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Chapter 1

Introduction

The Fermi National Accelerator is an international High Energy Physics reserch center
located in Chicago, lllinois (USA). Its facilities house tle Tevatron accelerator. The Tevatron
accelerates protons and antiprotons up to an energy of 2 TeVhithe center of mass and
focuses the beams in two interaction points where the detemts DO and CDF are located.

The CDF detector is made up of several subdetectors: muon chabers, calorimeters,
wire chamber, silicon detectors... The silicon detectorsra dedicated to charged patrticle
tracking and vertex reconstruction and are the closest lodad devices to the beam, and
hence, the most affected by the radiation field caused by thelisions. The silicon detectors
are essentiallyp semiconductor microstrips deposited on an material bulk (=300 um thick,
typically ), creating an arragement of p— n linear junctions on one side of the sensor. CDF
is the largest example so far of double-sided technology, aapicular kind of microstrips
where both sides are segmented, providing two coordinates.

The aim of this document is to study the effect of radiation danage on the silicon sensors.
The reflection of the effect of radiation can be observed in tw fundamental parameters of
the detector: the bias current and the bias voltage. The leadge current directly affects
the noise, while the bias voltage is required to collect the aximum signal deposited by the
charged particle.

On one hand, the bias current increases with irradiation. Ths circumstance can be use-
ful to estimate the radiation dose received by the detectoOn the other hand, the depletion
voltage (i.e. the bias voltage needed to operate a sensorpkses with time. Since the sili-
con detectors are essentially an arrangement of semicondiac pn junctions, an intense and
prolonged irradiation over a junction is responsible of thephenomenon known as “dopant
type-inversion” where the n-type and p-type silicon forming the junction experience the
effect of turning into p-type and n-type, respectively. Ths inversion is reflected in the evolu-
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tion of the depletion voltage in the form of a curve with a minimum. Extrapolations based
on those curves are useful to estimate the sensor’s lifespaimhe estimation of the lifespan
of the sensors has received particular interest since the Gbmicrostrip detectors have re-
ceived substantially more irradiation than it was designedor. The large scale of the sensors
irradiated (~7 m? of silicon) and the use in the innermost layers of materials eveloped for
the next generation of LHC silicon sensors, widen the inters range of this study to the High
Energy Physics detector community.

The document starts with a general introduction to semicondctor detectors followed
by two chapters describing the CDF experiment and the CDF Siton Detectors. Chapters 5
and 6 are devoted to the study of the two fundamental paramets of the sensors under irra-
diation: the bias current and the bias voltage. Chapter 7 cotains a collection of evidences
of radiation aging and also some ideas for future reserch, ahthe conclusions are shown in
chapter 8.



Chapter 2

Semiconductor Detectors Under
Radiation

2.1 Radiation Damage in Semiconductors

The radiation itself that we want to detect may also cause daage to the detectors. Nuclear
radiation interacts with the electron cloud, but also with the nuclei in the lattice. While the

interaction with the electron cloud in silicon is a transiert effect (that is in fact used for the

detection of the radiation), the interaction with the lattice may lead to permanent material

changes of detrimental nature. The following processes aie importance for the lattice:

* Displacement of lattice atoms, leading to interstitials (Boms between regular lattices)
and vacancies (empty lattice sites);

* Nuclear interactions (e.g. neutron capture and nucleus trasmutation);

* Secondary processes from energetic displaced lattice atemdefect clusters from cas-
cade processes...

Most of these primary defects are not stable. Interstitialsand vacancies are mobile at room
temperature and will therefore partially anneal if by chance an interstitial fills the place
of vacancy. There are also chances for the formation of otheroom temperature stable
defects. Examples are the well known A-center, a combinatioof vacancy and oxygen (a
certain concentration of oxygen interstitials is presentm the crystal after crystal growing),
the divacancy (two missing silicon atoms right next to eachtber), and the E-center shownin
Fig.2.1, a vacancy-phosphorus complex. These stable dafemay then change the electrical
properties of the semiconductor, generally degrading them

3
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Figure 2.1: A vacancy-donor (Phosphorus atom) complex. Ailawacancy drifts in the n-type
material. It can reach stability besides a donor nuclewsdéfect becoming permanent, and it
may change the electrical properties of the semiconductor.

2.1.1 The Formation of Primary Lattice Defects

A minimum recoil energy of 15 eV displaces a silicon atom fronits lattice site. This energy
can be provided by elastic scattering of a high-energy chaeg or neutral particle. For the
recoiling atom it is defined the displacement energiq, the energy at which the displacement
probability is roughly one half. This recoiling energy isEq=25 eV for silicon (van Lint et al.
1980, Huhtinen 2001) and, depending on values relative to, ithe following effects may be
created:

*

recoil energies belowEyg=25 eV will predominately lead to lattice vibrations only;

*

for recoil energies below roughly 1-2 keV (close abovEy), only isolated point defects
will be created;

x between 2 keV and 12keV the energy is high enough to crate onefact cluster and
additional point deffects;

*

above 12 keV several clusters and additional point defectsilvbe produced.
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A cluster is a dense agglomeration of point defects that appe at the end of a recoil
silicon track where the atom loses its last 5-10 keV of energgnd the elastic scattering cross-
section increases by several orders of magnitude. A typicalze for a cluster is 5nm diameter
with 100 lattice displacements'.

2.1.1.1 Dependence on Radiation Type

The probability for creation of a primary knock-on atom (a silicon atom displaced from its
lattice location by the incident radiation) as well as its eergy distribution depend on the
type and energy of the incident radiation, for the followingreasons:

x the elastic cross-section for scattering on silicon atomseppends on the type of radia-
tion. Charged particles such as protons scatter by electrdatic interaction with the
partially screened nucleus; neutral particles such as neubns scatter elastically with
the nucleus only.

x the energy transferred to the silicon atom is dependent on th mass of the incident
radiation.

2.1.1.2 Scaling of Radiation Damage

Although the primary interaction of radiation with silicon is strongly dependent on the
type and energy of the radiation, this dependence is to a laggextend smoothed out by the
secondary interaction of primary knock-on silicon atoms. L is therefore customary to scale
measurements of radiation damage from one type of radiatiorand energy to another. As
the interaction of radiation with electrons produces ionization but no crystal defects, the
quantity used for scaling is the non-ionizing energy loss (NEL). The dependence of this
scaling variable on energy and type of irradiation (normalzed to 1 MeV neutrons) is shown
in Fig. 2.2.

2.1.2 Formation and Properties of Stable Defects

The primary defects, Siinterstitials and vacancies, are atoom temperature still mobile and
cannot be considered stable. Part of these defects will analeeither by an interstitial filling

1Such irradiated silicon surfaces may have catalyst or ioaiductivity properties (useful for example as proton
exchange membrane of a FC). At the current fluency, the deptheobulk silicon layer is too much wide to be
percolated by the radiation-made channels and clustera tegt could be done with thinner silicon layers. In the
current situation of a wide depth silicon layer with relativ shallow clusters, the dielectric breakdown limit may
be reduced with the cluster penetration depth2500 V, not a concern with the current bias voltages) and dnenc
generating a different kind of physical defects (i.e. Liretberg figures) also susceptible of having similar utiiti
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Figure 2.2: Energy dependence of non-ionizing energy N#sL() in silicon for various types of
radiation [92]

a vacancy or by diffusing out of the surface. They may, howevgalso interact with another
defect and form a new type of defect complex that becomes stiabat room temperature. The
other defect may have been already present in the crystal oram also have been produced
by the radiation. An example of the first kind of defect is the brmation of a vacancy-
phosphorus complex (E-center). The standard dopant fon-type silicon is phosphorus. A
vacancy right next to the phosphorus dopant (on a regular laice site) forms a stable com-
plex with new electrical properties. The phosphorus atom des not fulfill its original role of
donor any more, and the process is therefore also calledonor removal(Fig. 2.1).

A second example is the formation of vacancy-oxygen comples (A-center). Oxygen
is always present within silicon to a certain degree as a remant from the crystal-growing
process. Oxygen as an interstitial (between regular lattie sites) is electrically inactive. The
stable oxygen-vacancy complex becomes electrically aaiv.e., it forms an acceptor state in
the upper half of the band gap that, although electrically neitral in the space-charge region,
acting as a trapping center for electrons.

An example of a stable defect complex that can be produced fro radiation-generated
primary defects alone is the divacancy, namely two missingl&on atoms right next to each
other. The formation of defect complexes in semiconductorss complicated and only par-
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tially understood. Defect complexes are not only producechitwo-step processes, as was the
case in the examples given above, but processes involvinyaml steps also occur. Impor-
tant roles in these processes are played not only by the radian-generated primary defects
but also by defects already abundantly introduced during the crystal-growing process. Well
known examples in silicon are oxygen and carbon interstitiis. The formation processes are
also dependent on the temperature. Defect complexes thatestable at room temperatures
may become mobile or may even break up into their constituerst at elevated temperatures.
This opens up the possibility of reducing the apparent radiion damage (annealing) and
the formation of defects of a different nature.

The defect complexes change the macroscopic properties ¢iet semiconductor. A large
effort has been invested to correlate the macroscopic propy changes with specific mi-
croscopic defects[24]. Several experimental methods haveen invented to recognize the
presence of defects and to measure their properties. Most ¢fiem are based on creating a
thermal disequilibrium and observation of the transition to thermal equilibrium as a func-
tion of temperature.

2.1.3 Electrical Properties of Defect Complexes

Contrary to simple flat donors and acceptors, which are usudy intentionally introduced
into regular lattice sites in order to change the propertiesof the semiconductor, radiation-
generated defect complexes have much more complicated dhezal properties. It is the
purpose of this section to review the most important of theirproperties and to discuss the
consequences to be expected for detector operation. Thiscindes, in particular, the be-
havior of defects in the space-charge region. The radiatiogenerated defects will have the
following main consequences:

x They act as a recombinantion-generation centershey are able to capture and emit
electrons and holes. In the space-charge region of a detectalternate emission of
electrons and holes leads to an increase of the reverse-biasrrent;

x They act as trapping centerglectrons or holes are captured and re-emitted with some
time delay. In the space-charge region of the detector, sigh charge is trapped and
may be released too late for efficient detection, thus caugina reduction in the signal;
and

x They can change the charge density in the space-charge negthus requiring an in-
creased bias voltage to make the detector fully sensitive.

A list of well known defects and defect complexes is compileid Table 2.3. It is remarkably
that some defects can exist not only in two but frequently in rore than two charge states.
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Figure 2.3: Characteristics of some important defectslicosi [71].
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2.1.3.1 Defects with a Single Entry Level

Let us start with a simple donor, a defect that can be positiviy charged or neutral depending
(in thermal equilibrium) on the position of the Fermi level. The simplest example for a donor
is the replacement of a silicon atom by phosphorus with one nre electron in the outer shell.
The additional electron may either be bound to the phosphora atom (occupied or neutral
defect state) or emitted to the conduction band (empty or padsvely charged defect state).
The charge state of the defect is changed not only by electroemission to the conduction
band and electron capture, but it may also be changed from patve to neutral by hole

emission to the valence band or from neutral to positive by hie capture. The charge state
of the defect (P in Si) changes via the four charge-changingrpcesses:

x € emission to the conduction band: from NEUTRAL to POSITIVE, probability of
€~ emission:&p.

x € capture from the conduction band: from POSITIVE to NEUTRAL, e~ capture
rate: Rn.

* h™ emission to the valence band: from POSITIVE to NEUTRAL, probability of h*
emission: ;.

* h™ capture from the valence band: from NEUTRAL to POSITIVE, h' capture rate:
Rp.

The average electron occupation probability for the donor wvill be determined by the
probability of the four charge-changing processes. Althogh we havea priori no knowledge
on the individual probabilities - they should be determinedexperimentally- it is possible
to find relationships between them from thermal equilibrium considerations. In thermal
equilibrium the occupation probability F is given by temperature and Fermi level as
1
B

d—EF

1+e &

F(Eq) = (2.1)

with E4 the defect energy level Er the Fermi level, k the Boltzmann constant andT the
temperature. For reasons of simplicity we do not consider hee and in the following the
degeneration of charge states, an aspect taken into accoucdrrectly when generalizing to
defects with several energy states. In thermal equilibriumthe rates of electron emission
and electron capture have to be equal as there is no net flow ofegtrons to or from the
conduction band. The same is true for hole capture and emissin. For electrons, the capture
rate R, will be proportional to the number of unoccupied donors (1—F(E4))Ng and to the
electron concentrationn = nieE—Fﬁ—Ei. Being, for electrons, o, the capture cross section and
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Vih n the thermal velocity, we have

Rn = NNa(1— F)OnVin n = Onvien niNa(1— F)e e (2.2)

The electron generation rateG, will be given by the product of density of occupied
defectsNgF and the electron emission probabilitye,. Thus

Setting the two rates equal to one another, in thermal equibirium, we have

Ry = Gp = €, = OnVih nl_ F e T (2.4)
where
1-F _ SF
F
S0 obtaining
£ = OnVen e (2.5)

a relationship not containing the Fermi level and valid alsounder nonequilibrium condi-
tions. Similarly for the hole capture rate and probability of hole emission, we have

Rp = PNaF OpVih p = OpVin phi NgFe *T" (2.6)
Ei—Eg
€p = OpVth pNi€ ¥T . (2.7)

These electron and hole capture and emission probabilitiesan be used to find the inter-
esting physical quantities as average charge state, curregeneration and trapping proba-
bility also in nonequilibrium situations such as in the spae-charge region of a detector.

The phosphorus donor has an energy level 0.045 eV below thermhuction band (Table
in Fig 2.3). Assuming it to be first in the neutral state, it maybecome ionized (positively) by
emitting an electron into the conduction band. A minimum enegy of 0.045 eV is necessary
for this process. The donor state can come back to neutral agaby either capturing an
electron from the conduction band or by emitting a hole of mirimum energy E4-0.045 eV
into the valence band.

In thermal equilibrium a donor state will be on average half the time in the charged
state and half the time in the neutral state when the Fermi legl Er coincides with the donor
energy levelEp. If the Fermi level is only a few times the thermal energy KT=0.025 eV at
room temperature) above the donor level, it will be almost pemanently neutral; if it is a
few timeskT below the donor level, the state will be almost permanently psitively charged.

Considering now the situation in the space-charge region o depleted detector, the
Fermi level loses its significance as we are not dealing witlgailibrium any more. Instead,
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we have to use the physically significant quantities of ele@n and hole capture and emission
probabilities. For low reverse-bias currents we may assumeaegligible electron and hole
densities within the space-charge regiof and ignore electron and hole capture, so that we
have to consider emission process only. The ratio of emissi@and hole probabilities
&n _ OnVth neajd%Ei)
€p  OpVth p

(2.8)

is strongly dependent on the energy level of the defect, wiailthe absorption cross-sections
and thermal velocities of electrons and holes will be of sinar magnitude. We can therefore
conclude that defects with a single energy level located ate the band gap centerE; (i.e.
donors) have much higher emission probability for electros than for holes. The defect will
therefore be predominately in the more positive state. Anagously, defects with energy
levels belowE; (i.e. acceptors) will be in the more negative state when lotad in the space-
charge region.

Emission Processes. In order to find the average charge staté a single energy levelEy)
defect in the space-charge region, let us consider the doreand acceptors above and below
the intrinsic level E;. Let us assume that the product of capture cross-section anithermal
velocity is the same for electrons and holesof = 0p, Vih n = Vin p). We call Eq the energy
level,Nq the density, f; the fraction of defects being in the more negative state, anth=1— f;
the fraction in the more positive state. In the space-chargeegion the density of electrons
and holes is close to zero so that capture processes can beleetgpd and only electron and
hole emission have to be considered. The number of electrommd holes emitted per unit
volume and unit time has to be equal, and we have therefore:

which, with Eq.(2.8) and the short notation

Ch=VthnOn and G =Vin pOp

yields to
fi & ¢ o2
1_ fl - sn - Cn

and so

f ! (2.9)

1— — .

1+ CE 2(Ed_I_E|)
1
fo=1-f1 = ——EE (2.10)
1+Ze

2This is not the case for a heavily radiation-damaged silidetector, a situation with appreciable reverse-bias
current.
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Measuring charges in units of elementary charge, the averagcharge that the defect state
will assume is the charge of the more positive statgg minus the occupation probability of
the more negative statef;, thus:

(d) =qo— f1 =01+ fo, (2.11)

and fo will change from one to zero, f; from zero to one within a few multiples of KT around
E; when the defect level is moved from the lower to the upper halbf the band gap. There-
fore only defects with energy levels close tg; will be, on average, fractionally charged. The
average charge states of donors (which can only be positiyetharged or neutral) and ac-
ceptors are with the assumptions of equal products of crossection and thermal velocity of
electrons and holes &, = cp), thus:

1
(@) = fo= —Fg =7 (2.12)
1+e &t
-1
(Oa) =—T1=——z = (2.13)
1+e k-

Capture Processes. Letus consider a reversely biased silitdetector at room temperature
(300K) with a high density of bulk defects, such that an appreiable reverse-bias current
is present. In this case, capture processes cannot be igndrand the electron and hole
concentrations will be a function of position inside the adte region of the detector.

Supposing that for a particular position the electron and hde current densitiesJ, and
Jp as well as the electric fielde and single-level(Eq) defect densityNy are given, it would
be interesting to find the average charge state of the defect #hat position and see the
conditions under which the presence of leakage currents infences the charge state of the
defects. The electron and hole densities can be found from ¢hcurrent densities and the

electric field as
\]n o Jp

n= p= )
qHhe qHpE
and setting, for instance, the valuesg, = J, =10 uA/cm2 and e=1000V/cm, leads to

n=46x10cm? p=13x10%cm3 n = 1.45x 101%m3
Changing from the more positive to the more negative state imccomplished by hole
emission and electron capture, so that we can write with theasne notation used before:
Ng f1(&n + PCp) = Ny fo(gp +NGy),
and using (2.1.3.3) and (2.1.3.3), yields

Eq—E
f1 fi  €pt+NG  cone kT 4ng

9

— e
fo 1-f1 &n+pG netr + pCy
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and so

Eq—Fi
Conie Kk + NG,
fi= —=" - (2.14)
CaNi€ KT+ PCp+CpNi€ K + NGy

Eq—Ei
ChNi€ kT + PC
Eq—F = p pEdei (215)
CaNi€ KT + PCp + CpNi€ KT + NGy

fo=

The average charge is again given by Eq.(2.11):

(d) = Go— f1 = a1+ fo, (2.16)

Assuming the energy levels above midgap, we can approximatieese expressions for the
case withn << n;, p<<n, Eg>E, ¢,~ cp, we obtain:

1 -E)
= — <1+ BLPSS S > . 2.17)

2(Eq—§) X
1+ C&pe—E‘h—' Cp N

For defect energy levels close to the midgap, the average c¢hja state of the defect will be
uncharged from that in a true space-charge region. For largedistances the limiting value
f1 — Ois reached with a factor2 flater exponential slope:

—2(Eg—E) N _E4—E

C
fi= _e kKT 4+ _—g k. (2.18)

2.1.3.2 Defects with several Energy Levels

To study the case of defects with several possible charge &a we select the divacancy (Table
in Fig. 2.3) as an example. The divacancy has four possible atye states, ranging from
double-negative to single-positive, and three energy lelge two above and one below midgap.
Assuming this level to be initially in a neutral state, it maymay change to the positive state
by capturing a hole, thereby gaining 0.21 eV of thermal energ or by emitting an electron
of energy Eg-0.21 eV. Alternatively, it may change to a single negativglcharged state by
capturing an electron or emitting a hole of energyEs-0.39 eV. Another hole emission of
energy Eg-0.23 eV or electron capture brings it to double-negative stte. It may turn back
to the neutral state by two electron emissions of energiesZB eV and 0.39 eV respectively.
Each of the charge states corresponds to a particular lattie distortion and corresponding
chemical binding.



14 Semiconductor Detectors Under Radiation

The electrical characteristics of a general type defeétcan be described by the following
guantities:

x k energy levelsE, describing the energy involved in the change between chargetates
-1 andl;

x k+ 1 charge states with chargeqy — | (units of elementary charge) and degeneration
factors g, 1=0, 1,... k;

* k electron capture cross-sectionsy,| describing the change from charge staté-1 tol;
and

* khole capture cross-sections | describing the change from charge statéto |-1.

As was the case before for simple defects, the electron andlbemission probabilities
&ns and g, (with 1=1,...K) can be inferred from the capture cross-sections by considiag
thermal equilibrium conditions as shown below.

2.1.3.3 Thermal equilibrium relations

Fermi statistics will give the probability for finding the defect in a particular charge state.
One has for the ratio of probabilities for finding the defect in two neighboring charge states

P.i/a _ e

Pi—1/0i-1 (2.19)

The sum of the probabilities for finding the defect in any chage state has to be the unity:

Ri=1 (2.20)

)

M~

combining the k equations with , it is possible to find the thermal equilibrium probabili-
ties of thek+1 charge states.

Thermal equilibrium is kept by continuous change between nighboring charge states
due to electron and hole emission and capture. Changing frorsharge statel-1 to | is ac-
complished by electron capture (capture cross-sectiogy,) or hole emission (hole emission
probability €,)). Changing in the opposite direction, from to I-1, involves a hole capture
cross-sectionop and an electron emission probabilitye, . With this definition, the index
for capture and emission constants has the range 1 ta

SWe leave aside the possibility that a defect is able to emistore than one configuration of the same charge but
different energy. The situation that several configuratiaith the same charge and energy exist can be taken into
account by the introduction of a degeneration fagtor
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As was the case for simple defects, thermal equilibrium comderations will give a rela-
tionship between emission and absorption. In order to retar constant average probabilities
of the defect charge states and to have zero net flow of electr® and holes towards conduc-
tion and valence bands, the electron capture rate of chargdate I-1 has to equal the electron
emission rate of charge staté. A similar relation holds for holes:

NiR1—1nGy = NiR j€n (2.21)
NP pcp) = NP —18p) (2.22)

from this expressions and using we can derive the emission ginabilities:

Ri-1ncy 9|—1eEt-'*EF O-1 Fuf

" R g o0 e (2.23)
R pCp O  EuFr g _EuE

=——>=——€e K Ch| = —€ kT _ncC 2.24

P Pic1 91 PGl g_1 =) (2.24)

These expressions are, with the exception of the additionglintroduced degeneration
factor g, identical to and which were derived for simple donors and aceptors.

2.1.4 Effects of Deffects on Detector Properties

The presence of radiation-induced crystal defects will chage the detector properties in sev-
eral ways. The main changes are:

* The increase of reverse-bias current;
x The change of space-charge density; and

x The trapping of signal charges.

For a diode strip detector used for position measurement, @pping is of less importance
than reverse-bias current and operating voltage of the deteor, while for a CCD (Charge-
Couple Devicgtrapping is extremely dangerous due to the signal-transfemechanism.

In the following sections, a qualitative explanation of thee effects will lead to a parametriza-
tion of the effects as a function of the equivalent fluence ofeutrons with an energy of 1 MeV
scaled according to the non-ionizing energy loss (NIEL). Té discussion follows closely the
first extended systematic study of radiation damage of silan detectors [93] and concen-
trates on radiation damage of neutrons ton-type silicon.
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2.1.4.1 Operating Voltage of Detectors

There are several radiation-damage mechanisms that lead @ change in space charge and
consequently to a charge in the necessary operational volia of detectors. As it has been
shown, the original dopants such as phosphorus or boron mayecaptured into new defect
complexes, thereby losing their original function as flat daors or acceptors. The new defect
complexes may assume a charge state within the space-changgion different from the
original dopants. Phosphorus, for example, may transform mto vacancy-phosphorus (E-
center), thereby changing from positive to neutral space dirge. In addition to complexes
involving the original dopants, complexes with other impuities such as oxygen and carbon,
as well as with other radiation-generated primary defects sch as divacancies, can be formed
(Fig. 2.5). Some known defects of these types are includedTable 2.3. This table, however,
is significantly incomplete, and much has to be learned fromx@erimental research.

Operationally, the charge in space charge appears as a chamgn doping level, so the
net space charge is commonly referred to as an effective domg level Nes;. The detector
functions as before and no change in bias polarity is needeut to transport charge through
the full detector thicknessd the voltage must be raised proportionally to the increase in
space charge:

V= 2—68 Ners| d? . (2.25)

In analogy to conventional diode operation this is often redrred to as the “depletion
voltage”.

The effective doping of an initially n-type silicon wafer is shown as a function of the
irradiation fluence in Fig 2.4. The effective doping decreass with irradiation and the ma-
terial becomes intrinsic¢* at an irradiation fluence of few times 13°n/m?. Above this value
the doping becomes effectivelyp-type (type inversiorr) and eventually rises linearly with the
fluence ([93]. This behavior matches perfectly the expectin that the following processes
are responsible for the effective doping changes:

* removal of donors due to the formation of defect complexes ewaining donors (e.g.
vacancy-phosphorus complexes)

* removal of acceptors due to the formation of defect complexecontaining acceptors
(e.g. vacancy-boron complexes)

* creation of defect complexes assuming positive charge statin the space-charge re-
gion (effective 'donors’); and

4j.e. undoped. The fluence at which type inversion occurs depends on the original dppamcentration.
5Note that the phenomenon of type inversion is not associatédthe creation of mobile holes, so altough the

material appears like gstype, it is not the same as conventiopatloped material.
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* creation of defect complexes assuming negative charge satin the space-charge re-
gion (effective 'acceptors’).

The effect of electrons is much smaller than neutrons even & scaling by NIEL, as
shown in Fig. 2.4 (right). The non-holding of NIEL scaling, particularly for electrons, makes
extremely difficult to estimate the irradiation without pre vious knowledge of the fluxes of the
different types of particle. Fortunately in hadron colliders as Tevatron the dose is dominated
by collision-generated particles (hadrons) that break NIE scaling in a less dramatic way.
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Figure 2.4: Calculated (left) space-charge concentratiohigh-energy proton fluence for silicon
with initial donor concentrationdlyg of 1012 and 132 cm~2. With an infinitely fine calculation
grid both distributions would dip to zero[70]). Fluence dadence (right) of the magnitude of the
effective doping for am-type silicon wafer irradiated with 1MeV neutrons equivdleThe data
have been corrected for self-annealing occurring alreadliyng the extended irradiation period.
Also shown is the much smaller effect of irradiation with M8V electrons also scaled to 1 MeV
neutron equivalent NIEL ([71]).

oP) o

o000
®oo © 0 ¢
000000
o000 00O0

Figure 2.5: Bulk n-type damage. Divacancy, disorderedoregnterstitial atom and E-center.
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Parametrization of Space Charge Change. The effective dapj concentration in the space
charge will be the result of an independent occurrence of thee processes:

Neff = Ndonor removalt Nacceptor removatt Ndonor creation T Nacceptor creation (2-26)

Modelling every member with the observed fluence dependend€ig. 2.4) we write Eq.
2.27, with Np o, Na o donor and acceptor concentration before irradiation andcp, ca, bp, ba
constants to be determined experimentall§. Assuming an absence of acceptor removal and
donor creation, the parametrization for effective doping smplifies to 2.29, as exposed:

Net () = Np o€~ ®® — Np oe™® + bp® — ba®, (2.27)
Nett(®) = Npoe™®® —Nag +0  —bp® (2.28)
= Netf(P) = Npoe ©@® —Nao—bo. (2.29)

It is worth mentioning at this point that the original detector material contains accep-
tors and donors simultaneously and only the difference is uslly known to some degree of
precision. Furthermore, a variety of partially unknown defects will act as effective donors
and acceptors. These defect complexes will not be completedtable and will partially self-
anneal with different time constants. The vacancy-boron cmplex, for example, is unstable
at room temperature. A simple measurement of the detector daetion voltage can only pro-
vide information on the difference of effective donors and aceptors, but not on the separate
contributions.

2.1.4.2 Reverse-Bias Current

In the space-charge region a crystal defect will assume predninately a single charge state
unless a defect energy level is very close (within a few tim&3) to the intrinsic level. Never-
theless, the defect can change for short times the charge &gy emission of electrons and
holes -we assume a small leakage current so that capture pregses can be ignored. The
alternative emission of electron and holes is responsibl®if volume-generated reverse-bias
currents. As the emission probability is exponentially depndent on the position of the defect
level in the band gap (see App. F), and emission of both elecins and holes are required,
defects with energy levels close to the band-gap center wile most effective in generating
leakage currents. As expected from a defect generation praptional to the fluence, a linear
relationship between current and fluence is found:

AIvoI _
V

6c=3.54x 1013 cn? +4.5% ancb=7.94 x 102 cm 1+8.0% ([93])

ao. (2.30)
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This linearity is seen for electrons and also for neutrons atluences below type inversion.
For fluences above inversion, a stronger rise is observed [R5See for example Figure 2.6.
There the volume-generated current can be parametrizetias:

Alyo

=aP+ o (P — Peony) (2.31)

It is interesting to note that after approximately one week & room temperature anneal-
ing the damage constants both before and after type inversibconverge to the same value
of a=4 x 10717 Acm~1. The damage constant depends not only on the type and energy o
irradiation but also shows a strong trivial temperature dependence due to the variation of
the instrinsec charge densityn; with temperature. We can factor this temperature depen-
dence by expressing the volume-generated current by the geration lifetime 14 (Ref. [71])
and parametrizing the change oftg as:

1 = 1 + kP, (2.32)
Tg  Tgo

where 14 is the generation lifetime before irradiation. The two damage constants are

related to each other as
a = gnk;. (2.33)

After irradiation, defects are not completely stable. Partof the damage disappears with
time even at room temperature. This effect of annealing makethe damage constant time-
dependent. For comparison of different measurements, it isherefore advisable to quote
damage constants right after short irradiations and to tred annealing separately.

The reverse bias current is strongly dependent on temperate. Even after rather low
fluences the generation current dominates (appendix C), antihe reverse bias current has a
dependency

Ir(T) O T2 &/%T (2.34)

Unirradiated samples usually exhibit an energy of activatbn of E=1.12 eV, the gap en-
ergy, while for irradiated samplesE=1.2 eV. The ratio of reverse bias currents (appendix C)
at two temperaturesT; and Ty is

Ir(T2) T, E/MT-T
(2 _— 2.35
IR(T2) <T1> eXp[ 2k ( T2 ﬂ (239
In practice, the variation of leakage current with temperature is very reproducible from
device to device, even after substantial doping changes dteeradiation damage. The leak-

age current can be used for dosimetry and diodes are offeredommercially specifically for
this purpose.

“With numerical values ([93]) fon-type silicon at 20C of: a=8.0 x 10°17 Acm™1, 0*=9.8 x 107 cm™1,
¢)c0nv:4 X 1012 Cm72
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2.2 Annealing of Radiation Damage

2.2.1 Beneficial Annealing

Considering a radiation-damaged detector after the end oftie irradiation process, it is ob-
served that the damage to the detector (i.e. effective doppjg change and increase of leakage
current) diminuishes with time. The rate of damage decreasés strongly dependent on the
temperature at which the detector is kept during the observéion (no irradiation) period.
As this observation can be interpreted as a partial disappeance of radiation-generated
crystal defects, the effect has been called “annealing”. Dects and defect complexes are in
general stable only up to a characteristic temperatureT,, the “annealing temperature”®
(Table 2.3). An exponential behavior of the annealing is assned of the form:

Al
I

Ng(t) = Ng(0)e™ with  ©(T)Oex (2.36)
where E, is the activation energy (values displayed in Table 2.3) anthe order of magni-

tude of 1(Tann) is 10 minutes. The annealing phenomenon is a complicated press involving
many different and only partially understood processes bateen defects and defects com-
plexes. As new defect complexes are produced, the effect afreealing may not always be
beneficial for detector performance. An example of such a deimental effect is the increase
of the effective doping concentration in the space charge & initial annealing of intensely
irradiated detectors, an effect called “reverse annealing

Parametrization of Beneficial Annealing. Since a quantitaive description of the radiation
damage with a physical model is not possible, the observedfeéts have to be parametrized.
This is done separately for the effective doping, the volumgenerated current, and the trap-
ping. The effective doping is just a simple way to describe #space-charge density in a fully
depleted semiconductor region including the (partially) bnized defects. In all cases one as-
sumes that there exist several defect types that decay witlheir characteristic times. The
rate of introduction of radiation-induced volume-generated current has been found to be
roughly a factor two higher after type inversion than for low irradiation fluences (egs. 2.30
and 2.31, wherea ~ a*). The annealing behavior shown (from experimental data sef’1],
Figs. 11.15, 11.16) is also drastically different , so thatfer a period of roughly one week
both show similar remaining damage. Parametrizing this belvior, we write for the effective
doping concentration Ne¢ ¢ and for the volume-generated (leakage) current:
n
%((to)) - i;AieTti (2.37)

8The annealing temperature is not accurately defined as @lew khis temperature some annealing occurs.
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ANeff(t) _ n _ _It,i
AiNeff(O) = i;A,e (2.38)

2.2.2 Reverse Annealing.

When performing systematic studies of radiation damage ofibcon detectors, a surprising

new effect was found. Measuring the effective doping of irrdiated silicon as afunction of
time, it was observed that the initial decrease of doping chage during the first few weeks of
room temperature annealing was followed by a new increase diie effective doping change,
a process proceeding on the time scale of many months ([93Bs the effective doping change
increases, this efect was called “reverse annealing”.

Parametrization of Reverse Annealing. A natural explanaton for such behavior is the
transformation of radiation-induced electrically inactive defect complexes into electrically
active defects. Two different mechanisms have been propake

* A first-order process where the slow decay of inactive compies of type X into elec-
trically active type Y defects;

* A second-order process where a reaction between two kinds ofactive defectsX; and
X, creates an electrically active defect complex Y.

For the first-order process the decay rate is proportional tothe concentration:

dNe  dN¢ -
=S = kTN (2.39)
= Ny(t,T)=Nyg(1—e V") with T=1/k(T) . (2.40)

For the second-order effect the interaction rate is proportonal to the product of defect
concentrations:

dNY__del__de2
dt dt  dt

= K(T)Ny, Ny, - (2.41)

Solving the system and assuming nearly equal concentratisrNy, () of the two types
of radiation-induced primary defects [94], the new type of afect being responsible for the
increase in effective doping has a time dependence of the far

1
Ny (P,t,T) = Ny, (P) (l— 15 N (®) R(T) t) . (2.42)
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And both models have the same saturation value when timetends to infinity: Ny, = Nx,.
However, for the second-order process the rise time is exped to depend on the defect-
concentration, thus resulting in a different form of the time dependence compared to a first
order process.

Reverse annealing can be accelerated by raising the tempeuae and slowed down by
cooling. Elevated temperatures are used for investigatingeverse annealing in a reasonable
time scale. Cooling is applied to reduce or completely suppiss (below approximately 6C)
reverse annealing in the operation of detectors in high radition environments.

2.3 Parametrization of Radiation Damage.

In the previous sections we have parametrized the change theadiation damage creates to
the effective doping concentration of the sensor’s space atge. The three different contri-
butions were:

* Stable Component. Its first term describes donor removal andhe second term the
linear formation of acceptors. This expression is called sible because it does not
depend on time or temperature, only fluence:

ANc(®) = Neo(1—e7%®) + gc®
where gc is the introduction rate of stable acceptors.

* Beneficial Annealing. Term that describes a recovery from tk change in space charge
as an exponential decay of acceptofs

ANA(Pt,T) = @y ga e /™M)
|

where g, are the introduction rates and 1, the time constants (which can be approxi-
mated by one single decay with average valueg and ty).

* Reverse Annealing. A long-term effect that increases the maber of acceptor-like
sites'©:
1
ANy(Pt,T)=gy®P|(1———=
M) =000 (1 s )

where gy is the introduction rate and 1y the time constant.

9Beneficial annaeling has a time constant of 55 h &&2@r 19 min at 60C  [23].
10Reverse Annealing has a time constant of 475 days®E 20 1260 min at 60C  [23].
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As a cumulative effect of these processes, the change in spaharge i$! [77]

ANgt£(P,t,T) = Neff, 0— Nett(P,t,T) = ANc(®P) +ANA(D, 1, T) + ANy (P,t, T) (2.43)

where a positive or negative sign oNg+; (effective doping concentration ofn-type start-
ing material) denotes whether the effective doping is- or p- like [70].

Figure 2.7 shows the evolution of the beneficial annealing @reverse annealingvs time
at a temperature 20°C and -5°C after a fluence burst of 164 cm—2

At room temperature beneficial annealing reduces the changm space charge at times
<10° s (~ 12 d). Then anti-annealing dominates, increasindlle r to about 6x 102 cm~2 over
the course of a year. If the starting donor concentration is & 102 cm~2 this requires a bias
voltage of 360 V. Operating the detector at -3C delays anti-annealing. In fact, the increase
in fluence and the annealing proceed concurrently, so Fig. 2.does not apply directly, but
it illustrates that operating the detector at low temperature and only allowing warm-up
during annual maintenance periods is critical. This low tenperature will reduce the leakage
current (reverse bias current) but it should not be too low tosuppress the desiderable effects
of beneficial annealing. Operation can be extended by utiling detector configurations that
do not require that charge drift over the whole detector thickness. The induced signal in
highly segmented detectors peaks near the electrode. Sindgarge motion near the opposite
electrode does not contribute much to the total integrated lsarge signal, a useful signal
can still be obtained for carriers that only partially trave rse the detector. In LHC pixel
systems this is obtained by implementing the detector witim™ electrodes in ann- substrate.
After inversion this behaves liken™ electrodes in anp- substrate. When operated at less
than the “depletion” voltage electrons are still collectedat the n-electrodes, but not from
the full detector thickness, so the signal is reduced. The tlector ceases to be usable when
the signal-to-noise ratio becomes too small (but the limitsan be extended). Small electrode
areas reduce both the reverse bias current and the capacitae, so reduced noise extends the
operation of pixel detectors with respect to strip device¥.

2.4 Mitigation Techniques

Many techniques can be applied to reduce the effects of radimn damage to an overall
system. The goal of radiation-hard design is not so much to dhin a system whose char-
acteristics do not change under irradiation, rather than to maintain the required perfor-

mance characteristics over the lifetime of the system. Thefmer approach tends to utilize

LExpression of the so-called Hamburg Model.
12The ATLAS pixel system has noise levels200e whereas the strip systems operate-at500e.
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mediocre to poor technologies that remain so over the coursaf operation. The latter starts
out with superior characteristics, which gradually deteriorate under irradiation. Depend-
ing on the specific system, these designs may die gradualljtheough at some fluence or dose
a specific circuit, typically digital, may cease to functiorat all.

Increased detector leakage current has several undesirabkconsequences:

* 1. The integrated current over typical signal processing tines can greatly exceed the
signal.

* 2. Increase of shot noise.

* 3. Increase of the power dissipated in the detector (leakagrurrent times voltage).

Since the leakage current decreases exponentially with tgrerature, cooling is the sim-
plest technique to reduce diode leakage current. For exame| reducing the detector temper-
ature from room temperature to 0'C reduces the leakage current to about 1/6 of its original
value.

Detector power dissipation is a concern in large-area silmn detectors (e.g. CMS at LHC)
where the power dissipation in the detector diode itself caie of order 1-10 mW/cn?. Since
the leakage current is an exponential function of temperatte, local heating will increase
the leakage current, which will increase the local heatingand so on, ultimately taking the
device into thermal runaway. To avoid this potentially catastrophic failure mode, the cooling
system must be designed to provide sufficient cooling of theetector.

Reducing the integration time reduces both baseline changealue to integrated detector
current and shot noise. Clearly, this is limited by the duraion of the signal to be measured.
To some degree, circuitry can be designed to accomodate lartpaseline shifts due to detector
current, but at the expense of power. AC coupled detectors ihinate this problem. An
instrumentation systems that require DC coupling, correlded double sampling techniques
can be used to sample the baseline before the signal occursdthen subtract from the signal
measurement.

One of the most powerful measures against detector leakageircent is segmentation.
For a given damage level, the detector leakage current pergmal channel can be reduced by
segmentation. If a diode with a leakage current of 10A is subdivided into 100 subelectrodes
each with its own signal processing channel, the leakage aent in each channel will be
100 nA and shot noise reduced by a factor of 10. This is why lagyarea silicon tracking
detectors can survive in a hard radiation environment (e.g.LHC). Fortuitously, increased
segmentation is also required to deal with the high event r&. Pixel detectors with small
electrode areas offer great advantages in this regard.
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The most severe restriction on radiation resistance is impged by type inversion in the
sensor, when the net space charge becomes so large that théed#or will no longer sustain
the required voltage for full charge collection. This is espcially critical for position-sensing
detectors with electrodes on both sides (double-sided deters), for which full collection is
essential.

Type-inversion limit can be eluded by using back-to-back sigle-sided detectors. The
initial configuration uses n-type segmented strip electrodes on bulk, with a contiguous p
electrode on the backside. Initially, thepn-junction is at the backside. This does require
full depletion in initial operation; this is not a problem fo r the nonirradiated device and
becomes easier to maintain as increasing fluence moves thellbtowards type inversion.
After type-inversion the charge collection region extend$rom the n electrodes. Since most
of the signal charge is induced when the carriers are near thetrip or pixel electrodes, this
provides good efficiency even when operating at less than tm®minal depletion voltage.

Since highly damaged detectors are largely devoid of mobileharge, they appear ap-
proximately ohmic. This means that reverse bias is not esséal to obtain low accept-
able leakage currents and the detectors also function unddorward bias. Chilingarov and
Sloan ([95]) demonstrated good charge collection efficiegavith forward bias voltages much
smaller than the reverse bias required for the same signal. Khough the bias current is
larger than for reverse bias, this results in less dissipatin in the detector and also simplifies
the detector design. However, the smaller fields also lead tonger collection times, so the
effect of trapping is exacerbated. To some degree this is afi@mated by the fact that electron
traps are more readily filled by the larger standing current.

A innovative approach to avoiding large operating voltageswhile reducing collection
times is the “3D detector”. Rather than forming the diode betveen opposite faces of a wafer,
the electrodes are alternating columns of* and p™ material that are normal to the surface
of the p bulk. Columns have been implemented with 30@um depth and a diameter about
5% of the depth. In one set of test devices the pitch within a rv is 200um and adjacent
n- and p- rows are offset by 100um so that the distance that must be depleted isz 140 um.
By appropriate choice of geometry the distance between- and p- columns can be much
smaller than the wafer thickness, so that both the required wltage for full collection and the
collection times are reduced. For example a spacing of 5@m betweenn- and p- columns
would yield full charge collection at order of magnitude smadler voltage than conventional
devices. Devices have been irradiated to fluences 510 cm~2 of 24 GeV/c pions with
good results. The same technology can be applied as trenchasthe edges of the detector
to provide “active” edges to avoid the dead area at the edged oonventional devices. This
is very useful in tiling detectors to form large area arrays br tracking or x-ray imaging.
A similar principle has been applied to planar devices by plaing alternating n™ and p*
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electrodes on opposite faces of a double-sided detector.

Another path that is being pursued is operation at cryogenictemperatures. Since the
build-up of space charge results from the population of acqator-like states through ther-
mal excitation, heavily damaged detectors can be resuscitd by cooling to liquid nitrogen
temperature®®. Charge trapping is not suppressed, so roughly half of the crge is recovered
when operating a 300um thick detector at 250 V after irradiation to a neutron fluence of
2.2:10' cm~2. Cryogenic operation of a readout IC fabricated in 0.25umCMOS technology
has also been demonstrated. Silicon detectors operating 880 K are in use as high-intensity
radiation monitors.

Finally, another way to avoid the limits of silicon is to use dfferent materials. In partri-
caulr, Diamond has been shown to be quite radiation resistanwith a 15% degradation in
signal-to-noise after exposure to a 24 GeV proton fluence of 210'° cm~2. Diamond is an
insulator, so bias currents are very low without resorting © pn-junctions and their inherent
doping effects. However, the large bandgap also reduces tlebarge yield. Minimum ioniz-
ing particles on average produce 36 electron-hole pairs pamnicron, about half the charge
obtained with silicon. This is partially mitigated by a smaller dielectric constant, relative to
silicon (e = 5.5 vs. 12.9). Apart from cost, a major limitation is the obtanable drift length,
which depends greatly on the growth techniques. In polycryglline material drift lengths of
~ 200pumhave been achieved. Diamond pixel sensors have been opethgeiccessfully with
readout ICs designed for ATLAS silicon pixel system. Singlerystal synthetic diamond is
now available and has been applied in beam monitoring.

2.5 Semiconductors in Particle Physics

Silicon and other semiconductor detectors were used extensly in huclear physics exper-
iments long before the widespread development of semicondior devices in electronics.
During the late 50s and early 60s, semiconductor detector®@ind various applications in
nuclear physics. While they could not be used for large areaaverage as could scintillating
materials, their advantages in some specific applicationsrpmpted their development.

Since the observation by McKay [26] in 1951 thatx particles produced a measurable
signal when they impinged on a reverse-biased n-p junctiomigermanium, all semiconduc-
tor detectors have been based on the collection of charge cars from a depletion junction.
Such structure combines some convenient properties of infators (no free charges carriers
and therefore no current in the presence of the imposed elegt field) and some from con-
ductors (rapid transport out of the depletion region of any charge carriers generated, giving

13| azarus effect
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a current which can be detected with external electronics).

The energy required for creation of an electron-hole pair insilicon is about 3.6 €V, in
contrast to about 30 eV in a gaseous detector and 300 eV for aistillator to generate one
photoelectron (at the photocatode of a photomultiplier tule). Combined with its high stop-
ping power, this allows the construction of silicon detects of excellent energy resolution
(e.g. a 10 MeV proton stops in 1 mm of silicon, releasing abo@.8 x 10° electron-hole pairs,
yielding an intrinsic energy resolution of 6 x 10~* [30]).

In high energy physics, the discovery of the charmed [27] anbeauty [28, 29] particles
and the fact that they proved to be relatively long-lived (>10"13 s, so that they may travel
~1 mm from their production point in a high energy collision before they decay) provided
a major stimulus for the developement of vertex and trackingdetectors with high spatial
precision (<10 pm).

2.5.1 Silicon Particle Detectors

Most silicon particle detectors work by doping narrow (usudly around 100 micrometers
wide) strips of silicon to make them into diodes, which are tien reverse biased. As charged
particles pass through these strips, they cause small iordtion currents which can be de-
tected and measured. Arranging thousands of these detec®around the collision point of
a particle accelerator can give an accurate picture of the paicles’ path. By drawing each
path back to where it meets with one or more other paths, it is pssible to find the position
where any given charged particle was created: the vertex (sce charged particles are never
created alone but always in pairs of equal and opposite chags). A vertex created outside
the collision region indicates that a very short-lived partcle was formed in the collision and
then decayed at the vertex location to produce the particleahose tracks are seen emerging
from the vertex itself. In this way it is possible to detect tle production of unstable particles
containing massive charm and bottom (b) quarks (b-tagging)Silicon detectors have a much
higher resolution in tracking charged particles than oldertechnologies such as cloud cham-
bers or wire chambers. The drawback is that silicon detectas are much more expensive
than these older technologies and require sophisticated oting to reduce leakage currents
(noise source) as well as suffer degradation over time fromadiation.

In a silicon particle detector, radiation is measured by meas of the number of charge
carriers set free in the detector, which is arranged betweeitwo electrodes. lonizing radia-
tion produces free electrons and holes when traversing theutk material of the sensor and
the number of electron-hole pairs is proportional to the enegy transmitted by the radiation
to the semiconductor. As a result, a number of electrons areréansferred from the valence
band to the conduction band, and an equal number of holes arereated in the valence band.
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Under the influence of an electric field, electrons and holegavel to the electrodes, where
they result in a pulse that can be measured in an outer circuit The holes travel into the
opposite direction and can also be measured. As the amount ehergy required to create
an electron-hole pair is known, and is independent of the engy of the incident radiation,
measuring the number of electron-hole pairs allows the engly of the incident radiation to
be found.

2.5.2 \Vertex and Tracking Detectors at Hadron Colliders

Experiments at hadron colliders must deal with high interadion rates. However, most of the
interactions are background so pattern recognition is cru@l, which increases the number
of layers required for efficient track reconstruction. Furthermore, the interaction region

tends to be spread in length (about 50 cm in Tevatron) so the dectors must be designed
suitably long.

2.5.2.1 CDF and DO at the Tevatron

CDF at the Fermi National Laboratory installed a silicon vertex detector early in its opera-
tion in 1987 and since then has operated a succesion of upgmesldetectors. The original SVX
had four concentric barrel layers read out at both ends, for atotal channel count of 37000.
Since only a small fraction of the strips would be struck in a gven event, SVX pioneered on-
chip sparsification which selects only struck channels fore@adout. With this technology the
required readout bandwidth is independent of segmentationa crucial consideration in the
very large detectors already envisaged for the next generiain of high luminosity colliders.
For the upgraded Tevatron CDF substantially expanded coveage of the vertex detector and
added silicon layers at radii beyond 10 cm to enhance patrtiel tracking. A “Layer 00” was
also mounted at the smallest possible radius just outside ghbeam pipe.

As coverage is extended to forward angles, a barrel geometngquires inordinate silicon
area and resolution suffers for grazing incidence tracks. Aovel layout used at Tevatron by
DO was implemented, consisting on interspersed barrels andisks in the interaction region
and additional disks to provide forward coverage ton'4~ 3.

2.5.2.2 ATLAS and CMS at the LHC

The LHC poses unprecedented challenges to detector desigiVork on suitable detector
concepts began in th 1980s, culminating in final assembly in0®5-2007. A worldwide R.D

14Then coordinate (pseudo-rapidity) is a transformation of thiapangle® under the formula = -In(tan@/2).
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program was neccessary to develop the concepts and techngies, especially in the areas
of sensors, microelectronics and radiation effects. A genal purpose detector includes ver-
texing for b-tagging, precision tracking in a magnetic field(2 T in ATLAS, 4 T in CMS),
calorimetry and muon detection. ATLAS and CMS use barrels inthe central region and
disks in the forward regions to provide the required coverag and tracking performance
with minimum silicon area. The ATLAS SemiConductor Tracker (SCT) has about 60
of silicon with 60 x 10° strip detector channels, augmented by a gaseous outer trairlg
detector. CMS has an all-silicon tracker with about 230 n? of silicon and 10 strip detec-
tor channels. Both ATLAS and CMS use CMOS pixel devices covérg 1-2 n? with 50-100
million channels at the inner radii (< 15 cm) because of their superior pattern recognition
at high track densities and radiation resistance. Microstip technology takes over at larger
radii to minimize material and cost.

In ATLAS the pixels are 50um x 40Qum, with the long dimension along the beam axis to
accomodate inclined tracks. Fluence after 10 years of opetian is estimated to be 18°cm—2
(1MeV neutron equivalent) with a total dose of 50 Mrad at the nnermost pixel layer and
a fluence of 2- 10*cm=2 at the inner strip layer. The strip silicon orientation is <111>,
because of easier availability.

CMS uses an all-silicon tracker with 2.4 m diameter and 5.4 mdngth in a4 T solenoidal
magnetic field. Strip detectors are used in all layers except the smallest radii, where the
interaction region is surrounded by two barrel layers of pixel detectors of size 10m x
15Qum. In the strip detector portion double-sided detectors areused in layers 1, 2, 5, and 6
of the barrel and in rings 1, 2, and 5 of the disks. As in ATLAS the double-sided modules
use two single-sided sensors, glued back-to-back to form aall stereo angle. Sensors use
the <100> orientation to minimize surface damage.
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Figure 2.6: Fluence dependence of leakage current foosildetectors produced by various
process technology from different silicon materials. Tagent was treated after a heat treatment
for 80 min at 60C (see Ref. [25]).
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Chapter 3

CDF at Fermilab

The data for the studies described in this thesis was taken i the Collider Detector at
Fermilab (CDF) located at the Fermi National Accelerator Laboratory. In the following
sections, a brief introduction to the Tevatron Collider and a description of the CDF detec-
tor are given, with a particular attention to the detector components that have been more
relevant for the studies.

3.1 The Tevatron Collider

The Tevatron Collider [1] located at the Fermi National Accderator Laboratory (Fermilab)

in Batavia (lllinois, USA) is a proton-antiproton ( pp) collider with a center-of-mass energy of
1.96 TeV. As shown in figure 3.1, this complex has five major aeterators and storage rings
used in successive steps, as is explained in detail belowptoduce, store and accelerate the
particles up to 980 GeV.

The acceleration cycle starts with the production of protors from ionized hydrogen atoms
H~, which are accelerated to 750 KeV by a Cockroft-Walton elecbstatic accelerator. Pre-
accelerated hydrogen ions are then injected into the Linac fere they are accelerated up
to 400 MeV by passing through a 150 m long chain of radio-freqancy (RF) accelerator
cavities. To obtain protons, theH~ ions are passed through a carbon foil which strips their
electrons off. Inside the Booster the protons are merged imtbunches and accelerated up to
an energy of 8 GeV prior to entering the Main Injector. In the M ain Injector, a synchrotron
with a circumference of 3 km, the proton bunches are acceletad further to an energy of
150 GeV and coalescedtogether before injection into the Tevatron.

1coalescing is the process of merging proton bunches intalense, high density, bunch

33
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The production of the antiproton beam is significantly more @mplicated. The cycle starts
with extracting a 120 GeV proton beam from the Main Injector onto a stainless steel target.
This process produces a variety of different particles, amog which are antiprotons 2. The

particles come off the target at many different angles and tky are focused into a beam line
with a Lithium lens. In order to select only the antiprotons, the beam is sent through a
pulsed magnet which acts as a charge-mass spectrometer. Theduced antiprotons are

then injected into the Debuncher, an 8 GeV synchrotron, whib reduces the spread in the
energy distribution of the antiprotons. After that, the antiproton beam is directed into the

Accumulator, a storage ring in the Antiproton Source, wherethe antiprotons are stored at

an energy of 8 GeV and stacked td0'? particles per bunch. The antiproton bunches are
then injected into the Main Injector and accelerated to 150 @&V.

FERMILAB'S ACCELERATOR CHAIN

TEVATRON

TARGET HALL

ANTIPROTON
SOURCE

N
COCKCROFT-WALTON
PROTON

Antiproton Proton
Direction Direction

NEUTRINO
Fermilab 00-635

Figure 3.1:The Tevatron Collider Chain at Fermilab.

Finally, 36 proton and antiproton bunches are inserted intothe Tevatron, a double accel-
eration ring of 1 km of radius, where their energy is increase up to 980 GeV. Proton and
antiproton bunches circulate around the Tevatron in opposie directions guided by super-

°The production rate, for 8 GeV antiprotons, is aboupAB®p
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conducting magnets and where their orbits cross at the two dlision points, BO and DO.
These interactions are observed by the CDF and DO detectorsgspectively.

In the absence of a crossing angle or position offset, the lunosity at the CDF or DO inter-
action point is given by the expression:

“ ot oy’ (5) @
pT™p

where fyc is the revolution frequency, N, is the number of bunches N, is the number of
protons (antiprotons) per bunch, and oy is the transverse and longitudinal rms proton
(antiproton) beam size at the interaction point. F is a form factor with a complicated de-
pendence on beta function3*, and the bunch length,o,. The beta function is a measure of
the beam width, and it is proportional to the beam’sx and y extent in phase space. Table 3.1
shows the design Run Il accelerator parameters [2].

Parameter Run 1l
number of bunched\y) 36
revolution frequency [MHZ] {,c) 1.7
bunch rms [m]o, 0.37
bunch spacing [ns] 396
protons/bunchN,) 2.7 x 10
antiprotons/bunchNp) 3.0x 101
total antiprotons 1.1x 10%?
B* [cm] 35

Table 3.1:Accelerator parameters for Run Il configuration.

Figures 3.2 and 3.3 show, respectively, the evolution in thiategrated luminosity, defined as
L = [ Ldt, and the instantaneous luminosity delivered by Tevatron sice the machine was
turned on up to February 2006. The progressive increase in thintegrated luminosity and

the continuous records in the instantaneous luminosity prove the good performance of the
accelerator.

3At February 2009, the record in the instantaneous lumipesis close to B x 1032cm 2s 1.
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3.2 CDF Run Il detector

The CDF Run Il detector [3], in operation since 2001, is an aznuthally and forward-
backward symmetric apparatus designed to studypp collisions at the Tevatron. It is a
general purpose, cylindrical-shaped detector which comipies:

A tracking system, that provides a measurement of the charge particle momenta,
event z vertex position and detects secondary vertices.

A Time-of-Flight system, to identify charged particles.

A non-compensated calorimeter system, with the purpose of easuring the energy of
charged and neutral particles produced in the interaction.

Drift chambers and scintillators to muon detection.

The detector is shown in figures 3.4 and 3.5. CDF uses a coordite system with the positive
z-axis lies along the direction of the incident proton beamgis the azimuthal angle,0 is the
polar angle (measured from the detector center), angr is the component of momentum
in the transverse plane. A description of all the systems stting from the devices closest to
the beam and moving outward is presented in the next sectionsvhere the detectors most
relevant in the analysis are explained in more detail.

Figure 3.4:Isometric view of the CDF Run Il detector.
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Figure 3.5:r x n side view of the CDF Run Il detector.

3.2.1 Tracking and Time of Flight systems

The tracking and time of flight systems are contained in a supeonducting solenoid, 1.5 m
in radius and 4.8 m in length, which generates a 1.4 T magnetifield parallel to the beam
axis.

The part of the tracking system closest to the beam pipe is al&ion microstrip detector [4],
which must be radiation-hard due its proximity to the beam. It extends from a radius of r
= 1.5 cm from the beam line to r = 28 cm, coveringn| < 2 and has eight layers in a barrel
geometry. The innermost layer is Layer 00, a single-sidedl&on microstrip detector which
provides ar x @ position measurement. The first five layers after the Layer O@onstitute the
Silicon Vertex Detector (SVXII) and the two outer layers conprise the Intermediate Silicon
Layers system (ISL). These seven layers are made of doublielsd silicon sensors, giving
r x @and z position information. The best position resolution achieed is 9um in SVXIl and
the impact parameter resolution, including Layer 00, arrives to 40um at pr > 3 GeV/c.

Surrounding the silicon detector is the Central Outer Tracker (COT) [5], the anchor of the
CDF Run II tracking system. Itis a 3.1 m long cylindrical drif t chamber that covers the
radial range from 40 to 137 cm (n| < 1). The COT contains 96 sense wire layers, which are
radially grouped into eight “superlayers”, as inferred fro m the end plate section shown in
figure 3.6.
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Figure 3.6:Layout of wire planes on a COT endplate.

Each superlayer is divided in@into “supercells”, and each supercell has 12 sense wires and
a maximum drift distance that is approximately the same for dl superlayers. Therefore,
the number of supercells in a given superlayer scales apprarately with the radius of the
superlayer. The entire COT contains 30,240 sense wires. Appximately half the wires run
along thezdirection (“axial”). The other half are strung at a small angle (2°) with respect to
the z direction (“stereo”). The combination of the axial and stereo information allows us to
measure thez positions. Particles originated from the interaction poirt, which have |n| < 1,
pass through all 8 superlayers of the COT.

The supercell layout, shown in figure 3.7 for superlayer 2, awsists of a wire plane containing

sense and potential wires, for field shaping and a field (or cabde) sheet on either side. Both
the sense and potential wires are 4Qim diameter gold plated tungsten. The field sheet is
6.35 um thick Mylar with vapor-deposited gold on both sides. Each feld sheet is shared
with the neighboring supercell.

The COT is filled with an Argon-Ethane gas mixture and Isopropyl alcohol (49.5:49.5:1).
The mixture is chosen to have a constant drift velocity, appoximately 50 ym/ns across the
cell width and the small content of isopropyl alcohol is inteded to reduce the aging and



40 CDF at Fermilab

+ Potential wires
® Sense wires
X Shaper wires

— Gold on Mylar (Field Panel)

\ \ \ \ \ \ \ \
52 54 56 60 62 54 (cmf®

58
SL2

Figure 3.7:Layout of wires in a COT supercell.

build up on the wires. When a charged particle passes throughthe gas is ionized. Elec-
trons drift toward the sense wires. Due to the magnetic fieldhat the COT is immersed in,
electrons drift at a Lorentz angle of 35°. The supercell is tilted by 35° with respect to the
radial direction to compensate for this effect. The momentm resolution of the tracks in
the COT chamber depends on thepr and is measured to be approximately 0.1% GeV/c ™1,
with corresponding hit resolution of about 140um [6]. In addition to the measurement of
the charged particle momenta, the COT is used to identify paticles, with pr > 2 GeV, based
on dE/dx measurements.

Just outside the tracking system, CDF Il has a Time of Flight TOF) detector [7]. Itis a

barrel of scintillator almost 3 m long located at 140 cm from he beam line with a total of
216 bars, each covering 1%7in @ and pseudorapidity range |n| < 1. Particle identification

is achieved by measuring the time of arrival of a particle at he scintillators with respect
to the collision time. Thus, combining the measured time-ceflight and the momentum and
path length, measured by the tracking system, the mass of thgarticle can then determined.
The resolution in the time-of-flight measurement is= 100 ps and it provides at least two
standard deviation separation betweerK* and rtt for momenta p < 1.6 GeV/c.

As a summary, figure 3.8 illustrates the Tracking and Time of Right systems.
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Figure 3.8:The CDF I tracker layout showing the different subdetesistems.

3.2.2 Calorimeter system

Surrounding the CDF tracking volume, outside of the solend coll, there is the calorimeter
system. The different calorimeters that compose the systeare scintillator-based detectors
and segmented in projective towers (or wedges), in x @ space, that point to the interaction
region. The total coverage of the system i&min @ and about |n| < 3.64 units in pseudora-
pidity.

The calorimeter system is divided in two regions: central ad plug. The central calorimeter

covers the region|n| < 1.1 and is split into two halves at|n| = 0. The forward plug calorime-

ters cover the angular range corresponding tdl.1 < |n| < 3.64, as it is shown in figure 3.9.
Due to this structure two “gap” regions are found at [n| =0and |n| ~ 1.1.

Central Calorimeters

The central calorimeters consist of 478 towers, each one i§%in azimuth by about 0.11 in
pseudorapidity. Each wedge consists of an electromagnettomponent backed by a hadronic
section. In the central electromagnetic calorimeter (CEM)[8], the scintillators are inter-

leaved with lead layers. The total material has a depth of 18adiation lengths (Xo) 4. The

4The radiation lengthX, describes the characteristic amount of matter transvefeedhigh-energy electrons to
lose all but Ye of its energy by bremsstrahlung, which is equivalengtof the length of the mean free path for pair
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Figure 3.9:Elevation view of 1/4 of the CDF detector showering the conguis of the CDF calorimeter: CEM,
CHA, WHA, PEM and PHA.

central hadronic section (CHA) [9] has alternative layers & steel and scintillator and is 4.7
interaction lengths deep Ao) °. The endwall hadron calorimeter (WHA), with similar con-

struction to CHA, is located with half of the detector behindthe CEM/CHA and the other

half behind the plug calorimeter. The function of the WHA detector is to provide a hadronic
coverage in the region 0.%< |n| < 1.3. In the central calorimeter the light from the scintilla-

tor is redirected by two wavelength shifting (WLS) fibers, which are located on thep surface
between wedges covering the same pseudorapidity region, tiprough the lightguides into
two phototubes (PMTSs) per tower.

The energy resolution for each section was measured in thedtbbeam and, for a perpendic-
ular incident beam, it can be parameterized as:

(0/E)? = (01/VE)* + (02)?, (3.2)

where the first term comes from sampling fluctuations and the potostatistics of PMTs, and
the second term comes from the non-uniform response of the aimeter. In the CEM,
the energy resolution for high energy electrons and photonis or) _ 135% g 1.5%, where

B VEr
Er=Esind being 6 the beam incident angle. Charge pions were used to obtain thenergy

ete™ production of high-energy photons. The average energydussto bremsstrahlung for an electron of energy

E is related to the radiation length %)b = f% and the probability for an electron pair to be created by a
rems

high-energy photon i§ Xo.
5An interaction length is the average distance a particletvalel before interacting with a nucleua:= pTANA’
whereA is the atomic weightp is the material densityj is the cross section and is the Avogadro’s number.
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resolution in the CHA and WHA detectors that are %™ = 52 @ 3% and ZE™ = 72 ¢ 4%,
respectively.

Plug Calorimeters

One of the major components upgraded for the Run Il was the plg calorimeter [10]. The

new plug calorimeters are built with the same technology ashte central components and
replace the Run | gas calorimeters in the forward region. Then x @ segmentation depends
on the tower pseudorapidity coverage. For towers in the re@in |n| < 2.1, the segmentation
is 7.8 in @and from 0.1 to 0.16 in the pseudorapidity direction. For moe forward wedges,

the segmentation changes to £5n @ and about 0.2 to 0.6 inn.

As in the central calorimeters, each wedge consists of an eteomagnetic (PEM) and a
hadronic section (PHA). The PEM, with 23 layers composed ofelad and scintillator, has
a total thickness of about 21Xy . The PHA is a steel/scintillator device with a depth of about
7 Ao. In both sections the scintillator tiles are read out by WLS fbers embedded in the scin-
tillator. The WLS fibers carry the light out to PMTs tubes located on the back plane of each
endplug. Unlike the central calorimeters, each tower is oyl read out by one PMT.

Testbeam measurements determined that the energy resoloti of the PEM for electrons
and photons isg = 1\6}’/"@ 1%. The PHA energy resolution isg = 83%’695% for charged
pions that do not interact in the electromagnetic component Table 3.2 summarizes the

calorimeter subsystems and their characteristics.

Calorimeter Coverage Thickness | Energy resolution (E expressed in GeV)
CEM In| <11 18X B 2%
CHA In| <0.9 4.7 \o B 3%
WHA 09<(n|<13| 47X 220 4%
PEM 1.1<|n| <36 | 21X, 1o TR ©1%
PHA 12<|n| <36 7 Xo o2 @ 5%

Table 3.2:CDF Il Calorimeter subsystems and characteristics. Theggmesolution for the EM calorimeter is given

for a single incident electron and that for the hadronic igaleter for a single incident pion.

The central and forward parts of the calorimeter have their own shower profile detectors:
shower maximum and preshower detectors. The Central Showdvlaximum (CES) and the
Plug Shower Maximum (PES) are positioned at abou® Xp, while the Central Preradiator
(CPR) and the Plug Preradiator (PPR) are located at the innerface of the calorimeters.
These detectors help on particle identification, separatig e*, ys and 1°s.
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3.2.3 Muons system

The muon system, which consists of sets of drift chambers anskintillators, is installed
beyond the calorimetry system as the radially outermost comonent of CDF Run |l detec-
tor (r ~3.5 m). The muon system [11, 12] is divided into different sukystems, that cover
the pseudorapidity range|n| < 2.0: the Central Muon Detector (CMU), the Central Muon
Upgrade Detector (CMP/CSP), the Central Muon Extension Detctor (CMX/CSX) and the
Intermediate Muon Detector (IMU). The z and ¢ coordinates of the muon candidate are
often provided by the chambers while the scintillator detetors are used for triggering and
spurious signal rejection.

3.3 Luminosity Measurement

3.3.1 CLC detector

In CDF, the beam luminosity is determined using gas Cherenko counters (CLC) [13] lo-

cated in the pseudorapidity region3.7 < |n| < 4.7, which measure the average number
of inelastic interaction per bunch crossing. Each module aasists of 48 thin, gas-filled,

Cherenkov counters. The counters are arranged around the k@m pipe in three concen-
tric layers, with 16 counters each, and pointing to the center of the interactiomegion. The

cones in the two outer layers are about 180 cm long and the innéayer counters, closer to

the beam pipe, have a length of 110 cm. The Cherenkov light isetected with photomulti-

plier tubes.

3.3.2 Measurement of the luminosity

The average number of primary interactions, |, is related to the instantaneous luminosity,
L, by the expression:

H- foc = Otot - L, (3.3)

where fyc is the bunch crossings frequency at Tevatron, on average 1MHz for 36 x 36
bunch operations, anday is the total pp cross section.

Since the CLC is not sensitive at all to the elastic componemif the pp scattering, the equa-
tion 3.3 can be rewritten using the inelastic cross sectiomj,, as:
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M- fbc
L= , 3.4
o (3.4)

where now U is the average number of inelasticpp interactions. The method used in CDF
for the luminosity measurement is based on the counting of epty crossings [14]. This
method determinesu by measuring the first bin of the distribution which corresponds to the
probability of having zero inelastic interactions, Py, through the relation:

PO(“') = e_l-lj (35)

which is correct if the acceptance of the detector and its effiency were100% In practice,
there are some selection criteriaq, to define an “interaction”. An “interaction” is defined as
a pp crossing with hits above a fixed threshold on both sides of th€LC detector. Therefore,
an empty crossing is app crossing with no interactions. Given these selection crite, the
experimental quantity Py, called Py**{a}, is related top as:

PSPl o} = (ot e s —1) . e (e, (3.6)

where the acceptances, and €/ are, respectively, the probability to have no hits in the
combined east and west CLC modules and the probability to hasat least one hit exclusively
in west/east CLC module. The evaluation of these parameteris based on Monte Carlo
simulations, and typical values areeo=0.07 ande,e=0.12.

To obtain the luminosity measurement using the equation 3,4he value ofaoj, is still needed.
At the beginning of Run Il, an extrapolation to 2 TeV of the value measured at,/s= 1.8
TeV by CDF [15] was used. The cross section would b&,=60.4 mb. To facilitate the com-
parison of CDF and DO cross section measurements in Run I, # collaborations agreed
to use a common inelastic cross section [16¢;,=59.3 mb that is about 1.9% smaller than
previous value. Since CDF never modified the value used onkrand offline, the CDF quoted
luminosity is multiplied offline by a factor of 1.019.

Different sources of uncertainties have been taken into aceint to evaluate the systematic
uncertainties on the luminosity measurement [17]. The dormated contributions are related
to the detector simulation and the event generator used, anldave been evaluated to be about
3%. The total systematic uncertainty in the CLC luminosity measurements i5.8%, which
includes uncertainties on the measurement4(2%) and on the inelastic cross section value
(4%).
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3.4 Trigger and Data Acquisition

The average interaction rate at the Tevatron isl.7 MHz for 36 x 36 bunches. In fact, the
actual interaction rate is higher because the bunches cirdate in three trains of 12 bunches
in each group spaced396 ns which leads to a crossing rate o2.53 MHz. The interaction
rate is orders of magnitude higher than the maximum rate thatthe data acquisition system
can handle. Furthermore, the majority of collisions are notof interest. This leads to imple-
mentation of a trigger system that preselects events onlinend decides if the corresponding
event information is written to tape or discarded.

The CDF trigger system consists of three trigger levels, sdigures 3.10 and 3.11, where the
first two levels are hardware based and the third one is a procssor farm. The decisions
taken by the system are based on increasingly more complex @&t information. The two
hardware levels are monitored and controlled by the TriggerSupervisor Interface (TSI),
which distributes signals from the different sections of tke trigger and DAQ system, a global
clock and bunch crossing signal.

Crossing rate 2.53 MHz
(296 ns clock cycle)

2.53 MHz synchronous pipeline
L1 storage Latency 5544 ns

pipeline: Accept rate < 50 kHz

14 clock
cycles deep

L1 accept
Asynchronous 2-stage pipeline
Lateney ~ 20 ps = 1/50 kHz
Accept rate 300 Hz
L2 buffers:
4 avents L1+L2 rejection factor: 25,000
L2 accept
DAQ buffers / Accept rate < 75 Hz
Event Builder Rejection factor: >4

Figure 3.10:Block diagram showing the global trigger and DAQ systemsREQ.
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XTRP
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Y ¥y
GLOBAL |
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CAL 1 SVT
Y
GLOBAL -
LEVEL 2 »1 TSI/CLK

PJW 9/23/96

Figure 3.11:Block diagram showing the Level 1 and Level 2 trigger systems
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3.4.1 Level 1 trigger

The Level 1 trigger is a synchronous system with an event readnd a decision made every
beam crossing. The depth of the L1 decision pipeline is apprimately 4 us (L1 latency).
The L1 buffer must be at least as deep as this processing pipe¢ or the data associated
with a particular L1 decision would be lost before the decigbn is made. The L1 buffer is
14 crossings deep (5544 ns at 396 ns bunch spacing) to proviaenargin for unanticipated
increases in L1 latency. The Level 1 reduces the event ratesom 2.53 MHz to less than
50 kHz.

The Level 1 hardware consists of three parallel processingreams which feed inputs of the
Global Level 1 decision unit. One stream finds calorimeter bsed objects (L1 CAL), another
finds muons (L1 MUON), while the third one finds tracks in the COT (L1 TRACK). Since

the muons and the calorimeter based objects require the premce of a track pointing at the
corresponding outer detector element, the tracks must be s¢to the calorimeter and muon
streams as well as the track only stream.

e The L1 CAL calorimeter trigger is employed to detect electrms, photons, jets, total
transverse energy and missing transverse energﬂ“isﬁ The calorimeter triggers are
divided into two types: object triggers (electron, photonsand jets) and global triggers
(5 Er and E?"S%. The calorimeter towers are summed into trigger towers of £° in @
and by approximately 0.2 inn. Therefore, the calorimeter is divided in 24 x 24 towers
in n x @space [18]. The object triggers are formed by applying threlsolds to individual
calorimeter trigger towers, while thresholds for the globd triggers are applied after
summing energies from all towers.

e The L1 TRACK trigger is designed to detect tracks on the COT. A eXtremely Fast
Tracker (XFT) [19] uses hits from 4 axial layers of the COT to find tracks with a
pr greater than some threshold & 2 GeV/c). The resulting track list is sent to the
extrapolation box (XTRP)[20] that distributes the tracks to the Level 1 and Level 2
trigger subsystems.

e L1 MUON system uses muon primitives, generated from variousnuon detector el-
ements, and XFT tracks extrapolated to the muon chambers byhe XTRP to form
muon trigger objects. For the scintillators of the muon syseém, the primitives are de-
rived from single hits or coincidences of hits. In the case othe wire chambers, the
primitives are obtained from patterns of hits on projective wire with the requirement
that the difference in the arrival times of signals be less thn a present threshold. This
maximum allowed time difference imposes a minimunpr requirement for hits from
a single tracks.
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Finally, the Global Level 1 makes the L1 trigger decision basd on the quantity of each
trigger object passed to it.

3.4.2 Level 2 trigger

The Level 2 trigger is an asynchronous system which processevents that have received
a L1 accept in FIFO (First In, First Out) manner. It is structu red as a two stage pipeline
with data buffering at the input of each stage. The first stages based on dedicated hardware
processor which assembles information from a particular setion of the detector. The second
stage consists of a programmable processors operating ot of objects generated by the
first stage. Each of the L2 stages is expected to take approxately 10 ps giving a latency of

approximately 20 us. The L2 buffers provide a storage of four events. After the level 2, the

event rate is reduced to about 300 Hz.

In addition of the trigger primitives generated for L1, data for the L2 come from the shower
maximum strip chambers in the central calorimeter and ther x @ strips of the SVX Il
There are three hardware systems generating primitives at evel 2. Level 2 cluster finder
(L2CAL), shower maximum strip chambers in the central calorimeter (XCES) and the Sil-
icon Vertex Tracker (SVT).

e The L2CAL hardware carries out the hardware cluster finder functions. It receives
trigger tower energies from the L1 CAL and applies seed and ‘soulder” thresholds
for cluster finding. It is basically designed for jet triggers.

e The shower maximum detector provides a much better spacialasolution than a calorime-
ter wedge. The XCES boards perform sum of the energy on groupsf four adjacent
CES wires and compare them to a threshold (around 4 GeV). Thisnformation is
matched to XFT tracks to generate a Level 2 trigger. This trigger hardware provides
a significant reduction in combinatorial background for electrons and photons.

e Silicon Vertex Tracker [21] uses hits from ther x @ strips of the SVX Il and tracks
from the XFT to find tracks in SVX II. SVT improves on the XFT res olution for ¢and
pr and adds a measurement of the track impact parametedy. Hereby the efficiency
and resolution are comparable to those of the offline track reonstruction. The SVT
enables triggering on displaced tracks, that have a large ipact parameter dj.

3.4.3 Level 3 trigger

When an event is accepted by the Level 2 trigger, its data beote available for readout dis-
tributed over a couple of hundred of VME Readout Buffers (VRBs). The event has to be
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assembled from pieces of data from the L2 system into compleevents, this is the purpose of
the Event Builder. It is divided into 16 sub-farms, each conssting of 12-16 processor nodes.
Once the event is built, it is sent to one place in the Level 3 fen. The Level 3 trigger re-
constructs the event following given algorithms. These atiyithms take advantage of the full
detector information and improved resolution not available to the lower trigger levels. This
includes a full 3-dimensional track reconstruction and tight matching of tracks to calorime-
ter and muon-system information. Events that satisfy the Leel 3 trigger requirements are
then transfered onward to the Consumer Server/Data Logger@SL) system for storage first
on disk and later on tape. The average processing time per ewkin Level 3 is on the order
of one second. The Level 3 leads to a further reduction in theudput rate, a roughly 50 Hz.

A set of requirements that an event has to fulfill at Level 1, Leel 2 and Level 3 constitutes
a trigger path. The CDF Il trigger system implements about 1% trigger paths. An event
will be accepted if it passes the requirements of any one of #se paths and, depending of the
trigger path, it will be stored in a trigger dataset. A complete description of the different
datasets at CDF Run Il can be found in [22].

In addition to impose the trigger requirements to select outinteresting physics events, trig-
ger can be prescaled in the different levels. To prescale mesa to accept only a predeter-
mined fraction of events selected by a given trigger path.

3.5 B Physics with Silicon Detectors

The physics program of CDF is rich and wide, including the stuly of strong and electroweak
interactions, as well as being at the high energy frontier, Wwere searches for failures of
the Standard Model would indicate the presence of new Physic One particular field that

beneficts particularly from silicon detectors and will be discussed below i8-physics. Tradi-

tionally, B physics has been the domain of" e~ machines operating on theY(4S) resonance
or the Z° pole. However, the UA1 collaboration at CERN has shown thaB physics is feasi-
ble at a hadron collider (see for example Ref. [31]). The firssignal of fully reconstructed B

mesons at a hadron collider was published by the CDF Collabation in 1992 [34]. CDF re-
constructedB* — J/y K* events in a data sample of 2.6 pb* taken during the Tevatron Run

0 at the end of the 1980s. Since then, the experimental teclyies improved significantly,
especially with the development of high precision siliconertex detectors and trigger.

3.5.1 Features oB Physics at a Hadron Collider

In the Tevatron, the production mode of B hadrons is pp — bbX. The main motivation
for studying B physics at a hadron collider is the largeb quark production cross section
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Op ~50 pb within the central detector regions. In a typical B event in CDF, no well-defined
jet structure is visible and the average multiplicity is abait 50 charged tracks including
tracks from the 'underlying event’ particles. It might appe ar challenging to find the B decay
products in this quite complex environment of a hadronic cdision. One way to extractB
decays in app collision is to take advantage of the relatively long life oB hadrons resulting
in a B decay vertex which is clearly separated from the primarypp interaction vertex by
hundred of microns.

An important feature for B physics at a hadron collider is a good tracking capability
which is usually achieved with a central tracking chamber. Dgether with a silicon detector
assisting in tracking, an excellent track momentum resolubn translates into an excellent
invariant mass resolution. In addition to excellent tracking, superb vertexing is the other
essential feature of successfld physics studies at a hadron collider For example for a typich
B hadron decay to J{ X, the two muons of the J{J signal candidates are vertexed using
tracking information from the silicon detector. The distri bution of the two-dimensional
distance between the primarypp interaction vertex and the reconstructed dimuon vertex
shows several features: a prominent peak at zero decay lergtesults from prompt J/
candidates which are produced at the primary interaction vetex and constitute about the
80% of all J/Y candidates. The width of this peak reveals information abotithe vertexing
resolution. At positive decay lengths, J) mesons fromB hadron decays are described by
an exponential slope. At a distance of about 100m from the primary interaction vertex,
mainly J/y candidates fromB decays remain.

3.5.1.1 Triggering onB Decay Products

The total inelastic pp cross section at the Tevatron is about three orders of magnide larger
than the b production cross section. The CDF trigger system is therefe the most important
tool for finding B decay products. In addition, the cross section fob quark production is
steeply falling. It drops by almost two orders of magnitude ketween ab quark of transverse
momentum (pr) of about 8 GeVk and 25 GeVE. To find B decay products in hadronic
collisions, itis desirable to go as low as possible in the d@g products transverse momentum,
exploiting as much as possible of the steeply falling cross section. Of course, the limiting
factor is the bandwidth of the experiments’ data acquisition system.

In Run |, all the B physics triggers at CDF and DO were based on leptons includm
single and dilepton triggers. In Run Il, both experiments sill exploit heavy flavour decays
which leave leptons in the final state. Identification of dimwn events down to very low
momentum is possible, allowing for efficient I — p -~ triggers, and as a consequence both
experiments are able to fully reconstructB decay modes involving Jf). Both experiments
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also use inclusive lepton triggers designed to accept seaptonic B — v, X decays. DO has
an inclusive muon trigger with excellent acceptance, alloimg them to accumulate very large
samples of semileptonic decays.

New to the CDF detector is the ability to select events basedon track impact param-
eter. The Silicon Vertex Trigger (SVT) gives CDF access to gely hadronic B decays and
makes CDF'sB program fully competitive with the one at the e*e~ B factories. The hadronic
track trigger is the first of its kind operating successfully at a hadron collider. It works as
follows: with a fast track trigger at Level 1, CDF finds track pairs in the COT with pr >1.5
GeV/c. Attrigger Level 2, these tracks are linked into the siliconvertex detector and cuts on
the track impact parameter (e.g.d >100pum) are applied. The SVT track impact parameter
resolution is about 50um including a 33 um contribution from the transverse beam spread-
ing. The original motivation for CDF’s hadronic track trigg er was to selecB® — tutdecays
to be used forCP violation studies. The CDF semileptonic triggers require a additional
displaced track associated with the lepton, providing cleaer samples with smaller yields.

3.5.2 Selected Physics Results from the Tevatron

With the different B trigger strategies above, the Collider experiments are alel to trigger
and reconstruct large samples of heavy flavour hadrons. To gé an idea about the sample
sizes available for heavy flavour analyses, the approximatgeld for D® — K~ 1t* is ~6000
events per pbl, for B~ — D% it is ~16 events, for J) — prp~ it is ~7000 events, for
B~ — J/Y K™ itis ~16 events or forB — Dlv it is ~400 events per pb? at the Tevatron. In
the following, some selecte® physics results from CDF are discussed. As already stressed
those results were possible due to a reliable performance tfie silicon detectors.

3.5.2.1 B Hadron Masses and Lifetimes

Measurements ofB hadron masses and lifetimes are basic calibration measurdée demon-
strate the understanding of heavy flavour reconstruction. Br example, CDF uses exclusive
B decay modes into JJy mesons for precision measurements d@ hadron masses reconstruc-
tion decay modesB® — J/g K*0, B — J/p K+, BY — J/P @, and A, — J/P A. These modes
combine good signal statistics with little background.

The proper time of a B decay is determined from the distance between the primary
vertex of the pp collision and the B meson decay vertex measured in the plane transverse to
the beam axis:

L)Ff’y: (X8 — Xprim) - Pr /| Pr|;
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where pr is the measured transverse momentum vector. The typical redution of LEy is
40 um. CDF uses the run-averaged beam position whose contribwin to the LEy uncertainty
is ~30 um. In the case of fully reconstructedB hadron decays, the proper lifetimeTt is
obtained byct = L)Efy- Mg/ pr, where Mg is the B hadron mass. In the case of inclusive decays
where the B hadron is not fully reconstructed, a boost correction obtaned from a Monte
Carlo simulation is usually applied. CDF has measured the fetimes of theB™,B% and A\,
hadrons from channelsB* — J/WK*, B — J/WK*0 J/WK2 and A\, — J/WA [32].

3.5.2.2 Prompt Charm Cross Section

Previous Run | measurements of theb production cross section at the Tevatron have con-
sistenly been higher than the Next-to-Leading-Order (NLO)QCD predictions. Although
the level of discrepancy has been reduced with recent thedreal activity, it is not yet clear
that the entire scope of the problem is understood. Both expgnents CDF and DO mea-
sured again theb and bb cross sections in run II. To further shed light on this problem, CDF
presented a measurement of the charm production cross seoti [36]. Using the secondary
vertex trigger, CDF has been able to reconstruct very largeamples of charm decays.

Since the events are accepted based upon daughter tracks tviarge impact parameter,
the sample of reconstructed charm decays contains charm fro direct cc production, as well
as charm from B hadron decaysb — c. To extract the charm meson cross section, it is neces-
sary to extract the fraction of D mesons that are coming from prompt charm production and
remove the fraction from b — c decays. This is done by measuring the impact parameter of
the charm meson. If it arises from directcc production, the charm meson will have a small
impact parameter pointing back to the primary pp interaction vertex. If the charm meson
originates from B decays, it will typically not extrapolate back to the primary vertex. Using
this technique, along with a sample ng — 110 decays for calibration, CDF found that
80-90% of the charm mesons originate from direct charm production. The shorter charm
lifetime is compensated enough by the copious charm producin in hadronic collisions.

3.5.2.3 Hadronic Branching Ratios

Two-body CharmlessB Decay. With the SVT trigger, CDF measuredB decays with non-
leptonic final states. One set of modes of particular interdgsare rare charmless two-body de-
cays as they are potential modes fo€CP violation mesurements. Requiring the final state to
consist of two charged hadronsB — hh), the following modes can be accesse®® — 11T,
B% — K*mtF, B — K*1tF, and B — K*K~. The B states are also reconstructed at the*e~
B factories but the B modes are exclusive to the Tevatron.
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Np — AcTiBranching Ratio.  Using the SVT trigger, CDF has also measumpurely hadronic
b-baryon states [33]. In the decay\p — AT, with A¢ — pK~ 1", the reconstructed invari-
ant mass displays an interesting background structure, wh almost no background above
the Ay peak and a background that rises steeply going to lower masghis structure is some-
what unique to baryon modes, which are the most massive weaktlecayingB hadron states.
Because the SVT trigger specifically selects long-lived s&s, most of the backgrounds are
coming from other heavy flavour (b and c) decays. Since there are no weakly decaying
hadrons more massive than the\p, there is very little background above the peak. On the
other hand, going to masses below the peak, lightdd mesosn begin to contribute. The back-
ground in this mode is growing at lower masses because thers imore phase space foB™,
BY, and B decay modes to contribute.

3.5.2.4 Rare Decays

Flavour changing neutral currents (FCNC) are prohibited on tree-level in the Standard
Model (SM). Contributions from sources beyond the SM might neasurably enhance the
low SM branching fractions of these rare decays. This explais the considerable theoretical
interest in Bg—> Ut U . In some models, non-SM contributions are large enough to klw an
observation of this decay mode in Run II.

Experimentally there is considerable background of directmuon pairs in the spectrum
of reconstructed muons. This is reduced by requiring the twamuon tracks to form a dis-
placed vertex and selecting candidates with a minimum trangerse momentum ofpy > 4.0
GeVl/c, in addition to the requirement that each muon is isolated. A&ter applying these cuts
to the DO analysis, threeBCS’ candidates remained, a result consistent with a background
expectation of 3.4 events. DO obtained a limit on the branchig ratio of BR(B% — Ut <
1.610° at the 90% confidence limit, this result being competitive with the CDFRun | limit.

Using data selected with the dimuon trigger, CDF has also sezhed for the flavour-
changing neutral current decayBg — Ut [37]. After applying optimized selection criteria,
one event remained in theBCS’ search window. This yielded an improved upper limit on the
branching fraction of 4.3 x 10~ at the 99% confidence level. This is more than a factor of
two improvement over the previous limit produced by CDF in Run I. In addition, an upper
limit on the branching fraction of B® — pp~ was derived simultaneously yielding values of
7.6 x 10°° at the 9%% confidence level.

Data selected with the displaced track trigger were used tomprove the limit on the
branching fraction of the FCNC decayD°® — p™p~ [38]. This search begins by reconstruct-
ing a clean sample of the kinematically similarD® — 1" 1T decays using &D* tag, followed
by muon identification to selectD® — ptp~ candidates. TheD® — 1ttt decays serve also
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as normalization mode. A new upper limit of 5.3x 10~7 at the 95% confidence level was
derived from zero candidates in the search window, almost aaictor of two better than the
previous best limit.

3.5.2.5 Bg Lifetime Difference and Mixing Phase

In the standard model (SM), the light (L) and heavy (H) eigentates of the Bs system are
expected to mix in such a way that the mass and decay width défences between them,
Amg=my —m_ and Al =T — 'y, are sizeable. The mixing phasep?"" is within the
SM predicted to be small, and thus to a good approximation theawo mass eigenstates
are expected to beCP eigenstates. New phenomena may introduce a non-vanishingixn
ing phase@}”, leading to a reduction of the observedAl's compared to the SM prediction:
AT g = ATSMx |cod @M — @'P)|. While the mass differenceAm in the Bs system has been
recently measured with a high precision, the mixing phase haremained unknown sofar.

Several analysis have been performed at the Tevatron, to aessAl's and @s: Bs — KTK ™
is a pure CP even state. Assuming a smalCP violating phase, the measurement of the
lifetime in this final state directly corresponds to the meaarement of the lifetime of the
Bs(light), which can then be compared to measurements of lifénes in flavour specific eigen-
states.

The untagged decay rate asymmetry in semileptoniBs decays A2)) is another handle
on the mixing parameters of theBs system:

Al
Ay = Amsstan((ps) (3.7)

A third approach is the measure of the branching ratio ofBs — Dé*)Dé*). This decay is

predominantly CP even and gives the largest contribution in the lifetime diference between
Bs(heavy and Bg(light). The following relation can be obtained:

(It o B Ar

whereT g is the averageBs decay width.

The decayBs — J/p@, through the quark processb — ccs gives rise to bothCP even
and CP odd final states. It is possible to separate the tw@P components of this decay, and
thus to measure the lifetime difference, through a simultarous study of the time evolution
and the angular distributions of the decay products of the Jp and the ¢ mesons. Moreover,
with a sizeable lifetime difference, there is a sensitivityto the mixing phase through the
interference terms between the&CP even and theCP odd waves.
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3.5.2.6 Bs Mixing

The precise determination of theBs — Bs oscillation frequency Ams from a time-dependent
analysis of theBs — Bs system has been one of the most important goals for heavy flawo
physics at Tevatron. This frequency can be used to stronglymprove the knowledge of the
Cabbibo-Kobayashi-Maskawa (CKM) matrix, and to constraint contributions from new

physics.

The probability P for a Bs meson produced at timet=0 to decay as aBS(B_s) at proper
time t >0, neglecting effects fromCP violation as well as possible lifetime difference between
the heavy and lightBY mass eigenstates, is given by

Pi(t) = %e‘rst [1+ cogAmgt)], (3.9)

where the subscript “+"(“-") indicates that the meson decays asBS(B_s). Oscillation have
been observed and well established in thBy system. The mass differencé&my is measured
to be

Amy = 0.505+ 0.005ps 1. (3.10)

In the Bg system oscillation have also been established but till wiat 2006 all attempts
to measureAmg have only yielded a combined lower limit on the mixing frequacy of Amg >
14.5 pst at 95% confidence level. Shortly afterwards CDF presented the firsprecision
measurement onAm, with a significance of the signal of about 3 at that time [39]. Some
months later the CDF collaboration updated their result ushg the very same data, but by
using improved analysis techniques, it was able to announdbe observation of theBs — B
mixing frequency [40].

The canonical B mixing analysis proceeds as follows. Thé flavour (b or 5) of the B
meson at the time of decay) is determined from the charges ohé reconstructed decay
products in the final state. The proper time at which the decayoccurred is determined
from the transverse displacement of theBs decay vertex with respect to the primary vertex,
and the B transverse momentum with respect to the proton beam. Finajl, the production
b flavour must be known in order to classify theB meson as being mixed (production and
decayb flavour are different) or unmixed (production and decay b flavour are equal) at the
time of its decay. Then the asymmetry can be measured and thusrg be determined:

N(t)unmixed_ N(t)

At) = mxed _ b cogAmgt), 3.11
( ) N(t)unmixed+ N(t)mixed S( ) ( )

where N(t) are the time-dependent rates for mixed and unmixedBs decays. D is the
so-called dilution, a damping term which is related to the inperfect tagging. It is defined as
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D =1-R,, whereR, is the probability for a wrong tag. The significanceSof a mixing signal

is given by:
eD?2 | S amso?

Sand B are the rates of signal and background events respectivel\gD? is the figure of
merit for the flavour tagging, where € is the efficiency to actually apply a tag to a giverBs
candidate. o is the proper decay time resolution. Especially at largéms values, a smallog
resolution is crucial for this analysis. Further informati on about the mixing phenomenon
can be found in Ref. [41].






Chapter 4

The CDF Silicon Detectors

The Collider Detector at Fermilab (CDF) completed a major ddector upgrade for the start
of Run lla of the Tevatron in March, 2001. The upgraded detecor (CDFII) is described in
detail elsewhere [72]. The baseline CDFII silicon system ogists of 6-7 layers, depending
on pseudo-rapidty, of double-sided silicon divided into tw sub-systems, SVXII and the In-
termediate Silicon Layer (ISL). In 1999, an innovative detetor consisting of an additional
single-sided layer of silicon built onto the beam-pipe wasdaded to the upgrade. Since this
detector is located radially inside layer 0 of SVXII, the subsystem is called layer 00 (LOO).
The Run Il silicon detector allows CDF (Figures 4.1 and 4.2)d make precision tracking and
displaced vertices measurement (Fig. 4.3). It is one of thargest operating silicon tracking
detectors in high energy physics. The detector has 7-8 layewith 722,432 channels spread
over approximately 6 m? of silicon. Each one of 722,432 channels is being constitdtéy a
reverse-biased strip-shaped diode, where a p-type silicagtrip (n+ in the zside) is implanted
over a 300um thick n-type silicon bulk. The electronic readout and mechanical unity in
which those strips are grouped is callednoduleor ladder. In total, there are 5644 readout
chips and 704 modules. The CDF silicon sub-detectors: SVX;l, and Layer Zero-Zero
(LOO) as shown in Fig. 4.4. The core of the CDF Run Il silicon dctor is SVX-II. It is
approximately 1 meter long with 5 layers of silicon at radii from 2.5 cm to 10.6 cm. Itis
divided into three mechanical barrels along its length withelectrical readouts at either end
of the mechanical barrels. Three of the five silicon layers hae axial and 90° strips while
the remaining two have axial and small angle stereo strips al.2 degrees. All the sensor
layers in SVX have double sided strips. The strip pitch varis from 60 um to 140 um. The
five different silicon layers are arranged as twelve wedgesowering each one 30inther — @
plane. The silicon readout is based upon this wedge wide synetry where each wedge is
read out in parallel.

The Intermediate Silicon Layer (ISL) was added to extend siton tracking to high pseu-
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Muon chambers/scintillators

Figure 4.1: The CDF detector. The direction of advance ofpifréons determines the positive
cartesian axiz. Its innermost system is the silicon detector (LO0O+SVX8t). Outside are the
Central Outer Tracker (COT), the electromagnetic and hadrealorimeters (EM cal, HAD cal)
and the muon chambers.

m 4
2.0 - n=ro fEul
] . . 30
. /
- :
. g
. ' - 2.0
= - .
1.0 — P . : n
: 7
| o g
1 s e E :Mn=3.0
:—,ij" I : 30
0 o I: I-I-l'-\l—l-l | ‘ 1T 1T 1 T 11 | 1T 11 1T 11 | |
/) I 1.0 2.0 3.0 m
LAYEROO SVXIl  INTERMEDIATE SILICON LAYERS

Figure 4.2: Longitudinal section of CDF and detection ranfpe the several subdetectors. The
figure shows the first quadrant of the cartesiahiplane. Thea) coordinate (pseudo-rapidity) is a
transformation of the polar angBunder the formulay = -In(tan@®/2))
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displaced
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Primary -~ .
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prompt tracks z

Figure 4.3: Typical lenght between collision vertex @tadron decay i&yy ~ 200pum. CDF
is able to reconstruct vertexes with resolution of abouuB0for high energy particles where
multiple scattering can be neglected.

dorapidity and to link tracks between the outer wire chamber and SVX-Il as part of an
integrated tracking system, as shown in Fig. 4.2. The ISL isamposed of one central layer
and two outer and forward layers. The ISL layers use double sled small angle (1.2) stereo
strips. The strip pitch for both sides is 112um. The Layer-Zero-Zero (LOO0) is a single layer
of single-sided silicon strips mounted on top of the beam-pie. This allows precision hit posi-
tion measurements before scattering by the detector mateai. Thus the material budget was
kept low; 0.6%-1.0% of a radiation length. The strip pitch is 25 um but only alternate strips
are read out maintaining resolution via charge division whle dividing by 2 the number of
channels.

During Run Il the CDF silicon detectors have been operationafor an integrated lumi-
nosity of more that 7 fo—1. The silicon detectors were originally designed to tolerag 2-3 flo*
before being replaced by a “Run lIb” upgraded detector. Thisupgrade was cancelled, thus
the silicon detectors must now remain operative until the ed of Tevatron Run Il in 2009
with an expected integrated luminosity of 10-12 fo?.

4.1 Description of LOO and SVX-LO

The detector properties for Layer 00 and the five layers of SVAI are displayed in table 4.1.
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SVX I

64 cm

Figure 4.4: Transverse section of the silicon detector gpihe three subsystems: L0O0, SVX-II
and ISL.

411 LOO

LOO was added to the Runlla upgrade for two reasons. Firstlyto improve the impact res-
olution of the CDFII detector. SVXII readout electronics and associated cooling tubes are
inside the tracking volume. Multiple scattering in this material degrades impact parameter
resolution, especially for low-momentum particles. Placaent of a minimal material silicon
layer at a smaller radius provides a precise measurement wbh recovers this lost resolu-
tion. Secondly, LOO was installed to extend the useful lif@ne of the silicon system, the inner
layers of SVXII having a limited lifetime due to radiation damage. Eventually, their double-
sided sensors will no longer be depleted at the maximum apgiable bias voltage. LOO using
single-sided radiation hard silicon can have signicantly lgher bias voltage applied and thus
can compensate for radiation damaged layers of SVXII.

LO0 is a single castellated [62] layer providing full azimuhal coverage, made up of two
concentrical hexagon-shaped sections (see Figs. 4.6, 4o¢ated at radii of 1.35 cm and 1.62
cm (beam-pipe radius is 1.2 cm). The silicon sensors are siegsided with a strip pitch of
25 um. Alternating strips are read out resulting in an effective pitch of 50 um (a detailed
map is shown in Fig. 4.5). The sensors of the inner hexagon adé different size than the
sensors of the outer hexagon. The inner hexagon holds 12 sers (128 strip), two of which
are special oxygenated sensors for radiation-hardening (emufactured by Micron), and the
rest 10 being standard sensors (manufactured by SGS Thomsprirhe outer hexagon holds
36 wider sensors (256 strip, manufactured by Hamamatsu). Athe 48 sensor modules of
LOO are made of crystallographic<100> silicon:
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e Two oxygenated narrow sensor modules. (Manufacturer: Micon)
e Ten standard narrow sensor modules. (Manufacturer: SGS Thmson)

e Thirty-six wide sensor modules. (Manufacturer: Hamamatsy

The sensors are mounted on a carbon fiber support structure wh integrated cooling.
In order to assure radiation hardness, the silicon sensorseed to be actively cooled. This
is achieved by embedded cooling tubes in the carbon fiber stoure. The tubes run under-
neath the entire length of the sensors, cooling them to a tenapature below -5C. The 12
inner sensor modules are placed along the beam-line for a tak length of 94 cm. The ad-
jacent sensors are ganged together and readout over low-masfine-pitched cables. These
cables allow the readout electronics to be located outsidée tracking volume minimizing
multiple-scattering from inactive material. The total number of channels readout in LOO is
13,824. Commissioning was completed May 2002. Greater th&5% of LOO has been consis-
tently yielding physics quality data since that date. The mtivation, design, and construction
of LOO are described in greater detail elsewhere [73].

41.2 SVX-LO

SVX-Il is the core of the silicon detector and it is the only conponent used in the hardware
trigger for events with displaced vertexes [64]. The SV X-lldetector has 5 silicon layers (Fig.
4.6) of double-sided sensors located at radii from 2.5 cm to016 cm. The strip pitch varies
between 6Qum and 140um, depending on the layer radius.

Optimization of both vertex resolution and pattern recognition considerations lead to
layers SVX-L0O, SVX-L1 and SVX-L3 to have a “90° stereo” design. The sensors of this
three layers were manufactured by Hamamatsu of crystallogaphic <111> silicon. The 90
stereo sensors have strips running lengthwise on the sen&®p — n junction side to measure
the r — @ position of the particle, and strips running laterally on the ohmic contact side
(n-side) to measure the — z position. Both sets of strips are read out from the end of the
sensors. Hamamatsu sensors can be biased up to 170 V. The reniiag two layers, SVX-L2
and SVX-L4, are Micron sensors with 1.2 angle between thgp and n stripes and a maximum
bias voltage of 70 V.

From the radiation damage viewpoint, the most critical part of the design of SVX-Il is
its innermost layer, SVX-L0. SVX-LO is located at a radius of2.5 cm and is the closest layer
to the interaction region, after LOO. SVX-LO is made up of 72 &ctronic and mechanical
independent double-sided modules. The design and characistics of SVX-L0 are described
in greater detail elsewhere [72].



64

The CDF Silicon Detectors

&
PN

Figure 4.5: Detail of strips and biasing polysilicon resist(black blocks) for a LOO SGS Thom-

sSOon sensor.

Table 4.1: Naming convention and detector properties fgeL 80 and the five layers of SVX I

Layer Sensor manufacturer  Strip orientation Radius (cm) x.Nb&as (V)
Layer 00 SGS-Thompson axial 1.35 500

Layer 00 Hamamatsu axial 1.62 500
SVXLO Hamamatsu axial/90 2.54 160

SVXL1 Hamamatsu axial/90 4.12 160

SVX L2 Micron axial/1.2 6.52 60

SVXL3 Hamamatsu axial/90 8.22 160

SVX L4  Micron axial/-1.2 10.10 60
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Figure 4.6: Transverse section of LOO (left), and SVX-Igfr) whose innermost layer is SVX-
LO.

Barrel 0, Segment 0, Side 0| Barrel 0, Segment 1, Side 0| Barrel 0, Segment 2, Side 0|

Figure 4.7: Transverse sections of LOO and coordinates skibsors.
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4.2 Radiation enviroment

The measure of the spatial distribution of ionizing radiation and low energy neutrons E, <
200 keV) inside the tracking volume of the collider detectorat Fermilab (CDF) was made
using approximately 1000 thermal luminiscent dosimetersTLD) ([96]). By using data from
multiple exposures, the radiation field can be separated it components from beam losses
and collisions. The dependence of the radiation field alonde dominating component (i.e.
collisions) over the CDF volume is radial and proportional b radius r with the power law
r—%, with a=1.5 (Ref. [78], Fig. 4.8).

| due to beam losses l Do i due to pp collisions | e
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{Gyipbne™

B
a
=
£
1510 e A
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(See R. J. Toasrek aral IEEE NSS 2003)

Figure 4.8: Radiation field of CDF. Component of beam loskd) @nd collisions.

4.3 Mitigation of the Radiation Effects

The efforts to enhance the longevity of the CDF silicon detéors include measures to mit-
igate the effects of radiation damage and close monitoringfachanges of the detector pa-
rameters under irradiation. Radiation damage is mitigated by reducing the number of
thermo-cycles of the system to a minimum and operating the Bton detectors at a lower
temperature. The detector volume was thermally isolated irOctober 2004, and the detector
temperature was lowered from -6 to -10C in early 2005.

A measure of the usable lifetime of the CDF silicon detectoris the lowest possible signal-
to-noise ratio (S/N) acceptable for the SVT and for the ability to perform efficient tagging
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of b quark jets. Based on Monte Carlo simulations from CDF Runl, the lowest possible
value isS/N =~ 6 [66]. Under irradiation, the noise level increases, and th charge collection
efficiency decreases. The signal-to-noise ratio is deterngd by three factors: the noise level
of readout electronics, the noise level of sensors and theatge collection efficiency of the
sensors. Therefore, in agreement with detailed studies [J$76] the noise level of readout
electronics is not expected to be the limiting factor for thesilicon lifespan.

The sensistivity of the readout electronics to radiation ha been measured [90] to be less
than that of the sensors not limiting the detector ultimate gerformance.

With regard to the second of the factors, the dominant sourcef noise is the shot noise
of the silicon sensors. The shot noise is increased by crybiefects in the sensors due to
radiation damage. For SVX Il, the shot noise can be parametded as

Q=900e x /lieak; (4.1)

where eis the electron charge and ¢4k is the leakage current inpA [66]. Changes in the
leakage current can be approximated by changes in the bias o@nt Ipiss, assuming that all
other contributions to the bias current are constant:

Aljeak ~ Alpjas. (4.2)

The change in bias current is related to the fluence by Alpias = adV, with the damage

constanta and the known detector volumeV. An effective damage constant ofe s =(3.98+0.15)x 1017
A/cm is derived by comparing the radial dependence ofly;;s with the radial dependence of
the radiation field. The TLD measurements agree with measumments of Alpizs Within 10%
[69]. Hence the fluence can be inferred from bias current measement. The main system-
atic uncertainty of this method (13%) is due to the imprecise knowledge of the SVXII sensor
temperatures since the SVXII modules are only cooled from th modules’ end, where the
readout electronics are located.

Regarding the third of the factors affecting the signal-tonoise ratio, sufficient charge
collection efficiency is achieved by applying a bias voltageetween the two sides of a silicon
sensor. Under irradiation and annealing, the effective nurber of charge carriers changes,
and the bulk of the sensor undergoes “type inversion” from né n-type to p-type silicon.
The bias voltage required to fully deplete the sensor decregs until type inversion occurs
and increases afterwards, eventualy surpassing the maxinnusafe bias voltage. Breakdown
of the coupling capacitors on the SVX Il sensors limits the maimum safe bias voltage to
approximately 160 V for the Micron sensors. The LHC-style sasors in Layer 00 can be
biased up to 500 V. In Ref. [66], a model of the depletion volige is presented, and the
lifetime of the silicon detectors is predicted, albeit withlarge uncertainties.



68 The CDF Silicon Detectors

The harsh radiation environment in which the detectors are erated is responsible of
the progressive increment on the bias voltage needed to fylldeplete the sensors. Since
the accuracy of the whole instrument depends on a correct dégtion status of the diodes,
a test to monitor such status is needed: the signal-to-biasan, which will be discussed in
chapter 6. The signal-to-bias scan test lies essentially omaking use of the detector to collect
a set of data each one of them at a different bias voltage, ramgg from zero to a nominal
depletion voltage. The result of this process is able to show the sensors are correctly
depleted. The scans are performed periodically every 4-6 ve&s and are useful both for
detecting underdepleted sensors and to derive informatiombout the silicon detector life
span.



Chapter 5

Leakage Current Analysis

In order to properly characterize the detector, this chapta will first describe in detail the
system that brings the voltage to the sensor and is responsibfor the reverse polarization
of the strips. This naturaly will bring us the analysis of the bias currents that cross the
reverse-biased diodes. Some care will be devoted to the dission of all series resistances
in the circuit since it is necessary to know the actual voltag drop at the sensor, which will
become relevant in the study of the depletion voltage in chapr 6.

5.1 Bias scheme

The computation of the series resistance has to take accounttthe internal resistances of the
elements of the circuit (see Fig. 5.1): the CAEN power suppjyabling, junction cards, port
cards, hybrids, and bias resistors of the sensors. The follding sections show the detailed
description of everyone of those circuit elements.

The three basic requirements for the SVX Il Power Supply systm are to provide all
the power for the silicon modules, the SVX3 chip set and the RbCards (PC); to control
and monitor all the relevant output voltages and currents; and to provide failure mode
protection for safe power supply and system operation.

The module consists of double-sided AC coupled silicon miostrip detectors, the analog
and digital frontend electronics (SVX3 chip set), and a hybid device. DC high voltage ( 200
V) is needed to bias the silicon detectors, and DC low voltagés V) is needed to power
the analog, digital, and 1/O electronics. Thus, a Power Sugy Module must deliver to the
module a number of voltages with different current, stability, and monitoring requirements.
The 5 modules in one of the 12 sectors of a barrel share a Port@a (PC) that contains the
optical transmitters and distributes power to the modules.

69
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Figure 5.1: Silicon detector bias circuit.

5.1.1 CAENPS

The Model A509H CDF-L00 Power Supply Board has been speciglldesigned for the CDF
Silicon Vertex Detector at Fermilab. The board is housed in a 8 TE-wide, 6U-high me-
chanics to be inserted in the SY527 system mainframe. Its ba&sfunction is to deliver a set
of floating voltages to drive a detector’s sector which consts of a Port Card and four silicon
ladders (Layer O through Layer 3). Moreover, the board has a nonitoring circuit of out-

put voltages, currents and status and associated control @nprotection circuits. For more
details see Ref. [89].

5.1.2 Cables

The connection from the PS to the PC is made through cables thare assembled in bundles
consisting of one voltage cable, one sense, one command, biaes voltage cable and 5 optical
cables. Power Supplies connect with the detector's JunctinCards, port devices that are
located inside the Collision Hall about 10 m away from the detctor volume. The nominal
voltage supplied is compensated by the Power Supply with theoltage drop corresponding
to the length of the cables.

Data from the detector will travel over optical fibers while control signals, power and
bias (high) voltage will travel over conventional copper lhes. There are 11 differential con-
trol signals per PC, one of which is a 53 MHz clock while the otkr is a beam crossing clock.
Each module will have an independent bias voltage and threequwver voltages. In addition,
the PC requires 4 separate voltages.
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5.1.3 Junction cards

The Junction Card is an interface block located between the &t Card and the Power Sup-
ply. The Junction Card collects power, bias voltages and cdrol lines for an entire wedge
together in one 90-pin connector. Junction Cards are the lasiuman-reachable points along
the power and control cable supply lines. The internal resignce of the Junction Card block
is 2.1 KQ (Fig. 5.2).

5.1.4 Port cards

The Port Card (PC) is a beryllia multichip module located on the top of the wedge, 14
cm from the accelerator beam inside the tracking volume. Thd®C communicates with the
SV X3 chips through high density interconnect cables (HDIs)The main functions of the PC

are control, configuration and readout of the SVX3 chips, ando locally regulate the analog
power supplies [88]. The analog section of the PC (Figs. 5.8,4) is formed by a voltage
regulator and high voltage bias for the sensors. The voltageegulators are assembled on
the PC itself to keep them close to the SVX3 hybrids. The biasidelivered directly to the

hybrids where they are low-pass filtered and connected to theensor. The internal resistance
of the Port Card for the power line is zero.

5.1.5 Hybrids

The microstrip sensors are read out through Application Speific Integrated Circuits (ASIC)
readout chips, the SVX3, assembled in hybrids bonded to botkides of the sensors. The
pre-amplifier inputs of the SVX3 chips are wire bonded directy to the detector strips. The
SVXII readout hybrid processes the detector signals into adrmat suitable for the port card.
Associated with the readout hybrid is a cable that connectste power/signal functions from
the hybrid to the port card. The hybrid consists of 6 intercomected gold ink layers, sepa-
rated by a dielectric, on top of a ceramic substrate. This is atandard ink for applications
that require wire bonding. Additionally, there are palladi um-gold ink pads on the top layer
to permit soldering of surface mount components. The interal resistance of the hybrid
block is 10 KQ.

5.1.6 Bias resistors on the detector

The bias voltage is applied to the strips through polysilica bias resistors. Tables 5.1 and
5.2 show the bias resistors values corresponding to the déffent sensors of LO0 and SVXII,
respectively.
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Figure 5.3: Port Card circuit.
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Figure 5.4: Port Card analog section.
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Table 5.1: Technical parameters of LOO sensors. Last rovactthe polysilicon biasing resistor
values needed for the total resistance computation.

LOO Hamamatsu SGS-Thomson
(wides) (narrows)

Type single-sided, single-sided,
p in n AC|p in n AC
coupled, coupled,
polysilicon polysilicon
bias bias

Thickness 300 £ 20 mi- | 300 + 20 mi-
crons crons

Warp <80 microns <50 microns

Readout Pitch | 50 microns 50 microns

Implant Pitch 25 microns 25 microns

Implant Width | 8 microns 8 microns

Al Strip Width | 7-8 microns 7-8 microns

AC  Coupling | >10 pf/cm >100 pf/cm

Capacitance

Interstrip  Ca-| <1.2 pficm <1.2 pflcm

pacitance

Interstrip Resis{ >2GQ >2GQ

tance

Breakdown/Micro>350 V >600V

discharge \olt-

age

Polysilicon re-| 4.5+0.5 MQ 4.5+0.5 MQ

sistor
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Table 5.2: Technical parameters of SVXII sensors. Eighti contains the polysilicon biasing
resistor values needed for the total resistance compntatio

H SVXII Hamamatsu Micron H
lleakage current| <50nA/cm2 <100nA/cm2 at
from bulk, | 100V, 20 C 80V,20C
surface, and
edge
dlieakaggdv <0.12nA/N/cm2| —
change in
leakage current
Vdepletion deple- | 45V< -
tion voltage Viep <80V
p bulk resistiv-| — Apx=3KQ cm
ity
V junctionyreak >200V >150V
junction break-
down with open
readout
V microdischarge >150V >150V
onset voltage of
micro-discharge
(nand p side)

Rinterstrip inter- | >2 GQ >2 GQ
strip resistance

Rpias polysil- | 2.5+1.0 M2, | 25+0.5 M,
icon resistor| 3.5+1.0 MQ 2.5+0.5 M2
value, variation

p- and n-side

Rimplant resistiv- | <100 KQ/cm -

ity of implant

strip

Ra  resistivity | <25Q/cm <30Q/cm
of Al layers

Cc capacitanceg >10 pF/cm >12 pF/cm

of coupling ca-
pacitor
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5.1.7 Total resistance computation

The purpose of this section is to evaluate the series resistee of the loop of the bias circuit
(Fig. 5.1). The desired total resistancdqta Would be the sum (series) of the internal resis-
tances of the loop: Roop (corresponding to blocks “Junction Card”, “Hybrid”, and “P ort
Card”), plus the internal resistance of the sensor: Rsensor (Made up of n parallel biasing
resistancesRyjag).

The general formula for Rsensor (EQ. 5.3) includes the value of the biasing resistance
(Ruiag), the multiplicity of biasing resistance for each strip fibias whose value is 2 for LOO
since each strip is biased in its two extrems, and 1 for SVX wiit a single biasing resistance
per strip), the number of sensors per channel fchannel¥y and the number of strips per
sensor (istripg. This values are summarized in Tables 5.3, 5.1 and 5.2. In ¢hcase of the
double-sided sensors of SVX th&®sensoriS the sum in series of both thephi and z sides (Eq.
5.5).

Riotal = Rioop + Rsensor (5.1)

Rioop = 24.2KQ (5.2)

Rsensor= (Rbias/ (Nbias) * (nchannel$x (nstrips)) (5.3)
Rsensorioo = (Rbias/ (2) * (nchannel$« (nstrips) (5.4)
Rsensorsvx= Rsensap + Rsensoz = (5.5)

= (Roiase/ (1) * (nchannelsp) * (nstrips @)) + (Roiasz/ (1) * (nchannelsz) * (nstrips z)) (5.6)

Table 5.3 summarizes the electronic parameters and the coragation of the total resis-
tance of the circuit for the different sensors of LOO and SVXRelating for example the LOO
internal resistance results with the corresponding LOO bia current data (Fig. 5.5) it is pos-
sible to obtain the voltage drop due to the bias voltage ciratt This drop ranges between 0.5
and 7.5 volts, depending on the sensor type.

5.2 Radiation Damage Quantification

Bias currents in a silicon detector can be used to quantify th radiation damage in the detec-

tor itself [77]. The bias current is expected to increase wit received radiation dose because
of the radiation-created defects in the silicon lattice. Anincrease in bias current eventually

causes an increase in noise, so reducing the signal-to-rmisaitio. Thus, measuring the bias

current is an important way to estimate the lifetime of a silicon detector.
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Table 5.3: Summary of technical parameters of LOO and SVEhssrs needed for the total
resistance computation.

Layer

Sensor

Bias resis-

tor

Num. strips

PS
chan-
nels

RIoop
[KQ]

Rsensor

[KQ]

Rtotal
[KQ]

LOO

Hamamatsu

45 MQ (at
both sides of
strip)

128

24.2

5.86

30.06

LOO

SGS-
Thomson

45 MQ (at
both sides of
strip)

128

24.2

8.8

33.0

LOO

Micron

45 MQ (at
both sides of
strip)

128

24.2

17.57

41.77

phi-side/z-
side

phi-side/z-
side

SVX-LO

Hamamatsu

2.5/3.5MQ
(at one side
of strip)

256/512

24.2

8.3

32.5

SVX-L1

Hamamatsu

2.5/3.5MQ
(at one side
of strip)

384/576

24.2

6.25

30.45

SVX-L2

Micron

2.5/2.5MQ
(at one side
of strip)

640/640

24.2

3.85

28.05

SVX-L3

Hamamatsu

2.5/3.5MQ
(at one side
of strip)

768/512

24.2

29.2

SVX-L4

Micron

2.5/2.5MQ
(at one side

of strip)

896/896

24.2

2.8

27.0
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An analysis of bias currents was made by P. Dong et al. [78] fahe SVX Il layers. With
the idea of completing these studies to the rest of the CDF &ibn detectors, this section is
dedicated to the analysis of the bias currents in LOO.

The bias current in a silicon detector can be expressed as tlsim of four components:
a bulk current, due to processes in the volume of the siliconetector; a surface current, due
to processes at the interface with the oxide layer; an edge ment, due to processes resulting
from the cutting of the crystal; and a stray current, which accounts for any leakage in cables
and electronics:

Ibias = lbulk + lsurfacet+ |edge‘|‘ Istray (5-7)

Similarly to the SVX Il layers case [78], Istray Should remain constant for LOO, since the
cables and electronics do not change. Edge currents are exgted to be small and roughly
constant, since the region in which they occur is very smalland surface currents are ex-
pected to saturate early in the detector’s life. Thus, oncehte sensors have been sufficiently
irradiated, the increase in bias current should be dominated by bulk current. Bulk current
increases linearly with the delivered radiation:

Alpyik = Odamag&PV (5.8)

whereV is the volume,® is the particle fluence, andagamagelS @ constant. The effective
fluence® can be obtained from equation 5.8. However, two more varialds are required to
be known: the temperature of the silicon and the damage coetfient 0gamage Since reverse
bias currents are the result of electrons moving from the vance band to the conduction
band, higher temperatures will result in more thermal excitations of electrons yielding that
the leakage current scales exponentially with temperatureFortunately for LOO we can have
an accurate measure of the temperature of its sensors sinchey are actively cooled at an
operation value of -10 C.

5.3 Bias current data

The bias currents for each power supply cannel (usually one df-module) of silicon are
measured by the Caen power supplies and written to a text filevery nine seconds if they
differ from the previous measurement. For LOO there are recoded data up to 7000 pb L.
An example of the general linear relation between LOO bias auent and luminosity -an
outcome of the luminosity fluence proportionality- is shownin Fig 5.5. The current does
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not increase linearly with time. This original data of bias arrent versus luminosity were
corrected back to a temperature of 20 C.

L00-f803 Bias0 L00-f803 Bias0
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Figure 5.5: Bias current data of LOO sensor f803. Originadtland temperature corrected at
20°C (right).

Apart from the bias current, the other set of original data needed for this analysis is
the distribution of the beam position with luminosity, shown in Fig. 5.6. Since the beam
position changes with time, this set of data is required to ampute the real distance of the
beam vertex to each one of the LOO sensors along the luminogivalues. This calculation
is critical since LOO is the closest sensor device to the beaand the radiation field falls off
radially according to a power law [79] [80].

5.4 Analysis of the bias currents

The analysis of Dong et al. [78] used bias currents data whictovered the period from May
22 to July 14, 2004, which corresponds to 95 pi} (Tevatron stores from 3528 to 3653).
Original LOO bias current data (Fig. 5.8) were corrected by emperature in the following
way. Since the refrigeration channels are in thermal contacwith the mechanical frame-
work of the sensors, the temperature of the sensors (i. e. ttdosest ones to the channel) is
considered to be the same temperature measured in the refrigant. Each refrigeration line
is omnitored bt two temperature sensors, one at the entrancand another at the exit of the
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Figure 5.6: Vertex position (x-coordinate,on the left;gecdinate, on the right) vs. luminosity.

refrigerant flux. The temperature (in a particular instant, being recorded daily) is defined
as the average of the temperatures of those two sensors. Enitg this temperature in Eq.
C.26 (Appendix C) together with a reference temperature (20C) it is possible to extract a
correction factor applicable to the original bias current data.

In order to make comparable our LOO analysis to Dong’s SVX Il analysis we defined
fitting-windows of width 95 pb ! along the x-axis of luminosity. Then, the slopes were super-
imposed over their corresponding windows, so having a plotfdhe slopes versus luminosity
as shown in the plot on the left in Fig. 5.7. Finally, the x-a>$ of luminosity was replaced by
the sensor’s corresponding distance to the beam (Fig. 5.7ight plot) and the points fitted
with a linear function. The slope of the linear fit in the right plot of Figure 5.7 seems to be
high. However, the computation appears to be distorted by th point located at 1.3 cm. This
slope point corresponds to the earliest luminosities wherthe bias currents had a pattern
of high-rising slopes and followed by sudden decreases torpenvhen the sensor was turned
off. This behavior can be observed in a zoom of the bias currda plot in the range from 0
to 1000 pb ! (Fig. 5.9). After this considerations, if the points of lowst luminosities were
removed from the computation of the slopes, the result woulde an almost flat distribution
of slopes versus distance. This means that the slope of theabicurrent of any LOO sensor
would not be affected by the beam position (in the measured rage) and hence this kind of
correction is neglected.
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Figure 5.7: Example of sliding-fits slopes for sensor f82ét)land sliding-fits slopes versus
distance from the vertex to the sensor (right).

5.5 Total Bias Current

Figure 5.8 shows a general picture of the total bias current masured for the two classes
of LOO sensors: narrows and wides. The vertical axis is the su of the currents over the
number of sensors. The plot on the left (narrows) covers thewsn of currents read by the 12
narrow sensors of LOO while the plot on the right covers the 36emaining wide sensors. This
is the reason behind the difference on Y-axis scales, displag total values of 100QA for
the narrow sensors and 5000A for the wides since, independently of its class, each semso
contributes with approximately 100uA.

In the general picture the behavior of the current versus lumnosity is roughly linear and
for all the LOO modules there is a clear jump in the bias curreri data around 3000 pb—2.
The increment on the bias current is also similar for each sesor and close to 2PA. This
anomaly has to be due to a global effect such as temperaturesing in the detector. The
CDF electronic logs show that at the luminosity correspondig to that time ( 3000 pb2,
April 2007) the SVX was running warmer, from -10C to -6C. Thistemperature shift, even
if small, could have affected the LOO since the reverse biasiorent is strongly dependent on
temperature (I(T)OT2e E/ZT). Besides, some time later ( 450pb~1, June 2008), the bias
current data shows another jump also related to a cooling prblem. The log revealed the
possibility of an error in the termocouple or a temperature reading drifting in SVX that,
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Figure 5.8: Total bias current measured on narrow sensgty éhd wide sensors (right).

again, affected L0O. This incident may be useful as input tostimate the temperatures on
SVX as read by LOO (indirectly through its bias current).

Another global effect on LOO is the presence of discontinuiés in the bias current data plot.
These discontinuities are long periods where the detectos iturned off, for example annual
shutdowns for maintenance work (scale of months, 10@b~1) or technical accesses (scale
of days, 10pb~1).

In a smaller scale we can observe different patterns and to niiwe them we have selected four
interesting regions of Fig. 5.8 to zoom in:

Region 1: from 0 to 1000pb

Region 2: from 1000 to 2500pb~?!

Region 3: from 4000 to 5000pb~?!

Region 4: from 5500 to 7000pb 1

In Region 1 we can see short and periodically linear readingsf increasing current. When
the LOO is on and receiving radiation fluence the slope of theibas current is linear. When the
detector is turned off the sensor material anneals and the ks current steps down to start
rising again with similar slope after turning the sensors on
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Figure 5.9: Region 1: zoom of Fig.5.8 in the range from 0 toQLpBH L.

In Region 2 we can see upward periodical waves, not linear perds as in Region 1. This
trend is typical before the discontinuity of 3000pb~1, that separates Region 2 from region3
and may be related with high-starting luminosity and long Tevatron stores recordings.

Region 3 would be the equivalent figure to Region 2 after the dcontinuity of 3000 pb2,
although Region 3 does not seem to show such clear waves. Thason could be shorter
guiet time between Tevatron stores and also high luminositpnes.

Region 4 shows the latest read data. After a long linear risig slope, the current steps down
at 6500 pb~t (April 2009) and starts again what seems a new linear patterncaused by a
short-term stop in the data taking due to a technical accessithe CDF vault.
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5.6 Luminosity to Fluence Conversion

Data characterizing the degradation of the detector perfomance are typically displayed in
luminosity unities in the x-axis. Luminosity is a parameterof each particular collider. It is
then a convenient expression if used in a local environmentub not so useful in a global one.
In the case of the Fermilab, for example, data expressed algnluminosity would only be
compared between the CDF and DO experiments, and the acce#or itself. If we were to
compare data of type-inversion from the CDF with data from other experiment performed
in a beam different from the Tevatron, we would need to converthe luminosity axe into
fluence. Fluence is the radiative flux integrated over time. tlis defined as the number of
particles that intersect a unit area and hence a quantity inépendent of the origin of the
source.

To proceed with this conversiort, data and parameters from Donget al.[78] were shared.
The equation used for the conversion is

P=L-Ar " | (5.9)

with constants A=5- 10 and a = 1.65. Variabler is the radial distance from each sensor
to the beam. To compute this distance it is needed to considéne position of the beam at
each luminosity (Fig. 5.6).

1in this document the error in the measurement of the coraretsi fluence has not been computed. One way to
evaluate it would be by setting @nof 1.5 in the power law, as the TLD measurement suggests.



Chapter 6

Signal vs. Bias Scans and Detector
Lifespan Extrapolations

This chapter is dedicated to show the results obtained from Q0 and SVX-LO. Those results
(collected charge, delpetion voltage, evolution of depliein voltage, extrapolation for future

behavior...) are based on data output by a periodical test péormed to the detectors: the
signal vs. bias scan.

6.1 Bias voltage scans. The signal vs. bias scan implemenmait

CDF regularly conducts scans to measure the depletion volgge of the sensors. Two different
approaches are used for this purpose: the noise vs. bias scand the signal vs. bias scan.
The noise vs. bias scan takes advantage of the dependenceldf m-side noise on the bias
voltage. This method requires the use of double-sided serrscand hence it can be applied
only to SVX-Il or ISL. It will be discussed in section 6.3.

For the signal vs. bias scan the charge of hits on tracks is meared as a function of
the bias voltage. For each bias voltage point, the peak of theharge distribution is derived
fitting a Landau convoluted with a Gaussian resolution functon. Then, all that set of points
is fitted using a sigmoid function. The actual depletion volige of the sensor is then defined
as the 986 amplitude of the fitted sigmoid function (Fig. 6.1). This appoach works for all
sensors: L0OO, SVX-Il and ISL. However, the disadvantage ofttis method is that it requires
the consumption of valuable beam time.

Altough farther than LOO from the beam, CDF assumes that the layer 0 of SVX-Il is
the most critical for the detector life span as LOO enjoys a me radiation-tolerant design
due to its actively cooled sensors and its ability to work wh higher bias voltages.

87
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Figure 6.1. Example of the signal vs. bias scan method. Tdais was performed on LOO at an
integrated luminosity of 3512 pB3. The figure on the left shows the charge collection distidut
(at the polarization voltage of 10 Volts below the nominaégiing voltage) corresponding to
one of the 48 modules of L0OO, and the Landau fit, charactefigeiis peak or Most Probable
Value (MPV). The figure on the right displays the 25 MPVs cepanding to the 25 different
polarization voltages. This set of points is fitted to a sighwhose 95% of its height, 75.6 volts,
is defined as the depletion voltage for this particular seasd luminosity. The depletion voltage
is the output point of the signal vs. bias scan method.
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Figure 6.2: Depletion Bias plots for Micron class sensoB{81

6.2 Results of the LOO Signal vs. Bias scans

6.2.1 Study of the Depletion Voltage

The Most Probable Values (MPV) of the Landau convoluted to Gassian fits of the collected
charge distributions that were recorded at different bias wltages, as discussed in the pre-
vious section, are displayed in figures 6.2, 6.3, 6.4, and &d& 4 LOO modules. The signal
increases with bias voltage until reaching a plateau that weletify with full bulk depletion.
This set of points was fitted subsequently to a sigmoid curveThe 95% of the height of the
saturation value of the sigmoid is defined as the depletion Wage of the particular sensor,
and at the luminosity when the signal vs. bias scan test was germed.

Representative ladders for every sensor class were chosdrheir depletion voltages were
compared at different luminosities of 7285 pb1, 6888 pb ! and 4530 pb 1. The differences
between depletion voltages for those luminosities (6888 pb and 4530 pbt) was of 80.4
V for f843, 41.4 V for 813, and 36.9 and 41.3 V in the case of f82and f841, respectively.
Sensor f813 is a representative of the oxygenated radiatiemardened Micron sensors, and
hence a small difference of depletion voltages between testhould be expected. A general
view of the idea of different depletion voltages at differehtest luminosities is fully displayed
with the help of the historical evolution plots.
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Figure 6.3: Depletion Bias plots for SGS Thomson sensor.f843
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Figure 6.4: Depletion Bias plots for Hamamatsu sensor f821.
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Figure 6.5: Depletion Bias plot for Hamamatsu sensor f841.



92 Signal vs. Bias Scans and Detector Lifespan Extrapolations

6.2.2 Evolution of the Depletion Voltage

The monitoring of the behavior along time of a sensor is madeymeans of the observation
of its depletion voltage evolution.

Modules for every one of the three representative sensor typhave been selected: oxy-
genated Micron (Fig. 6.6), SGS Thomson (Fig. 6.8), and Hamaawsu (Figs. 6.10 and 6.12).
In all these four figures the x-axis represents the integrate luminosity at which the signal
vs. bias scans were taken. In the y-axis is represented themputed depletion voltage at the
corresponding luminosity. Two fits have been performed: a tird grade polinomial fit and
a linear fit. The polinomic curve fits the set of points of low luninosity. For every sensor,
we have defined the inversion point as the minimum of the poliamic curve. The ,y) co-
ordinates of the inversion point are respectively thanversion luminosityand the inversion
depletion voltage The linear fit has been performed for the subset of points begnd the in-
version point as an extrapolation of the behavior of the ladér. Figures 6.7, 6.9, 6.11, and
6.13 are the equivalent plots expressed as a function of theilince. Figures 6.16 and 6.17 are
distributions of the inversion point in terms of luminosity and fluence, respectively. Figure
6.16 shows the x and y coordinates of the inversion point whél6.17 shows the x coordi-
nate and the linear fit slope. It is interesting to compare thedistributions of x-coordinate
for luminosity and its equivalent for fluence (histograms MinXLum and MinXFlu), since
the fluence transformation can perfectly resolves the threpeaks corresponding to the three
classes of sensors of LOO.

Figure 6.18 shows that oxygenated Micron sensors delayeddltype-inversion phenomenon,
whose inversion luminosities are located around 2500 pid (corresponding to a fluence of
75%x10'2 cm~2). Standard SGS Thomson and Hamamatsu sensors display im&on lumi-
nosities around 1500 pb* (50x 1012 cm~2) and 1000 pb ! (25x 10*? cm~2), respectively. The
subset of points beyond the inversion point seems to displaylinear behavior for the three
classes of sensors of LOO.
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Figure 6.6: Example of inversion of the Micron class sen§it8 and fa43 (luminosity data).
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Figure 6.8: Example of inversion for SGS Thomson sensor3 &4l fal3 (luminosity data).
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Figure 6.9: Example of inversion for SGS Thomson sensor3 & fal3 (fluence data).
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Figure 6.10: Example of inversion for Hamamatsu sensors @i fa31 (luminosity data).
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Figure 6.12: Example of inversion for Hamamatsu sensors éw fall (luminosity data).
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Figure 6.14: Global results for LOO luminosity plots. Surmynaf extrapolation fits of LOO at
latest luminosity of 6888 ptt (left), and at previous luminosity of 4530 pb(right).

6.2.3 LOO Extrapolations Summary

The extrapolation summary plot for LOO (Fig. 6.14) displaystogether all the extrapolated
linear fits corresponding to the 48 readout devices of LOO. Té plot also shows the technical
limits of LOO sensors: the power supply delivery limit and the sensor breakdown region.
Figure 6.14 shows the extrapolated fits after data collectioup to two different luminosities,
6888 pb ! and 4530 pb 1, to compare the evolution of the extrapolation’s slopes. Ithe
slopes at two different luminosities show significative dferences, the assumption of a linear
extrapolation after type-inversion should be revised.

We observe that all of the extrapolated fits lie below the powesupply limit of 500 V and
the breakdown region. With the actual results we conclude tht the sensors will be able to
be depleted at least to a luminosity of 20000 ptt.

Figure 6.15 is a global display of LOO in terms of fluence. Theapmetrical arrangement
is slightly altered in both plots of Fig. 6.15 to include the Mcron and SGS Thomson sensors
(f8*3). Coordinates of this sensors are located in the coluns correspondidng toz =1 and
z=8. The inversion point for this kind of sensors is located asund a fluence of 40- 102
cm~2 and for the Hamamatsu devices this value lies about 20102 cm~2. The slopes of
the linear fits of the LOO Micron sensors (Fig. 6.15, right) sem to be higher in the western
region altough to affirm this, more statistics or a diffrerent set of data would be needed.
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6.3 Results of the SVX-L0 Signal vs. Bias scan

6.3.1 Study of the Depletion Voltage

Readout devices €160 and e460 were chosen as representative SVX-L0. The depletion
voltage plots of these devices (Fig. 6.19 and 6.20) are shoafter being computed from

latest data at 6888 pbrl. The plots are made up of a single set of points and its fit. Thee$
of points are the Most Probable Values (MPV) of the Landau cowmoluted to Gaussian fits
of the charge collection distributions that were recorded adifferent bias voltages. The set
of points was fitted to a sigmoid curve. similarly to the prevous case of LOO, the 9% of

the height of the saturation value of this sigmoid is defined sthe depletion voltage of the
particular sensor and at the luminosity when the signal vs. as scan test was performed.

In the depletion voltage plots it can be observed that the chrge collection for z sides is
lower in approximately 10 ADCs than for the @sides. This difference is fully displayed in the
plots of historical evolution of charge (Fig. 6.25). This is result ofthe induced capacitance
due to the double metal layer required for the 90 double-sided sensors.
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Figure 6.19: Depletion voltage far(left) andz (right) sides of 160 ladder at 6888 b
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Figure 6.20: Depletion voltage fag (left) andz (right) sides of e460 ladder at 6888 b

6.3.2 Evolution of the Depletion Voltage

Sensor €160 has been selected to illustrate the time evohri of the depletion voltage of
SVX-LO. lIts historical evolution of depletion voltage (Figs. 6.23, 6.24) and collected charge
in full-depletion mode (Fig. 6.25) are shown in Figures 6.28nd 6.25, respectively. In Figure
6.25 it is possible to observe that for both sides of the sensoollected charge has decreased
about 10% of its original value at luminosity of 2000 pb.

Signal vs. bias scans before luminosity of 3000 pB were performed only to three (e140,
e2a0, e090) of the 72 sensors of SVX-LO. In spite of this lacK statistics, the evolution of
the depletion voltages of those three sensors is in qualitae agreement with the prediction
model (Fig. 6.26) as described in Ref. [66].

Observing that the subset of points of more recent luminosies (i.e. after 3500 pb?)
display increasing values, we can assume that all the SVX-L€ensors have undergone type
inversion. A linear fit was performed on that subset of pointqFig. 6.23) and its extrapolation
is used to extract conclusions about the SVX-LO future behdor.

The noise bias scan makes use of the- noise drop achieved when the detector is fully
depleted (Fig. 6.21). The bias voltage is set to different iiges and the depletion voltage is
defined as the point where the noise reaches a minimum. The+ strips of an undepleted
double-sided microstrip detector have a large noise levelrsce, in the absence of polariza-
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Figure 6.21: Method of noise vs. bias scan. This method id wally for double-sided sensors.

tion, all backplane strips are connected. The strips are idated through p doped strips de-
posited within the n+ strips, the so-calledp-stops. When the charge depleted region reaches
the backplane, thep-stop are reverse-biased introducing a large resistance bgeen neigh-
bouring n+ strips and thus the noise drops. However, after inversionhe assumption that
the sensor starts to deplete from thep-strips is no longer valid making thus this method
unreliable, as can be seen from Fig. 6.22.
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6.3.3 SVX-LO Extrapolations Summary

Figure 6.27 compares the extrapolation of thep sides of all the 72 sensors of LO at luminosi-
ties of 6888 and 4530 pb'. Figure 6.28 is the equivalent comparison for thez sides. The
linear fit performed for the points of more recent luminosity is extrapolated to explore the
future behavior and longevity of SVX-L0. The slopes at 4550~ are spread out compared
to those at 6888 pb'. This means that at 6888 pb? the behavior of the sensors is globally
more uniform than at 4550 pb~1. The general trend in the phi case has been compressed
into a depletion voltage interval ranging from 100 to 170 V atthe limit of the extrapolation

of 10000 pbt. In the z case we observe a similar evolution with the particularity hat at
4550 pb* there were still sensors with flat and even negative slopesdi sensors not yet in-
verted) and at latest luminosity of 6888 pb! the zside has clearly undergone type-inversion.

Figure 6.29 is displayed to compare the global results of SV-X0 with those of SVX-L1.
Both layers are very similar in design, the only difference Ieing the different radial location
of each layer. The flat slopes of SVX-L1 evidence a general nenversion state altoughphi
side seems to display a general increasing trend.

A global display of data for SVX-LO0 in terms of fluence is givenby Fig. 6.30. This figure
shows, for both sides of SVX-LO, the value of the slope of thénkar fit made to the fluence
points located after the type inversion point. In the figure t can be observed that the slopes
are higher for sensors with higherg and z cylindrical coordinates (north-east location).
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Figure 6.27: Extrapolation fits for all the SVX-L0 sensogssides at 6888 (left) and 4550 ph
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6.4 Discussion

This chapter has presented the results of the signal vs. biagans performed to LOO and
SVX-LO at latest integrated luminosity of 6888 pb L.

The signal vs. bias scans show that sensors of both LOO and SMX have suffered type-
inversion as a consequence of irradiation (Fig. 6.18). Oxgmated (radiation-hardened) Mi-
cron sensors of LOO delayed this type-inversion phenomenpmwhose inversion luminosities
are located around 2500 pb!. Standard SGS Thomson and Hamamatsu sensors of L0O dis-
played inversion luminosities around 1500 pb! and 1000 pb !, respectively. Hamamatsu
sensors of SVX-LO have shown inversion luminosities around700 pb . The difference
in inversion luminosities for Hamamatsu sensors of LO0 and 8X-LO can be explained by
means of the radial dependence of the radiation field [68], [E]. In LOO, the fact that the
highest luminosity of inversion corresponds to the Micron tass of sensors is of importance
for the CMS experiment at CERN whose silicon detectors use thsame radiation-hardened
technology in its sensors.

From the radiation damage viewpoint, the SVX-L0 is a more criical device than LOO
since SVX-LO was not specially designed for radiation hardeing and its power supply de-
livery is limited to 250 V. However, the extraplations of thefits of the SVX-L0 sensors lie
below the safe operation region up to a luminosity of 10000 pb'. This is also true for layer
SVX-L1. For this layer in particular the fits are rather flat, a fact that reveals that its sensors
have not suffered the inversion process.

The extrapolations of both LOO and SVX-L0 have been assumedtbe constant but only
a further measurement of the rate of change of the depletionaltages after type-inversion
will lead to definitive conclusions about the lifetime of theCDF silicon detectors.

For the three classes of sensors of LOO, the depletion volteg) after the inversion point
display an increasingly linear behavior, meaning that afte inversion the creation of new
negative centers in the space charge is also linear. The eapolations of the linear fits made
to those points are useful to predict the global future perfomance of L00. All those fit
extrapolations lie below the power supply limit of 500 V and he sensor breakdown region.
With the actual results we can conclude that the sensors wibhe able to be depleted at least
up to a luminosity of 10000 pb .

The silicon detectors are the most critical subsystem of th€EDF experiment. In partic-
ular, the functionality of its innermost layers, LO0 and SVX-LO0, is essential for the comple-
tion of the physics program of CDF. The political discussiorconcerning the extension of the
Tevatron Run Il to 2010-2011 is being based on the LO0 and SVX0 extrapolations plots
and studies shown in this document.
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One of the main questions derived from the CDF type inversiondata is the realtive
mismatch between the modelization and the experimental dat as shown in Fig. 6.26 and
in 6.31.
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Figure 6.31: Left: calculated space charge vs. high-enprgion fluence for silicon with initial
donor concentrationdlgg of 102 and 133 cm~3. Whith an infinitely fine calculation grid both
distributions would dip to zero (Ref. [70]). Right: expesntal data of the inversion curve from
CDF (LOO module fal3). The fact that the minimum of this cudegs not reach to zero volts is
in conflict with the model.

While the depletion voltage drops to zero in the model, the gperimental data show a
curve with a minimum located in the range of 35 to 50 volts. Assming in principle the
validity of the model we should explain the voltage shift diplayed by the data. Explanations
could range from technical voltage drops to unexpected eftds in the interaction of radiation
with matter. However this was studied in detail in chaper 5 Imiting this effect to less than
7.5V, too small to explain the mismatch displayed by 6.31, sihe hypothesis of a voltage
drop is then discarded. Another possible explanation wouldbe the nature of the doping
process inside the sensor, a topic that would be dealt in Chagr 7.



Chapter 7

Description of radiation aging effects in
LOO and SVX-Il detectors

7.1 Monitoring of detector parameters

To illustrate the radiation-aging in the LOO and SVX systemswe focus on the behavior and
evolution of four important parameters of the detector:

Efficiency

Collected Charge or Signal

Resolution

Cluster Size

These parameters were measured using the hits on track alrelg discussed in the deple-
tion voltage measurement. Parameter efficiency is a relatées efficiency of the sensor under
test with respect of the rest of the silicon detector. The ctédcted charge is the quantity of
electrical charge released after ionization by radiation éthe semiconductor bulk and col-
lected by the readout electrodes. The RMS of the distributio of residuals (Fig. 7.1, left)
between the extrapolated track and the meassured hit posiin is taken as a measure of the
position resolution. Cluster size (Fig. 7.1, right) is the nmber of strips activated (i.e. read-
ing signal above noise) by a track hit. In section 7.3 we alsavestigate the behaviour of the
derivative of the signal with respect to the bias voltage ad provides insight on the doping
profile in the bulk as discussed in appendix D.
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7.1.1 Aging of LOO

For all the LOO sensors, the efficiency shows a general decsdag pattern along luminosity
(Fig. 7.3, left plot, red graph). The values of the efficiencplot are systematically higher for
the wide sensors. At later luminaisities the collected chge and efficiency recover mildly as
the nominal voltage was systematically increased as a mitigjon policy against aging.

The charge collected by the sensors (signal) seems constating luminosity for all the
LOO sensors (Fig. 7.3, left plot, blue and black graphs). Ttre are two different measure-
ments of the collected charge displayed: the first one, in btk dots, shows the charge cor-
responding to the depletion voltage value (956 of collection charge) of the fitting sigmoid.
The second one, in a continuous blue line, corresponds to tlsaturation of the sigmoid (100
% of the collection charge, or the value of the charge at infini voltage). To check the quality
of the sigmoid fitting-function both data plots should not befar away from each other.

The resolution and cluster size plots display very similar arves, the cluster size for LOO
narrow sensors being slightly lower than for wides (Fig. 7.3right plot). In the case of the
cluster size, it can vary from 2.8 to 3.3 stripes along luminsity. Hence we would assume the
cluster size to be constant and with a practical value of 3 sipes. There is an overall trend
of wider clusters and degraded position resolution as lumiasity increases.

7.1.2 Aging of SVX-LO

Graph of charge vs luminosity plot is slightly decreasing foboth LO-phiand LO-z (Fig. 7.4).
Efficiency vs luminosity plot has an interesting evolution $ong z-axis sensors (for bothphi
and z sides): the curve maintains its shape but rises upward with), reaching a maximum at
n=90 (collision point), and then simmetrically decreases @ble 7.1).

Absolute values are larger for the phi side (Fig. 7.4). Resotion vs luminosity plot
is constant for both LO-phi and LO-z sides (Fig. 7.5). Clustesize vs luminosity plot is
interestingly increasing only for LO-phi side, remaining constant for the z side (Fig. 7.5).
This effect would be expected after inversion, since the l&of “ n-stops” on the p side would
reduce the interstrip resistance.

7.1.3 Aging of SVX-L1

Charge vs luminosity plot is slightly decreasing or constanfor phi and z sides of SVX-L1
(Fig. 7.6). Efficiency vs. luminosity plot displays a similaevolution along z-axis than that
showed by LO (for both L1-phi and L1-z sides). Also, absolutevalues are larger for the
L1-phi side (Fig. 7.6). Resolution vs. luminosity plot is gite constant for L1-phi and L1-z
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7.2 Summary of parameters by layer

To summarize the values of the reference parameters of the textor, Table 7.2 shows their
evolution as a function of luminosity averaged over modules L0OO, SVX-LO gand SVX-LO

Z

Table 7.2: Global values per layer. Average over total nurobeensors of detector’s parameters
versus luminosity.
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7.3 Behavior at low bias voltage

7.3.1 LOO

Sensors f850 (Hamamatsu), f843 (SGS Thomson) and f813 (Maar) have been designed as
representatives of the LOO sensors. For each of those sensadr has been selected a set of
three points of luminosity (irradiation stages):

e luminosity far before type-inversion
e luminosity at the type-inversion point.

e luminosity far after type-inversion

For every luminosity point and sensor class the different peameters of the sensor were
displayed: collected charge, first derivative of collectedharge, efficiency, cluster size (num-
ber of stripes), and resolution (RMS of residuals). Tables B, 7.4, and 7.5 summarize the
plots. Tables 7.7 and 7.8 shows the behavior at low bias vof@ia for the complete set of
luminosity points.

An interesting observation arises related to the first deriative of the collected charge:
for the lowest luminosity -before inversion- the value of tke peak is 0.4. At the inversion
point it has increased to 0.8 and finally, at the current lumirosity, moves forward and to
0.1. This pattern can be explainable from the viewpoint of aensor slightly underdepleted
with time. However it is interesting to plot the first derivative of a sigmoid fit fitting only the
low-voltage points. This is displayed in Table 7.5 where ints$ first row it has been plotted
the red an black sigmoids for full range and low range of voltayes, respectively, and in its
second row their first derivative with the same color code.

Another observation can be extracted from Tables 7.7 and 7:8the slope of the low-
voltage fit (black plot, first derivative of sigmoid fit for low voltages) increases between
394 pb~tand 2127 pb ! (this is expected since the depletion voltage decreases). 2127 pbt
there is a transition in this behavior since from this luminasity point the value of the slope
does not increase anymore and remains constant; the slope latw bias voltages is indepen-
dent of the applied bias voltage.

A summarization for LOO of the previous observation about Tdles 7.7 and 7.8 is given
by plots in Table 7.17.
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Table 7.3: Type-inversion evolution for LO0-f850, exampfeHamamatsu class sensor (wide).
Inversion point at 944 ptt. First row contains the turn-on curves of the collected gaand
efficiency set of points. In the second row is displayed tts dierivative of the red sigmoid fitting
the charge points of first row. Third row is reserved for thenber of strips and the residuals.
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Table 7.4: Type-inversion evolution for LO0-f843, exampfeSGS Thomson class sensor (stan-
dard narrow). Inversion point at 2041 pb First row contains the turn-on curves of the collected
charge and efficiency set of points. In the second row is aygal the first derivative of the red
sigmoid fitting the charge points of first row. Third row iseeged for the number of strips and
the residuals.
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Table 7.5: Type-inversion evolution for LO0-f813, exampleMicron radiation-hardened class
sensor (oxygenated narrow). Inversion point at 2494 pFirst row contains the turn-on curves
of the collected charge and efficiency set of points. In tlvese row is displayed the first deriva-
tive of the red sigmoid fitting the charge points of first rowdaan analogous black curve for the
black sigmoid curve that fits the region of low voltages infilngt row. Third row is reserved for

the number of strips and the residuals.
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Table 7.6: Collected charge, efficiency, cluster size asditals evolution for the three classes

of LOO sensors.

Class sensor example

LOO-f850

LOO-f843

LOO-f813

Sensor L00-f850
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3 >
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[ —0.35
<
© o3
—0.25
0.2
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25 —0.003
2 o.002
15 L L L 0.001
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Table 7.7: Type-inversion evolution for LO0-f813, exampleMicron radiation-hardened class
sensor (oxygenated narrow). Inversion point at 2494 pAll luminosities part |. Black plot is a
fit for low bias voltages (limit of the black fit: 80%,ep).

LOO-f813
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! 1
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! 1
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> 045F > 045 > 045
8 o4f 8 o4 8 o4
Loasf Loss Loss
3. 3 . 3 .
& °3f 5 03 5 03
© 025 © 025 © 025
0.2 0.2 0.2
0.15 0.15 0.15
0.1 0.1 0.1
0.05 0.05 0.05
o L L o L I L L 0 L L
o 50 100 150 200 o 50 100 150 200 o 50 100 150 200
bias voltage [Volts] bias voltage [Volts] bias voltage [Volts]
Int. Lum: 2041 pb* Int. Lum: 2127 pb* Int. Lum: 2320 pb*
= 05 = 05 = 05
o Module L00-f813 ) Module L00-f813 ) Module L00-f813
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Table 7.8: Type-inversion evolution for LO0-f813, exampleMicron radiation-hardened class
sensor (oxygenated narrow). Inversion point at 2494'plll luminosities part II. Black plot is
a fit for low bias voltages (limit of the black fit: 80Myep).
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7.3.2 SVX-LO

Sensors €090, €140, and e2a0 are the devices with more statsson SVX-L0. Similarly as
in the case of LOO, for each of those three sensors it has bealected a set of three points of
luminosity (irradiation stages):

e luminosity far before type-inversion
e luminosity at the type-inversion point.

e luminosity far after type-inversion

For every luminosity point and sensor class the different peameters of the sensor were
displayed: collected charge, first derivative of collecte@¢harge, efficiency, cluster size (num-
ber of stripes), and resolution (RMS of residuals). Tables B, 7.10, 7.11, 7.12, 7.13, and 7.14
summarize the plots.

A general display of the SVX-L0O low-voltage behavior dealtm the previous Tables is
given by plots contained in Table 7.18.
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Table 7.9: Type-inversion evolution for L0-e090, a Hamauatlass sensor. Inversion point at
1902 pbl. Each one of the three columns represents a stage point lifegan of the sensor
(phi andz sides are shown): before, after and at inversion. The reda@dfits the whole set of
charge points while the black sigmoid fits only the subsetanfifs at low voltages. Second row
holds the first derivative of those curves, respecting theramde.

Int! Lum: 646 pb™* Efeency Int. Lum: 1902 pb* Eftciency Int. Lum: 6888 pb* Eftctency
< 0.5 < 3B < 5
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g 12F Module L0-e090_phi g 12k Module L0-e090_phi g 12k Module L0-e090_phi
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Table 7.10: Type-inversion evolution of cluster size arsideals for L0-e090, a Hamamatsu class

sensor. Inversion point at 1902 pb

L0O-e090

before inversion

inversion point

after inversion
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Table 7.11: Type-inversion evolution for LO-e140, a Hameua&lass sensor. Inversion point at
1902 pbl. Each one of the three columns represents a stage point lifegan of the sensor
(phi andz sides are shown): before, after and at inversion. The reda@dfits the whole set of
charge points while the black sigmoid fits only the subsetanfifs at low voltages. Second row
holds the first derivative of those curves, respecting theramde.

Int. Lum: 646 pb™* Efeency Int. Lum: 1902 pb* Eftctency Int. Lum: 6888 pb* Eftctency
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Table 7.12: Type-inversion evolution of cluster size arsideals for L0-e140, a Hamamatsu class

sensor. Inversion point at 1902 pb

LO-e140

before inversion

inversion point

after inversion

n strips

n strips

Int. Lum: 646 pb

—— Residuals [cm]

Int. Lum: 1902 pb*

—— Residuals [cm]

Int. Lum: 6888 pb™*

—— Residuals [cm]
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—0.003
4 } }{ {{
35F ity Jo.0025
=
} —0.002
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Table 7.13: Type-inversion evolution for LO-e2a0, a Hamemalass sensor. Inversion point at
1902 pbl. Each one of the three columns represents a stage point lifegan of the sensor
(phi andz sides are shown): before, after and at inversion. The reda@dfits the whole set of
charge points while the black sigmoid fits only the subsetanfifs at low voltages. Second row
holds the first derivative of those curves, respecting theramde.
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Table 7.14: Type-inversion evolution of cluster size argideals for LO-e2a0, a Hamamatsu class
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Table 7.15: Type-inversion evolution for LO-e2a0. All lumosities, phi side. Black plot is a fit
for low bias voltages (limit of the black fit: 80%ep).
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Table 7.16: Type-inversion evolution for LO-e2a0. All lutosities, z side. Black plot is a fit for

low bias voltages (limit of the black fit: 80%ep).
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7.3.3 Summary by layer

Tables 7.17 and 7.18 are a general view of the behavior at thew-voltage regime of the
sensors of LO0 and SVX-LO, respectively.

Altough not definitive effects, it is possible however to sevo interesting patterns in the
plots contained by those Tables. First one, an increase atMduminaosities, constant behavior
at medium luminosities (around inversion point), and decrase with higher luminosities.
This pattern is clearly displayed by LOO sensors of 813 (Mimn) and f843 (SGS Thomson),
SVX-L0O e2a0 z side, and SVX-L0O e090¢ side. The second possible pattern would be a
distribution starting with high points at low luminosities and following with a decrease and
eventually constant trend. This behavior is illustrated bysensors L00-f850, SVX-L0 e14®
and zsides and SVX-L0 e2a@p side.

Table 7.17: Low-voltage behavior of LOO sensors: ordinaterigin of low-voltages sigmoid fit
vs luminosities for the three classes of LOO sensors.
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Table 7.18: Low-voltage behavior of SVX-L0 sensors: ortkret origin of low-voltages sigmoid

fit vs luminosities for the three sensors of SVX-L0O with mota&tistics.
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7.3.4 Behavior at low bias voltage and dopant profile models

Tables 7.15 and 7.16 and show the behavior at low bias voltager a set of luminosity points
for both sides of sensor e2a0. Similar observations than irhe case of LOO can be extracted
with the particularity of the double-sided sensor nature of SVX-LO. Let us consider an
ideal SVX-LO phi sensor made of an homogeneous initial dopant profile (Fig. 8). In such
ideal sensor the relationship between net dopant concenttian, depletion voltage, depletion
space and collectad charge (signal) is described elsewhdsee for example Chapter 1 or
Appendix. B). In Figure 7.8, the first column is the situationbefore irradiation (extrinsic “+”
dopant), third column is the inversion point stage (intrinsc “0” dopant) and fifth column
is the situation far after inversion (extrinsic “-” dopant) . Every stage (the three mentioned
and the transitions between them represented in colums tworal four) is homogeneous, this
is, the sum of charged points is the same for each layer.

In the case of a more realistic sensor compatible with obseed data (Fig. 7.9) the inver-
sion point would not be intrinsic and stages after inversionwould be inhomogeneous, this
is, the sum of charged points is differect for each layer and manged in a way that positive
charges are more common in the superior side than in the inféor. To illustrate this effect
it has been necessary to draw four charge layers in the stageter inversion.

If we were to start the depletion of this ideal sensor we wouldee the evolution along
luminosity of the signal vs. low bias voltages (to explore th most superficial layers of the
sensor) as a linear slope that after some initial irradiation grows faster. When the inversion
point is reached, an ideal sensor would display a step funan with the step located at V=0.
In the stages after the inversion point (depletion startingfrom the z side), the ideal step
function would be shifted from the origin in the x-axis by a factor equal to the correspond-
ing depletion voltage at each stage. Comparing data of sigh&s. bias voltage of SVX-LO
sensors (Tables 7.9, 7.11, 7.13) with this ideal model we calneck that stages before irradi-
ation behave as expected but the inversion point stage andssequents do not. Data of the
inversion point stage displays an important mismatch with he inversion modelization (for
example, Fig. 6.26). In the model, the depletion voltage dps to zero while data display
a minimum located at some tens of volts above zero, dependirg the class of the sensor.
Data from stages after irradiation (plots in the third column of Tables 7.9, 7.11, 7.13) show
that what should be an ideal step function is closer to a signid with slope decreasing along
luminosity.

The ideal case for a SVX-L0z sensor would be the reverse situation along luminosity
than for the phiside (Fig. 7.8). In thez case, divergences between data and the correspond-
ing ideal stages of the function of signal vs. low bias voltagstart from the beginning of the
irradiation.
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Chapter 8

Conclusions

This work has been devoted to the study of the radiation damag effects observed on the
CDF silicon detectors, in particular the dopant type-inversion and the evolution of the bias
currents.

The CDF silicon detectors were designed to be replaced aft@-3 fb~! of recorded data.
However, the planned replacement was not possible and therssors have been operated
until 10-12 fb~1. This particular circumstance has been a challenge for the meration and
maintenance of the silicon detectors and the reason behindraeticulous monitoring work.

In this document the radiation damage has been studied fromvio viewpoints: the bias
current and the bias voltage. Other radiation damage effec and aging over different de-
tector parameters (efficiency, cluster size...) have alsabn observed and recorded.

The study of the bias currents is of relevance in an irradiaté silicon sensor since it is
a parameter linked to the received fluence. Hence and by studlyg data from bias current
it is possible to relate the luminosity, a known quantity, wth the total dose received by the
detector. The results expressed as a function of the fluencetome independent of the local
environment and can be useful for other experiments.

Regarding the bias voltage, its evolution with time shows tl type-inversion for LOO
and layer SVX-LO0. Since the silicon detectors are the limitat factor in the lifespan of the
whole CDF experiment, extrapolations of this plots of invesion have been the reference for
the periodical inspections of the commissioners of the U.Repartment Of Energy and the
annual budget reports.

The scientific importance of the dopant type-inversion becmes evident since current
experimental data do not perfectly match the Hamburg model.In the model, the minimum
of the inversion curve drops to zero volts while the inversia curve of the CDF data displays
a shift in voltage, being located between 30 and 45 volts. Sia an account of the internal
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resistance of the bias circuit would only contribute with atput 10 volts, the remaining voltage
difference can not be explained with the current model. Theype-inversion has also been
illustrated -with less accuracy tough- from the viewpoint d the dopant profile at low bias
voltages. Altough some radiation-generated complexes iide the sensor’s volume are well
known and able to explain the macroscopic results, the deepenechanisms behind type-
inversion are many and still unknown. Dopant type-inversia is still an open question in the
areas of material science and solid state physics.

The results collected in this work have been shown to the puld in several talks and
meetings between 2008 and 2009:

* "Longevity and Radiation Aging Studies of the CDF Il Silicon Detectors”, Talk at the
American Physical Society Meeting, Saint Louis MO, April 2M8.

* "Longevity Studies of the CDF Il Silicon Detectors”, Talk at the CMS Sympaosium,
Fermilab, November 2008.

* "Longevity Studies of the CDF Il Silicon Detectors”, Talk at the CIEMAT High En-
ergy Physics Christmas Workshop, Madrid, December 2008.

* "Longevity Studies of the CDF Il Silicon Detectors”, Talk at the All Experimenters
Meeting, Fermilab, January 2009.

* "The CDF RUN Il Silicon Detectors: Longevity Studies”, Poster at the 11th Pisa Meet-
ing on Advanced Detectors, Elba, May 2009.

A detailed description of the behavior of the CDF silicon degctors is being written for Nu-
clear Instruments and Methods A with the title “Operational Experience, Improvements,
and Performance of the CDF Run Il Silicon Vertex Detector”.



Appendix A

Resumen en Castellano

A.1 El experimento CDF en el Laboratorio Federal Fermi

El Laboratorio Federal Fermi es un centro internacional de nvestigacbn en FHsica de Altas

Energias localizado en las proximidades de Chicago, llinois (EBU.). Sus instalaciones al-
bergan al Tevatron, el mayor acelerador de partculas actualmente opertativo en el mundo.
El Tevatron acelera protones y antiprotones hasta una eneig en el centro de masas de
2 TeV y los focaliza en dos puntos distintos del anillo para mvocar su colisbn. En esos
puntos esfn situados los detectores DO y CDF. Estos aparatos tienen am dimensiones
aproximadas de 15 metros @bicos y 5 toneladas de peso (Figura 1).

El departamento de Investigaocbn Basica del CIEMAT se incorpor6 al experimento CDF
en 2005 y su inteés se centra en la recogida y alisis de datos de lalltima fase de este
proyecto (Run IlI). Como parte de las responsabilididades de la colaboram, el CIEMAT
debe encargarse concretamente del mantenimiento del detecde vértices de silicio. Este
dispositivo esh sellado en la parte nas interna de CDF y en contacto con el conducto del
haz (beampipé. Por este motivo es aders la parte que nas radiacion recibe procedente del
punto de colisbn. El detector de silicio es una herramienta fundamental paa el analisis de
los procesos subnucleares.

A.2 Materiales de estado 8lido para la deteccbn de radiacion ion-
izante.

Las particulas cargadas depositan por ionizabn una fraccion de su energa al atravesar
cualquier material aunque %lo algunos de ellos sean adecuados como dispositivos detec
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LO0O + SVXII + ISL,

Muon chambers/scintillators

Figure A.1: Detector CDF. La direccion de avance de losgmesg determina el sentido positivo
de la coordenada cartesiangEl detector mas interno es el de silicio (LOO+SVXII+ISLhgcia
el exterior se sitlan la camara central de tragzen(ral Outer Tracker,CO), los calorimetros
electromagnético y hadronic&l cal, HAD ca) y las camaras de muones.

tores. El modelo de detector conceptualmente &s simple consistita en un material aislante

0 semiconductor entre dos placas de metal (condensador) gelas que se aplica el voltaje
(tensibn de polarizaddn) para crear un campo ekctrico en el interior del medio detector pa-
sivo de forma que se pueda recoger la Bal en los electrodos. Este elemento detector pasivo
puede ser un gas (e.g.anara de ionizacbn), un liquido (e.g. caloimetro de argon liquido)

o un lido (e.g. detector de diamante).

El silicio ha encontrado nuevas y revolucionarias aplicacines desde mediados del siglo
XX, siendo usado en diferentesareas como la electbnica, las comunicaciones, los orde-
nadores, las €lulas fotovoltaicas, la espectrometa gammay de rayos X, biosensores, mecan-
ismos micro electromeénicos (MEMSs) y detectores de paificulas. Estostltimos utilizan
como material detector un cristal de silicio en el cual la radacion incidente transmite parte
de su energa a un cierto nimero de electrones que promocionan desde la banda de valen-
cia a la de conducaddn, geneéndose aspares electbn-hueco. Bajo la influencia del campo
eléctrico externo, tanto los electrones como los huecos viagn hacia los electrodos donde
daran lugar a un pulso ekctrico. Este proceso de ionizabn del semiconductor es equiv-
alente al ferbmeno de ionizaddn que sucedh en las @maras de niebla. Comparados con
éstas, la densidad de un dispositivo semiconductor es mucheayor y las particulas car-
gadas de alta enertp pueden registrarse mediante detectores relativamentesgueios.
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A.2.1 Detectores de &rtices de silicio: el detector SVX de microbandas de CDF.

Los detectores de microbandas de silicio son esencialmentra disposicbn de diodos semi-
conductores (unbn pn en polarizacion inversa y acoplo capacitivo) independientes, ubicados
sobre un sustrato contin tipo n de alta resistividad. La matriz cristalina de este sustratces
de clase cristalogéfica <111> o bien de tipo <100> ya que proporcionan la maxima den-
sidad y por tanto se reduce el riesgo de que el aluminio de la aradura colectora migre
hacia el interior del silicio en la fase de fabricaddn, lo que provocaia el cortocircuito de
la estructura del diodo. Sobre este monolito de silicio se pcede al dopaje de tipg a lo
largo de bandas, cré@ndose de esta manera las uniongsl. Se metaliza posteriormente con
aluminio que servira como electrodo y el diodo resultante es polarizado inverszente. Para
producir dichas estructuras colectoras (implante, electndo) se utilizan tecnologas esandar
de la industria microelectronica que permiten crear altas densidades de instrumentatn
(una banda cada 10-10Qum) de forma fiable y ecorbmica. A esta unidad detectora la lla-
maremos celda. Si se ordenan miles de estas celdas de maneyacéntrica y bajo simetria
cilindrica en torno al punto de colisbn, queda reticulado el espacio donde tienen lugar los
choques entre partculas (\vertice principal) y donde van a desintegrarse las paitulas de
los estados intermedios (@rtices secundarios). Puesto que este fetilo sensor proporciona
los puntos por donde han pasado las partulas, podremos reconstruir por extrapolacbn a
partir de esos puntos sus trayectorias (trazas) yartices de desintegrad@n, fundamentales
para comprender la fisica subyacente. Los detectores de silicio tienen una réiscion para
la reconstruccion de trazas del orden de las 10 micras, mayor que lassmaras de niebla o
las camaras de hilos. Como desventaja, el silicio resulta &s caro y necesita una cuidadosa
refrigeracion (del orden de -10 C) para evitar la presencia de corrientes de fuga (ruido)
gue deteriorarian la calidad de los datos. Una refrigeradn inadecuada acelera adess el
dafio por radiacion.

El detector de silicio de CDF consta de tres subsistemas: LO8VX e ISL (Figura A.2).
LOO es el dispositivo nas interno y permite mejorar la resolucion del parametro de impacto.
SVX cuenta con cinco capas cor@ntricas de silicio y es el elemento fundamental para la
reconstruccion de trazas y \ertices. ISL esh compuesto por dos capas intermedias de sili-
cio entre SVXy la cmara de trazas COT (Figura 3), que proporciona datos supleentarios
para la reconstruccion de las trazas. Cada cristal de silicio tiene unas dimensies del orden
de decenas den¥ y un grosor de 300 micras. Para detectores &s delgados no séa acept-
able la razbn de séial a ruido para este tipo de experimentos de reconstrucen de trazas.
El sistema cuenta con 700 celdas sensoras (772.000 canakesedtura) que suman 6m? de
silicio.
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Figure A.2: Seccibn transversal del detector de silicie.n8iestran los tres subsistemas que lo
integran: LOO, SVX-Il e ISL.
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Figure A.3: Seccion longitudinal de CDF y rangos de detetgiara los distintos subdetectores.
Se muestra el primer cuadrante del plano cartesiéfioLa coordenad# (pseudo-rapidez) es
una transformacion del angulo poksegln la féormulay = -Ln(tg(6/2)).
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A.2.2 Dahos por radiacion.

El efecto del ddio por radiacion en dispositivos de silicio ha sido estudiado duranteatadas

y de manera intensiva pero el problema es todas vigente dado el gran imero de nuevos
artefactos sometidos a dosis hostiles de radid@ri y que no pueden recibir mantenimiento,
como ocurre en sondas espaciales, siites, reactores de fugin y detectores internos (sell-
ados durante dios) en aceleradores de partulas. En todos estos casos no existen estudios
adecuados para la predicdn de la vida(til bajo esas condiciones de trabajo.

Consideremos una radiaddn electromagretica de ener@a correspondiente al espectro
visible. Sus efectos sobre los dispositivos de silicio datino (creacion de pares electon-
hueco) son completamente transitorios: los pares generasise recombinan apidamente.
Pero si se incrementa la eneng de la radiacion, los portadores nas energticos aumentan
su probabilidad de alcanzar la capa debxido, provocando cierto grado dedafio superficial
Si la radiacion incidente excediese los 250 keV, la enéegsefia suficente como para de-
splazar atomos de silicio de sus posiciones en la red. A este caso seoleoce comadafio por
desplazamiento Para el caso de radiadin por particulas cargadas y con masa el d& por
desplazamiento sucede para una enei@ mucho menor. Los protones de baja eneiig son
extremadamente peligrosos debido a la gran se@ui eficaz para la dispersbn de Coulomb
en silicio de tipop. Estos dos mecanismos constituyen la base de todos los efeqbor ra-
diacion que nos conciernen en el caso de los detectores de silicitayelectronica asociada.
Comprender estos efectos resulta de vital importanca paralcorrecta interpretacion de los
datos.

A.3 Aplicaciones a la Fsica de Altas Energas.

A.3.1 Importancia de los detectores deé@rtices de silicio.

Se ha expuesto anteriormente@mo un detector de silicio es capaz de proporcionar trazas
con gran precisbn. Dos trazas pibximas reconstruidas con la suficiente resoluén pueden
extrapolarse hasta el ertice original. Este \ertice representaia la posicbn en la que la
particula madre se desintegb en las parfculas hijas. En este caso hablaamos deespec-
troscopa sin desplazamientoSi una de las partculas hijas diera lugar tambiéen a un nuevo
vértice de desintegraddn quedaria definidaL,y entre ambos \ertices, dando lugar al caso de
espectroscda con desplazamientdEn esta situcon, ademas, podriamos utilizar la distancia
entre verticesL,y para reconocer fagging un determinado tipo de quark, siendo asposible
la blsqueda de nuevas patrtulas.
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A.3.2 Espectroscofa de hadrones.

Lateoria de la interaccbn fuerte, la Cromodinamica Cuantica (QCD), est construida sobre
particulas todava mas fundamentales: los quark y los gluones. En te@a seiia posible cal-
cular las propiedades ya observadas de los hadrones a partile las de los gluones y quarks.
En la practica, esto es muy ditil de conseguir. La brecha entre la teola de campo subya-
cente y los observables hadmicos implica la resolucon del problema general de una teda
de campos canticos. ElUnico intento directo contra este problema consiste en buac una
solucibn numérica para las ecuaciones de campo en una red de espacio-tgordiscretizada,
técnica conocida comdaticce QCD También puede procederse de manera indirecta, donde
se utilizan modelos simplificados de la propia QCD. De esta mara se ha trabajado, con
exito, en otras ramas de lafsica como Materia Condensada o Bica Nuclear. En el primer
caso, por ejemplo, la teora completa de la Electrodiramica Cuantica (QED) se sustituye
por una teoria efectiva de electrones no relativistas, huecos, pares @eoper, potenciales de
ligadura, etcétera. En el estudio del ficleo abmico, la interaccibn fuerte es equivalente, a
su vez, a una fuerza efectiva entre@o dos nucleones.

Similarmente para la escala hadbnica y utilizando modelos aproximados consistentes
con los datos experimentales, se puede avanzar en la compsém del nimero de grados
de libertad efectivos que caracterizan las interaccionesneel interior del hadr 6n. La espec-
troscopia de hadrones permite conocer las magnitudes qumaracterizana una particula: la
masa, el espn, el momento angular, la paridad, la energa y la vida media. Los tiempos de
vida de particulas tales como piones o kaones les permiten recorrer distcias del orden de
cenfimetros. Trazas de este tipo pueden reconstruirse, por taot mediante un instrumento
no demasiado preciso. Pero las enelgs de colisbn actuales producen partculas con un
tiempo de desintegraddn mucho mas breve (y del orden de micras) cuyos productos de
desintegracbn sblo pueden reconstruirse con suficiente precién mediante un detector de
silicio.

Unicamente con estos detectores se tiene informaai lo suficientemente precisa como
para reconstruir el punto donde la particula de vida corta (normalmente conteniendo un
quark pesado) se desintegra, y reconstruir a partir de sus prductos de desintegradn sus
propiedades caractefsticas.

Utilizando esta tecnica se ha descubierto, por ejemplo, el fémeno demixing u os-
cilacion materia-antimateria en mesoneBs y el tiempos de desintegradin de particulas
que contienen al quarkb.
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A.3.3 Blsquedas.

De manera araloga, la hisqueda de nuevas partulas e interacciones hace uso del detec-
tor de silicio para la clasificacbn (tagging de chorros de parfculas que contengan quarks
pesados como et o el b. Esa clasificacdbn consiste en primer lugar, en la fisqueda de
vértices secundarios de desintegragh en la zona del espacio correspondiente al paso de
jets (depositos de energa bien localizados en el caldmetro). La reconstruccion precisa de
vértices secundarios y su desplazamiento requiere el detectde silicio debido a las distan-
cias implicadas, como se vio en el apartado anterior. Postermente esa distancia entre
vértices se compara con la longitud de desintegramn de los quarksc o b. En particular
para el caso delb esa distancia es aproximadamente de 200 micras y por tanto, éorro
de particulas que conteiia el vertice desplazado puede clasificarse conue tipo b lo que
simplifica considerablemente el aalisis. El quark top se desintegra en un bdanW y en un
quark by pudo descubrirse (1996) mediante la sele@ de sucesos que contém al quark

b. Este mismo procedimiento es tami@n adecuado para la fisqueda de nuevas partulas
como el bo$n de Higgs cuya desintegraéin produce un estado final conteniendo quarkb y
antiquark b.

Aunque ningln experimento ha podido detectar la existencia del b@s de Higgs, hay ev-
idencias indirectas para creer en ella. El bosn de Higgs se predijo en 1964 como el cuanto
de un cierto campo escalar. El valor medio de este campo en aldo (VMV) es constante
e igual a 246 GeV. La existencia de este campo es fundamentalra ciertos procesosisicos
ya que dotaria de masa al resto de paitulas elementales incluyendo la del propio bas de
Higgs. En particular, la adquisicion de un VMYV distinto de cero rompe espondneamente la
simetria gaugeelectrodebil. A este ferbmeno se le conoce comdecanismo de Higgy es la
Gnica forma conocida capaz de explicar el origen de la masa des bosones dgauge siendo
ademas compatible con las propias tedasgauge Para la masa de la partcula de Higgs ex-
iste una cota inferior experimental de 114’5 GeV proporciomda por el experimento LEP e
indicios para el limite superior en torno a 200 GeV. Este rango de enetgs puede explorarse
mediante los colisionadores de hadrones de Fermilab y de CEBRy confirmarian completa-
mente la teoiia del Modelo Es&ndar.

M as alla de este modelo y en el contexto de las Téas de Gran Unificacbn se encuentra
la hip6tesis de laSupersimetta en la que para cada partcula fermidnica de la naturaleza ex-
iste asociada una paricula compadiera bogHnica y viceversa. Segn esta hipotesis, el quark
b (sbotton), compaiiero supersinetrico del quark b, se desintegrafa en un quark b mas un
neutralino (x°), compaiero supersinetrico del neutrino y particula relacionada con el prob-
lema de lamateria oscura El quark sbottompodria ser encontrado en Tevaton utilizando
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la clasificacbn dejetsde tipo b. En consecuencia, el etodo de clasificadn de chorros de
particulas mediante la medida de la distancia entre&rtices de reconstrucadn serviria ad
para avanzar en esta nueva frontera de la ciencia.

A.4 Exploraciones de voltaje de polarizad@n. Exploracion de séal
vS. polarizacion.

En CDF peri6dicamente se llevan a cabo ciertas pruebas para evaluar ebitaje de deserti-
zacion de los sensores. Existen dos maneras de aproximarse a gatepOsito: exploracion
de ruido vs. polarizacibn y exploracion de séial vs. polarizacibn. La exploracion de ruido
vs. polarizacibn es \alido para sensores de doble cara y por tanto no puede practcse
para L00. En el caso de la explora@n de séial vs. polarizacion, la carga depositada en
el sensor por una paricula incidente se mide como fundn del voltaje de polarizacbn al
gue el sensor est sometido. Para cada valor de voltaje de polarizadn, la distribucion de
carga se ajusta a una curva de landau convolucionada con unaiiwa gaussiana. El Valor
Mas Probable (VMP) de esa fund@n convolucionada se define como la carga recolectada
por el sensor estando polarizado a ese voltaje. Por tanto, gatodo el conjunto de puntos de
polarizacion se consigue un correspondiente conjunto de puntos de cargA continuacion
se ajusta este nuevo conjunto mediante una curva sigmoide \ltaje de desertizacon del
sensor se define como el valor de la altura de la curva al 95de su valor de saturacbn
(Fig. A.5). Este netodo funciona para todos los sensores de CDF: L00, SVX-II ySL. Sin
embargo la desventaja del mismo es que la recoleéci de carga debe hacerse con colisiones
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reales para lo que debe utilizarse tiempdaitil del Tevatron.
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Figure A.5: Ejemplo del método de exploracién de sefalpgdarizacion. Esta prueba se prac-
tico para LOO a una luminosidad integrada de 3512%pH_a figura de la izquierda muestra la
distribucion de la coleccion de carga (a un voltaje de nxaaion de 10 voltios por debajo del

voltaje nominal de operacion del sensor) correspondianteo de los 48 modulos de LOO y su
curva de ajuste (landau) caracterizada por su valor mémapl® (VMP). La figura de la derecha
muestra el conjunto de 25 VMPs correspondiente a los 25@sltke polarizacion. Este conjunto
de puntos se ajusta mediante una curva sigmoide cuyo 95%aldelde su altura, 75.6 voltios,

se considera como el voltaje de desertizacion de esteyartisensor y para la luminosidad de
3512 pbl. Este valor del voltaje de desertizacion es el resultadlonééodo de exploracion de

sefial vs. polarizacion.

A.4.1 Resultados de las exploraciones defsd vs. polarizacion para L0OO.
A.4.1.1 Voltaje de desertizadn

Los Valores Mas Probables (VMP) de las curvas de ajuste se muestran en lagifras A.6,
A.7, A.8,y A.9 para cuatro sensores de ejemplo de LOO.
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Figure A.6: Figuras de voltaje de desertizacion para ed@ei813 de clase Micron de L00. Se
observan pequefios incrementos en el voltaje de desétizpara este sensor desde la Ultima
prueba a 4530 pt}, un resultado esperable dado el especial disefio de essies.
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Figure A.7: Figuras de voltaje de desertizacion para et@ef843 de clase SGS Thomson de
LOO.
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Figure A.8: Figuras de voltaje de desertizacion para ed@ei821 de clase Hamamatsu de L0OO.
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Figure A.9: Figuras de voltaje de desertizacion para ed@ei®41 de clase Hamamatsu de L0OO.
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A.4.1.2 Evolucbn del voltaje de desertizadn

Para monitorizar del comportamiento de un sensor se observia evolucion de su voltaje de
desertizacbn a lo largo del tiempo.

Se han elegido sensores representativos de cada clase: Mit(Fig. A.10), SGS Thomson
(Fig. A.11), y Hamamatsu (Figs. A.12 y A.13).

En esas cuatro figuras, el ej& representa la luminosidad integrada a la que se realizla
prueba de sdial vs. polarizacibn. En el ejey se representa el voltaje de desertizath corre-
spondiente a cada una de esas luminosidades. En este conde puntos hay dos ajustes:
uno, polinomial de tercer grado que ajusta los puntos a bajadminosidad, y otro, lineal, que
ajusta las luminosidades s recientes. Para cada sensor se define el punto de inversi
como el ninimo de la curva polinbmica. Las coordenadasx,y) del punto de inversbn son
respectivamente laluminosidad de inverdin y el voltaje de desertizadn de inversbn. El
ajuste lineal es una extrapoladn de los puntos posteriores al punto de inverén.

La Figura A.14 muestra que los sensores de clase Micron reiexon mas el tipo de
inversion. Sus luminosidades de inveréin esén localizadas en torno a 2500 pb, mien-
tras que los sensores SGS Thomson y Hamamatsu muestran lurosidades de invergin
proximas a 1500 pb!y 1000 pb !, respectivamente. El subconjunto de puntos posterior
al punto de inversion parece obedecer un comportamiento lineal para las tresa$es de sen-
sores de LOO.
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Figure A.10: Ejemplo de inversion para los dos sensoresage dlicron de LOO.
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Figure A.11: Ejemplo de inversion para dos sensores de 8&S Thomson de L0OO.



154

Resumen en Castellano

Depletion voltage [V]

250

200

150

100

50

LN .
temporal evolution

2000 4000 6000 8000
Luminosity [pb™]

Depletion voltage [V]

N
a1
o

200

150

100

50

5% Ladder LO0-fa31
temporal evolution

o

2000 4000 6000 8000
Luminosity [pb™]

Figure A.12: Ejemplo de inversion para dos sensores de elasmnamatsu de L0OO.
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Figure A.13: Ejemplo de inversion para dos sensores de elasmnamatsu de L0OO.
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Figure A.14: Resultados generales para LO0 y SVX-LO. Coagian de la luminosidad de
inversion para las diferentes clases de sensores de LOXyLBVLos resultados se computaron
con datos tomados a una luminosidad de 6097 pb

A.4.1.3 Resumen de extrapolaciones lineales de LOO

La figura resumen de extrapolaciones para LOO (Fig. A.15) musra los ajustes lineales su-
perpuestos de todos los 48 sensores de L0O0j asmo los Imites tecnicos de la fuente de
alimentacion y la region de ruptura dieléctrica de los sensores. La figura A.15 compara
esos ajustes lineales a dos luminosidades distintas, 6888 py 4530 pb 1, para extraer
informacion sobre la evolucdbn de las pendientes de los ajustes. Silas pendientes a dagilu
nosidades distintas mostrasen diferencias significativata hipotesis de un comportamiento
lineal posterior al proceso de inversbn debefia ser revisada.

En la misma figura se observa que todos los ajustes lineales@s en zona segura, lejos
del limite de 500 voltios y de la regin de ruptura. Por tanto, con los actuales resultados se
puede conclir que los sensores de LOO pueden permanecer operativos hastna luminosi-
dad de al menos 10000 pb'.
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Figure A.15: Figura resumen para L00. Ajustes lineales rpuygstos de todos los sensores de
L00. Datos a 6888 pb (izquierda), y a 4530 ptt (derecha).
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A.4.2 Resultados de las exploraciones defsd vs. polarizacion para SVX-LO.

A.4.2.1 \Voltaje de desertizadn

De manera similar al caso de LOO se muestran las figuras del taje de desertizacbn para
SVX-LO, con la particularidad de que todos los sensores de S¥L0 son de unalnica clase
(Hamamatsu) y de doble cara phi, 2). Los resultados para los sensores representativos €160
y €460 aparecen el las figuras A.16 y A.17.
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Figure A.16: Voltaje de desertizacion para las caréigquierda) yz (derecha) del sensor €160 a
luminosidad de 6888 pi3.
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Figure A.17: Voltaje de desertizacion para las caréigquierda) yz (derecha) del sensor €460 a
luminosidad de 6888 pi3.
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Figure A.18: Evolucion histérica del voltaje de desextibn del sensor €160 de SVX-LO, cgra
(izquierda) yz (derecha).

A.4.2.2 Evolucbn del voltaje de desertizadn

El sensor €160 se ha elegido para ilustrar la evolumn del voltaje de desertizadn de SVX-
LO. La evolucion historica de su voltaje de desertizadin y carga colectada se muestra en las
Figuras A.18 and A.19, respectivamente.

Para luminosidades anteriores a 3000 pb* sblo se practicaron exploraciones de sl
vs. polarizacibn a tres (€140, e2a0, e090) de los 72 sensores de SVX-L0. Aapds esta falta
de estadstica, la evolucon del voltaje de desertizadin de esos tres sensores astualitativa-
mente en concordancia con el modelo (Ref. [66]) predictivd-{g. A.20).

Observando que el subconjunto de puntos de luminosidades aentes (posteriores a
3500 pb 1) exhibe valores crecientes, podemos asumir que todos losiseres de SVX-LO
han sufrido el proceso de inversin de tipo de dopante. Un ajuste lineal a ese conjunto de
puntos es(til para extraer conclusiones sobre el comportamiento fuiro de SVX-LO.

A.4.2.3 Resumen de extrapolaciones lineales de SVX-L0

La figura A.21 compara la extrapolacibn de las carasphi de los 72 sensores de SVX-L0 a
luminosidades de 6888 y 4530 pt}. La Figura A.22 es su equivalente para las caras
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A.4 Exploraciones de voltaje de polarizadn. Exploracion de séal vs. polarizacion. 161

300 - - - 300 - - -
E [ Extrapolation from linear fits E [ Extranolation from linear fits
%‘) 250 :_g N Power Supply limit % 250 :_g o
© [¢” s © [e™
S ) S [§ =
c 200F = / c 200F = /
S | cpes S | cpee
2 : - - Lu::ns’ly Ipb?) Q : - - Lu:ﬂsly [pb*]
Q 150 o 150 2
3 I 71 (out of 72) ladders plotted 13 I 71 (out of 72) ladders plotted 2
[a) [ o [ -
I — LO PHI side linear fit I — LO PHI side linear fit ~
100 [~ 100 ///
N N g
N N /L : =
50 50 —
0:...|...|...|...|... O:...I...I...I...I...
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Luminosity [pb?] Luminosity [pb]

Figure A.21: Resumen de la extrapolacion de los ajustealis para las carghi de los sensores
de SVX-LO, a 6888 pb* (izq.) y 4530 pbt.

300 - - - 300 - - -
E [ Extrapolation from linear fits E [ Extrapolation from linear fits
%‘) 250 :_g N % 250 :_g o Power Supply limit
EBNE s H:
c 200 = ] c 200 = SR
,g r o et Sensor breakdoy g r op et Sensor breakdown
%— 150 r - - Lu::nsﬂylﬂb‘] %— 150 r - - Lu:us-y[nn*l
8 [ 67 (out of 72) ladders plotted 8 [ 67 (out of 72) ladders plotted
[ — LO Z side linear fit [ — LO Z side linear fit
100 100
50 s0F e ——
0:...|..N|...|... O:...I...I...Ix'
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Luminosity [pb?] Luminosity [pb]

Figure A.22: Resumen de la extrapolacion de los ajusteslis para las caragle los sensores
de SVX-LO, a 6888 pb* (izq.) y 4530 pbt.



162 Resumen en Castellano

A.4.3 Discuson

Las pruebas de s8al vs. polarizacibn muestran que los sensores de L0O0 y de SVX-L0 han
sufrido el fenobmeno de inversbn de tipo de dopante como consecuencia de su prolongada
exposicbn a la radiacion (Fig. A.14).

Los sensores SGS Thomson de LOO invirtieron a luminosidadgs 6ximas a 1500 pb®.
Los sensores Hamamatsu de LOO y de SVX-LO lo hicieron a 1000 pby 1700 pb-?! respecti-
vamente. Esta diferencia tiene su explicabn en la dependencia radial de ambos dispositivos
frente al campo de radiacbn [68], [66]. Para L0O, el hecho de que la mayor luminosidadel
inversion corresponda a los sensores de clase Micron es de importé@mpara el experimento
CMS del LHC cuyos detectores de silicio utilizan la misma teologia resistente a la ra-
diacibn en sus sensores.

Una de las cuestiones principales observable en los datostg de inversion es la discor-
dancia entre los datos experimentales y el modelo, tal y consg muestra en la Figura A.20.
El modelo predictivo asume que la inversin ocurre de manera homognea en todo el pefrfil
de espesor del sensor (Figura A.23). En este caso, éhimo del punto de inversbn (voltaje
de desertizacdn de inversibn) es cero voltios. Sin embargo los datos muestran que, depe
diendo de cada clase de sensor, elimimo est situado entre los 30 y 50 voltios. Descartando
caidas de voltaje en el circuito de polarizadin, esta discrepancia podia explicarse haciendo
uso de modelos de perfil de dopaje no homégeo como por ejemplo el de doble ubin pn
(Figura A.24, Ref. [81]).
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Figure A.23: Espacio de carga de un sensor de SVX-LO idealil(de dopante homogéneo) y
comportamiento frente a luminosidad de la curva de sefigdolarizacion.

A.5 Conclusiones

Este trabajo ha sido dedicado al estudio de los efectos prasados por la radiacbn que han
sido observados en los detectores de silicio de CDF, en patilar, la inversion de tipo de
dopante y la evolucon de las corrientes de polariza@én.

Los detectores de silicio de CDF fueron diseados para ser sustituido despés de 2-3 fb
~1 de datos registrados. Sin embargo, la sustituén prevista no fue posible y los sensores
han debido resistir hasta 10-12 fb~1. Esta circunstancia particular ha sido un reto para
la operacibn y mantenimiento de los detectores de silicio y la r@mn detras del minucioso
trabajo de seguimiento de los que han sido objeto.

El dafio por radiacion se ha estudiado desde dos puntos de vista: la corriente delar-
izacion y la tensbn de polarizacbn. Tambiéen se han observado y registrado otros efectos
debido a ddio por radiacion y envejecimiento sobre diversos pa@metros del detector (efi-
ciencia, tamdio del cluster ...).

El estudio de las corrientes de polarizacin es relevante en un sensor de silicio irradiado
ya gque es un paametro relacionado con el flujo de enerta recibida. Por lo tanto, y mediante
el estudio de los datos de corrientes, es posible relaciond luminosidad, una cantidad
conocida, con la dosis total recibida por el detector. Los multados expresados como funén
de la fluencia son independiente del entorno local (i.e. el ¥atron) y pueden ser comparados
con resultados de otros experimentos.

En cuanto a la tensbn de polarizacbn, su evolucdn a lo largo del tiempo evidencia el
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Figure A.24: Espacio de carga de un sensor de SVX-LO redil(derdopante inhomogéneo, caso
de lineal simple) y comportamiento frente a luminosidadadeurva de sefial vs. polarizacion.
La presencia de la pendienseobservada en las curvas experimentales podria evidemcgr
estructura subyacente de doble unibn (Apéndice D).

fenbmeno de inversbn para LOO y SVX-L0. Dado que los detectores de silicio son &hc-
tor limitante en la vida del experimento CDF, las extrapola@nes de los ajustes lineales de
los puntos posteriores a la invergin han sido la referencia para las inspecciones périicas
de los comisionados del Departamento de Eneig de EE.UU. y los informes sobre el pre-
supuesto anual.

La importancia cientifica del fenbmeno de inversbn de tipo de dopante se hace evidente
dado que los actuales datos experimentales no concuerdarrfgetamente con el actual mod-
elo predictivo (modelo de Hamburgo). En este modelo, el mimo de la curva de inversbn
se reduce a cero voltios, mientras que la curva de invei@ de los datos de CDF muestra
voltaje minimo que se encuentra entre los 30 y los 45 voltios. Dado querkesistencia interna
del circuito de polarizacion contribuir ia con una cada de voltaje del orden de 10 voltios,
el resto de voltaje observado no puede explicarse con el aelumodelo. El feromeno de in-
version de tipo de dopante tambén se ha ilustrado -aunque con menos prec@i- desde el
punto de vista del perfil de dopaje a bajos voltajes de polaracion. Aunque algunos comple-
jos creados en el interior del volumen del detector son bienonocidos y capaces de explicar
los resultados macrosopicos, los mecanismos &s profundos detias del tipo de inverson
son todava muchos y desconocidos. La inverSh de tipo de dopante es todda una cueston
abierta en lasareas de ciencia de materiales yisica del estado &lido.

Los resultados recogidos en este trabajo han sido mostradaspublico en varias charlas
y reuniones entre 2008 y 2009:
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* "Longevity and Radiation Aging Studies of the CDF Il Silicon Detectors”, charla en
American Physical Society Meeting, Saint Louis MO, Abril 2®8.

* "Longevity Studies of the CDF Il Silicon Detectors”, charla en el CMS Symposium,
Fermilab, Noviembre 2008.

* "Longevity Studies of the CDF Il Silicon Detectors”, charla en el CIEMAT High En-
ergy Physics Christmas Workshop, Madrid, Diciembre 2008.

* "Longevity Studies of the CDF II Silicon Detectors”, charla en el All Experimenters
Meeting, Fermilab, Enero 2009.

* "The CDF RUN Il Silicon Detectors: Longevity Studies”, poster en el 11th Pisa Meet-
ing on Advanced Detectors, Elba, Mayo 2009.

Una descripcbn detallada del comportamiento de los detectores de silide CDF sea pub-
licada por Nuclear Instruments and Methods A, con el ttulo “Operational Experience, Im-
provements, and Performance of the CDF Run Il Silicon VertexDetector”.
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B.1 Carrier concentrations in pure semiconductors

To avoid confusion with exponential functions, the symbode will be used for the electronic
charge instead ofe. In thermal equilibrium the probability that an electron st ate in the
conduction band is filled is given by the Fermi-Dirac distribution

1

where the parameteigr is the Fermi level or chemical potential. The density of atora in
a Si or Ge crystal is about 5- 1072 atoms/cn®. Since the minimum carrier density of interest
in practial devices is of order of 13° to 10! atoms/cnt 3, very small occupancies are quite
important.

In silicon the bandgap is 1.12 eV. If the Fermi level is at midgp, the bandedges will be
0.56 eV above and belovEr. From the structure of the Fermi-Dirac equation, relatively
large deviations from the Fermi level {.e. extremely small occupancies) will still yield signif-
icant carrier densities.

The number of occupied electron stated\, is determined by summing over all available
states multiplied by the occupation probability for each individual state

Ne= 3 mf(E). (8.2)

Since the density of states near the band edge tends to be quittigh, this can be written
as an integral

Ne = /m f(E)g(E)dE, (B.3)
Ec

where g(E) is the density of states. Solution of this integral requireknowledge of the
density of states. Fortuitously, to a good approximation tle density of states near the band
edge has a parabolic distribution

g(E)dE O (E — Ec)Y2. (B.4)

As the energy increases beyond the band edge, the distribati will deviate from the
simple parabolic form, but since the probability function decreases very rapidly, the integral
will hardly be affected. The second obstacle to a simple angical solution of the integral is
the intractability of integrating over the Fermi distribut ion. Fortunately, if E — Ef is at least
several timeskT, the Fermi distribution can be approximated by a Boltzmann dstribution:

if 14 eE BT 4 gEBAT o f(E)~ gE-ER/KT (B.5)
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At energies 2.3KT beyond the Fermi level the difference between the Boltzmanap-
proximation and the Fermi distribution is < 10%, and for energies> 4.5KT it is less than
1%.

Applying the approximation to the occupancy of hole statesthe probability of a hole

state being occupiedi.e. a valence state being empty, is

1
—1_ __+ o (E-E)kT
fi(E)=1—fe(E) = SE BRI e \=F . (B.6)
The conditions for the Boltzmann approximation are fulfilled for excitation across the
bandgap, as the bandgap is of order 1 eV an#T at room temperature is 0.026 eV. With
these simplifications the number of electrons in the condu@n band (ne = n) in thermal
equilibrium is

Ne [ (KT)3/2e (Ee—Er)/KT (B.7)

or
Ne = Neg~ (BeBR)/KT (B.8)

where N; is the effective density of states at the band edge. Correspdingly, the hole

concentration is
p= Nye (EF —En/kT (B.9)

In an ideal semiconductor the only source of mobile carrierss thermal excitation across
the bandgap (additional impurity atoms or crystal imperfections that would allow other
excitation mechanisms are absent), so the concentration§ @lectrons and holes are equal

n=p=n; (B.10)

wheren; is called the intrinsic carrier concentration. In silicon (Eg = 1.12 eV) the intrin-
sic concentrationn; = 1.45- 10'° cm~3 at 300 K and in germanium (Eq = 0.66 eV),n; = 2.4-
103 cm~3. For comparison, the purest semiconductor material that ha been fabricated is
Ge with active impurity levels of about 3- 10'° cm~3.

Using the above results

n = Neg (Be—Er)/KT Nve*(EF*Ev)/kT7 (B.11)

and solving
Ec.+Ey

Er =E = — frackT2log(Ne/Ny). (B.12)

If the band structure is symmetrical (N; = N,), the intrinsic energy level E; lies near
the middle of the bandgap. Even rather substantial deviatias from a symmetrical band
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structure will not affect this result significantly, as N./N, enters logarithmically and KT is
much smaller than the bandgap.

A remarkable result is that the product of the electron and hde concentrations:

np=n? = NeN,e (EE/KT — N N, e Eo/kT (B.13)

depends only on the bandgaycg and not on the Fermi level. This result, the law of mass
action, is very useful in semiconductor device analysis. lequires only that the Boltzmann
approximation holds. Qualitatively, it says that if one carier type exceeds this equilibrium
concentration, recombination will decrease the concentttions of both electrons and holes
to maintain np = n?, a relationship that also holds in doped crystals.

B.2 Carrier concentrations in doped crystals

The equality ng = n,, only holds for pure crystals, where all of the electrons in tle conduction
band have been thermally excited from the valence band. In gactical semiconductors the
presence of impurities tips the balance towards either elémons or holes.

Impurities are an unavoidable byproduct of the crystal growth process, although spe-
cial techniques can achieve astounding results. For exarmglas noted above, in the purest
semiconductor crystals (high purity Ge) the net impurity cancentration is about 3 - 10t°
cm3,

In semiconductor device technology impurities are introdwced intentionally to control
the conductivity of the semiconductor. LetN; be the concentration of ionized donors and
N, the concentration of ionized acceptors. Overall charge ndtality is preserved, as each
ionized dopant introduces a charged carrier and an oppositg atom, but the net carrier
concentration is now

An=n—p=Nj —N; (B.14)
or

P+Nj =n+N;. (B.15)

Assume that the activation energy of the donors and accepteris sufficiently small so
that they are fully ionized. ThenNj = Ng and N; = Nj, so

P+ Ng =N+ Ng, (B.16)

which usingnp= n?, becomes

2
p+Na =7+ Na.
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LR (B.17)

If the acceptor concentrationN; > Ng and N5 > n;, the hole and electron concentrations

2
p~N; and n~ N—' < Ng , (B.18)
a

i.e. the conductivity is dominated by holes. Conversely, if the dnor concentration Ny >
Nz and Ng > n; the conductivity is dominated by electrons.

If the conductivity is dominated by only one type of carrier, the Fermi level is easy to
determine. If, for example n > p, then equation B.16 can be written as

n=Ng— Nz
Nee (B BR)/KT — Ny — N, | (B.19)

yielding
ECK;TEF — log (Nd'\_'CNa> . (B.20)

If Ng > Njg, then E; — Ex must be small,i.e. the Fermi level lies close to the conduction
band edge.

In reality the impurity levels of common dopants are not clog enough to the band edge
for the Boltzmann approximation to hold, so the calculationmust use the Fermi distribution
and solve numerically for Er. Nevertheless, the qualitative conclusions derived herdils
apply.

It is often convenient to refer all of these quantities to thantrinsic level E;, as it accounts
for both E; and E,. Then

n= Nee (Fe—BF)/KT _ g (Br—B)/KT (B.21)
p= Nve*(EF*Ev)/kT =n e*(Ei*EF)/kT (822)
and the Fermi level
Na_ Nd

Er —E = —kgT log (B.23)
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B.3 pn-junctions

A pnjunction is formed at the interface of a p- and n-type region. Since the electron concen-
tration in the n-region is greater than in the p-region, electrons will diffuse into the p-region.
Correspondingly, holes will diffuse into then-region. As electrons and holes diffuse across
the junction, a space charge due to the ionized donor and acg®r atoms builds up. The
field due to this space charge is directed to impede the flow ofextrons and holes.

The situation is dynamic. The concentration gradient causea continuous diffusion cur-
rent to flow, whereas the field due to the space charge drives aitt current in the opposite
direction. Equilibrium is attained when the two currents are equal,i.e. the sum of the diffu-
sion and drift current is zero. The net hole current density i

d
3= —qupd—f(’ + GePHoEp (B.24)

where D, is the diffusion constant for holes andEy, is the electric field in the p-region.

To solve this equation we make use of the following relatiorsps: the hole concentration

is
p = njelB-EF/KT (B.25)
and its derivative q dE  dE
pP_ P (a5 d&
dx kT ( dx  dx ) ' (8.26)

Since the force on a chargeye due to an electric fieldE is equal to the negative gradient

of the potential energy,
dE; _ dE _ dE

B VR (8.27)

QeE =

As only the gradient is of interest andE., E,, and E; differ only by a constant offset,
any of these measures can be used. We will use the intrinsicira level E;, since it applies
throughout the sample.

The remaining expression is the Einstein relationship, whih relates the mobility to the
diffusion constant:

D
tp = qETp . (B.28)
Using these relationships the net hole an electron currentsecome:
B DpdEr dEr
Jp = GePiT g0 = PP gy - (B.29)
Jn= DndEe _ dE (B.30)

0T ax — M
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Since, individually, the net hole and electron currents in guilibrium must be zero, the

derivative of the Fermi level: dE;
—=0 B.31
X (B.31)
In thermal equilibrium the Fermi level must be constant throughout the junction region.
For the Fermi level to be flat, the band structure must adapt, gice on the p-side the Fermi
level is near the valence band, whereas on theside it is near the conduction band. If we
assume that the dopants are exclusively donors on theside and acceptors on thep-side,

the difference in the respective Fermi level is

NaN
AEg = —kTlog ?12 . (B.32)
i
This corresponds to an electric potential
1
AVE = q—AEF =VWi , (B.33)
e

often referred to as the “buil-in” voltage of the junction.

As either N, or Ny increases relative ton;, the respective Fermi level moves closer to the
band edge, increasing the built-in voltage. With increasig doping levels the built-in voltage
approaches the equivalent potential of the bandgafg/de.

B.4 The forward-biased pn-junction

Applying an external bias leads to a condition that deviategrom thermal equilibrium, i.e

the Fermi level is no longer constant throughout the junctiom. If a positive voltage is ap-
plied to the p-electrode relative to then-electrode, the total variation of the electric potential
across the junction will decrease. Since this reduces thesgitric field across the junction, the
drift component of the junction current will decrease. Sine the concentration gradient is
uncharged, the difusion current will exceed the drift current and a net current will flow.

This net current leads to an excess of electrons in thp-region and an excess of holes in
the n-region. This “injection” condition leads to a local deviation from equilibrium, i.e.pn>
n2. Equilibrium will be restored by recombination.

Note that a depletion region exists even under forward biasalthough its width is de-
creased. The electric field due to the space charge opposee ftow of charge, but the large
concentration gradient overrides the field.

Consider holes flowing into then-region. They will flow through the depletion region
with small losses due to recombination, as the electron coantration is small compared with
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the bulk. When holes reach then-side boundary of the depletion region the concentration of
electrons available for recombination increases and the ementration of holes will decrease
with distance, depending on the cross-section for recombation, expressed as a diffusion
length. Ultimately, all holes will have recombined with eletrons. The required electrons are
furnished through the external contact from the power suppy.

On the p-side, electrons undergo similar process. The holes requd to sustain recombi-
nation are formed at the external contact to thep-region by electron flow toward the power
supply, equal to the electron flow toward then-contact. The following derivation follows the
discussions by Shockley (1949, 1950) and Grove (1967).

The steady-state distribution of charge is determined by dweing the diffusion equation,

2
dnp  np—Npo

D
" dx2 T,

=0. (B.34)

Electrons flowing into the p-region give rise to a local concentrationn in excess of the
equilibrium concentration np. This excess will decay with recombination timet,, corre-
sponding to a diffusion lengthL,,.

The first boundary condition required for the solution of the diffusion equation is that

the excess concentration of electrons vanish at large distaesx,

Np(°) = Npo . (B.35)

The second boundary condition is that the carriers are injeted at the origin of the space
charge regionx = 0 with a concentration ny(0). This yields the solution

Np(X) = Npo + (Np(0) — Npo )€/ . (B.36)

From this we obtain the electron current entering the p-region

dn Nn,(0) —n
an = _QeDnd—; ’x:O = QeDnM . (B-37)

n
This says that the electron current is limited by the concentation gradient determined

by the carrier density at the depletion edgen,(0) and the equilibrium minority carrier den-
sity npo. Determining the equilibrium density nyy is easy,

Npo = NZ/Na . (B.38)
The problem is that nyg is established in a non-equilibrium state, where the previosly

employed results do not apply. To analyze the regions with neequilibrium carrier concen-
trations, Shockley introduced a simplifying assumption bypostulating that the product pnis
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constant. In this specific quasi-equilibrium state this costant will be larger than n?, the pr
product in thermal equilibrium. In analogy to thermal equil ibrium, this quasi-equilibrium
state is expressed in terms of a “quasi-Fermi level”, whichd the quantity used in place of
Er that gives the carrier concentration under non-equilibrium conditions.

The postulate pn = const is equivalent to stating that the non-equilibrium carier con-
centration are given by a Boltzmann distribution, so the cocentration of electrons is

n= meEn-E/KT (B.39)

where Egp, is the quasi-Frmi level for electrons, and

p=neEEr)/kT (B.40)

where Er, is the quasi-Frmi level for holes. The product of the two carfer concentra-
tions in non-equilibrium is:
pn = nfeErn—Eeo)/kT (B.41)

If pnis constant throughout the space-charge region, theBr, — EFp must also remain
constant.

Using the quasi-Fermi level and the Einstein relationshipthe electron current entering
the p-region becomes

dnp
dx

dEen

w0 = —GeDn— (nEerE)/eT) — i e

- (B.42)

an = —(QeDn

These relationships describe the behavior of the quasi-Fari level in the depletion re-
gion. How does this connect to the neutral region?

In the neutral regions the majority carrier motion is dominated by drift (in contrast to
the injected minority carrier current, which is determined by diffusion). Consider the n-type
region. Here the bulk electron current that provides the junction current

dE
Jn= —mna . (B.43)

Since the two electron currents must be equal

Jnn — an 5 (B44)
it follows that dE: dE
n_"H

dx  dx’ (B.45)

i.e. the quasi-Fermi level follows the energy band variation. Thus, in a neutral region, the
guasi-Fermi level for the majority carriers is the same as tle Fermi level in equilibrium. At
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current densities small enough not to cause significant vage drops in the neutral regions,
the band diagram is flat, and hence the quasi-Fermi level is fta

In the space charge regionpnis constant, so the quasi-Fermi levels for holes and elec-
trons must be parallel, i.e. both will remain constant at their respective majority carrier
equilibrium levels in the neutral regions.

If an external biasV is applied, the equilibrium Fermi levels are offset by, so it follows
that the quasi-Fermi levels are also offset by/,

Consequently, thepn-product in non-equilibrium

pn = n2eErn—Erp) /KT — n2gheV/KT (B.47)

If the majority carrier concentration is much greater than t he concentration due to
minority carrier injection (“low-level injection”), the h ole concentration at the edge of thep-
region remains essentially at the equilibrium value. Consguentty, the enhancedpn-product
increases the electron concentration.

Np(0) = npoeteV /KT . (B.48)

Correspondingly, the hole concentration in then-region at the edge of the depletion zone
becomes

Since the equilibrium concentrations are

o= % (B.50)
po - Na .
né
_ B.51
pnO Nd ) ( )

the components of the diffusion current due to holes and eléons are

Jn=0eD —niz (eQeV/ KT _ 1> (B.52)
" ETINGL, '
_ n? eV /KT

Jp =0eDp . (e l) . (B.53)

The total current is the sum of the electron and hole componeis

J=dh+dp=d (e%V/kT _ 1) , (B.54)
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where

Jo = Qen? (N[:En + %ﬁp) . (B.55)

This is the diode equation (or Shockley equation), which desibes the current-voltage
characteristic both under forward and reverse bias. Under brward bias (V > 0) the current
increases exponentially. Under reverse biad/(< 0), the exponential term vanishes when he
bias exceeds severdT /qge and the current becomes the reverse saturation currend = —Jp.
For a uniform junction cross-section the current densitiesly, Jp, and Jy can be replaced by
their respective surrents.

Note that in the diode equation:

%

1. The bandgap does not appear explicitly (only implicitly h Jo via n;).

%

2. The total current has two distinct components, due to eldmns and holes.

* 3. The electron and hole currents are generally not equal. Tératio:

\]n Nd f Dn_%

_ L B.56
b Na | Ln Lp (8.56)

* 4. Current flows for all values of V. However, when plotted on a linear scale, the
exponential appears to have a knee, often referred to as thern-on voltage.

%

5. The magnitude of the turn-on voltage is determined byly. Diodes with different
bandgaps will show the same behavior ifly is the same.

The discrepancies in the forward current between the measwd results and the simple
theory require the analysis of all processes in the depletiozone:

* 1. Generation-recombination in the depletion region (App.F)
* 2. Diffusion current (as just calculated for the ideal diodg.

* 3. High-injection region where the injected carrier concelitration affects the potentials
in the neutral regions.

* 4. Voltage drop due to bulk series resistance.
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To avoid confussion with exponential functions the symbafle will be used for electronic
charge instead ofe. Although derivation of the diode equation in Appendix E proceeded
under the title “The forward-biased pnjunction”, nothing in the assumptions and algebraic
manipulations restricted the sign of the applied voltage. fla negative bias is applied to the
junction, the minority carrier concentrations at the junction edges decrease with respect
to thermal equilibrium and reverse the concentration gradient. Setting a reverse voltage
V > KT in the diode equation yields

J=—J, (C.1)

where

D D
Jo = Qen? n4 P ), C.2

In this ideal case the diode current at large reverse bias vtdge would be determined by

x the doping concentrations Na, Ng),
* the diffusion constants Dn, Dp), and

* the recombination lenghts (y, Lp).

In reality, the measured currents are often orders of magnitide larger. Whereas the
diode equation predicts the saturation of the reverse diodeurrent at voltages greater than
order 100 mV (~4kT), one frequently observes a monotonically increasing cuent, which
increases linearly with depletion width. This implies the pesence of imperfections in the
crystal that increase the reverse leakage current. For a uform distribution of imperfec-
tions, the number of active sites will increase with the demtion volume.

C.1 Emission and capture processes

Figure C.1 (same figure as in Spieler 7.2) summarizes the ersien and capture processes:

Hole emission.

*

Electron emission.

*

x Electron capture.

*

Hole capture.

*

Trapping.
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All of these processes are governed by Fermi statistics (oh¢ Boltzmann approxima-
tion). Let us assume a concentration of centerd; whose energy leveE; lies within the
bandgap. The probability of a center being occupied is:

1
f = T3 oE BT (C.3)
and the concentration of vacant centers is:
Neo = Ne(1— ) (C.4)
@ () © ) ©
E o
c ‘ \ \7/
e &
| |
Vo O

Figure C.1: Emission and capture processes through intkateestates. The arrows show the
direction of electron transitions.

C.1.1 Electron capture

The rate of electron capture is proportional to the concentation of unoccupied centers

dNnc
dt

= VthOnNNo = VihGnNN (1 — f) | (C.5)

where vy, is the thermal velocity of an electron (about 16 cm/s at 300 K), g, is the
capture cross-section, and is the concentration of electrons in the conduction band. Ta
velocity enters because the capture centers are localizedéan electron has to move near the
center to be captured. The thermal velocity is superimposedn the much slower motion due
to drift or diffusion, so the thermal velocity determines the number of defect sites scanned
per unit time.

C.1.2 Electron emission
The rate of electron emission is proportional to the concemation of occupied centersNyc =
N; f. If the emission probability is e,, the rate of electron emission

d
dl\l:e:enNnc:enl\ltf (C.6)
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C.1.3 Hole capture

Analogously to electrons, and since the hole capture corrpsnds to the transition of an elec-
tron from the center to the valence band, this process is praprtional to the concentration
of centers occupied by electron$\; f.

dN
Tpc = VthOppN f | (C.7)

C.1.4 Hole emission

Proportional to the concentration of centers not occupied i electronsN;(1— f), so

dt

— e\ (1— ). (C.8)

C.1.5 Emission probabilities

In equilibrium, the rates of the two processes that move eldémns to and from the conduction
band, capture and emission, must be equal. This seeminglyiwal statement reflects the
more profound principle in statistical mechanics of detaied balance, which states that under
equilibrium conditions, every process and its reverse musproceed at exactly equal rates.
Thus, the emission probability for electron and holes, resectively:

d d 1—f
Nhc _ dhhe = WhonNN(1— ) =e)Nf = & = wponn—— (C.9)
dt dt f

dN dN f

szwpe = VhOppNf =eN(1—f) = € = VthOpPT—¢ (C.10)

The concentration of electrons in the conduction band is

n= nie(EF*Ei)/kT — Nce*(Ec*EF)/kT (Cll)

Using that 2= = e&-F)/KT and n = nelfF B)/XT = Ny~ (BEr)/KT  the emission proba-
bilities for electrons and holes is, respectively:

Ei)/kT

e = ViponnielE = VipOpNee ™ (Ee-B)/KT (C.12)

—E) /KT

ep = inopniel = VinopNye™ (B E/KT (C.13)

As intuitively expected, the emission probability grows egonentially as the energy level
of the center approaches the band edge.
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C.2 Recombination

In detectors, recombination is responsible of loss of sighaharge.

C.2.1 Band-to-band recombination

Incident radiation excites electrons from the valence to tk conduction band, forming an
electron-hole pair. The simplest recombination mechanisnwould be for electrons in the
conduction band to recombine with holes in the valence bandThe energy released in the
recombination could be emitted as light or heat. Direct trarsitions from the conduction
to the valence band in Si or Ge are extremely improbable and tb recombination is made
through intermediate states.

e ® ® ® ®
C
ELECTRON ELECTRON
EMISSION CAPTURE
INCIDENT LIGHT OR
RADIATION HEAT E
t
HOLE HOLE
EMISSION CAPTURE
E
V
O O O O
GENERATION RECOMBINATION GENERATION RECOMBINATION

@ (b)

Figure C.2: Direct Transition (a), and Indirect Transitioria an intermediate state (b). The

arrows show the direction of electron transitions. Direahsitions are extremely improbable in

Silicon (“indirect bandgap”). In both cases it is suppodeat the generation phase is due to an
external irradiation and the bias voltage is zero (equilib; V bias=0).

C.2.2 Recombination via intermediate states

Consider a steady flux of radiation, for example light, leadng to a uniform generation rate
per unit volume G_. To determine the effectiveness of centers as recombinaticites, the
charge due to the radiation will not be removed by an externakircuit, but allowed to decay
by recombination alone. In the steady state the rate at whiclkelectrons enter the conduction
band (Fig. C.3) must equal the rate at which they leave it, theecombination rate dT'\f:

dnn_G _dNR:GL_<dN”|c dNne) —0

dt - - dt dt  dt

(C.14)



184 Electrical Properties of Impurities and Defects

dnp dNR dec dee
] ] < Tre 4% (C.15)

Incident radiation takes the system out of thermal equilibium, so none of the equilib-
rium carrier concentrations are valid, nor is the occupancydetermined by the Fermi distri-
bution. Instead, the concentrationsn and p and the fractional occupancy f depend on the
radiation flux G._. From the two expression above,

dec dee . dNnc_dN”le
( dt  dt >_< dt  dt ) (C.16)

Replacing the rate expressions
VihOp PN f — €N (1 — ) = vinonnN (1 — f) — enNi (1 f), (C.17)
and the emission probabilities, it is possible to extract tke steady state fractional occupancy:

onn+ opnielE—E)/KT
on(n-+neE-E/KT) oo (p+ melE-E)/kT)’

f= (C.18)
This occupancy depends implicitly on the generation fluxG,, which determinesn and
p. Electrons are continually captured and emitted by the cergr, and so are holes. If an
electron and a hole recombine, this leads to a deficit in the eigsion rates of both electrons
and holes. In the steady-state, the emission deficit for eligons and holes must be equal, so
the net rate of recombination is the capture rate minus the enssion rate, so replacing in its

expression:
dN?{_ dNoc  dNpe . dec dee
dt_<dt_dt>_<dt_dt ~ (€.19
dNg OpOnvtnN: (PN — n?)

(C.20)

dt — on(n+neE&E)/KT) g, (p+ neE-EI/KT)

To simplify the equation and facilitate the interpretation of this result, let us assume that
the capture cross-sections are equab, = 0, = 0. Then

dNg pn—r?
a N (e B e & )

(C.21)

From this expression one can see that the driving force of theecombination process
is the excess carrier concentratiorpn beyond the equilibrium concentration n?. The third
term in the denominator dscribes the relative occupanciesfcelectrons and holes. A cen-
ter close to the conduction band will have a higher occupancef electrons than holes., so
the recombination rate is limited by the hole population. Cawersely, a center close to the
valence band will have an excess of holes, so the populatiohedectrons limits the recombi-
nation rate. The recombination rate is maximum whenk; = E;, i.e. when the energy of the
recombination center is at midgap.
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A special case of recombinaton is minority carrier injection. Let us consider holes in-
jected into ann-type region, as in a forward biased diode. In this case, > p,. Furthermore,
since efficient recombination centers are far from the band dge, the Boltzmann approxi-
mation holds, so the equilibrium electron concentration

Ny > njel&E/KT, (C.22)

Then the above expression for the recombination rate simgiies to

dNr  0nOpVinNe(Mapn —12) _ Pn—Pno
at oo, = 0pVthNt(Pn — Pro) = T (C.23)
where the carrier lifetime 1 is
1
Tp= . C.24
P opunN (€29

The lifetime of the holes in then-bulk is independent of the concentration of the electrons.
This is due to an abundance of electrons, so as soon as a holeaptured, an electron is
available for immediate recombination. Hence, the hole carentration is the rate-limiting
parameter. Conversely, if electrons are injected inton-type material where they are ma-
jority carriers, their lifetime will be significantly great er, since few holes are available for
recombination. Minority carrier injection is the worst ase with respect to recombination, so
“minority carrier lifetime” is a figure of merit used to chara cterize the presence of defects
in semiconductors.

Recombination is important whenever the carrier concentrdion deviates from thermal
equilibrium:
pn> n? (C.25)

This occurs

* in a forward-biased diode, or

* with incident radiation (and in equilibrium, at V=0 bias)

C.3 Carrier generation

C.3.1 Generation in the depletion region

In a diode operated with reverse biase.g. a radiation detector, with Vg > ‘;—I all of the free
carriers are swept from the depletion region (Fig. C.3). In his configuration only emission
processes are important.
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Emission, in the absence of capture, can only proceed by aiteating hole and electron
emission,i.e. generation of electron-hole pairs. The rate of generationfcelectron-hole pairs
can be determined from the previously derived expressionof the difference between cap-
ture and emission rates:

e _ (NN 050nsM(pn—¥) 26
dt dt dt On(n+ nieE=E)/KT) 4 gp(p+ nelE-E)/KT)
SincedN;/dt=0and p< n,n < n;,
dd—l\tje = one(Et—E(i:;r/]l?TpY;hcl\:)tg(iEi—Et)/kT' (C.27)
This often written as iN
& oy (C.28)

where 14 is called the generation lifetime. Considering again the e of equal cross-
sectionso, = 0, = 0, the generation rate becomes

dNe OVer Ny
dt  eE-E)/KT ;g (B-E)/KT’

(C.29)

which again shows that only states near the intrinsic Fermidével E;, i.e. the mid-gap
states, contribute significantly to the generation rate. liuitively, this is easy to see in the
“stepping stone” picture. Since the emission probabilitis for electrons and holes increase
exponentially with the separation from their respective band edges, the probability for se-
guential hole and electron emission is maximum at mid-gap.

The emission rate of carriers leads to an electrical currentthe generation current, which
increases with the density of centers. If the emission cente are distributed uniformly
throughout the depletion width W, the generation current density will be:

dNe ovinNe;

Jgen = quW = que(EifEl)/kT i e*(Ei*Et)/kT . (CSO)

C.3.2 Generation in the neutral region

In the neutral region the absence of a significant electric fie means that any excess car-
riers due to generation move only by diffusion. Charges gemated near the transition to
the depletion region can reach the influence of the electricdld and will be swept to the
opposite electrode. This additional contribution to the reverse diode current is called the
diffusion current. The starting point of the calculation is the steady state diffusion equation
for minority carriers. Consider electrons generated in thep-region:

d?n,  np—npo

D
" dx2 T,

=0. (C.31)
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Far from the space charge region the carrier concentration #ains the thermal equilib-
rium value

Np (%) = Npo (C.32)

At the edge of the depletion region all carriers will be swepaway by the electric field, so
np(0) =0 (C.33)

The solution to the diffusion equation for these boundary caditions is

np(X) = Npo(1—e¥/t), (C.34)
where
Ln ~ 1/ DnTn (C35)

is the diffusion length of electrons in thep-region. This gives rise to an electrical current
for those electrons in thep-region (and analogously, for holes in than-region):

dnp No Dn n?
Jgiff. n=— D _ D '° = Qe— 1. C.36
diff, n Qe< Ndx |x > QeDn—— L, =0e L Na ( )
d Dp n?
Jiff, p= —Qe< Dp dpq|x_0> ZQer% Qe LpN . (C.37)
p p

The diffusion current increases with the square of the intrihsic carrier concentration, in
contrast to the generation current in the depletion zone, wkth increases linearly witnn;.

The generation rate in a neutral region depleted of minoritycarriers can be drastically
different from the depletion region. for simplicity, let us assume that the diffusion lifetime
is equal to the generation lifetime. Then the ratio of the twageneration currents

Jiitt.n _ % Npola _ i Ln (C.38)
Jgen  ZW W NaW |

In an n-bulk Silicon radiation detector with a thin p-electr ode, the diffusion length is

limited by the electrod ethicknessj.e. ~ 1um. For nj ~101°cm=3 N, ~ 10 cm~3, and W
~ 300 um we have that the rate is:

J .
diff,n 3% 1078, (C.39)

Jgen

Thus concluding that in high-quality radiation detectors the generation current dom-
inates. At higher temperatures the exponential increase im; can increase the diffusion
current so much that the generation current is negligible.
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C.4 The origin of recombination and generation centers

Recombination and generation centers can be introduced by

* impurity atoms,
* structural imperfections,

* radiation damage (displacement of atoms from lattice sitgs
All three defect mechanisms can create states distributedhtoughout the bandgap, since

only mid-gap states can contribute significantly to generabn and recombination, in a con-
tinuum of states statistics automatically select the statenear mid-gap.

C.5 The diode equation revisited

C.5.1 Reverse current

Both the generation and diffusion currents invariably overide the ideal reverse saturation
current

D D
Jo=0n? | -2+ P Jift +J C.40
0 = Qe (Nal-n + Nde> < it + Jgen, ( )

so the diode equation becomes:

J = Jr(e®V/KT 1), (C.41)
The reverse currentJg for voltages > 3kT/qe is the sum of the diffusion and generation

currents:
1 D 1 D N
=0 [ /== + [ =0 —LW. C.42
R = Qe (Na Tn+Nd Tp>+q621'g ( )

Whether the generation or diffusion current dominates can ke determined from the
temperature coefficient. The diffusion current scales witn?, so

dk . Ey

File JRW’ (C.43)
whereas the generation current scales wit;, yielding

dk . Eg

aT ~ RxTE (C.44)
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In practice, a plot of logJrvs1/KT will yield a slope of —Eg for diffusion and approxi-
mately —Egy/2 for generation dominated operation. At sufficiently high tenperature, diffu-
sion will always dominate.

In radiation damaged diodes the generation current dominag¢s even after rather low
fluences, so the reverse bias current

IR(T) O veni O Viny/NeNye E/2T [0 T2g7E/2KT (C.45)

where E ~ Eg, depending on the impurity or defect energy level. The ratioof currents
at two temperaturesT; and T is

R(T2) _ <E>2exp{—E (Tl_T2>] : (C.46)
Ir(T1) T 2k \ TiT,

Cooling to O°C typically reduces the reverse bias current to 1/6 of its vale at room
temperature. Since after irradiation the leakage current nitially decreases with time, pro-
nounced short term and long term annealing components are agrved and precise fits to
the annealing curve require a sum of exponentials. In practie, the variation of leakage
current with temperature is very reproducible from device to device, even after substantial
doping changes due to radiation damage. The leakage curremtan be used for dosimetry

and diodes are offered commercially specifically for this pypose (transistors being used to
measure temperature).

C.5.2 Forward current

Recombination in the depletion region also affects the forard diode characteristic. Exper-
imental results can generally be described by introducing a “ideality factor” n

J = Jr(e%V/NkT _ 1) (C.47)
where

*+ N =2 when the recombination current dominates

x n=1 when the current is dominated by diffusion in the neutral regions

In practical diode, nlies between 1 and 2.

At very low currents the generation currents dominate. Sine these currents are opposite
to the forward injection current, one observes a change of gn in the current flow at low
voltage.



190 Electrical Properties of Impurities and Defects

C.5.3 Comments

In radiation detectors the reverse current is of primary interest, as it is a source of shot
noise. Nevertheless, the forward current-voltage charaetistic can provide useful diag-
nostic information. Since recombination and generation ag@ both maximized for mid-gap
states, one commonly observes that devices with large gea#ion currents also exhibit high
recombination rates.

This has promoted a tendency to characterize both phenomenay one parameter, the
minority carrier lifetime. However, generation and recombination are two distinct phenom-
ena. First, their temperature dependencies differ, and semd, it is not at all assured that a
state is equally effective at generation as it is at recombation.
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CARRIER GENERATION PROBABILITIES
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Figure C.3: Carrier generation and recombination prolissl The width of the arrows gives
an idea of the probability of each transition. The mid-gapecéihe defect energy is that of the
intrinsic semiconductor) is preferred for a sequentialldeudransition. For the generation figure
(up) it is supposed a reverse bias(®) in order to swept the carriers away, and not considering
their recombinations. For the recombination figure (dowe)deneration phase is supposed to be
created by a forward bias (¥0) ( or an external radiation with bias V=0).






Appendix D

Type Inversion and Doping Profile

193



194 Type Inversion and Doping Profile

1014_
1000
1 Ng=10m —_
13 |
107 3 -
100
§
Ngo= 1017
2 =
10 3 o
B - 10

10" 3

Nef

SPACE CHARGE CONCENTRATION (cm*

1010 T

10 10" 10® 10" 10" 10"
FLUENCE (cm?)

o

1k

E T T TETITT T T T T
E NEUTRONS

---- ELECTRONS e

® [ 10" cm-2]

Figure D.1: Left: calculated space charge vs. high-energtop fluence for silicon with initial
donor concentrationdlyg of 102 and 133 cm~3. Whith an infinitely fine calculation grid both

distributions would dip to zero (Spieler, 2005). Right: €hge dependence of the magnitude

of the effective doping for am-type silicon wafer irradiated with 1 MeV neutrons equivdle

The data have been corrected for self-annealing occurhirgdy during the extended irradiation

period. Also shown is the much smaller effect of irradiatiwith 1.8 MeV electrons also scaled

to 1MeV neutron equivalent NIEL (Lutz, 1999).

D.1 Double junction models
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Distribution of vacancies created by a 50 keV Si-ion in silicon
(typical recoil energy for 1 MeV neutrons)

Schematic Simulation
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Figure D.2: Model and simulation of clustered defects.

A large number of measurements suggesting that large eledtrfields exist on both sides
of an irradiated silicon diode has given rise to several attepts to model the effect [83, 81].
The most recent of these studies by Eremin, Verbitskaya andil(EVL) [81] is based upon
a modification of the Shockley-Read-Hall (SRH) statistics. The EVL model produces an
effective space charge densitpess from the trapping of leakage current by one acceptor
trap and one donor trap. The effective charge density is releed to the occupancies and
densities of traps:

Pett =€[Npfp — Nafa] + Pdopants (D.1)

where Np and Na are the densities of donor and acceptor trapping states, r@gctively;
fp and fa are the occupied fractions of the donor and acceptor stateggespectively; and
PdopantsiS the charge density due to ionized dopants. Charge flows tad from the trapping
states due to generation and recombination (Appendix C). Ta occupied fractions are given
by the following standard SRH expressions:



196 Type Inversion and Doping Profile

VhOR p+ VeoD miefo /KT

= D.2
VeOR (N+ niefo/KT) 4 v,oP (p+ nje~Bo/KT) (02

fo

VeOAN + Vhahinje EA/KT

= D.3
VeOA(N+ MeBa/KT) + vyof (p+ nje Ba/kT) (0-3)

fa

where ve and v, are the thermal speeds of electrons and holesxg’ and GE are the elec-
tron and hole capture cross sections for the donor trap;o4 and oﬁ are the electron and
hole capture cross sections for the acceptor trapn and p are the densities of free electrons
and holes;n; is the intrinsic density of carriers; Ep and Ea are the activation energies rel-
ative to the mid-gap energy of the donor and acceptor statesgspectively. The generation-
recombination current caused by the SRH statistics for sinlg donor and acceptor states is
given by the following expression:

VhVeOP G5 Np (np—Nn?) VhVeOh0sNa(NP—?)

U= .
Ve0D (N + MEEo/KT) 1 vhGD(p+ mie Eo/KT) T VeoA(n + meE~/KT) 1 vhoR(p + e EVRT)
(D.4)

Within the EVL model, the four trapping cross sections are fixed to 10 °%cm?. The
leakage current is generated from an additional SRH trappirg state that is introduced for
this purpose but is assumed not to trap any charge. The donorrad acceptor states are
assumed not to generate leakage current which, given the sinsize of the cross sections,
is a self-consistent assumption. The densities of the donand acceptor statesNp and Np
are tuned to the Transient Charge Technique (TCT) data. The prameters of the model
are given in Table D.1. The trap densities are scaled to fluercand are given in terms of
introduction rates gin = Na/p/Peq.

Table D.1: Parameters of the EVL Model [81].
EVL Model Parameters ‘

Trap E@V) g¢(cm?) oe(cm?) op(cnP)
Donor E/+0.48 6.0 x10°15 1x10°1°
Acceptor E-0.52 3.7 x10°  1x1071

To illustrate the EVL model a figure from Ref. [83] has been repoduced, shown in Fig.
D.3. Figure D.3(a) shows an uniform current density flowing aross a reverse-biased junc-
tion. Since holes are produced uniformly across the junctio and flow to the p+ backplane,
the hole current density increases linearly with increasig z from the n+ implant to the p+
implant. The electrons flow to the n+ implant and the electroncurrent density increases
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Figure D.3: EVL model.

with decreasingz. The actual carrier densities depend upon the details of théelds and mo-
bilities but vary monotonically across the junctions as shwn in Fig. D.3(b). The trapping
of the mobile carriers produces a net positive space chargeedsity near the p+ backplane
and a net negative space charge density near the n+ implant agown in Fig. D.3(c). Since
positive space charge corresponds to n-type doping and netga space charge corresponds
to p-type doping, there are p-n junctions at both sides of thaletector. The electric field in
the sensor follows from a simultaneous solution of Poissanequation and the carrier conti-
nuity equations. The resulting z-component of the electridield is shown in Fig. D.3(d). It
varies with approximately quadratic dependence upore having a minimum at the zero of
the space charge density and two maxima in the borders at botimplants [83].

D.2 Junction models and experimental data

In order to compare the experimental results with the introduced double junction model, let
us use data from sensor L00-f843 as a working exampleln its depletion voltage historical
evolution plot (Fig. D.4) itis possible to select three deption voltage points Vgepi = Vdep(Li),
with i=3) corresponding to the three significative luminosities beach one of the three states
that the sensor has gone through:

e L1=499pb~1, before inversion (sate 1)

e L,=2041pb™1, inversion point (minimum of the fitting curve Viep(L), state 2)

1Altough the double junction model is intended to be appéiabla double-sided sensor -not the case of L00- we
can assume thatphi side sensor of SVX would behave in a similar way than a tyi€al.
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Figure D.4: Type inversion experimental data. Example af b0 opposite sensors: 843 and
fal3.

e L3=6888pb1, after inversion (sate 3)

Vdep1 = Vuep(499) = 115/, (D.5)
Vdep2 = Viep(2041) = 50V (D.6)
Vdep3s = Vdep(6888 = 195/; (D.7)

Since the change in space charge appears as a change in doplagel, the net space
charge is commonly referred to as an effective doping levéle;¢. In the state after inversion
the detector functions as before and no change in bias poldyi is needed, but to transport
charge through the full detector thicknessd the voltage must be raised proportionally to the
increase in space charge In analogy to conventional diode operation this is often réerred
to as the depletion voltagé/gep= » INef£/d?. Using this expression with Eq. D.7 it is possible
to work out the numerical values ofNet;:

2

ed?

2The depletion widthwy is considered here to be constant along luminosity, thithissensor is supposed to be
fully depleted during inversion.

e
Vdep1 = Vdep(499) = 115/ =§\Nemrd2 = |Neff1| = —Vdep1 (D.8)
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e 2€
Viep2 = Viep(2041) =50V = Z\Nefnzrdz = [Nefra| = —5Vaep2 (D.9)
e 2 2€
Vdep3 = Vdep(6888 = 195V = £|Neff.3|d = |Netta| = @Vdeps (D.10)

Where |Net+i| are known constants.

The assumption of Nt s to be a single number (i.e the sum of positive and negative chge
centers in the space charge of the depleted sensor; orN; if considering the charge at a
particular luminosity i) is a useful simplification, but does not considers the deepstructure
or distribution of the charge in the depleted zone. A generatation hence may be useful and
so Nyss could be redefined as a distribution along the z-axis of the ssor. The sensor’s z-
axis is perpendicular to the plates and positive upwards, fsom n+ contact to p+ contact or,
similarly, along the direction of movement of particles coning from the collision point and
traversing the sensor. After this reasoning we define the fuctions Nett(z) and Nett(z,L).

In Table D.3 are shown two possibilities for the space chargaistribution of an irradiated
sensor: an homogeneous distribution and an inhomogeneous@. Its first row is dedicated
to the homogeneous case. The space charge originally pogitihas evolved to a situation
where new negative charges have been created. The number bfg negative charges being
superior to the number of original positive charges (type4nversion) makes a global addition
of Nefr = (5-). However, the distribution of those negative centerss homogeneousnside
the sensor’s bulk. In the picture this is representated as paial row-by-row computations
of the Ne¢¢ (an illustrative and simple discretization of Ne¢¢(z)). As a result of homogenity,
those partial computations have always constant values fagachr-esim row: Nett = (1-).
The plot of Netf(z) for the homogeneous case shows a p-like region (net neigat charge)
and constant along thez-axis, from p+ contact to n+ contact. Since the p+ contact anthe p-
radiation-generated region share the same doping class,dether they form the p-part of the
global pn-junction, where the n-part is obviously the n+ cotiact. The formation of this new
pn-junction after irradiation is responsible of the shift of the depletion voltage (Fig. D.2) and
the fact that the polarity of bias voltage does not need to beaversed after type-inversion.

The second row of Table D.3 shows a model of inhomogeneous tdisution of charge
in the sensor's space charge. The plot of Nt(z) shows that negative centers are located
close to the n+ contact while positive centers are on the p+ otact, a situation that creates a

3|Nert|=(1.4510"cm -3V ~1). (Vgep), then,
INetf.1| = 1.66- 10M2cm 3 (D.11)

Netf2| = 7.25-10Mcm 3 (D.12)
INetf3| = 2.82-10M%cm 3 (D.13)
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double pn-junction. A double pn-junction is an arrange alsoable to transfer the depletion
zone without necessity of inverting bias polarity.

It is remarkable that this inhomogeneous model is compatitg¢ with the homogeneous
one. In effect, altough the partial computations output diferent values, the global account
of the space charge centers equals (5-), the same number a® thomogeneous case. |n a
more correct formulation we can write that the area A under both functions is the same:

A[Neff, hom(i = A[Neff, inhom(J (D-14)

z=d z=d
Netf, homo2)dz = Netf, inhomd2)dZ (D.15)

With this idea we can expand Eq. D.18:

e 2¢ d
Vdep1 :Vdep(499) =115 = —|Neff,1|d2 = [Neff1| = —5Vdep1 :/ Nett 1(z)dz (D.16)
2¢ ec? 0
e : 2¢ d
Viepe = Vaep(2040 =50/ = = Nerrald? = [Nerrz] = —5Vaepz = [ Nerr,2(2)dz (D.17)
e 2 2¢ d
Vdep3 :Vdep(6888) =195% = £|Neff,3|d = |Nett3| = @VdepS = /O Nett, 3(z)dz

(D.18)

Now the situation has been transformed into a variational ckculus problem. We have to
find distributions with a boundary condition on its area A:

d
Nett 1(z) suchthat A[Nett, 1(2)] =cty; thisis: /oNeftl(Z)dZ:‘Neftl’ v (D.19)

d
Nett 2(z) suchthat AlNetr, 2(2)] =cty; thisis: /Nefﬁz(Z)dZ:‘Neftz’ (D.20)
0

d
Nefs 3(2) suchthat A[Nets 3(2)] =cts; thisis: / Nett 3(2)dz= |Nett 3] (D.21)
: 0 :

Let us remember that Nett 1(2) is the state-1 (before irradiation) space charge distfi
bution. This original distribution is known: a positive constant equaling the initial n-type
doping of the bulk. Instead, Netf, 2(z) and Net+, 3(2) (inversion-point distribution and after-
irradiation distribution, respectively) are unknown.

With respect to Net+, 2(z) we can affirm that it will be a distribution with the same num-
ber of positive and negative centers (perhaps plus a 'shiftonstant, maybe related with bias
current loses around the electric circuit of the sensor, asteown in Figure D.6).
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Distribution Nett 3(z) will have larger number of negative centers than positie ones
(and eventually would also be affected by the 'shift’ constat), as it is possible to infer from
the definition (and observed fact in the inversion curves) ofype-inversion.

The complete computation of the solution may be complicatedince many distributions
can match the boundary conditions. However, there is a simpl way to model the space
charge distributions if we make a simplification (and, unfortunately, a reduction of the
possibilities for the satisfying functions): instead of casidering the space charge distri-
bution as linear along z-axis (Eremin et. al) [81] we may modet with a cosine function*
y(z) = —cogz) — C;, being C; a positive constant (Fig. D.5). This negative cosine funan
satisfies the boundary conditions of negative space chargése to n+ contact and positive
space charge close to p+ contact (assymetry). A cosine madation of the space charge
yields to a doble pn-junction, confirming y(z) = —cogz) —C; as an able solutioR of the
problem.

The electric field inside the sensor’s bulk is computed upon:

DE(2) = —s—ioNeff(z). (D.22)

Then, E(z) is parabolic for the linear case and sinusoidal fothe trigopnometric case.

“4This trigonometric approximation is valid for both distitibns Nett, 2(2) (settingC1=0), andNe++, 3(2) (setting
C1 #£0).

5And of course the family(z) = —Acognz—Cp) —C; (wherenis required to be odd in order to satisfy the bound-
ary condition of an assymetrc distribution), that mathecadly yields to a situation ofi-junctions. The experimental

verification of this possibility is out of the scope of thisskoAn hypothetical related mechanism may be the fact that
the clusters, being a source of vacants, could trigger #tion of E-centers close to the n+ contact side so creating a

negative space charge seeding region.
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Table D.2: Type-inversion evolution models.

Space charge

before inversion

inversion point

after inversion

p++

n++

- - - - - - - - = p++
+ + + +
+ + + + +
+ + + + + n
+ + + + +
+ + + + +
+ 4+ + + + + + + + + |ntt
—
4*—
- - - - - - — — — p++
+ + + + +
+ + + + +
+ + + + + n
+ + + + +
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+ + + + + + + + + + | ntt
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Table D.3: Homogeneous and inhomogeneously distributadespharge models of an irradiated
Sensor.

Space charge distributions

Space charge Ne+f(2) distribution
n+ Ngy(2)=-C, p+
=15
5
N r
HIES Ot 0O- =1
[ 6 + O- O- ->1- 0
£
2 €] + O + O- ->1- 05l
| Q\ i © Tom o8 o
\‘ “ [C) + O + O- ->1- 1
”+i# ) 1 o5 1 15 2 25 8
v HOMOGENEOUS DISTRIBUTION z
n+ Nyy(2)=az-b pt+
515
4
-
J'/-\\‘ +
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| ‘\ + + O + + >3+
‘\\\n:/‘“ + 6] + O- + -> 1+ 0
€] + O + O- ->1- 05
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n+ N,4(z)=az-b p+ n+ N(2)=-cos(2)-C, p+
£1.5 £1.5
z z
1 1
05 05 /
0 0
05 051
1+ 1+
15 L L L L L L 15 1 L L L L L
0 05 1 15 2 25 3 0 05 1 15 2 25 3
z z

Figure D.5: Inhomogeneous Model (double pn-junction). Tihear distribution of the original
inhomogeneous model could be replaced by a trigonomestalalition.
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Vi

Figure D.6: Electronic circuit superimposed over a crosdice of the sensor. The detector’s
bulk is represented as a capacitor in the circuit. When aden¢ particle ionizes the silicon, the
detector’s bulk circuit is transformed into a current seuirc parallel, to account the creation of
electron-hole pairs. In a capacitive coupling (made by ciépeC) design, only the AC part of the
detector reverse bias currdptreaches the readout and amplifying electronics. The DCque$
into a bias circuit, here shown as a simple resi®ointermediate “floating” electrodes can be
used to reduce the effective readout pitch. In this casesitmal current induced on the floating
electrodes is transferred to the readout amplifiers byrimeiate capacitive dividers formed by
the strip-to-strip capacitan€&sand the backplane capacitar@g
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