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Chapter 1

Introduction

The Fermi National Accelerator is an international High igyePhysics reserch center located
in Chicago, lllinois (USA). Its facilities house the Tewvatraccelerator. The Tevatron accelerates
protons and antiprotons up to an energy of 2 TeV in the cetfiterass and focuses the beams in
two interaction points where the detectors DO and CDF aratéat

The CDF detector is made up of several subdetectors: muanhsra, calorimeters, wire
chamber, silicon detectors... The silicon detectors adécdeed to charged particle tracking and
vertex reconstruction and are the closest located dewvdbs theam, and hence, the most affected
by the radiation field caused by the collisions. The silicetedtors are essentialfysemiconduc-
tor microstrips deposited onrematerial bulk &£300um thick, typically ), creating an arragement
of p— nlinear junctions on one side of the sensor. CDF is the lamgestnple so far of double-
sided technology, a particular kind of microstrips wheréhisdes are segmented, providing two
coordinates.

The aim of this document is to study the effect of radiatiomédge on the silicon sensors. The
reflection of the effect of radiation can be observed in twaiimental parameters of the detector:
the bias current and the bias voltage. The leakage curnatlgi affects the noise, while the bias
voltage is required to collect the maximum signal depodiigthe charged particle.

On one hand, the bias current increases with irradiations dihcumstance can be useful to
estimate the radiation dose received by the detector. Oatliee hand, the depletion voltage (i.e.
the bias voltage needed to operate a sensor) evolves wigh 8ince the silicon detectors are es-
sentially an arrangement of semicondugboijunctions, an intense and prolonged irradiation over
a junction is responsible of the phenomenon known as “dogyaetinversion” where the n-type
and p-type silicon forming the junction experience the @ffef turning into p-type and n-type,
respectively. This inversion is reflected in the evolutidthe depletion voltage in the form of a
curve with a minimum. Extrapolations based on those curvesiseful to estimate the sensor’s
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lifespan. The estimation of the lifespan of the sensors desived particular interest since the
CDF microstrip detectors have received substantially nmoagliation than it was designed for.
The large scale of the sensors irradiated (r of silicon) and the use in the innermost layers of
materials developed for the next generation of LHC silicensers, widen the interest range of
this study to the High Energy Physics detector community.

The document starts with a general introduction to semigotw detectors followed by two
chapters describing the CDF experiment and the CDF Silicete®ors. Chapters 5 and 6 are
devoted to the study of the two fundamental parameters afeheors under irradiation: the bias
current and the bias voltage. Chapter 7 contains a collecti@vidences of radiation aging and
also some ideas for future reserch, and the conclusion$avensn chapter 8.



Chapter 2

Semiconductor Detectors Under
Radiation

2.1 Radiation Damage in Semiconductors

The radiation itself that we want to detect may also causeadarno the detectors. Nuclear radia-
tion interacts with the electron cloud, but also with thelaum the lattice. While the interaction
with the electron cloud in silicon is a transient effect {ttsain fact used for the detection of the
radiation), the interaction with the lattice may lead torpanent material changes of detrimental
nature. The following processes are of importance for ttieda

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

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

* Secondary processes from energetic displaced latticesatdefiect clusters from cascade
processes...

Most of these primary defects are not stable. Interstiaald vacancies are mobile at room tem-
perature and will therefore partially anneal if by chancearaerstitial fills the place of vacancy.
There are also chances for the formation of other room teatyer stable defects. Examples
are the well known A-center, a combination of vacancy andyexy(a certain concentration of
oxygen interstitials is present in the crystal after criygt@wing), the divacancy (two missing
silicon atoms right next to each other), and the E-centewsho Fig.2.1, a vacancy-phosphorus
complex. These stable defects may then change the elégrmaerties of the semiconductor,
generally degrading them.



4 Semiconductor Detectors Under Radiation

e00ecocoo e0ccoooe
 EENNY T  FERNY T
e0cecooo e0cocooo0
e0o0ecocoo e0cococooe
e0o0cocoo e0cocoooe
e0cecocooe Ceeeeee
e0cecoooe e0cococoo
e0cecooo0 e0cecocooe
eoooede eoooede
e00cocoo 0000l o0
eeo0Coooe e0cecoooe
e0o0ecocoo e0cecoooe
e0o0ecocoo e0o0ecocooe
e0o0ococoo e0ocecocoo

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 frisérlattice site. This energy can
be provided by elastic scattering of a high-energy chargetkatral particle. For the recoiling
atom it is defined the displacement enekgy the energy at which the displacement probability
is roughly one half. This recoiling energylg=25 eV for silicon (van Lint et al. 1980, Huhtinen
2001) and, depending on values relative to it, the follongffgcts may be created:

*

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

*

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

*

between 2 keV and 12keV the energy is high enough to crate eieetdcluster and addi-
tional point deffects;

*

above 12 keV several clusters and additional point defeittdevproduced.

A cluster is a dense agglomeration of point defects that @apgiethe end of a recoil silicon
track where the atom loses its last 5-10 keV of energy and ldmti@ scattering cross-section
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increases by several orders of magnitude. A typical sizefduster 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 (&en atom displaced from its lattice
location by the incident radiation) as well as its energyritistion depend on the type and energy
of the incident radiation, for the following reasons:

x the elastic cross-section for scattering on silicon atosyEedds on the type of radiation.
Charged particles such as protons scatter by electrostaticaction with the partially
screened nucleus; neutral particles such as neutron®rsegdstically with the nucleus
only.

x the energy transferred to the silicon atom is dependenteomtss of the incident radiation.

2.1.1.2 Scaling of Radiation Damage

Although the primary interaction of radiation with silicag;strongly dependent on the type and
energy of the radiation, this dependence is to a large extemabthed out by the secondary
interaction of primary knock-on silicon atoms. It is thenef customary to scale measurements
of radiation damage from one type of radiation and energynmther. As the interaction of
radiation with electrons produces ionization but no ciysdédects, the quantity used for scaling is
the non-ionizing energy loss (NIEL). The dependence ofdbiding variable on energy and type
of irradiation (normalized to 1 MeV neutrons) is shown in.F22.

2.1.2 Formation and Properties of Stable Defects

The primary defects, Siinterstitials and vacancies, areaxh temperature still mobile and cannot
be considered stable. Part of these defects will annea@rdithan interstitial filling a vacancy or

by diffusing out of the surface. They may, however, alsoraxtewith another defect and form a
new type of defect complex that becomes stable at room tetyper The other defect may have
been already present in the crystal or can also have beengaddy the radiation. An example

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]

of the first kind of defect is the formation of a vacancy-phumpis complex (E-center). The
standard dopant far-type silicon is phosphorus. A vacancy right next to the phosus dopant
(on a regular lattice site) forms a stable complex with neseteical properties. The phosphorus
atom does not fulfill its original role of donor any more, aheé process is therefore also called

donor removalFig. 2.1).

A second example is the formation of vacancy-oxygen conggl€d-center). Oxygen is
always present within silicon to a certain degree as a retrfnam the crystal-growing process.
Oxygen as an interstitial (between regular lattice siteg)ectrically inactive. The stable oxygen-
vacancy complex becomes electrically active, i.e., it ®@m acceptor state in the upper half of
the band gap that, although electrically neutral in the sgdm@arge region, acting as a trapping
center for electrons.

An example of a stable defect complex that can be producedradiation-generated primary
defects alone is the divacancy, namely two missing silidmma right next to each other. The
formation of defect complexes in semiconductors is conapdid and only partially understood.
Defect complexes are not only produced in two-step prosessewas the case in the examples
given above, but processes involving several steps alaar.oltuportant roles in these processes
are played not only by the radiation-generated primaryasefeut also by defects already abun-
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dantly introduced during the crystal-growing process. \Rfebwn examples in silicon are oxygen
and carbon interstitials. The formation processes areddpendent on the temperature. Defect
complexes that are stable at room temperatures may becolbiéieroo may even break up into
their constituents at elevated temperatures. This opettseypossibility of reducing the apparent
radiation damage (annealing) and the formation of defdcasdifferent nature.

The defect complexes change the macroscopic propertidse afdmiconductor. A large ef-
fort has been invested to correlate the macroscopic propbenges with specific microscopic
defects[24]. Several experimental methods have beentesdn recognize the presence of de-
fects and to measure their properties. Most of them are laserkating a thermal disequilibrium
and observation of the transition to thermal equilibriunadsnction of temperature.

2.1.3 Electrical Properties of Defect Complexes

Contrary to simple flat donors and acceptors, which are lysugkntionally introduced into
regular lattice sites in order to change the properties efsgmiconductor, radiation-generated
defect complexes have much more complicated electricagdapties. It is the purpose of this
section to review the most important of their properties smdiscuss the consequences to be
expected for detector operation. This includes, in padicthe behavior of defects in the space-
charge region. The radiation-generated defects will hiagddllowing main consequences:

x They act as a recombinantion-generation centdiisey are able to capture and emit elec-
trons and holes. In the space-charge region of a detecternale emission of electrons
and holes leads to an increase of the reverse-bias current;

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

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

A list of well known defects and defect complexes is compitedable 2.3. It is remarkably that
some defects can exist not only in two but frequently in mbesnttwo charge states.

2.1.3.1 Defects with a Single Entry Level

Let us start with a simple donor, a defect that can be pobitivkarged or neutral depending
(in thermal equilibrium) on the position of the Fermi levélhe simplest example for a donor is
the replacement of a silicon atom by phosphorus with one ral@&tron in the outer shell. The
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Figure 2.3: Characteristics of some important defectslicosi [71].
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additional electron may either be bound to the phosphonm &bccupied or neutral defect state)
or emitted to the conduction band (empty or positively chdrdefect state). The charge state of
the defect is changed not only by electron emission to thewction band and electron capture,

but it may also be changed from positive to neutral by holession to the valence band or from

neutral to positive by hole capture. The charge state of dfiectl (P in Si) changes via the four

charge-changing processes:

x € emission to the conduction band: from NEUTRAL to POSITIVEolmbility of e~
emission:e,.

x €~ capture from the conduction band: from POSITIVE to NEUTRAL capture rateR,.

* h' emission to the valence band: from POSITIVE to NEUTRAL, zdoitity of h™ emis-
sion: gp.

« h'* capture from the valence band: from NEUTRAL to POSITIVE capture rateRy,.

The average electron occupation probability for the donidirbe determined by the proba-
bility of the four charge-changing processes. Although \&eeta priori no knowledge on the
individual probabilities - they should be determined eikpentally- it is possible to find rela-
tionships between them from thermal equilibrium consitlens. In thermal equilibrium the
occupation probabilityF is given by temperature and Fermi level as

F(Eq) = % (2.1)
l+ewm

with Eq the defect energy levekr the Fermi levelk the Boltzmann constant aridthe temper-
ature. For reasons of simplicity we do not consider here arttié following the degeneration
of charge states, an aspect taken into account correctip geeralizing to defects with several
energy states. In thermal equilibrium the rates of electnmission and electron capture have to
be equal as there is no net flow of electrons to or from the attimuband. The same is true for
hole capture and emission. For electrons, the capturdrratéll be proportional to the number
of unoccupied donor§l — F(Eg))Ng and to the electron concentration= nieE—Fk?—Ei. Being, for
electrons oy, the capture cross section ang ,, the thermal velocity, we have

Ep -

Rn = NNy(1— F)0nVih n = OnVin niNg(1—F)e &

(2.2)

The electron generation ra, will be given by the product of density of occupied defects
NgF and the electron emission probabilgy. Thus
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Setting the two rates equal to one another, in thermal dmiuiin, we have

— Er—E
Rn == Gn = Sn == Gthh n n|e FET l (24)
where
1-F Ed—Er
_— kT
F
S0 obtaining
Ey—E;
Sn = O-r]Vth nn|e dET I (25)

a relationship not containing the Fermi level and valid alsmler nonequilibrium conditions.
Similarly for the hole capture rate and probability of hoieigsion, we have

E—F
Ro = PN4F OpVith p = OpVin phiNgFe i (2.6)
Ei—Ey

These electron and hole capture and emission probabiiiede used to find the interesting
physical quantities as average charge state, current g@reiand trapping probability also in
nonequilibrium situations such as in the space-chargemeagfia detector.

The phosphorus donor has an energy level 0.045 eV below th@uction band (Table in
Fig 2.3). Assuming it to be first in the neutral state, it magdie ionized (positively) by emit-
ting an electron into the conduction band. A minimum enery9.645 eV is necessary for this
process. The donor state can come back to neutral againhgy edpturing an electron from the
conduction band or by emitting a hole of minimum enekgy0.045 eV into the valence band.

In thermal equilibrium a donor state will be on average Hadf time in the charged state and
half the time in the neutral state when the Fermi ldgelcoincides with the donor energy level
Ep. If the Fermi level is only a few times the thermal energy£0.025 eV at room temperature)
above the donor level, it will be almost permanently neultifait is a few timeskT below the
donor level, the state will be almost permanently posiivdiarged.

Considering now the situation in the space-charge regiom @épleted detector, the Fermi
level loses its significance as we are not dealing with dgjuilm any more. Instead, we have to
use the physically significant quantities of electron ank lsapture and emission probabilities.
For low reverse-bias currents we may assume negligibldreteand hole densities within the
space-charge regignand ignore electron and hole capture, so that we have todmrsinission
process only. The ratio of emission and hole probabilities

2(E4-E)
&n _ OnVihn 255 (2.8)
€ OpVthp

2This is not the case for a heavily radiation-damaged silidetector, a situation with appreciable reverse-bias
current.
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is strongly dependent on the energy level of the defect,enthié absorption cross-sections and
thermal velocities of electrons and holes will be of simitaagnitude. We can therefore con-
clude that defects with a single energy level located abbeeind gap centdt; (i.e. donors)
have much higher emission probability for electrons tharhfiles. The defect will therefore be
predominately in the more positive state. Analogouslyedesfwith energy levels belot (i.e.
acceptors) will be in the more negative state when locatélderspace-charge region.

Emission Processes. In order to find the average charge state of a single energ) (&)
defect in the space-charge region, let us consider the d@mat acceptors above and below the
intrinsic level Ej. Let us assume that the product of capture cross-sectiorthanchal velocity
is the same for electrons and holes & Op, Vih n = Vtn p)- We callEq the energy levelNy the
density, f; the fraction of defects being in the more negative state,fard1 — f; the fraction in
the more positive state. In the space-charge region thetgerfi®lectrons and holes is close to
zero so that capture processes can be neglected and ortipelaod hole emission have to be
considered. The number of electrons and holes emitted pevalome and unit time has to be
equal, and we have therefore:

Ng f18n = Ng fogp,

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

Ch=VthnOn and G = Vin pOp

yields to
1— fl Sn Cn

and so

f 71 (2.9)

l pr— = .

1+ C&pez(EﬁTEﬂ
1
fo=1-f1 = ECEIR (2.10)
1+ C—se kT

Measuring charges in units of elementary charge, the agariagrge that the defect state will
assume is the charge of the more positive stgtminus the occupation probability of the more
negative statdq, thus:

(Qd) =qo— fr=q1+ fo, (2.11)

and fo will change from one to zerof; from zero to one within a few multiples &T around

E; when the defect level is moved from the lower to the upper biathe band gap. Therefore
only defects with energy levels closeEpwill be, on average, fractionally charged. The average
charge states of donors (which can only be positively clthageneutral) and acceptors are with
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the assumptions of equal products of cross-section anth#ierelocity of electrons and holes
(cnh = cp), thus:

1
() = fo=——z%7 (2.12)
l4+e «
-1
(Oa) = —f1= ——z 7 (2.13)
1+e x

Capture Processes. Let us consider a reversely biased silicon detector at raampeérature
(300K) with a high density of bulk defects, such that an apigige reverse-bias current is present.
In this case, capture processes cannot be ignored and tteeland hole concentrations will be
a function of position inside the active region of the deiect

Supposing that for a particular position the electron anle karrent densities, andJ, as
well as the electric field and single-leve(Ey) defect density\y are given, it would be interesting
to find the average charge state of the defect at that positidrsee the conditions under which
the presence of leakage currents influences the chargeobthedefects. The electron and hole
densities can be found from the current densities and tlu¢rieléeld as

_ b= Jp
Qtné QHpE’

and setting, for instance, the valuis=J, =101 Al/cm? ande=1000V/cm, leads to

n=46x10cm? p=13x10fcm3 n = 1.45x 101%m3

Changing from the more positive to the more negative statedemplished by hole emission
and electron capture, so that we can write with the sameiontased before:

Ng f1(€n + PCp) = Na fo(gp + NGy),
and using (2.1.3.3) and (2.1.3.3), yields

Eq—E
f1 fi  &+nc cpnie‘dkiT +Nnc,

)

fo 1-f1 &n+pC ¢pethr + PCp

and so
_Eg-§
CpNi€ ~K + NGy

fl - Eq—E Ei-E (214)
CnNi€ KT+ PCp+ CpNi€™ KT + NGy
Eq—Ei
ne -« + pc
fo = Cali€ I+ PG (2.15)

Eq—Ei _Eq—E
CaNi€ KT + PCp+ CpNi€ K + NGy
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The average charge is again given by Eq.(2.11):
(Qd) = Go— fa=0q1+ o, (2.16)

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

1 Ch N (Eq-E)
fil=—-ore— [ 1+ ——e k  |. 2.17
1 266 ( +cp n > (2.17)

1+ %pe KT

For defect energy levels close to the midgap, the averaggelsdate of the defect will be
uncharged from that in a true space-charge region. Forrldigeances the limiting valué, — 0
is reached with a factor 2 flater exponential slope:

Cnh —2(Eg-E) n Eq—E
fi= e ¥ 4 _e fr. (2.18)

Cp n;

2.1.3.2 Defects with several Energy Levels

To study the case of defects with several possible chargessiee select the divacancy (Table
in Fig. 2.3) as an example. The divacancy has four possitdegetstates, ranging from double-
negative to single-positive, and three energy levels, taava and one below midgap. Assuming
this level to be initially in a neutral state, it may may chartg the positive state by capturing
a hole, thereby gaining 0.21 eV of thermal energy, or by émgithn electron of energis-0.21
eV. Alternatively, it may change to a single negatively cfeat state by capturing an electron or
emitting a hole of energ¥s-0.39 eV. Another hole emission of enerf-0.23 eV or electron
capture brings it to double-negative state. It may turn kacke neutral state by two electron
emissions of energies 0.23 eV and 0.39 eV respectively. Bfitte charge states corresponds to
a particular lattice distortion and corresponding cheitaading.

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

x K energy leveld€, describing the energy involved in the change between cleiaged -1
andl;

x k41 charge states with chargg— | (units of elementary charge) and degeneration factors
g,1=0,1,...k

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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* k electron capture cross-sectiomg describing the change from charge stafeto|; and

* khole capture cross-sectioog describing the change from charge state|-1.

As was the case before for simple defects, the electron aledemoission probabilitiesy
andep, (with [=1,...K) can be inferred from the capture cross-sections by corsgi¢hermal
equilibrium conditions as shown below.

2.1.3.3 Thermal equilibrium relations

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

P.i/a _ o

Pi—1/0i-1 (2.19)

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

Ri=1 (2.20)

M~

combining thek equations with , it is possible to find the thermal equilibmiprobabilities of
thek+1 charge states.

Thermal equilibrium is kept by continuous change betweeghimring charge states due to
electron and hole emission and capture. Changing from ehstagel-1 to | is accomplished
by electron capture (capture cross-sectmn) or hole emission (hole emission probabiléty;).
Changing in the opposite direction, froro |-1, involves a hole capture cross-sectimg) and
an electron emission probabiligs). With this definition, the index for capture and emission
constants has the range 1ko

As was the case for simple defects, thermal equilibrium iciemations will give a relationship
between emission and absorption. In order to retain conataamage probabilities of the defect
charge states and to have zero net flow of electrons and lmiesds conduction and valence
bands, the electron capture rate of charge dtdtéhas to equal the electron emission rate of
charge staté. A similar relation holds for holes:

NePi—1nGyy = NeRy1€n (2.21)
NP pCo) = NP —18p) (2.22)
from this expressions and using we can derive the emissivapilities:

_1Nn _ E | -E _ Et | —E
£n) = P —1nGy _ g 1et|TFnQI| _ %QHT v (2.23)
I

R o]
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Ripcp g _EifE g _E&
€p| = —>—- =-——€ K pCy = ——€ K NiCp 2.24
. Pi-1 9-1 Pl gi-1 P (2.24)
These expressions are, with the exception of the additioirdtoduced degeneration factor

g, identical to and which were derived for simple donors arzeptors.

2.1.4 Effects of Deffects on Detector Properties

The presence of radiation-induced crystal defects willhgeathe detector properties in several
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 measuremeagiping is of less importance than
reverse-bias current and operating voltage of the detestole for a CCD Charge-Couple De-
vice) trapping is extremely dangerous due to the signal-tramséhanism.

In the following sections, a qualitative explanation ofg¢beffects will lead to a parametriza-
tion of the effects as a function of the equivalent fluenceaftrons with an energy of 1 MeV
scaled according to the non-ionizing energy loss (NIEL) @rscussion follows closely the first
extended systematic study of radiation damage of silicoaatiers [93] and concentrates on radi-
ation damage of neutrons tetype silicon.

2.1.4.1 Operating Voltage of Detectors

There are several radiation-damage mechanisms that lemdhange in space charge and con-
sequently to a charge in the necessary operational volthdetectors. As it has been shown,
the original dopants such as phosphorus or boron may beredpinto new defect complexes,
thereby losing their original function as flat donors or gtoes. The new defect complexes may
assume a charge state within the space-charge regiorediffsom the original dopants. Phos-
phorus, for example, may transform into vacancy-phospgh¢Edcenter), thereby changing from
positive to neutral space charge. In addition to compleregiving the original dopants, com-
plexes with other impurities such as oxygen and carbon, #aweiith other radiation-generated
primary defects such as divacancies, can be formed (Fig. 2dne known defects of these types
are included in Table 2.3. This table, however, is signifiigaimcomplete, and much has to be
learned from experimental research.
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Operationally, the charge in space charge appears as aecimeahgping level, so the net space
charge is commonly referred to as an effective doping IByel. The detector functions as before
and no change in bias polarity is needed, but to transporgetitarough the full detector thickness
d the voltage must be raised proportionally to the increaspate charge:

e
V = — [Ness| d? . 2.25

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

The effective doping of an initially-type silicon wafer is shown as a function of the irradia-
tion fluence in Fig 2.4. The effective doping decreases wititiation and the material becomes
intrinsic* at an irradiation fluence of few times ¥@/m?. Above this value the doping becomes
effectively p-type (type inversiot) and eventually rises linearly with the fluence ([93]. This
behavior matches perfectly the expectation that the fatigwprocesses are responsible for the
effective doping changes:

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

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

* creation of defect complexes assuming positive chargessiatthe space-charge region
(effective 'donors’); and

* creation of defect complexes assuming negative chargesstathe space-charge region
(effective 'acceptors’).

The effect of electrons is much smaller than neutrons evien s¢aling by NIEL, as shown in
Fig. 2.4 (right). The non-holding of NIEL scaling, partiedly for electrons, makes extremely dif-
ficult to estimate the irradiation without previous knowgecof the fluxes of the different types of
particle. Fortunately in hadron colliders as Tevatron theedis dominated by collision-generated
particles (hadrons) that break NIEL scaling in a less dranvedy.

Parametrization of Space Charge Change. The effective doping concentration in the space
charge will be the result of an independent occurrence aktipeocesses:

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

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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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 alreading 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]).

Modelling every member with the observed fluence depend@tige2.4) we write Eq. 2.27,
with Np o, Na o donor and acceptor concentration before irradiation@naa, bp, ba constants
to be determined experimentdilyAssuming an absence of acceptor removal and donor creation
the parametrization for effective doping simplifies to 2.29 exposed:

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

It is worth mentioning at this point that the original detactnaterial contains acceptors and
donors simultaneously and only the difference is usualtywkmto some degree of precision. Fur-
thermore, a variety of partially unknown defects will acedfective donors and acceptors. These
defect complexes will not be completely stable and will iadist self-anneal with different time
constants. The vacancy-boron complex, for example, isablestat room temperature. A simple
measurement of the detector depletion voltage can onlyigeamformation on the difference of
effective donors and acceptors, but not on the separatélmaitns.

6c=3.54 x 1013 cn? +4.5% ancb=7.94 x 102 cm 1+£8.0% ([93])
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Figure 2.5: Bulk n-type damage. Divacancy, disorderedoregnterstitial atom and E-center.

2.1.4.2 Reverse-Bias Current

In the space-charge region a crystal defect will assumeopnathtely a single charge state unless
a defect energy level is very close (within a few timég to the intrinsic level. Nevertheless,
the defect can change for short times the charge state bysiemisf electrons and holes -we
assume a small leakage current so that capture processes icgnored. The alternative emission
of electron and holes is responsible for volume-generatedrse-bias currents. As the emission
probability is exponentially dependent on the position e tefect level in the band gap (see
App. F), and emission of both electrons and holes are rejuitefects with energy levels close
to the band-gap center will be most effective in generataakdge currents. As expected from a
defect generation proportional to the fluence, a lineatiogiship between current and fluence is

found:
AIvoI _

\Y,

ao. (2.30)

This linearity is seen for electrons and also for neutrorfluahces below type inversion. For
fluences above inversion, a stronger rise is observed [Z4.f& example Figure 2.6. There the
volume-generated current can be parametfizex

AIv0|
V

=aP+a* (P — DPeony) (2.31)

It is interesting to note that after approximately one weékoom temperature annealing
the damage constants both before and after type inversioverge to the same value atE4
x 107" Acm~!. The damage constant depends not only on the type and enkigwndia-
tion but also shows a strong trivial temperature dependduoedo the variation of the instrinsec
charge density; with temperature. We can factor this temperature depemrdeynexpressing the

“With numerical values ([93]) fon-type silicon at 20C of: a=8.0 x 10-17 Acm~1, 0*=9.8 x 101" cm1,
q)conv:4 X 1012 Cm72
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volume-generated current by the generation lifetipéRef. [71]) and parametrizing the change

of 14 as:
1 1
— = — + kP, (2.32)
Tg  Tgo
wherety is the generation lifetime before irradiation. The two dgmaonstants are related
to each other as

a = gnk;. (2.33)

After irradiation, defects are not completely stable. Bathe damage disappears with time
even at room temperature. This effect of annealing makedahege constant time-dependent.
For comparison of different measurements, it is therefohgsable to quote damage constants
right after short irradiations and to treat annealing sajedy.

The reverse bias current is strongly dependent on temperdiwen after rather low fluences
the generation current dominates (appendix C), and thesewgas current has a dependency

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

Unirradiated samples usually exhibit an energy of activatf E=1.12 eV, the gap energy,
while for irradiated sampleE=1.2 eV. The ratio of reverse bias currents (appendix C) at tw

temperature§; andT; is
IrR(T2) (T2 E/T-T
v ()l 5 (5] &%)

In practice, the variation of leakage current with tempaeats very reproducible from device
to device, even after substantial doping changes due tatiadidamage. The leakage current can
be used for dosimetry and diodes are offered commerciadigipally for this purpose.

2.2 Annealing of Radiation Damage

2.2.1 Beneficial Annealing

Considering a radiation-damaged detector after the enleoirtadiation process, it is observed
that the damage to the detector (i.e. effective dopping @hamd increase of leakage current)
diminuishes with time. The rate of damage decrease is dyratgpendent on the temperature at
which the detector is kept during the observation (no iatidn) period. As this observation can
be interpreted as a partial disappearance of radiatioargad crystal defects, the effect has been
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called “annealing”. Defects and defect complexes are ireg#rstable only up to a characteris-
tic temperatureT,nn, the “annealing temperatu®(Table 2.3). An exponential behavior of the
annealing is assumed of the form:

t

Ng(t) = Ng(O)et  with ¢(T)Ded | (2.36)

wherekE, is the activation energy (values displayed in Table 2.3)thedrder of magnitude
of T(Tann) is 10 minutes. The annealing phenomenon is a complicatetkgsanvolving many
different and only partially understood processes betvdedects and defects complexes. As new
defect complexes are produced, the effect of annealing rogglways be beneficial for detector
performance. An example of such a detrimental effect is tloeebse of the effective doping
concentration in the space charge after initial annealfrigtensely irradiated detectors, an effect
called “reverse annealing”.

Parametrization of Beneficial Annealing. Since a quantitative description of the radiation
damage with a physical model is not possible, the observiettefhave to be parametrized.
This is done separately for the effective doping, the vohgeeerated current, and the trapping.
The effective doping is just a simple way to describe the sgdrarge density in a fully depleted
semiconductor region including the (partially) ionizedeatgs. In all cases one assumes that there
exist several defect types that decay with their charagtieriimes. The rate of introduction of
radiation-induced volume-generated current has beerftiuine roughly a factor two higher after
type inversion than for low irradiation fluences (egs. 2.80 2.31, wheret ~ a*). The annealing
behavior shown (from experimental data see [71], Figs.8,111.16) is also drastically different

, So that after a period of roughly one week both show siméaraining damage. Parametrizing
this behavior, we write for the effective doping concertralNe ¢+ and for the volume-generated
(leakage) current:

Alt) &, ¢t
A0 = IZAe | (2.37)

~

ANet¢
ANet¢

t
AN (0) Zl/sqe g (2.38)

/\/—\

2.2.2 Reverse Annealing.

When performing systematic studies of radiation damageliobs detectors, a surprising new
effect was found. Measuring the effective doping of irréelisilicon as afunction of time, it was
observed that the initial decrease of doping change duniafjist few weeks of room temperature
annealing was followed by a new increase of the effectivardpphange, a process proceeding

8The annealing temperature is not accurately defined as @lew khis temperature some annealing occurs.
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on the time scale of many months ([93]). As the effective dgpihange increases, this efect was
called “reverse annealing”.

Parametrization of Reverse Annealing. A natural explanation for such behavior is the trans-
formation of radiation-induced electrically inactive def complexes into electrically active de-
fects. Two different mechanisms have been proposed:

* A first-order process where the slow decay of inactive corgd®f type X into electrically
active type Y defects;

* A second-order process where a reaction between two kintactive defects{; andX,
creates an electrically active defect complex Y.

For the first-order process the decay rate is proportionddd@oncentration:

dNy  dNg o
gt = gr = KN« (2.39)
= Ny(t,T)=Ng(1—e V")  with T=1/k(T) . (2.40)

For the second-order effect the interaction rate is proguat to the product of defect con-

centrations:
dNy _dNX1 B _dNX2

=S = S TNy, (2.41)

Solving the system and assuming nearly equal concentsahii{®) of the two types of
radiation-induced primary defects [94], the new type okdebeing responsible for the increase
in effective doping has a time dependence of the form

1
Ny (®,t,T) = Ny, (P) (1— WES e t) . (2.42)

And both models have the same saturation value whenfttitaeds to infinity: Ny, = Ny,.
However, for the second-order process the rise time is ¢éggéc depend on the defect-concentration,
thus resulting in a different form of the time dependence garad to a first order process.

Reverse annealing can be accelerated by raising the tetupeaad slowed down by cooling.
Elevated temperatures are used for investigating revemseading in a reasonable time scale.
Cooling is applied to reduce or completely suppress (bejgvaximately 0C) reverse annealing
in the operation of detectors in high radiation environraent
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2.3 Parametrization of Radiation Damage.

In the previous sections we have parametrized the changeaitiation damage creates to the
effective doping concentration of the sensor’s space ehaithe three different contributions
were:

* Stable Component.lts first term describes donor removal and the second terrindsar
formation of acceptors. This expression is called stabtabge it does not depend on time
or temperature, only fluence:

ANc(®) = Neo(1—€7%®) + gc®
wheregc is the introduction rate of stable acceptors.

* Beneficial Annealing. Term that describes a recovery from the change in spaceeharg
an exponential decay of accepturs

ANA(q)7t7 T) =® Z Oa e_t/Tai (0
|

whereg, are the introduction rates ang the time constants (which can be approximated
by one single decay with average valggsandty).

* Reverse Annealing A long-term effect that increases the number of accepkerdites®:

1
ANy (®,1,T) = gy® (1‘ W)

wheregy is the introduction rate ang, the time constant.

As a cumulative effect of these processes, the change ie spacge &' [77]

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

where a positive or negative sign Nif¢; (effective doping concentration @ftype starting
material) denotes whether the effective doping-isr p- like [70].

Figure 2.7 shows the evolution of the beneficial annealirdyraxerse annealings time at a
temperature 20C and -5C after a fluence burst of 3#Hcm—2

At room temperature beneficial annealing reduces the chiargpace charge at timesl(® s
(~ 12 d). Then anti-annealing dominates, incread\iag to about 6<10* cm 2 over the course

9Beneficial annaeling has a time constant of 55 h &&2@r 19 min at 60C  [23].
10Reverse Annealing has a time constant of 475 daysE 20 1260 min at 60C  [23].
I Expression of the so-called Hamburg Model.
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of a year. If the starting donor concentration is 1102 cm 2 this requires a bias voltage of 360
V. Operating the detector at“6 delays anti-annealing. In fact, the increase in fluencethad
annealing proceed concurrently, so Fig. 2.7 does not apggtty, but it illustrates that operating
the detector at low temperature and only allowing warm-ufindguannual maintenance periods is
critical. This low temperature will reduce the leakage entr(reverse bias current) but it should
not be too low to suppress the desiderable effects of beakfainealing. Operation can be
extended by utilizing detector configurations that do nquine that charge drift over the whole
detector thickness. The induced signal in highly segmedegdctors peaks near the electrode.
Since charge motion near the opposite electrode does ntitteda much to the total integrated
charge signal, a useful signal can still be obtained foriearrthat only partially traverse the
detector. In LHC pixel systems this is obtained by implermgnthe detector witim™ electrodes in
ann- substrate. After inversion this behaves likeelectrodes in ap- substrate. When operated
at less than the “depletion” voltage electrons are stillemtéd at then-electrodes, but not from
the full detector thickness, so the signal is reduced. Thectlr ceases to be usable when the
signal-to-noise ratio becomes too small (but the limits lbarextended). Small electrode areas
reduce both the reverse bias current and the capacitancegsoed noise extends the operation
of pixel detectors with respect to strip devites

2.4 Mitigation Techniques

Many techniques can be applied to reduce the effects oftiadidamage to an overall system.
The goal of radiation-hard design is not so much to obtainstéesy whose characteristics do not
change under irradiation, rather than to maintain the requperformance characteristics over
the lifetime of the system. The former approach tends tizatinediocre to poor technologies
that remain so over the course of operation. The lattersstart with superior characteristics,
which gradually deteriorate under irradiation. Dependamgthe specific system, these designs
may die gradually, although at some fluence or dose a speifidtctypically digital, may cease
to function at all.

Increased detector leakage current has several undestaiéequences:
* 1. The integrated current over typical signal processimgsi can greatly exceed the signal.
* 2. Increase of shot noise.

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

12The ATLAS pixel system has noise levels200e whereas the strip systems operate-at500e.
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Since the leakage current decreases exponentially witpdeature, cooling is the simplest
technique to reduce diode leakage current. For examplacirgglthe detector temperature from
room temperature to' G reduces the leakage current to about 1/6 of its originaleval

Detector power dissipation is a concern in large-areacsilidetectors (e.g. CMS at LHC)
where the power dissipation in the detector diode itselftmmof order 1-10 mW/cf Since the
leakage current is an exponential function of temperataoa| heating will increase the leakage
current, which will increase the local heating, and so otimaltely taking the device into thermal
runaway. To avoid this potentially catastrophic failuredapthe cooling system must be designed
to provide sufficient cooling of the detector.

Reducing the integration time reduces both baseline clsashggeto integrated detector current
and shot noise. Clearly, this is limited by the duration af #ignal to be measured. To some
degree, circuitry can be designed to accomodate largeihassiifts due to detector current,
but at the expense of power. AC coupled detectors elimiteseproblem. An instrumentation
systems that require DC coupling, correlated double samppéichniques can be used to sample
the baseline before the signal occurs and then subtracttfrersignal measurement.

One of the most powerful measures against detector leakagent is segmentation. For a
given damage level, the detector leakage current per sitp@anel can be reduced by segmenta-
tion. If a diode with a leakage current of I8 is subdivided into 100 subelectrodes each with its
own signal processing channel, the leakage current in deaimel will be 100 nA and shot noise
reduced by a factor of 10. This is why large area silicon tiragkletectors can survive in a hard
radiation environment (e.g. LHC). Fortuitously, increhsegmentation is also required to deal
with the high event rate. Pixel detectors with small ele¢rareas offer great advantages in this
regard.

The most severe restriction on radiation resistance is s&gdy type inversion in the sensor,
when the net space charge becomes so large that the detdttow longer sustain the required
voltage for full charge collection. This is especially wdl for position-sensing detectors with
electrodes on both sides (double-sided detectors), fortwhail collection is essential.

Type-inversion limit can be eluded by using back-to-bacigks-sided detectors. The initial
configuration uses-type segmented strip electrodes miulk, with a contiguousp electrode
on the backside. Initially, th@n-junction is at the backside. This does require full depleti
in initial operation; this is not a problem for the nonirraidid device and becomes easier to
maintain as increasing fluence moves the bulk towards tymrsion. After type-inversion the
charge collection region extends from thelectrodes. Since most of the signal charge is induced
when the carriers are near the strip or pixel electrodes,ptavides good efficiency even when
operating at less than the nominal depletion voltage.

Since highly damaged detectors are largely devoid of maltikrge, they appear approxi-
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mately ohmic. This means that reverse bias is not essentiabtain low acceptable leakage
currents and the detectors also function under forward Klagingarov and Sloan ([95]) demon-
strated good charge collection efficiency with forward halsages much smaller than the reverse
bias required for the same signal. Although the bias culieel#rger than for reverse bias, this
results in less dissipation in the detector and also simeplifiie detector design. However, the
smaller fields also lead to longer collection times, so tliecéfof trapping is exacerbated. To
some degree this is ameliorated by the fact that electrgs tiee more readily filled by the larger
standing current.

A innovative approach to avoiding large operating voltagidle reducing collection times
is the “3D detector”. Rather than forming the diode betweppasite faces of a wafer, the elec-
trodes are alternating columnsmf andp™ material that are normal to the surface of thbulk.
Columns have been implemented with 300 depth and a diameter about 5% of the depth. In one
set of test devices the pitch within a row is 20t and adjacem- and p- rows are offset by 100
pUm so that the distance that must be depleted 540 um. By appropriate choice of geometry
the distance betweem and p- columns can be much smaller than the wafer thickness, $o tha
both the required voltage for full collection and the cdiiec times are reduced. For example a
spacing of 5qum betweem- andp- columns would yield full charge collection at order of magn
tude smaller voltage than conventional devices. Devices haen irradiated to fluences5-10'4
cm~2 of 24 GeV/c pions with good results. The same technology eaadplied as trenches at
the edges of the detector to provide “active” edges to avmdiead area at the edges of conven-
tional devices. This is very useful in tiling detectors tonfdarge area arrays for tracking or x-ray
imaging. A similar principle has been applied to planar desiby placing alternating™ and p™
electrodes on opposite faces of a double-sided detector.

Another path that is being pursued is operation at cryogemeratures. Since the build-
up of space charge results from the population of acceperstates through thermal excitation,
heavily damaged detectors can be resuscitated by coolliggitd nitrogen temperatuté. Charge
trapping is not suppressed, so roughly half of the chargedsvered when operating a 30Mh
thick detector at 250 V after irradiation to a neutron flueat®.2-10*® cm~2. Cryogenic opera-
tion of a readout IC fabricated in 0.28nCMOS technology has also been demonstrated. Silicon
detectors operating at 130 K are in use as high-intensitiatiad monitors.

Finally, another way to avoid the limits of silicon is to uséfetent materials. In partricaulr,
Diamond has been shown to be quite radiation resistant,aii$o degradation in signal-to-noise
after exposure to a 24 GeV proton fluence of 202° cm~2. Diamond is an insulator, so bias cur-
rents are very low without resorting fanjunctions and their inherent doping effects. However,
the large bandgap also reduces the charge yield. Minimumiignparticles on average produce
36 electron-hole pairs per micron, about half the chargainbtl with silicon. This is partially

13| azarus effect
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mitigated by a smaller dielectric constant, relative tsih (€ ~ 5.5 vs. 12.9). Apart from cost,
a major limitation is the obtainable drift length, which égpls greatly on the growth techniques.
In polycrystalline material drift lengths of 200 um have been achieved. Diamond pixel sen-
sors have been operated successfully with readout ICsrabfgr ATLAS silicon pixel system.
Single crystal synthetic diamond is now available and has lagplied in beam monitoring.

2.5 Semiconductors in Particle Physics

Silicon and other semiconductor detectors were used axédyn nuclear physics experiments
long before the widespread development of semiconduciocekein electronics. During the late
50s and early 60s, semiconductor detectors found variguigcapons in nuclear physics. While
they could not be used for large area coverage as couldlstini materials, their advantages in
some specific applications prompted their development.

Since the observation by McKay [26] in 1951 thaparticles produced a measurable signal
when they impinged on a reverse-biased n-p junction in geiuma all semiconductor detectors
have been based on the collection of charge carriers fronpleto junction. Such structure
combines some convenient properties of insulators (no dheeges carriers and therefore no
current in the presence of the imposed electric field) andesioom conductors (rapid transport
out of the depletion region of any charge carriers geneygieuhg a current which can be detected
with external electronics).

The energy required for creation of an electron-hole pasilioon is about 3.6 eV, in contrast
to about 30 eV in a gaseous detector and 300 eV for a scintilaigenerate one photoelectron (at
the photocatode of a photomultiplier tube). Combined wighhigh stopping power, this allows
the construction of silicon detectors of excellent eneggotution (e.g. a 10 MeV proton stops
in 1 mm of silicon, releasing about 2:8 10° electron-hole pairs, yielding an intrinsic energy
resolution of 6x 10~% [30]).

In high energy physics, the discovery of the charmed [27]@ality [28, 29] particles and the
fact that they proved to be relatively long-lived-1013 s, so that they may trave}l mm from
their production point in a high energy collision beforeytlikecay) provided a major stimulus for
the developement of vertex and tracking detectors with bfggtial precision<10 pum).

2.5.1 Silicon Particle Detectors

Most silicon particle detectors work by doping narrow (Usuaround 100 micrometers wide)
strips of silicon to make them into diodes, which are theerse biased. As charged particles pass
through these strips, they cause small ionization curnehish can be detected and measured.
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Arranging thousands of these detectors around the callig@int of a particle accelerator can
give an accurate picture of the particles’ path. By drawiaghepath back to where it meets
with one or more other paths, it is possible to find the pasititnere any given charged particle
was created: the vertex (since charged particles are nesated alone but always in pairs of
equal and opposite charges). A vertex created outside tlisia region indicates that a very
short-lived particle was formed in the collision and thenaleed at the vertex location to produce
the particles whose tracks are seen emerging from the viessek In this way it is possible to
detect the production of unstable particles containingsimascharm and bottom (b) quarks (b-
tagging). Silicon detectors have a much higher resolutianaicking charged particles than older
technologies such as cloud chambers or wire chambers. aladdck is that silicon detectors are
much more expensive than these older technologies andeespphisticated cooling to reduce
leakage currents (noise source) as well as suffer degoadavier time from radiation.

In a silicon patrticle detector, radiation is measured bymaeH the number of charge carriers
set free in the detector, which is arranged between tworeldes. lonizing radiation produces free
electrons and holes when traversing the bulk material o#msor and the number of electron-
hole pairs is proportional to the energy transmitted by #diation to the semiconductor. As a
result, a number of electrons are transferred from the ealdrand to the conduction band, and
an equal number of holes are created in the valence band.r thedimfluence of an electric field,
electrons and holes travel to the electrodes, where thejt iesa pulse that can be measured in
an outer circuit. The holes travel into the opposite dimgttand can also be measured. As the
amount of energy required to create an electron-hole paindsvn, and is independent of the
energy of the incident radiation, measuring the number eftedn-hole pairs allows the energy
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 intiépacrates. However, most of the
interactions are background so pattern recognition is&kughich increases the number of layers
required for efficient track reconstruction. Furthermahe, interaction region tends to be spread
in length (about 50 cm in Tevatron) so the detectors must bigided suitably long.

2.5.2.1 CDF and DO at the Tevatron

CDF at the Fermi National Laboratory installed a siliconterrdetector early in its operation in
1987 and since then has operated a succesion of upgradetodetd he original SVX had four

concentric barrel layers read out at both ends, for a tot@hiebl count of 37000. Since only a
small fraction of the strips would be struck in a given ev&\X pioneered on-chip sparsification
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which selects only struck channels for readout. With thihitelogy the required readout band-
width is independent of segmentation, a crucial considerah the very large detectors already
envisaged for the next generation of high luminosity cellgl For the upgraded Tevatron CDF
substantially expanded coverage of the vertex detectoadded silicon layers at radii beyond 10
cm to enhance particle tracking. A “Layer 00” was also modraethe smallest possible radius
just outside the beam pipe.

As coverage is extended to forward angles, a barrel geomeginjres inordinate silicon area
and resolution suffers for grazing incidence tracks. A héaout used at Tevatron by DO was
implemented, consisting on interspersed barrels and d@igke interaction region and additional
disks to provide forward coverage ng*~ 3.

2.5.2.2 ATLAS and CMS atthe LHC

The LHC poses unprecedented challenges to detector d&¥ayk.on suitable detector concepts
began in th 1980s, culminating in final assembly in 2005-2@0Worldwide R&D program was
neccessary to develop the concepts and technologies,iagpetthe areas of sensors, micro-
electronics and radiation effects. A general purpose tmteccludes vertexing for b-tagging,
precision tracking in a magnetic field (2 T in ATLAS, 4 T in CMSpalorimetry and muon de-
tection. ATLAS and CMS use barrels in the central region aisélsdin the forward regions to
provide the required coverage and tracking performande mihimum silicon area. The ATLAS
SemiConductor Tracker (SCT) has about 6Dahsilicon with 60 x 10° strip detector channels,
augmented by a gaseous outer tracking detector. CMS halssilicah tracker with about 230 fn
of silicon and 10 strip detector channels. Both ATLAS and CMS use CMOS pixela#s cov-
ering 1-2 n? with 50-100 million channels at the inner radii (L5 cm) because of their superior
pattern recognition at high track densities and radiatesistance. Microstrip technology takes
over at larger radii to minimize material and cost.

In ATLAS the pixels are 5@m x 40Qum, with the long dimension along the beam axis to
accomodate inclined tracks. Fluence after 10 years of tiparé estimated to be fcm—2
(1MeV neutron equivalent) with a total dose of 50 Mrad at tireermost pixel layer and a fluence
of 2 - 10"cm 2 at the inner strip layer. The strip silicon orientation<i$11>, because of easier
availability.

CMS uses an all-silicon tracker with 2.4 m diameter and 5.4mgth in a 4 T solenoidal mag-
netic field. Strip detectors are used in all layers excepteasmallest radii, where the interaction
region is surrounded by two barrel layers of pixel detectdrsize 10Qm x 15Qum. In the strip
detector portion double-sided detectors are used in ladye2s5, and 6 of the barrel and in rings
1, 2, and 5 of the disks. As in ATLAS the double-sided modules two single-sided sensors,

14Then coordinate (pseudo-rapidity) is a transformation of thiapangle® under the formula = -In(tan@/2).
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glued back-to-back to form a small stereo angle. Sensorthasel00> 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 takémtiag@ Collider Detector at Fermilab
(CDF) located at the Fermi National Accelerator Laboratdrythe following sections, a brief
introduction to the Tevatron Collider and a description lud ICDF detector are given, with a
particular attention to the detector components that haes Imore relevant for the studies.

3.1 The Tevatron Collider

The Tevatron Collider [1] located at the Fermi National Alecator Laboratory (Fermilab) in
Batavia (lllinois, USA) is a proton-antiprotonpp) collider with a center-of-mass energy of
1.96 TeV. As shown in figure 3.1, this complex has five majoelarators and storage rings used
in successive steps, as is explained in detail below, toymmdstore and accelerate the particles
up to 980 GeV.

The acceleration cycle starts with the production of prstsrom ionized hydrogen atontd—,
which are accelerated to 750 KeV by a Cockroft-Walton etesttitic accelerator. Pre-accelerated
hydrogen ions are then injected into the Linac where thepecelerated up to 400 MeV by pass-
ing through a 150 m long chain of radio-frequency (RF) acedte cavities. To obtain protons,
theH ™~ ions are passed through a carbon foil which strips theirtelas off. Inside the Booster
the protons are merged into bunches and accelerated up tweagyef 8 GeV prior to entering
the Main Injector. In the Main Injector, a synchrotron witltiecumference of 3 km, the proton
bunches are accelerated further to an energy of 150 GeV atelsced together before injection
into the Tevatron.

The production of the antiproton beam is significantly maseplicated. The cycle starts with
extracting a 120 GeV proton beam from the Main Injector ontstaanless steel target. This

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

33
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process produces a variety of different particles, amonglware antiprotong. The particles
come off the target at many different angles and they arestxtinto a beam line with a Lithium
lens. In order to select only the antiprotons, the beam isthesugh a pulsed magnet which acts
as a charge-mass spectrometer. The produced antiprototigarinjected into the Debuncher, an
8 GeV synchrotron, which reduces the spread in the energiybdison of the antiprotons. After
that, the antiproton beam is directed into the Accumulastprage ring in the Antiproton Source,
where the antiprotons are stored at an energy of 8 GeV ankiestao 13 particles per bunch.
The antiproton bunches are then injected into the Main tojeand accelerated to 150 GeV.

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 timoTevatron, a double acceleration
ring of 1 km of radius, where their energy is increased up 0 @&V. Proton and antiproton
bunches circulate around the Tevatron in opposite dinestiguided by superconducting mag-
nets and where their orbits cross at the two collision ppiBsand DO. These interactions are
observed by the CDF and DO detectors, respectively.

In the absence of a crossing angle or position offset, thénlosity at the CDF or DO interaction

°The production rate, for 8 GeV antiprotons, is aboupAB®p
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point is given by the expression:

focNpbNgNg
__focNbNp 2p|:<ﬂ>7 (3.1)
2n(o3+05) \PB*

wherefy is the revolution frequencyy, is the number of bunchebl, 5 is the number of protons
(antiprotons) per bunch, am, 5 is the transverse and longitudinal rms proton (antiprob&gm
size at the interaction poinE is a form factor with a complicated dependence on beta fongti
[3*, and the bunch lengtlm;. The beta function is a measure of the beam width, and it isgsro
tional to the beam’s andy extent in phase space. Table 3.1 shows the design Run lleaatms
parameters [2].

Parameter Run i
number of bunched\) 36
revolution frequency [MHZ] {,c) 1.7
bunch rms [m]o, 0.37
bunch spacing [ns] 396
protons/bunchNp) 2.7 x 101
antiprotons/bunchNp) 3.0x 10t
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 initihegrated luminosity, defined as
L = [ Ldt, and the instantaneous luminosity delivered by Tevatranesthe machine was

turned on up to February 2006. The progressive increase iimtbgrated luminosity and the con-
tinuous records in the instantaneous lumino3ipyove 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 amnathally and forward-backward
symmetric apparatus designed to stygly collisions at the Tevatron. It is a general purpose,
cylindrical-shaped detector which combines:

A tracking system, that provides a measurement of the ctigrggiicle 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 purposesatnring 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 cadeddystem with the positive
z-axis lies along the direction of the incident proton begnis the azimuthal angle is the
polar angle (measured from the detector center), @ne the component of momentum in the
transverse plane. A description of all the systems staftimg the devices closest to the beam
and moving outward is presented in the next sections, winer@létectors 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 arsopelucting solenoid, 1.5 m in
radius and 4.8 m in length, which generates a 1.4 T magnelicfazallel to the beam axis.

The part of the tracking system closest to the beam pipe Ikarsimicrostrip detector [4], which
must be radiation-hard due its proximity to the beam. It edtefrom a radius of r = 1.5 cm
from the beam line to r = 28 cm, covering| < 2 and has eight layers in a barrel geometry.
The innermost layer is Layer 00, a single-sided silicon ostnp detector which providesra< @
position measurement. The first five layers after the Layecditstitute the Silicon Vertex De-
tector (SVXII) and the two outer layers comprise the Intadiate Silicon Layers system (ISL).
These seven layers are made of double-sided silicon segiarsy r x ¢ andz position informa-
tion. The best position resolution achieved g in SVXII and the impact parameter resolution,
including Layer 00, arrives to 4am at pt > 3 GeV/c.

Surrounding the silicon detector is the Central Outer Tea¢€OT) [5], the anchor of the CDF Run I
tracking system. It is a 3.1 m long cylindrical drift chamlbleat covers the radial range from 40
to 137 cm (n| < 1). The COT contains 96 sense wire layers, which are radgthyiped into
eight “superlayers”, as inferred from the end plate sectoown in figure 3.6.
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1/6th West Endplate, Gas Side
Units: inches [cm)]

Figure 3.6:Layout of wire planes on a COT endplate.

Each superlayer is divided ip into “supercells”, and each supercell has 12 sense wiresaand
maximum drift distance that is approximately the same fosgberlayers. Therefore, the number
of supercells in a given superlayer scales approximatelly thie radius of the superlayer. The
entire COT contains 30,240 sense wires. Approximately thalfwires run along the direction
(“axial”). The other half are strung at a small angl&)(®@ith respect to the direction (“stereo”).
The combination of the axial and stereo information allowgaimeasure thepositions. Parti-
cles originated from the interaction point, which hagé< 1, pass through all 8 superlayers of
the COT.

The supercell layout, shown in figure 3.7 for superlayer 2isigis of a wire plane containing
sense and potential wires, for field shaping and a field (¢rocks) sheet on either side. Both the
sense and potential wires are4@ diameter gold plated tungsten. The field sheet is 3%hick
Mylar with vapor-deposited gold on both sides. Each fieldesle shared with the neighboring
supercell.

The COT is filled with an Argon-Ethane gas mixture and Isopt@bcohol (49.5:49.5:1). The
mixture is chosen to have a constant drift velocity, apprately 50um/ns across the cell width
and the small content of isopropyl alcohol is intended taioedthe aging and build up on the
wires. When a charged particle passes through, the gasiieibnElectrons drift toward the
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Figure 3.7:Layout of wires in a COT supercell.

sense wires. Due to the magnetic field that the COT is immérseaalectrons drift at a Lorentz
angle of 33. The supercell is tilted by 35with respect to the radial direction to compensate
for this effect. The momentum resolution of the tracks in @@T chamber depends on tpe
and is measured to be approximately 0.15% GeV/with corresponding hit resolution of about
140um [6]. In addition to the measurement of the charged particdenenta, the COT is used to
identify particles, withpt > 2 GeV, based on dE/dx measurements.

Just outside the tracking system, CDF Il has a Time of Fligi@K) detector [7]. It is a barrel
of scintillator almost 3 m long located at 140 cm from the bdama with a total of 216 bars,
each covering 1%in @ and pseudorapidity randg| < 1. Particle identification is achieved by
measuring the time of arrival of a particle at the scintitatwith respect to the collision time.
Thus, combining the measured time-of-flight and the monmardnd path length, measured by
the tracking system, the mass of the particle can then detednThe resolution in the time-of-
flight measurement iss 100 ps and it provides at least two standard deviation stpataetween
K* andrtt for momenta p< 1.6 GeV/c.

As a summary, figure 3.8 illustrates the Tracking and TimelighfE systems.

3.2.2 Calorimeter system

Surrounding the CDF tracking volume, outside of the solémail, there is the calorimeter sys-
tem. The different calorimeters that compose the systeracnéllator-based detectors and seg-
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Figure 3.8:The CDF I tracker layout showing the different subdetesistems.

mented in projective towers (or wedges)nirx ¢ space, that point to the interaction region. The
total coverage of the system istth @ and aboutn| < 3.64 units in pseudorapidity.

The calorimeter system is divided in two regions: central plng. The central calorimeter covers
the regionn| < 1.1 and is split into two halves ét| = 0. The forward plug calorimeters cover
the angular range corresponding td k |n| < 3.64, as it is shown in figure 3.9. Due to this
structure two “gap” regions are found|gf = 0 and|n| ~ 1.1.

Central Calorimeters

The central calorimeters consist of 478 towers, each on&Ysnlazimuth by about 0.11 in
pseudorapidity. Each wedge consists of an electromagnetigponent backed by a hadronic
section. In the central electromagnetic calorimeter (CH8J) the scintillators are interleaved
with lead layers. The total material has a depth of 18 rastidéngths Xo) 4. The central hadronic
section (CHA) [9] has alternative layers of steel and sii@ttir and is 4.7 interaction lengths deep

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
ete~ production of high-energy photons. The average energydossto bremsstrahlung for an electron of energy

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

high-energy photon i§Xo.
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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.

(Ao) °. The endwall hadron calorimeter (WHA), with similar comnstiion to CHA, is located
with half of the detector behind the CEM/CHA and the otheif bahind the plug calorimeter.
The function of the WHA detector is to provide a hadronic cage in the region 0. |n| <

1.3. In the central calorimeter the light from the scintdlais redirected by two wavelength
shifting (WLS) fibers, which are located on tigesurface between wedges covering the same
pseudorapidity region, up through the lightguides into phototubes (PMTSs) per tower.

The energy resolution for each section was measured in stieetlam and, for a perpendicular
incident beam, it can be parameterized as:

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

where the first term comes from sampling fluctuations and botgstatistics of PMTs, and the
second term comes from the non-uniform response of theicadter. In the CEM, the energy
resolution for high energy electrons and photon%(EETér) = %’ @ 1.5%, whereEr=Esin@ being

0 the beam incident angle. Charge pions were used to obtaienttgy resolution in the CHA

and WHA detectors that a ETT) = 52 @ 3% and“EEETT) — T2 @ 4%, respectively.

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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Plug Calorimeters

One of the major components upgraded for the Run Il was thg gdilorimeter [10]. The new
plug calorimeters are built with the same technology as #@mral components and replace the
Run | gas calorimeters in the forward region. Tipex ¢ segmentation depends on the tower
pseudorapidity coverage. For towers in the rediph< 2.1, the segmentation is P.5n ¢ and
from 0.1 to 0.16 in the pseudorapidity direction. For moresMard wedges, the segmentation
changes to 1%5in @ and about 0.2 to 0.6 in.

As in the central calorimeters, each wedge consists of atreteagnetic (PEM) and a hadronic
section (PHA). The PEM, with 23 layers composed of lead aitiBator, has a total thickness
of about 21X . The PHA is a steel/scintillator device with a depth of abbig. In both sections
the scintillator tiles are read out by WLS fibers embeddechandcintillator. The WLS fibers
carry the light out to PMTs tubes located on the back planeachendplug. Unlike the central
calorimeters, each tower is only read out by one PMT.

Testbeam measurements determined that the energy resabfithe PEM for electrons and pho-
tons isg = 1\6/"69 1%. The PHA energy resolution = 80/"@5% for charged pions that do not
interact in the electromagnetic component. Table 3.2 sunumathe calorimeter subsystems and

their characteristics.

Calorimeter Coverage Thickness | Energy resolution (E expressed in GeV)
CEM In| <11 18X B2 2%
CHA In| <0.9 4.7 o T © 3%
WHA 09<(n<13| 47Xk T2 4%
PEM 1.1<|n| <36 | 21X, 1o 1%
PHA 1.2<|n| <3.6 7 No 82 @ 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 shower profile detectors: shower
maximum and preshower detectors. The Central Shower Marig@GES) and the Plug Shower
Maximum (PES) are positioned at abouX§ while the Central Preradiator (CPR) and the Plug
Preradiator (PPR) are located at the inner face of the cadters. These detectors help on particle
identification, separating®, ys andr®s.
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3.2.3 Muons system

The muon system, which consists of sets of drift chamberseintillators, is installed beyond the
calorimetry system as the radially outermost component@f &un Il detector (3.5 m). The
muon system [11, 12] is divided into different subsysterhaf tover the pseudorapidity range
In| < 2.0: the Central Muon Detector (CMU), the Central Muon Upgradgector (CMP/CSP),
the Central Muon Extension Detector (CMX/CSX) and the Imtediate Muon Detector (IMU).
The z and @ coordinates of the muon candidate are often provided by tiaenbers while the
scintillator detectors are used for triggering and spwisignal rejection.

3.3 Luminosity Measurement

3.3.1 CLC detector

In CDF, the beam luminosity is determined using gas Chenewgkainters (CLC) [13] located

in the pseudorapidity region.B< |n| < 4.7, which measure the average number of inelastic
interaction per bunch crossing. Each module consists ofifhd gas-filled, Cherenkov counters.
The counters are arranged around the beam pipe in threentdndayers, with 16 counters each,
and pointing to the center of the interaction region. Theesan the two outer layers are about
180 cm long and the inner layer counters, closer to the bepa) pave a length of 110 cm. The
Cherenkov light is detected with photomultiplier tubes.

3.3.2 Measurement of the luminosity

The average number of primary interactiopsjs related to the instantaneous luminosify, by
the expression:

H- foc = Otot - L, (3.3)

where f,¢ is the bunch crossings frequency at Tevatron, on averag®lliz’for 36 x 36 bunch
operations, and is the totalpp cross section.

Since the CLC is not sensitive at all to the elastic componétite pp scattering, the equation 3.3
can be rewritten using the inelastic cross sectm, as:

L="2C (3.4)
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where nowy is the average number of inelasfip interactions. The method used in CDF for
the luminosity measurement is based on the counting of emnoysings [14]. This method
determinegt by measuring the first bin of the distribution which corrasg®to the probability of
having zero inelastic interactiong;, through the relation:

PO(“') = e*l—lj (35)

which is correct if the acceptance of the detector and itsieffcy were 100%. In practice, there
are some selection criteria, to define an “interaction”. An “interaction” is defined aspa
crossing with hits above a fixed threshold on both sides o€ih@ detector. Therefore, an empty
crossing is gop crossing with no interactions. Given these selection riaitehe experimental
quantity Py, calledP; "{a}, is related tqu as:

ngp{u;a} = (ot et _1). g (1)1 (3.6)

where the acceptancegande,, e are, respectively, the probability to have no hits in the borad
east and west CLC modules and the probability to have at teeshit exclusively in west/east
CLC module. The evaluation of these parameters is based aneMoarlo simulations, and
typical values arep=0.07 anck,=0.12.

To obtain the luminosity measurement using the equationtBetvalue ofoj, is still needed.
At the beginning of Run Il, an extrapolation to 2 TeV of theuemeasured ays= 1.8 TeV by
CDF [15] was used. The cross section woulddye=60.4 mb. To facilitate the comparison of
CDF and DO cross section measurements in Run I, the coliéibos agreed to use a common
inelastic cross section [16¢1i,=59.3 mb that is about 1.9% smaller than previous value. €Sinc
CDF never modified the value used online and offline, the CDdegliluminosity is multiplied
offline by a factor of 1.019.

Different sources of uncertainties have been taken intowcto evaluate the systematic un-
certainties on the luminosity measurement [17]. The dotethaontributions are related to the
detector simulation and the event generator used, and learedvaluated to be about 3%. The
total systematic uncertainty in the CLC luminosity meamgsts is 38%, which includes uncer-
tainties on the measurement4%o) and on the inelastic cross section value (4%).

3.4 Trigger and Data Acquisition

The average interaction rate at the Tevatron.’sNMIHz for 36 x 36 bunches. In fact, the actual
interaction rate is higher because the bunches circuldbeée trains of 12 bunches in each group
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spaced 396 ns which leads to a crossing rates8 21Hz. The interaction rate is orders of mag-
nitude higher than the maximum rate that the data acquissiystem can handle. Furthermore,
the majority of collisions are not of interest. This leadsntgplementation of a trigger system that
preselects events online and decides if the correspondiegt enformation is written to tape or
discarded.

The CDF trigger system consists of three trigger levelsfigeees 3.10 and 3.11, where the first
two levels are hardware based and the third one is a procéasor The decisions taken by
the system are based on increasingly more complex evemtriafmn. The two hardware levels
are monitored and controlled by the Trigger Supervisorfate (TSI), which distributes signals
from the different sections of the trigger and DAQ system/|abal 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
Latency ~ 20 ps = 1/50 kHz
Accept rate 300 Hz

L2 buffers:
4 events 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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CAL TRACK MUON
| I I |
Y ¥y
GLOBAL |
LEVEL 1
Y R
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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 aedda decision made every beam
crossing. The depth of the L1 decision pipeline is approxétyad ps (L1 latency). The L1 buffer
must be at least as deep as this processing pipeline or theadsbciated with a particular L1
decision would be lost before the decision is made. The Liebig 14 crossings deep (5544 ns
at 396 ns bunch spacing) to provide a margin for unanticipatereases in L1 latency. The Level
1 reduces the event rates from 2.53 MHz to less than 50 kHz.

The Level 1 hardware consists of three parallel processirgras which feed inputs of the Global
Level 1 decision unit. One stream finds calorimeter basegctbiL1 CAL), another finds muons
(L1 MUON), while the third one finds tracks in the COT (L1 TRAEKSince the muons and
the calorimeter based objects require the presence oflafacting at the corresponding outer
detector element, the tracks must be sent to the calorirapttmuon streams as well as the track
only stream.

e The L1 CAL calorimeter trigger is employed to detect eleas;gohotons, jets, total trans-
verse energy and missing transverse eneﬁg‘ﬂﬁs. The calorimeter triggers are divided into
two types: object triggers (electron, photons and jets)glaoal triggers § Er and E?“‘S“).
The calorimeter towers are summed into trigger towers 8fid%p and by approximately
0.2 inn. Therefore, the calorimeter is divided in 24 x 24 towers)ir @ space [18]. The
object triggers are formed by applying thresholds to irdiral calorimeter trigger towers,
while thresholds for the global triggers are applied aftensiing energies from all towers.

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

e L1 MUON system uses muon primitives, generated from variausn detector elements,
and XFT tracks extrapolated to the muon chambers by the XTRBrin muon trigger
objects. For the scintillators of the muon system, the gies are derived from single hits
or coincidences of hits. In the case of the wire chamberspitingitives are obtained from
patterns of hits on projective wire with the requirementt ttee difference in the arrival
times of signals be less than a present threshold. This memiailowed time difference
imposes a minimunpr requirement for hits from a single tracks.

Finally, the Global Level 1 makes the L1 trigger decisiondshsen the quantity of each trigger
object passed to it.
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3.4.2 Level 2 trigger

The Level 2 trigger is an asynchronous system which proses@ents that have received a L1
accept in FIFO (First In, First Out) manner. It is structuexia two stage pipeline with data
buffering at the input of each stage. The first stage is bagededicated hardware processor
which assembles information from a particular section efdbtector. The second stage consists
of a programmable processors operating on lists of objememted by the first stage. Each of
the L2 stages is expected to take approximateljud @iving a latency of approximately 3.
The L2 buffers provide a storage of four events. After thedlé the event rate is reduced to
about 300 Hz.

In addition of the trigger primitives generated for L1, d&a the L2 come from the shower
maximum strip chambers in the central calorimeter and the strips of the SVX Il. There are
three hardware systems generating primitives at Level 2ellcluster finder (L2CAL), shower
maximum strip chambers in the central calorimeter (XCES)tha Silicon Vertex Tracker (SVT).

e The L2CAL hardware carries out the hardware cluster findectfons. It receives trigger
tower energies from the L1 CAL and applies seed and ‘shoulitheesholds for cluster
finding. Itis basically designed for jet triggers.

e The shower maximum detector provides a much better spa&sialution than a calorimeter
wedge. The XCES boards perform sum of the energy on groumaiotfljacent CES wires
and compare them to a threshold (around 4 GeV). This infoaomas matched to XFT
tracks to generate a Level 2 trigger. This trigger hardwaogiges a significant reduction
in combinatorial background for electrons and photons.

e Silicon Vertex Tracker [21] uses hits from thex @ strips of the SVX Il and tracks from
the XFT to find tracks in SVX II. SVT improves on the XFT resadut for ¢ and pr and
adds a measurement of the track impact paranugtedereby the efficiency and resolution
are comparable to those of the offline track reconstrucfidre SVT enables triggering on
displaced tracks, that have a large impact paranugter

3.4.3 Level 3 trigger

When an event is accepted by the Level 2 trigger, its datarhe@vailable for readout distributed
over a couple of hundred of VME Readout Buffers (VRBSs). Thent\has to be assembled from
pieces of data from the L2 system into complete events, stisei purpose of the Event Builder.
It is divided into 16 sub-farms, each consisting of 12-16cpssor nodes. Once the event is built,
it is sent to one place in the Level 3 farm. The Level 3 triggaronstructs the event following
given algorithms. These algorithms take advantage of thedtector information and improved
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resolution not available to the lower trigger levels. Thislides a full 3-dimensional track recon-
struction and tight matching of tracks to calorimeter ancdbmaystem information. Events that
satisfy the Level 3 trigger requirements are then trandferevard to the Consumer Server/Data
Logger (CSL) system for storage first on disk and later on.tdjpe average processing time per
event in Level 3 is on the order of one second. The Level 3 léadsfurther reduction in the
output rate, a roughly 50 Hz.

A set of requirements that an event has to fulfill at Level lydle and Level 3 constitutes a
trigger path. The CDF Il trigger system implements about ttif@jer paths. An event will be
accepted if it passes the requirements of any one of theke @atl, depending of the trigger path,
it will be stored in a trigger dataset. A complete descriptidthe different datasets at CDF Run Il
can be found in [22].

In addition to impose the trigger requirements to selecimetresting physics events, trigger can
be prescaled in the different levels. To prescale meansctepaonly a predetermined 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 thelgtaf strong and electroweak in-
teractions, as well as being at the high energy frontier,reseearches for failures of the Standard
Model would indicate the presence of new Physics. One paati¢ield that beneficts particularly
from silicon detectors and will be discussed beloB-ighysics. TraditionallyB physics has been
the domain o&+*e~ machines operating on th&4S) resonance or th&° pole. However, the UA1
collaboration at CERN has shown tli&aphysics is feasible at a hadron collider (see for example
Ref. [31]). The first signal of fully reconstructd&&imesons at a hadron collider was published by
the CDF Collaboration in 1992 [34]. CDF reconstructt — JA K™ events in a data sample
of 2.6 pb! taken during the Tevatron Run 0 at the end of the 1980s. Shese the experimen-
tal techniques improved significantly, especially with thevelopment of high precision silicon
vertex detectors and trigger.

3.5.1 Features oB Physics at a Hadron Collider

In the Tevatron, the production mode®hadrons iop — bbX. The main motivation for studying
B physics at a hadron collider is the ladgguark production cross secti@g ~50 b within the
central detector regions. In a typicBlevent in CDF, no well-defined jet structure is visible
and the average multiplicity is about 50 charged tracksugtiolg tracks from the 'underlying
event’ particles. It might appear challenging to find Bidecay products in this quite complex
environment of a hadronic collision. One way to extrBotlecays in app collision is to take



3.5B Physics with Silicon Detectors 51

advantage of the relatively long life & hadrons resulting in 8 decay vertex which is clearly
separated from the primapp interaction vertex by hundred of microns.

An important feature foB physics at a hadron collider is a good tracking capabilitycivh
is usually achieved with a central tracking chamber. Togrethith a silicon detector assisting
in tracking, an excellent track momentum resolution trates into an excellent invariant mass
resolution. In addition to excellent tracking, superb egirtg is the other essential feature of
successfuB physics studies at a hadron collider For example for a tygchadron decay to
JAp X, the two muons of the §f signal candidates are vertexed using tracking informétiom
the silicon detector. The distribution of the two-dimemsibdistance between the primapp
interaction vertex and the reconstructed dimuon vertexstseveral features: a prominent peak
at zero decay length results from prompp dandidates which are produced at the primary inter-
action vertex and constitute about the 80% of all dAndidates. The width of this peak reveals
information about the vertexing resolution. At positivecdg lengths, df mesons fronB hadron
decays are described by an exponential slope. At a disterelgoat 100um from the primary
interaction vertex, mainly §f candidates fronB decays remain.

3.5.1.1 Triggering onB Decay Products

The total inelastiqop cross section at the Tevatron is about three orders of matgiarger than
the b production cross section. The CDF trigger system is thezetoe most important tool for
finding B decay products. In addition, the cross sectionbfguark production is steeply falling.
It drops by almost two orders of magnitude betwedncuark of transverse momentumy{jpof
about 8 GeW and 25 GeWe. To find B decay products in hadronic collisions, it is desirable
to go as low as possible in the decay products transverse ntome exploiting as much as
possible of the steeply falling cross section. Of course, the limiting factor is the banduviaf
the experiments’ data acquisition system.

In Run |, all theB physics triggers at CDF and DO were based on leptons inajusiimgle
and dilepton triggers. In Run II, both experiments still lepheavy flavour decays which leave
leptons in the final state. Identification of dimuon eventeiddo very low momentum is possi-
ble, allowing for efficient Iy — -~ triggers, and as a consequence both experiments are able
to fully reconstrucB decay modes involving I, Both experiments also use inclusive lepton trig-
gers designed to accept semileptoBie- lv; X decays. DO has an inclusive muon trigger with
excellent acceptance, allowing them to accumulate vegelaamples of semileptonic decays.

New to the CDF detector is the ability to select events baped track impact parameter. The
Silicon Vertex Trigger (SVT) gives CDF access to purely loaitr B decays and makes CDMBs
program fully competitive with the one at tieee~ B factories. The hadronic track trigger is the
first of its kind operating successfully at a hadron collidemworks as follows: with a fast track
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trigger at Level 1, CDF finds track pairs in the COT with >1.5 GeVE. At trigger Level 2,
these tracks are linked into the silicon vertex detectoras on the track impact parameter (e.g.
d >100pm) are applied. The SVT track impact parameter resolutiab@ut 50um including

a 33pum contribution from the transverse beam spreading. Thenafignotivation for CDF’s
hadronic track trigger was to sel€gt — rrtdecays to be used f@P violation studies. The CDF
semileptonic triggers require an additional displacedk@ssociated with the lepton, providing
cleaner samples with smaller yields.

3.5.2 Selected Physics Results from the Tevatron

With the differentB trigger strategies above, the Collider experiments are tablrigger and re-
construct large samples of heavy flavour hadrons. To givdeaabout the sample sizes available
for heavy flavour analyses, the approximate yieldD8r— K1t is ~6000 events per pt3, for

B~ — D%t itis ~16 events, for # — Pty it is ~7000 events, foB~ — JAp K~ it is ~16
events or foB — DIV it is ~400 events per pt} at the Tevatron. In the following, some selected
B physics results from CDF are discussed. As already stresesk results were possible due to
a reliable performance of the silicon detectors.

3.5.2.1 B Hadron Masses and Lifetimes

Measurements d@ hadron masses and lifetimes are basic calibration meatsudesnonstrate the
understanding of heavy flavour reconstruction. For exan@id- uses exclusivB decay modes
into JP mesons for precision measurementsBolfiadron masses reconstruction decay modes
B® — Jip K*9, BY — JAp KT, B — JAU @, andAp — JA A. These modes combine good signal
statistics with little background.

The proper time of 8 decay is determined from the distance between the primatgwef
the pp collision and theB meson decay vertex measured in the plane transverse toahedes:

L)Ff’y: (X8 — Xprim) - Pr /| Pr|;

where gy is the measured transverse momentum vector. The typicalutes of L)Efy is 40
pum. CDF uses the run-averaged beam position whose conuﬁbmitheLEy uncertainty is~30
um. In the case of fully reconstructeBl hadron decays, the proper lifetimeis obtained by
Ct= L)Ejy' Mg/ pr, whereMg is the B hadron mass. In the case of inclusive decays wher®the
hadron is not fully reconstructed, a boost correction oig@ifrom a Monte Carlo simulation is
usually applied. CDF has measured the lifetimes ofBHeB® and A, hadrons from channels
BT — J/WKT,B? — J/WK*0, J/WK2 andA, — J/WA [32].
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3.5.2.2 Prompt Charm Cross Section

Previous Run | measurements of theroduction cross section at the Tevatron have consistenly
been higher than the Next-to-Leading-Order (NLO) QCD priains. Although the level of
discrepancy has been reduced with recent theoreticalitycilvis not yet clear that the entire
scope of the problem is understood. Both experiments CDMP&hcheasured again tieeandbb
cross sections in run Il. To further shed light on this prabl€€DF presented a measurement of
the charm production cross section [36]. Using the secgmaatex trigger, CDF has been able
to reconstruct very large samples of charm decays.

Since the events are accepted based upon daughter tratkkasgié impact parameter, the
sample of reconstructed charm decays contains charm fr@tide production, as well as charm
from B hadron decayb — c. To extract the charm meson cross section, it is necessaxtriact
the fraction ofD mesons that are coming from prompt charm production andvertine fraction
from b — c decays. This is done by measuring the impact parameter afhignen meson. If it
arises from directc production, the charm meson will have a small impact paran@inting
back to the primanpp interaction vertex. If the charm meson originates frBrdecays, it will
typically not extrapolate back to the primary vertex. Usihig technique, along with a sample
of Kg — 1r"1r decays for calibration, CDF found that 80-90% of the charnsane originate
from direct charm production. The shorter charm lifetimeaspensated enough by the copious
charm production in hadronic collisions.

3.5.2.3 Hadronic Branching Ratios

Two-body CharmlessB Decay. With the SVT trigger, CDF measurdgidecays with nonlep-
tonic final states. One set of modes of particular interestanre charmless two-body decays as
they are potential modes f@P violation mesurements. Requiring the final state to corufist
two charged hadrong(— hh), the following modes can be accesse:— mttm, B® — K*1t7,

B — K=", andBZ — K*K~. TheB states are also reconstructed atétie~ B factories but
the B modes are exclusive to the Tevatron.

Np — AcTtBranching Ratio.  Using the SVT trigger, CDF has also measured purely hadronic
b-baryon states [33]. In the decdy, — AT, with A — pK~Tt", the reconstructed invariant
mass displays an interesting background structure, witlosti no background above thg peak

and a background that rises steeply going to lower mass. stihisture is somewhat unique to
baryon modes, which are the most massive weakly dec&ingdron states. Because the SVT
trigger specifically selects long-lived states, most ofthekgrounds are coming from other heavy
flavour @ andc) decays. Since there are no weakly decayBnigadrons more massive than the
Ny, there is very little background above the peak. On the dtlaed, going to masses below
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the peak, lighteB mesosn begin to contribute. The background in this modeoiwigg at lower
masses because there is more phase spa&e f@°, anng decay modes to contribute.

3.5.2.4 Rare Decays

Flavour changing neutral currents (FCNC) are prohibitedrea-level in the Standard Model
(SM). Contributions from sources beyond the SM might messlyrenhance the low SM branch-
ing fractions of these rare decays. This explains the cerslifle theoretical interest BCS’ —
Uru~. In some models, non-SM contributions are large enoughléevain observation of this
decay mode in Run Il

Experimentally there is considerable background of diraabn pairs in the spectrum of
reconstructed muons. This is reduced by requiring the twomtiacks to form a displaced vertex
and selecting candidates with a minimum transverse momenfipr > 4.0 GeVE, in addition
to the requirement that each muon is isolated. After apglfiese cuts to the DO analysis, three
Bg candidates remained, a result consistent with a backgrexpdctation of 3.4 events. DO
obtained a limit on the branching ratio BiR(Bg — UTu7) < 1.610°° at the 90% confidence
limit, this result being competitive with the CDF Run | limit

Using data selected with the dimuon trigger, CDF has alseked for the flavour-changing
neutral current decaﬁsg — Ut [37]. After applying optimized selection criteria, one ave
remained in thagsearch window. This yielded an improved upper limit on thenishing fraction
of 4.3 x 1078 at the 95% confidence level. This is more than a factor of twarawement over
the previous limit produced by CDF in Run I. In addition, ampaplimit on the branching fraction
of B® — pfu~ was derived simultaneously yielding values of %80° at the 95% confidence
level.

Data selected with the displaced track trigger were usethpodve the limit on the branching
fraction of the FCNC decal® — ™~ [38]. This search begins by reconstructing a clean sample
of the kinematically similaD® — 1tt1r decays using ®* tag, followed by muon identification
to selectD® — ptu~ candidates. Th®® — 1t decays serve also as normalization mode. A
new upper limit of 5.3x 10~/ at the 95% confidence level was derived from zero candidates i
the search window, almost a factor of two better than theipoavbest limit.

3.5.2.5 Bg Lifetime Difference and Mixing Phase

In the standard model (SM), the light (L) and heavy (H) eigates of theBs system are expected
to mix in such a way that the mass and decay width differeneésden themAms = my — m

andAls = — Iy, are sizeable. The mixing phageM is within the SM predicted to be small,
and thus to a good approximation the two mass eigenstatesxpeeted to b&€P eigenstates.
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New phenomena may introduce a non-vanishing mixing piggl8eleading to a reduction of the
observedAl's compared to the SM predictiol s = AI$M x |cog @M — @'P)|. While the mass
differenceAms in the Bs system has been recently measured with a high precisiomitkiag
phase has remained unknown sofar.

Several analysis have been performed at the Tevatron, &8s and@s: Bs — KTK™ is
a pureCP even state. Assuming a sm@lP violating phase, the measurement of the lifetime in
this final state directly corresponds to the measuremefreodifetime of theBg(light), which can
then be compared to measurements of lifetimes in flavourifapegenstates.

The untagged decay rate asymmetry in semileptBgidecays A2)) is another handle on the
mixing parameters of thBg system:

Al
8= A, 1an(%s) (3.7)

A third approach is the measure of the branching ratiddof Dg*)Dé*). This decay is
predominantlyCP even and gives the largest contribution in the lifetime ed#hce between
Bs(heavy andBs(light). The following relation can be obtained:

Al Al
24BRB. - DDy~ —— 5 |140(2 3.8
*BR(Bs —~ Ds'Ds) cog@s)ls + s (3.8)

whererl s is the averag®s decay width.

The decayBs — JAp@, through the quark process— ccs, gives rise to botlCP even andCP
odd final states. It is possible to separate the @Rocomponents of this decay, and thus to mea-
sure the lifetime difference, through a simultaneous stfdfhe time evolution and the angular
distributions of the decay products of th@)Hnd thep mesons. Moreover, with a sizeable life-
time difference, there is a sensitivity to the mixing phdaseuagh the interference terms between
theCP even and th€P odd waves.

3.5.2.6 Bs Mixing

The precise determination of thgg — B oscillation frequencyAms from a time-dependent anal-
ysis of theBs — Bs system has been one of the most important goals for heavyufiglysics
at Tevatron. This frequency can be used to strongly imprbeekhowledge of the Cabbibo-
Kobayashi-Maskawa (CKM) matrix, and to constraint conitiins from new physics.

The probabilityP for a Bs meson produced at tintesO to decay as BS(B_S) at proper time
t >0, neglecting effects fron@P violation as well as possible lifetime difference betweba t
heavy and lighB2 mass eigenstates, is given by

P.(t) = %e—rst [1+ cogAamgt)], (3.9)
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where the subscript “+"(“-") indicates that the meson dex:ang(B_S). Oscillation have been
observed and well established in tBBgsystem. The mass differenfeny is measured to be

Amy = 0.505-+ 0.005ps L. (3.10)

In the Bs system oscillation have also been established but tillevi@D06 all attempts to
measuredmg have only yielded a combined lower limit on the mixing freqog of Amg > 14.5
ps~t at 95% confidence level. Shortly afterwards CDF presentedirtst precision measurement
on Ams, with a significance of the signal of abouto3at that time [39]. Some months later the
CDF collaboration updated their result using the very saata,dut by using improved analysis
techniques, it was able to announce the observation dd¢heBs mixing frequency [40].

The canonicaB mixing analysis proceeds as follows. Tinélavour (@ or 5) of theB meson at
the time of decay) is determined from the charges of the oacted decay products in the final
state. The proper time at which the decay occurred is deteahfrom the transverse displacement
of the Bs decay vertex with respect to the primary vertex, andBh&ansverse momentum with
respect to the proton beam. Finally, the productidfavour must be known in order to classify
theB meson as being mixed (production and deiséigvour are different) or unmixed (production
and decay flavour are equal) at the time of its decay. Then the asymnoaimpbe measured and
thusAmg be determined:

N(t)unmixed_ N(t)

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

whereN(t) are the time-dependent rates for mixed and unmBgdiecaysD is the so-called
dilution, a damping term which is related to the imperfeggiag. It is defined a® = 1—R,,
whereR,, is the probability for a wrong tag. The significanSef a mixing signal is given by:

eD? S (bmsogt)?
S=4\/—4/ ——€" 3.12
2 syt (3.12)

SandB are the rates of signal and background events respects@fjis the figure of merit
for the flavour tagging, whereis the efficiency to actually apply a tag to a givBgcandidate.
O¢ is the proper decay time resolution. Especially at lakge values, a smalb resolution is
crucial for this analysis. Further information about theimgy phenomenon can be found in Ref.
[41].



Chapter 4

The CDF Silicon Detectors

The Collider Detector at Fermilab (CDF) completed a majaed®r upgrade for the start of
Run lla of the Tevatron in March, 2001. The upgraded dete@®@FIl) is described in detail
elsewhere [72]. The baseline CDFII silicon system consit& 7 layers, depending on pseudo-
rapidty, of double-sided silicon divided into two sub-gras, SVXII and the Intermediate Silicon
Layer (ISL). In 1999, an innovative detector consisting ofadditional single-sided layer of
silicon built onto the beam-pipe was added to the upgradeceShis detector is located radially
inside layer 0 of SVXII, the sub-system is called layer 00@.0The Run Il silicon detector
allows CDF (Figures 4.1 and 4.2) to make precision trackimdjdisplaced vertices measurement
(Fig. 4.3). It is one of the largest operating silicon tragkidetectors in high energy physics.
The detector has 7-8 layers with 722,432 channels spreadapypeoximately 6 rf of silicon.
Each one of 722,432 channels is being constituted by a e\gased strip-shaped diode, where
a p-type silicon strip (n+ in the side) is implanted over a 3Q@m thick n-type silicon bulk. The
electronic readout and mechanical unity in which thosestare grouped is calleshoduleor
ladder. In total, there are 5644 readout chips and 704 modules. THedllicon sub-detectors:
SVX-Il, , and Layer Zero-Zero (L00) as shown in Fig. 4.4. Thmecof the CDF Run Il silicon
detector is SVX-II. It is approximately 1 meter long with Yéas of silicon at radii from 2.5 cm
to 10.6 cm. It is divided into three mechanical barrels aldadength with electrical readouts
at either end of the mechanical barrels. Three of the fiveosiliayers have axial and 98trips
while the remaining two have axial and small angle sterdpsstat 1.2 degrees. All the sensor
layers in SVX have double sided strips. The strip pitch wafiem 60um to 140pm. The five
different silicon layers are arranged as twelve wedgesragyeach one 30in ther — @ plane.
The silicon readout is based upon this wedge wide symmeterevhach wedge is read out in
parallel.

The Intermediate Silicon Layer (ISL) was added to extenidasil tracking to high pseudo-
rapidity and to link tracks between the outer wire chambeal 8 X-II as part of an integrated
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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.
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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
tracks

Secondary
vertex

Primary -~ .
vertex do

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.

tracking system, as shown in Fig. 4.2. The ISL is composecdefaentral layer and two outer
and forward layers. The ISL layers use double sided smaleafig?’) stereo strips. The strip
pitch for both sides is 11@m. The Layer-Zero-Zero (LOO) is a single layer of singleesigilicon
strips mounted on top of the beam-pipe. This allows pregibib position measurements before
scattering by the detector material. Thus the material udgs kept low; 0.6%-1.0% of a radi-
ation length. The strip pitch is 28m but only alternate strips are read out maintaining resmiut
via charge division while dividing by 2 the number of charsnel

During Run Il the CDF silicon detectors have been operatifiraan integrated luminosity of
more that 7 fbl. The silicon detectors were originally designed to tokeB fb-! before being
replaced by a “Run lIb” upgraded detector. This upgrade \aaselled, thus the silicon detectors
must now remain operative until the end of Tevatron Run 1002 with an expected integrated
luminosity of 10-12 oL,

4.1 Description of LOO and SVX-L0O

The detector properties for Layer 00 and the five layers of $\éXe 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. Fitetlgnprove the impact resolution of
the CDFII detector. SVXII readout electronics and assedaboling tubes are inside the track-
ing volume. Multiple scattering in this material degradepact parameter resolution, especially
for low-momentum particles. Placement of a minimal mategiigcon layer at a smaller radius
provides a precise measurement which recovers this lasutes). Secondly, LOO was installed
to extend the useful lifetime of the silicon system, the irlagers of SVXII having a limited life-
time due to radiation damage. Eventually, their doublegigdensors will no longer be depleted
at the maximum applicable bias voltage. LOO using singlegiradiation hard silicon can have
signicantly higher bias voltage applied and thus can cosgterfor radiation damaged layers of
SVXII.

LOO is a single castellated [62] layer providing full azitalkt coverage, made up of two con-
centrical hexagon-shaped sections (see Figs. 4.6, 4.a@eldat radii of 1.35 cm and 1.62 cm
(beam-pipe radius is 1.2 cm). The silicon sensors are ssidkd with a strip pitch of 2%m.
Alternating strips are read out resulting in an effectivielpiof 50um (a detailed map is shown
in Fig. 4.5). The sensors of the inner hexagon are of diffesee than the sensors of the outer
hexagon. The inner hexagon holds 12 sensors (128 strip)pfwdniich are special oxygenated
sensors for radiation-hardening (manufactured by Migranjl the rest 10 being standard sensors
(manufactured by SGS Thomson). The outer hexagon holds @&rwensors (256 strip, manu-
factured by Hamamatsu). All the 48 sensor modules of LOO adenof crystallographie:100>
silicon:
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e Two oxygenated narrow sensor modules. (Manufacturer: dvicr
e Ten standard narrow sensor modules. (Manufacturer: SGBi3t)

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

The sensors are mounted on a carbon fiber support structtirémtéigrated cooling. In order
to assure radiation hardness, the silicon sensors need dotively cooled. This is achieved
by embedded cooling tubes in the carbon fiber structure. Uibestrun underneath the entire
length of the sensors, cooling them to a temperature beld@.-bhe 12 inner sensor modules are
placed along the beam-line for a total length of 94 cm. Thaaajt sensors are ganged together
and readout over low-mass, fine-pitched cables. Thesesalitsv the readout electronics to be
located outside the tracking volume minimizing multiptatiering from inactive material. The
total number of channels readout in LOO is 13,824. Commigsgowas completed May 2002.
Greater than 95% of LOO has been consistently yielding phygilality data since that date. The
motivation, design, and construction of LOO are descrilmegréater detail elsewhere [73].

41.2 SVX-LO

SVX-Ilis the core of the silicon detector and it is the onlyrgmonent used in the hardware trigger
for events with displaced vertexes [64]. The SVX-Il detedtas 5 silicon layers (Fig. 4.6) of
double-sided sensors located at radii from 2.5 cm to 10.61dma.strip pitch varies between @
and 140um, depending on the layer radius.

Optimization of both vertex resolution and pattern rectigniconsiderations lead to layers
SVX-L0, SVX-L1 and SVX-L3 to have a “90stereo” design. The sensors of this three layers
were manufactured by Hamamatsu of crystallographid 1> silicon. The 90 stereo sensors
have strips running lengthwise on the sens@r's n junction side to measure thie- @ position
of the particle, and strips running laterally on the ohminteat side f-side) to measure the—z
position. Both sets of strips are read out from the end of éms@rs. Hamamatsu sensors can be
biased up to 170 V. The remaining two layers, SVX-L2 and SV&-are Micron sensors with
1.2 angle between thp andn stripes and a maximum bias voltage of 70 V.

From the radiation damage viewpoint, the most critical pdrthe design of SVX-Il is its
innermost layer, SVX-L0. SVX-LO is located at a radius of 2rB and is the closest layer to the
interaction region, after L00. SVX-L0 is made up of 72 elenic and mechanical independent
double-sided modules. The design and characteristics #fIS¥/are described in greater detail
elsewhere [72].
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&
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 radiateand low energy neutrong&{ <
200 keV) inside the tracking volume of the collider dete@bFermilab (CDF) was made using
approximately 1000 thermal luminiscent dosimeters (TLPB]). By using data from multiple
exposures, the radiation field can be separated into comffrem beam losses and collisions.
The dependence of the radiation field along the dominatimgpoment (i.e. collisions) over the
CDF volume is radial and proportional to radiug/ith the power law ~%, with a=1.5 (Ref. [78],
Fig. 4.8).

(s

{Gyipbne™

| due to beam losses l Do i due to pp collisions | e

i Skl

BT

(See R. J. Toasrek aral IEEE NSS 2003)

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

4.3 Mitigation of the Radiation Effects

The efforts to enhance the longevity of the CDF silicon deteacinclude measures to mitigate
the effects of radiation damage and close monitoring of gharf the detector parameters under
irradiation. Radiation damage is mitigated by reducingrinaber of thermo-cycles of the system
to a minimum and operating the silicon detectors at a lowaperature. The detector volume
was thermally isolated in October 2004, and the detectopéeature was lowered from -6 to
-10°C in early 2005.

A measure of the usable lifetime of the CDF silicon deteci®the lowest possible signal-to-
noise ratio §/N) acceptable for the SVT and for the ability to perform efiititagging of b quark
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jets. Based on Monte Carlo simulations from CDF Run |, thedstpossible value iS/N ~ 6
[66]. Under irradiation, the noise level increases, andctierge collection efficiency decreases.
The signal-to-noise ratio is determined by three factdrs:noise level of readout electronics, the
noise level of sensors and the charge collection efficiefitlyeosensors. Therefore, in agreement
with detailed studies [75] [76] the noise level of readowgctlonics is not expected to be the
limiting factor for the silicon lifespan.

The sensistivity of the readout electronics to radiatios ben measured [90] to be less than
that of the sensors not limiting the detector ultimate peniance.

With regard to the second of the factors, the dominant soofc®ise is the shot noise of
the silicon sensors. The shot noise is increased by crystatt in the sensors due to radiation
damage. For SVX Il, the shot noise can be parametrized as

Q=900e x /lieak; (4.1)

wheree is the electron charge argak is the leakage current ipA [66]. Changes in the
leakage current can be approximated by changes in the bigsntly,s, assuming that all other
contributions to the bias current are constant:

Aljeak ~ Alpjas. (4.2)

The change in bias current is related to the fluetdey Alyias = adV, with the damage con-
stanta and the known detector volunve An effective damage constantmgs ¢ =(3.98+0.15)x 10~/
Al/cm is derived by comparing the radial dependencé&lgfs with the radial dependence of the ra-
diation field. The TLD measurements agree with measurenoédik,;,s within 10% [69]. Hence
the fluence can be inferred from bias current measuremem.midin systematic uncertainty of
this method (13%) is due to the imprecise knowledge of the B¥ensor temperatures since the
SVXII modules are only cooled from the modules’ end, wheeerbadout electronics are located.

Regarding the third of the factors affecting the signahtise ratio, sufficient charge collec-
tion efficiency is achieved by applying a bias voltage betwie two sides of a silicon sensor.
Under irradiation and annealing, the effective number @rgl carriers changes, and the bulk
of the sensor undergoes “type inversion” from ndt/pe to p-type silicon. The bias voltage re-
quired to fully deplete the sensor decreases until typesime occurs and increases afterwards,
eventualy surpassing the maximum safe bias voltage. Bosakof the coupling capacitors on
the SVX Il sensors limits the maximum safe bias voltage toaxmately 160 V for the Micron
sensors. The LHC-style sensors in Layer 00 can be biased 2(0t¥. In Ref. [66], a model of
the depletion voltage is presented, and the lifetime of lfma detectors is predicted, albeit with
large uncertainties.

The harsh radiation environment in which the detectors pexated is responsible of the
progressive increment on the bias voltage needed to fufiletlethe sensors. Since the accuracy
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of the whole instrument depends on a correct depletionsstitthe diodes, a test to monitor such
status is needed: the signal-to-bias scan, which will beugsed in chapter 6. The signal-to-bias
scan test lies essentially on making use of the detectorllect@ set of data each one of them
at a different bias voltage, ranging from zero to a nominalleton voltage. The result of this
process is able to show if the sensors are correctly depléteziscans are performed periodically
every 4-6 weeks and are useful both for detecting undertépteensors and to derive information
about the silicon detector life span.



Chapter 5

Leakage Current Analysis

In order to properly characterize the detector, this chrapikfirst describe in detail the system
that brings the voltage to the sensor and is responsibléh&rdverse polarization of the strips.
This naturaly will bring us the analysis of the bias currehgt cross the reverse-biased diodes.
Some care will be devoted to the discussion of all seriestasies in the circuit since it is
necessary to know the actual voltage drop at the sensorhwiiicbecome relevant in the study
of the depletion voltage in chapter 6.

5.1 Bias scheme

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

The three basic requirements for the SVX Il Power Supplyesysire to provide all the power
for the silicon modules, the SVX3 chip set and the Port CalRri3){ to control and monitor all
the relevant output voltages and currents; and to proviierdamode protection for safe power
supply and system operation.

The module consists of double-sided AC coupled silicon asittip detectors, the analog and
digital frontend electronics (SVX3 chip set), and a hybraVide. DC high voltage ( 200 V) is
needed to bias the silicon detectors, and DC low voltage (% Weeded to power the analog,
digital, and /O electronics. Thus, a Power Supply Modulestrdeliver to the module a number
of voltages with different current, stability, and monitay requirements. The 5 modules in one
of the 12 sectors of a barrel share a PortCard (PC) that canthe optical transmitters and
distributes power to the modules.

67
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~0.8m sense cables ~10.0 m (corrected by PS)

Figure 5.1: Silicon detector bias circuit.

5.1.1 CAENPS

The Model A509H CDF-L00 Power Supply Board has been spgai@signed for the CDF Sili-
con Vertex Detector at Fermilab. The board is housed in an-8itie, 6U-high mechanics to be
inserted in the SY527 system mainframe. Its basic funcsdn deliver a set of floating voltages
to drive a detector’s sector which consists of a Port Cardamdsilicon ladders (Layer O through
Layer 3). Moreover, the board has a monitoring circuit opotitvoltages, currents and status and
associated control and protection circuits. For more betaie Ref. [89].

5.1.2 Cables

The connection from the PS to the PC is made through cableathassembled in bundles con-
sisting of one voltage cable, one sense, one command, anediiage cable and 5 optical cables.
Power Supplies connect with the detector’'s Junction Carosg, devices that are located inside
the Collision Hall about 10 m away from the detector volumée Tiominal voltage supplied is

compensated by the Power Supply with the voltage drop quoreting to the length of the cables.

Data from the detector will travel over optical fibers whilentrol signals, power and bias
(high) voltage will travel over conventional copper lindhere are 11 differential control signals
per PC, one of which is a 53 MHz clock while the other is a beamssing clock. Each module
will have an independent bias voltage and three power vedtadn addition, the PC requires 4
separate voltages.
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5.1.3 Junction cards

The Junction Card is an interface block located betweenahiedard and the Power Supply. The
Junction Card collects power, bias voltages and contrekliior an entire wedge together in one
90-pin connector. Junction Cards are the last human-rb&chpaints along the power and control
cable supply lines. The internal resistance of the Junc@iard block is 2.1 K (Fig. 5.2).

5.1.4 Portcards

The Port Card (PC) is a beryllia multichip module locatedlmntop of the wedge, 14 cm from the
accelerator beam inside the tracking volume. The PC conutates with the SVX3 chips through
high density interconnect cables (HDIs). The main funaiohthe PC are control, configuration
and readout of the SVX3 chips, and to locally regulate thdagnpower supplies [88]. The

analog section of the PC (Figs. 5.3, 5.4) is formed by a veltagulator and high voltage bias
for the sensors. The voltage regulators are assembled dPQlieself to keep them close to the
SVX3 hybrids. The bias is delivered directly to the hybridsane they are low-pass filtered and
connected to the sensor. The internal resistance of theCRadtfor the power line is zero.

5.1.5 Hybrids

The microstrip sensors are read out through Applicatiorcfipéntegrated Circuits (ASIC) read-
out chips, the SVX3, assembled in hybrids bonded to botlsiflthe sensors. The pre-amplifier
inputs of the SVX3 chips are wire bonded directly to the detestrips. The SVXII readout
hybrid processes the detector signals into a format seittdsl the port card. Associated with
the readout hybrid is a cable that connects the power/sfgnations from the hybrid to the port
card. The hybrid consists of 6 interconnected gold ink layeeparated by a dielectric, on top
of a ceramic substrate. This is a standard ink for applinatithat require wire bonding. Addi-
tionally, there are palladium-gold ink pads on the top lagegpermit soldering of surface mount
components. The internal resistance of the hybrid blocRiKQ.

5.1.6 Bias resistors on the detector

The bias voltage is applied to the strips through polysilib@as resistors. Tables 5.1 and 5.2 show
the bias resistors values corresponding to the differergas of LOO 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 rasistaf the loop of the bias circuit (Fig.
5.1). The desired total resistanBg,5 would be the sum (series) of the internal resistances of
the loop: Roop (corresponding to blocks “Junction Card”, “Hybrid”, anddi® Card”), plus the
internal resistance of the sens®:ensor(made up oh parallel biasing resistanc&as).

The general formula foRsensor(EQ. 5.3) includes the value of the biasing resistaiGgd),
the multiplicity of biasing resistance for each strifbias whose value is 2 for LOO since each
strip is biased in its two extrems, and 1 for SVX with a singlasing resistance per strip), the
number of sensors per channatannely and the number of strips per sensostfipg. This
values are summarized in Tables 5.3, 5.1 and 5.2. In the ¢&lse double-sided sensors of SVX
the RsensoriS the sum in series of both thehi andz sides (Eqg. 5.5).

Reotal = Rioop + Rsensor (5.1)

Rioop = 24.2KQ (5.2)

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

= (Ryiasg/ (1) * (nchannelsp) « (nstrips @)) + (Ryiasz/ (1) * (nchannelsz) * (nstrips z)) (5.6)

Table 5.3 summarizes the electronic parameters and theutatigm of the total resistance
of the circuit for the different sensors of LO0 and SVX. Rilgtfor example the LOO internal
resistance results with the corresponding LOO bias cudata (Fig. 5.5) it is possible to obtain
the voltage drop due to the bias voltage circuit. This dramges 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 quantdyréidiation damage in the detector
itself [77]. The bias current is expected to increase witteneed radiation dose because of the
radiation-created defects in the silicon lattice. An ims® in bias current eventually causes an
increase in noise, so reducing the signal-to-noise ratimusT measuring the bias current is an
important way to estimate the lifetime of a silicon detector

An analysis of bias currents was made by P. Dong et al. [78h@ISVX Il layers. With the
idea of completing these studies to the rest of the CDF sila&tectors, this section is dedicated
to the analysis of the bias currents in LOO.
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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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The bias current in a silicon detector can be expressed asithef four components: a bulk
current, due to processes in the volume of the silicon dategtsurface current, due to processes
at the interface with the oxide layer; an edge current, dymdoesses resulting from the cutting
of the crystal; and a stray current, which accounts for aakdge in cables and electronics:

Ibias = |bu|k‘|‘ |surface+ Iedge+ Istray (5-7)

Similarly to the SVX Il layers case [78lstray Should remain constant for LOO, since the cables
and electronics do not change. Edge currents are expediedstoall and roughly constant, since
the region in which they occur is very small; and surfaceents are expected to saturate early
in the detector’s life. Thus, once the sensors have beewrigufty irradiated, the increase in bias
current should be dominated by bulk current. Bulk currentéases linearly with the delivered
radiation:

Alpyik = Odamag&PV (5.8)

whereV is the volume,® is the particle fluence, andljamageis a constant. The effective
fluence® can be obtained from equation 5.8. However, two more vasahle required to be
known: the temperature of the silicon and the damage caafticigamage Since reverse bias
currents are the result of electrons moving from the valdrzg®l to the conduction band, higher
temperatures will result in more thermal excitations ot#lens yielding that the leakage current
scales exponentially with temperature. Fortunately fob & can have an accurate measure of
the temperature of its sensors since they are actively datlan operation value of -1@.

5.3 Bias current data

The bias currents for each power supply cannel (usually afienfodule) of silicon are measured
by the Caen power supplies and written to a text file every sgwonds if they differ from the
previous measurement. For LOO there are recorded data up0 pbt. An example of the
general linear relation between LOO bias current and lustipean outcome of the luminosity
fluence proportionality- is shown in Fig 5.5. The current sloet increase linearly with time.
This original data of bias current versus luminosity wergected back to a temperature of 20 C.

Apart from the bias current, the other set of original datadael for this analysis is the distri-
bution of the beam position with luminosity, shown in Fig6 5Since the beam position changes
with time, this set of data is required to compute the reahdise of the beam vertex to each one
of the LOO sensors along the luminosity values. This catimrids critical since LOO is the closest
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Figure 5.5: Bias current data of LOO sensor f803. Originaltland temperature corrected at
20°C (right).

sensor device to the beam and the radiation field falls offiligdaccording to a power law [79]
[80].

5.4 Analysis of the bias currents

The analysis of Dong et al. [78] used bias currents data witelered the period from May 22
to July 14, 2004, which corresponds to 95 ~pl§Tevatron stores from 3528 to 3653). Original
LOO bias current data (Fig. 5.8) were corrected by tempeatuthe following way. Since the
refrigeration channels are in thermal contact with the raaidal framework of the sensors, the
temperature of the sensors (i. e. the closest ones to thenehas considered to be the same
temperature measured in the refrigerant. Each refrigerdithe is omnitored bt two temperature
sensors, one at the entrance and another at the exit of tigeraht flux. The temperature (in
a particular instant, being recorded daily) is defined asatlezage of the temperatures of those
two sensors. Entering this temperature in Eq. C.26 (Appefditogether with a reference
temperature (20C) it is possible to extract a correction factor applicaldethite original bias
current data.

In order to make comparable our LOO analysis to Dong’s SVXhHlgsis we defined fitting-
windows of width 95 pb? along the x-axis of luminosity. Then, the slopes were supeosed
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Figure 5.6: Vertex position (x-coordinate,on the left;gecdinate, on the right) vs. luminosity.

over their corresponding windows, so having a plot of th@efoversus luminosity as shown in
the plot on the left in Fig. 5.7. Finally, the x-axis of lumgity was replaced by the sensor’s cor-
responding distance to the beam (Fig. 5.7, right plot) aedothints fitted with a linear function.
The slope of the linear fit in the right plot of Figure 5.7 seam$e high. However, the com-
putation appears to be distorted by the point located atrh.3This slope point corresponds to
the earliest luminosities where the bias currents had anpatif high-rising slopes and followed
by sudden decreases to zero when the sensor was turned sffoditavior can be observed in a
zoom of the bias currents plot in the range from 0 to 1000'gFig. 5.9). After this considera-
tions, if the points of lowest luminosities were removedirthe computation of the slopes, the
result would be an almost flat distribution of slopes versatadce. This means that the slope of
the bias current of any LOO sensor would not be affected by#aan position (in the measured
range) and hence this kind of correction is neglected.

5.5 Total Bias Current

Figure 5.8 shows a general picture of the total bias currexdsured for the two classes of LOO
sensors: narrows and wides. The vertical axis is the sumeottinrents over the number of
sensors. The plot on the left (narrows) covers the sum oéntsrread by the 12 narrow sensors of
LOO while the plot on the right covers the 36 remaining widessgs. This is the reason behind the
difference on Y-axis scales, displaying total values of QU@0for the narrow sensors and 5Q09
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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).

for the wides since, independently of its class, each sawsdributes with approximately 108.

In the general picture the behavior of the current versusnasity is roughly linear and for all the
LOO modules there is a clear jump in the bias current datanar@000pb~1. The increment on
the bias current is also similar for each sensor and clos@ua.Zrhis anomaly has to be due to a
global effect such as temperature rising in the detectoe. GBF electronic logs show that at the
luminosity corresponding to that time ( 30@® %, April 2007) the SVX was running warmer,
from -10C to -6C. This temperature shift, even if small, cbhhve affected the LOO since the
reverse bias current is strongly dependent on temperd{@iéI2e E/%T). Besides, some time
later ( 4500pb~1, June 2008), the bias current data shows another jump dégedéo a cooling
problem. The log revealed the possibility of an error in #r@nocouple or a temperature reading
drifting in SVX that, again, affected L0O. This incident mbg useful as input to estimate the
temperatures on SVX as read by LOO (indirectly through iés lgiurrent).

Another global effect on LOO is the presence of discontiesiin the bias current data plot. These
discontinuities are long periods where the detector isioff, for example annual shutdowns for
maintenance work (scale of months, 189 1) or technical accesses (scale of days, pbo?).

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

e Region 1: from 0 to 100@b—1
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Figure 5.8: Total bias current measured on narrow sensgty éhd wide sensors (right).

e Region 2: from 1000 to 250pb*
e Region 3: from 4000 to 500pb !

e Region 4: from 5500 to 700pb*

In Region 1 we can see short and periodically linear readaigscreasing current. When the
LOO0 is on and receiving radiation fluence the slope of the timeent is linear. When the detector
is turned off the sensor material anneals and the bias dwstems down to start rising again with
similar slope after turning the sensors on.

In Region 2 we can see upward periodical waves, not linedang®as in Region 1. This trend is
typical before the discontinuity of 300801, that separates Region 2 from region3 and may be
related with high-starting luminosity and long Tevatroores recordings.

Region 3 would be the equivalent figure to Region 2 after tisedatitinuity of 3000pb~1, al-
though Region 3 does not seem to show such clear waves. Td@reauld be shorter quiet time
between Tevatron stores and also high luminosity ones.

Region 4 shows the latest read data. After a long lineargislope, the current steps down at
6500pb~* (April 2009) and starts again what seems a new linear paitersed by a short-term
stop in the data taking due to a technical access in the CDE vau
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5.6 Luminosity to Fluence Conversion

Data characterizing the degradation of the detector padace are typically displayed in lumi-
nosity unities in the x-axis. Luminosity is a parameter ofre@articular collider. It is then a
convenient expression if used in a local environment busnatseful in a global one. In the case
of the Fermilab, for example, data expressed along lurmiyesgiuld only be compared between
the CDF and DO experiments, and the accelerator itself. limgee to compare data of type-
inversion from the CDF with data from other experiment perfed in a beam different from the
Tevatron, we would need to convert the luminosity axe interfee. Fluence is the radiative flux
integrated over time. It is defined as the number of partitiatintersect a unit area and hence a
quantity independent of the origin of the source.

To proceed with this conversibpdata and parameters from Doeigal. [78] were shared. The
equation used for the conversion is

d=L-Ar % | (5.9)

with constants A=5 10'° anda = 1.65. Variabler is the radial distance from each sensor
to the beam. To compute this distance it is needed to conidguosition of the beam at each
luminosity (Fig. 5.6). To compute the error in the measurtheffluence

1in this document the error in the measurement of the cororetsi 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 fr@h and SVX-LO. Those results

(collected charge, delpetion voltage, evolution of depletoltage, extrapolation for future be-

havior...) are based on data output by a periodical tesbpedd 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 depletiongeltd the sensors. Two different
approaches are used for this purpose: the noise vs. biasaadaime signal vs. bias scan. The
noise vs. bias scan takes advantage of the dependence wfitie noise on the bias voltage.
This method requires the use of double-sided sensors ane litetan be applied only to SVX-II
or ISL. It will be discussed in section 6.3.

For the signal vs. bias scan the charge of hits on tracks isuned as a function of the
bias voltage. For each bias voltage point, the peak of thegehdistribution is derived fitting
a Landau convoluted with a Gaussian resolution functionenTfall that set of points is fitted
using a sigmoid function. The actual depletion voltage efsbnsor is then defined as the 95%
amplitude of the fitted sigmoid function (Fig. 6.1). This apgch works for all sensors: LOO,
SVX-Il and ISL. However, the disadvantage of this methodhé it requires the consumption of
valuable beam time.

Altough farther than LOO from the beam, CDF assumes that dyet.0 of SVX-Il is the most
critical for the detector life span as LOO enjoys a more ttamhiatolerant design due to its actively
cooled sensors and its ability to work with higher bias \gdts

85
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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 taissen fits of the collected
charge distributions that were recorded at different biltages, as discussed in the previous
section, are displayed in figures 6.2, 6.3, 6.4, and 6.5 fo®@ imodules. The signal increases
with bias voltage until reaching a plateau that we idetifghafull bulk depletion. This set of
points was fitted subsequently to a sigmoid curve. The 95%eheight of the saturation value
of the sigmoid is defined as the depletion voltage of the @aler sensor, and at the luminosity
when the signal vs. bias scan test was performed.

Representative ladders for every sensor class were chddegir depletion voltages were
compared at different luminosities of 72857pb 6888 pb! and 4530 pb'. The differences
between depletion voltages for those luminosities (6888 pimd 4530 pb') was of 80.4 V for
f843, 41.4 V for 813, and 36.9 and 41.3 V in the case of 821 f&dd., respectively. Sensor
f813 is a representative of the oxygenated radiation-maddvicron sensors, and hence a small
difference of depletion voltages between tests should pea®d. A general view of the idea of
different depletion voltages at different test luminastiis fully displayed with the help of the
historical evolution plots.
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Figure 6.4: Depletion Bias plots for Hamamatsu sensor f821.
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6.2.2 Evolution of the Depletion Voltage

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

Modules for every one of the three representative sensertigge been selected: oxygenated
Micron (Fig. 6.6), SGS Thomson (Fig. 6.8), and Hamamatsgs(F6.10 and 6.12). In all these
four figures the x-axis represents the integrated lumip@sgitvhich the signal vs. bias scans were
taken. In the y-axis is represented the computed depletitbage at the corresponding luminosity.
Two fits have been performed: a third grade polinomial fit atidear fit. The polinomic curve
fits the set of points of low luminosity. For every sensor, vagendefined the inversion point as
the minimum of the polinomic curve. The,{) coordinates of the inversion point are respectively
the inversion luminosityand theinversion depletion voltageThe linear fit has been performed
for the subset of points beyond the inversion point as arapgtation of the behavior of the
ladder. Figures 6.7, 6.9, 6.11, and 6.13 are the equivaletsg pxpressed as a function of the
fluence. Figures 6.16 and 6.17 are distributions of the gawarpoint in terms of luminosity and
fluence, respectively. Figure 6.16 shows the x and y codiesnaf the inversion point while 6.17
shows the x coordinate and the linear fit slope. It is intérgsto compare the distributions of
x-coordinate for luminosity and its equivalent for fluenbé&stograms MinXLum and MinXFlu),
since the fluence transformation can perfectly resolveshiiee peaks corresponding to the three
classes of sensors of LOO.

Figure 6.18 shows that oxygenated Micron sensors delayet/ie-inversion phenomenon,
whose inversion luminosities are located around 2500 gtorresponding to a fluence of 302
cm~?). Standard SGS Thomson and Hamamatsu sensors displagignvésminosities around
1500 pb! (50x10% cm~2) and 1000 pb! (25x 10 cm~2), respectively. The subset of points
beyond the inversion point seems to display a linear behdwicthe three classes of sensors of
LOO.
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Figure 6.8: Example of inversion for SGS Thomson sensor3 &4l fal3 (luminosity data).
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Figure 6.12: Example of inversion for Hamamatsu sensors éw fall (luminosity data).
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6.2.3 LOO Extrapolations Summary

The extrapolation summary plot for LOO (Fig. 6.14) displaygether all the extrapolated linear
fits corresponding to the 48 readout devices of LO0. The gku shows the technical limits
of LOO sensors: the power supply delivery limit and the sefseakdown region. Figure 6.14
shows the extrapolated fits after data collection up to tviferdint luminosities, 6888 pt3 and
4530 pbt, to compare the evolution of the extrapolation’s slopeghéfslopes at two different
luminosities show significative differences, the assuamtf a linear extrapolation after type-
inversion should be revised.

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

Figure 6.15 is a global display of LOO in terms of fluence. Tkemetrical arrangement is
slightly altered in both plots of Fig. 6.15 to include the kin and SGS Thomson sensors (f8*3).
Coordinates of this sensors are located in the columns spwnelidng toz =1 andz =8. The
inversion point for this kind of sensors is located aroundiarfte of 40 10'2 cm~2 and for the
Hamamatsu devices this value lies about 2012 cm~2. The slopes of the linear fits of the L0O
Micron sensors (Fig. 6.15, right) seem to be higher in thetevagregion 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 representé®X-L0. The depletion voltage
plots of these devices (Fig. 6.19 and 6.20) are shown afiegt@mmputed from latest data at
6888 pbl. The plots are made up of a single set of points and its fit. EBhe@fspoints are the
Most Probable Values (MPV) of the Landau convoluted to Gausfts of the charge collection
distributions that were recorded at different bias volsagehe set of points was fitted to a sigmoid
curve. similarly to the previous case of L00O, the 95% of thigieof the saturation value of this
sigmoid is defined as the depletion voltage of the particsdasor and at the luminosity when the
signal vs. bias scan test was performed.

In the depletion voltage plots it can be observed that thegeheollection forz sides is lower
in approximately 10 ADCs than for thgsides. This difference is fully displayed in the plots of
historical evolution of charge (Fig. 6.25). This is a reqafthe induced capacitance due to the
double metal layer required for the ©8ouble-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 ewolofithe depletion voltage of SVX-
LO. Its historical evolution of depletion voltage (Figs.28, 6.24) and collected charge in full-
depletion mode (Fig. 6.25) are shown in Figures 6.23 and, 6e&pectively. In Figure 6.25 it is
possible to observe that for both sides of the sensor, tetlexharge has decreased about 10% of
its original value at luminosity of 2000 pB.

Signal vs. bias scans before luminosity of 3000 blwvere performed only to three (€140,
e2a0, e090) of the 72 sensors of SVX-LO. In spite of this lac&tatistics, the evolution of the
depletion voltages of those three sensors is in qualit@greement with the prediction model
(Fig. 6.26) as described in Ref. [66].

Observing that the subset of points of more recent lumiiess(i.e. after 3500 pb') display
increasing values, we can assume that all the SVX-L0 sehswesundergone type inversion. A
linear fit was performed on that subset of points (Fig. 6.28)its extrapolation is used to extract
conclusions about the SVX-LO future behavior.

The noise bias scan makes use of thenoise drop achieved when the detector is fully de-
pleted (Fig. 6.21). The bias voltage is set to different @aland the depletion voltage is defined
as the point where the noise reaches a minimum. rFhetrips of an undepleted double-sided
microstrip detector have a large noise level since, in trseade of polarization, all backplane
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Figure 6.21: Method of noise vs. bias scan. This method id wally for double-sided sensors.

strips are connected. The strips are isolated thrqudbped strips deposited within time- strips,
the so-calledp-stops. When the charge depleted region reaches the baekptae p-stop are
reverse-biased introducing a large resistance betweghbmiringn+ strips and thus the noise
drops. However, after inversion the assumption that theaestarts to deplete from thestrips
is no longer valid making thus this method unreliable, astmeeen from Fig. 6.22.
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6.3.3 SVX-LO Extrapolations Summary

Figure 6.27 compares the extrapolation of gheides of all the 72 sensors of LO at luminosities
of 6888 and 4530 ptt. Figure 6.28 is the equivalent comparison for theides. The linear

fit performed for the points of more recent luminosity is epivlated to explore the future be-
havior and longevity of SVX-LO. The slopes at 4550 plare spread out compared to those at
6888 pbl. This means that at 6888 pbthe behavior of the sensors is globally more uniform
than at 4550 pbt. The general trend in theghi case has been compressed into a depletion voltage
interval ranging from 100 to 170 V at the limit of the extragtidn of 10000 pb!. In thez case

we observe a similar evolution with the particularity the#850 pl* there were still sensors with
flat and even negative slopes (i.e. sensors not yet inveatatiat latest luminosity of 6888 pb

thez side has clearly undergone type-inversion.

Figure 6.29 is displayed to compare the global results of $¥Xvith those of SVX-L1.
Both layers are very similar in design, the only differeneing the different radial location of
each layer. The flat slopes of SVX-L1 evidence a general neersion state altougphi side
seems to display a general increasing trend.

A global display of data for SVX-LO in terms of fluence is givby Fig. 6.30. This figure
shows, for both sides of SVX-LO0, the value of the slope of thedr fit made to the fluence points
located after the type inversion point. In the figure it carobserved that the slopes are higher
for sensors with highep andz cylindrical coordinates (north-east location).
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6.4 Discussion

This chapter has presented the results of the signal vssbas performed to LOO and SVX-LO
at latest integrated luminosity of 6888 ph

The signal vs. bias scans show that sensors of both LOO andlL®MXxave suffered type-
inversion as a consequence of irradiation (Fig. 6.18). @rgted (radiation-hardened) Micron
sensors of LOO delayed this type-inversion phenomenons/hwersion luminosities are located
around 2500 pbt. Standard SGS Thomson and Hamamatsu sensors of LOO digptasgsion
luminosities around 1500 pb and 1000 pb?', respectively. Hamamatsu sensors of SVX-LO
have shown inversion luminosities around 17000 he difference in inversion luminosities for
Hamamatsu sensors of LOO and SVX-LO can be explained by na#ahe radial dependence of
the radiation field [68], [66]. In LOO, the fact that the highéuminosity of inversion corresponds
to the Micron class of sensors is of importance for the CMSeerpent at CERN whose silicon
detectors use the same radiation-hardened technologyserisors.

From the radiation damage viewpoint, the SVX-LO0 is a moréaaii device than LOO since
SVX-L0O was not specially designed for radiation hardenimg &s power supply delivery is
limited to 250 V. However, the extraplations of the fits of B¥X-L0 sensors lie below the safe
operation region up to a luminosity of 10000 b This is also true for layer SVX-L1. For this
layer in particular the fits are rather flat, a fact that revdlht its sensors have not suffered the
inversion process.

The extrapolations of both LO0O and SVX-L0O have been assumdmk tconstant but only a
further measurement of the rate of change of the depletitingaes after type-inversion will lead
to definitive conclusions about the lifetime of the CDF sihadetectors.

For the three classes of sensors of L0OO, the depletion \adtafier the inversion point display
an increasingly linear behavior, meaning that after irieerthe creation of new negative centers
in the space charge is also linear. The extrapolations ofirikar fits made to those points are
useful to predict the global future performance of LOO. Albse fit extrapolations lie below the
power supply limit of 500 V and the sensor breakdown regiorith\he actual results we can
conclude that the sensors will be able to be depleted atugatst a luminosity of 10000 pt3.

The silicon detectors are the most critical subsystem of2b& experiment. In particular,
the functionality of its innermost layers, LOO and SVX-L8 dssential for the completion of the
physics program of CDF. The political discussion concagrilie extension of the Tevatron Run
Il to 2010-2011 is being based on the LO0 and SVX-LO0 extrajmia plots and studies shown in
this document.

One of the main questions derived from the CDF type inverdita is the realtive mismatch
between the modelization and the experimental data, asrstmokiig. 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 concentrationdlyg of 102 and 163 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 cute®s not reach to zero volts is

in conflict with the model.

While the depletion voltage drops to zero in the model, theeexmental data show a curve
with a minimum located in the range of 35 to 50 volts. Assumimgrinciple the validity of the
model we should explain the voltage shift displayed by tha.dexplanations could range from
technical voltage drops to unexpected effects in the intiena of radiation with matter. However
this was studied in detail in chaper 5 limiting this effectiess than 7.5 V, too small to explain
the mismatch displayed by 6.31, so the hypothesis of a wltligp is then discarded. Another
possible explanation would be the nature of the doping p®aeside the sensor, a topic that

would be dealt in Chapter 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 systemesfocus on the behavior and evo-
lution of four important parameters of the detector:

Efficiency

Collected Charge or Signal

Resolution

Cluster Size

These parameters were measured using the hits on trackialdéscussed in the depletion
voltage measurement. Parameter efficiency is a relativeieftiy of the sensor under test with
respect of the rest of the silicon detector. The collectetgdhis the quantity of electrical charge
released after ionization by radiation of the semicondubtdk and collected by the readout
electrodes. The RMS of the distribution of residuals (Fid., Teft) between the extrapolated
track and the meassured hit position is taken as a measune pbsition resolution. Cluster size
(Fig. 7.1, right) is the number of strips activated (i.e.dieg signal above noise) by a track hit.
In section 7.3 we also investigate the behaviour of the dévie of the signal with respect to the
bias voltage as it provides insight on the doping profile mhlk 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 deagattern along luminosity (Fig.
7.3, left plot, red graph). The values of the efficiency pla systematically higher for the wide
sensors. At later luminoisities the collected charge afidieficy recover mildly as the nominal
voltage was systematically increased as a mitigation palgainst aging.

The charge collected by the sensors (signal) seems corstaugt luminosity for all the LOO
sensors (Fig. 7.3, left plot, blue and black graphs). Thezdvao different measurements of the
collected charge displayed: the first one, in black dotswshihhe charge corresponding to the
depletion voltage value (95 % of collection charge) of thénfit sigmoid. The second one, in a
continuous blue line, corresponds to the saturation ofifmaad (100 % of the collection charge,
or the value of the charge at infinite voltage). To check thaityuof the sigmoid fitting-function
both data plots should not be far away from each other.

The resolution and cluster size plots display very similarves, the cluster size for LOO
narrow sensors being slightly lower than for wides (Fig., vight plot). In the case of the cluster
size, it can vary from 2.8 to 3.3 stripes along luminosityneewe would assume the cluster size
to be constant and with a practical value of 3 stripes. Tresmioverall trend of wider clusters
and degraded position resolution as luminosity increases.

7.1.2 Aging of SVX-LO

Graph of charge vs luminosity plot is slightly decreasingdoth LO-phi and LO-z (Fig. 7.4).
Efficiency vs luminosity plot has an interesting evolutidarey z-axis sensors (for botbhi and
z sides): the curve maintains its shape but rises upward nitteaching a maximum a{=90
(collision point), and then simmetrically decreases (&abll).

Absolute values are larger for the phi side (Fig. 7.4). Resmt vs luminosity plot is con-
stant for both LO-phi and LO-z sides (Fig. 7.5). Cluster sigduminosity plot is interestingly
increasing only for LO-phi side, remaining constant for theide (Fig. 7.5). This effect would
be expected after inversion, since the lack m&tops” on the p side would reduce the interstrip
resistance.

7.1.3 Aging of SVX-L1

Charge vs luminosity plot is slightly decreasing or consfanphi and z sides of SVX-L1 (Fig.
7.6). Efficiency vs. luminosity plot displays a similar ewtdbn along z-axis than that showed by
LO (for both L1-phi and L1-z sides). Also, absolute values karger for the L1-phi side (Fig.
7.6). Resolution vs. luminosity plot is quite constant fdrphi and L1-z sides (Fig. 7.7). Cluster
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Figure 7.3: Evolution of the four detector variables for L<#hsor f843.

size vs luminosity plot also increases only for the L1-pldiesiand is almost constant or with
decreasing trend for its z side (Fig. 7.7).
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Figure 7.6: Historical plot of charge and efficiency for SV X-sensor e031, phi (left) and z sides.
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Figure 7.7: Historical plot of cluster size and resolution $VX-L1 sensor e031, phi (left) and z
sides.
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7.2 Summary of parameters by layer

To summarize the values of the reference parameters of teetde Table 7.2 shows their evolu-
tion as a function of luminosity averaged over modules in,Ll$X-L0 @ and SVX-L0z

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

7.3.1 LOO

Sensors 850 (Hamamatsu), 843 (SGS Thomson) and f813 ¢W)itrave been designed as rep-
resentatives of the LOO sensors. For each of those sen$@ais lieen 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 differenameters of the sensor were dis-
played: collected charge, first derivative of collectedrgbkaefficiency, cluster size (number of
stripes), and resolution (RMS of residuals). Tables 748, &nd 7.5 summarize the plots. Tables
7.7 and 7.8 shows the behavior at low bias voltage for the tetenpet of luminosity points.

An interesting observation arises related to the first d#ivig of the collected charge: for the
lowest luminosity -before inversion- the value of the peali4. At the inversion point it has
increased to 0.8 and finally, at the current luminosity, nsdeeward and to 0.1. This pattern can
be explainable from the viewpoint of a sensor slightly udéeieted with time. However it is
interesting to plot the first derivative of a sigmoid fit fijionly the low-voltage points. This is
displayed in Table 7.5 where in its first row it has been ptbttee red an black sigmoids for full
range and low range of voltages, respectively, and in itersgcow their first derivative with the
same color code.

Another observation can be extracted from Tables 7.7 andtfie8slope of the low-voltage
fit (black plot, first derivative of sigmoid fit for low voltag® increases between 394 pgband
2127 pb! (this is expected since the depletion voltage decreasef127 pb?! there is a tran-
sition in this behavior since from this luminosity point thalue of the slope does not increase
anymore and remains constant; the slope at low bias voliagadependent of the applied bias
voltage.

A summarization for LOO of the previous observation abouilda 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

= 60 0.5 —~
3 >
< temp. evol. of charge and efficiency 4045 &
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[ —0.35
<
© o3
—0.25
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0 1 1 1 )
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2 E 5
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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

Int. Lum: 394 pb™

! 1

bias voltage [Volts]

Int. Lum: 646 pb™

! 1

bias voltage [Volts]

Int. Lum: 944 pb™

s Module L0O-1813 s Module LOO-1813 s Module LOO-1813
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3. 3 . 3 .
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0.1 0.1 0.1
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0 Il 1 1 0 1 1 0 1 1
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200

bias voltage [Volts]




7.3 Behavior at low bias voltage 123

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).

Int. Lum: 3075 pb™* Int. Lum: 3218 pb™* Int. Lum: 3256 pb™*
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0 L I L L 0 L N L 0 L h L
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
bias voltage [Volts] bias voltage [Volts] bias voltage [Volts]
Int. Lum: 4530 pb™ Int. Lum: 5253 pb™ Int. Lum: 5253 pb™
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7.3.2 SVX-LO

Sensors €090, €140, and e2a0 are the devices with moréictaiis SVX-L0. Similarly as in the
case of LOO, for each of those three sensors it has beeneskkeset 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 differentupeters of the sensor were dis-
played: collected charge, first derivative of collectedrgbaefficiency, cluster size (humber of
stripes), and resolution (RMS of residuals). Tables 7H),77.11, 7.12, 7.13, and 7.14 summarize
the plots.

A general display of the SVX-LO0 low-voltage behavior dealthe 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
E Module L0-e090_phi E Module L0-e090_phi E Module L0-e090_phi
S Ho.45 S b Jo.as S b “Jo.as
é 0.4 é Joa é Joa
g 0.35 g 0.35 5 25F 9504 collection - i 40.35
= = =
2 0.3 < 0.3 < o3
] @ L, 9 2F t
£ 0.25 E . 0.25 E Jo.2s
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g - Q | - Q [ -
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= | Ho.25 = 0.25 = | 0.25
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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

Int. Lum: 646 pb

—— Residuals [cm]

o 55 —0.004
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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
< 05 < 3B < .5
E odule L0-e140_phi E Module LO-e140_phi E Module LO-e140_phi
0.5 Jo.as “Jo.as
= = = 30f
F E 3 0.4 E et Ei
5 o35 5 1 0.35 £ BF # o35
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2 0.3 < I 0.3 = oF .3
2 2 2
g Jo25 g | 0.25 g ¢ J0.25
=] S | S 1s5F
Iy o2 Iy | 0.2 Iy o2
2 o5 2 | Jo1s 2w i | Joas
= = D =
£ Viep=55.9 Volts] < : V=430 Voltsl < Vier=139.8 volth |
o4 o s O sf
Ho.05 | o.05 o.05
! L N o 1 | ! o ! | !
100 150 (] 50 100 150 (] 50 100 150
bias voltage [Volts] bias voltage [Volts] bias voltage [Volts]
Int. Lum: 646 pb™* Int. Lum: 1902 pb* Int. Lum: 6888 pb™*
S 12f Module LO-e140_phi 3 af Module LO-e140_phi 3 oF Module LO-e140_phi
2 2 2
8 8 8
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S osf o o08f o o08f
) %) %)
° ° °
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o L . 1 o h I L o L " L
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Int. Lum: 646 pb™* Efeency Int. Lum: 1902 pb* Eftctency Int. Lum: 6888 pb* Eftciency
< 3 05 < 3B 5 < 5
> Module L0-e140_z > Module LO-e140_z > Module L0-e140_z
5 E < o5 < Jo.ss
= = 30fF ’ = 30fF ’
é 5 J0.4 g J0.4
25 E 25 E
E § 0.35 § 0.35
e 1 S 20 95% collg = % 2F s
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= > 15 > 15F
Q | Q | Jo2 Q I Jo2
< : _ E < 10fF : _ Jo.1s < wof | Ao1s
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(o4 | o s | o sf |
| Jo.0s | oos
L . L | . L L L
o o 0 0
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Int. Lum: 646 pb™* Int. Lum: 1902 pb* Int. Lum: 6888 pb™*
S 12F Module L0-e140_z S 1of Module LO-e140_z S 1of Module L0-e140_z
2 2 2
8 8 8
= < 't < 't
> > >
S osf o o08f o o08f
) %) %)
° ° °
06 06 06
04 0.4F 04l
02 02 02 /\L
[ L L L 0 L L L 0 I L
0 50 100 150 o 50 100 150 o 50 100 150
bias voltage [Volts] bias voltage [Volts] bias voltage [Volts]
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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]

55 —0.004
Module L0-e140_phi
sk
—10.0035
45
—0.003
aF
35F —0.0025
(RIS o.002
s
25F gfi! LN
5 o.0015
2%
#
1 1 1 1
1'50 50 100 150 200 0.001

bias voltage [Volts]

Int. Lum: 646 pb

— Residuals [cm]

0.004
Module L0-e140_z
25 Ho.0035
o.003
3
Hﬂ-- Ho.0025
25t { Matpdie
} Jo.002
f
2 t ]
{{{ {m 0.0015
it
1 1 1 1
18 50 00 10 200 0%

bias voltage [Volts]

bias voltage [Volts]

o 55 —0.004
2 Module L0-e140_phi
® 5F
c -0.0035
45F
-0.003
+F
35F 3 ~0.0025
Py,
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. —0.002
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~0.0015
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@
S asf l l ] 0.0035
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25[ i
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18 50 100 150 200 001
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asf U ;
—0.003
4 } }{ {{
35F ity Jo.0025
=
} —0.002
25F
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1 1 1 1
18 50 100 150 200 01
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Int. Lum: 6888 pb
o 4 0.004
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@
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} l —0.003
£
{ { { { —0.0025
25
. e o.002
o
2f 1 ]
} 0.0015
1 1 1 1
18 50 100 150 200 01

bias voltage [Volts]
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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.

Int. Lum: 646 pb™* Efeency Int. Lum: 1902 pb* Eftctency Int. Lum: 6888 pb* Eftctency
< 0.5 < 3B 5 < 5
E Module LO-e2a0_phi E Module LO-e2a0_phi E Module LO-e2a0_phi
S o fleswcotect 0.5 5 Ho.as S b “Jo.as
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E : 0.35 § | 0.35 § | 0.35
o 2 | 403 2 : 0.3 S of ! N
= : Jo.25 E | 0.25 E 1 Jo.25
5 5 5 E
o B | Joz2 o : o.2 o : Jo2
2 of : HJo.15 2 | Jo.1s 2 b | Jo.1s
£ | V4e,=67.3 Volts] o1 c 1 Vgep=44.5 Volts] 01 c 1 V4e;=86.3 Volts] 01
o s | (o] | o sk |
o.0s 1 “Jo.0s | “Jo.0s
L L L 11 L L L L L
o o 0 0
0 50 100 150 (] 50 100 150 (] 50 100 150
bias voltage [Volts] bias voltage [Volts] bias voltage [Volts]
Int. Lum: 646 pb™* Int. Lum: 1902 pb* Int. Lum: 6888 pb™*
S 12f Module L0-e2a0_phi 3 af Module L0-e2a0_phi 3 oF Module LO-e2a0_phi
2 2 2
8 8 8
= < <
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) %) %)
° ° °
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Int. Lum: 646 pb™* Efeency Int. Lum: 1902 pb* Eftctency Int. Lum: 6888 pb* Eftctency
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E Module L0-e2a0_z E Module LO-e2a0_z E Module LO-e2a0_z
Ho.4s “Jo.as “o.4as
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é s 5 Joa 5 E
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E I Jo.25 £ o5 £ collectio o.25
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a) ] ]
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< A V™ nan Volig c | Vi 53.6 Voltg) c / ! Ve BLO VoIS
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Int. Lum: 646 pb™* Int. Lum: 1902 pb* Int. Lum: 6888 pb™*
9 12F Module LO-e2a0_z S 12k Module LO-e2a0_z S 12k Module LO-e2a0_z
2 2 2
8 8 8
= < 't < 't
> > >
S osf o o08f o o08f
) %) %)
° ° °
06 06 06
04 0.4F 04l
0.2 0.2 & 0.2 /\L_A
o L L L o ! I 1 o L \
0 50 100 150 o 50 100 150 o 50 100 150
bias voltage [Volts] bias voltage [Volts] bias voltage [Volts]




130

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

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 abthhedltage regime of the sensors

of LOO and SVX-LO, respectively.

Altough not definitive effects, it is possible however to $e® interesting patterns in the
plots contained by those Tables. First one, an increasenalulminosities, constant behavior
at medium luminosities (around inversion point), and daseewith higher luminosities. This
pattern is clearly displayed by LOO sensors of {813 (Micran{l {843 (SGS Thomson), SVX-L0
e2alzside, and SVX-L0 e09@side. The second possible pattern would be a distributinirsg
with high points at low luminosities and following with a dease and eventually constant trend.
This behavior is illustrated by sensors L00-f850, SVX-L@d@® andz sides and SVX-LO e2a@

side.

Table 7.17: Low-voltage behavior of LOO sensors: ordin&terigin 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 vof@ga set of luminosity points
for both sides of sensor e2a0. Similar observations thahencase of LOO can be extracted
with the particularity of the double-sided sensor natureS¥iX-L0O. Let us consider an ideal
SVX-LO phi sensor made of an homogeneous initial dopant profile (Fig). 7An such ideal
sensor the relationship between net dopant concentratepietion voltage, depletion space and
collectad charge (signal) is described elsewhere (seexample Chapter 1 or Appendix. B).
In Figure 7.8, the first column is the situation before iredidin (extrinsic “+” dopant), third
column is the inversion point stage (intrinsic “0” dopantydifth column is the situation far after
inversion (extrinsic “-” dopant). Every stage (the threentimned and the transitions between
them represented in colums two and four) is homogeneousisthine sum of charged points is
the same for each layer.

In the case of a more realistic sensor compatible with oleskdata (Fig. 7.9) the inversion
point would not be intrinsic and stages after inversion \ddu¢ inhomogeneous, this is, the sum
of charged points is differect for each layer and arrangelway that positive charges are more
common in the superior side than in the inferior. To illusrthis effect it has been necessary to
draw four charge layers in the stages after inversion.

If we were to start the depletion of this ideal sensor we wagd the evolution along lumi-
nosity of the signal vs. low bias voltages (to explore the tsaperficial layers of the sensor) as
a linear slope that after some initial irradiation growgdas\When the inversion point is reached,
an ideal sensor would display a step function with the steptér at V=0. In the stages after the
inversion point (depletion starting from tleside), the ideal step function would be shifted from
the origin in the x-axis by a factor equal to the correspogdiepletion voltage at each stage.
Comparing data of signal vs. bias voltage of SVX-L0 sens®ables 7.9, 7.11, 7.13) with this
ideal model we can check that stages before irradiationMesdmexpected but the inversion point
stage and subsequents do not. Data of the inversion pogg diaplays an important mismatch
with the inversion modelization (for example, Fig. 6.26h the model, the depletion voltage
drops to zero while data display a minimum located at some éénolts above zero, depending
on the class of the sensor. Data from stages after irradifiots in the third column of Tables
7.9, 7.11, 7.13) show that what should be an ideal step fumdsi closer to a sigmoid with slope
decreasing along luminosity.

The ideal case for a SVX-LBsensor would be the reverse situation along luminosity tban
the phi side (Fig. 7.8). In the case, divergences between data and the correspondingidgat
of the function of signal vs. low bias voltage start from tlegjimning of the irradiation.
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Chapter 8

Conclusions

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

The CDF silicon detectors were designed to be replaced ai&ifb—! of recorded data.
However, the planned replacement was not possible and tisersehave been operated until 10-
12 fb~1. This particular circumstance has been a challenge forgbeation and maintenance of
the silicon detectors and the reason behind a meticuloustonioig work.

In this document the radiation damage has been studied Wworngiewpoints: the bias current
and the bias voltage. Other radiation damage effects amg) ager different detector parameters
(efficiency, cluster size...) have also been observed armided.

The study of the bias currents is of relevance in an irradiaiicon sensor since it is a
parameter linked to the received fluence. Hence and by stgdyata from bias current it is
possible to relate the luminosity, a known quantity, witk thtal dose received by the detector.
The results expressed as a function of the fluence becompéandent of the local environment
and can be useful for other experiments.

Regarding the bias voltage, its evolution with time shovestyipe-inversion for LOO and layer
SVX-L0. Since the silicon detectors are the limitant fadtothe lifespan of the whole CDF
experiment, extrapolations of this plots of inversion hiagen the reference for the periodical in-
spections of the commissioners of the U.S. Department Ofgyrend the annual budget reports.

The scientific importance of the dopant type-inversion bee® evident since current exper-
imental data do not perfectly match the Hamburg model. Inntoelel, the minimum of the
inversion curve drops to zero volts while the inversion eunf the CDF data displays a shift in
voltage, being located between 30 and 45 volts. Since aruatad the internal resistance of
the bias circuit would only contribute with about 10 voltse tremaining voltage difference can
not be explained with the current model. The type-inversgian also been illustrated -with less
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accuracy tough- from the viewpoint of the dopant profile at kias voltages. Altough some
radiation-generated complexes inside the sensor’'s voammeell known and able to explain the
macroscopic results, the deeper mechanisms behind typesion are many and still unknown.
Dopant type-inversion is still an open question in the afamaterial science and solid state
physics.

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

* "Longevity and Radiation Aging Studies of the CDF Il SilicdDetectors”, Talk at the
American Physical Society Meeting, Saint Louis MO, Apri030

* "Longevity Studies of the CDF Il Silicon Detectors”, Talk the CMS Symposium, Fermi-
lab, November 2008.

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

* "Longevity Studies of the CDF Il Silicon Detectors”, Talk the All Experimenters Meet-
ing, Fermilab, January 2009.

* "The CDF RUN Il Silicon Detectors: Longevity Studies”, Resat the 11th Pisa Meeting
on Advanced Detectors, Elba, May 2009.

A detailed description of the behavior of the CDF silicone#drs is being written for Nuclear
Instruments and Methods A with the title “Operational Exgece, Improvements, and Perfor-
mance 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 internacionalnglestigacion en Fisica de Altas En-

ergias localizado en las proximidades de Chicago, llifBEs.UU.). Sus instalaciones albergan

al Tevatron, el mayor acelerador de particulas actuaknepertativo en el mundo. El Tevatron

acelera protones y antiprotones hasta una energia ented cenmasas de 2 TeV y los focaliza

en dos puntos distintos del anillo para provocar su calisin esos puntos estan situados los
detectores DO y CDF. Estos aparatos tienen unas dimensipn@smadas de 15 metros clbicos
y 5 toneladas de peso (Figura 1).

El departamento de Investigacion Basica del CIEMAT selipor6 al experimento CDF en
2005 y su interés se centra en la recogida y analisis des diatda Gltima fase de este proyecto
(Run I). Como parte de las responsabilididades de la colabarael@CIEMAT debe encargarse
concretamente del mantenimiento del detector de vérdeeslicio. Este dispositivo esta sellado
en la parte mas interna de CDF y en contacto con el condud¢tbadeppeampip® Por este
motivo es ademas la parte que mas radiacion recibe peateedel punto de colision. El detector
de silicio es una herramienta fundamental para el an@lésles procesos subnucleares.

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

Las particulas cargadas depositan por ionizacion ucaifma de su energia al atravesar cualquier
material aunque soélo algunos de ellos sean adecuados depusitivos detectores. El modelo
de detector conceptualmente mas simple consistiria emaberial aislante o semiconductor entre
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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.

dos placas de metal (condensador) sobre las que se aplicitage viensbn de polarizadn)
para crear un campo eléctrico en el interior del medio detgqmasivo de forma que se pueda
recoger la sefial en los electrodos. Este elemento defsdimo puede ser un gas (e.g. camara de
ionizacion), un liquido (e.g. calorimetro de argauito) o un sblido (e.g. detector de diamante).

El silicio ha encontrado nuevas y revolucionarias aplmaes desde mediados del siglo XX,
siendo usado en diferentes areas como la electronicapfasnicaciones, los ordenadores, las
células fotovoltaicas, la espectrometria gamma y desra§obiosensores, mecanismos micro
electromecanicos (MEMSs) y detectores de particulasosHsitimos utilizan como material de-
tector un cristal de silicio en el cual la radiacion incigetransmite parte de su energia a un
cierto nimero de electrones que promocionaran desdentiabde valencia a la de conduccion,
generandose asi pares electrobn-hueco. Bajo la inflaelaicampo eléctrico externo, tanto los
electrones como los huecos viajaran hacia los electrooindeddaran lugar a un pulso eléctrico.
Este proceso de ionizaciobn del semiconductor es equieal@nfenbmeno de ionizacion que
sucedia en las camaras de niebla. Comparados con @stéendidad de un dispositivo semi-
conductor es mucho mayor y las particulas cargadas deradtgia pueden registrarse mediante
detectores relativamente pequeios.
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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 esencialnueatelisposicion de diodos semicon-
ductores (unidipnen polarizacion inversa y acoplo capacitivo) indepene®&rubicados sobre un
sustrato com(n tipa de alta resistividad. La matriz cristalina de este suseatde clase crista-
lografica<111> o bien de tipo<100> ya que proporcionan la maxima densidad y por tanto se
reduce el riesgo de que el aluminio de la armadura colectaygermacia el interior del silicio en

la fase de fabricacion, lo que provocaria el cortociuié la estructura del diodo. Sobre este
monolito de silicio se procede al dopaje de tjpa lo largo de bandas, creandose de esta manera
las unionegpn. Se metaliza posteriormente con aluminio que servira celectrodo y el diodo
resultante es polarizado inversamente. Para produciasliestructuras colectoras (implante, elec-
trodo) se utilizan tecnologias estandar de la industi@aalectronica que permiten crear altas
densidades de instrumentacion (una banda cada 1p#hp@e forma fiable y econbmica. A esta
unidad detectora la llamaremos celda. Si se ordenan milestds celdas de manera concéntrica
y bajo simetria cilindrica en torno al punto de colisiGneda reticulado el espacio donde tienen
lugar los choques entre particulas (vértice principapgde van a desintegrarse las particulas de
los estados intermedios (vértices secundarios). Puest@ste reticulo sensor proporciona los
puntos por donde han pasado las particulas, podremosstagompor extrapolacion a partir de
€S0S puntos sus trayectorias (trazas) y vertices de dgsacton, fundamentales para comprender
la fisica subyacente. Los detectores de silicio tienenresalucion para la reconstruccion de
trazas del orden de las 10 micras, mayor que las camaraslala nilas camaras de hilos. Como
desventaja, el silicio resulta mas caro y necesita unaadogh refrigeracion (del orden de 210
C) para evitar la presencia de corrientes de fuga (ruido)eteriorarian la calidad de los datos.
Una refrigeracion inadecuada acelera ademas el dafiagiacion.

El detector de silicio de CDF consta de tres subsistemas: 3K e ISL (Figura A.2). L0O es
el dispositivo mas interno y permite mejorar la resoladiiel parametro de impacto. SVX cuenta
con cinco capas concéntricas de silicio y es el elementdafmental para la reconstruccion de
trazas y veértices. ISL esta compuesto por dos capas iatkaside silicio entre SVXy la camara
de trazas COT (Figura 3), que proporciona datos suplemestpara la reconstruccion de las
trazas. Cada cristal de silicio tiene unas dimensiones rdelnode decenas de ém un grosor
de 300 micras. Para detectores mas delgados no serialaeciat razon de sefial a ruido para
este tipo de experimentos de reconstruccion de trazasst&is cuenta con 700 celdas sensoras
(772.000 canales de lectura) que sumarf@lmsilicio.
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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 dafio por radiacién en dispositivos de sillta sido estudiado durante décadas y de
manera intensiva pero el problema es todavia vigente dagta® nimero de nuevos artefactos
sometidos a dosis hostiles de radiacion y que no pueddnirretantenimiento, como ocurre en
sondas espaciales, satélites, reactores de fusion gtaiet® internos (sellados durante afios) en
aceleradores de particulas. En todos estos casos nanexdstelios adecuados para la prediccion
de la vida @til bajo esas condiciones de trabajo.

Consideremos una radiacion electromagnética de eneogiespondiente al espectro visible.
Sus efectos sobre los dispositivos de silicio cristalimedcion de pares electron-hueco) son com-
pletamente transitorios: los pares generados se recomidipalamente. Pero si se incrementa la
energia de la radiacion, los portadores mas energédiomentan su probabilidad de alcanzar la
capa de 6xido, provocando cierto gradodd@o superficial Si la radiacion incidente excediese
los 250 keV, la energia seria suficente como para despidaanos de silicio de sus posiciones
en la red. A este caso se le conoce catafio por desplazamientoPara el caso de radiacion
por particulas cargadas y con masa el dafio por desplazansecede para una energia mucho
menor. Los protones de baja energia son extremadameigeopes debido a la gran seccion
eficaz para la dispersion de Coulomb en silicio de ppdestos dos mecanismos constituyen la
base de todos los efectos por radiacion que nos conciemehcaso de los detectores de silicio
y la electronica asociada. Comprender estos efectogaesilvital importanca para la correcta
interpretacion de los datos.

A.3 Aplicaciones a la Fsica de Altas Energas.

A.3.1 Importancia de los detectores deértices de silicio.

Se ha expuesto anteriormente como un detector de siliciapsz de proporcionar trazas con gran
precisibn. Dos trazas proximas reconstruidas con laisofi resolucion pueden extrapolarse
hasta el véertice original. Este vértice representaipdsicion en la que la particula madre se
desintegrod en las particulas hijas. En este caso hablas deespectroscdp sin desplazamiento
Si una de las particulas hijas diera lugar también a uncuéxtice de desintegracion quedaria
definidaly entre ambos vértices, dando lugar al casesfgectroscdp con desplazamientdn
esta situcion, ademas, podriamos utilizar la distaenise vérticed x, para reconocertggging

un determinado tipo de quark, siendo asi posible la bissgde nuevas particulas.
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A.3.2 Espectroscofa de hadrones.

La teoria de la interaccion fuerte, la Cromodinamicaaica (QCD), esta construida sobre
particulas todavia mas fundamentales: los quark y losrgls. En teoria seria posible calcu-
lar las propiedades ya observadas de los hadrones a patfés die los gluones y quarks. En
la practica, esto es muy dificil de conseguir. La brechaeela teoria de campo subyacente y
los observables hadronicos implica la resolucion deblgma general de una teoria de campos
cuanticos. El Gnico intento directo contra este probleoresiste en buscar una solucion numeérica
para las ecuaciones de campo en una red de espacio-tienspetidesda, técnica conocida como
Laticce QCD También puede procederse de manera indirecta, dondéizanumnodelos simpli-
ficados de la propia QCD. De esta manera se ha trabajadoxitonen otras ramas de la fisica
como Materia Condensada o Fisica Nuclear. En el primer, pas@jemplo, la teoria completa de
la Electrodinamica Cuantica (QED) se sustituye por unddesfectiva de electrones no relativis-
tas, huecos, pares de Cooper, potenciales de ligadueteretcEn el estudio del nlcleo atdbmico,
la interaccion fuerte es equivalente, a su vez, a una fudezdiva entre sélo dos nucleones.

Similarmente para la escala hadronica y utilizando madafroximados consistentes con
los datos experimentales, se puede avanzar en la comprehsi nimero de grados de liber-
tad efectivos que caracterizan las interacciones en elantgel hadron. La espectroscopia de
hadrones permite conocer las magnitudes apracterizana una particula: la masa, el espin, el
momento angular, la paridad, la energia y la vida media.tieogpos de vida de particulas tales
como piones o kaones les permiten recorrer distancias dehate centimetros. Trazas de este
tipo pueden reconstruirse, por tanto, mediante un instnioneo demasiado preciso. Pero las
energias de colisibn actuales producen particulas narempo de desintegracion mucho mas
breve (..y del orden de micras) cuyos productos de desintegraciorps@den reconstruirse con
suficiente precision mediante un detector de silicio.

Unicamente con estos detectores se tiene informaciorfiiestemente precisa como para
reconstruir el punto donde la particula de vida corta (rabmmente conteniendo un quark pesado)
se desintegra, y reconstruir a partir de sus productos detegscion sus propiedades carac-
teristicas.

Utilizando esta técnica se ha descubierto, por ejempltgrélmeno demixing u oscilaciéon
materia-antimateria en mesorigsy el tiempos de desintegracion de particulas que contiahe
quarkb.
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A.3.3 Blsquedas.

De manera analoga, la bisqueda de nuevas particulasacicibnes hace uso del detector de si-
licio para la clasificaciont@gging de chorros de particulas que contengan quarks pesad@s com
el c o el b. Esa clasificacion consiste en primer lugar, en la bUusguedvértices secundarios
de desintegracion en la zona del espacio correspondiépi@sa dejets (depositos de energia
bien localizados en el calorimetro). La reconstruccitecisa de vértices secundarios y su de-
splazamiento requiere el detector de silicio debido a lstacias implicadas, como se vio en el
apartado anterior. Posteriormente esa distancia emntieagse compara con la longitud de desin-
tegracion de los quarkso b. En particular para el caso delesa distancia es aproximadamente
de 200 micras y por tanto, el chorro de particulas que cemtrvértice desplazado puede clasi-
ficarse comale tipo b lo que simplifica considerablemente el analisis. El quepkse desintegra
en un bosdW y en un quarkb y pudo descubrirse (1996) mediante la seleccion de sucgsos
contenian al quark. Este mismo procedimiento es también adecuado paradméda de nuevas
particulas como el boson de Higgs cuya desintegraciodyme un estado final conteniendo quark
by antiquarkb.

Aunque ningln experimento ha podido detectar la existethei boson de Higgs, hay eviden-
cias indirectas para creer en ella. El boson de Higgs sdjpmea 1964 como el cuanto de un
cierto campo escalar. El valor medio de este campo en & {&biV) es constante e igual a 246
GeV. La existencia de este campo es fundamental para c@rossos fisicos ya que dotaria de
masa al resto de particulas elementales incluyendo lardigigpboson de Higgs. En particular, la
adquisicion de un VMV distinto de cero rompe espontaneaenka simetriayaugeelectrodébil.

A este fenbmeno se le conoce coMecanismo de Higgg es la Unica forma conocida capaz de
explicar el origen de la masa de los bosonegalege siendo ademas compatible con las propias
teoriasgauge Para la masa de la particula de Higgs existe una cotaonfxperimental de 114’5
GeV proporcionada por el experimento LEP e indicios parargié superior en torno a 200 GeV.
Este rango de energias puede explorarse mediante lomcatisres de hadrones de Fermilab y
de CERN y confirmarian completamente la teoria del Modstaritiar.

Mas alla de este modelo y en el contexto de las Teorias die Gnificacion se encuentra la
hipbtesis de I&upersimeta en la que para cada particula fermionica de la naturabezteeaso-
ciada una particula compafiera bosénica y viceversairSesfa hipotesis, el quatk(sbotton),
compafiero supersimétrico del qudrkse desintegraria en un quasknas un neutralinox),
compafiero supersimétrico del neutrino y particulaciel@da con el problema der@ateria os-
cura. El quarksbottompodria ser encontrado en Tevatron utilizando la clagificadejets de
tipo b. En consecuencia, el método de clasificacion de chorrgadiEulas mediante la medida
de la distancia entre vértices de reconstruccion sarasi para avanzar en esta nueva frontera de
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A.4 Exploraciones de voltaje de polarizadn. Exploracion de séal
VS. polarizacion.

En CDF periédicamente se llevan a cabo ciertas pruebaspalaar el voltaje de desertizacion
de los sensores. Existen dos maneras de aproximarse a@sbsifm: exploracion de ruido vs.
polarizacion y exploracion de sefial vs. polarizaciba.exploracion de ruido vs. polarizacion es
valido para sensores de doble cara y por tanto no puedecgaraet para L0O0. En el caso de la
exploracién de sefal vs. polarizacion, la carga depdaien el sensor por una particula incidente
se mide como funcién del voltaje de polarizacion al quesaksr esta sometido. Para cada valor
de voltaje de polarizacion, la distribucion de carga sstaja una curva de landau convolucionada
con una curva gaussiana. El Valor Mas Probable (VMP) dewsadn convolucionada se define
como la carga recolectada por el sensor estando polarizade woltaje. Por tanto, para todo
el conjunto de puntos de polarizacion se consigue un @oneiente conjunto de puntos de
carga. A continuacion se ajusta este nuevo conjunto miediara curva sigmoide y el voltaje de
desertizacion del sensor se define como el valor de la aleida curva al 95% de su valor de
saturacion (Fig. A.5). Este método funciona para todssémsores de CDF: LOO, SVX-1ly ISL.
Sin embargo la desventaja del mismo es que la recoleccicarda debe hacerse con colisiones
reales para lo que debe utilizarse tiempo Util del Tevatron
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Figure A.5: Ejemplo del método de exploracion de sefalpgdarizacion. Esta prueba se prac-
tico para LOO a una luminosidad integrada de 3512%pH_a figura de la izquierda muestra la
distribucién de la coleccion de carga (a un voltaje de nxaaion de 10 voltios por debajo del

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

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

sefial vs. polarizacion.
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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.

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 sstmam en las figuras A.6, A.7,

A.8,y A.9 para cuatro sensores de ejemplo de LOO.
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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 LOO.
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Figure A.9: Figuras de voltaje de desertizacion para ed@ei841 de clase Hamamatsu de LOO.
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Figure A.10: Ejemplo de inversion para los dos sensoresade d/licron de L0OO.

A.4.1.2 Evolucbn del voltaje de desertizadn

Para monitorizar del comportamiento de un sensor se obkegvalucion de su voltaje de deser-
tizacion a lo largo del tiempo.

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

En esas cuatro figuras, el ejeepresenta la luminosidad integrada a la que se realizoiébp
de sefal vs. polarizacion. En el gjse representa el voltaje de desertizacion correspomrdéent
cada una de esas luminosidades. En este conjunto de pugtdedajustes: uno, polinomial de
tercer grado que ajusta los puntos a baja luminosidad, yloteal, que ajusta las luminosidades
mas recientes. Para cada sensor se define el punto de dnvesno el minimo de la curva
polinbmica. Las coordenadas ¥) del punto de inversiobn son respectivamentkifainosidad de
inversbn y el voltaje de desertizadn de invergn. El ajuste lineal es una extrapolacion de los
puntos posteriores al punto de inversion.

La Figura A.14 muestra que los sensores de clase Microrieesis mas el tipo de inversion.
Sus luminosidades de inversion estan localizadas eo @500 pb!, mientras que los sen-
sores SGS Thomson y Hamamatsu muestran luminosidadesetsiamvproximas a 1500 pb
y 1000 pbi, respectivamente. El subconjunto de puntos posterior retbpe inversion parece
obedecer un comportamiento lineal para las tres clasesxderss de LOO.
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Figure A.11: Ejemplo de inversion para dos sensores de 8&S Thomson de L0OO.
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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 LOXyYLBVLos 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)stnaidos ajustes lineales super-
puestos de todos los 48 sensores de L0O, asi como losdit@ieicos de la fuente de alimentacion
y la region de ruptura dieléctrica de los sensores. Ladigul5 compara esos ajustes lineales a
dos luminosidades distintas, 6888 ply 4530 pb?, para extraer informacion sobre la evolucion
de las pendientes de los ajustes. Silas pendientes a daskidddes distintas mostrasen difer-
encias significativas, la hipbtesis de un comportamiengal posterior al proceso de inversion
deberia ser revisada.

En la misma figura se observa que todos los ajustes linedkes &s zona segura, lejos del
limite de 500 voltios y de la regibn de ruptura. Por tantm s actuales resultados se puede
concluir que los sensores de LOO pueden permanecer eperéitista una luminosidad de al
menos 10000 pb'.
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Figure A.15: Figura resumen para L00. Ajustes lineales rpuygstos de todos los sensores de
L0OO. Datos a 6888 pb (izquierda), y a 4530 ptt (derecha).
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A.4.2 Resultados de las exploraciones defsa vs. polarizacion para SVX-LO.
A.4.2.1 \Voltaje de desertizadn

De manera similar al caso de LOO se muestran las figuras dejevdle desertizacion para SVX-
LO, con la particularidad de que todos los sensores de SVXelnOde una Unica clase (Hama-
matsu) y de doble carglii, 2). Los resultados para los sensores representativos e1860y e
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 pi.
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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 evolucion a&je de desertizacion de SVX-LO.
La evolucion histbrica de su voltaje de desertizacioranga colectada se muestra en las Figuras
A.18 and A.19, respectivamente.

Para luminosidades anteriores a 3000 pbolo se practicaron exploraciones de sefal vs.
polarizacion a tres (€140, e2a0, e090) de los 72 sensor8¥Xd.0. A pesar de esta falta de
estadistica, la evolucion del voltaje de desertizadi@resos tres sensores esta cualitativamente en
concordancia con el modelo (Ref. [66]) predictivo (Fig. .2

Observando que el subconjunto de puntos de luminosidadiesites (posteriores a 3500
exhibe valores crecientes, podemos asumir que todos Iesresmde SVX-L0 han sufrido el pro-
ceso de inversion de tipo de dopante. Un ajuste lineal aegerto de puntos es (til para extraer
conclusiones sobre el comportamiento futuro de SVX-LO.

A.4.2.3 Resumen de extrapolaciones lineales de SVX-L0

La figura A.21 compara la extrapolacion de las caphsde los 72 sensores de SVX-LO a lumi-
nosidades de 6888 y 4530 ph La Figura A.22 es su equivalente para las caras
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Figure A.19: Evolucion histérica de la carga colectadasdmsor €160 de SVX-LO, caras
(izquierda) yz (derecha).
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Figure A.20: Datos de evolucion historica de SVX-LO syguestos al modelo predictivo de
inversion de tipo de dopante. Los puntos corresponden 2 smsnsores para los que existe es-
tadistica disponible a bajas luminosidades.
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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.
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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.
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A.4.3 Discuson

Las pruebas de sefial vs. polarizacion muestran que lssigsnde LOO y de SVX-LO han sufrido
el fenbmeno de inversion de tipo de dopante como conseizude su prolongada exposicion a
la radiacion (Fig. A.14).

Los sensores SGS Thomson de L0O invirtieron a luminosidaieémas a 1500 pbt. Los
sensores Hamamatsu de LOO y de SVX-LO lo hicieron a 1000 yb1700 pb! respectiva-
mente. Esta diferencia tiene su explicacion en la depemgeadial de ambos dispositivos frente
al campo de radiacion [68], [66]. Para L0O, el hecho de quadgor luminosidad de inversion
corresponda a los sensores de clase Micron es de imporfzarei&! experimento CMS del LHC
cuyos detectores de silicio utilizan la misma tecnologgstente a la radiacion en sus sensores.

Una de las cuestiones principales observable en los datgsodge inversion es la discordan-
cia entre los datos experimentales y el modelo, tal y comaussstra en la Figura A.20. EI modelo
predictivo asume que la inversiébn ocurre de manera honezgén todo el perfil de espesor del
sensor (Figura A.23). En este caso, el minimo del punto wkrsion (voltaje de desertizacion
de inversion) es cero voltios. Sin embargo los datos maresiue, dependiendo de cada clase
de sensor, el minimo esta situado entre los 30 y 50 volii@scartando caidas de voltaje en el
circuito de polarizacién, esta discrepancia podriaieape haciendo uso de modelos de perfil de
dopaje no homogéneo como por ejemplo el de doble upitfrigura 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 sefadolarizacion.

A.5 Conclusiones

Este trabajo ha sido dedicado al estudio de los efectos geides por la radiacion que han sido
observados en los detectores de silicio de CDF, en pantidalaversion de tipo de dopante y la
evolucion de las corrientes de polarizacion.

Los detectores de silicio de CDF fueron disefiados parausétusdo después de 2-3 fiF de
datos registrados. Sin embargo, la sustitucion previstiua posible y los sensores han debido
resistir hasta 10-12 fol. Esta circunstancia particular ha sido un reto para la ojferay man-
tenimiento de los detectores de silicio y la razon detéisminucioso trabajo de seguimiento de
los que han sido objeto.

El dafio por radiacion se ha estudiado desde dos puntostde f corriente de polarizacion y
la tension de polarizacion. También se han observadgigtrado otros efectos debido a dafo por
radiacion y envejecimiento sobre diversos parametrbdatector (eficiencia, tamafo del cluster

).

El estudio de las corrientes de polarizacion es relevamignesensor de silicio irradiado ya
gue es un parametro relacionado con el flujo de energihideci Por lo tanto, y mediante el
estudio de los datos de corrientes, es posible relaciodamimosidad, una cantidad conocida,
con la dosis total recibida por el detector. Los resultadpsesados como funcion de la fluencia
son independiente del entorno local (i.e. el Tevatron) ydpneser comparados con resultados de
otros experimentos.

En cuanto a la tension de polarizacion, su evolucion aatgd 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 luminosidadaleurva de sefal vs. polarizacion.
La presencia de la pendienteobservada en las curvas experimentales podria evidemcér
estructura subyacente de doble union (Apéndice D).

fenbmeno de inversion para LOO y SVX-LO. Dado que los detes de silicio son el factor
limitante en la vida del experimento CDF, las extrapolagsode los ajustes lineales de los puntos
posteriores a la inversion han sido la referencia parankseicciones periddicas de los comision-
ados del Departamento de Energia de EE.UU. y los infornta®s &b presupuesto anual.

La importancia cientifica del fenbmeno de inversion @ tile dopante se hace evidente
dado que los actuales datos experimentales no concuerdactpmente con el actual modelo
predictivo (modelo de Hamburgo). En este modelo, el miniieda curva de inversion se reduce
a cero voltios, mientras que la curva de inversion de lossdde CDF muestra voltaje minimo
gue se encuentra entre los 30 y los 45 voltios. Dado que Isteesia interna del circuito de
polarizacién contribuiria con una caida de voltaje delea de 10 voltios, el resto de voltaje
observado no puede explicarse con el actual modelo. Eifen6 de inversion de tipo de dopante
también se ha ilustrado -aunque con menos precisioneddsalinto de vista del perfil de dopaje
a bajos voltajes de polarizacion. Aunque algunos complgjeados en el interior del volumen del
detector son bien conocidos y capaces de explicar los adsslimacroscopicos, los mecanismos
mas profundos detras del tipo de inversion son todaviehws y desconocidos. La inversion de
tipo de dopante es todavia una cuestion abierta en las @eeciencia de materiales y fisica del
estado so6lido.

Los resultados recogidos en este trabajo han sido mostedqusblico en varias charlas y
reuniones entre 2008 y 2009:

* "Longevity and Radiation Aging Studies of the CDF Il Silic®etectors”, charla en Amer-
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ican Physical Society Meeting, Saint Louis MO, Abril 2008.

* "Longevity Studies of the CDF Il Silicon Detectors”, charen el CMS Symposium, Fer-
milab, Noviembre 2008.

* "Longevity Studies of the CDF Il Silicon Detectors”, charen el CIEMAT High Energy
Physics Christmas Workshop, Madrid, Diciembre 2008.

* "Longevity Studies of the CDF Il Silicon Detectors”, charén el All Experimenters Meet-
ing, Fermilab, Enero 2009.

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

Una descripcion detallada del comportamiento de los tires de silicio de CDF sera publicada
por Nuclear Instruments and Methods A, con el titulo “Ofiereal Experience, Improvements,
and Performance of the CDF Run Il Silicon Vertex Detector”.
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B.1 Carrier concentrations in pure semiconductors

To avoid confusion with exponential functions, the symhbglwill be used for the electronic
charge instead @. In thermal equilibrium the probability that an electroatstin the conduction
band is filled is given by the Fermi-Dirac distribution

1

m. (B.l)

fe(E) =

where the parametég is the Fermi level or chemical potential. The density of aaama Si
or Ge crystal is about 510°2 atoms/cm. Since the minimum carrier density of interest in practial
devices is of order of 78 to 10'* atoms/cn?, very small occupancies are quite important.

In silicon the bandgap is 1.12 eV. If the Fermi level is at naipgthe bandedges will be 0.56 eV
above and belovier. From the structure of the Fermi-Dirac equation, relajidalge deviations
from the Fermi leveli(e. extremely small occupancies) will still yield significargrder densities.

The number of occupied electron stabgds determined by summing over all available states
multiplied by the occupation probability for each indivalistate

Ne= 3 mf(E). (8.2)

Since the density of states near the band edge tends to leehiglit, this can be written as an
integral .
Ne = g f(E)g(E)dE, (B.3)
whereg(E) is the density of states. Solution of this integral requkeswledge of the density
of states. Fortuitously, to a good approximation the dgritstates 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 distribwill deviate from the simple
parabolic form, but since the probability function decesasery rapidly, the integral will hardly
be affected. The second obstacle to a simple analyticalisolaf the integral is the intractability
of integrating over the Fermi distribution. FortunatefyEi— Er is at least several timdgTl, the
Fermi distribution can be approximated by a Boltzmann idligtion:

if 1+ 5K x BFRIKT o f(E) ~ elB /KT (B.5)

At energies 2.XT beyond the Fermi level the difference between the Boltznagproxima-
tion and the Fermi distribution is 10%, and for energies 4.5kT it is less than 1%.
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Applying the approximation to the occupancy of hole statles, 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 BT e \=F . (B.6)
The conditions for the Boltzmann approximation are fuléiifer excitation across the bandgap,

as the bandgap is of order 1 eV adat room temperature is 0.026 eV. With these simplifications
the number of electrons in the conduction bang=£ n) in thermal equilibrium is

Ne [ (KT)%/2e (Be—Br)/KT (B.7)

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

whereN, is the effective density of states at the band edge. Comelipgly, the hole con-
centration is
p=N,e (EF-B)/KT (B.9)

In an ideal semiconductor the only source of mobile cariethermal excitation across the
bandgap (additional impurity atoms or crystal imperfexsighat would allow other excitation
mechanisms are absent), so the concentrations of eleanahisoles are equal

wheren; is called the intrinsic carrier concentration. In silicdgy = 1.12 eV) the intrinsic
concentratiom; = 1.45- 10*° cm~3 at 300 K and in germaniunEg = 0.66 eV),n; = 2.4 - 103
cm~3. For comparison, the purest semiconductor material thatblean fabricated is Ge with
active impurity levels of about 310'° cm~3.

Using the above results

ni = Nce_(Ec—EF)/kT — Nve_(EF—EkaT’ (Bll)

and solving

Ec+E
Er—E = ct+Ev

— frackT2log(Ng/Ny). (B.12)

If the band structure is symmetricadNd = N,), the intrinsic energy levek; lies near the
middle of the bandgap. Even rather substantial deviatimm & symmetrical band structure will
not affect this result significantly, a/N, enters logarithmically andT is much smaller than
the bandgap.
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A remarkable result is that the product of the electron and boncentrations:

np=n? = NeNye™ B BI/KT — NoN e Bo/kT (B.13)

depends only on the bandgBgand not on the Fermi level. This result, the law of mass agtion
is very useful in semiconductor device analysis. It requogly that the Boltzmann approxima-
tion holds. Qualitatively, it says that if one carrier typeceeds this equilibrium concentration,
recombination will decrease the concentrations of botbtedas and holes to maintairp = niz,
a relationship that also holds in doped crystals.

B.2 Carrier concentrations in doped crystals

The equalityng = n,, only holds for pure crystals, where all of the electrons in¢bnduction band
have been thermally excited from the valence band. In macsiemiconductors the presence of
impurities tips the balance towards either electrons ogsol

Impurities are an unavoidable byproduct of the crystal gingwocess, although special tech-
nigues can achieve astounding results. For example, ag abte, in the purest semiconductor
crystals (high purity Ge) the net impurity concentratiomli®ut 3- 10° cm3,

In semiconductor device technology impurities are intastl intentionally to control the
conductivity of the semiconductor. L&t be the concentration of ionized donors axg the
concentration of ionized acceptors. Overall charge nkiytia preserved, as each ionized dopant
introduces a charged carrier and an oppositely atom, butehearrier concentration is now

An=n—p=NJ—N; (B.14)

or
P+Ny =n+N;. (B.15)

Assume that the activation energy of the donors and aceepsteufficiently small so that they
are fully ionized. Them\ld+ = Ng andN; = N, so

P+Ndg =N+ Ny, (B.16)

which usingnp = n?, becomes

L PRI (B.17)
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If the acceptor concentratidd, > Ng andN, > n;, the hole and electron concentrations

2
p~N, and nx ET' <Ny, (B.18)

a

i.e. the conductivity is dominated by holes. Conversely, if thaar concentratioMy > Ny
andNg > n; the conductivity is dominated by electrons.

If the conductivity is dominated by only one type of carrigre Fermi level is easy to deter-
mine. If, for examplen > p, then equation B.16 can be written as

Nn=Ng— Nz
Nee (B BR)/KT — Ny — N, | (B.19)
yielding
Eck;TEF — log (Nd'\_'CNa> . (B.20)

If Ng > Ng, thenE; — Er must be smalli.e. the Fermi level lies close to the conduction band
edge.

In reality the impurity levels of common dopants are not elerough to the band edge for the
Boltzmann approximation to hold, so the calculation mugt te Fermi distribution and solve
numerically forEr. Nevertheless, the qualitative conclusions derived hiilegsply.

It is often convenient to refer all of these quantities toititansic levelE;, as it accounts for
bothE; andE,. Then
n= Nee (Fe—BR)/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 = —ksT log (B.23)

B.3 pn-junctions

A prHunction is formed at the interface of @ andn-type region. Since the electron concen-
tration in then-region is greater than in thp-region, electrons will diffuse into the-region.
Correspondingly, holes will diffuse into theregion. As electrons and holes diffuse across the
junction, a space charge due to the ionized donor and accatotms builds up. The field due to
this space charge is directed to impede the flow of electrodsales.

The situation is dynamic. The concentration gradient caaseontinuous diffusion current
to flow, whereas the field due to the space charge drives acdrifent in the opposite direction.
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Equilibrium is attained when the two currents are equal,the sum of the diffusion and drift
current is zero. The net hole current density is

d
3= —qupd—f(’ + GePHoEp (B.24)

whereDy, is the diffusion constant for holes aig) is the electric field in thep-region.

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

p=neE-E/kT (B.25)
and its derivative q dE  dE
p_P (05 d&

dx kT < dx  dx ) ' (8.26)

Since the force on a chargg due to an electric fiel& is equal to the negative gradient of the

potential energy,

dEe.  dE,  dE

X ax T ax (8:27)
As only the gradient is of interest aril, E,, andE; differ only by a constant offset, any of

these measures can be used. We will use the intrinsic Fevelilg since it applies throughout

the sample.

QeE:—

The remaining expression is the Einstein relationshipcivinelates the mobility to the diffu-
sion constant:

D
tp = qiTp . (B.28)
Using these relationships the net hole an electron curteudsme:
B DpdEr dEr
Jp = GePiT g0 = PP gy - (B.29)
B DndEr dEr

Since, individually, the net hole and electron currentsguikbrium must be zero, the deriva-

tive of the Fermi level: dE:
X 0. (B.31)

In thermal equilibrium the Fermi level must be constant digtwout the junction region. For
the Fermi level to be flat, the band structure must adaptesomcthep-side the Fermi level is
near the valence band, whereas onrnsde it is near the conduction band. If we assume that
the dopants are exclusively donors on tikeide and acceptors on tipeside, the difference in the

respective Fermi level is
NaNd
n

AEr = —kTlog (B.32)
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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 eitherN, or Ny increases relative tq, the respective Fermi level moves closer to the band
edge, increasing the built-in voltage. With increasingidgpevels the built-in voltage approaches
the equivalent potential of the bandgag/ de.

B.4 The forward-biased pn-junction

Applying an external bias leads to a condition that deviftesn thermal equilibrium,.e. the
Fermi level is no longer constant throughout the junctidm. positive voltage is applied to the
electrode relative to the-electrode, the total variation of the electric potentiaioss the junction
will decrease. Since this reduces the electric field actwsguinction, the drift component of the
junction current will decrease. Since the concentrati@dignt 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 inpHhegion and an excess of holes in
then-region. This “injection” condition leads to a local deviat from equilibrium,i.e.pn > ni2.
Equilibrium will be restored by recombination.

Note that a depletion region exists even under forward lilispugh its width is decreased.
The electric field due to the space charge opposes the flonaofehbut the large concentration
gradient overrides the field.

Consider holes flowing into the-region. They will flow through the depletion region with
small losses due to recombination, as the electron coratiEmtris small compared with the bulk.
When holes reach the-side boundary of the depletion region the concentratioeleftrons
available for recombination increases and the conceoirati holes will decrease with distance,
depending on the cross-section for recombination, expdeas a diffusion length. Ultimately,
all holes will have recombined with electrons. The requiedsttrons are furnished through the
external contact from the power supply.

On thep-side, electrons undergo similar process. The holes redjtir sustain recombination
are formed at the external contact to fireegion by electron flow toward the power supply, equal
to the electron flow toward the-contact. The following derivation follows the discusssoloy
Shockley (1949, 1950) and Grove (1967).

The steady-state distribution of charge is determined byrapthe diffusion equation,

d?n, ny—n
Dy — 2 _g.

B.34
dx2 Tn ( )




172 The diode Equation

Electrons flowing into thep-region give rise to a local concentratiany in excess of the
equilibrium concentratiomyg. This excess will decay with recombination timg corresponding
to a diffusion length_p,.

The first boundary condition required for the solution of thi#usion equation is that the
excess concentration of electrons vanish at large distatice

Np(0) = Npo . (B.35)

The second boundary condition is that the carriers areteteat the origin of the space charge
regionx = 0 with a concentratiom,(0). This yields the solution

Np(X) = Npo + (Np(0) — Ngo) ¥/t . (B.36)

From this we obtain the electron current entering phegion

dn Ny(0) —n
Jnp= _QeDnd—; Ix=0 = cIeDn%npo . (B.37)
This says that the electron current is limited by the conmedioh gradient determined by
the carrier density at the depletion edgsg0) and the equilibrium minority carrier density.
Determining the equilibrium densityyg is easy,

The problem is thany is established in a non-equilibrium state, where the preshoem-
ployed results do not apply. To analyze the regions with eguiibrium carrier concentrations,
Shockley introduced a simplifying assumption by postagtihat the producpnis constant. In
this specific quasi-equilibrium state this constant willlager thamn?, the pn-product in ther-
mal equilibrium. In analogy to thermal equilibrium, thisagirequilibrium state is expressed in
terms of a “quasi-Fermi level”, which is the quantity usedblace ofEr that gives the carrier
concentration under non-equilibrium conditions.

The postulatgon = const is equivalent to stating that the non-equilibriuntieaconcentration
are given by a Boltzmann distribution, so the concentratibalectrons is

n=neEn-BI/KT (B.39)

whereEg,, is the quasi-Frmi level for electrons, and

p=neEEr)/kT (B.40)
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whereEr, is the quasi-Frmi level for holes. The product of the two ieirconcentrations in
non-equilibrium is:
pn = nZeErn—Erp)/KT (B.41)

If pnis constant throughout the space-charge region, Bign- Erp, must also remain con-
stant.

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

dnp

dErn
dx '

an = —(QeDn dx

x=0= —qun%((nie(EFn‘Ei)/kBT) = —ppn (B.42)
These relationships describe the behavior of the quasiHerel in the depletion region.

How does this connect to the neutral region?

In the neutral regions thmajority carrier motion is dominated by drift (in contrast to the
injectedminority carrier current, which is determined by diffusion). Comsithen-type region.
Here the bulk electron current that provides the junctiomesu

dE;
Jin =~ - (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.u§hn a neutral region, the
quasi-Fermi level for the majority carriers is the same a&sRbarmi level in equilibrium. At
current densities small enough not to cause significanageldrops in the neutral regions, the
band diagram is flat, and hence the quasi-Fermi level is flat.

In the space charge regiopn is constant, so the quasi-Fermi levels for holes and elestro
must be parallelj.e. both will remain constant at their respective majority marequilibrium
levels in the neutral regions.

If an external bia¥ is applied, the equilibrium Fermi levels are offset\byso it follows that
the quasi-Fermi levels are also offset\by

Consequently, then-product in non-equilibrium

pn — nize(EFn*EFp)/kT — niZequ/kT . (B47)
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If the majority carrier concentration is much greater thia@ ¢oncentration due to minority
carrier injection (“low-level injection”), the hole conetation at the edge of theregion remains
essentially at the equilibrium value. Consequentty, thanedon-product increases the electron
concentration.

Np(0) = npoe®V /KT . (B.48)

Correspondingly, the hole concentration in tiieegion at the edge of the depletion zone
becomes

Since the equilibrium concentrations are

n
Npo = — B.50
P =N (B.50)
n
=_1 B.51
Pro Nd ) ( )
the components of the diffusion current due to holes andreles are
n? V /KT
In = Do (e% /KT _ 1) (B.52)
n? eV /KT
Jo = %Dop 1 (e _ 1) . (B.53)
The total current is the sum of the electron and hole compsnen
I=dh+d=J (equ/kT - 1) , (B.54)
where b b
Jo=0? [ ——+ P ). B.55
0 qe | <Na|—n + Nde) ( )

This is the diode equation (or Shockley equation), whickcdess the current-voltage char-
acteristic both under forward and reverse bias. Under fahveeas ¥ > 0) the current increases
exponentially. Under reverse biag & 0), the exponential term vanishes when he bias exceeds
severalkT /ge and the current becomes the reverse saturation cufrent-Jy. For a uniform
junction cross-section the current densitigsJp, andJy can be replaced by their respective sur-
rents.

Note that in the diode equation:

* 1. The bandgap does not appear explicitly (only implicithylg via n;).

* 2. The total current has two distinct components, due tdreles and holes.
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* 3. The electron and hole currents are generally not equal ratio:

B _Na . Du_ Dy
Jb  Na Ln Ly’

(B.56)

* 4. Current flows for all values &f. However, when plotted on a linear scale, the exponen-
tial appears to have a knee, often referred to as the turreltage.

* 5. The magnitude of the turn-on voltage is determinedJfy Diodes with different

bandgaps will show the same behaviodjfis the same.

The discrepancies in the forward current between the medsesults and the simple theory
require the analysis of all processes in the depletion zone:

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

* 3. High-injection region where the injected carrier corication 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 sym@yowill be used for electronic
charge instead @ Although derivation of the diode equation in Appendix Eqgeded under the
title “The forward-biasedon-junction”, nothing in the assumptions and algebraic malaifions
restricted the sign of the applied voltage. If a negative Bapplied to the junction, the minority
carrier concentrations at the junction edges decrease regihect to thermal equilibrium and
reverse the concentration gradient. Setting a reversaget >> KT in the diode equation yields

J=—Jo, (C.1)

where

D D
Jo=0en? | =+ —" . C.2

In this ideal case the diode current at large reverse bidgagemWwould be determined by

x the doping concentration®lf, Ny),
* the diffusion constantd),, Dy), and

* the recombination lenght&(, Lp).

In reality, the measured currents are often orders of magmitarger. Whereas the diode
equation predicts the saturation of the reverse diode muatesoltages greater than order 100 mV
(~4kT), one frequently observes a monotonically increasingeturrwhich increases linearly
with depletion width. This implies the presence of impetifats in the crystal that increase the
reverse leakage current. For a uniform distribution of infgtions, the number of active sites
will increase with the depletion volume.

C.1 Emission and capture processes

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

+ Hole emission.

Electron emission.

*

*

Electron capture.

*

Hole capture.

*

Trapping.
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All of these processes are governed by Fermi statisticsh@iBibltzmann approximation).
Let us assume a concentration of centdrsvhose energy levdt; lies within the bandgap. The
probability of a center being occupied is:

1
f = 15 aE BT (C.3)
and the concentration of vacant centers is:
Nio = N¢(1— 1) (C.4)
@ () (© (@ ©
E [ ]
] 7
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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 conedioin of unoccupied centers

dNqc
dt

= VthOnNNo = VihonNN (1 — f) | (C.5)

wherew, is the thermal velocity of an electron (about’ kfin/s at 300 K)g, is the capture
cross-section, andis the concentration of electrons in the conduction bane: VigHocity enters
because the capture centers are localized and an electsdn h#ve near the center to be cap-
tured. The thermal velocity is superimposed on the muchelaaotion due to drift or diffusion,
so the thermal velocity determines the number of defecs sitanned per unit time.

C.1.2 Electron emission

The rate of electron emission is proportional to the conma¢ioh of occupied centefd, = N; f.
If the emission probability ig,, the rate of electron emission

d
(I;te = €e1Nnc = enNc f (C.6)
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C.1.3 Hole capture

Analogously to electrons, and since the hole capture qooress to the transition of an electron
from the center to the valence band, this process is propattito the concentration of centers

occupied by electronis; f.
dt

= WhOppN T, (C.7)

C.1.4 Hole emission

Proportional to the concentration of centers not occupiediéctronsN; (1 — f), so

dt

— e\ (1— ). (C.8)

C.1.5 Emission probabilities

In equilibrium, the rates of the two processes that movetreles to and from the conduction

band, capture and emission, must be equal. This seeminglyl statement reflects the more
profound principle in statistical mechanics of detailethbae, which states that under equilibrium
conditions, every process and its reverse must proceedeatigxequal rates. Thus, the emission
probability for electron and holes, respectively:

AN _ dNne 1-f

gt = gt =~ honnN(1-T)=eNef = e =wnonn— (C.9)
dN dN f
dtpc = dtpe = VhOppPNf=eN(1—f) = e,= VinGpPT— (C.10)
The concentration of electrons in the conduction band is
n— nie(EF*Ei)/kT _ Ncef(ErEF)/kT (C.11)

Using that’r" = e(&~E)/kT andn = nelfr ~E)/KT — Noe~(B~Er)/KT the emission probabil-
ities for electrons and holes is, respectively:

en = Wnapnie® 5
ep = tnopnie B E/KT — vy g N e~ (BB /KT (C.13)

As intuitively expected, the emission probability growgerentially 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 digharge.

C.2.1 Band-to-band recombination

Incident radiation excites electrons from the valence éocttnduction band, forming an electron-
hole pair. The simplest recombination mechanism would belfxrtrons in the conduction band
to recombine with holes in the valence band. The energygetea the recombination could be
emitted as light or heat. Direct transitions from the coniduncto the valence band in Si or Ge are
extremely improbable and the recombination is made thrantgihmediate states.

Ec ® ® ° ®
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

(a) (b)

Figure C.2: Direct Transition (a), and Indirect Transitiomia 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 (equilir, V bias=0).

C.2.2 Recombination via intermediate states

Consider a steady flux of radiation, for example light, legdio a uniform generation rate per
unit volumeG,. To determine the effectiveness of centers as recombinaties, the charge due
to the radiation will not be removed by an external circuit; &llowed to decay by recombination
alone. In the steady state the rate at which electrons dmeranduction band (Fig. C.3) must
equal the rate at which they leave it, the recombination %ie

=0. (C.14)

dn, % dNhc  dNpe
a dt dt
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dnp_ dNR_ dec dee .
——GL———GL_< It dt =0. (C.15)

Incident radiation takes the system out of thermal equilitay so none of the equilibrium car-
rier concentrations are valid, nor is the occupancy detegthby the Fermi distribution. Instead,
the concentrationa and p and the fractional occupandydepend on the radiation flu®, . From
the two expression above,

deC dee o dl\hc dN’Ie
(dt_dt>_<dt_dt> (C.16)

Replacing the rate expressions
VinOp PN f —epNi (1 — ) = vinonnN (1 — f) —enNe (1 f), (C.17)

and the emission probabilities, it is possible to extraetdteady state fractional occupancy:

onn+ opnielE—E)/KT

f= .
O-n(n_i_nie(Et*Ei)/kT)_i_o-p(p_F nie(EifEl)/kT)

(C.18)

This occupancy depends implicitly on the generation f&x which determines and p.
Electrons are continually captured and emitted by the ceated so are holes. If an electron
and a hole recombine, this leads to a deficit in the emissitas raf both electrons and holes.
In the steady-state, the emission deficit for electrons aelshmust be equal, so the net rate of
recombination is the capture rate minus the emission rates@acing in its expression:

dNz _ (dNpc  dNee\ _ (dNpc  dNpe
dt —< dt  dt >_< dt  dt > (49
dNr IpOnvtnN (PN — 17) (C.20)

dt ~ on(nt+ melEEVRT) L op(pt melE ED/KT)

To simplify the equation and facilitate the interpretatifithis result, let us assume that the
capture cross-sections are equal= 0, = 0. Then

dNg pn—n?

From this expression one can see that the driving force ofgbembination process is the
excess carrier concentratigon beyond the equilibrium concentraticnﬁ. The third term in the
denominator dscribes the relative occupancies of elestama holes. A center close to the con-
duction band will have a higher occupancy of electrons thalash, so the recombination rate is
limited by the hole population. Conversely, a center closthé valence band will have an excess
of holes, so the population of electrons limits the recoratiim rate. The recombination rate is
maximum wherk; = E;j, i.e. when the energy of the recombination center is at midgap.
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A special case of recombinaton is minority carrier injeatid_et us consider holes injected
into ann-type region, as in a forward biased diode. In this case> p,. Furthermore, since
efficient recombination centers are far from the band edgeBbltzmann approximation holds,
so the equilibrium electron concentration

Ny > nielBB)/KT, (C.22)

Then the above expression for the recombination rate diegto

d OO pVen Nk (N Pry — N2 -
Nr __On0p thNt (Nn Pn |) :GthhNt(pn_ Pno) = Pn— Pro (C.23)

dt Onhny Tp

where the carrier lifetime, is
1

P opvinN
The lifetime of the holes in the-bulk is independent of the concentration of the electrditss is
due to an abundance of electrons, so as soon as a hole isethforelectron is available for im-
mediate recombination. Hence, the hole concentratioreisate-limiting parameter. Conversely,
if electrons are injected inta-type material where they are majority carriers, theitiife will be
significantly greater, since few holes are available foonaination. Minority carrier injection
is the worst ase with respect to recombination, so “minaéyrier lifetime” is a figure of merit
used to characterize the presence of defects in semicamduct

(C.24)

Recombination is important whenever the carrier conctatraleviates from thermal equi-
librium:
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 big. a radiation detector, wittlg > 'fq—: all of the free carriers
are swept from the depletion region (Fig. C.3). In this canfigion only emission processes are
important.



184 Electrical Properties of Impurities and Defects

Emission, in the absence of capture, can only proceed bynatieg hole and electron emis-
sion,i.e. generation of electron-hole pairs. The rate of generatioglextron-hole pairs can be
determined from the previously derived expressions fodifierence between capture and emis-
sion rates:

e _ (N _ Gpoin (P 1?) 26
dt dt dt On(n+nie(Et*Ei)/kT)+op(p+ n eEi—E)/KT)
SincedN;/dt= 0 andp < nj,n < n;,
dd—l\tje = Gne(EtE(ij)?STpfi\:IZ(iEiEt)/kT' (C.27)
This often written as N
& oy (C.28)

wherety is called the generation lifetime. Considering again trseasf equal cross-sections
On = 0p = O, the generation rate becomes

dNe OVt
dt ~ eE-E)/kT + e (Bi—E)/KkT’

(C.29)

which again shows that only states near the intrinsic Feen@lE;, i.e. the mid-gap states,
contribute significantly to the generation rate. Intuilyy¢his is easy to see in the “stepping stone”
picture. Since the emission probabilities for electrond holes increase exponentially with the
separation from their respective band edges, the probafuti sequential hole and electron emis-
sion is maximum at mid-gap.

The emission rate of carriers leads to an electrical currdmg generation current, which
increases with the density of centers. If the emission cemte distributed uniformly throughout
the depletion width W, the generation current density well b

dNe OVihN: N
Jgen= quW = que(Ei—Et)/kT 4+ e (B-E)/kT"

(C.30)

C.3.2 Generation in the neutral region

In the neutral region the absence of a significant electiid fireeans that any excess carriers due to
generation move only by diffusion. Charges generated meatransition to the depletion region
can reach the influence of the electric field and will be swepthe opposite electrode. This
additional contribution to the reverse diode current idecathe diffusion current. The starting
point of the calculation is the steady state diffusion eigmafor minority carriers. Consider
electrons generated in thperegion:

d?n,  Nnp—npo

D
" dx2 T,

=0. (C.31)
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Far from the space charge region the carrier concentratiais the thermal equilibrium
value

() = Mo (C.32)

At the edge of the depletion region all carriers will be swapty by the electric field, so

np(0) =0 (C.33)
The solution to the diffusion equation for these boundanyd@ons is
np(X) = Npo(1—e7¥/t), (C.34)
where
Ln ~ v/DnTn (C.35)

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

dn n D n?
Jiitf, n = —Ce <_D”d—p’x—0> = CIeDnL—pO = n_i

< = qeL—n NG (C.36)
dp po  Dpn?
Jgitf, p= —0e <—Dpayx—0> = QerL—n = qeL—sN—ld- (C.37)

The diffusion current increases with the square of therisiti carrier concentration, in con-
trast to the generation current in the depletion zone, winictfeases linearly witmn;.

The generation rate in a neutral region depleted of mincdtyiers can be drastically different

from the depletion region. for simplicity, let us assumet tha diffusion lifetime is equal to the
generation lifetime. Then the ratio of the two generatiorrents

n
Jiff, n %O ~ Shpoln 21 Ln

. = C.38

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

by the electrod ethicknesse. ~ 1pm. Forn; ~ 109 cm 3, N, ~ 10 cm~3, and W~ 300pm
we have that the rate is: ]

it ©3x10°8. (C.39)
Jgen

Thus concluding that in high-quality radiation detectdrns gieneration current dominates. At

higher temperatures the exponential increasg aan 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 Jsites
All three defect mechanisms can create states distribbteddhout the bandgap, since only

mid-gap states can contribute significantly to generatioth riecombination, in a continuum of
states statistics automatically select the states neagapd

C.5 The diode equation revisited

C.5.1 Reverse current

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

Jo = 0.n? n P Jdiss +J C.40
0 = Oej <NaLn+Nde> < Jdiff + Jgen ( )

so the diode equation becomes:

J = Jr(e®V/KT _1). (C.41)

The reverse currenir for voltages> 3kT/qe is the sum of the diffusion and generation

currents:
1 /D, 1 /D n
=0 | —/ 4 = [P W, C.42
R qe'(Na‘/rn+Nd Tp>+quTg ( )

Whether the generation or diffusion current dominates @addiermined from the tempera-
ture coefficient. The diffusion current scales with so

dkr . Ey
whereas the generation current scales witlyielding
dk _ I E9 (C.44)

dT ~ RkT?
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In practice, a plot of logrvs 1/KT will yield a slope of—Eg for diffusion and approximately
—Eg4/2 for generation dominated operation. At sufficiently higimperature, diffusion will al-
ways dominate.

In radiation damaged diodes the generation current dogsreten after rather low fluences,
so the reverse bias current

IR(T) O veni O Viny/NeNye /2T [ T2g7B/2T (C.45)

whereE ~ Egy, depending on the impurity or defect energy level. The ratiourrents at two

temperature3; andT; is
IR(T)  (T2)° E/T-To
Ir(T1) <T1> P~k T ' (C.46)

Cooling to OC typically reduces the reverse bias current to 1/6 of itaevat room temper-
ature. Since after irradiation the leakage current imjtidecreases with time, pronounced short
term and long term annealing components are observed angeifds to the annealing curve
require a sum of exponentials. In practice, the variatioteakage current with temperature is
very reproducible from device to device, even after sultisthdoping changes due to radiation
damage. The leakage current can be used for dosimetry addsdare offered commercially
specifically for this purpose (transistors being used tosuesatemperature).

C.5.2 Forward current

Recombination in the depletion region also affects the fwdndiode characteristic. Experimental
results can generally be described by introducing an “ijefactor” n

J = Jr(e%V/MkT 1), (C.47)
where

x N =2 when the recombination current dominates
x n=1when the current is dominated by diffusion in the neutrgioes

In practical dioden lies between 1 and 2.

At very low currents the generation currents dominate. &these currents are opposite to
the forward injection current, one observes a change ofigitime current flow at low voltage.
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C.5.3 Comments

In radiation detectors the reverse current is of primargriedt, as it is a source of shot noise.
Nevertheless, the forward current-voltage charactersin provide useful diagnostic informa-
tion. Since recombination and generation are both maxurfiaemid-gap states, one commonly
observes that devices with large generation currents atsbiehigh recombination rates.

This has promoted a tendency to characterize both phenobyesrze parameter, the minority
carrier lifetime. However, generation and recombinatioatavo distinct phenomena. First, their
temperature dependencies differ, and second, it is ndtagsired that a state is equally effective
at generation as it is at recombination.
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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).
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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 ieléetds exist on both sides of an
irradiated silicon diode has given rise to several attentptaodel the effect [83, 81]. The most
recent of these studies by Eremin, Verbitskaya and Li (E\&1) is based upon a modification
of the Shockley-Read-Hall (SRH) statistics. The EVL modelduces an effective space charge
densitypett from the trapping of leakage current by one acceptor traposreddonor trap. The
effective charge density is related to the occupancies andities of traps:

Pett = €[Np fp — Nafa] 4 Pdopants (D.1)

whereNp and Np are the densities of donor and acceptor trapping statgseately; fp
and fa are the occupied fractions of the donor and acceptor stasgectively; an@gopantsis
the charge density due to ionized dopants. Charge flows tdrandthe trapping states due to
generation and recombination (Appendix C). The occupiadtions are given by the following
standard SRH expressions:
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. VhOR p+ VeoD mefo /KT
P VeaR (n+ meEo/KT) L vyaP (p+ ne Eo/KT)

(D.2)

. VeOAN + Vhohinie BA/KT
A =
VeOL (N-+ niefa/KT) - viopn(p+ nje—Ba/kT)

(D.3)

whereve andv;, are the thermal speeds of electrons and hqié’sand GE are the electron
and hole capture cross sections for the donor tegpand oﬁ are the electron and hole capture
cross sections for the acceptor tra@nd p are the densities of free electrons and hotgss the
intrinsic density of carriersEp andEp are the activation energies relative to the mid-gap energy
of the donor and acceptor states, respectively. The gemensgcombination current caused by
the SRH statistics for single donor and acceptor statesvéndiy the following expression:

_ VhVeOP 0 Np (np—n?) N VhVeOHOANA(NP—N?)
VeOR (N+ niefo/KT) 4+ viyoR (p+ nieBo/KT)  veoh(n+ meBa/KT) + vof (p+ nje Ba/kT)”
(D.4)

Within the EVL model, the four trapping cross sections aredito 10 %cn?. The leakage
current is generated from an additional SRH trapping sheeis introduced for this purpose but
is assumed not to trap any charge. The donor and acceptes sta assumed not to generate
leakage current which, given the smal size of the cross@estis a self-consistent assumption.
The densities of the donor and acceptor staés,and Na are tuned to the Transient Charge
Technique (TCT) data. The parameters of the model are givdalile D.1. The trap densities
are scaled to fluence and are given in terms of introductitgsgg = 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 k107 1x1071
Acceptor E-0.52 3.7 x1071° 1x10°1°

To illustrate the EVL model a figure from Ref. [83] has beenrogpced, shown in Fig.
D.3. Figure D.3(a) shows an uniform current density flowikgoas a reverse-biased junction.
Since holes are produced uniformly across the junction awd b the p+ backplane, the hole
current density increases linearly with increasiigom the n+ implant to the p+ implant. The
electrons flow to the n+ implant and the electron currentitieivcreases with decreasirmg The
actual carrier densities depend upon the details of thesfaald mobilities but vary monotonically
across the junctions as shown in Fig. D.3(b). The trappintp@imobile carriers produces a net
positive space charge density near the p+ backplane andnegative space charge density near
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Figure D.3: EVL model.

the n+ implant as shown in Fig. D.3(c). Since positive spd@ege corresponds to n-type doping
and negative space charge corresponds to p-type doping,dhe p-n junctions at both sides of
the detector. The electric field in the sensor follows fromnautaneous solution of Poisson’s
equation and the carrier continuity equations. The rasyli-component of the electric field
is shown in Fig. D.3(d). It varies with approximately quadradependence upomhaving a
minimum at the zero of the space charge density and two maixitiie borders at both implants
[83].

D.2 Junction models and experimental data

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

e L1=499 pb~1, before inversion (sate 1)
e L,=2041pb™1, inversion point (minimum of the fitting curiéyep(L), state 2)

e L3=6888pb~1, after inversion (sate 3)

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.

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

Since the change in space charge appears as a change in bwpinthe net space charge is
commonly referred to as an effective doping leMdgk;. In the state after inversion the detector
functions as before and no change in bias polarity is neeogd{o transport charge through
the full detector thicknesd the voltage must be raised proportionally to the increasspace
chargé. In analogy to conventional diode operation this is oftefemred to as the depletion
voltageVyep = 2—‘1|Neff|d2. Using this expression with Eq. D.7 it is possible to work the
numerical values ot

e 2€

Viep1 = Vaep(499) = 118/ = Z—\Nefmrdz = [Nefr1| = —5Vdep1 (D.8)
e ed?
e 2 2€

Vdep2 = Vdep(204D) =50V = E|Neff,2|d = |Nefro| = @Vdepz (D.9)

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

e 2
Vdep3 :Vdep(688& =195% = Z’Neffﬁ‘d = ’Neff,3‘ = o

Where|Net ;| are known constants

The assumption of N+ to be a single number (i.e the sum of positive and negativegeha
centers in the space charge of the depleted sensog@r ilconsidering the charge at a particular
luminosityi) is a useful simplification, but does not considers the desfpacture or distribution
of the charge in the depleted zone. A generalization hengebmaiseful and so N+ could be
redefined as a distribution along the z-axis of the sensae. sEnsor’s z-axis is perpendicular to
the plates and positive upwards, from n+ contact to p+ comiasimilarly, along the direction
of movement of particles coming from the collision point gralversing the sensor. After this
reasoning we define the functiongz) and N.¢¢(z,L).

In Table D.3 are shown two possibilities for the space chatig&ibution of an irradiated
sensor: an homogeneous distribution and an inhomogenewus Its first row is dedicated to
the homogeneous case. The space charge originally pokdivesvolved to a situation where
new negative charges have been created. The number of tlaiveecharges being superior to
the number of original positive charges (type-inversiorgkes a global addition of N = (5-).
However, the distribution of those negative centeredmogeneoumside the sensor’s bulk. In
the picture this is representated as partial row-by-row matations of the Nt (an illustrative
and simple discretization of {¥¢(z)). As a result of homogenity, those partial computations
have always constant values for eaehsim row: Nt r = (1-). The plot of Nt¢(z) for the
homogeneous case shows a p-like region (net negative ghamgeconstant along theaxis,
from p+ contact to n+ contact. Since the p+ contact and thagtiation-generated region share
the same doping class, together they form the p-part of thieaglpn-junction, where the n-part
is obviously the n+ contact. The formation of this new pnejiimn after irradiation is responsible
of the shift of the depletion voltage (Fig. D.2) and the fédwdttthe polarity of bias voltage does
not need to be reversed after type-inversion.

The second row of Table D.3 shows a model of inhomogeneotrsbdison of charge in the
sensor’s space charge. The plot affNz) shows that negative centers are located close to the n+
contact while positive centers are on the p+ contact, atsitughat creates a double pn-junction.

A double pn-junction is an arrange also able to transfer #p@eation zone without necessity of
inverting bias polarity.

3|Nef 1, [=(1.4510%m =3V 1) (Vgepi), then,
INetf.1| = 1.66- 10*2cm 3 (D.11)

Netf2| =7.25-10Mcm 3 (D.12)
INef3| = 2.82-10%cm 3 (D.13)
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It is remarkable that this inhomogeneous model is compatilith the homogeneous one. In
effect, altough the partial computations output differealues, the global account of the space
charge centers equals (5-), the same number as the homogersse. In a more correct formu-
lation we can write that the ar@aunder both functions is the same:

A[Neft homtj = A[Neft inhomcj (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
Vaont =Veep(499) = 118/ = — No11ld? = [Nefta] = —Viiep1 = /O Neft, 1(2)dz (D.16)
e : 2¢ d
Vaepz =Voer(2043 =50/ = — [Ner2ld? = Ner2] = —Vaepz = /o Neft, 2(2)dz (D.17)
e : 2¢ d
Vaeps = Vuep(6888) = 198V =~ [Nefald? = [Neta] = —Vaeps = /o Neft. 3(2)dz

(D.18)

Now the situation has been transformed into a variationlgutas problem. We have to find
distributions with a boundary condition on its arka

d
Neff 1(z) suchthat A[Nett 1(2)] =cty; thisis: /oNeff’l(Z)dZ:|Neff’1| v (D.19)

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

d
Nett 3(z) suchthat A[Netr, 3(2)] =cts; thisis: /ONeff73(Z)dZ:‘Neff73’ (D.21)

Let us remember thatles¢, 1(z) is the state-1 (before irradiation) space charge digion.
This original distribution is known: a positive constanuating the initial n-type doping of the
bulk. InsteadNet+. 2(z) andNet+ 3(2) (inversion-point distribution and after-irradiatialistribu-
tion, respectively) are unknown.

With respect toNet+, 2(z) we can affirm that it will be a distribution with the samenmier
of positive and negative centers (perhaps plus a 'shiftstamt, maybe related with bias current
loses around the electric circuit of the sensor, as showiginé D.6).

Distribution Net+, 3(z) will have larger number of negative centers than pasitmes (and
eventually would also be affected by the 'shift’ constaag)jt is possible to infer from the defini-
tion (and observed fact in the inversion curves) of typesfaion.
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The complete computation of the solution may be complicatede many distributions can
match the boundary conditions. However, there is a simphe towanodel the space charge dis-
tributions if we make a simplification (and, unfortunatedyreduction of the possibilities for the
satisfying functions): instead of considering the spacagh distribution as linear along z-axis
(Eremin et. al) [81] we may model it with a cosine functioy(z) = —cogz) — C;, beingCy
a positive constant (Fig. D.5). This negative cosine fumcsatisfies the boundary conditions
of negative space charge close to n+ contact and positivee sgarge close to p+ contact (as-
symetry). A cosine modelization of the space charge yiedds dloble pn-junction, confirming
y(z) = —cogz) — C; as an able solutionof the problem.

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

DE(2) = —S—;Neff(z). (D.22)

Then, E(z) is parabolic for the linear case and sinusoidah® trigonometric 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++
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+ + + +
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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
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”+i# ) 1 o5 1 15 2 25 8
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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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