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Chapter 1IntrodutionSilion radiation detetors are used in most large partile physis experimentstoday. These detetors an be manufatured to give exellent resolution andfast readout, and are therefore well suited for an experiment like LHC, wherea high interation rate will give annual radiation doses equivalent to � 1013neutrons/m2/year.These high radiation levels will lead to damages in the silion, damagesthat degrades the performane of the detetors. A omprehensive R&D pro-gram inside the ollaboration at CERN has explored the performane ofirradiated detetors. First n-in-n detetors were the tehnology hoie for allthe ATLAS silion detetor systems, but later the p-in-detetors have beenstudied. An experiment[11℄ showed that p-in-n detetors ould replae n-in-ndetetors in the ATLAS silion strip system. These detetors are easier toprodue and heaper than n-in-n detetors, and has beome to tehnologyhoie for the ATLAS mirostrip system.A p-in-n detetor produed at SINTEF had speially low depletion volt-age ompared to the rest of the detetors, and some hypotheses to explainthis was put forward. In this thesis several studies have been performed onirradiated detetors with di�erent proessing parameters. These detetorsleakage urrent and depletion voltage have been ompared with eah otherand earlier experiments, to �nd out what might ause these e�ets.The experiments and results are desribed later in this thesis, but I will�rst give an introdution to the purpose of these detetors and the experi-ments they will be put into at CERN.1



2 CHAPTER 1. INTRODUCTION
Figure 1.1: Aelerators at CERN1.1 CERNCERN is the European Laboratory for Partile Physis, the world largestpartile researh enter. It was oÆially formed on the 29th September 1954under the name "Conseil Europeen pour la Reherhe Nuleaire". The re-ation of this laboratory was reommended at an UNESCO meeting in Flo-rene in 1950 as the only way forward for front-line partile physis researhin Europe. The onvention was signed in 1954 by 12 ountries, and mem-bership have today grown to the present 19 member states. In addition 4ountries, the European Commission and UNESCO have observer status.1.1.1 AeleratorsThere are today three major aelerators at CERN.� PS, the Proton Synhrotron� SPS, the Super Proton Synhrotron� LEP, the Large Eletron Positron olliderFigure 1.1 gives an overview of these three aelerators and all other ael-erators at CERN. The SC, the Synhro-Cylotron was the �rst aelerator at



1.2. PHYSICS 3CERN. The next aelerator was the Proton Synhrotron whih was om-pleted in 1959. This aelerator is still in muh use today as an injetor tothe Super Proton Synhrotron, SPS. The SPS is in its turn the injetor to theLarge Eletron Positron aelerator, LEP. In addition to being injetors toother aelerators both the PS and the SPS also work as important radiationsoures for other types of experiments, suh as solid state physis. LEP hasa irumferene of 27 km and is for the moment the largest aelerator atCERN, and it will remain so until it is taken apart for the onstrution of theLHC. The LEP aelerator aelerates two beams of positrons and eletronsin opposite diretions until proper energies is ahieved. The beams are thenallowed to ollide in di�erent experimental areas. LEP started at energiesround 91 GeV to produe Z0 partiles, and sine 1995 the energy has beendoubled to allow:� the study of W+W� pairs� extended searh of new partiles, in partiular the Higgs bosonIn Otober/November 1996 LEP was working at 172GeV. LEP has fourexperimental areas around its irumferene, and eah area ontains a parti-le detetor. The detetors are named DELPHI, ALEPH, L3 and OPAL.1.2 PhysisThe Standard Model desribes the interation between matter with two typesof fundamental partiles, bosons and fermions. Bosons are fore arriers thathave integer spin, and fermions are matter partiles that have half integerspin. Fermions are grouped into two families of partiles, 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 theselusters, alled hadrons. As mentioned the bosons are fore arriers, and eahtype of bosons is onneted to one basi fore:� Photons ('s) arry the eletromagneti fore� W+, W� and Z0 are arriers of the weak fore� Gluons are arriers of the strong fore.



4 CHAPTER 1. INTRODUCTIONTable 1.1: The Standard ModelFERMIONS BOSONSLeptons Gauge bosonsEletron Muon Tau W+W�Eletron neutrino Muon neutrino Tau neutrino Z0Quarks PhotonUp Charm Top GluonDown Strange BottomThe di�erent partiles over a wide range of masses, from massless() tomasses about the same as a gold-nuleus(top). Why there is suh a rangeof masses and how partiles get masses at all are not well understood. TheStandard Model explains the masses trough the Higgs mehanism. In thistheory all partiles, both matter partiles and fore arriers, interat with theHiggs boson. The strength of the interation gives rise to mass, the strongerinteration, 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 orret.The Universe seems to onsist of purely matter while most fundamen-tal reations are matter/antimatter symmetri. The observed asymmetry isthought to ome from a breakdown of symmetry between partiles and an-tipartiles, known as CP-violation in eletroweak reations. This has beenobserved for neutral kaons, whih ontain the strange quark of the seond-generation. If the theory is orret partiles ontaining bottom quarks shouldalso reveal this symmetry breaking.Another goal for partile physis is to unify the eletroweak theory withthe strong fore, and make a so alled Grand Uni�ed Theory (GUT). Thisuni�ation of eletromagneti, weak and strong fore is thought to take plaeat energies muh higher than partile aelerators an reah. Even more im-portant is to study models where gravity an be desribed as a quantum�eld theory. Typially the theories require that Nature has a deep symmetryknown as supersymmetry (SUSY). Supersymmetry links the matter parti-les with the fore-arrying partiles and implies that there are additionalsuperpartiles neessary to omplete the symmetry. These super partilesmust be muh heavier than their ordinary partners, sine they have not beenobserved.



1.3. LHC 51.3 LHCThe LHC, Large Hadron Collider, is the next researh instrument in Europesarmory. It is designed to to �t into the 27 km LEP tunnel, and be fedby existing partile soures. It will be �lled with protons delivered fromthe SPS and are pre-aelerated to 0.45TeV. Two superonduting magnetihannels will aelerate the protons to 7-on-7 TeV, after whih the beamswill ounter rotate for several hours, olliding at experiments, until theybeome so degraded that the mahine will have to be emptied and re�lled.The LHC will onsist of 5 000 superonduting magnets that that are usedto guide and ollide the beams. The most extreme of these magnets are thebending magnets that will be able to produe �elds of 8.36 Tesla, and makesit possible to bend the 7 TeV protons around the ring.1.3.1 ExperimentsFour large sale 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 mahines that are designed to studythe wide range of physis opportunities o�ered by LHC:� Searh for and study of new physis{ Origin of EW symmetry breaking� Higgs boson� Alternatives{ SUSY{ Compositeness{ Leptoquarks� Measurements{ top mass and deay properties{ B-physis{ Cross setions, et.� W ,Z, prodution� jets



6 CHAPTER 1. INTRODUCTION� hadroni produtionLHCb is a dediated B-physis experiment, and will together with the twogeneral purpose experiments look at B-physis:� CP violation� B0s osillations� Rare deays� Doubly-heavy mesons, et.ALICE is a di�erent kind of experiment, the olliding partiles are leadatoms, not protons. This experiment study quark-gluon plasma, quarks andgluons that are to hot to stik together, as in the early universe.Eah experiment, or detetor, is designed to detet partiles that are re-ated from ollisions of partiles with high energy. The newly reated partileshave properties that are typial for those types of partile, ie. mass, hargeand momentum. The experiments onsist of several sub detetor systemsthat have di�erent purposes. The inner part measures the trajetory of apartile in a magneti �eld, and on the outside there are several alorimetersthat measures the energy of di�erent types of partiles. Outside the alorime-ters the muons are identi�ed and measured in magneti �eld. A shematiLHC detetor is shown in �gure 1.3. The detetor measures momentum andharge of harged partiles, energy and diretion of photons and eletrons,energy and diretion 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 detetor
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Chapter 2Atlas2.1 OverviewThe ATLAS detetor onsists of four major omponents that all an be seenin �gure 2.1. In the enter of the detetor the inner traker traks the partilesin a magneti �eld. The reonstrution of these traks gives the possibility ofvertex detetion, and of measuring the momentum of eah harged partile.The inner traker will be desribed in more detail in setion 2.2.Outside the inner traker the alorimeter measures the energies arriedby the partiles. The alorimeter onsists of alternating metal plates (ab-sorbers) and sensing elements. Interation in the absorbers transform theinident energy to partile showers that are deteted 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 liberateeletrons that are olleted and reorded. The hadroni alorimeter is basedon plasti sintillator tiles embedded in an iron absorber. The sintillatingtiles emit light when the showers pass them, and the light is deteted withphotomultipliers whih then give an eletroni signal that is reorded.The mouns have a small ross setion, and are therefore not stopped inthe alorimeter. So outermost there is a muon spetrometer that identi�esand measures muons. The muon spetrometers preision measurements areprovided with two system, Monitored Drift Tubes and Cathode Strip Cham-bers. The muon spetrometer is also an important part of the ATLAS trigger9



10 CHAPTER 2. ATLAS
Figure 2.1: The ATLAS detetorsystem, and a dediated trigger system has been built in the spetrometer.This system uses Resistive Plate Chambers in the barrel region, and ThinGap Chambers in the end-ap region.The fourth omponent is not a detetor, it is the magnets that are usedto �nd the momentum and harge of the partiles. The detetor has threemagnet systems. All magnets are superondutive and therefore need oolingto liquid helium temperature. The entral solenoid provides 2T in the entraltraking volume. The other two systems are part of the muon spetrometer.The magneti �eld of the barrel toroid and the two end-ap toroids providesbending powers of 3Tm and 6Tm, respetively.The LHC will give a 40Mhz interation rate in the detetor. At thisrate it is impossible to read out and store all information obtained in thedetetor, and sine only a small fration of the detetor hits are interesting,some seletion of interesting events has to be done. A three level triggerand data aquisition 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 detetors. It requires about 2�s to reah adeision, and redues the rate to 100kHz. The seond level trigger has 10msto reah a deision, redues the rate to 1kHz. The level two trigger uses



2.2. INNER DETECTOR 11

Figure 2.2: The ATLAS inner detetorthe information from the �rst level trigger, but re�nes that levels seletion ofandidate objets using full granularity information from all detetors. Thelevel three trigger is a omplete event reonstrution using proessor farms,and the data are sent to mass storage at a rate of 10Hz.2.2 Inner DetetorThe purpose of the inner detetor is to trak harged partiles from the olli-sion point to the eletromagneti alorimeter system. Sine a very large trakdensity is expeted at the LHC �ne granularity detetors are needed. Threedi�erent detetor systems are put together to reah the spei�ed momentumand vertex resolution. These systems onsist of pixel detetors, mirostripdetetors and straw detetors. The Inner Detetor has an outer radius of115m and a total length of 7m, and onsist of three units, a barrel regionand two idential end aps. All these parts an be seen in �gure 2.2.



12 CHAPTER 2. ATLASThe pixel detetors are designed to give high preision measurements aslose to the interation point as possible, the losest barrel detetor layersituated at radii 4m. In addition there are two more barrel layers and fourdisks on eah 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 preision measurements gives a resolution good enough to �ndshort lived partiles suh as b-quarks and � -leptons.The mirostrip detetor system that is positioned between the pixel sys-tem and the TRT is desribed in more detail in setion 2.3.The Transition Radiation Traker is referred to as a ontinuous trakingsystem. It is based on the use of straw detetors with xenon gas betweenthe straws. This system allows a large number of measurements , typially� 36, to be made on eah trak. Eah hannel provides two independentthresholds and allows the the detetor to disriminate between traking hitsand transition radiation hits. The TRT then aids the pattern reognition byadding around 36 hits per trak, and allows a simple and fast level-2 triggerto be implemented.2.3 SemiCondutor TrakerThe SemiCondutor Traker(SCT) is designed to provide four preision mea-surements per trak in the intermediate radial range, ontribution to themeasurement of momentum, impat parameter and vertex position. Thebarrel SCT has four layers of silion mirostrip detetors to provide preisionpoints in the R� and z oordinates, and nine disks in eah of the forward andbakward diretions 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 therespetive two systems.In the barrel region the detetors are retangular with the overall size64 � 63:6mm2. The ative area of the detetor is 62 � 61:6mm2 with 768strips of 80�m pith. Eah strip is AC-oupled, and the detetor will benegative-biased from the bakside to maintain only a small voltage aross theapaitor oxide. A simpli�ed layout of this detetor is shown in �gure 2.3.A barrel layer onsists of modules that are made out of four detetors.Two detetors are daisy-hained for eah side of a module, and the result is
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Figure 2.3: Layout of the SCT Barrel Detetor



14 CHAPTER 2. ATLASa detetor with 768 strips of 80�m pith and 112:3mm ative length. Thesedetetors are then glued bak to bak with a idential 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�et of fan-outapaitane on the S/N, and the strip resistane. In the forward regions themehanial assembly is more omplex, and the ICs are bonded in one end ofthe module.The front-end eletronis is based on a binary readout arhiteture. Astrip that ollets harge above a ertain threshold �res a per strip disrimi-nator and the output is stored in a pipeline until a trigger initiates readoutfor that beam-rossing.



Chapter 3Silion detetorsWhen harged partiles pass trough a semiondutor many eletron-holepairs get produed along the path of the partile. The average energy thatthe inoming partile lose to produe one eletron-hole pair is alled the ion-ization energy, �. The ionization energy is not ompletely independent of theenergy and type of the inoming partile, but in most ases it an be approxi-mated to be onstant. For silion � is about 3.6eV. In a gas �lled detetor theionization energy is about 30eV, and the silion detetor therefore gets tentimes more harge arriers for a given energy deposited in the detetor. Thehigh number of harge arriers inreases the S/N-ratio. A high S/N-ratioinreases the energy- or position resolution depending on the purpose of thedetetor. Other desirable features of semiondutor detetors are ompatsize, fast timing harateristis, and an e�etive thikness that an be variedto math the requirements of the appliation.Some knowledge of semiondutor physis is helpful to understand thedetails of a silion radiation detetor. This hapter therefore starts with anintrodution to this physis, followed by a more detailed desription of silionradiation detetors later in the hapter.
15



16 CHAPTER 3. SILICON DETECTORS
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Figure 3.1: Two-dimensional representation of the intrinsi silion lattie3.1 Semiondutor physis3.1.1 Silion propertiesSilion is a group IV element in the periodi table and has a diamond rystalstruture. The diamond lattie of silion has the important harateristithat any atom within the struture have four nearest neighboring atoms. Ina pure silion rystal the atoms are bonded together with ovalent bondings.The intrinsi silion lattie an be represented in two dimensions like in�gure 3.1. The periodi lattie of silion establishes allowed energy bands foreletrons that exist within the rystal. The energy of an eletron 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 valene band, orresponds to theeletrons that are bound to spei� lattie sites within the rystal. The otherband, the ondution band, represents eletrons 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 valene eletron to gain enough
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Valence band

E=1.12eV
Conduction bandFigure 3.2: Band struture for eletron energies in silionenergy to be elevated aross the band gap into the ondution band. Phys-ially this represents the exitation of an eletron from its ovalent bond inthe lattie. This eletron an then drift trough the rystal. When an eletronis reated in the ondution band a vaany, hole, is left in the valene band.The ombination of these two is alled an eletron-hole pair. The probabilityper unit time that an eletron-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 harateristi of thematerial.Both the eletron and the hole will move if an eletri �eld is applied tothe semiondutor material. This motion will be a ombination of a randomthermal veloity and a net drift parallel to the diretion of the applied �eld.The eletrons move in the opposite diretion of the �eld vetor, holes move inthe same diretion as the eletri �eld. This means that the hole is a positiveharge and is what was expeted sine a hole atually represents the abseneof a negatively harged eletron. The drift veloity, v, of eletrons and holesan be desribed by equation 3.2 and equation 3.3, respetivelyve = �e" (3.2)vh = �h" (3.3)where �e is the mobility of eletrons and �h is the mobility og holes. Thesetwo equations are only valid for low to moderate values of the eletri �eldintensity. For suÆiently large eletri �elds will a saturated drift veloitybe reahed. For both harge arriers this veloity is about 107m=s.



18 CHAPTER 3. SILICON DETECTORSIn a ompletely pure semiondutor the eletron-hole pairs would be theonly eletrons and holes in the ondution band and the valene band, re-spetively. This is alled an intrinsi semiondutor. This is not the ase forreal semiondutors were small levels of impurities dominate the eletrialproperties. For an intrinsi semiondutor the number of eletrons and holesare equal, and from equation 3.1 we an see that we get the lowest onen-trations at a low temperature and a large band gap. For silion at roomtemperature the intrinsi eletron and hole density is 1:5� 1010m�3.If one of the silion atoms is replaed with a atom of another materialthe eletrial properties of the silion rystal an hange. Normally smallonentrations of impurity of group V or group III of the periodi table areadded to the material. The group V atoms have �ve valene eletrons andwhen taking the site of a silion atom in the lattie one eletron will beleft over after the ovalent bonds have been formed. This is illustrated in�gure 3.3. The extra eletron is only lightly bounded to the impurity site, andit therefore takes very little energy to elevate the eletron into the ondutionband and leave behind a positively harged phosphorus ion. The impurityatom donates an eletron to the ondution band, and is therefore alled adonor impurity atom. These atoms are not part of the regular lattie andan therefore oupy a position in the forbidden band gap. The eletronswill have energies near the top of the gap as shown in �gure 3.4.The group III atoms, suh as boron, have only three valene eletronswhih are all taken up in the ovalent bonding. As shown in �gure 3.5this gives an empty ovalent bonding position. The eletron oupying thisposition would have an energy greater than that of the valene eletrons.That is beause the net harge state of the boron now would be negative. Thiseletron has not enough energy to be in the ondution band, so its energyis far smaller than the ondution band energy. A valene eletron maygain a small amount of thermal energy an move in the rystal, this eletronoupies the empty site, and another valene eletron get vaated. Theseother eletrons may be thought of as holes in the silion. These impuritiesare alled aeptor impurities sine the impurity aepts a eletron from thevalene band. The holes will have energies near the bottom of the gap asshown in �gure 3.6.The aeptor atom generates holes in the valene band without generatingeletrons in the ondution band. The hole is positively harged and istherefore referred to as p-type material. The donator adds eletrons to theondution band without reating holes in the valene band. The eletrons
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Figure 3.3: Two-dimensional representation of the silion lattie doped witha phosphorus atom
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Figure 3.5: Two-dimensional representation of the silion lattie 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 exitation given by equation 3.1 is thenlarge. In most ases the onentration of the impurity is muh larger thanthe intrinsi onentration. The number of ondutors, holes or eletrons,then beome ompletely dominated by the ontribution from the impurities.The added onentration of impurities inreases the rate of reombination,shifting the equilibrium between eletrons and holes. As a result the equilib-rium onentration of the minority arrier dereases by an amount suh thatthe equilibrium onstant given by the produt of n and p is the same as forthe intrinsi material, equation 3.4.np = nipi (3.4)Eletroni arriers that are formed in the semiondutor will migrateeither spontaneously or under the inuene of an eletri �eld. The lifetimeof the arrier is the time from its formation until it reombines. In a perfetlypure semiondutor the average lifetime of harged arries ould be as large
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22 CHAPTER 3. SILICON DETECTORSspae harge region ompletely empty of mobile harge arriers. The widthof the depletion zone depends on the onentration 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 onentration, aeptor onentration,extent of depletion zone on p-side and extent of the n-side, respetively. Sinethe 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 twie 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, whih de�nes the ontat 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 juntion 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 juntion is reverse biased, ie. a negative voltage to the p-side, theholes are attrated to the p-ontat in the p-region and similarly for eletronsin the n-region. In e�et 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 alulated from equation 3.10by replaing V0 with V0 + VB, where VB is the bias voltage. In most asesV0 � VB, so in the rest of this thesis VB is negleted.Another important property of the depletion region is the apaitane,whih for a planar geometry isC = "d � �e"N2VB �1=2 (3.11)where C is the apaitane per unit area.3.2 Semiondutors as radiation detetorsOne possible approah to make a silion radiation detetor would be to take apiee of high restivity silion, make ontats on two sides, and put an eletri�eld over it. Equation 3.2 and equation 3.3 show that a high eletri �eld isneeded to get eÆient olletion of indued harge arriers, but a high voltagealso introdues noise. Take as an example a piee of 1 mm thik silion thatis ut with a 1m2 surfae area. This piee is made of high purity silion,whih is the most ommon used for silion detetors, with a restivity of about5000
. The eletri �eld is f.ex. 500V , and sine the silion is onneted withohmi ontats the urrent, from Ohms law, through the detetor is 0.1A.This urrent orresponds to an equivalent harge of 6�1011 e/h pairs in atypial signal shaping time of 1�s. A MIP indues 2.3�104 harge arriersin a 300�m thik silion detetor ompared to the statistial utuations ofaround 106, and it would be pratially impossible to detet that pulse.The solution to this problem is the pn-juntion. The pn-juntion is anbloking eletrode, that is, harge arriers removed by the eletri �eld isnot replaed at the opposite eletrode. Ideally this would make a perfetdetetor with no other urrent than the one introdued by radiation induedharge arriers. Real silion detetors, though, have two types of leakageurrent that introdue noise in the system, namely the reverse saturationurrent and the reverse-bias generation urrent. The reverse-bias generationurrent onsist of thermally generated eletron-hole pairs origination fromtrapping and reombination enters in the depletion region. This urrent isproportional to the width of the depletion region, and have a temperaturedependene 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



3.2. SEMICONDUCTORS AS RADIATION DETECTORS 25range of nA=m2. The reverse saturation urrent omes from eletron-holepairs generated outside the depletion region. The eletron and hole usuallyreombine, but when generated in the proximity of the depletion region theeletron or hole has a hane of di�using into it before reombination. Theeletron or hole are then swept away with the eletri �eld and generates aurrent. The reverse saturation urrent is proportional to the area of thejuntion, but is usually negleted beause of the muh higher generationurrent.A pn-juntion, or pn diode, without reverse biasing will work as a dete-tor, but not a very good one. The intrinsi eletri �eld will not be intenseenough to provide eÆient harge olletion and the small depletion thiknesswill also inrease the noise in the signal output. Most detetors are thereforeoperated fully depleted, that is, the depletion region extends over the entirethikness of the detetor. The full depletion voltage is from equation 3.10then Vfd = eND22" (3.12)where D is the thikness or the maximum depletion depth of the detetor.In the region that is not depleted no eletri �eld exist, neither is anyharge arriers olleted in this area. This undepleted region also slows downthe harge olletion from the depleted region beause it works as a serialresistane with high restivity. Fast harge olletion is possible when thereexist a eletri �eld trough the entire volume of the detetor, that is at fulldepletion voltage. With reverse biasing higher than the depletion voltage thedetetor is said to be over-depleted, and as shown in the �gure 3.8 this givesa high eletri �eld everywhere within the detetor. These advantages of ahigh �eld trough the entire detetor is the reason for why almost all detetorsare operated over-depleted.Semiondutor detetors have a small signal output and low noise ele-tronis is important, partiularly is preampli�ation needed before any fur-ther signal treatment an be done. These preampli�ers are harge sensitive,and the eletroni noise from the detetor is given asENC = eVrmsw C (3.13)where C is the total input apaitane of the detetor, w the average en-ergy required to reate an eletron-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 apaitane is very important
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3.3. MICROSTRIP DETECTORS 27mirostrip detetor. A orner setion of suh a silion mirostrip detetor isshown in �gure 3.9, and it is possible to see the strips, the bonding pads, thebias resistors and the guard struture. All these di�erent parts of the dete-tor have speial purposes. The mirostrips are the position sensitive detetorelements, while the bonding pad on eah end of the strip is the onnetionpoint for read out eletronis. Eah strip is biased trough a bias resistor thatare onneted to the bias line. The guard struture has several purposes, ofwhih one is to ondut unwanted urrent, ie. due to surfae states, outsidethe ative area of the detetor. Another is to prevent the depletion regionof the outer strips to reah the edges of the detetor. This prevents break-down of the detetor, and makes it possible for the outer strips to have thesame uniform eletri �eld as the strips in the middle of the detetor. Theproessing of suh a detetor will be explained in more detail in setion 3.3.1.3.3.1 Proessing of an ATLAS mirostrip detetorThe mirostrip detetors that will be used in the ATLAS experiment arep-in-n detetors, p+ strips on n type high restivity oat zone silion. Themain steps of the planar proess are shown in �gure 3.10. The silion waferis �rst oxidized at approximately 1000ÆC to passivate the surfae. Openingsin the oxide are then made, using photolithographi and ething tehniques,to enable implantation or di�usion in the desired areas. The �gure showshematially the ion implantation that is followed by a new oxidation. Thenext step is a heat treatment that have two purposes, annealing of damagesaused by the heavy ions and seondly gettering, the removal of impuritiesfrom the ative detetor area. Then the oxide on the bakside of the detetoris removed and both sides are metalized with aluminium. Photoproessingis then used again to produe the strips on the frontside, and in the end themetal is sintered at about 500ÆC. The proessing of an ATLAS detetor in-ludes two additional proessing steps. One of these steps is added betweenthe ion implantation and the following oxidation, and is the proessing ofpolysilion bias resistors for the p+ strips. Figure 3.11 show a ross setionalong the strip of suh a struture. After all the proessing steps shown in�gure 3.10 is the the detetors frontside overed with some kind of passiva-tion, typially polyimide. This is done to protet the aluminium strips, andis done with photoproessing leaving only bonding pads and ontat holesunproteted.
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Figure 3.9: A orner setion of an ATLAS silion mirostrip detetor
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Figure 3.11: Cross setion of a silion detetor with integrated oupling a-paitors and polysilion biasing resistors3.4 Radiation e�etsThe ontinuous interation with highly energeti partiles will of ourse a�etthe properties of the silion. Marosopially an inrease 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 defets desribed insetion 3.4.4 are linked to the marosopial hanges, so the only models thatdesribes this are empirial models. In this setion one of these models willbe presented .3.4.1 Type inversionA e�et not mentioned in the introdution of this setion is the type inversionof the silion. As desribed in setion 3.1.1 and setion 3.1.2 the spae hargein an unirradiated devie does result from shallow dopants in the silion.The bulk damage aused by interating partiles introdues deep levels inthe silion, and results in an aumulation of negative spae harge in thedepletion region. The e�etive doping onentration, Neff , an be expressedas [16℄ Neff = N0exp(��) + �� (3.14)



3.4. RADIATION EFFECTS 31where N0 represents the initial dopant onentration, for an n-type deviea negative number. � is the uene,  and � are temperature dependentonstants. It has been shown that both onstants have relatively large val-ues, and thus indiates that the initial doping onentration only has minore�et on the full depletion voltage for uenes of more than a few times1013neutrons/m2. An n-type detetor invert to e�etively p-type at about2 � 1013neutrons/m2 and ontinues to beome more p-type beyond thispoint. In a p+n detetor the eletri �eld is extending from the p+ into thebulk, so even when only partially depleted it is possible to obtain positioninformation from the detetor. When the detetor is inverted the eletri�eld extends from the n+-side of the detetor. This side have no strips, andif the detetor is not fully depleted the position information is not good. Thetemperature dependene of  and � indiates that keeping the detetors atlow temperature during irradiation will lower the e�et 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 silion and D is the detetors full depletiondepth. The value obtained from this equation gives the initial depletion volt-age after irradiation, whih an be rather high. After irradiation, though, thedepletion voltage starts to anneal. The annealing an be separated into shortterm and long term e�ets desribed with time onstants �S and �L, respe-tively. Both time onstants are strongly temperature dependent and inreasewith dereasing temperature. The time onstant �S is assumed to desribean exponential deay of ative aeptor sites reated during the irradiationbak to neutral inative sites. The hange in full depletion voltage aused bythis e�et at a time t after irradiation an be desribed with equation 3.16,where VZ is related to a stable aeptor onentration produed during theirradiation proess. VZ is therefore the minimum value of the full depletionvoltage.The short time, or bene�ial, annealing period an then be desribed bythe term: VDep(t) = VZ + VSexp(�t=�S) (3.16)



32 CHAPTER 3. SILICON DETECTORSThe long term ontribution to the depletion voltage in equation 3.18 isdesribed by equation 3.17, where VA is related to a onentration of damagesites that an beome ativated aeptor sites,VA(1� exp(�t=�L)): (3.17)Sine the short term annealing redues the depletion voltage this anneal-ing is often referred to as bene�ial anneal. The long term ontributioninreases the depletion voltage and is referred to as anti-annealing. The timedependene 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 funtions of the uene �, and an be writtenas: VS = �vS (3.21)VA = �vA (3.22)VZ = �vZ (3.23)vZ, vA and vS have been measured on silion PIN diodes irradiated withprotons. For 300�m thik detetors 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 detetors leakage urrent inreases signi�antly during irradiation. Cur-rent is desribed by leakage urrent per unit volume, JV . The inrease in JVhas been found to be diretly proportional to the partile uene [15℄:�JV = �� (3.24)



3.4. RADIATION EFFECTS 33Table 3.1: Main reations in defet kinetis modellingI reations V reations Ci reationsA)Di�usion reationsI + 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� > BBReations in PKA regionI + V� > Si V + V� > V2I + IN� > IN+1 V + VN� > VN+1*Not thought to be eletrially ativeThe proportionality onstant, �, known as the damage onstant has the value(5�10)�10�17Am�1 immediately after irradiation. � anneals exponentiallyafter the end of irradiation with a series of time onstants. These timeonstants 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 modelsAording to studies performed for LHC[15℄ there are three elementary de-fets formed during irradiation. These defets are vaanies(V ), interstitials(I)and divaanies(V2). Divaanies are stati until about 600K while vaaniesand interstitials are mobile exept at very low temperatures. Some of thedefets esape initial reombination and di�use through the rystal reatingwith other defets and impurity atoms like oxygen and arbon. The reationrates are ontrolled by the onentration of impurities and their relative ap-ture radii. The main reations in this kinetis model are given in table 3.1.The subsripts i and S stands for interstitial and substitutional, respetively.Reations B ourres during Primary Knok-on Atom asades. The lusterforming of vaanies and interstitials may also our for di�using vaaniesand 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 detetors are typially CV- and IV-measurements. Single strip measurements are more time onsuming than the�rst measurements and only detetors with good CV- and IV-harateristisare measured in this way. Sine 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 desribe the di�erent setupsthat have been used in the di�erent loations.4.1 CV and IV measurementsThe apaitane and leakage urrent are important eletrial properties of asilion detetor. High leakage urrent and high apaitane both inrease thenoise in the readout system. In addition will high leakage urrent inrease thetemperature in the detetor, whih, sine the leakage urrent is temperaturedependent, again inrease the leakage urrent. After irradiation the leakageurrent is signi�antly higher than before irradiation, and the measurementshave to be done at low temperatures to avoid thermal run-away. This isspeially important when the area of the detetor is large. The mirostripdetetors have therefore been measured at �18ÆC, while the diodes havebeen measured at room temperature sine the diodes total leakage urrentwas at an aeptable level. Setions 3.1.2 and 3.2 desribes the leakageurrent as proportional, and the apaitane as inverse proportional, to the35
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Figure 4.1: Current(A) vs. voltage(V) for a silion detetorthe 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 funtion ofV 1=2B before full depletion, this from the dependene on the depletion width.Similarly the apaitane is linear after full depletion, and a funtion ofV �1=2B before that limit. Examples of typial IV- and CV-measurementsare shown in �gure 4.1 and �gure 4.2, respetively. IV- and CV-urves foran irradiated detetor will have about the same shape as an unirradiateddetetors, but with values that are funtions of the uene(setions 3.4.2and 3.4.3). The measurement of apaitane is also used to alulate the fulldepletion voltage, or the operation voltage of the detetor. This parameter istogether with the leakage urrent the most used parameters when omparingdi�erent detetors. In the rest of this thesis it is therefore these two eletrialproperties of the detetor that will be disussed in most detail.The measurement setup is a standard setup at SINTEF. It is an auto-mati measurement system that �rst measures the apaitane as a funtionof reverse voltage, then ramps down the voltage and starts measurements ofthe urrent in ative area and guard as a funtion 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-soure, a HP 3488A Sanner, a ouplingbox and a 24V voltage soure. The two Keitleys are used for both biasing ofthe detetor and for urrent measurements. The oupling box ties togetherthe instruments and a relay onnets the LCR-meter to the iruit for a-paitane measurements. The voltage for the relay is delivered from the 24V
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Figure 4.2: Capaitane(F) vs. voltage(V) for a silion detetorvoltage soure. An equivalent sheme 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 sequene instead of two.This LabVIEW program ramps up the voltage while it measures both a-paitane and urrent. The setup onsist of a HP4263B LCR-meter for a-paitane measurements, and a Keithley 237 high voltage soure measureunit for biasing the detetor and measure urrent. The LCR-meter is notapable of delivering high voltages for CV-measurements, and the bias boxis introdued in the iruit to provide this high voltage. A sheme 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-hek the abinets temperatureontrol. At SINTEF a single two-wire Pt100 element was onneted to aFluke Hydra-multimeter. The Pt100 element was then attahed to a largealuminium huk 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 thehuk so that the diodes quikly would obtain the abinets temperature. AtCERN two four-wire Pt100 elements were onneted to a Keithley2001 mea-surement unit. These Pt100s were put in the bags of two detetors, onein the front and one in the bak of the abinet, to hek the temperatureuniformity of the abinet. thirteen detetors with aluminium framing havea large thermal mass and were therefore slower to ool down than the abi-
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Figure 4.5: Sheme for single strip measurementsnet. The PT100 measurements made it possible to deide when the detetorstemperature reahed �18ÆC, and therefore when to start the measurements.4.2 Single strip measurementsMirostrip detetors may have defets like broken strips, shorted strips andholes in the oxide. A perfet detetor has no strip defets, but the proessingof very thin lines makes this diÆult to ahieve. Broken- and shorted stripsare defets that depends on the proessing only, and the number of thesee�ets are not expeted to inrease when the detetors are irradiated. Onee�et of irradiation is the introdution of harge in the oxide, and this anintrodue oxide punh-troughs at suÆient high voltages. The number ofpinholes are therefore expeted to inrease during irradiation. Defet stripsderease the position resolution and inrease the noise, and it is thereforeimportant to use devies that have few defets. The ATLAS spei�ations,before and after irradiation, are a mean aeptane of 99% with no devisesbelow 98%, or less than 7 and 15 bad strips, respetively.At SINTEF these measurements are done together with the measure-ments of the oupling apaitane. This setup onsist of a HP4263B LCR-meter, a Masot 12V voltage soure, a bias box and a xyz-stage ontrolledwith a Owis mirostep motor driver. A sheme for this setup an be seenin �gure 4.5. The motor driver and the CV-meter is ontrolled with a Lab-VIEW program in suh a way that after a measurement on one strip thestage moves to the next strip for a new measurement.
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Chapter 5Measurements on diodesFrom the previous hapter it is easy to see that for silion detetors there arethree important parameters, the leakage urrent, the depletion voltage andstrip integrity. In an annealing study of ATLAS mirostrip detetors [11℄ oneSINTEF p-in-n detetor was found to have signi�antly lower depletion volt-age than the rest of the detetors in the study. SINTEF had two hypothesesto explain this phenomenon, one was that their gettering proess and theseond was the phosphorous onentration on the bak side. The getteringis a temperature treatment of the detetor that removes di�erent impuritiesfrom the silion. These impurities are trapped in the phosphorous, and it hasbeen shown that a high phosphorous onentration inreases the solubilityof some impurities. Setion 3.4.4 show that the depletion voltage dependson radiation indued defets that reats with initial impurities in the silionsubstrate. The phosphorous onentration and the gettering hanges the ini-tial impurity onentration, and it is therefore possible that hanges in thephosphorous onentration and/or the length of the gettering an hange thedepletion voltage.Simple pn-juntion diodes have the same basi properties as the ativearea of a miro strip detetor, but the diodes have no strips and are thereforeeasier to proess. This, and the fat that you an produe more than onediode per wafer, makes diodes heaper than the miro strip detetor. Diodesare therefore very suitable for experiments on di�erent proessing parameters.Sine 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 onentration1d1, 1d2 No P on entire bakside, Nd unknown2d1, 2d2 Short P on entire bakside, Nd unknown3d1, 3d2 No P in strips on bakside, Nd unknown4d1, 4d2 Short P in strips on bakside, 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 proess that removes impurities from the ative area to intentional trappingareas in the devie. The diodes have been divided into three ategories, short,long and no gettering. The diodes that reeived short gettering got 2 h at800ÆC plus 2h at 600ÆC, the ones that reeived long gettering got 20 h at800ÆC plus 20h at 600ÆC. All the diodes are produed at SINTEF. Diodes5d, 6d, 7d, 8d, 9d, and 10d are irular diodes with a diameter of 2.5mm.The rest of the diodes are quadrati with area 1m2.5.1 Diodes before irradiationCV-measurements were performed with reverse biasing from 2 to 200 volts.The frequeny 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 exept from some of the �rst measurements whenthe limit was about 1�A. The reason for this measurement limit is to protetthe voltage soure from overheating beause of high urrent.Capaitane measurements are a tool to �nd the neessary operating volt-age of the detetor, but the best method is CCE measurements. The detetoris onneted to read-out eletronis 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).partile soure injets partiles in the detetor and produes harge arriersthat are read out with the eletronis. The CCE is usually measured as theS/N-ratio as a funtion of voltage, so Charge Colletion EÆieny is a some-what misleading name. The CCE inreases with applied reverse voltage untilthe depletion voltage where a plateau is reahed. Capaitane measurementsare easier to perform and for unirradiated detetors give results that are loseto the CCE measurements. After irradiation however, the apaitane of adetetor depends on frequeny and temperature[4℄, and it follows that thedepletion voltage found with these methods is temperature and frequenydependent. Clearly, CCE measurement is a better method to �nd the bestestimate of an irradiated detetors 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 detetors. 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-



44 CHAPTER 5. MEASUREMENTS ON DIODESsription 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 alulates the apaitane from the urrent and theapplied voltages frequeny and amplitude. The apaitane an be writtenas dQ=dVR, and sine a soft breakdown inreases the urrent gradient andtherefore also the alulated harge gradient, the soft breakdown does in-rease the apaitane. This e�et 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 beause of breakdowns are markedwith B's in the table.5.2 Diodes after irradiationThe diodes were irradiated unbiased to a uene of 2 � 1014neutrons/m2,whih should be about equal to 3:3 � 1014protons/m2[5℄. The irradiationlasted for 17 minutes and 30 seonds 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 redue any kind of annealing.CV-measurements were performed with reverse biasing up to 400 voltsand the same measurement frequeny 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 maintenane 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 interferene from the seond stage. The reverse annealing wasaelerated by keeping the diodes at � 60ÆC, and an aumulated annealingtime of 460 minutes should simulate the ATLAS senario[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 eah step measurements were done at room temperature,and the diodes were put bak in the freezer when there were pauses in themeasurements. The room temperature was measured approximately withan ordinary thermometer and taken into aount when normalizing the an-nealing time. The temperature dependene 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 senario 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 alulated total annealing time was about60 days. With this normalization the full depletion voltage reahed its min-imum value after about 15 days. Earlier experiments have shown that thisnormally ours after 5-7 days, and indiates 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 morediÆult to ompare di�erenes due to proess 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 foreah 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-itane measured before irradiation. The limitation of this method is thatyou need to know the orret apaitane. 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 reeived the shortest gettering.experiment stray apaitane was a problem and when applying this methodstrange results ourred. The seond 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 apaitane reverse biasing to muh higher values thanthe depletion voltage is needed. From equation 3.18 and equation 3.23 theinitial depletion voltage is about 350V . Sine the setup has a limitation on400V this made it diÆult 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�erene inthe depletion voltages found with the di�erent methods. Sine 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 sineC0 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 reeived the shortest gettering.5.3 SummaryThe measurements in this setion were done to examine a possible orrelationbetween proessing parameters and eletrial performane after irradiationfor silion pn-juntion diodes. This setion is a short summary of the resultsand the limitations of these measurements. A preliminary onlusion will bedrawn at the end of this setion, but a more thorough disussion taking intoaount the detetor results, is given in setion 7.This experiment was designed to �nd out whether the proessing of adetetor inuene the full depletion voltage after irradiation. Sine the ex-periment was mainly onerned with the full depletion voltage, the leakageurrent was not onsidered to be that important for the study. It was there-fore not put muh 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 desribed in setion 5.2.2. That setion also desribes the limitations ofthese methods, and explains why some of the diodes had to be left out of this
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) d)Figure 5.4: Current(�A=m2) vs. time(days) at 100V . The stippled linesrepresents the diodes that reeived the shortest gettering.



50 CHAPTER 5. MEASUREMENTS ON DIODES
500

600

700

800

900

0 10 20 30 40 50 60

5D and 6D at 200V

600

700

800

900

1000

0 10 20 30 40 50 60 70

7D and 8D at 200V

a) b)
500

600

700

800

900

1000

0 10 20 30 40 50 60

9D and 10D at 200V

500

600

700

800

900

1000

0 10 20 30 40 50 60 70

All small diodes at 200V
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5.3. SUMMARY 51
140

160

180

200

220

240

260

0 10 20 30 40 50 60

1D and 2D at 100V

140

160

180

200

220

240

260

0 10 20 30 40 50 60

3D and 4D at 100V

a) b)
160

180

200

220

240

260

280

0 10 20 30 40 50 60

11D and 12D at 100V

180

200

220

240

260

280

300

0 10 20 30 40 50 60

13D and 14D at 100V

) d)
140

160

180

200

220

240

260

280

300

0 10 20 30 40 50 60

All large diodes at 100V

e)Figure 5.6: Current(�A=m2) vs. time(days) at 100V . The stippled linesrepresents the diodes that reeived the shortest gettering.
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Figure 5.8: Vdep vs. T ime for 11D1. The di�erene between the two methodsdesribed 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 ofurrent measurements has degraded the outome of the study. At least oneimportant parameters should have been hanged in the design of the urrentmeasurements, namely the maximum reverse voltage. An inrease 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 foridential diodes are on the same order of magnitude as the spread for the non-idential ones. In addition there are an overlap between these sets of data.In other words there are no systemati di�erene between diodes that areproessed di�erently, and this indiates that both the full depletion voltageand the leakage urrent are independent of the proessing 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 thatreeived the longest gettering, and thus indiates that the leakage urrentdoes depend on the length of the gettering. These two results put togetherleads to the onlusion that the length of the gettering an be important forthe radiation hardness of a detetor if the detetor have some given initial
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Chapter 6Measurements on detetorsDetetors with di�erent proess parameters were made to ontinue the studyon the diodes. These parameters are given in table 6.1. Irradiation apaityproblems at CERN limited the study to only 10 detetors. The irradiationrun was part of the detetor quali�ation for the ATLAS projet, and explainswhy most of the detetors in this study are standard detetors, in the range21-50.6.1 Detetors 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 alulate the depletion voltage and then stop themeasurements at a ertain level above that voltage. The frequeny 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 protet the voltage soure from overheating beause of high ur-rent. The single strip measurements were done with a frequeny 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 defets are foundfrom oupling apaitane measurements, and in �gure 6.1 all three types ofdefets an be seen.A broken strip gives an in�nite apaitane, in pratiethe maximum apaitane of the meter. The shorted strips have oupling a-57



58 CHAPTER 6. MEASUREMENTS ON DETECTORSTable 6.1: Information on detetors in testDetetor Thikness Orientation Restivity Edge Proess variation(k
) ontat1-5 300 < 100 > 6-9 No Extra largephosphorusonentration6-10 300 < 100 > 6-9 No Very lowphosphorusonentration11-15 300 < 100 > 6-9 No Low phosphorusonentration,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 Yespaitanes that have a linear relation to the number of strips that are shorted.Two shorted strips doubles and three strips triples the oupling apaitane.This is beause two shorted strips have e�etively twie the area of one stripand therefore twie the apaitane. Broken strips an be seen from valueslower than the mean value. This is the opposite e�et of the shorted stripssine broken strips have smaller area and therefore lower apaitane. Theresults of the two measurements are given in table 6.2 and table 6.3. Analternative method to �nd strip defets is desribed in setion 4.2 and somemeasurements were done with this method to �nd pinholes. This alternativemethod is to measure the urrent between eah strip and the bakside. TheATLAS SCT ommunity has de�ned that a strip has a pinhole if the stripurrent exeeds 2pA at 100V reverse bias. The number of pinholes foundfrom both methods are summarized in table 6.4.6.2 Detetors after irradiationThe detetors were irradiated at 100V reverse bias to a uene 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 detetorsDetetor 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 irradiationDetetor 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 apaitane mea-surements(method 1) and urrent measurements(method 2).Detetor Method 1 Method 29 3 2311 0 520 1 1031 1 3



6.2. DETECTORS AFTER IRRADIATION 61approximately one week. After the irradiation the detetors were put inplasti bags and put in a freezer. A bag ontaining silia gel was added ineah plasti bag to absorb moisture when ooling the detetors. Detetor 28was not irradiated during the same run as the rest of the detetors, but wasirradiated about two months earlier. Some problems ourred during thatrun and it is not ertain whether this detetor reeived the same uene asthe rest of the detetors.Eight of the ten detetors in the study were, as mentioned earlier, part of aquali�ation proess and this put some limitations on the measurements. Toget omparable results it was deided that all of the 49 detetors partiipatingin the study should be measured in the same way. The measurements thathad to be done to qualify were urrent and apaitane 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 detetor in the limate abinet to anneal while doing IV-and CV-measurements at suitable time intervals, but the large number ofdetetors made this approah too time onsuming and another approah hadto be used. Cables were made so that up to 13 detetors ould be ooleddown and measured at one time. After all 49 detetors had been measuredall of them were put in the limate abinet again for annealing. Earlierstudies have shown that minimumdepletion voltage our about 7 days afterthe start of annealing at 25ÆC[11℄[10℄, so the detetors were put bak in thefreezer after 4.4 days of annealing at 28ÆC(equation 5.1). Measurements werethen done with the same measurement proedure as before annealing.Table 6.4 show that more pinholes are found from the urrent measure-ments at 100V than the oupling apaitane measurements. Measurementson oxide punh-troughs have therefore been done with this method. The pre-irradiation measurements was done with the �rst less eÆient method, andthis might have made the number of irradiation indued pinholes, table 6.5,arti�ially high. It should also be noted that the detetors were bondedduring measurements. Short-iruits aused by the bonding wires may haveinreased the number of pinholes to some level. The numbers in parenthesisis the number of pinholes if those shorts are subtrated.



62 CHAPTER 6. MEASUREMENTS ON DETECTORSTable 6.5: Pinholes before and after irradiationDetetor Before After Irradiation induedirradiation 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 theurrent in both guard and ative 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 apaitane measurements was not optimalfor apaitane measurements. The interesting part of the detetor for bothapaitane- and CCE-measurements is the ative area of the detetor, andmeasurements should therefore be done over that area only. In this setupthe ative area is onneted to the guard struture, and strange behaviourhave been observed beause of this. Figure 6.2 and �gure 6.3 show 1=C2plots for all ten detetors before and after annealing, respetively. Normallyis the apaitane attening out at full depletion, but when the guard wasonneted di�erent behaviours were observed at about this voltage. Onebehaviour was that the apaitane started to derease again, and then laterstabilize at another lower level, see �gure 6.2b). Figure 6.2f) shows anotherbehaviour, an instability in apaitane. The eletri �elds in a inverteddetetor are not as well understood as in an un-irradiated detetor and itis therefore diÆult to explain this. On some detetors it looks like the



6.2. DETECTORS AFTER IRRADIATION 63Table 6.6: Leakage urrent before annealing. Measurements done at �18ÆC.Detetor 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.Detetor 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 detetors. Measurements done at�18ÆC. Detetor 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 apaitane level. This makesan unstable guard ring a probable reason. The unstable behaviour made itdiÆult to alulate 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 muh easier toalulate the depletion voltage and the values in the table should be orret.6.3 SummaryThe measurements in this setion were done to examine a possible orrelationbetween proessing parameters and eletrial performane after irradiationfor silion mirostrip detetors. This setion is a short summary of the resultsand the limitations of these measurements. A preliminary onlusion will bedrawn at the end of this setion, but a more thorough disussion taking intoaount the diode results, is given in setion 7.The limitations of the detetor measurements are all due to the fat thatthe detetors was part of the ATLAS detetor quali�ation proess. This putlimitations on both the experimental setup and the seletion of detetors that
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a) b)
) d)
e) f)
g) h)
i) j)Figure 6.2: 1=C2 for all detetors before annealing
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a) b)
) d)
e) f)
g) h)
i) j)Figure 6.3: 1=C2 for all detetors after annealing



6.3. SUMMARY 67partiipated in the study. The limitations on the experimental setup resultedin only two measurements on eah detetor, and apaitane measurementsthat were diÆult to interpret. These limitations are desribed in more detailin setion 6.2, but the fat that eight out of ten detetors in the study werestandard detetors made it possible to see the spread in leakage urrent anddepletion voltage for idential diodes. The limited number of detetors withexperimental proessing parameters made it diÆult to �nd any di�erenesfrom the standard detetors.There was as expeted an inrease in pinholes for some detetors, 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�erene in leakage urrentan be observed for any of the detetors, exept for detetor 28. Detetor28 was irradiated in an earlier irradiation and the lower leakage urrent anbe explained with a lower obtained uene. The detetor was also storedfor some time, and annealing of the detetor 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 proessing parameters, or between the full depletion before andafter irradiation. These results leads to the onlusion that it is diÆult toforesee the eletrial performane of an irradiated detetor based on the de-tetors pre-irradiation behaviour. Furthermore it an be onluded that thedi�erent proessing parameters in this study did not inuene the radiationhardness of the detetors under study.
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Chapter 7Disussion and onlusionThis thesis addresses two main topis. Subjet number one was to �ndout if the proessing parameters an alter the eletrial properties of thedetetor after heavy irradiation. This study has been done by omparingleakage urrent and depletion voltage for detetors with di�erent proessingparameters. Subjet number two was to �nd out if it is possible from thepre-irradiation measurements to foresee how the eletrial performane of adetetor will be after irradiation. If possible, this would be a tremendousadvantage sine it will be impossible to replae the miro strip detetorsduring the 10 years of ATLAS operation and good detetors have to behosen from the beginning. To examine this subjet omparisons of leakageurrent and depletion voltage before and after irradiation have been made.7.1 Time normalizationThe normalization of time to temperature is also subjet to disussion. Thetime has been normalized with equation 5.1 that only takes �L, the long termannealing time onstant, into aount. From �gure 5.9 it is possible to ap-proximately �nd tmin, the time minimum depletion our. When omparingthis value of 14-16 days with the theoretial value of 4 days at 25ÆC, you�nd a di�erene 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 orret value in the experiment de-69



70 CHAPTER 7. DISCUSSION AND CONCLUSIONTable 7.1: Pre-Irradiation measurements on detetorsFluene Vdep0 VdepMin3:0� 1014 720 3183:3� 1014 792 350sribed in hapter 6. The orret time dependene 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 alulated from equation 3.18, and table 7.1gives the theoretial 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 funtion of the pre-irradiation measurements.Figure 7.2 is a similar plot for the detetors. The values obtained by experi-ments do not orrespond very well to theoretial 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 detetors ir-radiated to the same uene have approximately the same depletion voltage.The onlusion is therefore that the pre-irradiation measurements are uselessas indiators of the irradiated high restivity detetors depletion voltage.In �gure 5.9 it is possible to ompare di�erent set of diodes. Eah setonsist of three or four diodes of whih two was treated with shorter orlonger gettering. From �gure 5.9 a) and �gure 5.9 ) it ould be arguedthat the diodes that reeived 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 orret. The spread in depletionvoltage values for idential diodes are of the same order of magnitude as thedi�erene between the non-idential ones. The same spread in values anbe seen in table 6.8 for the detetors. When trying to ompare diodes withthe same gettering, but with di�erent phosphorous implantation the samespread is observed. The onlusion of these depletion voltage measurements
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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 andonentration of implanted phosphorous an alter the full depletion voltageof a highly irradiated detetor.7.3 Leakage urrentThe measurements of leakage urrent gave results that were expeted fromtheory. An inrease in JV immediately after irradiation with a followingannealing behaviour was observed. The leakage urrent was normalized to20ÆC and alulations of �, the damage onstant, were done. From equa-tion 3.24 and a uene of 3:3 � 1014 protons/m2 � was found to be in therange 1:12 � 8:06 � 10�17Am�1. This value is in agreement with earlierpublished values[15℄. It was also tried to alulate � for the detetors, butthe orret volume of the detetor has to be known. The number of guardrings that are onneted depends on the shape of the depletion region, whihagain depends on the reverse bias. Sine the shape of the depletion region ofa inverted detetor is unknown the area is unknown too, and for this reason� annot be alulated. In a piee of 300�m silion the leakage urrent willinrease 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 detetors vs. their full depletion voltage beforeirradiationpared to the irradiation indued leakage urrent, and this is in agreementwith hapter 6 where no orrelation was found between the irradiated de-tetors leakage urrent and the unirradiated detetors leakage urrent. Theonlusion is therefore that the leakage urrent after irradiation depends onthe uene, and are independent on the the pre-irradiation leakage urrent.The same sets of diodes that were analysed in setion 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 theonlusion that variations in gettering and phosphorous onentration annotalter the leakage urrent of a highly irradiated detetor. 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 reeived long gettering, 10D, ompared to the diodes that reeived shortgettering, 9D. In fat 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 onentration. Thephosphorous onentration an therefore not explain the di�erenes observedbetween diodes 9D and 10D. Sine this e�et 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�erene in these samplesonly. It an therefore be onluded that the length of the gettering might beimportant for the leakage urrent if the detetor is made of a material withthe very spei� properties, but gives no e�et on other materials.7.4 ConlusionA large number of silion mirostrip detetors are to be installed in theATLAS detetor. During the 10 years of operation it will be impossibleto replae any of these detetors, and good detetors have therefore to behosen from the beginning. This an be done in two ways, either the detetoris tailor-made to be radiation hard or good detetors are seleted from a largenumber of detetors based on pre-irradiation measurements. These two linesof ation have been studied in this thesis, measurements have been done andthe data has been disussed qualitatively.Topi number one was to �nd out if the proessing parameters an al-ter the eletrial properties of a detetor after heavy irradiation. For thispurpose several diodes and detetors with di�erent proessing parametershave been irradiated and tested. The disussions earlier in this hapter haveshown that a signi�ant di�erene 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�et existedfor the depletion voltage too. The di�erene 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 detetor hasto be present to improve the eletrial properties. This an be a propertyof the silion material or ome from the proessing. The phosphorous on-entration on the bakside of the detetor is suh a property, but was foundto have no signi�ant inuene on the leakage urrent or depletion voltage.The onlusion is therefore that it seems possible to inuene the eletrialperformane of a detetor after irradiation by hoosing the right proessingparameters, but that more experiments have to be done to �nd the neessaryinitial properties.Topi number two was to �nd out if it is possible from the pre-irradiationmeasurements to foresee the eletrial performane after irradiation. Thedisussions in this hapter have shown that for a typial ATLAS ueneneither the depletion voltage or the leakage urrent after irradiation an



74 CHAPTER 7. DISCUSSION AND CONCLUSIONbe predited from the pre-irradiation measurements, and that they dependmostly on the uene reeived.
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