can also move with an
indirect mechanism. The hole can be filled by an electron from the nearby atoms, thereby moving
to another position. The motion of electron and hole can be directed by an electric field. Holes
can move more slowly as the motion depends sequential transition probabilities. Figure 1.4. The

minimum detectable energy is set by the band -gap A small band -gap increases the signal but



12 Chapter 1. Basic semiconductor properties and devices

(a) (b) (c) (d)

Figure 1.3: Simplified band structures for metals, semiconductors and insulators. The energy gap in insulators are quite
large. In semiconductors the conduction band is empty for T' = Ok. the electrons in semiconductors acquire enough energy
in order to move to the conduction band for T' > 0 K. Conduction band and valence band overlap in metals with good

conductivity such as Al or they form a very small band -gap like Na. [4]

leads to an exponential increase of the background current. On the other hand a large band -gap
greatly reduces the thermally excited signal, but also reduces the number of charge pairs that will
be generated leading to a low signal. Also the conductivity of the sensor must be low in order to
apply external voltage without having excessive current flow. The choice of the material in order
to use as a semiconductor detector must compromise between those controversy requirements.

As a result the rage of materials that can be used for detectors is quite limited. [3].

INCIDENT PHOTON BREAKS BOND NET MOTION NET MOTION
OF ELECTRON OF HOLE

e\“./e\‘?séaée MOTION OF
© ea‘e.o. <«— REPLACEMENT
R BN B ELECTRONS
ofjod§oliic
. S
oo I
() [s]

ELECTRIC FIELD

Figure 1.4: The incident radiation on the material can give a valence electron enough energy in order the bond to be
broken, creating a free electron and a vacancy (hole). The electric field can force the electrons to move. Also the vacant

position can also move, by successively "borrowing” electrons from neighboring atoms. [3]
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1.2.2 Intrinsic Semiconductors

Intrinsic semiconductors contain no impurities, or very few compared to the thermally gen-
erated electrons and holes. Since electrons are fermions, are described by Fermi -Dirac statistics.
In thermal equilibrium the probability for occupancy of one state E at a Temperature 7 is given
by 1.1

1

fe(B,T) = — 555 (1.1)
o)
where E' is the Fermi level. The probability that a state is not occupied, or the probability

of creating a hole state is then given by 1.2:

1

fo(BT) =1~ fo(E) = =
14+ e\ 7 T

The density of states near the conduction band, is given by 1.3

(2m)3/2

where m}, is the effective mass of the electron and E, is the minimum energy in the con-
duction band. Similarly the density of states near the valence band is given by

(2m3,)*"

N (B) =3 5By — E (1.4)

where mj},, is the effective mass of the electron and E'y is the maximum energy in the valence
band

Then from 1.1 and 1.3 the total density of free electron carries is:

e 2 _ Bo-Ep _ Bo-Ep
n= | N(E)f.(ET) = h—S(ZWmZkBT)S/%( ) = Ngel %) (1)
EC
Respectively the density of free holes from the equations 1.2 and 1.4
o 2 (o kg 7)) _ o EE5)
p= N, (E)fL,(BE,T) = ﬁ@ﬂmthT) e\ FBT ) = Nye\ ~FBT (1.6)
E

o

where N and NNy, are the effective density of states at the conduction and valence band
respectively. The product of electrons and holes np = NN Ve_%, depends on the energy
gap £, = E- — Ey, and is independent from the Fermi level Ep.

In an intrinsic semiconductor without any defects or dopants, the concentration of electrons
and holes are equal in thermal equilibrium. n = p = n,. The total density of charge carriers is

given according to the mass action law 1.7:

n, =pn = \/ECEVe_% (1.7)

Then the Fermi energy in the intrinsic case can be calculated by:

Eo+E kgT *
B, =—c* V+3B ln(mh> (1.8)

i 2 4 m*

e
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Intrinsic silicon at room temperature (300 K), has about 1.5 x 101 electrons per cubic cen-
timeter in the conducting band. This means at room temperature, only about one in ten trillion
electrons is in the conducting band, while the majority of electrons remain in the valence band.
Therefore, intrinsic semiconductors can conduct electric currents at room temperature better

than dielectrics, but not as well as conductors [4].

1.3 Extrinsic Semiconductor

Intrinsic semiconductors are rarely used in semiconductor devices. The properties of silicon
can be changed by adding a small fraction of specific impurities. This procedure is called doping
and can be performed in selected regions of the crystal. By incorporating elements from the
neighboring groups of the periodic table into the silicon lattice, intermediate energy states will
occur in the band gap and the Fermi energy level is shifted towards the edges of the valence or

the conduction band. There are mainly two types of doping [5].

e N-type:
'_T T-‘-L@T—'—'—- —-——.——-
T T e 11“‘. g
AR __| |_._ A N
- @ _____ elek1r0n _'_| 9 T | __

R | ] [ ] It conduct
N T % @@ @ eectron
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(o) Doping process for N-type semiconductor
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s . . Ef
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g
© | Ev Ey
LY -
- - -
valence band valence band
... emply levels * .. single occupled level (electron)
N ... occupied levels ... single emply level (hole)

(B") Energy Bands for N-type semiconductors [6]

This type of doping is made, by introducing a small concentration of a group V element of
the periodic table, such as phosphorous. In this process a phosphorous atom is substituted
with a silicon atom in the lattice. The phosphorous atom has 5 valence electrons, which
4 of them will form covalent bonds, with the 4 neighboring S atoms in the lattice. The
4 electrons associated with the lattice bonding, are incorporated into the valence band

just as they would be for a silicon atom. The fifth electron is localized in an intermediate
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state near the conduction band and is weekly bound to its primary atom, actually 0.044
eV below the conduction band. These states is called donor states and the doping element
of this type is called donor. Actually the doping element donates its excess electron to
the conduction band of the semiconductor. In temperatures greater than just about 100
K the silicon lattice has sufficient vibrational energy due to random thermal motion to
promote this excess electron to the conduction band where it becomes a mobile carrier.
In the conduction band the excess electron is separated from the phosphorous atom and
can be localized anywhere in the lattice (delocalized) and the phosphorus atom becomes a
positively ionized impurity.

« P-type:
A A A bt Il CRE
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(o) Doping process for P-type semiconductor
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Conversely, suppose that in a silicon substrate a small concentration of a group III is in-
jected, for example Boron. The boron has 3 valence electrons. As a consequence, if a boron
is substituted with a silicon atom then it will form covalent bonds with 3 neighboring Si
atoms. One electron is missing in the covalent bonds and thus creating a hole. Considering
the energy band model, the impurity atoms of group III in silicon will introduce energy
levels close to the valence band maximum. This energy states is called acceptor states. The
vibrational energy of the silicon lattice easily promotes electrons from the valence band
into the acceptor states. Again the energy required to ionize the boron atom is small in
comparison the band gap and is of the same magnitude as k7', so all the boron atoms in
the lattice is ionized.
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1.4 Carrier Transport in Semiconductors

Electrons and holes are essentially free particles. In order for a semiconductor crystal to have
a significant conductance, it must have a large number of mobile carriers. Without an external
applied voltage and with uniform concentration the carriers have a random thermal motion and
their average displacement is zero. However if an external potential difference is applied, the
generated electric field that it will be formed, will force the carriers to move in one specific
direction, resulting in a net current flow and consequently mobile carries will acquire an average
drift velocity.

There are mainly two mechanisms associated with carries motion, drift and diffusion [5].

Drift

Under the influence of an electric field carriers will be accelerated in a direction determined
by the electric field. During their motion carriers scatter on imperfections within the lattice. The

average velocity can be obtained by

v, =—pE and v, = p,E (1.9)
where, 1, = 7= is the mobility of electrons and 4, is the mobility for holes. For both carriers
is given by
ety
= 1.10
/J“e,h mzyh ( )

where m?, ; is the effective mass for electrons and holes and 7 is the average time between

scattering processes.

Diffusion

Diffusion is the second mechanism of carrier motion. It is caused by an inhomogeneous dis-
tribution of free charge carriers in a semiconductor crystal. For simplicity we are considering
that there are no electrical effects on the carries. We thus threatening electrons and holes as if
they were electrically neutral. Carrier will move from areas with higher concentration to areas
with lower concentration. This effect will result to a smoothening of the charge distribution. The

diffusion equation is given by:

F,=-D_Vn andF, =—D,Vp (1.11)

where D, and D), is the diffusion parameter and is given by D = EZ p..

Combining the two mechanisms the current densities are obtained.

J, =qu,nE+qD,Vn (1.12)
Jp = qupnk +qD,Vp (1.13)
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1.5 Generation of charged carriers

Generation of free charged carriers can be made by excitation of electrons from the con-
duction band to the valence band. The number of holes and electrons that are created are equal
in number. The energy that is needed in oder to have this transition can be given by various
mechanisms such as optical excitation, thermal agitation or ionizing by charged particles.

These processes disturbs the semiconductor system from the equilibrium (pn > n?) and the
recombination mechanisms counteract them in order to return the system back to the thermal
equilibrium condition where (pn = n?). In recombination holes and electrons interact with
each other and annihilate. The electrons fall in one or multiple steps into the empty state that is
associated with the hole.

Also it is possible to form regions in semiconductor systems with (pn > n?) or (pn < n?) by
injecting carriers of one type like the forward-biasing diode or by depleting the semiconductor
volume like the reversed-biasing diode [5].

In the following sections the different mechanisms for the combination and the recombina-

tion processes are disused.

Generation mechanisms

Thermal generation

Thermal generated carriers can affect the functionality of the detector as they are source of
noise and can affect the produced desired signal. In thermal excitation electrons from the valence
band by acquiring a sufficient amount of thermal energy can overcame the Energy band gap and
transit from the valence band to the conduction band.

In direct semiconductors like GaAs the excitation of an electron from the conduction band
to the valence band can be done directly by one step , but GaAs has a very large band gap and
the probability of direct excitation is very low. In direct semiconductors with a small band gap
the direct excitation is more probable and the created free charged carriers will affect the signal.

In indirect semiconductors like Si and Ge the minimum energy needed for excitation depends
not only to the width of the band-gap because the maximum of the conduction band and the
minimum of the valence band are located at different momenta. Figure 1.7 Thus an additional
momentum has to be transfered in the process for direct excitation. The excitation has then to
be done using the intermediate states created by impurities. Such intermediate states in the band
gap appear due to defects and imperfections in the lattice or by doping. In Si the probability of
direct excitation is extremely low. But in some indirect semiconductors like Ge the energy gap
is very small so that the probability of excitation of the electrons only by thermal energy by one

step is very high. Therefore these detectors have to be operated at low temperatures.
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Figure 1.7: Band structure vs wave-vector. In the Si and Ge the band -gap is associated with a non zero wave vector

while in GaAs the transition occurs with zero momentum [3].

Generation by Charged Particles

The working principle of all detectors is based in the generation of free charged carries that
are produced from a charged particle that is passing throw the volume of the detector for example
a gas or semiconductor. Charged particles that traversing throw the material lose part of their
kinetic energy throw elastic collisions with the electrons of the medium. During this process the
atoms of the medium get ionized. The average kinetic loss of charged particles that traversing
throw matter was first examined by Bohr. A semi -quantum mechanical theory came later by
Bethe -Both. The Bethe -Bloch formula with the corrections for density and shell effects is given
by 1.14. A more analytical description can be found in [7]

dE Z 1 2m,_c?3%~2T C
——— =27N 412 Ep—_— ¢ mazx |\ _ 52 __ —2— 1.14
dx TINATeMC A,82 |:ln ( 72 ) 6 5(7) 7 ( )
Where:

« N 4 Avogadro’s number

« m,,r, electron mass and the radius of the electron in classical theory

Z, A the atomic number and the atomic mass

e f=%andy= % the relative velocity and Lorentz factor

V1-(2)

+ T'max is the maximum kinetic energy that can be transfered from the traversing electron

to the imparted in a single collision

« I the mean excitation energy of the imparted electron

0, C the density effect correction and the sell effect corrections
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The maximum kinetic energy that can be transfered is given by a knock -on collision. For an

incident particle of mass M the kinetic energy is given by

2m c?n?
Traz = (1.15)
14+2svV1+n? +s2
where s = ¢ and n = 3y Moreover if M > m,, then
T, 0w = 2m_c?n? (1.16)

The quantities 8 and C are corrections to the Bethe Bloch formula which are becoming more
important at high and low energies respectively. The density effect (§) arises from the fact that
the electric field of the particle also tends to polarize the atoms among its path. The polarization
of the atoms in the medium forms an electric field which shields the electrons far away from the
path of the incident particle. The shell effect correction C' is associated to the non-participation
of electrons of inner shells (K, L, . . .) in the collision loss process, when (in an absorber with
atomic number Z) the incoming velocity is no longer much larger than that of the bound atomic
electrons.

At no -relativistic energies the energy loss 4Z is dependent by # and decreases with in-
creasing velocity until 5y = 3 is reached which is about © = 0.96c where the energy loss reach
a minimum. This is the minimum deposited energy of the medium and particles with this energy
are called Minimum Ionizing Particles (MIPs). The minimum value of £ is the same for all par-
ticles with the same charge. The noise of a detector in High energy Physics experiments must be
kept below the energy of minimum ionizing particles.

As the energy increases beyond that point the term -1, becomes constant and 4 rises again

62
due to the logarithmic dependence of 1.14 with the Lorentz factor v. This relativistic uprising
of the 4E for higher energies is corrected by the density factor. For lower energies than the
minimum, every particle exhibits a distinct 4E curve and the 4E characteristics at lower energies

can be used for particle identification.
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Figure 1.8: Energy loss rate in liquid hydrogen, gaseous helium, carbon, aluminum, iron, tin, and lead.
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[81.

Each interaction of an incoming particle with atomic electrons can transfer a different amount
of kinetic energy. Equation 1.14 allows one to compute the average energy -loss, but this value
undergoes statistical fluctuations. The number of collisions in a finite medium responsible for
energy loses are a series of independent successive events. The number of collisions can be de-
scribed with a Poisson distribution while the energy that is lost by a particle, along a given
traversed path x, will be characterized by an energy distribution function called the energy-loss
distribution function or energy straggling function first deduced by Landau.

The energy transfered from the incoming particle to the atomic electrons can produce recoil
particles which has sufficient energy in order to produce secondary ionization very similar to
the primary one. The electrons that are produced by secondary electrons are called § -rays or &
-electrons or simply secondary electrons. Those § -rays are very energetic and can travel large
distances throw the medium and even escape from it and are responsible for the asymmetric long
tale that is shown in the Landau distribution. Typical solid state detectors are not thick enough to
fully absorb secondary & -rays. The energy loss by the incoming particle differs from the deposited
energy inside the detecting medium and it is needed to define an effective detectable maximum
transferred energy . often a restricted energy loss is used to estimate the deposited energy in

a detector using instead of T, ... the effective detectable max transferred energy (= effective

az
average max J -rays energy that can be absorbed inside the device).

Figure 1.10 show the energy loss distribution in silicon detectors with different thicknesses.
For detectors with moderate thickness,the energy loss probability distribution for the energy that
is lost by a particle in a single hit is described by the Landau curve, whose tail at high energies is
due to the so called delta rays, which are very energetic but rare events. As the detector thickness

increases, the Landau curve gains a more Gaussian shape, since the material thickness allows
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Figure 1.10: Straggling functions in silicon for 500 MeV pions, normalized to unity at the most probable value A/x.
The width w is the full width at half maximum [9].

many hits with atomic electrons.

Generation of Charge Carriers by Electromagnetic Radiation

An other way of forming excess free carriers is by Electromagnetic radiation. A photon is
absorbed giving its energy to an electron in the valence band.if the energy is just above the
energy gap I/ = F . The electron is then excited from the valence to the conduction band
leaving behind a hole in the valence band. If the photon has an energy above the energy gap
E = E an electron for lower states in the valence band will be excited to higher states in the
conduction band (far from the energy gap). In this case the electron and hole will subtract each
other coming closer and closer to the energy gap by emitting their excess energy in the form of
phonons (lattice vibrations) and lower energetic photons.

Also an excitation by photon with an energy below the energy gap £/ < FE; is possible if
there are energy states in the energy band gap due to lattice imperfections, defects or doping



22 Chapter 1. Basic semiconductor properties and devices

1.6 Basic semiconductor Structures

1.6.1 p -nJunctions

The p -n junction is of great importance for modern electronic application it is the basis
for all semiconductor electronics as well as for detectors. In a silicon substrate a big number of
free charged carriers is produced at intermediate temperatures ( 10° ¢m—3). This big number
of thermal generated particles cause the produced signal from a ionizing particle to be lost. In
order to use silicon as a detector the number of those thermal charged carriers must be reduced
by cooling the device to very low temperature, so the production rate of free charged carries
minimizes, or by depleting the volume of the detector. In large experiments reaching very low
temperatures would be difficult. So the most convenient way is to use an abrupt reversed-bias
p-n junction. For more details see [1],[2],[5], [10]

A p -n junction is a two terminal device and it consists of two extrinsic semiconductors with

opposite doping. Such structure can conduct current mainly in one direction.

n p

B =

L1
o < o

Figure 1.11: A p-n diode structure schematic [5].

p-n in Thermal Equilibrium

At first, let assume that the two homogeneously doped regions p and n are separated. The
two volumes are electrically neutral and the electrons and holes are homogeneously distributed
at each other, the concentration is constant(no gradient). Bringing the two regions together, the
majority carriers in each area, electrons and holes respectively, will diffuse to the regions of lesser

concentration due to the concentration gradient that is formed following Frick’s first law [1]:

where n is the concentration, D is the diffusion constant and e the electron charge unit.

In thermal equilibrium detailed balance must exist. This means that there is no external in-
fluences such as applied field, electrical currents, optical excitations or any energy transfer.

Electrons move to the p region and holes move the n region and recombine. This process
forms an area around the boundary with surplus of ionized charged dopant atoms. The surplus
of ionized donors and acceptors create a potential distribution V} ;. The height of the potential
depends to the temperature and the doping levels. Also an Electric Field & that counteracts the
diffusion, is formed. The electric field sweeps away any thermal generated charged carrier pair
that is formed in this area. This area is a space -charge region and is free of movable charged

particles.
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Figure 1.12: When p— and n— type semiconductors are brought together electrons move to the lower Fermi level

and holes to the higher, building up a space charge region. In equilibrium the Fermi level is constant. [11].

The above process creates an dynamic thermal equilibrium with detailed balance for both
holes crossing the junction and for electrons. This means that the hole currents to left and right
must be equal to each other. Diffusion flow and field current are compensating each other at the

pn -junction. From the current equation of drift and diffusion there is :

kKT d dE
J,, = qu,, <n£+ ——n> = pn—=e =0 (1.17)
q dz dx
kT dn dE
J = e Y 2 F 1.18
» = Qhp (p + . dw) HpP (1.18)
Therefore. JIE
—E 9 (1.19)
dx

The Fermi energy level must be constant through the device. Considering the energy band
model the requirement that the energy Fermi is constant means that the energy bands must bend
near the junction. The band bending depends on the potential distribution that is created between
the two parts. The potential distribution is called built -in potential, or diffusion potential and
can be calculated as:

Vii = ! E? —E"
bi*;(i_ ) (1.20)
where E¥ and E* are the intrinsic energy levels on the p and n side (not in the depleted area,
in the area of each side that the bands remain constant). Supposing that the majority carriers are

equal to acceptors and donors concentrations respectively (complete ionization) we have:

P
Ep-EP EP-Ep

n=Np=mn;e # and p=Ny =n;e *T (1.21)

Therefore the above equation 1.20 from 1.21 becomes:

kT (N,N
Vi, = —In (A2D> (1.22)

q n;
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The space charge density has a width w that is equal with w = z,, + z,, the sum of the
absolute values of the depleted region width in both sides. In order to calculate this width first

lets consider the Poisson equation that is described by

0%V 1
8.ZU2 = _E p(.fL') (123)

where ¢, is the electrical permittivity for the silicon €, is the electrical permittivity of vac-

uum and p(x) the charge density described by

plx) = —qln(x) —p(x) + No — Np] (1.24)

By integrating the Poisson equation, the electrical field strength emerges. For simplicity it is
assumed that there is an abrupt change between the depleted region and the neutral regions (The
regions of the device that hasn’t depleted). Meaning that the Electric field at the boundaries of
the depleted area will be zero. [1]. Also the device in total is electrical neutral, so the total charge
per unit area on the p side must be equal to the total charge per unit area in the n side resulting

to:

Nyz, =Npz, (1.25)

The depletion region is free of mobile charges, so n(z) ~ p(x) ~ 0

N +
Ez) = _M —u, <z<0 (1.26)
6sc€0
N
E(x) = Eppan = ——22 p(7) (1.27)
€sc€o
N _
E(x) = —w 0<z<uz, (1.28)
€sc€o

where from 1.25 the &,,, ., at z = 0 is given by

qpﬁAxP ::qAGDxn
ESCEO ESCEO

& (1.29)

max Lﬁ

Integrating the electric field leads to the potential ¢ x) which will have a parabolic behavior
with boundary condition g0<a:) = (. The potential will be constant outside the depleted area.
From equations 1.28 it derives that the potential is given by the equations below 1.30 , 1.31.
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1 z\2 T
¢n<x) = §|Emax|xn [() - 2] fOI’ 0<z< Ty

(1.30)

(1.31)

From the above equations and equation 1.29 it derives that the potential in each region is

given by
V. o= 0 (—.’L‘ ) _ |€max| ’ .17p _ 1 qNAxf) _ 1 qND'rpmn
P prop 2 €4:€0 2 €4:€0 2
and
V. o= © (x ) _ |£mam‘ Ty _ 1 qNngl _ 1 qNAx’nxP
" nen 2 €5:€0 2 €4:€0 2

Then the total potential difference in the whole depleted region is given by 1.35:

1
Vbi = Son(‘rn) - 90p<_$p> = §‘Ema:r’(xp + xn)
1
Vbi = §|Emaoc‘w

The above equation can also be written as 1.37 by using equations 1.29 and 1.25.

(1.32)

(1.33)

(1.34)

(1.35)
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2e,;€0 Np
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The depletion width in each region and the total depletion width is then given by 1.40:

2e,€0 Np
x, = 54 Vs (1.38)
\/ g Na(Ny+Np)®
2e4,€0 N4
i \/ ¢ Np(Ny+Np)®
2e,60(Ny + N
w = 55160( At D>Vb1, (140)
qNpN 4

In the case where one region is more heavily doped than the other for example N 4 > Np,.
The equation for the depletion region width is simplified then to 1.41:

2% .
w= ,/%Vbi (1.41)
D

In the above analysis the assumption that the charge distribution has a box profile was made.
This means that the distribution change abruptly between the space charge region and the neutral

regions.

Applying an external Voltage

By applying an external voltage the equilibrium condition will be disturbed and the above
analysis can only be applied in an approximate way. The potential variation across the junction
is given by V}, — V and is decreased or increased depending on the polarity. Consequently the
depletion width decreases or increases depending on the external applied voltage. The above
equation 1.41 is then described by

2e,,€0
w= 4| ——=(Vy; =V (1.42)
\/qND (Vi = V)
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Forward bias

When the external applied Voltage has the same polarity with the doping profile V> 0
the Voltage across the junction will decrease from the equilibrium value V;; to V;,, — V/, called
forward bias. For example applying a negative Voltage to the n side and a positive Voltage to the
p side of the junction, causes a large increase in the flow of electrons from the n side to the p side
and a large flow of holes from the p side to the n side respectively . This process is called minority
carrier injection , because the minority concentration at each neutral region will increase . Also

the depletion width will decrease.

forward bias V>0 _ _ _reversebiasV<0
E A E ‘
ptype SCR n-type 4 pype.  SCR | ntype

[h][h+]h+]

> X

(o) Forward bias voltage: In the forward case, the barrier (B)  Reverse bias voltage: In the reverse bias case, the po-

decreases. tential barrier and the depletion width increases.

Figure 1.13: Forward and Reverse bias in pn diodes [11].

Reversed bias

In detector technology the reversed bias operation of the junction is most important. In this
case an external voltage is applied with different polarity V' < 0 than the doping profile, so
the voltage variation across the junction will increase from Vj; to V;,; + V. Accordingly the
depletion width will increase forming an ionization chamber. Free carriers that are generated in
the depleted region will be swept by the electric field while charge collected on the non-depleted
regions recombine with the majority carriers. In order the junction to be used as a detector the
depletion region must extend to almost all the volume in order the detector to be fully depleted
Viias > Vi

In the fully depleted case the equation 1.42 for the depletion width is simplified to

2e4€0
w— siC0y (1.43)
qNp ’

And the voltage at the full depletion is then given by

D2
Vig=—— 1.44
7d 2€5i€0PH (144

Where in full depletion the depletion width extends throw the whole volume of the detector

w= Dandp= eulNd is the resistivity.
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Current -Voltage characteristics

At the thermal equilibrium case the concentrations of holes and electrons deriving from

Boltzmann statistics is given by 1.45

Ep-E; E;~Ep

n=n;e Fr and p=p,e *T (1.45)

And the product of the two concentrations in the thermal equilibrium is equal to n%. When
the voltage is applied the minority carriers densities on both sides of the junction is changed.
The concentrations are now expressed as 1.46.

Epp—E; Ei—Epp

n=mn,e " T and p=p;e FT (1.46)

3

where Ef,,,E -, are the quasi-Fermi level for electrons and holes respectively. And the prod-

uct of the two concentrations is now given by 1.47
pn = nZe T rE (1.47)

Quasi -Fermi energies are used when the electrons and holes are not in thermal equilibrium
with each other. But even though the electrons and holes are not in thermal equilibrium with
each other, they still are in thermal equilibrium with themselves and can still be described by a
Fermi energy which is now different for the electrons and the holes.

For aforward bias F'p,, —E',, > O and also pn > n? and for the reversed bias F' s, —Ep, <
0 and pn < n?

As discussed previously two basic mechanisms compensate each other the drift current and
the diffusion current. The net current for the non -equilibrium condition is expressed in relation
with the quasi Fermi levels as 1.48

Jp =pp,nVEg, and J,=p,pVEg, (1.48)

Of course in the equilibrium case where Ef,, = Ep, = Ep and J,, = J,, = 0. From the
equations 1.46 it derives that the current for the minority carries at each side of the junction is
given by 1.49
pn, and J, = —anaiZf\%

By calculating the gradients from the continuity equations the Shockley equation is derived
which is the ideal diode law 1.50.

(1.49)

1%
T =Ty +J,=J [ewp (%T _ 1)] (1.50)

Where J, is the saturation current and is given by 1.51.

— qDPp’nO + annnO _ qun% ann?
L L LNy ' L,N,

p n

Jo (1.51)

The Shockley equation predicts the Current -Voltage characteristics of a germanium p -n

junctions at low current densities, but for Si and GaAS can only give qualitative results.
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Deriving from the ideal case a lot of deferent parameters has to be taken into account such as
(i) the generation and recombinaton of carriers, (ii) the high injection conditions that may occur
and (iii) the parasitic drop due series resistance (iv) the tunneling of carriers between states in
the band -gap [1]

In reversed bias conditions with (pn < n?) which is the condition that the silicon detectors
operate the thermal generation dominates. The rate of generation of electron hole pairs is given
by the Shockley -Read -Hall process [12] , [13], [1]. The current due to generation in the depletion
region is given by 1.52:

Wp )
Tge = / gU|dz ~ YD (1.52)
0 Tg

Supposing a surface A of the junction, the total generation current also called leakage current
is then described by 1.53

Wp W
I _/ g|U|dz ~ L2004 (1.53)
0 T

The leakage current is strongly dependent to the effective lifetime 7, which is the generation
lifetime of minority carriers which in turn depends in the concentration of impurity states NV,
near the mid-gap. The current increases linearly with W \/m until the detector
is fully depleted. At higher bias Voltage an electrical breakdown is observed, where the current
starts to increase dramatically. This abrupt increase occur due charge multiplication in charge

collisions (avalanche breakdown ) or due to tunneling effect (Zener breakdown) 1.14.

7.0n- —w— Diode -
4 6.0n | Diode :
—<— Diode !
100p 3 5.0n+ A_*‘,xrﬂ"‘"""‘ 3
E = 4.0n- - -
B - -«
10p 3 £ 3.0n // J
3 2.0n | /—/ .‘
IS 1.0n -«
< 3 I
= ] o 10 20 30 40 so 6o 7o 80 90 100 [
° 100n 5 Voltage (V] -
3 ] bnd
10n E o
E‘qli'.r ’
1n o
100p T T T T 1
(o] 100 200 300 400 500

Voltage [V]

Figure 1.14: Current -Voltage characteristics of Si diodes [11].

Leakage current is a few nA cm =2 , for good quality detectors. This current is increasing up
to several tens of 1A and even more for irradiated detectors depending on the irradiation flux.
The leakage current depends strongly on the temperature and follows the expression 1.54 [10] ,
[14].

2 By
I, =T=exp( ~SELT (1.54)
B
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If T = 20°C ~ 293K is taken as the normalization temperature of reference and 7}, is
the temperature at which the leakage current measurement has been performed, the necessary

temperature correction to the leakage current is done using the equation 1.55.

2
I,(203) = I(T,,) @93> eacp( o <?9_ . )]) (1.55)

293

Capacitance -Voltage characteristics

The capacitance of the sensor can be calculated by regarding the two planes of the space
charge region that is formed as plates of a capacitor with a dielectric inside. The capacitance
then will decrease linearly with w and consequently with v/V. In order to find Capacitance -
Voltage characteristics of a p -n diode it is necessary to consider the change of the voltage and
surface charge when the width of the space charge region is increased from x to w = x + dz. For
simplicity we can consider a heavily doped diode p™n (which in fact is a common situation in
detectors). In this case we can assume without deriving two much from the reality that the space

charge region width will be fully contained to the low-doped substrate. A change dx in the space

gNpdx
€€,

charge region width will cause a ¢ N ,dx change in charge, a

gNpdx
€€,

value in the full depletion case and it will extend almost to the whole width of the diode [5], [1].

change in electric field and

a - change in the potential variation of the surfaces. Of course w can take a maximum

Integrating the total field over the depleted region the total potential change is derived.

Ey

Wp
by = — /0 (a)dr = & (x)dx]"? + /g e (1.56)

The first term is zero since in the surfaces the electrical field is zero. The total potential is
then

EWD d& SWIJ q q VVQ
— & dr = Np(z)dr = Np(Wp)—2 1.57
(. /5 $d Z /5(0) 37€Si60 p(z)dx B p(Wp) B ( )

The applied external voltage will be the sum of the built -in potential V}; and the ¢,, , V =

Vbi o Tr[}n'
Also the total charge in the depletion region is

Wp
Qp =4 / N p(2)de = N p (Wp)Wp (1.58)
0

The capacitance per unit area for the junction is then given by
dQ dW  eg:€q

dQJ| — |77 —
dVv dw dv Wp

For the measurement of the doping concentration, we must look at the variation of the inverse

CD:|

(1.59)

square of capacitance with the applied voltage.

d(ﬁ%) B d(c%b) dWp 9 (1.60)
AV dWp dV | gesieoNp(Wp) '
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The C -V measurements can be used to measure the doping profile of p -n diodes, by calcu-

lating the slope of a 1/C% — V plot. The slope of the plot will be analogous to <+
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curve the substrate concentration can be calculated.

1.6.2 Metal -Oxide -Semiconductor Capacitors (MOS)

The understating of the mechanisms between the interfaces of the metal -insulator -semi-
conductor structures is very important for the study of semiconductor detector systems and in
semiconductor devices in general. The stability of all the semiconductor devices is largely re-
lated to the conditions that derive to the surfaces of those interfaces. The MIS (metal -insulator -
semiconductor) structure has proved to be an extremely useful structure for the investigation of
semiconductor surface effects.

The MIS structure is more frequently refereed to as MOS (Metal Oxide Semiconductor) since
the most common insulator in the case of silicon is Si0,. The MOS structure is commonly used
to the charged coupled devices (CCD) for optical imaging and also it is an essential part of MOS-
transistor.

Ideal MOS Capacitor

The metal oxide structure is shown in 1.16. The structure consists of a semiconductor volume
with the one surface covered with an insulator layer SiO, and a metal surface on top of the
oxide to be connected with the readout electronics, called AC coupled. In real modern silicon
structures the "metal” plate is a heavily doped p™ or n™ ploy -silicon layer, respectively, which
behaves as a metal. The ploy -silicon is called the Gate (G) while the semiconductor is called Body
(B). Typically a voltage is applied to the gate while the body is grounded.

The energy band diagrams of an ideal MOS structure is shown in 1.17 without bias for both
n -type and p -type.
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Figure 1.16: Schematic of a MOS capacitor
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In the ideal case it is considered that the difference between the work function of the semi-
conductor and the work function of the metal is zero. ¢,,,, = ¢,,, — s = 0.

The energy band diagrams and the above conditions conclude in the fallowing relations 1.62.
As referred to [1]

E

Pms = Pm — (X + 75 - an) = ¥Pm — (.’L’ + 9077,) =0 n_type (161)
E Eg

Pms = Pm — (X + 75 + pr) =Pm — (‘T + 7 - gpp) =0 p-type (162)

Where ¢,,, is the metal work function, y is the electron affinity of the insulator, £/ g is the
energy gap of the semiconductor and ¢g,,,1g ..., are the Fermi potentials with respect to
the mid -gap and band edges.

In the ideal case, the energy bands remain flat, when there is no applied voltage flat band
condition. The majority carriers are homogeneously distributed to the whole bulk of the semi-
conductor and the Electric field through the semiconductor is zero. As metal and semiconductor
are separated from an insulator layer, charge carriers will have infinitely small probability for
crossing between the semiconductor and the metal and therefore the current is zero, so the Fermi
level remains flat in the semiconductor.

If an external voltage with different polarity , with respect to the semiconductor bulk is ap-
plied to the metal, then the majority carries will be attracted to the semiconductor surface ad-

jacent to the oxide. Considering the p -type semiconductor for example applying an external
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negative voltage to the metal plate will attract holes to the semiconductor -oxide interface and a
thin layer of positive charge will be formed at the boundary. The valence band E, bends upward
near the surface and is closer to the Fermi level. The Fermi level remains constant in the semicon-
ductor bulk because there is no possible compensating current . The majority density depends
exponentially on the energy difference (Er — Ey,), so the band bending cause the accumulation
of holes near the semiconductor surface. This case is called accumulation.

In the case that the external voltage has the same polarity with the majority carriers of the
bulk (V' > 0 for the p -type), the majority carriers will be pushed away from the interface and a
negative space-charge region will be formed. The bands bend downward, the energy difference
Er.— E, increase and the majority carriers are depleted. This case is called surface depletion and

is stable when the voltage is small.

If the voltage increase further the depletion width will increase also. This is the over -depleted
case. This situation is unstable. Thermally generated electron -hole pairs will be separated by the
electric field in the space -charge region, the holes moving towards the bulk and the electrons
accumulating at the semiconductor -insulator interface. With very low majority carriers concen-
tration in the depletion case the minority carriers concentration increase and finally the minority
carriers are becoming the majority carriers in the surface by applying higher voltage. For the p
-type semiconductor and in the ideal case applying V' >> 0 will result to greater number of elec-
trons in the surface than holes the surface is then inverted. The negative charge layer near the
surface of the semiconductor is called inversion layer, and this is the inversion case .

In the most general case the work function of the semiconductor is different from the work
function of the metal and the flat -band case it can only be achieved by applying an external
voltage equal to this difference Vo1 ponag = Pm — Ps- AW Ve panag is @ quality factor
of the oxide and refers to a low contamination layer. In general (no ideal case) all the above
configuration can be summarized for the p -type semiconductor as:

« accumulation (V' < V104 pand)

The majority carriers are attracted towards the insulator -semiconductor interface.
« Flat -band (V' = V44 pana) The semicoductor is at a uniform condition.

« surface depletion (V' > V4 pqnq) The majority carriers are repelled from the insulator
-semiconductor interface forming an insulating depleted region, whose thickness depends

from the applied voltage

« inversion (V' > V.4 pana) The minority carriers become majority carriers near the
insulator -semiconductor interface forming a thin conducting layer near the semiconductor

surface and a larger insulating space -charge layer independent from the applied voltage.

Similar results can be obtained for the n -type semiconductor, the polarity however should

be changed
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Figure 1.18: The diagrams show the different cases of a MOS structure Flat -Band condition, accumulation, surface
depletion, inversion. The left part show the energy bands for an n -type MOS. The right part show the free -charged carriers
move inside the volume of the MOS in the 4 different cases.

Capacitance-Voltage Characteristics

MOS structures on the sensor wafer provide diagnostic information not only for the semicon-
ductor but also for the insulator and the insulator -semiconductor interface. CV characteristics
provide means in order to check the oxide quality and also measure the oxide thickness.

As discussed in the previous section the capacitance depends on the Voltage that is applied
to the gate (with respect to the body). There are four characteristic situations depending on the
applied bias voltage. Capacitance -Voltage measurements are made by varying the bias voltage
in order the MOS structure to pass through all those four situations changing from accumulation

through the flat -band to depletion and inversion.

When the applied voltage is varying with time it is substantial to consider the time that
the MOS structure needs in order to reach thermal equilibrium. In the accumulation case the
time needed in order to reach equilibrium is relatively fast because it depends mostly in drifts
and mobilities of the majority carries. The same apply to the depletion case. On the other hand,
inversion can take a longer time to reach thermal equilibrium. This is due to the fact that inversion
depends on the thermal production and recombination of the carriers at the depletion region.
Thus, the time needed to reach equilibrium depends in the carrier generation lifetime of the

semiconductor (approaching milliseconds to seconds).

The total capacitance C of the system, is a series combination of the insulator capacitance C,
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and the semiconductor depletion layer capacitance C'p,.
C; +Cp

For a given insulator thickness d, the value C; is constant and corresponds to the maximum

(1.63)

capacitance of the system with value given by the relation below.

C,=¢;/d (1.64)

The semiconductor capacitance on the other hand, depends on the bias and also on the fre-

quency of the measurement.

Low-frequency measurements (quasi-static)

As the absolute value of the applied voltage increase, the MOS structure get from accumu-
lation to depletion and finally to inversion. During this procedure, the displacement current is
measured as a function of time. This displacement current, is the charging current of the capac-
itor. In the ideal case, no current can flow through the oxide layer but in real measurements a
small amount of leakage current can flow.

Integrating the charging current over time, gives the charge stored in the MOS capacitor and
consequently the capacitance with respect the voltage is measured.

The expected capacitance in each condition is expected to be:

« accumulation C' = C,

The measured capacitance is just equal to the capacitance of the oxide layer. The majority
carriers accumulate just beneath the surface. This leads to a capacitor with thickness equal
to the thickness of the oxide.

C:Cp

« depletion CDepletion = o hds

In this case the semiconductor is depleted, and majority carriers form a layer not near the
surface of the semiconductor but underneath the depletion region. This leads to a series
combination of the oxide capacitance C; and the semiconductor capacitance C'f, of the
depletion layer. The total capacitance decrease. The depletion capacitance can be estimated

by the relationship
ES

Wp
Where W, is the depletion width, given by the relation below:

[ g2 2e .V €
= = s S 1.65
WD Cg:c * qND Cow ( )

With further increase on the absolute value of the voltage, the depletion region widens and

CD:

the total capacitance continue to decrease until it reaches the minimum which corresponds

to the maximum depletion width.
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« inversion C' = C,;

The inversion layer that is formed, is gaining dominance over the depletion layer. The
capacitance increase again in the inversion condition ,as the minority carries form an in-
version layer at the surface of the semiconductor resulting to a larger capacitance. This

increase can only be depicted in the low frequency measurement

A schematic representation of the CV characteristics with low frequencies is shown in 1.19a

High Frequency measurements

High frequency CV measurements are made by superimposing a small AC signal on the
voltage sweep and measuring the corresponding impedance directly. In the conditions of accu-
mulation and depletion, the capacitance measurements are expected to have the same behavior
as in the quasi -static (low frequency case).

Capacitance measurements are expected to have different behavior in the inversion condi-
tion. This is a consequence of the non -equilibrium state of the inversion condition. The gener-
ation -recombination rates can not keep up with the high signal variation in high frequencies.
The Flat -Band Voltage is expected to be the inflection of the CV curve [11].

A schematic representation of the behavior of the CV measurements for high frequency is
illustrated in the 1.19p’



Chapter 2

Silicon detectors in High Energy Physics

2.1 Introduction

Semiconductor detectors, and in particular silicon detectors, have unique properties that
make them very suitable for the detection of ionizing radiation. The uniqueness of the silicon
compared with other semiconductor are: the band gap energy (1.12 eV at room temperature) is
small and it leads to a large number of charge carriers per unit energy loss of the ionizing parti-
cles to be detected. The density (2.33 g/cm3) of the silicon is high and it leads to a large energy
loss per traversed length of the ionizing particle and high mobility (1450 cm2/Vs) of electrons
provides fast charge collection time. Thus the silicon sensors are the most widely used for var-
ious sensing purposes such as imaging sensors in medical science, silicon tracking detectors in
experimental particle physics, and etc.

The first idea of ionizing semiconductor detectors had been proposed from P.I Van Heerden
around 1943. The idea was that if a crystal reacts with the photons as the photoelectric phe-
nomenon explains it could also react with 3 and a particles.

Semiconductor detectors were used to energy spectroscopy for gamma ray and charged par-
ticles in 1960. They were consisted of one single sensor, often cooled by liquid nitrogen and
they were optimized for energy resolution and count-rate capability. In the early 1980s a new
development began and instead on emphasizing in energy resolution, these systems took advan-
tage of the micron-scale patterning capabilities which came along with the new advances in the

semiconductor technology which led to detectors with high position resolution

37
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2.2 Silicon Tracking Detectors

Silicon detectors are used in order to provide a tracking mechanisms of the incident particles
in experiments of High Energy Physics. A fundamental requirement in order to create a device
with high position sensitivity is to have a situation that the created signal can be split in more than
one electrodes. Fach electrode then will collect charges in a ratio that depends on the position of

the traversing particle.

2.2.1 Operation principle

The basic principle of a silicon tracking device is shown in the Figure 2.1. The device consists
of one n-doped silicon substrate in which the one surface is segmented in strips with regions with
highly doped silicon p™. The segmented region of p* and the substrate n forms a highly doped
diode. The device could be regarded as an array of p* n diodes. A reverse bias voltage is applied to
the silicon sensor and then depleted region is formed. The thermally generated free charged pairs
of electrons and holes are swept from the electric field creating an ionization chamber. A position
of passage of the charged particles is obtained by dividing the large area diode into many small
strip regions, the location of the strips showing signals will provide information of position. The

** region which works as an ohmic contact.

other surface is an n

When an ionizing particle traverses through the device it will lose part of its energy according
to the Bethe-Bloch formula described in section 1.5. The part of energy that is lost is conversed by
forming free pairs of electrons and holes. A minimum ionizing particle deposits about 100keV’
in a 380um thick layer of silicon. With 3.62eV per electron hole pair, this corresponds to about
28000 electron hole pairs. The generated holes drift along the electric filed to the p™ strips while
the electrons drift to the n™* backplane. The p+ implants on top of the sensor will collect the
signal and induce it to the aluminum strips which is connected with the read-out electronics
where amplification and signal processing take place. The signal is generated by the movement of
the charges in the electromagnetic field and is proportional to the carrier mobilities. The current

that it is formed due to the carrier mobility is given by the equation 2.1 [11] [15].

Jo = %@ (> +> ) 2.1)

where g, is the elementary charge ,d the detector thickness and u,, , u,, are the drift velocities
of e~ and A" . Then from equation 2.1 the maximum charge that can be collected is calculated

by the time integral over the generated current.

00— /tznt Jodt = /tlnt % (Z u, + Zup) dt (2.2)
0 0

where ¢;nt is the integration time.

The position that the particle penetrated the detector is then calculated by the pulse-height
distribution of the affected strips. The charge that is created is not collected by only one strip but
to several strips. Also the charge is shared by the individual strips with capacitive coupling

The layout of the detector is designed in order the segmented areas to form strips or pixels.
Those are the most commonly used layouts of silicon detectors. The strips or pixels are formed of

a sandwich of a p+ or n+ semiconductor with a Si0, layer in the middle and metal layer above
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Figure 2.1: Working principle of a silicon strip detector [11].

the Si0,. this structure forms a capacitor integrated within the detector. This device is then
called an AC-coupled senor (or DC-blocked). Otherwise is called DC-coupled and the capacitor
is integrated to the read out chip or in-between. In the DC-coupled there is a direct contact with
the p+ strip. The first silicon detector designed for High Energy Physics experiments (NA11) was
a dc coupled detector. But the AC coupled silicon detector is considered a new standard for all
High energy experiments. A 3D schematic of an AC-coupled sensor is shown in the Figure 2.2.

AC coupling, also known as capacitive coupling is the connection of a signal from one circuit
to another in a manner that rejects DC components. The propagation of the AC signal can be
visualized as a periodic charging and discharging of the capacitor. Capacitive coupling of elec-
tronics to silicon detector (AC-coupled) has the advantage of shielding electronics from dark
current. The coupling capacitor is defined between aluminum strips and the p+4 implants and the
inter-strip capacity between neighboring strips.

Al backplane

Figure 2.2: 3D -schematic of an n-type silicon strip sensor [11].
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2.3 Componets of Silicon strip detectors

Strip implants

The most usual structure for the use of silicon detectors in high energy physics was an p-on-n
structure with p+ implants on a n-substrate. This structure was used for the CMS experiment.
However the n-on-p structure has shown promising results for radiation hardness. One advan-
tage of the n-on-p structure over the more conventional p-on-n is that the strips collect electrons

which have slightly larger trapping time and mobility in silicon compared to holes.

Backplane

The back side of the detector is not segmented and it has a n™ layer in order to provide an
ohmic contact between the sensor bulk and the aluminum layer on the backplane to which a high
potential can be applied. The n + + defines the volume and prevents high field in the real cut
edge regions.6). The heavily n-doped layer is not depleted since the voltage in the lower doped
bulk region drops. For this reason, the effective readout thickness of the sensors is less than the
wafer thickness.

Bias ring

The bias ring circulates all the active area of the detector and with the backplane consist the
main contacts in order to apply bias voltage. The bias ring produce a homogeneous potential for
all strips. It can be connected with a bias voltage source and provide biasing to all the strips and
the backplane to the ground or it can be connected to ground voltage and the backplane to the
bias voltage source. It is connected with the strips with polysilicon bias resistors.

The guard ring

The guard ring splits the front surface of the detector in two areas, one central area used as the
sensitive area of the detector, and one outer surrounding area that it consists by the guard ring
and the n + + ring. The guard ring structure is devised in order to clear the device from surface
leakage current effects and also to shape the field inside the sensitive area of the detector. The
guard ring geometry should also establish a uniform potential drop along the silicon surface in
order to avoid local avalanche breakdowns at voltages much lower than the bias voltage required
for detector operations. Since no or only very small voltage drop exist between the active area
of the detector and the guard ring there is no current that flows outside the central region.

The guard ring encloses the bias ring and like the bias ring it has a p+ ring implant and
an aluminium ring which are connected to each other with vias. Its inner side has to shape the
electric field around the bias ring. Together, the bias ring and the guard ring form an electric
field in order to obtain an electric field for the outer strips in the same way as an electric field is
provided for the inner strips by their neighbors The outer side of the guard ring has to adjust the
electric field distribution towards the edges of the sensors. In contrast to the bias ring, the guard
ring is operated in floating mode, i.e. it is not connected to a preset potential. Normally, multiple

guard ring designs are used to adjust the voltage drop step by step. Thanks to the metal overhang
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design (see Section 4.3) just one extended guard ring is necessary for smoothly adjusting the
potential [16].

Sensor edges

A n + + ring encloses the sensitive area including the guard ring and the bias ring. It is
operated in floating mode like the guard ring and its mission is to avoid the flow of high currents
from the outer edges into the active inner area of the sensor. The cracks caused by the cutting
process at the edges introduce energy levels in the forbidden gap leading to an increase in the
leakage current. The n++ ring implant is connected to an aluminum structure above the isolating
layer which contains special marks for alignment and the strip numbers.

Bias resistor

The polysilicon resistor connects the bias ring with the strip implants. Due to thermal noise
that depends at the factor \/% the bias resistor must have a high value. If the resistor varies
between individual strips this will produce a voltage drop between them and shape a non-uniform
electric field. These ohmic resistors are made of heavily doped ploy -crystalline silicon. The lower
resistor limit of the bias resistor is determined by noise considerations. For CMS a specification
is 1.0-2.0 M) with a spread within one sensor 0.3 M [11].

Figure 2.3: Close view of polysilicon bias resistor of the CMS sensors [11].

DC pads and AC pads

The pads are used for electrical access to the strips implant and the metal layer. The width of
the pads is about twice as large as the strip width.

There are two kinds of pads, which are also is shown in Figure 2.2. DC pads provide elec-
trical connection directly to the implant. Their existence is not actually for the operation of the
detector but they are used for probing measurements. On the other hand AC pads are essential
components for detecting operations, as they are used to provide electrical connection to the

readout metal layer. The readout chip is bonded to the AC pad area.

Intermediate strips

Intermediate strips allow the construction of detectors with improved resolution with fewer
read out channels. Having two many read-out channels is cost effective and work intensive. Also

is to difficult to have read-out channels with very small pitches.
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The signal received from the indeterminate strips is capacitively coupled to the two nearest
read-out strips. The signal is distributed more evenly in the strips than in the case of a wide read-
out strip geometry. Charge division reduces the read-out channels as only a fraction of strips is
connected to the amplifiers. The charge collected from the interpolated strips is shared to the
read-out strips according to the position.

This is accomplished with capacitive charge division which takes advantage of the inter strip
capacitance that is created due to the geometrical structure. As described above the inter-strip
capacitor that is formed can be charged end discharged periodically according to the signal prop-
agation thus signal shearing can be achieved. The strip to ground capacitance and the capacitance
due non-neighboring strips (second neighbors) will distort the signal from linearity.

The intermediate strips are kept to the same potential as the read-out strips in order to collect
signal and achieve charge shearing. This can be achieved by connecting very high resistors to

between the intermediate strips and the read-out strips.

isolation: p -stop and p -spray

Fixed charges in the SO, interface attract mobile electrons. This forms an accumulation
layer just beneath the interface of Si — S70, which could sort out the strip implantations. In
order to minimize this effect, there are some isolation techniques that must be used.

An additional separate p+implantation is used surrounding the strips. This technique is called
p -stop. The additional p+ implants dissipate the accumulation layer. Thus the additional implants
should cover as much area is possible between the strips without contacting them. This doubles
the number of structures that are needed and considering also the intermediate strips that could
be in the sensor this technique increases the number of structures.

Another technique is the p -spray technique. In this technique the whole area between the
strips is implanted forming a diffuse layer of p-dopants. This option has the advantage of not in-
troducing more structures. However the p -stop technique is easier and more controllable during
the manufacturing process which make the p -stop technique more widely used. Also a combi-
nation of both techniques can be used.

Strip isolation can also been achieved by increasing the Al strip widths in order to cover some
area in the gap between the strips. The applied potential will repel the accumulated electrons from
the interface. The Figure 2.4 describes the the different isolation methods.

no strip isolation
due to electron p+stop o
accumulation layer P+Stop p+spray  p+spray combi  field plate

N+ electon N+ N+ prsop N+ N4 PESPRAY M+ N4 pastop \MH n+ n+

accumulation p+ spray

Figure 2.4: Basic techniques to avoid and repel the accumulation layer of electrons that is formed due to fixed oxide
charges in the Si0,. [11]



2.4 Position resolution and localization 43

This techniques are also an essential part of the n — on — p sensors that are currently under

investigation for the phase 2 upgrade of the CMS tracker.

Passivation layer

To protect the sensor from environmental effects such as mechanical damages from scratches
or chemical contamination of the silicon bulk, an additional layer of Si0O, is created in the top
of about 1pum thickness. At certain areas the passivation layer is etched, to provide an electric

contact to the underlying metal layer.

2.4 Position resolution and localization

The spatial resolution of micro -strip detectors depends on both physical and external param-
eters. The physical parameters are the statistical fluctuations of the energy loss and the diffusion
of carriers during the drift. External parameters include the readout strip pitch and the noise of

the readout electronics.

Due to secondary ionization the distribution of the energy loss is asymmetric. Also the elec-
trons and holes diffuse during the drift to the electrodes by multiple scattering with the lattice.
The distribution of the charge carriers around the track can be described by a Gaussian distri-
bution. The charge clouds arriving at the strips are considered to be Gaussian with a standard

deviation given by 2.3 [11]:

where D is the Diffusion coefficient and ¢, is the drift time which depends in the type of
carrier as it is inversely proportional to the mobility. The charge is spreading a long distance
from the particle track. The signal will be collected on more than one strip due to diffusion and

secondary ionization.

The key of position sensitive silicon detectors is the segmentation of the silicon wafer. The
geometrical characteristics of the read-out segments such as the width of pixel w and the sepa-
ration width between adjacent pixels s for a pixel-detector or the pitch p = w + s, the sum of
the width and separation between adjacent strips for a micro-strip detector are very important
and must be very carefully chosen in order to have the acquired position resolution and signal
to noise ratio. Also the ability of charge sharing between the strips is an important parameter of
good spatial resolution

The precision of the potion measurement is defined as the root-mean-square distance of the

measured coordinate from the true hit position.

If the signal charge is collected in a single strip or pixel (the track passes throw a specific
strip or pixel) or for digital readout (binary form) the measurement is considered the center of

th hit-strip. The position resolution is then calculated as
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1 p/2 p2
< Az? >= / r2dr ="~ = (2.9)
P Jpa 12

p
0, = ﬁ (2.5)

It is defined from the geometrical characteristics of the read-out segments. Digital(yes/no)
readout is used when there in no need for energy information and when a large positional reso-
lution is sufficient.

A spatial resolution significantly better could be obtained for tracks that generate enough
charge on two strips. The passage of a particle track in the detector is seen as a charge cluster
of adjacent strips. In this case the resolution and the validity of the position measurements is
dominated by the signal to noise ratio. The signal should be shared between the two strips or
pixels in that way that both segments receive signals that exceed the threshold value. The most
precise position measurements are made for tracks that traversing through the middle of the
detector where the signal is equally shared between the segments. The localization is made by
using the center of gravity method or by using cluster finding algorithms depending on the
geometry of the detectors and the track angle namely n-algorithms. More details can be found
at [17], [18], [19], [20]

In the center of gravity method the position is calculated by the relation:

i=1
_ ZE:O i
cog — Zi:l S
1

1=0

(2.6)

where x; is the position of the ith strip included in the cluster and S the signal on that strip.
If the cluster width is equal to 1 then the position resolution is reduced to the equation 2.5.

However if the particle pass throw the implantation all the charge remain within the strip.
Only a small portion of the charge will be capacitively coupled to the two neighboring strips. So in
order to optimize the resolution for a given pitch the implantation width should be small. On the
other hand if the implantation width is very small there will be large gaps between implantations
which can cause loss of charge signal.

The pitch of the detector is chosen such that the resolution of the detector is small. Also the
pitch can not be made arbitrarily small because this will increase the input capacitance seen from

the read-out electronics which will lead to a noise increase.

2.5 Sensor Parameters

2.5.1 Global Parameters
Total Current

When a reverse voltage is applied to a Si detector, a small amount of current flows throw the
detector, this is called leakage current or dark current just like the leakage current of a p-n diode.
Section 1.6.1
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Leakage Current is a source of noise and deteriorates the overall performance and quality of
the sensor. Thus leakage current should be kept as low as possible. The leakage current is pro-
portional to the depletion layer thickness d of the sensor which is proportional to \/E , where
the V. p is the depletion voltage. After reaching V., the leakage current should be constant.
Deviations from this rule indicate bulk impurities [11].

Two types of leakage currents appear in reverse biased detectors: leakage current in the bulk
and surface currents.

Bulk currents derives from thermal electron hole generation. This carries can recombine with
existing defects acting as traps. The sensors in a high energy experiment environment suffer
from harsh radiation which generates new traps in the bulk influencing the leakage currents.
Surface leakage currents result from manufacturing processes and surface damage like scratches.
Bulk leakage current is strongly dependent from the temperature, while surface currents are less
dependent. More details about temperature dependence of the bulk leakage current can be found
at[21]. Therefore the whole CMS tracker is cooled down to about -10°C. After the upcoming two
upgrades the CMS tracker will be cooled down to even -20°C improving the sensor efficiency.

Bulk and surface damage are both increased due to radiation. Radiation creates bulk defects
which leads to apply higher voltage to fully deplete a device. But the increase of voltage also
negatively influences the leakage current. This fact led to irradiation studies of different silicon
processing techniques .

Depletion Voltage

One of the sensor parameters which characterizes the sensors performance is the full deple-
tion voltage respectively the sensor bulk capacitance.

As explained in Section 1.6.1, the full depletion voltage V¢, of p-n diode is defined by the de-
pletion width w and it can be considered as a plate capacitor in the fully depleted case. This gives
a characteristic behavior of the capacitance over voltage expressed in the following equations.

Nl ith Vs <V
2V, b1 = YFD
Coutr = { ias (2.7)

5t with Viyies 2 Vep

where IV, ;¢ is the effective charge carrier density (the number of donors minus the number
of acceptors), q is the absolute value of the electron charge and w = D is the depletion width.

The value of V. ; is directly observable in a CV plot. The capacitance becomes constant after
reaching the the full depletion voltage and the curve flattens.

The Depletion voltage mainly depends on the resistivity p and thus from N, ¢ ;. The applied
voltage influence the collection time of the ionized electron-hole pairs. Also in large experiments
in high energy physics like CMS a lot of sensors are connected to one high voltage power supply.
Therefore V5 should not vary and in an ideal case should be homogeneous to all the sensors
[11].

In the case of strip array which is closer to the detector design the full depletion voltage varies

from the one of planar diodes due to the strip geometrical deviation from a full plate capacitor.
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A semi-analytical solution of Poisson’s equation predicts that [22], [23].

Vep = Vrebo [1 + 2§f<w/1)>] (2.8)

where Vi is the depletion voltage of one planar diode and V., is the detector depletion
voltage, p and w is the pitch and width respectively. The function f(w/p) is a correction function

expressed as:

f(z) = —0.0011122 + 5.86 - 1022~ + 0.240 — 0.651z + 0.35522 (2.9)

where x=w/p. Hence, compared to a diode one expects a higher depletion voltage and a lower
backplane capacitance for the strip, this correction becoming smaller for larger values of w/p

2.5.2 Strip Parameters

The strips in the full depletion case define parallel plate capacitors between themselves, the
backplane, the Al.

In double-sided, AC-coupled silicon micro -strip detectors, the signal to noise ratio is a func-
tion of detector capacitances : the coupling capacitance influences the signal strength, and the
interstrip and backplane capacitances the noise level . In addition, the resistance of the metal
strip can influence the signal strength for fast shaping

Coupling Capacitances (C'.,,p1in )

Layers of Si05 and Si3/N, cover the whole textured side of the bulk and isolate the im-
plants from the aluminum strips above. The implant strips are then AC coupled to the readout
electronics.

The coupling capacitance is formed between the implant with the Al and the read-out elec-
tronics. As mentioned previously the capacitor that is formed is used to propagate the signal
from the implants to the read-out by periodically charging and discharging. This capacitance has
to be large in order to avoid parasitic currents. Also the signal is directly proportional to the cou-
pling capacitance. A very large capacitance means a thin isolation layer between the Al strip and
the implants [11]. For noise reasons, the magnitude of the coupling capacitance must exceed the
sum of the two interstrip capacitances between two adjacent strips and the strip’s capacitance
between the strip implant and the backplane

Since the capacitance has to be large, the thickness of the dielectric has to be as low as pos-
sible. For this reason it is not possible to apply a high voltage drop at the coupling capacitances.

Backplane Capacitance (C})

The backplane capacitance is formed between the implant strip and the backplane. Plotting
Cp el asafunction of the bias voltage for one can identify the depletion voltage. It is an excellent
identification tool for strip defects. A broken strip show a lower capacitance. By measuring the

values for every single strip approximate the load uniformity to the preamplifier.
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In literature, a semi-analytical solution of the Poisson’s equation predicts a backplane capac-

itance of a micro -strip detector dependent on the segmentation [22].

_ p 1
Cback = €054 d (1 i p/df(w/p)) (2.10)

where € is the electrical permitivity in vacuum, €, the electrical permitivity in silicon,p
is the implant pitch and d is the detector thickness. The function f(w/p) is a series function of
w/p.

For the backplane capacitance measurements all the strips are bonded together and the ca-
pacitance is measured between the strips and the backplane. A special circuit is used to decouple

the high voltage from the input of the meter.

Inter-strip Capacitance (C},,;)

The inter -strip capacitance is the main contributor to the noise. The implant of a strip does
not only have a capacitance towards the backplane of the sensor but also to other strips. This
inter -strip capacitance determines the charge sharing between the strips and, together with the
backplane capacitance of a single strip, the load capacitance of the amplifier and thus the detec-
tor noise. It is therefore vital to understand the behavior of the inter -strip capacitance before
and after irradiation, as it is sensitive to surface damage that deteriorates the oxide and conse-
quently decreases strip isolation. The inter-strip capacitance (C int ) has a basic contribution the
capacitance load into the amplifier and thus to the detector noise. Compared to the coupling ca-

pacitance the values for C;,, , have to be small, with a ratio between C,,; /C'. 5, o1 = 1/30,1/60

[11].
In the range 0.10 < w/p < 0.50 a good approximation is given by

int

Covge = (0.8 + 1.9;:) pF/cm (2.11)

This equation refeq:Cintaprox assumes a very large detector thickness and cannot be applied
in the planar case which is the most common in the use of silicon detectors in high energy
experiments. The approximation give poor results for pitch > 120um. A better approximation
for the silicon sensors of CMS was found to be 2.12:

w + 20

Cintdsoo = <0.03 +1.62 >pF/cm (2.12)

Total Capacitance (C,,, = Cp, + C,;,,;)

The total capacitance is then the sum of the total inter -strip capacitance of a strip against
neighbor strips and the backplane capacitance. This is the total capacitance load to the read-out
amplifier. It is a main source of noise. A single strip typically shows a total capacitance of 1
pFem ™1, Total capacitance is a major source of noise and the CMS set a limit of 1.2pF /cm for
all strip sensors [11].

Investigations on prototypes for the CMS silicon tracker [24] [25], [26] [22] revealed that the
actual value of the total capacitance with constant w/p ratio (where w is the width strip and p

is the pitch(width+separation width)) is independent on the detector thickness in the range of



48 Chapter 2. Silicon detectors in High Energy Physics

300-500 pm thickness, because the inter -strip capacitance decreases with the same manner as
the backplane increases and vice versa. However, the total strip capacitance does depend on the
aspect ratio of the strip implant. The total capacitance and the dependence from the strip width

w and the pitch p can be shown from the empirical equation

w\ [pF
Chor = (083 4+1.67— ) |— (2.13)
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Figure 2.5: Backplane capacitance Inter -strip capacitance and the sum of two with different w/p ratio [24].

For measuring the total strip capacitance we bond all strips together, leaving one, in the
center, free. The bias voltage is applied to the backplane of the sensor and the capacitance is
measured between the central strip while all the others are kept to ground potential.

The measured total strip capacitance,C, ., is related to the inter -strip capacitance, C;,,; and

to the backplane capacitance C'y by the equation

n—1
Ciot =20, + Cint (2.14)
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Figure 2.6: Total Strip Capacitance measurement Schematic [27].

Inter-Strip Resistance

In order to attain an isolation between the strips a high resistance between them is needed.

R;,,+ should be of several GS2.
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The value of the inter -strip resistance along with the inter -strip capacitance determines
a number of strips over which the charge produced by an ionizing particle is distributed and,
consequently, the spatial resolution of the detector. Inter -strip Resistance depends to a lot of
parameters such as the oxide static charges or the passivation and the accumulation of charge

carries in the surface.

2.6 Hybrid Pixel devices

In the LHC environment and close to the interaction point where the number of incident
particles becomes very large the probability of having two tracks hit the same strip sensor is
high. Making the use of the strip detectors in the region close to the interaction point not very
capable to determine which strip corresponds to which particle.

Pixel detectors are more robust to this environment since they offer high signal to noise ratio
due to the small capacitance at the input of the amplifier due to the small size of the pixels in con-
trast with the strips. The name is derived from their geometry. They consist of small quadratic or
rectangular sensor elements, called pixel, and provide inherent two dimensional spatial resolu-
tion. All elements are read out separately by a dedicated amplifier. The elements have a size in the
order of 100xm. This results in a very high pixel density per sensor area. The sensor electrodes
are patterned as a checkerboard forming a monolithic matrix of reversed bias diodes. Pixel de-
tectors may be broadly categorized into two broad varieties: Charge Coupled Devices and Active
Pixel sensors, the latter can be sub-dived into monolithic devices and hybrid detectors.

The contact between the sensor pixel and the electronics is not possible to be achieved with
wire-bonding as in the case of the strip detector. In this case the detector and the electronics are
fabricated on different wafers In this technique one solber ball(bumps) is used to connect the
pixel of the detector with the electronics.

front end
electronics

under-bump metal

~<— bump connection

sensor

WLCWCIK  fm ENT= 00N Sgaikslees 0 28 1 2008

. * BATKX '—‘Wﬂ' 3 Time 110836
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Figure 2.7: Hybrid Pixel detectors
Schematic view of pixels detector 2.7a [28].2.7p". Close view of sober ball 2.7y" [29].
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2.7 Read-out electronics

A crucial element for a detector final signal is its read-out electronics, which amplifies, shapes
the sensor signal and converts it into a digital sequence. The basic processing stages of the signal
throw he detector are shown in Figure 2.8. All semiconductor systems include the same basic
operations. The signal of each sensor must be amplified and processed.

INCIDENT SENSOR  PREAMPLIFIER PULSE ANALOGTO  DIGITAL
RADIATION SHAPING DIGITAL DATABUS
CONVERSION

ANNN» - l - j>

Figure 2.8: Basic detector functions. Energy is absorbed in the volume of the detector and is transformed into an electrical
signal (square pulse). The signal is amplified by a preamplifier, then fed to a pulse-shaper and then to an analogue to digital

convert. [3].

« Sensor

The sensor converts the deposited energy of the particle to an electrical signal. The number
of electron-holes pairs are proportional to the absorbed energy. The free charged carriers
are swept by the high voltage applied to the electrodes under the influence of the external
field which result to an induced low signal current in the external circuit. By integrating

the signal current the total charge is obtained.

Preamplifier

The signal produced by a sensor is typically a short current pulse: since the total charge,
given by the integral of the signal current I(t), contains the information about the energy
deposited in the sensor, one needs to integrate the current. Also the signal charge pulses
can be quite small of about 50 aC (5-10~17 () for x-rays and 3.6 fC for a minimum ionizing
particle for a 300 pm thick silicon detector. So the first step is to amplify and integrate the
small signal current [3].

The basic component that is used for amplifying the signal in silicon detector systems is
the charge sensitive amplifier (CSA) or feedback amplifier. A scheme of an ideal charge-
sensitive amplifier is shown in Figure 2.9. It , consists of an inverting amplifying circuit
which (in the ideal case)delivers an output voltage proportional to the input (Uout =
—AU,,, ) it is characterized by a high input impedance R; — oo and a feedback capacitor
C ¢-In addition, a high-resistance feedback or a switch is needed in the feedback loop, in
order to bring the circuit into its operating condition. C'j, represents the capacitive load

of the detector at the input, C; the input capacitance of the amplifier.
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Figure 2.9: The Charge sensitive amplifier[5].

A signal ), at the detector will result in an output voltage change of:

Qin — _Qin

u Cp+CiC; C
— f

(2.15)

out —

Ce+

A more realistic amplifier, instead, responds to a current pulse with a finite speed and then
its response affects the pulse shape: the output voltage cannot be a step but is moduled
by a negative exponential and depends on the circuit time constant 7 = R C , since the
internal capacitances of the amplifier have to charge up before allowing the output voltage
to change. The response of a signal step of magnitude V/, is:

_Qin

etiT
e, (1—e¥T) (2.16)

uo(t) =

Pulse Shaper

The basic operation of a pulse shaper is to improve the signal to noise ratio. The noise
spectrum expands to a much larger spectrum than the noise due to the fact that it depends
in uncorrelated events. We can therefore use appropriate filters to limit noise to the benefit
of the signal. However Changing the frequency response of a pulse changes and the time
and thus the shape of the pulse, this process is called signal shaping. The reduction in signal
bandwidth improves the signal to noise ratio but also increases the duration of the pulse.
Thus a square pulse that is formed by the detector is transformed into a broader pulse with
a characteristic peaking time 7, 2.10.

SENSOR PULSE SHAPER OUTPUT

o= [~

Figure 2.10: The signal coming from the detector is transformed into a larger pulse with a characteristic rise time (T},)

[3].
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Usually we are interested in measuring multiple pulses successively and often in a very
high rate . Therefore the large width of a pulse leads to the pile-up effect in which piece
Part of the pulse interfere with the next pulse by increasing its amplitude. If The pulse rate
is high, this leads to its erroneous result of the amplitude This phenomenon can be reduced

by reducing the pulse width.

AMPLITUDE
AMPLITUDE

TIME ) TIME

Figure 2.11: Amplitude pile-up occurs when two pulses overlap. Reducing the shaping time allows the first pulse to

return to the baseline before the second pulse arrives [3].

Signal shaping (or pulse processing) has two conflicting objectives:

- reducing the bandwidth to match the measurement time, since a too large bandwidth

increases the noise without increasing the signal.

- avoiding signal pile-up, i.e. constraining the pulse width in order to mea- sure suc-
cessive signal pulses without overlapping. Reducing the pulse duration increases the

signal rate but leads to heavier electronic noise contribution.

Shaping can be done internally to the preamplifier stage or by using of a RC- CR filter
(eventually in a sequence (RC' — (CR))™ ). A front-end sequence with preamplifier (first
stage) followed by a shaper is shown in Figure : the charge sensitive amplified receives the
signal from the sensor, the second stage is a CR (high-pass) filter or differentiator which
brings the CSA output back to the baseline with a quick and sharp fall, while the third
stage is a RC (low-pass) filter or integrator which softens the signal variation around the

maximum.
SENSOR CURRENT INTEGRATOR HIGH-PASS FILTER LOW-PASS FILTER
" “DIFFERENTIATOR" “INTEGRATOR"
Tg T

FamnE > I

{JL B AN

Figure 2.12: Components of the pulse shaping system. The signal is integrated from the sensor which leads to a step
pulse with long decay. Next the signal puss throw the high-pass filter (differentiator) which limits the pulse width and the

low pass filter which increases the rise-time to form a pulse with a smooth cusp. [3].
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2.8 Radiation damage

The high flux of particles in the tracker can cause malfunctions to the detectors due to the
radiation that is deposited to them. The radiation effects at the silicon detectors are called ra-
diation damage. In order to ensure the proper operation of the detectors throughout the hole
lifetime of an experiment the radiation effects on silicon detectors must be well understood. The

mechanisms that have been taken into account is [11]:

« the damage to the lattice created by traverse particles.

« the following diffusion process annealing

Traversing particles interact with the electron cloud, but also with the nuclei in the lattice.
The interaction with the electron cloud is in fact used for detection but the interaction with
the lattice can lead to permanent material changes. These defects can be simple empty lattice
locations (vacancies) or silicon atoms between lattice locations (interstitials), or more complex

defects also in connection with impurity atoms present in the bulk.

These defects introduce new energy levels within the band gap between the valence band and
the conduction band of the semiconductor. These additional levels are the cause for the change
of detector parameters, i.e. the increase of the leakage current, the modification of the effective
doping concentration, and the creation of trapping centers reducing the lifetime of the charge

carriers.
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Figure 2.13: Simulation of defect formation with radiation and diffusion. The upper three simulations show the micro-
scopic picture of defect distribution. About 10 MeV protons (left) produce a quite homogeneous vacancy distribution, while
more energetic protons with 24 GeV (middle) form more clustered and discrete defects. Neutrons with 1 MeV (right), inter-
acting only due to strong interac- tion, do produce more isolated clustered defects. . The lower three figures are displaying

the final position of the defects after a certain annealing time. [11].
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Leakage Current
The increase of the leakage current can be well described by equation:

?/I =ad,, (2.17)

where a is called the current-related damage rate and @, is the particle flux normalized to 1
MeV neutrons. This a convenient definition to enable the comparison of the damage by different
particles and energies.

The particle flux increase the leakage current linearly. This allow the usage of several diodes
to determine the particle flux by the increase of the leakage current [11]. The measure increase of
the leakage current depends on the ambient temperature during the irradiation and during the
period before the measurement is taken.

Annealing effects decrease the currents, until saturation is reached. The constant o describes
the annealing behavior derived and it is derived from measurements, is about o ~ 4-1017 A /cm
(after 80 minutes annealing time at 60°C) [11]. This number is valid for all standard structures
and silicon materials tested. The annealing decreases the leakage current and this therefore is
beneficial. In Figure 2.14 the linear dependence of the leakage current increase with the particle
flux is shown (left) and dependence of the o parameter with the annealing time to the right.
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Figure 2.14: Leakage current vs fluence and annealing time[11].
Depletion Voltage

Depletion Voltage depends on the effective doping N, ; ;. In a n-type doped silicon bulk radi-
ation constantly removes donors and at the same time increase acceptor like defects. Due to the
fact that radiation dominantly creates acceptor like defects and only to a smaller extent donors,
the silicon becomes increasingly p-doped. The dependence of the effective doping concentration
Neff and the full depletion voltage on the radiation fluence is shown in Figure 2.15 on the right.
The behavior can be parametrize as:

Neff = ND’Oeich)eq — NA,Oechéeq — b@eq (218)

with N, o and N4  being the initial donor and acceptor concentrations, ¢4 and cp, the

acceptor and donor removal rates, b®, the acceptor creation term.



2.8 Radiation damage 55
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Figure 2.15: Depletion Voltage vs fluence and annealing time [11].

In addition, N, ¢ is subject to a temperature dependent diffusion with time this is shown in
Figure 2.15 on the right and is parametrized as:
A1\Ieff<(1) t’T) :Nc,0<q)eq>+NA<(I)

t,T)+ Ny (®,,,t,T) (2.19)

eq eq eq

The above description is called the Hamburg model. The term N,  depicts the donor removal
and the acceptor creation rate. This depends strongly on oxygen concentration where oxygen can
bind vacancies, which otherwise combine with phosphorus [11]. Oxygen rich sensors have been
proved, from experiments, to be more radiation tolerant. The term N 4 ( is a beneficial factor
and is can be seen in 2.15 it reduces the AN, ;4. The introduced acceptors decay and inverted
sensors with negative charge become less negative while sensors that are not type inverted with
positive space charge region become more positive (acceptors are introducing negative, donors
are introducing positive space charge). In the LHC experiments the beneficial annealing can be
used in maintenance periods to heal short range defects. The term Ny- is the reversed one. After
long annealing times acceptor like defects have developed by a secondary processes. This term
needs to be suppressed by freezing-out at subzero temperatures.

In n-type detectors after type inversion the pn-junction is moved to the backside formed by
the n+ backside implantation and the now p-bulk. As long as a bias voltage can be applied as re-
quired by the increasing depletion voltage and the sensor remains fully depleted it remains also
essentially functioning. However, due to a longtime effect called reverse annealing, the effective
doping concentration continues to increase even after irradiation. The consequence for the ex-
periments is, that once the sensors have been irradiated they have to remain at low temperature

even in periods where the experiment is not operated to prevent this effect from progressing.
Charge Trapping
Damage by irradiation creates trapping centers inside the silicon: the concentration of these

new trapping centers /N, can be approximated by the relation:

1
Ny =9, fi() = — =7
Teff

where the product g, is the introduction rate and f,(¢) describes the evolution of annealing with

eq (2.20)

time. Charge that would normally contribute to the signal of the detector is trapped in these levels
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for a time. exceeding the integration time of the readout system. The degradation of the collection
efficiency can be parametrized by an exponential decay, depending on the trapping time 7 ¢
, which is different for electrons and holes due to their different mobility. The degradation of

charge can be described by:

Qe n(t) = Qoewp(—Tlfft) (2.21)

In Figure 2.16 on the left the dependence of the reverse annealing time with the particle flux
is depicted which is different for electrons holes due to the deferent mobilities. On the right

of Figure 2.16 the annealing of the trapping time is depicted and as it can be seen the inverse

trapping time decrease for electrons while increase for holes.
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Figure 2.16: Inverse trapping time vs fluence and annealing time [11].

Leakage current, charge collection efficiency and depletion voltage evolve with the radiation
as [11]:

« leakage current always decreases.
« charge collection efficiency decreases for holes and increases for electrons.

« acceptor levels decay in the beneficial annealing phase and increase later with reverse
annealing.

The new sensors that are currently under testing for the Phase-II upgrade of the CMS Tracker
are planned to be n-on-p sensors while the Tracker until now has p-on-n sensors. Charge col-

lection by electrons using n+ strips provides equivelent or higher signals after irradiation than

achieved for p-in-n sensors.

Surface Damage

Surface damage is caused from radiation-induced effects on the silicon dioxide layer and the
interface between the bulk and the oxide.
Since S0, is an insulator, the creation of electron-hole pairs is not fully reversible, which

leads to polarization effects and to the accumulation of static positive charges at the interface ,
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which in turn can accumulate charge carriers from the bulk and thus decrease inter -strip resis-
tance and increase inter -strip capacitance. The increase of inter-strip capacitance increase the
noise and the decrease of the inter-strip resistance increasing the cross talk [11].

The introduced charge concentration increasing the Flat-band Voltage Measuring flat-band

Voltage is a diagnostic tool for measuring the surface damage.






Chapter 3

The LHC and CMS experiment

3.1 The Standard Model

Over the past decades the Standard Model (SM) of Elementary Particle Physics has been
proven a powerful and reliable theory. It relies on gauge invariance and symmetries and has
allowed physicists to make precise predictions of new particles that have been confirmed exper-
imentally with high accuracy.

The Standard Model consists of fermions (with spin 1/2), gauge bosons (with spin 1) and the
Higgs boson (with spin 0). Fermions can be divided into subgroups the Leptons and the Quarks.
Every subgroup has 3 generations of particles which differ in mass. Ordinary matter is entirely
made up from the first generation fermions. The heavier families are unstable and decay into the
lightest one. Each fermion has a corresponding anti-particle with opposite charge [30].

The interaction forces differ between leptons and quarks. Leptons interact via the weak force
and if charged via the electromagnetic force,while the quarks interact with the strong force and
cannot exist separated as free quarks but are confined in hadrons.

Quarks can have different configurations dividing the hadrons into baryons and mesons.
Baryons are made by three quarks while mesons are composed of a quark and an anti-quark
pair.

The gauge bosons are associated to the three forces (electromagnetic, strong and weak) which
are responsible for particle interactions. The photon is the exchange-particle of electromagnetic
force, the W and Z bosons are the ones for weak force and the gluons transmit the strong force.

There has been no experimental contradiction of the Standard Model and it is able to describe
three out of four of nature’s fundamental forces. Electromagnetic force, which can be unified
with the weak force to form the electroweak model, and the nuclear force, which is described by
quantum Chromodynamics. The unification of the electroweak- and strong force is predicted at
a higher energy range than is accessible today.

However, the Standard Model cannot explain other evidences of physics problems (often
called New Physics) such as: the existence of Dark Matter, the matter-antimatter asymmetry in
our Universe and neutrino masses and oscillations. New Physics theories predict the existence of
new particles that would have played a key role in the high-energy phase of the early Universe.
All these evidences of New physics give several reasons to believe that the Standard Model is

only the low energy limit of a more fundamental theory.
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Figure 3.1: The fundamental particles of Standard Model. Each generation consists of a lepton with charge 1 (elec-
tron,muon,tau) and its corresponding neutrino with charge 0 and also two quarks with charges +2/3 and —1/3 called

up and down (first generation), strange and charm (second generation) and bottom and top (third generation) [31]

The quanta of the weak interaction, the W+ and Z0 bosons, should be massless and the
range of the weak interaction should be infinite, but their mass has been measured at precisely
80.4 GeV /c? and 91.2 GeV /c? respectively, which yields a very short range. This contradicts the
symmetry underlying the electroweak interaction. To resolve this discrepancy the Brout -Englert
-Higgs formalism has been introduced, which explains the particles’ mass by their coupling to
a scalar field -the Higgs field -and spontaneous symmetry breaking. As each field requires an
exchange quantum an additional particle, the Higgs boson, must exist.

The predicted mass of the Higgs boson was very large , thus very large accelerators was
needed in order to reach this large quantities of energies and produce this particles. The Large
Hadron Collider (LHC) that was built at CERN in Geneva was designed in order to produce these
particles It is the collider with the highest center -of -mass energy in the world and has already
produced a very promising results such as the discovery of the Higgs boson with a mass of ~ 125
GeV/c?.
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3.2 Physics motivation for upgrade

2571 and a maximum

The LHC is designed to provide a maximum luminosity of 1 x 1034 em ™
integrated luminosity of 40fb~ ! that leads to 1 billion proton-proton interactions per second.
In the first physics run at 2011 and 2012 the collider reached a peak luminosity of 7.7 x 1033
em~ 2571 more than 75% of its maximum luminosity and delivered an integrated luminosity of
25 fb~! per year to each of the two general purpose detectors, the ATLAS and CMS and less
to the other two detectors ALICE and LHCb. The vast amount of data collected from the first
run led to a lot of physics results. In 2012 the primary goal of the LHC was achieved with the
observation of a new particle with a mass of 125 GeV'. The particle was identified to be as the
Standard Model Higgs Boson. In addition the decays of the new boson to the gauge boson of the
Standard Model W,Z and photon were studied in detail.

The main motivation for a luminosity upgrade is to deliver more statistics to improve physics
studies beyond those possible at LHC. To benefit, it is essential that detector performance remains
similar to that at LHC, while higher luminosity implies higher particle fluxes and radiation dam-

age. The physics potential after the upgrade could be divided into four main topics [32],[33]:

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

« Search for signatures of physics beyond the Standard Model. Determination of parameters

of New Physics.

+ Extension of the discovery reach in high mass region. (e.g. quark composites, new heavy

gauge bosons, multi -TeV squarks and gluinos, Extra -dimensions)

« Extension in the sensitivity of rare processes.
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3.3 The Large Hadron Collider (LHC)

The Large Hadron Collider 3.2 at CERN located in Geneva is a circular accelerator with a
circumference of 27 km, between 50 and 175 m underground, previously contracted for the
large electron positron collider (LEP) [34].

2.1

034 em2s

It is designed to provide proton-proton collisions with maximum luminosity 1
and a center of mass energy of 14 T'eV for the study of rare events such as the production of
Higgs particle. It is the largest and highest energy particle accelerator, designed to collide counter
beams of protons at four interaction points at a foreseen energy of 7 T'eV per beam, or heavy
ions at 2.75 T'eV per nucleon.

The counter beams travel in separated beam pipes at a speed close to the speed of light. They
are guided around the accelerator ring by a strong magnetic field, supplied by using supercon-
ducting electromagnets that are cooled down to about —271.3°C . In 2012 the LHC has run at
proton beams of 4 T'eV and delivered an integrated luminosity of about 23.3 fb~1 .
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Figure 3.2: Overview of the LHC experiments. The LHC houses two multipurpose experiments ATLAS and CMS ac-
companied by two special experiments LHCb and ALICE. Protons are created from gaseous hydrogen in a proton source
and are then accelerated to 50 M eV in a linear accelerator. Next they are passed to the Proton Synchrotron (PS) through
the Proton Synchrotron Booster (PSB) where they reach a total energy of 25 GeV'. Before the injection into the LHC is the
Super Proton Synchrotron, which accelerates the particles to 450 GeV .[35]

At each of the four interaction points at least one experiment is operating. There are two
large experiments, ATLAS and CMS and two medium-sized specialized experiments ALICE and
LHCDb. The motivation to have two general propose detectors such as Atlas and CMS with sim-

ilar characteristics is that the systematic errors could lead to false results if there was only one
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detector.

The CERN accelerator complex is a succession of particle accelerators that can reach increas-
ingly higher energies 3.2. Each accelerator boosts the speed of a beam of particles, before injecting
it into the next one in the sequence. Protons are created from gaseous hydrogen. The orbiting
electrons get stripped of the hydrogen atoms and the protons are accelerated in the LINAC2 to
50 M eV before they reach the PS Booster. The Booster accelerates them to 1.4 GeV and the fol-
lowing Proton Synchrotron (PS) to 25 GeV'. The final per -accelerator Super Proton Synchrotron
(SPS) accelerates to 450 GeV before the bunch of protons reaches the LHC where it can reach
its final energy of 7 T'eV after several minutes. The collisions take place at the four intersection
points inside the four main experiments.

The number of events per second generated by beam -beam collisions for given process is
given by 3.1 [34]:

N = Lo (3.1)

where o is the cross section of a given process (the probability that an event occurs.) and L
is the Luminosity which depends on the beam parameters.

The luminosity is one of the most important parameters of an accelerator. It is a measurement
of the number of collisions that can be produced in a detector per cm? and per second. The bigger
is the value of L, the higher is the number of collisions. To calculate the number of collisions we
need also to consider the cross section. For the study of rare events the luminosity must be as
high as possible.

The designed luminosity (103* ¢m 2571 ) means that in the LHC detectors might produce
1034 collisions per second and per cm?2. It is achieved by dividing the beam into 2, 808 bunches
with 115 billion protons in each bunch and a collision rate of 40 M H z. The luminosity for a

Gaussian beam profile can be written as 3.2 [34]:

_ Ninfyy
dre,, B8

with NV, the number of particles per bunch, n the number of bunches per beam, f, the bunch

(3.2)

crossing frequency of a bunch, y the relativistic factor, €,, the normalized transverse emittance
of the beam (the average spread of particle coordinates in position-and-momentum phase space,
keeping the emittance small means that the likelihood of particle interactions will be greater
resulting in higher luminosity.), and S* the beta function at the collision point (Beta is roughly
the width of the beam squared divided by the emittance. If Beta is low, the beam is narrower, ”
squeezed ”. If Beta is high, the beam is wide and straight.).

The integral of the delivered luminosity over time is called integrated luminosity. It is a mea-
surement of the collected data size, and it is an important value to characterize the performance
of an accelerator.

I:/Lﬁ (3.3)

It is expressed in inverse of cross section (i.e. femtobarn=1).
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3.3.1 The LHC upgrade

CERN began planning to increase the luminosity of the LHC above the original design even
before the machine went into operation. This will undergo a period of machine maintenance (long
shutdown, referred to LS1, LS2, LS3), during which all the detectors will adjust their performance
to cope the new machine conditions. The periods of data-taking (referred to as Run-II, Run-III,
Run-IV). This twenty year period of upgrading the LHC can be divided roughly into two equal
parts. The outcome of both will lead to the high luminosity LHC (HL-LHC). This will be done in
two steps during the Longterm Shutdown LS2 (often called Phase 1) and LS3 (often called Phase
2).
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Figure 3.3: HL-LHC upgrade schedule [36].

o Phase -I: This period started at 2010 and will undergo until 2020. The LHC will achieve
its designed (nominal) luminosity at Run II which started at 2015 and will undergo until
the end of 2018. Towards the end of the Phase the LHC should reach double the designed

034 2571, providing an integrated luminosity of over 300 fb~! .

luminosity 2 x 1 cm”~
The upgrades of the machine will be done with two major shutdowns of longer than a
year, LS1 which was accomplished between the years 2013 -2014 and L.S2 which will
be accomplished between the years 2019 -2020 . In this upgrade period there will not be

major upgrade changes [37]

o Phase-II: After 2019 -2020 the increase in statistics will become negligible if the accelerator
is still operated at its design luminosity value. For example a reduction of the statisti-
cal error by a factor of 0.5 would require more than 10 years of further operation. Thus
there will be major upgrades of the LHC machine with an extended shutdown in order to
achieve much greater integrated luminosity to the two general purpose experiments Atlas
and CMS,such as 13 T superconducting focusing magnets. By 2023 there will be another
long shutdown, LS3, that will further improve the LHC machine performance, producing a
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significant increase in the LHC luminosity. The instantaneous luminosity will be increased
up to peak value of 5 x 1035 ¢m™2s—1 , and will deliver 250 fb~! per year and has the
scope of reaching the threshold of 3000 fb~! in 10 -12 years of further operation, this
implies to major challenges in terms of radiation tolerance,for both sensors and readout -
detector electronics as they will have to cope with a pileup 3 of up to 100 events per bunch

crossing (as compared to 19 for nominal LHC parameters) [37].

3.4 The Compact Muon Solenoid (CMS)

The Compact Muon Solenoid (CMS) 3.4,is a large multi -purpose experiment located at the
northernmost beam crossing point of the LHC, designed with an hermetic 47 layout. Different
layers of detectors measure different particles, and use this data to build up a picture of events at
the heart of the collision. Each layer has special properties to track, stop or measure the particles
generated by the collisions.

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 pm) ~16m* ~66M channels
Overalllength ~ :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field :38T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels

Figure 3.4: 3D -schematic of the CMS detector that shows its different parts (sub -detectors) of CMS. The LHC beams
collide at the center of the CMS cylinder. The products of the collision are detected from the different parts of the detector.

Every layer in the detector has a different purpose. [38]

The CMS name originates to three key characteristics: compactness, muon chambers and
the superconducting solenoid. CMS experiment is bound to have a very precise muon detection
system in order to identify muon jets caused by proton-proton interactions. This led to a design
incorporating a strong superconducting magnet system enabling the muon chambers to be rela-

tively small. CMS detector is 15 m in diameter, 21.6 m long. ATLAS experiment is 8 times bigger
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in terms of volume but the total mass of CMS of 12500 tons is twice the mass of ATLAS.

The main features of CMS that distinguish it from other experiments are the high field super
conducting solenoid, a full silicon inner tracker and a homogeneous electromagnetic calorimeter
based on scintillating crystals without non-active absorbers.

The detector can be divided in three larger parts the Tracker , the calorimeters and the muon
chambers 3.5.

+ The most inner part is the Tracker, which is composed of a silicon pixel and strip detectors.
The main goal is the recording of trajectories of charged particles. The strong magnetic
field bent the trajectory of each track which indicate the particle momentum as well. The
Tracker is surrounded by the electromagnetic and the hadronic calorimeter (ECAL and
HCAL). Neutral hadrons, such as neutrons are traversing the tracker in a straight line, not
exciting any signal.

« The Electromagnetic Calorimeter ECAL measures the energy of Light particles such pho-
tons and electrons which are interacting electromagnetically and are stopped in the ECAL.
The HCAL detects particles made up of quarks. These inner parts are encircled by a super-
conducting solenoid inducing a homogeneous magnetic field strength of 4 7. This immense

bending power is necessary to achieve the good momentum resolution for particles.

+ Muons are the only charged particles that escape the calorimeters. Which are then detected
by the muon chambers in the outermost layer.

Neutrinos cannot be detected anywhere in the detectors. The only way to get information
about them is to sum up the energies and momenta of all other particles and attribute the missing

fraction to the neutrinos.

OI ll ; 3| 4' 5' 5' rl
m m m m
Key: m m m m

Muan

Electron

Charged Hadron (e.g. Pian)
= = = - Neutral Hadron (e.g. Neutron)
---- Photon X

Silicon §
Tracker \ -29‘2} y 4

A Electromagnetic
}!]' Calorimeter

Hadran Superconducting
Calorimeter Solenoid

Iran return yoke interspersed

Transverse slice with Muon chambers

through CMS

T Barney, CERN, filnvacuy 2004

Figure 3.5: Traverse picture of the CMS detector showing the different parts. [39]
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3.4.1 The CMS Tracker

The inner part of the CMS is the tracking system (Tracker) which is consisted totally from
silicon detectors. Silicon detectors are placed in layers on concentric cylinders surrounding the
interaction point and has a length of 5.8 m and a diameter of 2.5 m. It contains multiple layers of
silicon detectors covering an area up to 206 m?, which makes it the world largest silicon device
[40].

It is designed to provide a precise and efficient measurement of the trajectories of charged
particles emerging from the LHC collisions which allow a precise reconstruction of primary and
secondary vertices while minimizing interaction. Therefore as little material as possible was used.
The vertex of a particle is reconstructed and its creation point is determined. The reconstructed
tracks have to be very precise and must be able to distinguish two very close spaced vertices.

The tracker is consisted of a two stage system, a small pixel device for the innermost layers
close to the interaction point, surrounded by the silicon strip detector. The silicon strip detector
is consisted of the inner barrel detector (TIB), the inner discs (TID), the outer barrel (TOB) and
of the two end cap detector systems (TEC+ and TEC-). The over all length of the tracker is 5.4
m. A cross-section of one quadrant is shown in 3.7 and a full 2D schematic of the tracker can be

shown in 3.6.
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Figure 3.6: Schematic of the Tracking system of CMS. It has different parts with a cylindrical shape. The innermost part
of the Tracker is the Pixel detector (TPB) which circulates the interaction point. Outside the (TBP) there is the silicon strip
detector which is divided to the inner silicon strip detector (TIB) with the inner discs (TID) and the Outer Strip detector

(TOB) with the end cap detector systems (TEC+) and (TEC-). [41]
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Figure 3.7: Schematic of the one Quarter of the CMS Tracker in the r-z plane where v = \/x? + y2, while the axis
above and right of the Figure is the pseudo-rapidity (n). The green layers is the Pixel detector. The blue layers are the

microstrip detectors with a double layer of sensor and the red layers are the micro -strip with a single sensor.[42]

The Pixel Detector

The pixel detector 3.8 which is closest to the primary vertex, where the particle flux is high-
est has to meet extreme requirements in terms of radiation tolerance and rate capability. It is
composed of three barrel layers with silicon pixel detectors at radii 4.4 cm and 7.3 cm and 10.2
cm and two end-cap discs at z = 434.5 and z = 4+46.5 ¢m resulting to a 3D coverage up to
(| n |< 2.5). The main task of this detector is vertex finding and flavor tagging. An efficient
tagging of particles like b -quark, ¢ -quark and tau which requires tracking as close as possible
to the interaction vertex. The need of very high spatial particle track density close to innermost
tracking makes it necessary to be composed by pixel detectors which could provide fine granu-
larity (the extent to which a material or system is composed of distinguishable pieces) in three
dimensional space [43].

The overall length of the barrel is 53 cm and it has a total of 66 million readout channels
(768 modules in the barrel plus 672 modules in the forward disks). The individual pixel cells
are rectangular with a size of 100 x 150 ym? and thickness of about 270 and 285 pm. The
pixel sensors are based on a n-in-n process which means that the signal is read out from n™"
doped electrodes in a high resistivity n type substrate. The electron readout from the n* doped
electrodes result to a faster response due to the fast electron mobility. The back plane is covered
with a p implant which has the advantage of allowing under-depletion operation due to type
inversion caused by the increasing radiation damage. The pixel system requires a cooling system
and operation at low Temperatures due to the intense radiation damage in the innermost parts
of the Tracker.

The achieved spatial resolution of the CMS pixel Tracker is 10 yum in r-¢ direction and 20
pm along the beam z -axis. Due to its high segmentation, the pixel detector is a very efficient
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system for track reconstruction, primary vertex reconstruction, electron/photon identification,

muon reconstruction, tau identification and b-tagging.

Forward disks
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Figure 3.8: The structure of the CMS Pixel Detector [44]

The Silicon Strip Tracker

In the outer regions of the Tracker of CMS, where the particle rate is considerably lower than
in the pixel region and extreme granularity is not required, silicon -micro strip detectors are used.
The Pixel detector being subjected to fluencies up to ., = 3 - 1014 ny MeV /em? per year at
nominal LHC luminosity while the strip detector is facing only ¢, = 1- 104 ny MeV /cm?
for the full 10 years of operation. As mentioned in the bigging of this section the Silicon strip
detector can be divided in four parts 3.7. The modules are placed in layers with radii between
20 <r <110 cm.

The inner tracker (TIB) 3.9 (20cm < r < 55¢m) consists of 4 layers made of 320 pum thickness
and strip pitch (strip width + strip separation) between 80 and 120 pm. The pitch decrease for
sensors that are being placed away from the interaction point. This is done in order to provide
better precision in the regions close to the calorimeter. The two innermost layers of TIB are made
up of modules where two single sided sensors are mounted back -to -back (blue layers in Figure
3.7). The back sensor is placed in a way that its strips form a small angle with the front sensor at
a stereo angle of 100 mrad. Modules with double sensors very close to each other with subtend
strips in an angle provide position resolution in two dimensions since the transverse particle will
be projected in two strips. The stereo angle should be small in order to avoid coincident signals
("ghost hits”). The other two outer layers (red layers in Figure 3.7) are composed of modules with
single strips.

The end-cap of the inner tracker (TID) has 3 layers filling the gap between TIB and TEC and
again as the barrel it has silicon strip detectors of 320 um thickness with the strips pointing
toward the beam. Again Double sensor modules placed closer to the interaction point.

In the TOB region (55 < 7 < 110 c¢m) the particle flux is lower, therefore the granularity can
be decreased even further, which means that the strip pitches are wider and the individual strips
longer. In order to maintain the level of signal -to -noise ratio, 500 micrometer -thick silicon
sensors are used. The TOB consists of six layers with strip pitches between 120 and 180 pm and

the two innermost layers again feature a stereo angle [45].
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The End -caps of the outer tracker (TEC) has nine discs with 500 pm thick sensors. The
number of rings for the TID is three and seven for the TEC and they are arranged in a way that

they cover the maximum surface with the fewest gaps

Figure 3.9: Tracker Inner Barrel[46]

All regions of the Silicon strip Tracker use AC coupled, ploy -silicon biased, p-on-n devices
processed on 6" wafers. This means that the readout electrodes are highly -doped p + implants
in a high -resistivity n -doped substrate. This is a simple and low -cost process well known in the
semiconductor industry and it has been proven to be sufficiently radiation-hard for the expected
flux over the nominal tracker lifetime. All sensors in the barrel are rectangular while in the End
-caps are trapezoidal [45].

One thing that should be taken into account for the p -on -n silicon strip sensors is the type
inversion that is caused by radiation damage with increasing flux. The effective dopping of the
substrate changes from n -to p -type which cause the depletion region to start growing from the
back which make the under depleted operation impossible.

In the Outer Silicon strip Tracker two sensors are wired together to one readout hybrid (daisy
chained) while in the Inner each sensor has one readout. This increase the capacitance load for
the Outer Tracker modules and thus the noise but it is compensated by the increased thickness.

The cooling system is common for the whole strip tracker and consists of a closed circuit
system with CqF'} , as coolant. The thermal contact between the module frames and the piping
is established by the screws that hold the modules in place on their respective support structures.
The nominal coolant temperature is —15°C, which translates to about —5°C on the silicon sen-
sors. [45]

3.4.2 Requirements for a new Tracker

The CMS experiment has developed a major plan for the upgrade of its tracking system in
order to cope with the same accuracy to the increased fluxes of several thousands of charged
particles, emerging from the collisions.

The traverse particle density within the tracker will increase significantly by going to higher
luminosities. Figure 3.10c”, shows the expected absorbed dose that is distributed over the whole
CMS detector for an integrated luminosity of 3000 fb~! and 3.108" shows the expected flux ex-

pressed in terms of 1 MeV neutron equivalent fluence. The expected performance will eventually
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be degraded by the radiation damage. Greater radiation tolerance will be required, especially for
Sensors.

The luminosity increases at the LHC result in higher pileup. Pileup produces many more hits
in the tracking detectors, leading to mis -measured or misidentified tracks. The detector, and the
silicon detectors, will have to cope with more tracks, close to each other which it could result to
one or more hits to one strip. These hits can not be separated and are detected as only one hit.

The track reconstruction will lose efficiency as not all tracks will be resolved. In Figure 3.11
the track finding efficiency within | 1) | < 2.4, for p;» = 10 GeV muons decreases from 100% for
the strip tracker without aging at 50 PU to 75-95% after 1000 fb~* at 140 PU. The efficiency for
tracks from ¢~ events with p- > 0.9 GeV drops from above 85 — 95% to 50 — 80%, while the
single track fake rate increases from less than 5% to 12 - 45%.

For all these reasons the tracker should be replaced entirely with new detectors, module,
read-out electronics and layout.

The requirements that the detector needs to meet can be summarized as [47]:

« Radiation Tolerance: The upgraded Tracker must be able to operate efficiently in the harsh

environment of the integrated luminosity of 3000 fb~!. The Outer Tracker must fulfill
these requirements without any intervention for the full years of operation after the up-
grade, while the Pixel detector is designed with the possibility to be extracted easily giving
the possibility to replace the inefficient modules.

Irradiated sensors loose signal, and also produce high leakage currents which is a source of
noise. As the impact of radiation to the sensor performance is crucial, an upgraded tracker

needs more radiation hard sensors.

o Increased Granularity: The increased particle flux inside the Tracker will increase the oc-

cupancy of each detector causing the track finding efficiency to decrease dramatically. In
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Figure 3.11: Lefi: efficiency for pr = 10 GeV muons as a function of pseudorapidity for the Phase-I detector before
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transverse direction). Right: fake rate, the fraction of reconstructed tracks that are not matched to a simulated charged

particle, for the same selection of particles in tt™ events [47]

order to ensure efficient tracking a higher channel density will be required. This can be
translated to increased number of detectors with increased segmentation to each sensor.

In order to provide more strips and more pixels per surface inside the Tracker.

 Reduced material: The volume and the material density of each detector (read -out elec-

tronics, sensors) and the overall construction of the Tracker should be reduced as much
as possible. The CMS will be greatly benefit from a lighter tracker which will improve the
event reconstruction as well as the performance of the calorimeter, due to the fact that the

particles will lose less energy through their path inside the Tracker.

» Modules that contribute to Level-1 Trigger CMS detects hundreds of millions of collisions

each second, only a handful of which are useful for physics studies. The job of the CMS
Trigger is to select only the few hundred useful events while discarding the rest. The first
level of the two -stage trigger, known as the Level-1 (or L1) Trigger, selects a maximum
of a hundred thousand events each second for more detailed selection by the second level,
known as the High-Level Trigger more details can be found at [48] [49].

As not all data can be transferred and recorded, the data reduction on the detector level
is necessary. The trigger rate of the Level -1 trigger has to stay below 100 kH z, to ensure
the higher level trigger to keep the final output rate of about 100 Hz for storage and
analysis. As the charged particle transverse momentum spectrum, mainly consists of low
pr tracks that are not interesting, cutting p,- tracks below a certain threshold away would
substantially reduce the number of tracks and thus the trigger rate, helping to keep it below
100 kH z. The possibility of including real-time track-based information in the Level -1
trigger decision, allowing for immediate identification of high p; tracks and thus greatly
reducing the amount of data that has to be processed .

« Improved Pattern Recognition: The upgraded Tracker should allow quick and effective track

reconstruction. Each signal from different detectors modules should be efficiently and
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quickly find the tracks of each traversing particle.

« Improved two -track seperation: In order to have good statistics in the High Luminosity era

the separation between two closely spaced tracks should be improved. This can be achieved
by shortening and increasing the number of strips. This will make possible to detect two

different tracks on two strips, instead of two hits on one long strips resulting in only one

hit.

« Extended acceptance: A new layout of the Tracker will be needed that would give better

acceptance especially at the End -caps in order to cover as much as possible the whole 47

stereo angle.

3.5 The CMS Tracker Upgrade

The upgrade of the CMS Tracker will be done in several stages following the upgrade schedule
of the LHC 3.3 with the two main phases (I and II). Between LS1 and LS2, during the extended
Technical stop (2016-17), the pixel detector is replaced with the “Phase-I” upgrade.

Following LS3 (2023-2025) the high luminosity program with the upgraded LHC is referred
to as High- Luminosity LHC (HL-LHC) or “Phase-II”. The schedule of the Phase-II upgrade can be
summarized in 3.12. The pixel detector will be replaced again entirely, while there will be major
upgrades on the Outer Tracker.
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Figure 3.12: Phase I Upgrade Schedule for the CMS Tracker [47].

3.5.1 Phase- I Upgrades

Phase I of the CMS upgrade focuses on making the detector ready for the increased peak
luminosity which is provided by the LHC after LS2 following the sLHC -PP project and prepare
it for Phase II. In this phase there are not any changes concerning the Outer Tracker, while the
pixel detector has been upgraded for the first time but with no significant changes in the pixel

sensors. The Upgrade has already been performed in the winter of 2016/2017.
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The baseline was to replace the Pixel tracker with a new ultra -lightweight construction
support with less material for minimizing the impact parameter on data taking. A new cooling
system with C'O, as coolant than the Cz F'; ; used before allow smaller exchanger and pipes.

There is a 4 -layer barrel and 3 disk End -caps, with the forth extra barrel being placed at
a radii of 16.0 cm and the third extra end -cap being placed at positions +51.6 ¢cm from the
interaction point. This extends the Pixel Tracker coverage with four hit tracking up to [n| < 2.5
in contrast with the 3 hit coverage that was used so far because of the 3 barrel layers and 2
end-cap discs which was leading to 10 <+ 15% inefficients at |n| < 1.5 and larger inefficients at
1.5 < |n| < 2.5.

The radii of the innermost layer is closer to the interaction point it is placed at a radii of 3.0
cm while the space between the layers has been increased.

The electronic boards and connections has been moved out of the tracking volume for ma-
terial reduction. A new readout chip with reduced data loss at higher collision rates, high band-
width readout electronics and links as well as DC-DC power converters also have been developed.
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Figure 3.13: Conceptual layout comparing the different layers and disks in the current and upgrade pixel detectors. The
disks are placed in order to maximize the 4 -hit n coverage 4 layers will be placed instead of 3 with a larger space between
them and the first layer closer to the surface. The Pixels discs are three instead of 2 which will provide better resolution in

|n| > 2.5 Right: Transverse view comparing the pixel barrel layers in the two detectors. [47].
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3.5.2 Phase -II Upgrades

The Phase -II upgrade involves the replacement of the whole Tracker. In Figure 3.14 there

can be seen the new Tracker layout in the form that it will take after the two upgrades.
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Figure 3.14: Sketch of one quarter of the tracker layout in r -z view. In the Inner Tracker the green lines correspond
to pixel modules made of two readout chips and the yellow lines to pixel modules with four readout chips. In the Outer

tracker the blue lines correspond to PS modules, while red lines correspond to 2S modules. [50]

In the inner Pixel detector green (yellow) layers in Figure 3.14 the detector will have 4 barrels
with 8 small double-disks and 4 larger discs per side. Each double-disc is physically made of two
layers, which facilitates to mount modules onto four planes. The extended Pixel detector will have
a surface of approximately 4 m? compared to 2.7 m? in the Phase-I. The acceptance extends to
|n| & 4. The design of the Inner Tracker will allow to replace degraded parts over an extended
year-end technical stop, which requires the possibility to extract and insert the detector without
removing the CMS beam pipe. [50].

The pixel sensors that are considered for the Phase -II of the upgrade will be processed with
the n -in -n planar technology that it will be adopted from Phase -I. The pixel aspect ratio that
has be taken into account is 25 x 100 gm? and 50 x 50 um?2. The sensors have to be radiation
hard up to 2.3 x 1016neq/cm?. Thin sensors are preferred over thick ones since the advantage
of a larger signal in thicker sensors disappears with the increased number od traps that will be
present at large fluencies Thinner sensors need smaller operational voltages and produce less
leakage current. The active thickness of the planar pixel sensors will be in the range 100150
um. Oxygen -rich float zone silicon, or the deep -diffused variant studied by CMS, are good
candidates for the pixel sensors while magnetic Czochralski is a viable alternative, at higher
costs. Also an alternative option that is under consideration is the possibility to use 3D silicon
sensors. 3D sensors have higher radiation resistance because of the shorter charge collection
distance. The production process is more expensive and thus not suitable for large volumes, the
use of 3D sensors could be limited to the regions of highest particle fluencies

The Outer Tracker will require major changes in these phase of the upgrade. As mentioned

earlier it will require higher granularity and radiation tolerance. The vast amount of data with
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combination of bandwidth limitations makes the selection of interesting physics events from the
Level -1 trigger very challenging. To overcome this issue, the modules for the Phase Il will require
a discrimination logic for reducing the amount of data and keeping the most interesting events.
It will have 6 hermetic cylindrical “barrel” layers in the central region, covering the region of
|z| < 1200 mm, complemented on each side by five hermetic double. Three sub -detectors are
distinguished, the Tracker Barrel with PS modules, TBPS; the Tracker Barrel with 2S modules,
TB2S; and the Tracker End -cap Double -Discs, TEDD [50].

The Outer Tracker will provide data both for the L1 reconstruction (for each bunch crossing
every 25 ns) in order to maintain the first level Trigger rate to its current value of 100 kH z. At
present tracking data is used only in the High Level trigger In order to deliver information to the
Level -1 trigger the system has to send signals at a rate of 40 M H z, feasible only by reducing
the sent data to maintain the overall bandwidth at an acceptable level.

The modules that are currently under consideration will be closely spaced sensors with the
capability of rejecting signals from low p- particles. These can be achieved by taking advantage
the strong bending power of the CMS solenoid magnet of approximately 3.8 T". As the particles
move in the magnetic field their trajectories are curved according to the Lorentz Force. The bend-
ing depends on the particles charge, their transverse momentum and the field. The momentum

perpendicular to the Magnetic filed can than be determined by

pr =9BR (3.4)

where q is the charge B the magnetic field and R the radius of the bended curvature.
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Figure 3.15:  Correlation of signals in closely -spaced sensors enables rejection of low -pr particles; the channels
shown in light green represent the “selection window” to define an accepted “stub”. (b) The same transverse momentum
corresponds to a larger distance between the two signals at large radii for a given sensor spacing. (c) For the end -cap
disks, a larger spacing between the sensors is needed to achieve the same discriminating power as in the barrel at the same
radius. The acceptance window can therefore be tuned along with the sensor spacing to achieve the desired p. filtering in

different regions of the detector.[50]

The transverse charged particles with low p follow a more bended trajectory than the high
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pr particles. By combining the hit information from the close spaced sensors one can estimate the
transverse momentum p locally in each detector module, as shown in Figure 3.15. A threshold
of around 2 GeV corresponds to a data volume reduction of roughly one order of magnitude,
which is sufficient for the purposes of L1 data transmission [50].

The whole procedure is called stub finding logic and is implemented in the new read-out chip
of the modules. The read -out chip is called CMS binary chip (CBC) providing binary data suitable
for the above described p; discrimination. The front -end hybrids are connected at the edges of
the two sensors, significant inactive surface on the two ends of the sensors is unavoidable. In
order to overcame this issue hermetic layers are used, overlap between modules is required on
all four edges of the sensors.

The first three barrel layers, that will be populated with PS modules, will be tilted, nearly
perpendicular to incident particles over the entire barrel length. This done in order to prevent
inefficiencies in the stub finding when the incident particles cross the module near the center
with a large incident angle[50].

There are three type of sensors under consideration for being implemented with the discrim-

ination logic described above.

The 2S module

The 2S consists of, two strip sensors read out at the edges by the same set of front-end ASICs
that implement the correlation logic. The two sensors will cover an a area of 10 x 10 cm? with 5
cm long strips and a pitch of 90 zm and they have their strips in parallel. The strip length is half
of the sensor length with both sensor having 2032 (2 rows of 1016) strips with a width to pitch
ratio of 0.25. The distance between the sensors will be 1.8 mm to 4.0 mm depending on where
they are located inside the Tracker. These modules will be used in the end-cap disks as well as
also at the central barrel region of the Tracker at the outer regions, above R ~ 60 cm (red layers
oat Figure 3.14)[47].

Mounting points /
cooling contacts

. Silicon sensors
. AI-CF spacer
. AI-CF tab

. CF support

. Foam spacer
. CF stiffener

. AI-CF short spacer
. Service Hybrid

9. FE Hybrid

10. CBC
11. CIC

NS W

silicon sensor

CF support
AI-CF spacer spacer

flexible
hybrid

silicon sensor CFstiffencr

Figure 3.16: 3D schematic of the 2S module components (left), 3D view of the assembled module (upper right), and
a sketch of the FE Hybrid folded around its support (lower right). The module is mounted on five cooling elements on the

mechanical support structure[47]

Figure 3.16 shows a schematic of the 2S module. The two sensors are mounted together on a
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mechanical structure that provides support and cooling. The sensors are glued to two long carbon
fiber aluminum elements that provide support and heat dissipation (AL -CF spacers).

On each end of the 2S sensor module, both sensors strips are wire bonded to the flexible front
end (FE Hybrid) which is folded over a carbon fiber spacer matching the separation distance of
the two sensors. Each front end (FE) hybrid hosts 8 CMS binary chips CBCs. This Binary chips
incorporate logic of stub finding. It process data from 254 strips (127 bottom and 127 top) and
identifies wide cluster of hits that correspond to low p particles , then for each cluster in the
inner sensor a search is made for a hit in a coincidence window in the outer sensor [51].

The sensors are wire-bonded from top and bottom to the readout hybrids, which each carry
eight CMS Binary Chips (CBCs). This Binary chips will incorporate logic to identify L1 trigger
primitives in the form of “stubs”. The signals of the CBCs are fed by a CIC concentrator chip to
the service hybrid which transmits the data via a multi -gigabyte transceiver.

The main limitation of this type of module is the lack of segmentation in the z direction. In
addition, the relatively long strips limit the use of this module to the radial region above 40 cm,

because of occupancy.

The PS module

The other type of modules with p- discrimination logic that will be implemented are modules
composed of two sensors with a whole surface of 5 x 10 ¢m?2. The one sensor is segmented into
strips (called PS-s) of 2.5 ¢m long strips and 90 pm pitch, and the other segmented into “macro-
pixels” of size 100 pm x1.5 mm which is called PS -p sensor The PS -s sensor will be an AC -
coupled sensor, while the PS -p will be a DC sensor [47].
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Figure 3.17: 3D schematic of the PS module components (left), 3D view of the assembled module (upper right), and
a sketch of the FE Hybrid folded around its support (lower right). The module is mounted on five cooling elements on the

mechanical support structure[47]

The PS modules will be placed closer to the interaction point, between radii R ~ 20 cm and
R = 40, due to the required higher resolution in these regions (blue regions in Figure 3.14). The
pixelated sensors provide with the 1.5 mm width in the z coordinate sufficient precise measure-
ments in the z coordinate offering an effective pattern recognition in the 3D dimensions in more

sufficient way than extending the Pixel detector to larger radii.
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Two different front-end chips will be developed, one that will be wire bonded to the strip
sensor (PS -s) named Short Strip ASIC (SSA) and one that will be bumb -bonded to the pixel
sensor (PS -p) named Macro-Pixel ASIC (MPA). The correlation of strips will be handled from the
MPA chip. The SSA is connected to the FE-Hybrid in both sides of the modules it process signals
from the strip sensors and sends them to the MPA.

The PS -p sensor and the readout chips can then be handled as a single module. Both sensors
are attached to a carbon fiber polymer base plate that acts as carrier and provides a thermal path
for heat dissipation. Between the two Sensors there is an AL-CF spacer as in the case of the 2S
module.

Two rows of 8 MPA chips are bumb -bonded to the pixel sensor. It correlates the bottom
macro-pixel hits with the received hits from the SSA and builds clusters and stubs. As in the case
of the 2S module the input and output data are transfered from the same CIC chip which collect
the data from all MPA to the Service Hybrid.

3.5.3 Electrical specifications and quality assurance

The production of the sensors will be contracted to qualified industrial partners. The qualifi-
cation of suitable vendors is ongoing at the time. The final selection of material (MCz, FZ or ddFZ),
physical thickness, strip isolation technique (p -stop or p -spray), and production technology (6”

or 8”) will depend on the capabilities and costs offered by the selected companies.
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Figure 3.18: Flow of sensors and test structures during the quality assurance program for the series production.[50]

Sensors that can provide the expected performance over the full lifetime of the detector will
be integrated into modules. To assure that sensors are of sufficient quality, each has to comply
to a detailed set of electrical specifications. A preliminary set is listed in 3.19. The compliance
with these specifications will be tested in four different quality control procedures, to monitor
the production. The quality assurance program, including Vendor Quality Control (VQC), Sensor
Quality Control (SQC)Process Quality Control (PQC) and Irradiation Tests (IT). The VQC is per-
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Measurement Acceptance Measured at
type value/window VQC|SQC[PQC| IT
Global measurements (2S, PS-s, and PS-p)

Full depletion voltage Vig < 150V for 200 um v v v v

Viga < 300V for 300 um v v v v

Current at 500 V Iso0 < 2nA/mm? vV I viiv |V

Breakdown voltage Vireak > 700V, I700 < 3xIs00 N v N v

Longterm stability | ATs00 /TI500| < 30% for 48 hours - vt - -
Measurements after irradiation (2S, PS-s, and PS-p)

Breakdown voltage Vireak > 1000V, I1p00 < 41700 - - - v
Interstrip resistance Rint > 100 MQcm - - - N
Strip measurements (2S and PS-s)

Strip current Istrip < 2nA/cm v v - v

Bias resistor

median per sensor median(Rpery) = 1.5 = 0.3 MO v v v -

per strip Rpory = median(Rpoly) *+= 5% v v - -
Coupling capacitance Cac > 1.2 pF/(cm pum) v | vV -
Interstrip resistance Rint > 10 GQecm - vi v | v
Interstrip capacitance Cint < 1pF/cm - vl N v
Pinhole check Tgiel < InA at10V v - -
Number of bad strips Nps < 0.5% v v - -

incl. open/shorted strips

Macro-pixel measurements (PS-p)
Pixel current Ipixel < 300pA/cm - - v -
Interpixel resistance Rint > 1 GQem - - N -
Number of bad pixels Npp < 0.2% - - - -
Measurements on dedicated teststructures

Strip/pixel implant resistivity | Rstip < 250 Q) /square - - v -
Strip /pixel alu resistivity Raiw < 25mQ)/square - - v -
Dielectric breakdown Vdiel > 150V, Igie1 < 10nA at 150V - - v -

T Only for a smaller sample of sensors, approximately 1% of the full quantity.

Figure 3.19: Electrical specifications of sensors.[50]

formed on each sensor by the producers, while the other procedures are performed on a sample
basis by the CMS collaboration. PQC is performed on dedicated test structures only. The quality
assurance program is illustrated in Figure 3.18. The electrical specifications for the characteriza-
tion of sensors and test structures from the series production are derived from there and a set is
shown in Figure 3.19. [50].



Chapter 4

Electrical Characterization of silicon

sensors and Test structures

4.1 Introduction

In this chapter the experimental procedure of characterizing silicon detectors is described.
The electrical parameters of test structures and mini -sensors, of the two new modules the 2S and
PS, that will be installed at the Phase II upgrade of the CMS Outer tracker, has been measured
at the laboratory of detector instrumentation of NCSR Demokritos. .

Electrical qualification of silicon sensors in High Energy Physics is an important aspect of
the design of silicon detectors. Electrical parameters give access to information necessary to un-
derstand the production process and quality, but they also yield important information about
radiation damage and general performance. In order to design and construct the optimum de-
tector system a deep understanding of the different characteristics of the detector is needed. The
measurements that are performed include:

« Visual inspection to identify scratches and broken parts.

« Total leakage current measurements (IV).

« Total Capacitance measurements (CV).

- Leakage current scans per strip (IV).

« Polysilicon resistance measurements on each strip (Ry;,5)-
« Inter-strip Resistance (R;,, ;).

+ Inter-strip Capacitance (C,,, ;).

The test structures and mini sensors that have been tested are the MSSD sensor (Multi ge-
ometry silicon strip sensor) from the first wafers of HPK campaign, also diodes, MOS and baby

sensors from the 2S prototype wafers and PS -p light sensors from the PS -p prototype wafers.

81
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4.1.1 The wafer and materials

The wafer has been produced with a variety of structures, each intended for a different pur-
pose. There are test structures to qualify and monitor the quality of the production process and
determine operating parameters as well as mini sensors. These allow the investigation of geom-
etry and materials on resolution, noise and signal-to-noise ratio. More details can be found at

[52], [53] In figure 4.1 the wader of HPK (Hamamatsu Photonics ) campaign is shown.

Figure 4.1: Wafer of HPK campaign. The layout of the R& D wafer with many devices such as multi geometry strip sen-
sors M S'S D, multi geometry pixel sensors M Pix), Test structures, diodes and mini sensors (BabyStd, BabyAdd),a
mini -strip sensor with integrated pitch -adapter (BabyP A).

Another aspect of the sensor R A D is the investigation of layout variations. A very impor-
tant parameter is the strip pitch, which has an impact on the strip capacitance, which in turn
significantly affects the sensor noise. The most important parts of the HPK campaign wafers are:

+ Diodes: They are used to test material properties through electric measurements (Current

over Voltage (IV),Capacitance over Voltage (CV)) and dark current measurements.

« Test Structures: They are used to qualify and monitor the quality of the production process
and determine operating parameters . These include mini sensors for beam tests and source
measurements and allow investigation of the influence of geometry and materials on res-
olution, noise and signal -to -noise ratio. The type of measurements that can be performed
on this structures are: inter -strip parameters such as interstrip capacitance and interstrip

resistance as well as dialectic break down voltages.

+ Baby sensors: These structures are used for evaluation of radiation hardness of the differ-
ent materials. IV and CV measurements, strip characterization, charge collection measure-

ments (results presented in this paper) and Lorentz Angle measurements.

« Multi Geometry Silicon Strip Detector The MSSD contains 12 different regions with differ-
ent pitches and width -to -pitch ratios. Each region has 32 strips with pitches from 70 to

240um. Those geometry layouts are the most probable to be used in the Phase II upgrade
of the inner region of the strip CMS tracker. These sensors allow the determination of ge-

ometry and materials and the influence of them on resolution and signal to noise ratio.
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The interstrip capacitances are very interesting on this multi -geometry -structure, as they

dominate the load capacitance of the read-out chips and therefore the noise.

o Multi Geometry Pixel Detector This structure is used for characterization of a sensor with

very sort strips (1 — 2) mm, varying pitch and biasing connection (poly-silicon resistance,
punch through). The main focus of multi-geometry pixel structures are the capacitance
measurements and investigation of their response to signal to noise ratio. In order to main-
tain a good resolution in the higher track density of the SLHC one possible solution is the
use of strixels. These strixels sensors contain segmented strips with a larger area compared

to the pixel detector.

The layout 4.1 has been implemented with different thicknesses and different technologies
for the substrate production. It has been shown from previous R A D that silicon substrates
with a high oxygen concentration show a higher degree of radiation tolerance. The processing

techniques that are currently under investigation are:

« Float-zone (FZ): the best known material which serves as a reference and has also a high
quality in terms of the high resistance values.

« Magnetic Czochralski (WCz): This growth technique results in a high oxygen concentra-

tion.

« Epitaxial : This method allows to produce very thin (25 -100 pm) active sensors by chemical

vapor deposition of silicon one a carries wafer, also resulting in high oxygen concentration

4.2 Experimental Setup

Electrical measurements on silicon sensors are performed with a semi-automated probe sta-
tion (Carl Susse PA 150). The whole setup is inside a light tight aluminum box which works as
a Faraday cage and prevents electromagnetic interference and also provides a dark environment
for the measurements 4.20.". The signals are collected from the Electrometer (Keithley 6517) and
the Impedance analyzer (HP4192A) while the whole system can be controlled by a PC running
LabView 4.2f". The whole room of the laboratory has a temperature and humidity control system
4.28'.

The sensor is placed onto the chuck which has vacuum pipes and also it can provide a high
voltage by a contacting surface 4.20’. The vacuum is necessary for fixing the structures to be
tested and it not let the structure to move onto the chuck. The chuck is attached to a motorized
table that is used in order to precisely move the sensor to X, Y and Z axis by a few microme-
ters. The movement can be done with a joystick semi-manually or automatically by the LabView
program 4.2y’

The AC, DC pads and the bias line are contacted by micro manipulators which have very thin
probes. Strip scans are performed by bringing these probes into contact with the pads, lowering
the chuck, and moving the chuck until the next strip is located below the probes.

The biasing is applied to the contacting chuck or the bias line of the sensors. The other probes
contact the AC or DC pads of each strip. The placement of the probes can be done by using the

microscope for viewing the exact position of the probes.



84 Chapter 4. Electrical Characterization of silicon sensors and Test structures

(o) Probe station inside the light tight box (Carl Susse
PA 150)

(Y)) The whole experimental equipment for electrical

characterization of silicon sensors. The whole setup is (8") Temperature and himidity control

controlled by a PC that runs LabView

Figure 4.2: The laboratory of detector instrumentation in NCSR Demokritos where the characterization of silicon

sensors is performed

The measurement equipment is consists of :

o Electrometer (Keithley 6517) This device has a Voltage source with a range of +1000V , a
maximum current of 1 mA and an additional electro meter which is completely isolated

from the voltage source. The electro meter is used for all current measurements.

« Impedance analyzer (HP4192A) These LCR meters are used for capacitance measurements.

It has a test frequency range from 5 Hz to 13 M H z.

4.3 Multi Geometry Silicon Strip Sensor MSSD

The Multi Geometry Silicon Strip Sensor is the largest structure of the wafer and exists twice
on each wafer. Each structure has a total area of 65.74 x 32.08 mm and 384 total number of strips.
The available pitches are 70, 80, 120 and 240 pm and the width -over -pitch ratios are around 0.15,
0.25 and 0.35, with slight variations.

As mentioned in the previous section, the sensors are divided in 12 regions with different
pitches and width to pitch ratios.4.3. Was designed to investigate the influence of strip and sensor
geometry on parameters like depletion voltage, leakage current and front -end amplifier input
capacitance. The total strip capacitance, which is the sum of backplane (', and inter -strip ca-
pacitance C;,,, as well as the leakage current determine the signal to noise ratio of the sensor.

Also the inter -strip capacitance determine the charge sharing between the strips and thus the
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Figure 4.3: The Multi geometry Silicon Sensor. The sensor has 12 regions with different pitches and width to pitch ratio.

position resolution. The capacitive load of the preamplifier input, mostly depends on the strip ca-
pacitances of the sensor. So the capacitances and the geometry of the sensor play an important
role in the operation of the detector.

The 12 regions work as individual sensors and all have their own bias and guard ring. All
are separated by a deep n+ implant, which penetrates all the way to the backplane, and thus
separates the regions. The strips are polysilicon -biased and AC -coupled for direct bonding to a
front -end chip.

The geometrical characteristics of each region are described in the table 4.1.

H Label H 1(120) ‘ 1(240) ‘ 1(80) ‘ 1(70) H 2(120) ‘ 2(240) ‘ 2(80) ‘ 2(70) H 3(120) ‘ 3(240) ‘ 3(80) ‘ 3(70) H
Region 1 2 3 4 5 6 7 8 9 10 11 12
Pitch 120 240 80 70 120 240 80 70 120 240 80 70
Width || 16(+1) | 34(+1) | 10(4+1) | 8.5(+1) || 28(+1) | 58(+1) | 18(+1) | 15.5(+1) || 40(+1) | 82(+1) | 26(+1) | 22.5(+1)
Width Al || 20(=5) | 47(=5) | 23(=5) | 21.5(=5) || 41(=5) | 71(=5) | 31(=5) | 28.5(=5) || 53(=5) | 95(=5) | 39(=5) | 33.5(=5)
wip 0.133 | 0142 | 0.125 | o0.121 0.233 | 0242 | 0225 | o0.221 0333 | 0342 | 0325 | 0321
(0.142) | (0.146) | (0.138) | (0.136) || (0.242) | (0.246) | (0.238) | (0.236) | (0.342) | (0.346) | (0.338) | (0.336)

Table 4.1: The Geometrical Characteristics of each Region of the MSSD sensor

4.3.1 Experimental Results

The following structures have been received and tested at NCSR Demokritos.

« FZ320P_02_MSSD_1

« FZ120P_05_MSSD_2

These structures are made with Float Zone technique with detector thicknesses d = 320um
and d = 120um.
The parameters that was measured are the total leakage current, the intre -strip capacitance

and the backplane capacitance by changing the voltage.
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Global leakage Current

In this set of measurements the Current over Voltage curve is extracted(IV). The bias voltage
is slowly increased from zero to several hundred Volts and the total current of the strips is mea-
sured on each step. These type of measurements are fundamental for the characterization of the
detectors. The IV curves of the pn junctions of the detector must have a specific shape in order to
work properly, similar to a reversed biased diode. If the IV curves are not showing these specific
characteristics then the sensor is defected.

The bias Voltage is applied on the backplane of the detector and the connection to ground
is made at the bias ring. The connection with the strip is made throw the polysilicon resistors.
This ensures that all strips are at the same potential. Depending on the doping of the particular
sensor, the high voltage has to have positive polarity for n -type and negative polarity for p -
type.

The IV curves for sample MSSD 120 is shown in the figures 4.4a ,4.4f". The measurements
where performed at 23°C and scaled to 20°C' from equation 1.55

Total Currentin 12 regions of MSSD structures Total Currentin 12 regions of MSSD structures
Sensor thickness d=120 nm Sensor thickness d=120 nm
~
~ T
E g C —Regmn‘
- \'f B —Regmn? 00 Vx
JE
@ ] 5 * Region, I / [
5 A B £ = Regin, H
0 3 © Regon
- Ogptked, e, |.{ -
et . / F2 ™ Regon, o | E
x@éw ‘ J pﬁﬁiﬁ E u Region,
P it [ ™ Regin, M
].02 C L gad i ,,.,o"”” i ...Regm"! ’r-:'
L o " '_,""" ,‘.M‘??M = Region
it ot UL T 3 o ! f
“““ Y A L Region,
ot AAA: " .’_.'-‘:V/_RGE‘ON_ 10 E ‘Regmnu ]
== Regon I |
FAf . Regmn; )i
0 _Reg\on‘ |
B O Region I
Vi s IH W
H i} == Region
4 Region, b2 Huﬁm
+ Region_ 1[)Z e - 9’ NIy L aas
s E + og bbbt
"'Reg\on,‘ F T iaeesesed o0t 38T
= Regon, » BaBskesS
" Region, I
- . H
\\\\\\\\\\\\\\\\\\\\\\\\\‘Re\g‘or\"z\\l\ ‘!‘HHHHHHHHHHHHH‘
0 100 200 300 400 500 600 700 0 00 20 30 400 50 600 700
Bias Voltage (Volt) Bias Voltage (VoY)

(o) Global current of Multi Geometry Silicon sensor with  (B") Global current of Multi Geometry Silicon sensor with
120 detector thickness. Logarithmic scale 120 detector thickness.

The 12 regions show good Current -Voltage characteristics with a breakdown Voltage above
500V
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Backplane Capacitance

The backplane Capacitace of all the 12 regions was measured for MSSD 120, MSSD 320. The

experimental results can be seen in 4.50", 4.5p".

Q
0

Backplane Capacitance : MSSD 120

—Region (1

Capacitance [PF/cm] per strip

Allregions
- - 7|+ Region 02
|~ Region_03
|- Region 04
1 Region 05
i |-=- Region 06
|-+ Region_07
£ |-+ Region_08
i |-+ Region_09
1 Region_10
¢ |+~ Region_11
|-+ Region 12

[ ISR I B

0 5% 00 150 200 2/ MW B/ 4N
Voltage [V]

(o) Backplane Capacitance MSSD 120 um

Interstrip Capacitance

Capacitance per strip [PF/cm]

Backplane Capacitance : MSSD 320
Allregions

-+ Region 01
|-+ Region_03
£ |- Regon_ 04
|- Region 05
i1 Region 06
- -=-Region_07
1+ Region 08
2|+ Region_10

¢ [+ Region_11

£ Regon 12

0N 7I I 111 I 111 I 111 I 111 I 1111 I 1111 I 111l I 1111 I 1
0 5 00 150 200 B N0 B/ 40
Voltage V]

(B") Backplane Capacitance MSSD 320 um

The interstrip Capacitace of all the 12 regions was measured for MSSD 120, MSSD 320. The
experimntal results for region 1 of MSSD 120 and region 3 can be seen in 4.60", 4.6f".
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Interstrip Capacitance MSSD with thickness 320 ym
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Comparison of Experimental and Simulated Results

In this section a comparison is made between the experimental values of the baby sensors
with numerical calculations. The numerical calculations was made by a program that solves the
3D Laplace equation for silicon sensors with strip geometry. For more details about the method
of the calculations and the program can be found in [54], [55].

This program can be used as a Simulation tool for approximating the Capacitances depending
on the geometry The algorithm has an accuracy of 25% and has the advantages that is fast and
free compared to other costly and time consuming Programs like TCAD.

In figures 4.70" , 4.7p’ the calculated and the experimental values of the Backplane Capaci-
tance are shown for all the 12 regions of MSSD 120 and 320. The calculated results approximate
very well the experimental and the absolute difference is less than 25%. Also in figures 4.8c" ,
4.8p" a comparison is made for the interstrip capacitance. Two regions region 2 and 9 of MSSD
320 were damaged and have been excluded from the graphs
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4.4 Electrical characterization on 2S wafer prototype

Sensors for the Standard 2S modules have been designed by CMS and were produced by
Hamamatsu Photonics. Those are 6 -inch p -substrate FZ wafers with a resistivity of 3 — 8kQcm
and a physical thickness of 320um. Several wafers where produced with p -stop strip isolation
technique while others where produced by p -spray technique . This isolation is needed to avoid
accumulation of oxide charges. The active thickness is 240 pm using the deep diffusion technique
where the backside implant is deeply diffused into the bulk enabling a smaller active area.

The wafer layout is shown in 4.9. It contains the main sensor with an approximate size of
10 x 10 ¢m?. The total sensor is split in two rows with 1016 strips in each row (2032 in total). The
sensor is AC -coupled and biased via polysilicon resistors. Each strip has a 90 ym pitch and a
strip length of 5 cm with a width to pitch ratio of 0.25.The main sensor is surrounded by several

test stractures, mini-sensors,diodes and MOS. 4.9.

Figure 4.9: The 25 6” prototype wafer as it is shown from kLayout program (GDS viewer)

Several test structures and mini-sensors of the HPK 2S 6" ddFZ240 were tested at the detector
instrumentation lab at NCSR Demokritos and can be shown in the next table

Material Quantity Serial Number Chip
21 6
B S 2
aby Sensors 2 5
12 17
PstopGeo 2 % 7
P-sto Test structures 2 Serial Number Chip
P VDP Fiute (Upper Left) 21,22 4
D 1PS 2GR 21,22 13
HPK MOS & Diode 21,22 15
;USFSZ Sims (Lef) 71,22 T
10 HMSet (Lef) 21,22 18
Baby Sensors 1 29 6
Test structures 1
VDP Fiute (Upper Left) 29 4
P-spray D_1PS 2GR 29 13
MOS & Diode 29 15
Sims (Left) 29 16
HMSet (Lef) 29 18
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4.4.1 Diodes

Diodes are used in order to study the material, the changes of the bulk properties before
and after irradiation and also giving information about the properties and the behavior of the
different materials. The standard type of measurements are current over voltage and capacitance
over voltage.

There are different set of diodes with different shapes and surfaces called Full diode, Half
diode , Quarter diode and Round Diode 4.10 in each of the Test structures sample. Each one

diode has a separate guard ring that surrounds the active area of the diode.

Half Diode:a = 2.5 mm

'} .

Quarter Diode:a = 1.25mm  Round Diode: 2R = L5 mm
L4 L * L * ¥ X

% 4.8 )
p. * .___\!'

e ra, Y

‘o
D
|

e

T mon

] 0

| M
:
| v
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Figure 4.10: The four different set of diode test structures and an actual picture of a sample with test structures.

The diodes that have been tested have been made with different isolation techniques. There
are two sets of diodes with p -stop isolation technique with Serial Number 21, Serial Number 22
and one set with p -spray isolation technique with Serial Number 29 as shown in the previous
table. Each one has the four different set of diodes 4.10.

Capacitance-Voltage measurements

The CV measurements on diodes are made by applying the high voltage on the backplane
and the low voltage to the upper surface of the diode while keeping the guard ring grounded.
The silicon bulk is biased by a voltage varied between 0 and 700 V, where the capacitance is
measured at steps of 5 V. After the measurement procedure the graphs of (1/C?) vs voltage are
made. The capacitance of each diode is scaled with the surface. As mentioned in chapter 1 the

inverse square of the Capacitance (1/C?) with applied Voltage is given by equation1.60

p -stop Diodes (Serial Number 21)

The four different diodes of sample 21 where measured. The graphs show similar character-
istics 4.11c.". The Capacitance drops with the voltage increase ((1/C?) rises) until the depletion
Voltage is reached where it remains stable. By making a linear fit in the horizontal part of the
graph (where the capacitance is stable) and the inclined part (where capacitance drops) and by

calculating the intersection of the two linear functions the depletion Voltage (V) is calculated
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as well as the depletion Capacitance (C;). And from the slope of the inclined graph the concen-

tration of the substrate is calculated.
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(a) (1/C?) versus voltage for SIN21 test structure set. By fitting the horizontal and inclined part of the graph and

calculating the intersection point the depletion Voltage and the depletion Capacitance are calculated, while the slope is

x1/Ny,

The results are sumarized in the table 4.2.

Diode Name A [ecm?] N,[em™3] V,[Volts] A2/CZ2 [pFem?] Cy
Full diode 0.2500  4.20-10%2  162.92 4.71-1073 11.51
Half diode 0.0625  4.46-10'2  165.85 4.49-1073 2.95
Quarter diode  0.0156  4.37-10'2  170.16 4.58 1073 0.73
Circular diode  0.0176  4.35-10'2 169.59 4.63-1073 0.82

Table 4.2: Serial Number 21 Experimental Results
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p -stop Diodes (Serial Number 22)
By following the same procedure the Diodes of Serial Number 22 are characterized.
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(a) (1/C?) versus voltage for SN 22 test structure set.
The results are summarized in the table 4.3.
Diode Name  A[em?] N, [em™3] V,[Volts] A%/CZ  C, [pF]
Full diode 0.2500 4.21-10'2  162.98  4.71-107*  11.52
Half diode 0.0620 4.38-10'2  163.61  4.53-107* 2.94
Quarter diode  0.0156  4.22-10'2  166.10  4.66-10~* 0.72
Circular diode  0.0176 4.19-10*2  165.29  4.68-10"* 0.82

Table 4.3:  Serial Number 22 Experimental Results
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p -spray Diodes (Serial Number 29)

By following the same procedure the Diodes of Serial Number 29 are characterized.
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(o) (1/C?) versus voltage for SN 29 test structure set.

The results are summarized in the table 4.4.

Diode Name  A[em?] Ny [em™3] V,[Volts]  A%/CZ  C, [pF]
Full diode 0.2500 4.24-10'2  165.89  4.70-107* 11.53
Half diode 0.0620 4.49-10'2  167.75  4.47-107% 2.96
Quarter diode  0.0156  4.49-10'2  175.05  4.57-107% 0.73
Circular diode 0.0176 4.49-10'2 17244  4.52-107% 0.83

Table 4.4: Serial Number 29 Experimental Results

M I
200

500
Voltage [V]

All 3 samples show good characteristics. The depletion capacitance is the same for the the

three different samples. The SN29 which the sample with the p -spray isolation shows a bit higher

value in the depletion Voltage.According to the electrical specifications of the CMS for the phase

IT upgrade which can be seen in table 3.19 the depletion voltage should be V,; < 300. At is it can

be seen from the tables 4.2, 4.3 , 4.4 the measurements are in accordance with the specifications.

Current-Voltage Measurements

The Current over voltage for all four diodes of the three test structures SN21 , SN22 , SN29
was measured. The Voltage was rumped up from 0 to 700 V with 5 V step. The measurements
were performed at 23 °C. The guard ring of the diodes was kept floating for the diodes of SN21
, SN22 while for the diodes of SN29 was kept grounded.
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All 3 samples show ground characteristics concerning the current. The Full diode which has
the biggest surface has the highest current. All 4 diodes of the three samples does not saturate
above the full depletion voltage which is between (160-180V). This is due to the contribution
of trap assisted tunneling to the current. The reduced thickness result in an electric field high
enough that the current that is formed by tunneling effect from the conduction to the valence

band is significant. The traps present due to imperfections enhance tunneling.
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(Y) Leakage Current of diodes Full , Quarter Half and Cir-
cular of SN22 chip 15

According to the electrical specifications of table 3.19 the leakage current should be I; < 2
nA/mm? at 500 V. As it can be noticed from 4.5 the measurements are in accordance with the
specifications.

Diode Name I; [nA/mm?3]

SN29 SN21 SN22
Full diode 0.50 0.41 0.38
Half diode 0.49 0.55 0.54
Quarter diode 0.49 1.18 1.03
Circular diode 0.67 1.18 1.00

Table 4.5: Leakage Current at 500 V for all 4 diodes of test stractures set SN21 SN22 SN29
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442 MOS

The MOS test structure is shown in Figure 4.15. The MOS capacitor is a very useful test
device,it is the simplest test structure and still delivers extensive information. CV test results
offer a wealth of device and process information, including bulk and interface charges. Many
MOS device parameters, such as oxide thickness, flatband voltage, threshold Voltage, etc., can
also be extracted from the CV data.

(o) Actual photo of the whole
Test Structure set which con-  (B") Actual close Photo of the
tains an MOS and two Diodes ~ MOS

&

(Y)) Schematic picture of the MOS struc-  (8") Schematic picture of the whole Test
ture as it is shown from KLayout program  structure set as it is shown from KLayout

(GDS viewer) program (GDS viewer)

Figure 4.15: MOS Test stracture

The MOS test stractures that have been delivered and tested at NCSR demokritos are (as in
the case of the diodes) the SN21 and SN 22 with p -stop isolation technique and the SN 29 with
the p -spray isolation technique.

The CV measeruments on the MOS capacitors are made by applying the Lpot/Lcur at the
backplane and the Hpot/Hcur at the gate.

The CV and the 1/C? vs Voltage curves of the MOS capacitors are shown in figures 4.17¢/
and 4.17p’". The measurements were performed at high frequency of 10 M H z. The MOS structure
passes throw the 4 different stages described in section 1.6.2.
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Extracting MOS Device Parameters From CV Measurements

This section describes the device parameters that are extracted from the CV taken in the three
different test MOS structures.

Oxide Capacitance -Oxide Thickness

The oxide capacitance (C x ) is the high frequency capacitance when the device is biased
for strong accumulation. In the strong accumulation region, the MOS acts like a parallel plate
capacitor, and the oxide thickness (T5 x ) may be calculated from C, x and the gate area using

the following equation.

Tox = 0% (4.1)

where T, x is the oxide thickness, C, x is the oxide capacitance and € x is the electrical
permittivity of the silicon dioxide.

Flat Band Capacitance-Flat Band Voltage

The Flat Band Voltage V- 5 can be identified by the CV curve. One way is to use the flatband
capacitance method. For this method, the ideal value of the flatband capacitance (C'r ) is cal-
culated from the oxide capacitance and the Debye length. Once the value of C' 5 is known, the
value of Vg can be obtained from the CV curve.

The flat band voltage of real MOS structures is further affected by the presence of charge
in the oxide or at the oxide -semiconductor interface. The flat band voltage corresponds to the
voltage which when applied to the gate electrode yields a flat energy band in the semiconductor.
The charge in the oxide or at the interface changes affect the flatband voltage. The measurement
of the flat band Voltage can give information for the quality of the oxide. A low value indicates
a low contamination level The flat band Voltage marks the inflection of the CV curve [11] .

The flatband Capacitance is calculated as follows:
CoxesiA/A

= 4.2
CFB COX+€S’L"A/>\ ( )

where:
« A is the MOS surface

« A is the extrinsic Debye length, which is calculated as follows:

ESikT
A= =— 4.3
o 43)

« N= N4 or N = Np is the doping concentration
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In semiconductors, majority carriers can move freely. Any electrical interaction has a limited
range. The Debye length is used to represent this interaction range. Essentially, the Debye length
indicates how far an electrical event can be sensed within a semiconductor.

Threshold Voltage

The threshold voltage (V157 ) is the point on the CV curve where the surface potential equals
twice the bulk potential. This curve point corresponds to the beginning of strong inversion.

The threshold voltage of a MOS capacitor can be calculated as follows:

A
Vrn =Vep £ 07\/4€siQ|NBulk‘pB| + 2|pg| (4.4)
ox

where:

+ g is the bulk potential which can be calculated as:

KT NBulck

K3

B =

o Np,15 is the bulk doping
+ N, the intrinsic concentration
+ + is for p -type substrate and — is for n type for both equations 4.4,4.5.

Metal -semiconductor work function difference

The work function represents the difference in work necessary to remove an electron from
the gate and from the substrate. It contributes to the shift in V. 5 from the ideal zero value, along

with the effective oxide charge [1]. The work function silicon -dioxide and aluminum is derived
as follows:

E
Wars =Wy — [We + % — ¢p] (4.6)

where:

o WM is the metal work function
+ Wy, is the substrate material work function.

+ Egq is the energy band gap.

And for the silicon -dioxide and aluminum equation 4.6 it is simplified at:
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Effective and total bulk oxide charge

The effective oxide charge (Q) ;) represents the sum of oxide fixed charge (@) i ), mobile
ionic charge () 5, ), and oxide trapped charge (Q o7 ).

RQeprr=Qr +Qum +Qor (4.8)
The effective oxide charge can be calculated from 4.9 as defined at [56]:
Q
Vep —Wys = — CEFF (4.9)

ox

Substrate Doping Concentration

The substrate doping concentration (N) is related to the the slope of the 1/C?2 vs V curve

4.17p’. The doping concentration is calculated from the function:

Nsub :’

2
|

2

ge,; A2 0T

(4.10)

The above parameters for the three different MOS test -structures have been measured using
the CV curves of 4.17a" and 4.173". The results have been summarized in table 4.6.

| MOSCV 10kHz | SN21 | SN22 SN29
Accumulation Ca- | 220.255+0.817 [pF] 219.786 + 0.765 [pF 213.349 4+ 0.633 [pF]
pacitance (C,, )
Oxide Layer Thick- | (258.345 + 0.958) - 10 ° [cm] | (258.896 + 0.901) - 10 © |em)] | (266.707 +0.791)-10 ¢ [cm)]
ness (T°,,)
Flatband Capaci- | 137.29 +£0.32 [pF] 139.416 +£0.31 [pF] 118.972 4+ 0.197 [pF)
tance (C'rp)
Flatband  Voltage | —2.245 + 0.009 [V] —3.375+0.004 [V] 7.423+0.004 [V]
VeB)
Threshold Voltage | —1.873 + 0.009 [V] —2.989+0.004 [V] 7713+ 0.004 [V]
(Vi)
Bulk  Potential | —0.101568 [V] ~0.103877 [V] ~0.0859732 [V]
(pi)
Metal Semiconduc- | —0.711568 [V] —0.713877 [V] —0.695973 [V]
tor Work function
(Wags)
Effective  oxide | 2049.06 + 7.60[pFV] 3548.82 1+ 12.35 [pFV] ~10508.20 + 31.16 [pFV]
charge (Q.¢¢)
Substrate Doping | 7.60023 - 10! [cm ™3] 8.3163 - 10 [ecm 3] 4.13833 - 10 [em ™3]
(Nsub)
Depletion Depth 73.157 [um] 51.38[um] 69.69 [um)]
Debye Length (A ;) | 0.00465824 [cm)] 0.00445318[cm] 0.000631281  [cm]

Table 4.6: MOS Results

From the 3 structures the MOS S N29 has higher Flat -band Voltage and Flat -band Capaci-
tance, and also it has the highest Effective Oxide charge.
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4.4.3 Baby Sensors

These are sensors with identical parameters with the 2S sensors but with reduced number of
strips. They are used to investigate the sensor properties before and after irradiation. The initial
characterization is done in the probe-station, where all important sensor parameters as the total
current and the full depletion voltage are measured as well as strip parameters such as coupling
capacitance, inter -strip capacitance, bias resistors, inter -strip resistance and strip currents. Those
parameters of three baby -sensors where calculated and characterized. These sensors are chip 6,
Serial number 29 with p -spray isolation technique and chip 6, Serial number 21,22 with p -stop

technique.

127 strips

320 pm thick , 240 pum active
nonp

Pitch 90 pm

Implant width 24 um

Figure 4.18: Baby sensors is one set of the many mini sensors that have been built in the wafer for characterization

proposes.

Total Leakage Current

The total leakage current for the 3 baby sensors was measured. The backplane is on high
voltage and the guard ring is connected via the electrometer to the ground. The guard ring is not
connected but in floating mode. The voltage is increased from 0 — 700 V with a 5 V step. The

measurements were performed at 23°C.

Figure 4.19: Schematic of the setup for Total Current measurement

The IV curves are shown in Figure 4.20. The total leakage current of SN29 with p -spray
isolation technique exhibits an extremely high current. The leakage current of SN21 is slightly
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higher that the SN22. None of the SN21 and SN22 exhibits an early breakdown. A schematic
for measuring the total leakage current is shown in figure 4.19

Leakage Current vs Vbias at 23 °C

Current [nA]

% A S A g ‘
; i i [=.‘e-.- Baby:p-spray, SN 29, chipb

r : : : i | = =o= = Baby: p-stop, SN 21, chip6
20 _ﬁqq ...... o P ieo| =--0—-- Baby: p-stop SN 21, chip6

P -
700
Bias Voltage [volts]

NP AT IR IR IR R
100 200 300 400 500 600

Figure 4.20: Total Leakage Current for SN21,S N22,SN29 baby sensors.

According to specifications which can be seen in table 3.19, the leakage current should be
I;, < 2nA/mm3 at 500 V. Sensors SN21 SN22 are in good conformity with the electrical

specifications as it can be seen from table 4.7

I, /mm3 [nAmm™3]
SN29 -
SN21 0.20
SN22 0.19

Table 4.7: Leakage current per Volume at 500 V

Backplane Capacitance

The backplane capacitance was measured for all 3 sensors by measuring the total capacitance
between the bias ring and the backplane and dividing by 127 which is the total number of the
strips. The backplane capacitance is measured at 1 kH z. A schematic of the setup for measuring
the backplane capacitance is shown in 4.21.

Figure 4.21: Schematic of the setup for the Backplane Capacitance measurement
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In the following diagram the value of 1/C? is plotted versus voltage. The capacitance is scaled
with the surface of each strip.

With linear interpolation between the inclined part and the horizontal part of the graph and
by calculating the interaction point of the two linear functions the depletion Voltage is calcu-
lated as well as the depletion capacitance. Also by the slope of the inclined part the substrate
concentration is calculated. According to specifications V,; < 300 V.

. R -2% A2
Baby sensors: Backplane capacitance (C™A"vs V)

0.6

0.5

(C*A%)in [pF2em?)

0.4

|I\I\|\IIIEIH\|IIII|\I\I

03 Mttasassssissassssaisadissssasissssssssassssssisailisssssussssssesssssasscssadiasssecesaaas
== Baby: p-stop, sn 21, chip 6 : Cwm: 236pF
0.2 BT -—e-- Baby: p-stop, sn 22, chip 6: Cmalz 236 pF
i| == -—- Baby: p-spray, sn 29, chip 6:C_ =240 pF
0.1 :
o preeapeopussafoas g g g s g g
0 10 200 300 400

500
Bias Voltage [volts]

Figure 4.22: Backplane Capacitance for Baby Sensors SN21,SN22,SN29

Nylem™3] | Vy[Volt] | Cy,.1/strips[pF]
SN29 | 4.65 x 10'? 209.25 1.89
SN21 | 4.25 x 102 191.21 1.86
SN22 | 4.36 x 102 194.21 1.86

Table 4.8: Substrate concentration, Depletion Voltage, Backplane Capacitance

The substrate concentration is very close to the substrate concentration of the diodes. This
was expected because the diodes and the baby sensors are made on the same wafer.

The depletion voltage of the baby sensor is higher that the diodes which corresponds with
2.8

Inter -strip Capacitance

The inter -strip capacitance is measured between one strip and it’s two neighbors at 1 MHz
and as a function of the bias voltage. The measurement is very delicate, as even the position of
the needles amongst each other influences the values.

A schematic for the measurement of the inter -strip capacitance is shown in 4.23. The bias
ring is grounded. The measurement is performed between one central strip and two neighboring
strips. The central strip is has been set to the low voltage and the two neighboring to the high
voltage.

The measurements has been performed for the 3 three different baby sensors by taking 5

several areas of the sensors (5 triads of strips). This is because the automation of the system with
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Figure 4.23: Schematic of the setup for Interstrip Capacitance measurement

simultaneous control of the probe station an the electrical characterization equipment was not
yet developed. The graphs for each one sensor are shown in figures 4.24, 4.25 , 4.26. The graphs
exhibit a sharp drop at low Voltages and most of them have a minimum between 0.5 — 3V.
After that minimum the Capacitance rises with the Voltage until it reaches the depletion Voltage
where the capacitance remains stable. Figures 4.24 , 4.25 , 4.26 shows the internship capacitance
between one central and two neighbor strips for sensors SN21, SN22, SN29.

The inter -strip capacitance should be small in order to permit a good charge sharing between
the strips. All 3 sensors show a small and homogeneous inter -strip capacitance of about

Cine =131 [pF] =0.27[pF /cm)| (4.11)

While according to specifications of table 3.19 C;,,, < 1 pF'/cm. The 3 sensors that were

int

measured are in good conformity with the electrical specifications.

Inter-strip Capacitance : Baby sensor :
SN29 chip 6 : p_spray

w

"
i
it
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Capacitance [pF]
o
o
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—— strips_100t0102

strips_116t0118
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Figure 4.24: Inter -strip Capacitance between one central strip and two neighbors over voltage for Baby sensor SN29
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Inter-strip Capacitance : Baby sensor : Inter-strip Capacitance : Baby sensor:
SN2L chip 6 p_stop SN2 chip 6 p_stop
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Figure 4.25: Inter -strip Capacitance between one cen- Figure 4.26: Inter -strip Capacitance between one cen-
tral strip and two neighbors over voltage for Baby sensor  tral strip and two neighbors over voltage for Baby sensor

SN21 SN22

Total Strip Capacitance

The total strip capacitance is the sum of the backplane capacitance of each strip and the inter
-strip capacitance between the two neighbor strips.

The total strip capacitance for the 3 baby sensors was measured. In Figure 4.27 the schematic
of the measurements is shown. The bias Voltage is applied to the backplane while the bias ring of
the sensor is held to a ground potential. The capacitance is measured between one central strip
and the ground.

Figure 4.27: Total Capacitance per single strip measurement setup

In figures 4.28 , 4.29, 4.30 the CV of the total strip for the baby sensors SN21, SN22, SN29
are shown. The bias Voltage is increased from 0 to 500 Volt. The total capacitance drops with the
voltage increase until the depletion is reached where it remains stable.

All 3 sensors show good homogeneous characteristics considering the total capacitance. Only

one strip (strip001) show a lower capacitance in all three sensors which it was expected consid-
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ering that this strip is located to the edge of the sensor and it has only one neighbor strip.

In Figure 4.31 the histograms of the total strip capacitances are shown for all 3 baby sensors.

The mean values and the standard deviation of each histogram are shown in table 4.9:

Total Strip Capacitance : Baby sensor :

- sfrip_001

30

25

Capacitance [pF]
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strip_055
- sfrip_060
strip_075
strip_090
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strip_120
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L Il Il
100 200 300

Il
500
Voltage [V]

Figure 4.28: Total Capacitance per single strip for SN29 p -spray sensor

Total Strip Capacitance : Baby sensor:

Total Strip Capacitance : Baby sensor:
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Figure 4.29: Total Capacitance per single strip for Figure 4.30: Total Capacitance per single strip for
SN21 p stop sensor. SN22 p stop sensor

This measurement does not coincide exactly with the data taking conditions. This is because

in this measurement all other strips are floating while when amplifiers are connected the strips

are grounded via the virtual ground of the amplifier inputs
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Total strip Capacitance

Il sN22 p_stop
B sN29 p_spray
- SN22 p_stop

Number of strips

[
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. 5
Capacitance [pF]

w

Figure 4.31: Histogram of total Capacitance per single strip of all strips for the baby sensors SN21,SN22,S N 29.

Average Total Capacitance per strip [pF]
SN29 4.64 4+ 0.04
SN21 4.60 £+ 0.02
SN22 4.60 4 0.02

Table 4.9: Mean Values of the Coupling Capacitances

Coupling Capacitance

The coupling capacitance is measured by contacting the DC pad and the AC pad of each
strip. In the CMS collaboration the measurement of the coupling capacitance (CC) is made with
a measurement frequency of 1 kHz. The capacitance voltage characteristics (CV) measurements
is not trivial because it is necessary to perform the measurements on low potential.

Figure 4.32: Schematic of the setup for Coupling Capacitance measurement

The requirements of coupling capacitance is to be homogeneous over the whole sensor and to
be significantly higher than the inter -strip capacitance and the backplane. The signal is coupled
out from the implant to the readout strip, where it is conducted to the readout chip. The coupling
capacitance should be stable with each voltage variance.

The coupling capacitance for several different strips was measured for the 3 baby -sensors
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SN21, SN22 and SN29. The CV plots of each sensor is shown in figures 4.33a, 4.338", 4.33y".

All three sensors show a stable coupling capacitance for all the measured strips between 142
-144 [pF]. Only in one sensor SN29 p -spray one strip exceeds the average values and reaches the
value of 165 [pF].

Coupiing Capacitance : Baby sensor: s Coupling Capacitance : Baby sensor: [——"stip 00t
5 SN29 chip 6: p_spray e smp:017 50 SN21 chip 6 : p_stop -+ strip_015
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e F +5§”P-g$g o F o stip_060
o d0F St 0 HF Stip 075
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E r —— sirip_105 9 r stip_090
T 3F - G 3BF - stip_105
g o % r ‘ strip_120
§ b 0 uf g 5
25k 5F
20 0f
15 15F
10 02 03 04 05 06 07 08 0 02 03 04 05 06 07 08
Voltage [V] Voltage [V]
(o) Coupling Capacitance for SN29 p -spray sensor (B") Coupling Capacitance SN21 p -stop sensor.
Coupling. Capacitance : Baby sensor : —— strip_001
- SN22 chip 6 p_stop —a— strip_015
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a 45: sirip_055
0 o —&- Strip_060
8 40 strip_075
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g B E —&— strip_105
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T u
0 s s s s S
il
2F
15F
7\ ARIETEE AR IR AR AT A O

02 03 04 05 06 07 08
Voltage [V]

(Y) Coupling Capacitance SN22 p -stop sensor

By taking the average values of each strip the below histograms are derived for each sen-
sor Figure 4.34. The mean values for each histogram and the standard deviation are shown in
table 4.10. While according to specifications C,, > 1.2 [pF'/cm)]. As it can be seen from table
4.10 the coupling capacitance of the three sensors that was measured is in conformity with the

specifications. .
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Average values for each strip

Number of strips

=

B sN21 p_stop
- SN29 p_spray
* | SN22 p_stop
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Figure 4.34: Histogram of the average values of the Coupling Capacitance for each strips for the sensors SN21, SN 22

, SN29.
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SN29
SN21
SN22

137.90 £ 0.11
142.86 4+ 0.39
141.63 +0.08

28.740.02
30.0 +£0.08
29.5 +0.02

Comparison of experimental values with numerical calculations

In this section a comparison is made between the experimental values of the baby sensors
and numerical calculations. The numerical calculation is made by a program that solves the 3D
Laplace equation for silicon sensors with strip geometry. For more details about the method of

Table 4.10: Mean Values of the Coupling Capacitances

the calculations and the program can be found in [54], [55].

SN21 | SN22 | SN29 | Calculated
Backplane Strip Capacitance [pF] 1.86 1.86 1.89 1.85
Inter-strip Capacitance (first neighbor) [pF] 1.31 1.31 1.31 1.32

Table 4.11: Comparison of experimental values and calculated values.
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Poly -Silicon Bias Resistor

To measure the Bias resistance a defined Voltage V., is applied over the bias resistor and
the current is measured I, ., .. The bias ring is kept grounded and the Voltage is applied to the
DC pads of several strips.

The bias resistance is then calculated by Ry;, s = Viet/Imeqs- By making the Current over
Voltage graph and calculating the slope of each graph the R, , . is calculated as it will be the
inverse of the slope. Applying too high voltage may disturb the field, lowering the inter-strip
resistance and thus result too low measured R, , .. The applying voltage is set between 0 — 2V'.

In figures 4.36, 4.37, 4.38 the graphs of Current versus voltage are shown for calculating the
Rbias

Figure 4.35: Schematic of the setup for Bias Resistor Measurements
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Figure 4.36: IV measurement sensor 29 between several strips and

From table 4.12 we can notice that the measurements of 17, . for the Baby sensors S/N29
, SN21 , SN22 approximate the electrical specifications for the R, which give Rbias =
1.5 £ 0.3 M. Also we can notice that the Baby sensor with the p -spray isolation technique
SN29 has the smallest deviation considering the other two sensors SN21 and SN22 which have
a p -stop isoloation technique.
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Bias Resistors : Baby sensor :
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Figure 4.37: IV measurement sensor 22 between several strips and
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Figure 4.38: 1V measurement sensor 21 between several strips and

Ry;us [IMohm|SN29 R,,,. [Mohm|SN21 R,,,, [Mohm|SN22

strip 1 1.567 1.535 1.607
strip 15 1.561 1.547 1.596
strip 30 1.566 1.535 1.611
strip 40 1.558 1.518 1.630
strip 55 1.565 1.561 1.640
strip 60 1.567 1.553 1.649
strip 75 1.544 1.556 1.650
strip 90 1.558 1.572 1.611
strip 105 1.565 1.580 1.655
strip 120 1.565 1.575 1.790
Average value 1.561 4+ 0.007 1.553 +0.019 1.644 +0.053

Table 4.12: SN21, SN22 ,SN29 Experimental Results
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4.5 Electrical characterization on PS -p light sensors

The PS -module consists of a macro -pixel sensor (PS -p) and a strip sensor (PS -s) of nin p -
bulk substrate. As mentioned in 3.5.2 the PS -p is a DC -coupled sensor of approximately 5 x 10
em? with 32 rows of macro-pixels. The macro -pixels are 1.5 mm long with 100 pm pitch and an
implant width of 25 pm which leads to a 0.25 width to pitch ratio.

For testing purposes a smaller prototype sensor was made. The PS -p light sensor has 6 rows
of 48 columns which lead to 288 macro-pixels with the same aspect ratio as the foreseen PS
-p sensor 4.400". The design was made by CMS and several wafers with p -stop and p -spray
isolation were produced. Each wafer contains several PS -p light sensors. They are manufactured
on p -type float -zone (FZ) silicon of 4 -inch wafers with a thickness of 200 pm and a resistivity
between 4 — 8 kQ2em on a DC -process Figure 4.39.

ZOOO0 um

Figure 4.39: PS -p light wafer as it can be shown in the KLayout (GDS viwer).

S

(o) PS -p light sensor. (B") PS-p light sensor (KLayout)

Several PS -p light sensors were sent and tested. The measurements that were contacted are

the Total current, Backplane Capacitance and IV -macropixel scans.
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Backplane Capacitance

The backplane Capacitance for the 4 PS -p light sensors was measured. The results are shown

in Figure 4.41

Backplane Capacitance : PS-p light std :
%107 All Variants

PS_p_light std 1 13 351136

PS_p_light_std 2 15 351136

1/C? [pF Y

PS_p_light_std_2_1_351136.

PS_p_light_std_9 1 351137.

e e

300
Voltage [V]

Figure 4.41: Backplane Capacitance for all 4 Variants

The Backplane Capacitance std_1_13 and std_2_15 have a depletion Voltage at about 100V
while the other two std_2_1 and std_9_1 have a depletion Voltage of about 80V. Sample std_9_1

exhibits the lowest Capacitance.

Total Current

The total current was measured by connecting the backplane on low voltage and the bias ring
is connected via the electro meter to the high voltage In Figure 4.42 the measurement setup of

the total current is shown.

Figure 4.42: Schematics of IV measurement
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In Figure 4.43 the total Current versus Voltage is shown for the 4 PS -p light sensors.
From the graph it can be shown that the sensors std_2_1_351136 and the std_9_1_351136
show similar characteristics and break-throw voltage at approximately 250 V.
The sensor std_9_13_351136 has the earliest break -throw Voltage at 160 V while the std_2_15_351136
show a breakdown voltage at 380 V. According to the electrical specifications 3.19 the breakdown
voltage should be V},.... > 700 V. The measurements differ significantly from the specifica-
tions something that implies defects of the three sensors that have been tested.

Total Current : PS-p light std :
All Variants

10°

Current [nA]

10%

"""""""""" PS_p_light_std_1_13_351136
10 H£ —=— PS_p_light_std_2_15_351136
———— PS_p_light_std_2_1_351136.
PS_p_light_std_9_1_351137.

o 'slo' = '1c|)o' = '1!30' = '2c|>o' = '2!30' = '3<|)o' = '3!30' = '4(|)o' = '4éo' 500

Voltage [V]

Figure 4.43: Total Current for all 4 Variants

4.5.1 IV macropixel -scans

The pixel currents were measured and optical inspection was done to investigate defective
pixels.

The sensor is biased with high voltage which is applied to the bias ring while the backplane
is connected to low potential. The strip leakage currents are measured by connecting the DC
pads with the electro meter. A schematic of the measurement setup for IV strip scan is shown in
Figure 4.44

Figure 4.44: Schematic of single macropixel leakage current measurement
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PS _p light_std 2_1_ 351136 (Variant 1)

The Current for several macro-pixels was measured with the Voltage increasing from 0 — 350
V. The IV for each macro-pixel that was measured is shown in Figure 4.45. Figure 4.46 shows a
colored matrix with the cells representing the position of each macro-pixel on the sensor for

fixed voltage at 200 V and 4.47 shows a matrix with the actual current values at 200 V.

100 - - - - - - - - strip_0_0 -=-strip_0_15 - strip_0_24
——strip_0_31 strip_0_40 -=-strip_0_47

strip_0_9 strip_1_0 —sstrip_1_15

Current [nA]

80
——strip_1_24 —+strip_1_31 -=-strip_1_40
strip_1 47 ——strip_ 1 9 strip_2_0
60
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~e-strip_2_40 -e-strip_2_47 strip_2_9

40

—+strip_3_0 strip_3_15 strip_3_24

—strip_3_31 -=-strip_3_40 -+ strip_3_47

20 ——strip_3_9 strip_4_ 0 -=-strip_4_15
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i |l~=-strip 4 47 ~stip 4 9 —stip 50
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1
0 50 100 150 200 250 300 350 Strip_5_40 ~w-strip_5_47
Voltage [V] - -

——strip_5_9

Figure 4.45: 1V strip scan for sensor PS_p_light_std_2_1_351136.
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Figure 4.46: Colored matrix of Current with fixed Voltage at 200 V each cell represents the position of the macro-pixel
on the sensor PS_p_light_std_2_1_351136.

From Figure 4.46 it can be shown that the current is low for most of the strips at 200 V.
The strips in the middle give a higher current. Three strips strip-0-15, strip-0-24 ,strip-0-31 give
extremely high current compared to the others at 200V This could be the result of a defect in
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Figure 4.47: Matrix of Current with fixed Voltage at 200 V each cell represents the position of the macro-pixel on the
sensor.PS_p_light_std_2_1_351136.

these macro -pixels.

PS_p_light_std_1_13_351136 (Variant 2).

In the same way the 3 other PS-p light sensors are characterized. In Figure 4.48 we can see

the IV curve for all the strips that was measured. Some of them give an extremely high current

at low Voltage between 0 — 50 and after that it stabilizes at very low values for most of the strips.

Figure 4.49 again shows a colored matrix at 200 V. Most of them have very low current with

the maximum at 0.012 nA
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Figure 4.48: 1V strip scan for sensor PS_p_light_std_1 13 351136.
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Figure 4.49: Colored matrix of Current with fixed Voltage at 200 V each cell represents the position of the macro-pixel
on the sensor PS_p_light_std_1_13_351136.
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Figure 4.50: Current matrix with fixed Voltage at 200 V each cell represents the position of the macro-pixel on the
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PS_p light_std_2_15_351136 (Variant 3)

The Current for several macro-pixels was measured with the Voltage increasing from 0 — 350

V. The IV for each macro-pixel that was measured is shown in Figure 4.51.
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Figure 4.51: 1V strip scan for sensor PS_p_light_std_2 15 _351136.

Figure 4.52 shows a colored matrix with the cells representing the position of each macro-

pixel on the sensor for fixed voltage at 200 V and 4.53 shows a matrix with current values for

200 V.
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Figure 4.52: Colored matrix of Current with fixed Voltage at 200 V each cell represents the position of the macro-pixel
on the sensor PS_p_light_std_2_15_351136.
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Figure 4.53: Matrix of Current with fixed Voltage at 200 V each cell represents the position of the macro-pixel on the
sensor.PS_p_light_std_2_15_351136.
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Figure 4.54: 1V strip scan for sensor PS_p_light_std_9_1_351137.
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Figure 4.55: Colored matrix of Current with fixed Voltage at 200 V each cell represents the position of the macro-pixel
on the sensor PS_p_light_std_9_1_351137.
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Chapter 5

Conclusion

Electrical characterization is an important procedure for the optimal development and the
quality assurance of the silicon sensors for the Phase -1l upgrade. Though this procedure electrical
parameters such as the capacitances (Inter-strip,Backplane) the Resistances (Inter -strip,Rbias) as
well as the Leakage current are measured. These parameters are of great importance since they
influence the signal to noise ratio and the overall performance of the detectors. The sensors
should be very tolerant to radiation with increased granularity and reduced material. This means
the materials,the processing procedure and the geometry of each sensor should be chosen very
carefully. The research and development for the silicon sensors of the CMS Tracker of phase -1I
has been started 10 years ago and is still on going.

The silicon sensors for the CMS Tracker will be produced in industry from suitable producers.
The qualification of suitable vendors is ongoing at the time. The final selection of the design,
the materials, the vendor will depend on the efficiency of the detectors in order to fulfill the
requirements for Phase -II upgrade as well as ,the costs and the capabilities for this sensors to be
produced in a large scale.

Before mounted into modules the quality of each sensor has to be approved. The quality as-
surance of the sensors is contacted in 4 stages VQC vendor quality control, SQC sensor quality
control, PQC process quality control,IT irradiation tests. VQC is done by the producer while SQC,
PQC and IT are contacted by the CMS collaboration at qualified centers. Electrical characteriza-
tion is a part of these stages.

This master thesis is a part of a more general procedure in order to organize and upgrade the
laboratory of detector instrumentation of NCSR Demokritos in order to become a SQC or PQC
center.

The measurements that were performed was CV,IV on diode test structures, Backplane Ca-
pacitance , Interstrip Capacitnce , Total Capacitance and Bias Resistance on baby sensors, these
are mini sensors that resembles the actual 2S sensors but with fewer strips and also total current
and macro -pixel currents of the PS -p light sensors which is also made for test proposes and
resembles the actual larger PS -p sensors. The results tested in Demokritos show a good quality

and in conformity with specifications.
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