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Chapter 1Introdu
tionSili
on radiation dete
tors are used in most large parti
le physi
s experimentstoday. These dete
tors 
an be manufa
tured to give ex
ellent resolution andfast readout, and are therefore well suited for an experiment like LHC, wherea high intera
tion rate will give annual radiation doses equivalent to � 1013neutrons/
m2/year.These high radiation levels will lead to damages in the sili
on, damagesthat degrades the performan
e of the dete
tors. A 
omprehensive R&D pro-gram inside the 
ollaboration at CERN has explored the performan
e ofirradiated dete
tors. First n-in-n dete
tors were the te
hnology 
hoi
e for allthe ATLAS sili
on dete
tor systems, but later the p-in-dete
tors have beenstudied. An experiment[11℄ showed that p-in-n dete
tors 
ould repla
e n-in-ndete
tors in the ATLAS sili
on strip system. These dete
tors are easier toprodu
e and 
heaper than n-in-n dete
tors, and has be
ome to te
hnology
hoi
e for the ATLAS mi
rostrip system.A p-in-n dete
tor produ
ed at SINTEF had spe
ially low depletion volt-age 
ompared to the rest of the dete
tors, and some hypotheses to explainthis was put forward. In this thesis several studies have been performed onirradiated dete
tors with di�erent pro
essing parameters. These dete
torsleakage 
urrent and depletion voltage have been 
ompared with ea
h otherand earlier experiments, to �nd out what might 
ause these e�e
ts.The experiments and results are des
ribed later in this thesis, but I will�rst give an introdu
tion to the purpose of these dete
tors and the experi-ments they will be put into at CERN.1



2 CHAPTER 1. INTRODUCTION
Figure 1.1: A

elerators at CERN1.1 CERNCERN is the European Laboratory for Parti
le Physi
s, the world largestparti
le resear
h 
enter. It was oÆ
ially formed on the 29th September 1954under the name "Conseil Europeen pour la Re
her
he Nu
leaire". The 
re-ation of this laboratory was re
ommended at an UNESCO meeting in Flo-ren
e in 1950 as the only way forward for front-line parti
le physi
s resear
hin Europe. The 
onvention was signed in 1954 by 12 
ountries, and mem-bership have today grown to the present 19 member states. In addition 4
ountries, the European Commission and UNESCO have observer status.1.1.1 A

eleratorsThere are today three major a

elerators at CERN.� PS, the Proton Syn
hrotron� SPS, the Super Proton Syn
hrotron� LEP, the Large Ele
tron Positron 
olliderFigure 1.1 gives an overview of these three a

elerators and all other a

el-erators at CERN. The SC, the Syn
hro-Cylotron was the �rst a

elerator at



1.2. PHYSICS 3CERN. The next a

elerator was the Proton Syn
hrotron whi
h was 
om-pleted in 1959. This a

elerator is still in mu
h use today as an inje
tor tothe Super Proton Syn
hrotron, SPS. The SPS is in its turn the inje
tor to theLarge Ele
tron Positron a

elerator, LEP. In addition to being inje
tors toother a

elerators both the PS and the SPS also work as important radiationsour
es for other types of experiments, su
h as solid state physi
s. LEP hasa 
ir
umferen
e of 27 km and is for the moment the largest a

elerator atCERN, and it will remain so until it is taken apart for the 
onstru
tion of theLHC. The LEP a

elerator a

elerates two beams of positrons and ele
tronsin opposite dire
tions until proper energies is a
hieved. The beams are thenallowed to 
ollide in di�erent experimental areas. LEP started at energiesround 91 GeV to produ
e Z0 parti
les, and sin
e 1995 the energy has beendoubled to allow:� the study of W+W� pairs� extended sear
h of new parti
les, in parti
ular the Higgs bosonIn O
tober/November 1996 LEP was working at 172GeV. LEP has fourexperimental areas around its 
ir
umferen
e, and ea
h area 
ontains a parti-
le dete
tor. The dete
tors are named DELPHI, ALEPH, L3 and OPAL.1.2 Physi
sThe Standard Model des
ribes the intera
tion between matter with two typesof fundamental parti
les, bosons and fermions. Bosons are for
e 
arriers thathave integer spin, and fermions are matter parti
les that have half integerspin. Fermions are grouped into two families of parti
les, leptons and quarks,as shown in table 1.1. The leptons 
an exist by themselves, while the quarksalways 
luster together. Protons and neutrons are the most 
ommon of these
lusters, 
alled hadrons. As mentioned the bosons are for
e 
arriers, and ea
htype of bosons is 
onne
ted to one basi
 for
e:� Photons (
's) 
arry the ele
tromagneti
 for
e� W+, W� and Z0 are 
arriers of the weak for
e� Gluons are 
arriers of the strong for
e.



4 CHAPTER 1. INTRODUCTIONTable 1.1: The Standard ModelFERMIONS BOSONSLeptons Gauge bosonsEle
tron Muon Tau W+W�Ele
tron neutrino Muon neutrino Tau neutrino Z0Quarks PhotonUp Charm Top GluonDown Strange BottomThe di�erent parti
les 
over a wide range of masses, from massless(
) tomasses about the same as a gold-nu
leus(top). Why there is su
h a rangeof masses and how parti
les get masses at all are not well understood. TheStandard Model explains the masses trough the Higgs me
hanism. In thistheory all parti
les, both matter parti
les and for
e 
arriers, intera
t with theHiggs boson. The strength of the intera
tion gives rise to mass, the strongerintera
tion, the greater the mass. The Higgs boson(s) has not been found,and new experiments have to be done to show whether this model is 
orre
t.The Universe seems to 
onsist of purely matter while most fundamen-tal rea
tions are matter/antimatter symmetri
. The observed asymmetry isthought to 
ome from a breakdown of symmetry between parti
les and an-tiparti
les, known as CP-violation in ele
troweak rea
tions. This has beenobserved for neutral kaons, whi
h 
ontain the strange quark of the se
ond-generation. If the theory is 
orre
t parti
les 
ontaining bottom quarks shouldalso reveal this symmetry breaking.Another goal for parti
le physi
s is to unify the ele
troweak theory withthe strong for
e, and make a so 
alled Grand Uni�ed Theory (GUT). Thisuni�
ation of ele
tromagneti
, weak and strong for
e is thought to take pla
eat energies mu
h higher than parti
le a

elerators 
an rea
h. Even more im-portant is to study models where gravity 
an be des
ribed as a quantum�eld theory. Typi
ally the theories require that Nature has a deep symmetryknown as supersymmetry (SUSY). Supersymmetry links the matter parti-
les with the for
e-
arrying parti
les and implies that there are additionalsuperparti
les ne
essary to 
omplete the symmetry. These super parti
lesmust be mu
h heavier than their ordinary partners, sin
e they have not beenobserved.



1.3. LHC 51.3 LHCThe LHC, Large Hadron Collider, is the next resear
h instrument in Europesarmory. It is designed to to �t into the 27 km LEP tunnel, and be fedby existing parti
le sour
es. It will be �lled with protons delivered fromthe SPS and are pre-a

elerated to 0.45TeV. Two super
ondu
ting magneti

hannels will a

elerate the protons to 7-on-7 TeV, after whi
h the beamswill 
ounter rotate for several hours, 
olliding at experiments, until theybe
ome so degraded that the ma
hine will have to be emptied and re�lled.The LHC will 
onsist of 5 000 super
ondu
ting magnets that that are usedto guide and 
ollide the beams. The most extreme of these magnets are thebending magnets that will be able to produ
e �elds of 8.36 Tesla, and makesit possible to bend the 7 TeV protons around the ring.1.3.1 ExperimentsFour large s
ale experiments will be situated round the LHC. These exper-iments, shown in �gure 1.2, are named ALICE, ATLAS, CMS and LHCb.ATLAS and CMS are general-purpose ma
hines that are designed to studythe wide range of physi
s opportunities o�ered by LHC:� Sear
h for and study of new physi
s{ Origin of EW symmetry breaking� Higgs boson� Alternatives{ SUSY{ Compositeness{ Leptoquarks� Measurements{ top mass and de
ay properties{ B-physi
s{ Cross se
tions, et
.� W ,Z,
 produ
tion� jets



6 CHAPTER 1. INTRODUCTION� hadroni
 produ
tionLHCb is a dedi
ated B-physi
s experiment, and will together with the twogeneral purpose experiments look at B-physi
s:� CP violation� B0s os
illations� Rare de
ays� Doubly-heavy mesons, et
.ALICE is a di�erent kind of experiment, the 
olliding parti
les are leadatoms, not protons. This experiment study quark-gluon plasma, quarks andgluons that are to hot to sti
k together, as in the early universe.Ea
h experiment, or dete
tor, is designed to dete
t parti
les that are 
re-ated from 
ollisions of parti
les with high energy. The newly 
reated parti
leshave properties that are typi
al for those types of parti
le, ie. mass, 
hargeand momentum. The experiments 
onsist of several sub dete
tor systemsthat have di�erent purposes. The inner part measures the traje
tory of aparti
le in a magneti
 �eld, and on the outside there are several 
alorimetersthat measures the energy of di�erent types of parti
les. Outside the 
alorime-ters the muons are identi�ed and measured in magneti
 �eld. A s
hemati
LHC dete
tor is shown in �gure 1.3. The dete
tor measures momentum and
harge of 
harged parti
les, energy and dire
tion of photons and ele
trons,energy and dire
tion of jets of hadrons, 
harge and momentum of muons and�nally missing transverse energy.
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Figure 1.2: Experiments at LHC
Figure 1.3: A simpli�ed LHC dete
tor
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Chapter 2Atlas2.1 OverviewThe ATLAS dete
tor 
onsists of four major 
omponents that all 
an be seenin �gure 2.1. In the 
enter of the dete
tor the inner tra
ker tra
ks the parti
lesin a magneti
 �eld. The re
onstru
tion of these tra
ks gives the possibility ofvertex dete
tion, and of measuring the momentum of ea
h 
harged parti
le.The inner tra
ker will be des
ribed in more detail in se
tion 2.2.Outside the inner tra
ker the 
alorimeter measures the energies 
arriedby the parti
les. The 
alorimeter 
onsists of alternating metal plates (ab-sorbers) and sensing elements. Intera
tion in the absorbers transform thein
ident energy to parti
le showers that are dete
ted by the sensing ele-ments. The ATLAS 
alorimeter has two parts, the EM 
alorimeter and thehadroni
 
alorimeter. The EM 
alorimeter uses lead absorber plates, and thesensing elements are �lled with liquid argon. The showers in argon liberateele
trons that are 
olle
ted and re
orded. The hadroni
 
alorimeter is basedon plasti
 s
intillator tiles embedded in an iron absorber. The s
intillatingtiles emit light when the showers pass them, and the light is dete
ted withphotomultipliers whi
h then give an ele
troni
 signal that is re
orded.The mouns have a small 
ross se
tion, and are therefore not stopped inthe 
alorimeter. So outermost there is a muon spe
trometer that identi�esand measures muons. The muon spe
trometers pre
ision measurements areprovided with two system, Monitored Drift Tubes and Cathode Strip Cham-bers. The muon spe
trometer is also an important part of the ATLAS trigger9



10 CHAPTER 2. ATLAS
Figure 2.1: The ATLAS dete
torsystem, and a dedi
ated trigger system has been built in the spe
trometer.This system uses Resistive Plate Chambers in the barrel region, and ThinGap Chambers in the end-
ap region.The fourth 
omponent is not a dete
tor, it is the magnets that are usedto �nd the momentum and 
harge of the parti
les. The dete
tor has threemagnet systems. All magnets are super
ondu
tive and therefore need 
oolingto liquid helium temperature. The 
entral solenoid provides 2T in the 
entraltra
king volume. The other two systems are part of the muon spe
trometer.The magneti
 �eld of the barrel toroid and the two end-
ap toroids providesbending powers of 3Tm and 6Tm, respe
tively.The LHC will give a 40Mhz intera
tion rate in the dete
tor. At thisrate it is impossible to read out and store all information obtained in thedete
tor, and sin
e only a small fra
tion of the dete
tor hits are interesting,some sele
tion of interesting events has to be done. A three level triggerand data a
quisition system has been developed to meet this task. The�rst level trigger is hardware based and works on a a subset of informationfrom the 
alorimeter and muon dete
tors. It requires about 2�s to rea
h ade
ision, and redu
es the rate to 100kHz. The se
ond level trigger has 10msto rea
h a de
ision, redu
es the rate to 1kHz. The level two trigger uses
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Figure 2.2: The ATLAS inner dete
torthe information from the �rst level trigger, but re�nes that levels sele
tion of
andidate obje
ts using full granularity information from all dete
tors. Thelevel three trigger is a 
omplete event re
onstru
tion using pro
essor farms,and the data are sent to mass storage at a rate of 10Hz.2.2 Inner Dete
torThe purpose of the inner dete
tor is to tra
k 
harged parti
les from the 
olli-sion point to the ele
tromagneti
 
alorimeter system. Sin
e a very large tra
kdensity is expe
ted at the LHC �ne granularity dete
tors are needed. Threedi�erent dete
tor systems are put together to rea
h the spe
i�ed momentumand vertex resolution. These systems 
onsist of pixel dete
tors, mi
rostripdete
tors and straw dete
tors. The Inner Dete
tor has an outer radius of115
m and a total length of 7m, and 
onsist of three units, a barrel regionand two identi
al end 
aps. All these parts 
an be seen in �gure 2.2.



12 CHAPTER 2. ATLASThe pixel dete
tors are designed to give high pre
ision measurements as
lose to the intera
tion point as possible, the 
losest barrel dete
tor layersituated at radii 4
m. In addition there are two more barrel layers and fourdisks on ea
h side. The resolution of the barrel layers is 12�m in R� and66�m in z. With end 
ap disk, with resolution 12�m in R� and 77�m in R,this systems pre
ision measurements gives a resolution good enough to �ndshort lived parti
les su
h as b-quarks and � -leptons.The mi
rostrip dete
tor system that is positioned between the pixel sys-tem and the TRT is des
ribed in more detail in se
tion 2.3.The Transition Radiation Tra
ker is referred to as a 
ontinuous tra
kingsystem. It is based on the use of straw dete
tors with xenon gas betweenthe straws. This system allows a large number of measurements , typi
ally� 36, to be made on ea
h tra
k. Ea
h 
hannel provides two independentthresholds and allows the the dete
tor to dis
riminate between tra
king hitsand transition radiation hits. The TRT then aids the pattern re
ognition byadding around 36 hits per tra
k, and allows a simple and fast level-2 triggerto be implemented.2.3 SemiCondu
tor Tra
kerThe SemiCondu
tor Tra
ker(SCT) is designed to provide four pre
ision mea-surements per tra
k in the intermediate radial range, 
ontribution to themeasurement of momentum, impa
t parameter and vertex position. Thebarrel SCT has four layers of sili
on mi
rostrip dete
tors to provide pre
isionpoints in the R� and z 
oordinates, and nine disks in ea
h of the forward andba
kward dire
tions to the provide R� and R 
oordinates. The resolutionis 16�m in R� and 580�m in z, and 16�m in R� and 580�m in R for therespe
tive two systems.In the barrel region the dete
tors are re
tangular with the overall size64 � 63:6mm2. The a
tive area of the dete
tor is 62 � 61:6mm2 with 768strips of 80�m pit
h. Ea
h strip is AC-
oupled, and the dete
tor will benegative-biased from the ba
kside to maintain only a small voltage a
ross the
apa
itor oxide. A simpli�ed layout of this dete
tor is shown in �gure 2.3.A barrel layer 
onsists of modules that are made out of four dete
tors.Two dete
tors are daisy-
hained for ea
h side of a module, and the result is
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Figure 2.3: Layout of the SCT Barrel Dete
tor



14 CHAPTER 2. ATLASa dete
tor with 768 strips of 80�m pit
h and 112:3mm a
tive length. Thesedete
tors are then glued ba
k to ba
k with a identi
al pair rotated by 40mrad,to provide z-measurement 
apability. In the barrel region the front end ICsare bonded at the middle of the module to minimize the e�e
t of fan-out
apa
itan
e on the S/N, and the strip resistan
e. In the forward regions theme
hani
al assembly is more 
omplex, and the ICs are bonded in one end ofthe module.The front-end ele
troni
s is based on a binary readout ar
hite
ture. Astrip that 
olle
ts 
harge above a 
ertain threshold �res a per strip dis
rimi-nator and the output is stored in a pipeline until a trigger initiates readoutfor that beam-
rossing.



Chapter 3Sili
on dete
torsWhen 
harged parti
les pass trough a semi
ondu
tor many ele
tron-holepairs get produ
ed along the path of the parti
le. The average energy thatthe in
oming parti
le lose to produ
e one ele
tron-hole pair is 
alled the ion-ization energy, �. The ionization energy is not 
ompletely independent of theenergy and type of the in
oming parti
le, but in most 
ases it 
an be approxi-mated to be 
onstant. For sili
on � is about 3.6eV. In a gas �lled dete
tor theionization energy is about 30eV, and the sili
on dete
tor therefore gets tentimes more 
harge 
arriers for a given energy deposited in the dete
tor. Thehigh number of 
harge 
arriers in
reases the S/N-ratio. A high S/N-ratioin
reases the energy- or position resolution depending on the purpose of thedete
tor. Other desirable features of semi
ondu
tor dete
tors are 
ompa
tsize, fast timing 
hara
teristi
s, and an e�e
tive thi
kness that 
an be variedto mat
h the requirements of the appli
ation.Some knowledge of semi
ondu
tor physi
s is helpful to understand thedetails of a sili
on radiation dete
tor. This 
hapter therefore starts with anintrodu
tion to this physi
s, followed by a more detailed des
ription of sili
onradiation dete
tors later in the 
hapter.
15
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Figure 3.1: Two-dimensional representation of the intrinsi
 sili
on latti
e3.1 Semi
ondu
tor physi
s3.1.1 Sili
on propertiesSili
on is a group IV element in the periodi
 table and has a diamond 
rystalstru
ture. The diamond latti
e of sili
on has the important 
hara
teristi
that any atom within the stru
ture have four nearest neighboring atoms. Ina pure sili
on 
rystal the atoms are bonded together with 
ovalent bondings.The intrinsi
 sili
on latti
e 
an be represented in two dimensions like in�gure 3.1. The periodi
 latti
e of sili
on establishes allowed energy bands forele
trons that exist within the 
rystal. The energy of an ele
tron has to bewithin the limits of a band. Between these bands there are gaps or rangesof forbidden energy. A simpli�ed representation of the interesting bands isshown in �gure 3.2. The lower band, the valen
e band, 
orresponds to theele
trons that are bound to spe
i�
 latti
e sites within the 
rystal. The otherband, the 
ondu
tion band, represents ele
trons that are free to move troughthe 
rystal.At any nonzero temperature, some thermal energy is shared by the ele
-trons in the 
rystal. It is then possible for a valen
e ele
tron to gain enough
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Valence band

E=1.12eV
Conduction bandFigure 3.2: Band stru
ture for ele
tron energies in sili
onenergy to be elevated a
ross the band gap into the 
ondu
tion band. Phys-i
ally this represents the ex
itation of an ele
tron from its 
ovalent bond inthe latti
e. This ele
tron 
an then drift trough the 
rystal. When an ele
tronis 
reated in the 
ondu
tion band a va
an
y, hole, is left in the valen
e band.The 
ombination of these two is 
alled an ele
tron-hole pair. The probabilityper unit time that an ele
tron-hole pair is thermally generated is given by:p(T ) = CT 3=2exp� Eg2kT (3.1)where T is the absolute temperature, Eg is the band gap energy, k is theBoltzmann 
onstant and C is a proportionality 
onstant 
hara
teristi
 of thematerial.Both the ele
tron and the hole will move if an ele
tri
 �eld is applied tothe semi
ondu
tor material. This motion will be a 
ombination of a randomthermal velo
ity and a net drift parallel to the dire
tion of the applied �eld.The ele
trons move in the opposite dire
tion of the �eld ve
tor, holes move inthe same dire
tion as the ele
tri
 �eld. This means that the hole is a positive
harge and is what was expe
ted sin
e a hole a
tually represents the absen
eof a negatively 
harged ele
tron. The drift velo
ity, v, of ele
trons and holes
an be des
ribed by equation 3.2 and equation 3.3, respe
tivelyve = �e" (3.2)vh = �h" (3.3)where �e is the mobility of ele
trons and �h is the mobility og holes. Thesetwo equations are only valid for low to moderate values of the ele
tri
 �eldintensity. For suÆ
iently large ele
tri
 �elds will a saturated drift velo
itybe rea
hed. For both 
harge 
arriers this velo
ity is about 107
m=s.



18 CHAPTER 3. SILICON DETECTORSIn a 
ompletely pure semi
ondu
tor the ele
tron-hole pairs would be theonly ele
trons and holes in the 
ondu
tion band and the valen
e band, re-spe
tively. This is 
alled an intrinsi
 semi
ondu
tor. This is not the 
ase forreal semi
ondu
tors were small levels of impurities dominate the ele
tri
alproperties. For an intrinsi
 semi
ondu
tor the number of ele
trons and holesare equal, and from equation 3.1 we 
an see that we get the lowest 
on
en-trations at a low temperature and a large band gap. For sili
on at roomtemperature the intrinsi
 ele
tron and hole density is 1:5� 1010
m�3.If one of the sili
on atoms is repla
ed with a atom of another materialthe ele
tri
al properties of the sili
on 
rystal 
an 
hange. Normally small
on
entrations of impurity of group V or group III of the periodi
 table areadded to the material. The group V atoms have �ve valen
e ele
trons andwhen taking the site of a sili
on atom in the latti
e one ele
tron will beleft over after the 
ovalent bonds have been formed. This is illustrated in�gure 3.3. The extra ele
tron is only lightly bounded to the impurity site, andit therefore takes very little energy to elevate the ele
tron into the 
ondu
tionband and leave behind a positively 
harged phosphorus ion. The impurityatom donates an ele
tron to the 
ondu
tion band, and is therefore 
alled adonor impurity atom. These atoms are not part of the regular latti
e and
an therefore o

upy a position in the forbidden band gap. The ele
tronswill have energies near the top of the gap as shown in �gure 3.4.The group III atoms, su
h as boron, have only three valen
e ele
tronswhi
h are all taken up in the 
ovalent bonding. As shown in �gure 3.5this gives an empty 
ovalent bonding position. The ele
tron o

upying thisposition would have an energy greater than that of the valen
e ele
trons.That is be
ause the net 
harge state of the boron now would be negative. Thisele
tron has not enough energy to be in the 
ondu
tion band, so its energyis far smaller than the 
ondu
tion band energy. A valen
e ele
tron maygain a small amount of thermal energy an move in the 
rystal, this ele
trono

upies the empty site, and another valen
e ele
tron get va
ated. Theseother ele
trons may be thought of as holes in the sili
on. These impuritiesare 
alled a

eptor impurities sin
e the impurity a

epts a ele
tron from thevalen
e band. The holes will have energies near the bottom of the gap asshown in �gure 3.6.The a

eptor atom generates holes in the valen
e band without generatingele
trons in the 
ondu
tion band. The hole is positively 
harged and istherefore referred to as p-type material. The donator adds ele
trons to the
ondu
tion band without 
reating holes in the valen
e band. The ele
trons
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on latti
e doped witha boron atomare negatively 
harged and the material is referred to as n-type material.Both n-type and p-type materials have the property that the energy be-tween the impurity energy levels and the bottom or top of the energy gap issmall. The probability of thermal ex
itation given by equation 3.1 is thenlarge. In most 
ases the 
on
entration of the impurity is mu
h larger thanthe intrinsi
 
on
entration. The number of 
ondu
tors, holes or ele
trons,then be
ome 
ompletely dominated by the 
ontribution from the impurities.The added 
on
entration of impurities in
reases the rate of re
ombination,shifting the equilibrium between ele
trons and holes. As a result the equilib-rium 
on
entration of the minority 
arrier de
reases by an amount su
h thatthe equilibrium 
onstant given by the produ
t of n and p is the same as forthe intrinsi
 material, equation 3.4.np = nipi (3.4)Ele
troni
 
arriers that are formed in the semi
ondu
tor will migrateeither spontaneously or under the in
uen
e of an ele
tri
 �eld. The lifetimeof the 
arrier is the time from its formation until it re
ombines. In a perfe
tlypure semi
ondu
tor the average lifetime of 
harged 
arries 
ould be as large
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onas a se
ond, but in pra
ti
e mu
h smaller values are observed. This is 
ausedby low level impurities, su
h as gold, zin
, 
admium or other metalli
 atoms,remaining in the material. These impurities introdu
e energy levels nearthe middle of the band gap, and are therefore 
lassi�ed as deep impurities.A

eptor and donor impurities are 
lassi�ed as shallow impurities be
ausethe energy levels of these impurities lie near the edges of the band. The deepimpurities 
an 
apture 
harge 
arriers for a relatively long period of time.This immobilizes the 
arrier and these impurities is therefore referred to astraps. Another type of deep impurities is a re
ombination 
enter. Theseimpurities are able to 
apture both an ele
tron and and a hole and thus
ausing them to annihilate. Instead of the theoreti
al value of about onese
ond real lifetimes are at least three or four orders of magnitude smallerthan that.3.1.2 The pn jun
tionTo illustrate a pn-jun
tion two semi
ondu
tor 
rystals of p and n types arebrought together. The 
rystals have impurity 
on
entrations Na and Nd, re-spe
tively. The di�eren
e in the 
on
entration of ele
trons and holes betweenthe two materials will start a di�usion of holes towards the n-region, and adi�usion of ele
trons in the other dire
tion. The di�using ele
trons will �llup holes in the p-region while di�using holes 
apture ele
trons on the n-side.Sin
e the regions initially are neutral this re
ombination 
auses a 
harge tobuild up on both sides of the jun
tion. This 
reates an ele
tri
 �eld gradienta
ross the jun
tion, wit
h after some time stops the di�usion. This is illus-trated in �gure 3.7. The ele
tri
 �eld rises a potential di�eren
e a
ross thejun
tion known as the 
onta
t potential. The region of 
hanging potentialis known as the depletion zone or spa
e 
harge region. This �eld leaves the
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e 
harge region 
ompletely empty of mobile 
harge 
arriers. The widthof the depletion zone depends on the 
on
entration of n- and p-impuritiesand 
an be found from Poissons equation:d2Vdx2 = ��(x)" (3.5)A uniform 
harge distribution is a simpli�
ation of a real distribution, butworks well as an illustration. We then have�(x) = ( eNd 0 < x < xn�eNa �xp < x < 0 (3.6)where Nd, Na, xp and xn is the donor 
on
entration, a

eptor 
on
entration,extent of depletion zone on p-side and extent of the n-side, respe
tively. Sin
ethe total 
harge is 
onserved the relation Naxp = Ndxn 
an be used. Withthis uniform 
harge distribution dV=dx = 0 at x = xn and x = xp. Fromthese equations and integrating equation 3.5 twi
e yields,V (x) = 8<: � eNd" �x22 � xnx�+ C 0 < x < xneNa" �x22 + xpx�+ C 0 �xp < x < 0: (3.7)The two solution must join at x = 0, so C 0 = C. At x = �xp is V = 0 andat x = xn is V = V0, whi
h de�nes the 
onta
t potential. The solution toequation 3.7 is then: V0 = e2"(Ndx2n +Nax2p) (3.8)From this it is possible to obtain,d = xn + xp =  2"V0e (Na +Nd)NaNd !1=2 (3.9)where d is the width of the depletion zone. If one side of the jun
tion ismore heavily doped than the other, then from equation 3.9 the depletionzone extend farther into the lighter-doped side. If Na � Nd, then the widthof the depletion zone is approximately:d � �2"V0eNd �1=2 (3.10)If the pn jun
tion is reverse biased, ie. a negative voltage to the p-side, theholes are attra
ted to the p-
onta
t in the p-region and similarly for ele
tronsin the n-region. In e�e
t the depletion region is thus enlarged. Under reverse
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24 CHAPTER 3. SILICON DETECTORSbias the width of the depletion layer 
an be 
al
ulated from equation 3.10by repla
ing V0 with V0 + VB, where VB is the bias voltage. In most 
asesV0 � VB, so in the rest of this thesis VB is negle
ted.Another important property of the depletion region is the 
apa
itan
e,whi
h for a planar geometry isC = "d � �e"N2VB �1=2 (3.11)where C is the 
apa
itan
e per unit area.3.2 Semi
ondu
tors as radiation dete
torsOne possible approa
h to make a sili
on radiation dete
tor would be to take apie
e of high restivity sili
on, make 
onta
ts on two sides, and put an ele
tri
�eld over it. Equation 3.2 and equation 3.3 show that a high ele
tri
 �eld isneeded to get eÆ
ient 
olle
tion of indu
ed 
harge 
arriers, but a high voltagealso introdu
es noise. Take as an example a pie
e of 1 mm thi
k sili
on thatis 
ut with a 1
m2 surfa
e area. This pie
e is made of high purity sili
on,whi
h is the most 
ommon used for sili
on dete
tors, with a restivity of about5000
. The ele
tri
 �eld is f.ex. 500V , and sin
e the sili
on is 
onne
ted withohmi
 
onta
ts the 
urrent, from Ohms law, through the dete
tor is 0.1A.This 
urrent 
orresponds to an equivalent 
harge of 6�1011 e/h pairs in atypi
al signal shaping time of 1�s. A MIP indu
es 2.3�104 
harge 
arriersin a 300�m thi
k sili
on dete
tor 
ompared to the statisti
al 
u
tuations ofaround 106, and it would be pra
ti
ally impossible to dete
t that pulse.The solution to this problem is the pn-jun
tion. The pn-jun
tion is anblo
king ele
trode, that is, 
harge 
arriers removed by the ele
tri
 �eld isnot repla
ed at the opposite ele
trode. Ideally this would make a perfe
tdete
tor with no other 
urrent than the one introdu
ed by radiation indu
ed
harge 
arriers. Real sili
on dete
tors, though, have two types of leakage
urrent that introdu
e noise in the system, namely the reverse saturation
urrent and the reverse-bias generation 
urrent. The reverse-bias generation
urrent 
onsist of thermally generated ele
tron-hole pairs origination fromtrapping and re
ombination 
enters in the depletion region. This 
urrent isproportional to the width of the depletion region, and have a temperaturedependen
e from equation 3.1. The reverse-bias generation 
urrent densityis on the order of a few �A=
m2, while the reverse saturation 
urrent is in the
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m2. The reverse saturation 
urrent 
omes from ele
tron-holepairs generated outside the depletion region. The ele
tron and hole usuallyre
ombine, but when generated in the proximity of the depletion region theele
tron or hole has a 
han
e of di�using into it before re
ombination. Theele
tron or hole are then swept away with the ele
tri
 �eld and generates a
urrent. The reverse saturation 
urrent is proportional to the area of thejun
tion, but is usually negle
ted be
ause of the mu
h higher generation
urrent.A pn-jun
tion, or pn diode, without reverse biasing will work as a dete
-tor, but not a very good one. The intrinsi
 ele
tri
 �eld will not be intenseenough to provide eÆ
ient 
harge 
olle
tion and the small depletion thi
knesswill also in
rease the noise in the signal output. Most dete
tors are thereforeoperated fully depleted, that is, the depletion region extends over the entirethi
kness of the dete
tor. The full depletion voltage is from equation 3.10then Vfd = eND22" (3.12)where D is the thi
kness or the maximum depletion depth of the dete
tor.In the region that is not depleted no ele
tri
 �eld exist, neither is any
harge 
arriers 
olle
ted in this area. This undepleted region also slows downthe 
harge 
olle
tion from the depleted region be
ause it works as a serialresistan
e with high restivity. Fast 
harge 
olle
tion is possible when thereexist a ele
tri
 �eld trough the entire volume of the dete
tor, that is at fulldepletion voltage. With reverse biasing higher than the depletion voltage thedete
tor is said to be over-depleted, and as shown in the �gure 3.8 this givesa high ele
tri
 �eld everywhere within the dete
tor. These advantages of ahigh �eld trough the entire dete
tor is the reason for why almost all dete
torsare operated over-depleted.Semi
ondu
tor dete
tors have a small signal output and low noise ele
-troni
s is important, parti
ularly is preampli�
ation needed before any fur-ther signal treatment 
an be done. These preampli�ers are 
harge sensitive,and the ele
troni
 noise from the dete
tor is given asENC = eVrmsw C (3.13)where C is the total input 
apa
itan
e of the dete
tor, w the average en-ergy required to 
reate an ele
tron-hole pair, Vrms the average voltage noiselevel on the output, and ENC is the equivalent noise 
harge. From equa-tion 3.13 it is 
lear that minimizing the input 
apa
itan
e is very important
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tri
 �eld in a reverse biased sili
on dete
tor.for the systems performan
e. The input 
apa
itan
e, given in equation 3.11,is inverse proportional to the bias voltage and the minimum 
apa
itan
e isobtained at full depletion voltage. This results in that the ENC has it lowestvalue when the dete
tor is fully depleted, and is another reason to use fullydepleted dete
tors.3.3 Mi
rostrip dete
torsA simple diode as des
ribed in the previous se
tion 
an dete
t a passingparti
le, but is not sensitive to where in the diode the parti
le passed. One
an imagine to put a large number of diodes side by side to 
reate a dete
tor.If ea
h of this diodes were read out individually, this would be a positionsensitive parti
le dete
tor, and the resolution of this dete
tor would be equalto the size of ea
h small diode. This is the basi
 idea of a pixel dete
tor,but in pra
ti
e it is easier to put all the diodes on one substrate. The pixeldete
tor is produ
ed on a sili
on substrate with planar te
hnology, whi
hmakes it possible to produ
e a large number of small diodes on one wafer. InATLAS ea
h pixel, or diode, have an area of 50�m � 300�m.The planar te
hnology also makes another, mu
h simpler, approa
h pos-sible. The pixels are repla
ed with long parallel strips and the result is a
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rostrip dete
tor. A 
orner se
tion of su
h a sili
on mi
rostrip dete
tor isshown in �gure 3.9, and it is possible to see the strips, the bonding pads, thebias resistors and the guard stru
ture. All these di�erent parts of the dete
-tor have spe
ial purposes. The mi
rostrips are the position sensitive dete
torelements, while the bonding pad on ea
h end of the strip is the 
onne
tionpoint for read out ele
troni
s. Ea
h strip is biased trough a bias resistor thatare 
onne
ted to the bias line. The guard stru
ture has several purposes, ofwhi
h one is to 
ondu
t unwanted 
urrent, ie. due to surfa
e states, outsidethe a
tive area of the dete
tor. Another is to prevent the depletion regionof the outer strips to rea
h the edges of the dete
tor. This prevents break-down of the dete
tor, and makes it possible for the outer strips to have thesame uniform ele
tri
 �eld as the strips in the middle of the dete
tor. Thepro
essing of su
h a dete
tor will be explained in more detail in se
tion 3.3.1.3.3.1 Pro
essing of an ATLAS mi
rostrip dete
torThe mi
rostrip dete
tors that will be used in the ATLAS experiment arep-in-n dete
tors, p+ strips on n type high restivity 
oat zone sili
on. Themain steps of the planar pro
ess are shown in �gure 3.10. The sili
on waferis �rst oxidized at approximately 1000ÆC to passivate the surfa
e. Openingsin the oxide are then made, using photolithographi
 and et
hing te
hniques,to enable implantation or di�usion in the desired areas. The �gure shows
hemati
ally the ion implantation that is followed by a new oxidation. Thenext step is a heat treatment that have two purposes, annealing of damages
aused by the heavy ions and se
ondly gettering, the removal of impuritiesfrom the a
tive dete
tor area. Then the oxide on the ba
kside of the dete
toris removed and both sides are metalized with aluminium. Photopro
essingis then used again to produ
e the strips on the frontside, and in the end themetal is sintered at about 500ÆC. The pro
essing of an ATLAS dete
tor in-
ludes two additional pro
essing steps. One of these steps is added betweenthe ion implantation and the following oxidation, and is the pro
essing ofpolysili
on bias resistors for the p+ strips. Figure 3.11 show a 
ross se
tionalong the strip of su
h a stru
ture. After all the pro
essing steps shown in�gure 3.10 is the the dete
tors frontside 
overed with some kind of passiva-tion, typi
ally polyimide. This is done to prote
t the aluminium strips, andis done with photopro
essing leaving only bonding pads and 
onta
t holesunprote
ted.
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Figure 3.9: A 
orner se
tion of an ATLAS sili
on mi
rostrip dete
tor



3.3. MICROSTRIP DETECTORS 29
B

P
p+

n+ Al

n-type silicon 

Silicon dioxide

Oxide passivation

Opening of windows

Doping by ion implantation

Al metallization

Al patterning at the front

Al rear contact

Temperature treatment
Oxidation +

Figure 3.10: Planar pro
essing of a sili
on mi
rostrip dete
tor



30 CHAPTER 3. SILICON DETECTORS
Polysilicon

Bias line

Contact hole
Readout strip

p+ silicon n-type silicon

Silicon dioxide

Figure 3.11: Cross se
tion of a sili
on dete
tor with integrated 
oupling 
a-pa
itors and polysili
on biasing resistors3.4 Radiation e�e
tsThe 
ontinuous intera
tion with highly energeti
 parti
les will of 
ourse a�e
tthe properties of the sili
on. Ma
ros
opi
ally an in
rease in the full depletionvoltage and the leakage 
urrent are observed. After the irradiation both thefull depletion voltage and the leakage 
urrent show a temperature dependentannealing behaviour. It is not well understood how the defe
ts des
ribed inse
tion 3.4.4 are linked to the ma
ros
opi
al 
hanges, so the only models thatdes
ribes this are empiri
al models. In this se
tion one of these models willbe presented .3.4.1 Type inversionA e�e
t not mentioned in the introdu
tion of this se
tion is the type inversionof the sili
on. As des
ribed in se
tion 3.1.1 and se
tion 3.1.2 the spa
e 
hargein an unirradiated devi
e does result from shallow dopants in the sili
on.The bulk damage 
aused by intera
ting parti
les introdu
es deep levels inthe sili
on, and results in an a

umulation of negative spa
e 
harge in thedepletion region. The e�e
tive doping 
on
entration, Neff , 
an be expressedas [16℄ Neff = N0exp(�
�) + �� (3.14)



3.4. RADIATION EFFECTS 31where N0 represents the initial dopant 
on
entration, for an n-type devi
ea negative number. � is the 
uen
e, 
 and � are temperature dependent
onstants. It has been shown that both 
onstants have relatively large val-ues, and thus indi
ates that the initial doping 
on
entration only has minore�e
t on the full depletion voltage for 
uen
es of more than a few times1013neutrons/
m2. An n-type dete
tor invert to e�e
tively p-type at about2 � 1013neutrons/
m2 and 
ontinues to be
ome more p-type beyond thispoint. In a p+n dete
tor the ele
tri
 �eld is extending from the p+ into thebulk, so even when only partially depleted it is possible to obtain positioninformation from the dete
tor. When the dete
tor is inverted the ele
tri
�eld extends from the n+-side of the dete
tor. This side have no strips, andif the dete
tor is not fully depleted the position information is not good. Thetemperature dependen
e of 
 and � indi
ates that keeping the dete
tors atlow temperature during irradiation will lower the e�e
t of the radiation.3.4.2 Depletion voltageWith a little 
hange in equation 3.12 
an the full depletion voltage be writtenas VDep � qD2 j Neff j2�S (3.15)where �S is the permittivity of sili
on and D is the dete
tors full depletiondepth. The value obtained from this equation gives the initial depletion volt-age after irradiation, whi
h 
an be rather high. After irradiation, though, thedepletion voltage starts to anneal. The annealing 
an be separated into shortterm and long term e�e
ts des
ribed with time 
onstants �S and �L, respe
-tively. Both time 
onstants are strongly temperature dependent and in
reasewith de
reasing temperature. The time 
onstant �S is assumed to des
ribean exponential de
ay of a
tive a

eptor sites 
reated during the irradiationba
k to neutral ina
tive sites. The 
hange in full depletion voltage 
aused bythis e�e
t at a time t after irradiation 
an be des
ribed with equation 3.16,where VZ is related to a stable a

eptor 
on
entration produ
ed during theirradiation pro
ess. VZ is therefore the minimum value of the full depletionvoltage.The short time, or bene�
ial, annealing period 
an then be des
ribed bythe term: VDep(t) = VZ + VSexp(�t=�S) (3.16)
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ontribution to the depletion voltage in equation 3.18 isdes
ribed by equation 3.17, where VA is related to a 
on
entration of damagesites that 
an be
ome a
tivated a

eptor sites,VA(1� exp(�t=�L)): (3.17)Sin
e the short term annealing redu
es the depletion voltage this anneal-ing is often referred to as bene�
ial anneal. The long term 
ontributionin
reases the depletion voltage and is referred to as anti-annealing. The timedependen
e of the depletion voltage is the superposition of equation 3.16 andequation 3.17 and is given as[16℄VDep(t) = VZ + VSexp(�t=�S) + VA(1 � exp(�t=�L)) (3.18)As earlier stated the time 
onstants are temperature dependent and are ex-pressed as [16℄ �S(T ) = 70exp(�0:175T ) (3.19)�L(T ) = 9140exp(�0:152T ) (3.20)where T is the temperature in ÆC.VZ , VS and VA are linear fun
tions of the 
uen
e �, and 
an be writtenas: VS = �vS (3.21)VA = �vA (3.22)VZ = �vZ (3.23)vZ, vA and vS have been measured on sili
on PIN diodes irradiated withprotons. For 300�m thi
k dete
tors they have the following values[16℄:vZ = 1:06 � 10�12V 
m2vA = 3:8 � 10�12V 
m2vS = 1:34 � 10�12V 
m2:3.4.3 Leakage 
urrentThe dete
tors leakage 
urrent in
reases signi�
antly during irradiation. Cur-rent is des
ribed by leakage 
urrent per unit volume, JV . The in
rease in JVhas been found to be dire
tly proportional to the parti
le 
uen
e [15℄:�JV = �� (3.24)
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tions in defe
t kineti
s modellingI rea
tions V rea
tions Ci rea
tionsA)Di�usion rea
tionsI + CS� > Ci V +O� > V O Ci + CS� > CCI + V2� > V V + P� > V P Ci +O� > COI + V P� > P V + V O� > V2O CO + I� > COI�I + V3O� > V2O V + V2O� > V3 CC + I� > CCI�I +BS� > Bi Bi + CS� > BCBi +O� > BOBi +BS� > BBRea
tions in PKA regionI + V� > Si V + V� > V2I + IN� > IN+1 V + VN� > VN+1*Not thought to be ele
tri
ally a
tiveThe proportionality 
onstant, �, known as the damage 
onstant has the value(5�10)�10�17A
m�1 immediately after irradiation. � anneals exponentiallyafter the end of irradiation with a series of time 
onstants. These time
onstants are temperature dependent and at room temperature the 
urrentanneals by approximately 50 % over a period of 14 days, but unlike thedepletion voltage no reverse annealing have been observed.3.4.4 Radiation damage modelsA

ording to studies performed for LHC[15℄ there are three elementary de-fe
ts formed during irradiation. These defe
ts are va
an
ies(V ), interstitials(I)and diva
an
ies(V2). Diva
an
ies are stati
 until about 600K while va
an
iesand interstitials are mobile ex
ept at very low temperatures. Some of thedefe
ts es
ape initial re
ombination and di�use through the 
rystal rea
tingwith other defe
ts and impurity atoms like oxygen and 
arbon. The rea
tionrates are 
ontrolled by the 
on
entration of impurities and their relative 
ap-ture radii. The main rea
tions in this kineti
s model are given in table 3.1.The subs
ripts i and S stands for interstitial and substitutional, respe
tively.Rea
tions B o

urres during Primary Kno
k-on Atom 
as
ades. The 
lusterforming of va
an
ies and interstitials may also o

ur for di�using va
an
iesand interstitials after heavy neutron irradiation.
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Chapter 4Experimental setupThe measurements in this thesis 
an be divided into two types. The �rstmeasurements that are performed on dete
tors are typi
ally CV- and IV-measurements. Single strip measurements are more time 
onsuming than the�rst measurements and only dete
tors with good CV- and IV-
hara
teristi
sare measured in this way. Sin
e this thesis has been done i 
ollaboration withboth CERN and SINTEF, some measurements have been done at SINTEFand some at CERN. This makes it important to des
ribe the di�erent setupsthat have been used in the di�erent lo
ations.4.1 CV and IV measurementsThe 
apa
itan
e and leakage 
urrent are important ele
tri
al properties of asili
on dete
tor. High leakage 
urrent and high 
apa
itan
e both in
rease thenoise in the readout system. In addition will high leakage 
urrent in
rease thetemperature in the dete
tor, whi
h, sin
e the leakage 
urrent is temperaturedependent, again in
rease the leakage 
urrent. After irradiation the leakage
urrent is signi�
antly higher than before irradiation, and the measurementshave to be done at low temperatures to avoid thermal run-away. This isspe
ially important when the area of the dete
tor is large. The mi
rostripdete
tors have therefore been measured at �18ÆC, while the diodes havebeen measured at room temperature sin
e the diodes total leakage 
urrentwas at an a

eptable level. Se
tions 3.1.2 and 3.2 des
ribes the leakage
urrent as proportional, and the 
apa
itan
e as inverse proportional, to the35
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Figure 4.1: Current(A) vs. voltage(V) for a sili
on dete
torthe width of the depletion region. The width of the depletion region, d, isgiven in equation 3.10 and depends on the square-root of the reverse bias, VB.While the leakage 
urrent looks linear after full depletion, is it a fun
tion ofV 1=2B before full depletion, this from the dependen
e on the depletion width.Similarly the 
apa
itan
e is linear after full depletion, and a fun
tion ofV �1=2B before that limit. Examples of typi
al IV- and CV-measurementsare shown in �gure 4.1 and �gure 4.2, respe
tively. IV- and CV-
urves foran irradiated dete
tor will have about the same shape as an unirradiateddete
tors, but with values that are fun
tions of the 
uen
e(se
tions 3.4.2and 3.4.3). The measurement of 
apa
itan
e is also used to 
al
ulate the fulldepletion voltage, or the operation voltage of the dete
tor. This parameter istogether with the leakage 
urrent the most used parameters when 
omparingdi�erent dete
tors. In the rest of this thesis it is therefore these two ele
tri
alproperties of the dete
tor that will be dis
ussed in most detail.The measurement setup is a standard setup at SINTEF. It is an auto-mati
 measurement system that �rst measures the 
apa
itan
e as a fun
tionof reverse voltage, then ramps down the voltage and starts measurements ofthe 
urrent in a
tive area and guard as a fun
tion of reverse voltage. Themeasurements are done with a LabVIEW program that both 
ontrols andreads out data from the instruments. The setup 
onsist of a HP 4275 A LCR-meter, two Keithley 487pA-meter/V-sour
e, a HP 3488A S
anner, a 
ouplingbox and a 24V voltage sour
e. The two Keitleys are used for both biasing ofthe dete
tor and for 
urrent measurements. The 
oupling box ties togetherthe instruments and a relay 
onne
ts the LCR-meter to the 
ir
uit for 
a-pa
itan
e measurements. The voltage for the relay is delivered from the 24V
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Figure 4.2: Capa
itan
e(F) vs. voltage(V) for a sili
on dete
torvoltage sour
e. An equivalent s
heme for the setup is seen in �gure 4.3.The setup at CERN is also an automati
 measurement system like theone at SINTEF, but with only one measurement sequen
e instead of two.This LabVIEW program ramps up the voltage while it measures both 
a-pa
itan
e and 
urrent. The setup 
onsist of a HP4263B LCR-meter for 
a-pa
itan
e measurements, and a Keithley 237 high voltage sour
e measureunit for biasing the dete
tor and measure 
urrent. The LCR-meter is not
apable of delivering high voltages for CV-measurements, and the bias boxis introdu
ed in the 
ir
uit to provide this high voltage. A s
heme for thissetup 
an be seen in �gure 4.4.In addition to the instruments and the equipment used before irradia-tion a 
limate 
abinet was needed for post-irradiation measurements. Pt100elements was put in the 
abinet to 
ross-
he
k the 
abinets temperature
ontrol. At SINTEF a single two-wire Pt100 element was 
onne
ted to aFluke Hydra-multimeter. The Pt100 element was then atta
hed to a largealuminium 
hu
k that was made large enough to keep an approximately 
on-stant temperature even when the door was opened to take out or put indiodes. When the diodes were put into the 
hamber they were put on the
hu
k so that the diodes qui
kly would obtain the 
abinets temperature. AtCERN two four-wire Pt100 elements were 
onne
ted to a Keithley2001 mea-surement unit. These Pt100s were put in the bags of two dete
tors, onein the front and one in the ba
k of the 
abinet, to 
he
k the temperatureuniformity of the 
abinet. thirteen dete
tors with aluminium framing havea large thermal mass and were therefore slower to 
ool down than the 
abi-
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Figure 4.4: Equivalent s
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Figure 4.5: S
heme for single strip measurementsnet. The PT100 measurements made it possible to de
ide when the dete
torstemperature rea
hed �18ÆC, and therefore when to start the measurements.4.2 Single strip measurementsMi
rostrip dete
tors may have defe
ts like broken strips, shorted strips andholes in the oxide. A perfe
t dete
tor has no strip defe
ts, but the pro
essingof very thin lines makes this diÆ
ult to a
hieve. Broken- and shorted stripsare defe
ts that depends on the pro
essing only, and the number of thesee�e
ts are not expe
ted to in
rease when the dete
tors are irradiated. Onee�e
t of irradiation is the introdu
tion of 
harge in the oxide, and this 
anintrodu
e oxide pun
h-troughs at suÆ
ient high voltages. The number ofpinholes are therefore expe
ted to in
rease during irradiation. Defe
t stripsde
rease the position resolution and in
rease the noise, and it is thereforeimportant to use devi
es that have few defe
ts. The ATLAS spe
i�
ations,before and after irradiation, are a mean a

eptan
e of 99% with no devisesbelow 98%, or less than 7 and 15 bad strips, respe
tively.At SINTEF these measurements are done together with the measure-ments of the 
oupling 
apa
itan
e. This setup 
onsist of a HP4263B LCR-meter, a Mas
ot 12V voltage sour
e, a bias box and a xyz-stage 
ontrolledwith a Owis mi
rostep motor driver. A s
heme for this setup 
an be seenin �gure 4.5. The motor driver and the CV-meter is 
ontrolled with a Lab-VIEW program in su
h a way that after a measurement on one strip thestage moves to the next strip for a new measurement.
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Keithley5517B
electrometer/
high resistance meterFigure 4.6: Setup for measurements of pinholes in a mi
rostrip dete
torAnother method to �nd strip defe
ts is to 
ombine 
apa
itan
e- and
urrent-measurement on ea
h strip. With this method the 
apa
itan
e and
urrent are measured between ea
h strip and the ba
kside. The 
urrentmeasurements are done to �nd holes in the oxide while the 
apa
itan
e mea-surements �nds shorts and breaks. In this thesis only 
urrent measurementshas been done in this way, and a s
heme for the 
urrent measurement setupis given in �gure 4.6.



Chapter 5Measurements on diodesFrom the previous 
hapter it is easy to see that for sili
on dete
tors there arethree important parameters, the leakage 
urrent, the depletion voltage andstrip integrity. In an annealing study of ATLAS mi
rostrip dete
tors [11℄ oneSINTEF p-in-n dete
tor was found to have signi�
antly lower depletion volt-age than the rest of the dete
tors in the study. SINTEF had two hypothesesto explain this phenomenon, one was that their gettering pro
ess and these
ond was the phosphorous 
on
entration on the ba
k side. The getteringis a temperature treatment of the dete
tor that removes di�erent impuritiesfrom the sili
on. These impurities are trapped in the phosphorous, and it hasbeen shown that a high phosphorous 
on
entration in
reases the solubilityof some impurities. Se
tion 3.4.4 show that the depletion voltage dependson radiation indu
ed defe
ts that rea
ts with initial impurities in the sili
onsubstrate. The phosphorous 
on
entration and the gettering 
hanges the ini-tial impurity 
on
entration, and it is therefore possible that 
hanges in thephosphorous 
on
entration and/or the length of the gettering 
an 
hange thedepletion voltage.Simple pn-jun
tion diodes have the same basi
 properties as the a
tivearea of a mi
ro strip dete
tor, but the diodes have no strips and are thereforeeasier to pro
ess. This, and the fa
t that you 
an produ
e more than onediode per wafer, makes diodes 
heaper than the mi
ro strip dete
tor. Diodesare therefore very suitable for experiments on di�erent pro
essing parameters.Sin
e the diodes do not have strips only leakage 
urrent and depletion voltagewill be 
onsidered in this 
hapter.The diodes used in this experiment are listed in table 5.1. The gettering is41



42 CHAPTER 5. MEASUREMENTS ON DIODESTable 5.1: Information on diodes in testDiode Gettering Phosphorous 
on
entration1d1, 1d2 No P on entire ba
kside, Nd unknown2d1, 2d2 Short P on entire ba
kside, Nd unknown3d1, 3d2 No P in strips on ba
kside, Nd unknown4d1, 4d2 Short P in strips on ba
kside, Nd unknown5d2 Short 3e106d1, 6d2 Long 3e107d3, 7d5 Short 1.6e128d3, 8d5 Long 1.6e129d3, 9d5 Short 2.5e1210d3, 10d5 Long 2.5e1211d1, 11d2 Short 1e1512d1, 12d2 Long 1e1513d1, 13d2 Short 5e1514d1, 14d2 Long 5e15a pro
ess that removes impurities from the a
tive area to intentional trappingareas in the devi
e. The diodes have been divided into three 
ategories, short,long and no gettering. The diodes that re
eived short gettering got 2 h at800ÆC plus 2h at 600ÆC, the ones that re
eived long gettering got 20 h at800ÆC plus 20h at 600ÆC. All the diodes are produ
ed at SINTEF. Diodes5d, 6d, 7d, 8d, 9d, and 10d are 
ir
ular diodes with a diameter of 2.5mm.The rest of the diodes are quadrati
 with area 1
m2.5.1 Diodes before irradiationCV-measurements were performed with reverse biasing from 2 to 200 volts.The frequen
y of the CV-meter was 10kHz. Leakage 
urrent measurementswere done with reverse biasing from 20 to 300 volts. The 
urrent measure-ments was limited to 1mA ex
ept from some of the �rst measurements whenthe limit was about 1�A. The reason for this measurement limit is to prote
tthe voltage sour
e from overheating be
ause of high 
urrent.Capa
itan
e measurements are a tool to �nd the ne
essary operating volt-age of the dete
tor, but the best method is CCE measurements. The dete
toris 
onne
ted to read-out ele
troni
s when CCE measurements are done. A
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Figure 5.1: Finding the depletion voltage from the 
rossing of two lines �ttedto a plot of 1/C2(F�2) vs. reverse bias voltage(V).parti
le sour
e inje
ts parti
les in the dete
tor and produ
es 
harge 
arriersthat are read out with the ele
troni
s. The CCE is usually measured as theS/N-ratio as a fun
tion of voltage, so Charge Colle
tion EÆ
ien
y is a some-what misleading name. The CCE in
reases with applied reverse voltage untilthe depletion voltage where a plateau is rea
hed. Capa
itan
e measurementsare easier to perform and for unirradiated dete
tors give results that are 
loseto the CCE measurements. After irradiation however, the 
apa
itan
e of adete
tor depends on frequen
y and temperature[4℄, and it follows that thedepletion voltage found with these methods is temperature and frequen
ydependent. Clearly, CCE measurement is a better method to �nd the bestestimate of an irradiated dete
tors depletion voltage. The depletion voltagefound from CCE measurements is usually higher than the values found fromCV- measurements, but the CV-measurements 
an still be used to 
omparedi�erent dete
tors. In this experiment the depletion voltage was found fromthe 
rossing of two straight lines �tted in a 1=C2 plot as shown in �gure 5.1.The depletion voltage and leakage 
urrent of all the diodes are given in ta-ble 5.2. A problem with the measurements was the leakage 
urrent. Someof the diodes had soft breakdowns at rather low voltages. A simpli�ed de-
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ription of a LCR-meter will explain why this is problem. A LCR-meterapplies a small voltage to the diode and then measures the 
urrent over thediode. The meter then 
al
ulates the 
apa
itan
e from the 
urrent and theapplied voltages frequen
y and amplitude. The 
apa
itan
e 
an be writtenas dQ=dVR, and sin
e a soft breakdown in
reases the 
urrent gradient andtherefore also the 
al
ulated 
harge gradient, the soft breakdown does in-
rease the 
apa
itan
e. This e�e
t 
an give a U-shaped C vs. V 
urve thatmakes it impossible to �nd the depletion voltage with the 1=C2 method. De-pletion voltages that 
ould not be found be
ause of breakdowns are markedwith B's in the table.5.2 Diodes after irradiationThe diodes were irradiated unbiased to a 
uen
e of 2 � 1014neutrons/
m2,whi
h should be about equal to 3:3 � 1014protons/
m2[5℄. The irradiationlasted for 17 minutes and 30 se
onds and was done at the Josef Stefan in-stitute in Lubljana, Slovenia. After the irradiation the diodes were markedand put in plasti
 bags, then kept 
old and transported to Oslo. The diodeswere then again stored in a freezer to redu
e any kind of annealing.CV-measurements were performed with reverse biasing up to 400 voltsand the same measurement frequen
y as used before irradiation. The leak-age 
urrent measurements were made in the same way as before irradiation.ATLAS is to be operated at �7ÆC with a yearly maintenan
e period whenthe temperature will be 20ÆC for two days and 17ÆC for two weeks. From[6℄ there are two di�erent annealing stages, one 
entered about 370K andthe other about 440K. The 370K stage is the one responsible for reverse an-nealing at room temperature and the temperature has been kept under thislevel to avoid interferen
e from the se
ond stage. The reverse annealing wasa

elerated by keeping the diodes at � 60ÆC, and an a

umulated annealingtime of 460 minutes should simulate the ATLAS s
enario[9℄. There were 11warm up steps, two times 5 minutes, two times 10 minutes, 20 minutes, 5times 60 minutes and in the end 110 minutes, to a total of 460 minutes.Before and after ea
h step measurements were done at room temperature,and the diodes were put ba
k in the freezer when there were pauses in themeasurements. The room temperature was measured approximately withan ordinary thermometer and taken into a

ount when normalizing the an-nealing time. The temperature dependen
e of the reverse annealing is givenin equation 3.20 and from this 
an the annealing at a temperature T2 be



5.2. DIODES AFTER IRRADIATION 45Table 5.2: Pre-Irradiation measurements of diodesDiode Leakage 
urrent Leakage 
urrent Leakage 
urrent Depletionat 100V (A) at 200V (A) at Vdep voltage(V )1d1 1.50E-04 >1.00E-03 >1.00E-03 B1d2 2.00E-06 >1.00E-03 >1.00E-03 43.72d1 4.10E-05 >1.00E-03 >1.00E-03 B2d2 1.40E-04 >1.00E-03 1.20E-07 B3d1 4.40E-08 5.00E-08 2.70E-08 40.13d2 3.80E-08 4.80E-08 3.10E-08 39.64d1 7.50E-06 >1.00E-03 6.00E-09 B4d2 6.10E-09 1.00E-06 5.00E-09 43.85d2 3.90E-08 3.00E-07 1.50E-09 17.65d3 6.40E-08 4.30E-07 2.00E-09 16.66d1 3.60E-08 3.40E-07 4.00E-10 19.06d2 7.80E-08 8.00E-07 5.00E-10 20.07d3 5.00E-10 1.40E-09 1.80E-10 20.77d5 4.90E-10 1.30E-09 1.60E-10 24.38d3 1.10E-10 3.40E-10 5.00E-11 25.58d5 1.20E-10 3.70E-10 5.50E-11 21.79d3 2.30E-10 6.70E-10 5.50E-11 30.29d5 2.70E-10 5.40E-10 5.50E-11 27.510d3 1.30E-10 3.80E-10 6.50E-11 32.710d5 1.10E-10 2.60E-10 3.80E-11 27.211d1 2.50E-09 5.10E-09 1.80E-09 43.511d2 2.70E-09 3.30E-09 2.00E-09 39.812d1 2.90E-09 4.70E-09 2.00E-09 36.012d2 2.70E-09 5.50E-08 2.00E-09 37.913d1 4.90E-09 3.30E-08 1.80E-09 41.313d2 2.50E-09 2.00E-08 1.90E-09 39.614d1 4.80E-09 7.80E-09 1.90E-09 44.914d2 2.30E-09 1.30E-07 1.70E-09 42.4



46 CHAPTER 5. MEASUREMENTS ON DIODESnormalized to a temperature T1 with the relation:1�L(T2) = x(days)�L(T1) (5.1)The 10 year ATLAS s
enario 
ompares to 21 days at 25ÆC with this rela-tion. This relation was used to normalize the annealing time of the 60ÆCmeasurements to 25ÆC, and the 
al
ulated total annealing time was about60 days. With this normalization the full depletion voltage rea
hed its min-imum value after about 15 days. Earlier experiments have shown that thisnormally o

urs after 5-7 days, and indi
ates that this normalization is notvery good when dealing with high temperatures.5.2.1 Leakage 
urrentProblems with the LabView program limited this overview of leakage 
ur-rent to the 
urrents at 100V and 200V . The leakage 
urrent is temperaturedependent and from equation 3.1 was normalized to T1 = 20ÆC with thisrelation: IT1 = IT2 �T1T2�3=2 exp�Eg2k � 1T2 � 1T1�� (5.2)Figure 5.2 and �gure 5.3 give an overview of the 
urrents of all diodes at100V and 200V . As 
an be seen from this �gure the smaller diodes havelarger leakage 
urrent per 
m2 than the larger ones. This makes it morediÆ
ult to 
ompare di�eren
es due to pro
ess parameters than it would havebeen if all the diodes had the same size. Separate �gures of small and largediodes have therefore been made to ease this 
omparison. The 
urrents forea
h pair of small diodes 
an be seen in �gure 5.4 for 100V and �gure 5.5 for200V . Similar plots of the 
urrent in the larger diodes are shown in �gure 5.6and �gure 5.7.5.2.2 Depletion voltageDi�erent methods have been used in previous experiments to �nd the deple-tion voltage and in this thesis two methods have been used. The �rst usesthe 
rossing point of one straight line with a �xed level at C0, the 
apa
-itan
e measured before irradiation. The limitation of this method is thatyou need to know the 
orre
t 
apa
itan
e. For the smaller samples in this
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Figure 5.2: Current(�A=
m2) vs. time(days) at 100V . The stippled linesrepresents the diodes that re
eived the shortest gettering.experiment stray 
apa
itan
e was a problem and when applying this methodstrange results o

urred. The se
ond method is the same method that wasused for unirradiated diodes. The depletion voltage does not depend on C0,but there is another important limitation with this method. To �nd theplateau of 
onstant 
apa
itan
e reverse biasing to mu
h higher values thanthe depletion voltage is needed. From equation 3.18 and equation 3.23 theinitial depletion voltage is about 350V . Sin
e the setup has a limitation on400V this made it diÆ
ult to �nd the depletion voltage in the beginning andend of the annealing, where the depletion voltage is at its highest. Somediodes had so high depletion voltage that they 
ould not be measured withthis method. The smaller diodes had problems with soft breakdowns at highvoltages and it was, as explained in the previous 
hapter, impossible to �ndthe depletion voltage. As 
an be seen in �gure 5.8 there were a di�eren
e inthe depletion voltages found with the di�erent methods. Sin
e both meth-ods gave troubles with the smaller diodes these have been left out of thisoverview. Method one had also problems with 1D1, 2D1, 2D2 and 3D2 sin
eC0 is unknown for these diodes. For this reason the results are presented in�gure 5.9 found as with the 1=C2-method.
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Figure 5.3: Current(�A=
m2) vs. time(days) at 200V . The stippled linesrepresents the diodes that re
eived the shortest gettering.5.3 SummaryThe measurements in this se
tion were done to examine a possible 
orrelationbetween pro
essing parameters and ele
tri
al performan
e after irradiationfor sili
on pn-jun
tion diodes. This se
tion is a short summary of the resultsand the limitations of these measurements. A preliminary 
on
lusion will bedrawn at the end of this se
tion, but a more thorough dis
ussion taking intoa

ount the dete
tor results, is given in se
tion 7.This experiment was designed to �nd out whether the pro
essing of adete
tor in
uen
e the full depletion voltage after irradiation. Sin
e the ex-periment was mainly 
on
erned with the full depletion voltage, the leakage
urrent was not 
onsidered to be that important for the study. It was there-fore not put mu
h weight on the details of how the leakage 
urrent measure-ments should be done. Later, this has proven to be a limitation of the study.The full depletion voltage has been found with the use of two di�erent meth-ods des
ribed in se
tion 5.2.2. That se
tion also des
ribes the limitations ofthese methods, and explains why some of the diodes had to be left out of this



5.3. SUMMARY 49
400

450

500

550

600

650

0 10 20 30 40 50 60

5D and 6D at 100V

450

500

550

600

650

700

750

0 10 20 30 40 50 60 70

7D and 8D at 100V

a) b)
400

500

600

700

800

0 10 20 30 40 50 60

9D and 10D at 100V

400

500

600

700

800

0 10 20 30 40 50 60 70

All small diodes at 100V


) d)Figure 5.4: Current(�A=
m2) vs. time(days) at 100V . The stippled linesrepresents the diodes that re
eived the shortest gettering.
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) d)Figure 5.5: Current(�A=
m2) vs. time(days) at 200V . The stippled linesrepresents the diodes that re
eived the shortest gettering.
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e)Figure 5.6: Current(�A=
m2) vs. time(days) at 100V . The stippled linesrepresents the diodes that re
eived the shortest gettering.
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e)Figure 5.7: Current(�A=
m2) vs. time(days) at 200V . The stippled linesrepresents the diodes that re
eived the shortest gettering.
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Figure 5.8: Vdep vs. T ime for 11D1. The di�eren
e between the two methodsdes
ribed in the text, 
an easily be seen.analysis. On the other hand it was possible to do leakage 
urrent measure-ments for all diodes. These measurements have therefore been more valuableto this study than �rst thought, and of this reason the limited planning of
urrent measurements has degraded the out
ome of the study. At least oneimportant parameters should have been 
hanged in the design of the 
urrentmeasurements, namely the maximum reverse voltage. An in
rease in maxi-mum reverse voltage up to the software limit of 400V would have enabled astudy of soft breakdown in the irradiated diodes.One thing that 
omes to mind when the data from the 
urrent and thedepletion voltage measurements are studied, is that the spread in values foridenti
al diodes are on the same order of magnitude as the spread for the non-identi
al ones. In addition there are an overlap between these sets of data.In other words there are no systemati
 di�eren
e between diodes that arepro
essed di�erently, and this indi
ates that both the full depletion voltageand the leakage 
urrent are independent of the pro
essing parameters studiedin this thesis. It is therefore interesting to 
ompare diodes 9D and 10D. Thisset of diodes shows a signi�
antly lower leakage 
urrent for the diodes thatre
eived the longest gettering, and thus indi
ates that the leakage 
urrentdoes depend on the length of the gettering. These two results put togetherleads to the 
on
lusion that the length of the gettering 
an be important forthe radiation hardness of a dete
tor if the dete
tor have some given initial
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Chapter 6Measurements on dete
torsDete
tors with di�erent pro
ess parameters were made to 
ontinue the studyon the diodes. These parameters are given in table 6.1. Irradiation 
apa
ityproblems at CERN limited the study to only 10 dete
tors. The irradiationrun was part of the dete
tor quali�
ation for the ATLAS proje
t, and explainswhy most of the dete
tors in this study are standard dete
tors, in the range21-50.6.1 Dete
tors before irradiationCV-measurements were performed with reverse biasing from 10 to a maxi-mum of 80 volts. The reason for a non-
onstant maximum voltage was thatthe program was set to 
al
ulate the depletion voltage and then stop themeasurements at a 
ertain level above that voltage. The frequen
y of theCV-meter was 10kHz. Leakage 
urrent measurements were done with re-verse biasing from 20 to 400 volts. The 
urrent measurements were limitedto 25�A to prote
t the voltage sour
e from overheating be
ause of high 
ur-rent. The single strip measurements were done with a frequen
y of 100Hzand a 400mV AC-level.As for the diodes the depletion voltage was found from the 
rossing oftwo straight lines �tted in an 1=C2 plot. The di�erent strip defe
ts are foundfrom 
oupling 
apa
itan
e measurements, and in �gure 6.1 all three types ofdefe
ts 
an be seen.A broken strip gives an in�nite 
apa
itan
e, in pra
ti
ethe maximum 
apa
itan
e of the meter. The shorted strips have 
oupling 
a-57



58 CHAPTER 6. MEASUREMENTS ON DETECTORSTable 6.1: Information on dete
tors in testDete
tor Thi
kness Orientation Restivity Edge Pro
ess variation(k
) 
onta
t1-5 300 < 100 > 6-9 No Extra largephosphorus
on
entration6-10 300 < 100 > 6-9 No Very lowphosphorus
on
entration11-15 300 < 100 > 6-9 No Low phosphorus
on
entration,Short gettering16-20 300 < 100 > 6-9 No Short gettering21-30 300 < 100 > 6-9 No31-50 300 < 100 > 6-9 Yes51-60 280 < 111 > 3-6 No61-70 280 < 111 > 3-6 Yes71-75 300 < 111 > 1.2-3 Yespa
itan
es that have a linear relation to the number of strips that are shorted.Two shorted strips doubles and three strips triples the 
oupling 
apa
itan
e.This is be
ause two shorted strips have e�e
tively twi
e the area of one stripand therefore twi
e the 
apa
itan
e. Broken strips 
an be seen from valueslower than the mean value. This is the opposite e�e
t of the shorted stripssin
e broken strips have smaller area and therefore lower 
apa
itan
e. Theresults of the two measurements are given in table 6.2 and table 6.3. Analternative method to �nd strip defe
ts is des
ribed in se
tion 4.2 and somemeasurements were done with this method to �nd pinholes. This alternativemethod is to measure the 
urrent between ea
h strip and the ba
kside. TheATLAS SCT 
ommunity has de�ned that a strip has a pinhole if the strip
urrent ex
eeds 2pA at 100V reverse bias. The number of pinholes foundfrom both methods are summarized in table 6.4.6.2 Dete
tors after irradiationThe dete
tors were irradiated at 100V reverse bias to a 
uen
e of 3:0� 1014protons/
m2. The irradiation was done at the PS at CERN and lasted for
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Figure 6.1: Single strip measurementsTable 6.2: Pre-Irradiation measurements on dete
torsDete
tor Leakage 
urrent(A) Leakage 
urrent(A) Depletion(V)150V 350V Voltage10 4.30E-07 8.00E-06 46.012 4.90E-07 1.20E-06 51.722 5.20E-07 2.30E-06 40.527 8.80E-07 9.70E-07 48.528 1.70E-07 2.90E-07 45.029 2.40E-07 7.50E-06 46.036 4.10E-07 9.00E-07 47.039 4.60E-07 5.70E-07 42.745 1.60E-07 4.00E-07 42.448 2.30E-07 7.30E-07 47.4



60 CHAPTER 6. MEASUREMENTS ON DETECTORSTable 6.3: Strip quality before irradiationDete
tor Pin- Shorted Brokenholes Strips strips10 1 0 012 0 0 022 0 0 027 1 0 028 0 0 029 1 2 036 0 0 039 0 0 045 0 0 148 1 0 0
Table 6.4: Pinholes before irradiation found from 
oupling 
apa
itan
e mea-surements(method 1) and 
urrent measurements(method 2).Dete
tor Method 1 Method 29 3 2311 0 520 1 1031 1 3



6.2. DETECTORS AFTER IRRADIATION 61approximately one week. After the irradiation the dete
tors were put inplasti
 bags and put in a freezer. A bag 
ontaining sili
a gel was added inea
h plasti
 bag to absorb moisture when 
ooling the dete
tors. Dete
tor 28was not irradiated during the same run as the rest of the dete
tors, but wasirradiated about two months earlier. Some problems o

urred during thatrun and it is not 
ertain whether this dete
tor re
eived the same 
uen
e asthe rest of the dete
tors.Eight of the ten dete
tors in the study were, as mentioned earlier, part of aquali�
ation pro
ess and this put some limitations on the measurements. Toget 
omparable results it was de
ided that all of the 49 dete
tors parti
ipatingin the study should be measured in the same way. The measurements thathad to be done to qualify were 
urrent and 
apa
itan
e versus voltage upto 500V. These measurement were to be taken before annealing and at theminimum depletion voltage at �18ÆC. The ideal measurement would havebeen to put one dete
tor in the 
limate 
abinet to anneal while doing IV-and CV-measurements at suitable time intervals, but the large number ofdete
tors made this approa
h too time 
onsuming and another approa
h hadto be used. Cables were made so that up to 13 dete
tors 
ould be 
ooleddown and measured at one time. After all 49 dete
tors had been measuredall of them were put in the 
limate 
abinet again for annealing. Earlierstudies have shown that minimumdepletion voltage o

ur about 7 days afterthe start of annealing at 25ÆC[11℄[10℄, so the dete
tors were put ba
k in thefreezer after 4.4 days of annealing at 28ÆC(equation 5.1). Measurements werethen done with the same measurement pro
edure as before annealing.Table 6.4 show that more pinholes are found from the 
urrent measure-ments at 100V than the 
oupling 
apa
itan
e measurements. Measurementson oxide pun
h-troughs have therefore been done with this method. The pre-irradiation measurements was done with the �rst less eÆ
ient method, andthis might have made the number of irradiation indu
ed pinholes, table 6.5,arti�
ially high. It should also be noted that the dete
tors were bondedduring measurements. Short-
ir
uits 
aused by the bonding wires may havein
reased the number of pinholes to some level. The numbers in parenthesisis the number of pinholes if those shorts are subtra
ted.



62 CHAPTER 6. MEASUREMENTS ON DETECTORSTable 6.5: Pinholes before and after irradiationDete
tor Before After Irradiation indu
edirradiation irradiation pinholes10 1 12 1112 0 10(8) 10(8)22 0 6 627 1 13(9) 12(8)28 0 0 029 1 6 536 0 0 039 0 0 045 0 4 448 1 6 56.2.1 Leakage 
urrentThe leakage 
urrent 
an be summarized in two tables. Table 6.6 shows the
urrent in both guard and a
tive area before annealing, while table 6.7 showsthe 
urrent after 4.4 days of annealing.6.2.2 Depletion voltageThe setup used for 
urrent and 
apa
itan
e measurements was not optimalfor 
apa
itan
e measurements. The interesting part of the dete
tor for both
apa
itan
e- and CCE-measurements is the a
tive area of the dete
tor, andmeasurements should therefore be done over that area only. In this setupthe a
tive area is 
onne
ted to the guard stru
ture, and strange behaviourhave been observed be
ause of this. Figure 6.2 and �gure 6.3 show 1=C2plots for all ten dete
tors before and after annealing, respe
tively. Normallyis the 
apa
itan
e 
attening out at full depletion, but when the guard was
onne
ted di�erent behaviours were observed at about this voltage. Onebehaviour was that the 
apa
itan
e started to de
rease again, and then laterstabilize at another lower level, see �gure 6.2b). Figure 6.2f) shows anotherbehaviour, an instability in 
apa
itan
e. The ele
tri
 �elds in a inverteddete
tor are not as well understood as in an un-irradiated dete
tor and itis therefore diÆ
ult to explain this. On some dete
tors it looks like the
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urrent before annealing. Measurements done at �18ÆC.Dete
tor Leakage 
urrent Leakage 
urrent160V (�A) 360V (�A)10 212 26312 193 23922 214 27327 197 24628 174 21229 204 24836 204 25839 201 25045 216 23148 197 254Table 6.7: Leakage 
urrent after 4.4 days at 28ÆC. Measurements done at�18ÆC.Dete
tor Leakage 
urrent Leakage 
urrent Leakage 
urrent160V (�A) 360V (�A) 500V (�A)10 149 167 18212 150 169 18222 143 162 17827 142 158 17228 132 147 15829 146 164 18136 145 165 21739 139 157 20145 133 148 16248 138 153 164



64 CHAPTER 6. MEASUREMENTS ON DETECTORSTable 6.8: Depletion voltage of all ten dete
tors. Measurements done at�18ÆC. Dete
tor Depletion voltage(V)Before annealing Annealed 4.4 daysat 28ÆC10 225 12912 240 14722 250 15127 240 14828 200 15829 200 12336 200 11239 200 12045 250 12848 250 148unstable behaviour is superposed on the lower 
apa
itan
e level. This makesan unstable guard ring a probable reason. The unstable behaviour made itdiÆ
ult to 
al
ulate the depletion voltage, so the values before annealing intable 6.8 are very approximate. Before the next measurements the unstablebehaviour, to some level, had annealed out. It was therefore mu
h easier to
al
ulate the depletion voltage and the values in the table should be 
orre
t.6.3 SummaryThe measurements in this se
tion were done to examine a possible 
orrelationbetween pro
essing parameters and ele
tri
al performan
e after irradiationfor sili
on mi
rostrip dete
tors. This se
tion is a short summary of the resultsand the limitations of these measurements. A preliminary 
on
lusion will bedrawn at the end of this se
tion, but a more thorough dis
ussion taking intoa

ount the diode results, is given in se
tion 7.The limitations of the dete
tor measurements are all due to the fa
t thatthe dete
tors was part of the ATLAS dete
tor quali�
ation pro
ess. This putlimitations on both the experimental setup and the sele
tion of dete
tors that
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a) b)

) d)
e) f)
g) h)
i) j)Figure 6.2: 1=C2 for all dete
tors before annealing
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a) b)

) d)
e) f)
g) h)
i) j)Figure 6.3: 1=C2 for all dete
tors after annealing



6.3. SUMMARY 67parti
ipated in the study. The limitations on the experimental setup resultedin only two measurements on ea
h dete
tor, and 
apa
itan
e measurementsthat were diÆ
ult to interpret. These limitations are des
ribed in more detailin se
tion 6.2, but the fa
t that eight out of ten dete
tors in the study werestandard dete
tors made it possible to see the spread in leakage 
urrent anddepletion voltage for identi
al diodes. The limited number of dete
tors withexperimental pro
essing parameters made it diÆ
ult to �nd any di�eren
esfrom the standard dete
tors.There was as expe
ted an in
rease in pinholes for some dete
tors, ta-ble 6.5, but no 
orrelation was observed between the number of pinholesbefore and after irradiation. The tables of leakage 
urrents after irradiation,table 6.7 and table 6.6, show that no signi�
ant di�eren
e in leakage 
urrent
an be observed for any of the dete
tors, ex
ept for dete
tor 28. Dete
tor28 was irradiated in an earlier irradiation and the lower leakage 
urrent 
anbe explained with a lower obtained 
uen
e. The dete
tor was also storedfor some time, and annealing of the dete
tor in that time 
an be anotherexplanation of the low leakage 
urrent. Similar, the measurements of the fulldepletion voltage reveals no relation between the full depletion voltage andthe di�erent pro
essing parameters, or between the full depletion before andafter irradiation. These results leads to the 
on
lusion that it is diÆ
ult toforesee the ele
tri
al performan
e of an irradiated dete
tor based on the de-te
tors pre-irradiation behaviour. Furthermore it 
an be 
on
luded that thedi�erent pro
essing parameters in this study did not in
uen
e the radiationhardness of the dete
tors under study.
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Chapter 7Dis
ussion and 
on
lusionThis thesis addresses two main topi
s. Subje
t number one was to �ndout if the pro
essing parameters 
an alter the ele
tri
al properties of thedete
tor after heavy irradiation. This study has been done by 
omparingleakage 
urrent and depletion voltage for dete
tors with di�erent pro
essingparameters. Subje
t number two was to �nd out if it is possible from thepre-irradiation measurements to foresee how the ele
tri
al performan
e of adete
tor will be after irradiation. If possible, this would be a tremendousadvantage sin
e it will be impossible to repla
e the mi
ro strip dete
torsduring the 10 years of ATLAS operation and good dete
tors have to be
hosen from the beginning. To examine this subje
t 
omparisons of leakage
urrent and depletion voltage before and after irradiation have been made.7.1 Time normalizationThe normalization of time to temperature is also subje
t to dis
ussion. Thetime has been normalized with equation 5.1 that only takes �L, the long termannealing time 
onstant, into a

ount. From �gure 5.9 it is possible to ap-proximately �nd tmin, the time minimum depletion o

ur. When 
omparingthis value of 14-16 days with the theoreti
al value of 4 days at 25ÆC, you�nd a di�eren
e of 250-300%. This normalization has been used in otherexperiments too[11℄, and they found tmin to be about 7 days at the sametemperature. This value is also about 100% wrong 
ompared to theory, butthe tmin of 7 days was still used as the 
orre
t value in the experiment de-69



70 CHAPTER 7. DISCUSSION AND CONCLUSIONTable 7.1: Pre-Irradiation measurements on dete
torsFluen
e Vdep0 VdepMin3:0� 1014 720 3183:3� 1014 792 350s
ribed in 
hapter 6. The 
orre
t time dependen
e of VDep is not importantfor the results of this thesis, and no attempt has therefore been made to �nda better normalization.7.2 Depletion voltageThe full depletion voltage 
an be 
al
ulated from equation 3.18, and table 7.1gives the theoreti
al values of the depletion voltage at minimum and imme-diately after irradiation. The minimum depletion voltage of the diodes havebeen plotted in �gure 7.1 as a fun
tion of the pre-irradiation measurements.Figure 7.2 is a similar plot for the dete
tors. The values obtained by experi-ments do not 
orrespond very well to theoreti
al values, but more importantthe �gures show that there is no 
orrelation between the depletion voltagefound after irradiation and the initial depletion voltage. The experimentsare therefore in agreement with the theory in that the depletion voltage afterirradiation is independent of initial measured values, and that all dete
tors ir-radiated to the same 
uen
e have approximately the same depletion voltage.The 
on
lusion is therefore that the pre-irradiation measurements are uselessas indi
ators of the irradiated high restivity dete
tors depletion voltage.In �gure 5.9 it is possible to 
ompare di�erent set of diodes. Ea
h set
onsist of three or four diodes of whi
h two was treated with shorter orlonger gettering. From �gure 5.9 a) and �gure 5.9 
) it 
ould be arguedthat the diodes that re
eived the shortest gettering have the lowest depletionvoltage, but when �gure 5.9 d) is 
onsidered together with the two otherplots it is more obvious that this is not 
orre
t. The spread in depletionvoltage values for identi
al diodes are of the same order of magnitude as thedi�eren
e between the non-identi
al ones. The same spread in values 
anbe seen in table 6.8 for the dete
tors. When trying to 
ompare diodes withthe same gettering, but with di�erent phosphorous implantation the samespread is observed. The 
on
lusion of these depletion voltage measurements



7.3. LEAKAGE CURRENT 71
245

250

255

260

265

270

275

36 38 40 42 44Figure 7.1: Vdep for irradiated diodes vs. their full depletion voltage beforeirradiationmust therefore be that it is not very probable that variations in gettering and
on
entration of implanted phosphorous 
an alter the full depletion voltageof a highly irradiated dete
tor.7.3 Leakage 
urrentThe measurements of leakage 
urrent gave results that were expe
ted fromtheory. An in
rease in JV immediately after irradiation with a followingannealing behaviour was observed. The leakage 
urrent was normalized to20ÆC and 
al
ulations of �, the damage 
onstant, were done. From equa-tion 3.24 and a 
uen
e of 3:3 � 1014 protons/
m2 � was found to be in therange 1:12 � 8:06 � 10�17A
m�1. This value is in agreement with earlierpublished values[15℄. It was also tried to 
al
ulate � for the dete
tors, butthe 
orre
t volume of the dete
tor has to be known. The number of guardrings that are 
onne
ted depends on the shape of the depletion region, whi
hagain depends on the reverse bias. Sin
e the shape of the depletion region ofa inverted dete
tor is unknown the area is unknown too, and for this reason� 
annot be 
al
ulated. In a pie
e of 300�m sili
on the leakage 
urrent willin
rease with 1� 7� 10�4A=
m2, a value several orders of magnitude largerthan the initial leakage 
urrent. The initial leakage 
urrent is negligible 
om-
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42 44 46 48 50Figure 7.2: Vdep for irradiated dete
tors vs. their full depletion voltage beforeirradiationpared to the irradiation indu
ed leakage 
urrent, and this is in agreementwith 
hapter 6 where no 
orrelation was found between the irradiated de-te
tors leakage 
urrent and the unirradiated dete
tors leakage 
urrent. The
on
lusion is therefore that the leakage 
urrent after irradiation depends onthe 
uen
e, and are independent on the the pre-irradiation leakage 
urrent.The same sets of diodes that were analysed in se
tion 7.2 are shownin �gure 5.4 and �gure 5.5, the sets of the larger diodes in �gure 5.6 and�gure 5.7. Again there is a large spread in leakage 
urrent for diodes thathave been treated the same way. Almost all the plots would lead to the
on
lusion that variations in gettering and phosphorous 
on
entration 
annotalter the leakage 
urrent of a highly irradiated dete
tor. It is therefore veryinteresting to look at diodes 9D and 10D in �gure 5.4 
) and �gure 5.6 
).For this set a signi�
antly lower leakage 
urrent was observed for the diodesthat re
eived long gettering, 10D, 
ompared to the diodes that re
eived shortgettering, 9D. In fa
t the 10D-diodes have the lowest 
urrent of all the smalldiodes, while the 9D-diodes have the highest. Current of diodes with di�erentphosphorous implantation was also 
ompared, but it was not possible to seeany 
orrelation between the 
urrent and the phosphorous 
on
entration. Thephosphorous 
on
entration 
an therefore not explain the di�eren
es observedbetween diodes 9D and 10D. Sin
e this e�e
t was not observed for any ofthe other diodes it is possible that some other property of the material 
an



7.4. CONCLUSION 73be an explanation of why the gettering makes a di�eren
e in these samplesonly. It 
an therefore be 
on
luded that the length of the gettering might beimportant for the leakage 
urrent if the dete
tor is made of a material withthe very spe
i�
 properties, but gives no e�e
t on other materials.7.4 Con
lusionA large number of sili
on mi
rostrip dete
tors are to be installed in theATLAS dete
tor. During the 10 years of operation it will be impossibleto repla
e any of these dete
tors, and good dete
tors have therefore to be
hosen from the beginning. This 
an be done in two ways, either the dete
toris tailor-made to be radiation hard or good dete
tors are sele
ted from a largenumber of dete
tors based on pre-irradiation measurements. These two linesof a
tion have been studied in this thesis, measurements have been done andthe data has been dis
ussed qualitatively.Topi
 number one was to �nd out if the pro
essing parameters 
an al-ter the ele
tri
al properties of a dete
tor after heavy irradiation. For thispurpose several diodes and dete
tors with di�erent pro
essing parametershave been irradiated and tested. The dis
ussions earlier in this 
hapter haveshown that a signi�
ant di�eren
e in leakage 
urrent was seen for only oneset of diodes. It was not possible to 
ompare the depletion voltages for thisset of diodes, and it was therefore not possible to �nd out if this e�e
t existedfor the depletion voltage too. The di�eren
e in leakage 
urrent was 
ausedby di�erent gettering length, but was as mentioned not observed for otherdiodes. It is therefore probable that another property of the dete
tor hasto be present to improve the ele
tri
al properties. This 
an be a propertyof the sili
on material or 
ome from the pro
essing. The phosphorous 
on-
entration on the ba
kside of the dete
tor is su
h a property, but was foundto have no signi�
ant in
uen
e on the leakage 
urrent or depletion voltage.The 
on
lusion is therefore that it seems possible to in
uen
e the ele
tri
alperforman
e of a dete
tor after irradiation by 
hoosing the right pro
essingparameters, but that more experiments have to be done to �nd the ne
essaryinitial properties.Topi
 number two was to �nd out if it is possible from the pre-irradiationmeasurements to foresee the ele
tri
al performan
e after irradiation. Thedis
ussions in this 
hapter have shown that for a typi
al ATLAS 
uen
eneither the depletion voltage or the leakage 
urrent after irradiation 
an
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ted from the pre-irradiation measurements, and that they dependmostly on the 
uen
e re
eived.
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