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k the case of gadiat«i float-zone Si, a Etthnt of 305 p is obarervcd at 300 K decfeasing 

fiom290ps at 30 K, andthe @mn<nppingrote cûmasa ~ w i r h i n c ~ a a i n g  

tempera-. The Doppler rneasurcments yie14 when coupkd ointh lifetime data, a S-value 

6.7% larger than that for the bulk which i neaûy twice the vrhc hitherto claimed for 

divacancies. Isochtonal ;mneaiing of the 1.8 inhred absorption band is accompanied 

by a significlnt change in the defeçt S-vahit to 3.8% kgcr than for the buik Surprismgly, 

the t r a m  rate at 50 K decreasa ody by 3û% during the armcaîing-out of the 1.8 p 

infhrcd absorption, and the postroa lifetmit stays esscntuny constant Loosc vacancy 

comp1exes (a 'cspongen defect) ccmhtbg of disc«m'ble mmova~atlcïes are suggested to be 

formed upon anneaiing as an intermediate step in c1usCnmg of divacancies. 

For îhe Cz-silicon, a set of rectanguiar wafcrs of n-typc (P, Sb doped) and p-type (B 

doped) at various concentration lcveb and imuhted to a fluence of 1.2xl0"e-/an2 were 

invesrigatcd as a h c t i o n  of temperaturt and position dependence. The low dopant 

concentration s~aples of ptype or n-type present a dominance of nc$stive divacjncy 
dcfects, duc to a lifetime of -30 ps, a strong tanpmtuc dependence of the trapping rate 

and a SdSB d u e  1.07. For the middle concentfation matai&, we proposcd that the 

formation of neutrai PVz, BV, and SbV2 type &fcî<s wouid e x p h  the smng temperature 

dependence of the lifetime while maintainhg conatnt trapphg rate. In the highly doped n- 

or-ptype amiples (both wiîh 5xld8/cm3), the n-type (Pdoped) shows a dominance of VP 

pairs, which are stable at r o m  temperature, wMe for the p@pe (B doped) we suggest the 

BV, are present given that VB is UI1Sfab1e at room tcmpcatun. 
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CHAPTER ONE 

INTRODUCTION 



1.1 ~ U ~ O N . '  

We like to adinin the d th& thm we conimonly prcfiér pure wmi, qpr, gold etc. 

T h ~ m i a g t a n ~ w h a e ~ o f ~ N l i l r b S i t y o r ~ ~ d i t r m o r s d e a i r a b l t t o  

havc niipntica For exanqk, sWbg aihier contaicm 7.5% coppa a d  92.5% sihm 

orin the case ofzinc whkh whcnrldcd to coppcr pmdiiçes bms, at a Iowa coet dun 

pure wpper but atrmger, hardg, and more ductile tban pure copper* On the other haml 

brasa has Iowa eiecaid con&ctiMry thm copper- A sMar  &ution happena with iron 

where cPbon, nickel, chrdum, vanadhm ctc. cm be added so to impmvc the mechani- 

cal Propemts of pure iroa T h d i ,  it it Un bc Sca by a b y  rddingurities to s m e  ma- 

terials th& mechanical and eltctrical p q d c s  can bc changed ben&cbUy 

nie addition of impurities to d c o n b t i n g  maserials such as Sçon (Si) or gemiamum 

(Ge) haa produced rcsub diat have mroiutionizcd today's wodd of technology. The pbs-  

ics bcfmid wtiy thg happena I the main rta~a why many scientists have dcw,ted a great 

deai of (Hw and induatry financiai moiirces, to find out in as much detaif as possible, 

about this phcnomcncm. In thk punit mtny bnnches and fielda of tcsealcb have been &- 

vclapcd, and becPw this research is at the atomic lcwl, mmy sophjdicated mcthods b e  

ken designecl to accompiish da9 work. Onc of thcse mcthoâs of rrscarch is the positron 

annihil;ition technique on which 1 wiU concentrate in ttiki work. 





B=p/ntc (1-2) 

wherr p ia die total momcntum of the mtihbting pair perpendicutar to the direction of 

photon emisaion, c the speed of üght and m, the e1ectron rat mam. 

1.3 ANNIHILATION OF POSITRONS: 

When the puaiûon entas the material from a radioactive source, the kinetic energy is rather 

high (severai hundr~ds of keV dependhg on the source), and this erîergy is lost by col& 
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F i  21. Rcpre#ottrion of methocb d to extract the i n f i i o n  obtaincd 



m@es accodng to a p' en- ~~ whac end point en- ia about 0.54 keV and 

thus exceah c0adlCdosribIy dat thcanil mcrgy kT. A f k  w o n ,  the pdmn 109~s its 

en- duc to *(ron aad phonai arciirtion. 

Thesto~pf~Eiltof~ltcrgc(ic~fioniardiorliincm~ircrspoaent;at mdis 

@en by: 



Cffèctive at -1 eV. 

In concluSion, p o s h m  from a radioactive source probe the bu& of a sample. The 

theRnaliZafion (ime for pushm in me& and semi*conductois ir ah- compared CO 

positron Wetimc, d and not of cxpcIimcntal mcem 

-ATION TECHNIQUE: 

A schemafic set up for an a@ar ca~tclation csuipmcnt h Stiown m figure 2.3. The 

angukr ~oifclation betwcai 2y annihilôtion quanta ia m e d  The distance fiom the 

samplt to thc two dctectors is umalîy about 2 meters. One dctector is nxed while the other 

can be tumeci by a d ( G O  d) angieT 8, and the number of Hicident photons is 

m e a d  as a fimction of 0. Afta amplification of the &tecm pulses, thcy are anaiyztd 

for the correct energy (0.51 MeV) and then fed into a coincidence circuit, g k k g  an output 



between the two quanta, a cidation lpgeiy dm to elcctm m o n i ~ n t l l ~ ~ ~  as the positron is 

t h d d  By the long slit geomctiy this m o n  ia m d  on& in ais direction of 

the movement of the one &tcctor, the z direction and by the rnovtment of the detector in 

stepwise wry, the rate of coincideaçt pulses ia m d  aa a hction of 8, givmg as a 

mult the angdar comI;rtion ciwcd shown s c h d *  in figun 2.4. 

F i e  2.4 Typical anguiar correlation cune 



The veloc* componcnt V,, (ccnter of rmss) of the anriihilating elecûon-positron pair, 

encrgy of the y quantum. The encrgics E, and E, depend on wheather V, is directed 

which for V-<<C simplifies to 



2.4.1 THE S AND W PARAMETERS: 

AN@& of the Doppler broukn8ig &ta ia nominny d c k d  to auia simple applroachcs 

ûecaucrc of the wide resoIution. The width of îhe 511 keV pcak is charactcrized by a so- 



c a l l e d S p a r a m ~ m ~ b y M o c K c n z E t e t d [ 1 5 ] . T h à S p â r a m c t e r E ~ t d u i  

the ratio bctwccn die amount d GO- in the central region of the a m d d a t b  linc, 

l 
--. -- 

ENERGY (W b 

2.6 Doppler broadaimg spectra, showhg the S and W parametm. 

the region of the S parameter. ûn the oorha-hnd, con eiectmns hm momcnturn values 

paryneteft weight the mtn'birtiom for Vaence and wn nmhJation pyametm 



s = (1 - %)SB + a& 

and w= (1 - %)WB + qwD 

where % =K/(&+ K) (2.10) 

The subscript B rtfm to the bu& atrtt and D to the defect cnatt and a, is the fkactiion of 



2 8  and 2.9, the fôhuhg dations cro bc fmd: 

L 

F i  2-7. Schematic cüagam of a typicai ecluipmcat for meamhg p i W m  lifttmics. 
Lcgcnd: 
H V S  : H i g h w l ~  supply. MCA : Multl-chamrcl ndyzcr. 
PM :Wotomut(ipficm 
CFD :Carigtant~tiondiscrMsinators. 
SCA : Single c h c l  analyzer. 
TAC : Tirne to amplitude convertCr. 



one photon of 1.28 MeV rild one of 0.511 MeV rnd det«nriat the timc Merence 

conntcted to &tcctor #1(1.28 MeV) and the bop brmch uamcctcd to detectot #2 (0.511 



The eigpa ftom dctector #1 m fd Bite a dUamiinPor circuit ( C m  which @es an output 

1 

GAC). The stop brmch is q& simSIt to the staat brançb cxcept îhat the output nrni the 

CFD ia f b t d d . Y o d @ y - S  ns) befim f-it into the T~Csolcîyforthe puqosc of 

proper opefaficm of the TAC. The output of the TAC is a pulse whose amplitude h 

poporticmai to îhe time djdftrtllct betwcfil the two sjgnab. 'This ampl,itude is digitized and 

stand in a rnuitichamtl adyzcr (MCA). h this way the chasme1 number in the MCA 

becomes PropOrtionaI to the time diffierttlct bctwem the two photons (1.28 MeV and 

0.51 MeV), and the number citatd in uch of the cbanneh is the number of events 

ncorded with a certain PUac dBtrc11ce. Exphenîs  canicd out in thiP iaboratory wcre 

done ushg CFD Oitec 583 for both the start and the stop branch. 

2.5.2 SCINTEUTOR AND PHOTOMULrlPT.IER: 

The detcctioa of thc gamma quanta is accomplished by a piastic achtillatnr mounted to a 

photomuitiplier tube [lq. 

nie mcidcnt photon en ta  thc scintillatm and su&n a large nusnkr of inicractions which 

resuit 8i e~ci thg the molecuies. The exCacd states rapidly emit visible (or near visible) l@t; 

the matcrial W said to fluorescence. The light s e e s  the photosensitive d a c e  of the 



niesoorccofpositroiiriwdfor4rhecrpcrimearrCamdoutbtliirw~wacithe %a 

isotope. The w o n  of the poskm L donc by cMporrtmg a fcw dmps of aqucous 

solution of WaCi deposited on a vny thin ahminun fd ( 0 . 8 ~ )  of size 5x5 mm2, for 

en-on. nie stm@ of the sources iricd ia the expchmt~ was bctwecn 10 to 12 

Fi- For the source m o n  a ncw technique was uscd, which removc9 the unial 

ring-like build-up of source mateM1. In this technique the an$mil aqyeou WaCl solution 



2-54 THE CONSTANT FRACTION DISCRIMINATOR: 

A t h e  pick-off eiemcnt k c a s d d  in all thhg syatcms. An ideai m e  produces a logk 

puise at i$ output which -ce tirne-wise is preciseiy r e k d  ta the cvmt which caused 

the puise. Ttira sources of aror can occur: wa& (somctmics d e d  s i ~ w h g ) ~  diift and 

jitîer [i 81. 

Waikis t h e t i m e m ~ o f t h t  outputpulwsfromthccFDdevicc, relativeto itsmput 

puise9 duc to îhe variation in the shape and the amplinide of the input puise. hiA ir the 

long-tenn timing eror h t d u d  by wmpcment agine and in particular by t«np«aturc 

VanationsintheCFD. ~r#erbthctimmgun~tyofthtCFDthaticaiucdbynoiKin 

the systcm rad by statisticaî fluctuaiions of the aignai h m  the dcttctor. 

The foiiowing techniques are the most cotllllloniy meci: LRadinn tdne, whac the output 

lopic puise is produccd when the input signal crosses a f k d  threshold IateL The main 



t Vol ta gc 

b - -  
Voltage 

energy range of mterest by meam of a single chnmicl malyzcr (SCA) M d  into the CFD 

unit Ifthe two detected everits foll withm the selected en- ranges set by Iowa lm1 and 



sources of large stmgth (a0 Ki). 

2.5.5 S T E R  CONVERTERTACI: 

The Ortec 556 Tirne-to-amplinbde- (TAC) [19] is a module diar measures the 

tmit hbnni bctweai a and a stop puise and gaierates an adog output pulse whose 

ampiituâc is propoltid to the t h e  mterval, As cqlained aheady abovc, if the detected 

cvnits arc coincident within thc mhhg îimc, the TAC is gakd to accept the i n f o d o n .  

The output of the TAC is fcd mto thc muitichanei adyzer (MCA) whm a histopm of 

timing sigpal dïfEerences are accumuland to produce the so caiied lifefime spectnmi as 



30 60 90 1 20 

Channel Number 

2 5 6  RESOLUTTON FüNCTiON.,. 
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Figiae 2.11. Shape of a *cal prompt c m ,  
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which in the crw of the Pchm diebribution, quala (y3-'. For a @a:t fit x2 win one 

with an unctrtainty of one dividcd by thc number of degncs of îrecdom m the fit. The 

number of degrees of ficedom quai the number of chumetP mcorporated in the fit (51 1 



q(t) = O for t a  (3.5) 

wherc I, i the mtcnsity and t, is the lifetimc d the jL c~mponcnt. It is wtmcd tbat R is 

given by a sum of \ Gausshs which may be dgplaccd with tespect to each other, accord- 

and (3-1) 

(3-8) 



FWHM = 2(2U)*a, (3.9) 

The curve given by cqpation 3.3 is a COLLtiiluous c m ,  while the s p t a  is rccorâed in 

cbasaieb oftbc MCA. Far praptr cumppnticm c u m  (3.3) must therefm be transfôrmcd 

into a hhtogmn by Mtegcation ovcr the widîh of one cbannci, willi: 

where 6 is the Vphr of t at conmon Mt of chamiel numk i-1 and L as a nnal result we 

obtain a mode1 far the lcast-square a d y s i s  of the form: 

where j rcprrsciit the Mhie for each Cumponcnt and i the charuiel munber as shown m fig- 

ure 3.1. 

nie Mting parameten3 are the lifetimm r,, their relative mtensitits 1, tirne-zero Ta, resolu- 

tion fimction parneters and b;ickgrouncî, B; each of these parameters may bc hxed to 

chosen vahie. 



AIeast-sq~are techniqipeia applicdto ~ t h c ~ b y b u ~ d c i i n i e  gniai by 

equation 3.11. POSllRONFiT ews pi i fmath mchd uged th0 lMmlupcrs ittrative 

technique. For more &tailcd informafiion consu& d î c m  [Zl-241. & a final mdt the 

foliowing parameters arc 0bt;iijllCd: l i f î  rrLrire istcioilwr, b a c k p d  and tirne- 

zcro-chamitl and rtsoiution fitaction pamnctcrs and atl am cvrhutcd with th& standard 

deviarions and conrelation m;mix bctwccn tbe various parametem. Ab0 the vafiance of 

the fi ($) b evPlort#L A valut of l.O(W.06 indicam thot the chwcn mo&l h in p e c c t  

statisticai m e n t  widi die cxpahcata data. 

3.3 ExPEmmCES WITHPOmoNFlT: 

Inorda to~ha~~~tcompon~tsmdtbcPintensifi~iiinecerinrythuthcstatistical 

accuracy ofthe data in sdcqurte. For the worL prrrait#l in t h  thcrir about 6x106 counts 

m c a c h s p c c t r u n i ~ ~ f ~ ~ ~ t d t ~ b C a g d c o a i p m n a # w h c n ~ b ~ u n t t h e d u r a -  

tion of timc ncccssary to accumutte a spectrum. Undcr hmable circwnstancts a wunt 

rate of 500 counrs/sec could be achimd (room temperatun mca~ufcments) w N e  ody 



-100 c o d a c c  werc poailibk for low tanpent~re rn- duc to the large detector 

-011. 

The nadct witl notice Lbp the ntPmbct of Wctimt cornpuanié be gupph'ed by the uscr 

The posiiron anriiliilation rate (mvmic of poeirron Metirne) is propoitional to the eiectron 

dmsityattheQitofthepositmnandLgivmby: 

= m,'cfdr 1 iy+(r) 1 'n(r)y[n(r)] 0.12) 

whcrc r,, is t&c classical radius of the dcctrcm, c the vdo~ity of the light, n(r) the electron 

density and fin) the enbaricement f- of the elecimn d a d y  i îhc positron site. There 

are various inttrpolation fmulas for y@) base cm many-body calcuiaîions, but all yield 

values of y(n) which arc d m t a n M  ( ~ 3 ) .  Of cnaac, the clccîron-positron comlaîions Icad- 

hg to the enhancemat arc diffttenb in metais, semiconductom and insulPan. In the bulk 

positron Jtatc, the p&on probes the bufk electron densities, leadkg to a characteristic 

lifecime. In a vacancy type Mat the electmn dcnsity is lady reduced and thus the posi- 

tron üfetime is hcreased wmpared to fke positrons in the buik state. 



3.5 TI(gpplNGBYIeEFEcTS; 

As discussed urfPsr mnon-p&it mrtalbi, Wcc d e f i i  can (rrp podrons. The b h h g  

aicrgyto thedtfkctis dthcaQaof 1 ~VrndIriiamrinlyarbebaanct betwec~~oao 

p o i n t ~ ~ 1 ~ 0 f t h c ~ ~ ~ a i a d t h e ~ m ~ m i c l o s s n a l l ~ ~ o v a -  

l apo f the~wnnef inc t ionwi th thepo i i l i ve ia i~ .  Such(rsps~csodcepthal 

thamal escrpc9inegübItso l R c r t m p p h g t h c ~ r n n i h i l d a i n  thcdefa:t. Thcrcarc 

&O the M) d e d  shaûow with binciing energy of a fm tema of meV, (in metai dis10- 

cation b s  and in acmiconductors the Rydberg states aromd ne- inis) aOm whcre 

detrappbg may s u r .  ïhia coapplicatu gcaîly thc c x p b n h i  situation [2S]. 

3.6.TRAPFING MODELS: 

There arc two diffcrcnts mode1 for d t s c ~ b h g  the trapaiis modes of posibmns: The sbtisti- 

cal mode1 and trnppm$ modcl 

3.6.1. THE STATISTICAL MODEL: 

Thc statisticai madel lanmrcs dip an ensemble of pcwtronil dpime or at the end of the 

theimaütation pro ce^ have bccome trappod at d o u s  MCCB or raide in the buPc In 

other won4 at (dirrclgirding the slow-down timc) the posr(rair mide in the state fiom 

which thcy 



K~ = Rci (3.14) 

Where Ci b the m i m k  of defecta of type "iW per unit volume, V, the th& ~locity of the 

positrons and o, the trapping cross section of the i? dcfect. R is d e d  the spcciîïc tmpping 

m. 

Expemaentany obtained tifetime-spectra 4 as a b â y  explaoied, adyzed in terms of ex- 

pentiaüy dcayhg tcrms a~cordiag to the gcnerai forni: 

Where h, is the aflILihitatim rate and 4 the relative intensity. If we &note the probabitity of 

the positron to be in a fiee state as n, and the probability to be in a defect as n, a set of 



- dn$dt= iai, - bD (3.11) 

'Lht~tcmiof# luat im3.16LIbcdi irpparrn~tof~~tbebuOrstatebyan-  

riihilaiions. The second tam is the transfér to trsppcd a~tes (iî is assumeil hac that detrap- 

phgfmntnppcdstaîesinto thebuDr~docrnottakcptcc, ie. thcypcumsidcrto be 

deep m). The accond di&rontird qyîian (3.17) rrprrricsiil the occripiiini pmbabiiity 

fortheMcct. Wdhthcbasic~cmtbrtatt=OPpoetroMarcindicbuIkstatc, the 

nB(t-O) = 1 and %(Po) = 0 (3.18) 

By sofvmg these equrti0118 we abtain the total axripatim probabiiity, Mt), of the psi- 

according to: 

n(t) = {I - Id(& - &+ ic))ew[- (& + ~ ) t ]  + 

W(h - h + ~)}eirp[- Ml (3.19) 

The basic ammption in the tnpping mode1 b that at thne t=O dl positrons w u p y  the buik 

state. From the buik state the pitmm can bc traagferred at a rate r (the tnpping rate) to a 

vacancy.Thiirposi~wSdisappcsrnanithebun<bybothamUhifaCi0~1asweüastrans- 

fer to vacancies. 



&= l/%=& (3.24) 

Itisinhertnfto thetrappkgmodeltbat&= (~ahitsngmsfiami=l ta n)regard- 

less of the numk of compoilcnts, *ch foflows fiom the assumption that ail positrons 

ocupy the bdk strde at M. The modd cm lx cxpanded to invohte, for example, two 

types of &fats, D1 and D2 in which case we obtain: 

Il = 1 - I2 - T3 

12= lC1/(b - + KI + K*) 

1, = lC2/(5 - & + 1~~ + K ~ )  

à = Ilh, + I*Â, + 13% 





CHAPTER FOUR 

BASIC CONCEPTS OF DEFECTS AND 

SEMICONDUCTORS 



4.2 BASICS OF SEMICONDUCTORS: 

4.2.1 NI'RODUCTION: 

With the dcve1apmcnt of quantwn mcchrniy mmy caaplex phcnommcm in many fields 

of phyeics wcrc cbrificd. One of di- fickls is d d  rnato p-cs, which concentmks cm 

the study of sofids. But what &fines a solid to act as an inniltor, conductar or adcon- 

ductor?. The animer is @en by the band th- of soli&. 



L 

Figure 4.1 S c h d c  showhg the band phcipie. 

a) En- kvcb fm an b o W  Na atom. 
b) F h t  approximation of the en- l m t  of a chrin of Na abmrr. 
c) En- Ieycis of a chab of Na abma lped ww a range of eaagy bands. 

place of a p c k  amgy levcl of an individuai atom, thc enth ayst?l poseses an energy 

band composed of separate leveh very close together. Shce th- are yi many separate Iev- 



h d i i s e x a a i p 1 e b ~ ~ a ~ n i c r e w e u a s c e h ( a ) t h c 0 ~ ~ u p a n c y o f t b e d i f f e r e n t  

atoaiic en- Ievels, a d  in (ô) a chah of one dimcnsiOIIôI Iatrice is fonned Iu (c) it can 

be seen that whcn the atoms are btought togcther the shPpcnt88 of thc energy Ieveis b lost 

and the resuü is a continwus set of eiatcs hown an a m. The spaccs or gaps bctween 

the bands contain no dcctrm and arc Caned -S. These gaps CMLSti- 

aite the diffmncc m energy ktween the lowest point of the cmCIucEion band and the hi& 

est of the valence band 

Semicmductors and insulators arc Cliffcrcntiatcd on the ûasja of th& energy gaps. In a 

semicondoctor, rhc aiagy gap is d caough that a smaii but measUrable number of elcc- 

tram are aMe to jrnip fkom die filled valence band to the ntarty ernpty mduction band. 

Those electrons can now gain momcntimi in an electric field and lcad to electncai conduc- 

M y .  Furthemore, the comspmding holcs in the valence band become now mailable for 

conduction bccugc clcctmns dccpcr m the band cm move up mto thosc lcvcls as thcy gain 

momentm. Contastiiig tfiis with diamond, the gap i too large to &de a "usab1eW nume 

ber of charge caniers, so diamond i9 c h d e d  as an bdi i tor  svcn though wt being mate- 





2.4.2 P - ~ C o q D u c ~ o ~  

In this carie dements of p u p  ïlï ofthe paiodio table such as bmn (B), ahunirium (Al), 

~ u m ( G P ) ~ ~ m d h r m @ ~ ~ t ~ h t h e s i i i c o n . ' I h e y h m o n l y t h n e v a l t i l ~ t  

tion of h o k  in the valence band as can be scesi in @urc 4.m) in the case of gallium in 

Figure 4.2 ExarHisic dconâuctors. (a) n-type impur@ and the band modeL 
@) p-type mipurity and the band modtL 

band are avaiIab1e aa positive carriers for ptype conducMy. The electrws in die n-type 

and the holes in the p-type materiais are bound at low temperatures in sMow States. i.e. in 



hydrogenic eaergy k i s  which are onfy a few tcns of a meV qmateâ fiom the mefgy 

bands. These bound &&s are &ffuse m e  orbitl$) and contfaat with the bi$hS l&ed 

States for eltcfron/hoIes asm&& with d c f i i  giving igo to deep lm1 m the band gap. 

4.3. DEFECTS IN MATEMiUS: 

Defats m nystals a r k  ftom deviations of the atoms h m  their ideal lattice amqgements, 

and can be clas&ed as follows: 

a) Epiat Il-: Impuriry atoms, either inserted inro interstitiai positions in the crystal or 

replacing nonaal atoms. Vacancies conatiftme the case of the misshg atoms and can be 

rnonovawllcies, diwtcancies, and hrgcr  lust te m. 

b)Linear Defects: Aiso known as dislocation iines. They can be characterized by, in one 

extreme, as an edge dislocation amounting to msertmg an extra lanice plane in a part of the 

crystal. The other extreme is a screw disiocaiion where an extra plane of atoms is intro- 

duced in a stairweil matMer.) One important aspect of dislocation W that they are potenrial 

aaps for point defects. 

C) Pianar Defects: These are imperfections which extend into two dimensions. They can 

delineate the boundary between diffeferit crystallographic direction (twin-boundaxies, grain 

boundanes), but the most scvm type is the extemal sinfacc of the ciystal. 



one of a dinacat type- 

Figure 4.3 Schematic represcntation of simple point defccts: a) Vacancy., b) Self intati- 
t. c) IntcdW mipuntY; d) divacancy; c) subthtiod impudy; f )  yilcancy substitutional 
impurity complcx 

Figure 4.3 [27l shows a simpft rcpmxmtatim of the point dcfccts, we wül arpiain them in 

more detaiî ui the conmi$ sections. 



4.4.1. THE VACANCY: 

In (a) the four bmken otatals. (b) mnangemcnt of the bonds for the case of a vacancy in 

its neuaal charge state 0. (c) Whai an eitçtron W in one of these two orbital a 

positive& chargtd vacancy is fonned (V). The distortion cnated in the V is dius d B m t  

fiom that of V? The rnonov;icancy has fivc chargtd statcs (V, V-, V+ and V") inside 

the band gap. 



4.4.3 THE ms?TI?AL: 

W h e n a n a t o r n b r e m m d ~ i t s ~ ~ c t  site, thiratomiatransft~~dbtodnta- 

st i tbi  position, and this introduccs distation of the lattlce. ïts abo known that afkr irradia- 

tion &mage, many of the monovacancics ritcombine witb ihc htadbfs  =tarin$ the lat- 

tice to its icgular structure. In the case of silim, mtarcirllb arc rnobilc in ptype mataial 

at vrry ~ Q W  tmptraams, while in n-type mitnia thcy appar to be les  mobile, but the ac- 



S i m p I e & f t ~ ~ m i g n t C m W 0 ~ u n r i l t h y ~ i z M t 0 M c h m o r r ~ 1 e c o m p 1 t ~  

stnicturts. For UWI@I~, in Cz-Silicon (charactaistïc f i  baving a Iirgt ~~llcentratlon 

(-30ppm) of oqgen duc to its mmdkû&g procar) vacancics statt to -te at tan- 

peratures of about 70 K (dependhg on && charge sta;te), and as a ~cancy moes it cm 

be tapped by the oxygcn to fam VO pairs (vacarrcy-o%ygcn pairs), hown as the A cen- 

ter. There ue olha hpwiîics in dopcd dicon that can inp varcancics such as phosphorous 

to fonn VP pain (yacancy-phosphornus pairs), known as the E ccnttr. Abo the -cy 

cyi capture another vacancy to foim divacancies. Fm ~ I e ,  in Fz-Silicon (charactcristic 

for ha* a d co~lcentratin of q g g n )  the d o n  of cüvacancits is the dominant 

process. Fig 4.6 [2q shows the gcowtricai cd@aîion of the A c m  in which oxq'gen 

(fïiied chte) is in a n d y  riibstiniiional site. 

Fgigure 4.6 The A center conn$uration (Vacancy + Oxygen cornplex) 



defects fomi aggc@cs. As atnuly sîatcd the ciivacancica &art to migntc at tempaatiirrs 

above 1 5 0 ° C a n d c a n f o m i v s c a n o y ~ ~ h a a t r i v s c a n c i ~  qPPQNafoncie8, pcn- 

tavacançies, etc. LitriC ïs known about tbtW because of îhe kugc number of 

possible conngunti~lls and aiso duc to th& ~ ~ f i ~ ~ i e x i t y .  

4.5 -ON EFFECTS IN WCONDIICTOBS; 

The study of damage to solid matcMls as causeci ûy enagetic radiation was prompted by 

the growth of nucfear technofogy h h g  tâe Second W d d  War. In k t  a grcat deal of 

work on the structure of solids has been done since the dircovcry of X-rays but these 

works w m  ccmcenaated on the structural mvcstigations and little notice was taken of ma- 

terials which had d i  radiation and gave oaty siight deviaticm in ihc X-ay qec- 

c o m p a d  to un-irradiattd maitrialS. S h  Uini this field has bcen evcr in im- 

portance in the atuây of many types of matgials. Radiation damnge iepresents r way of 

studyhg the solids themseives. In pariicular, diafion proMcles in many cases a q con- 

venient meam ofintro<hring &fects in a conttolied manna into soli. m that th& effects 

on o b s d  propcrrics can bc stuclied. In the particJar cacle of scmiconductbn, radiation 

effects were fint o b s d  in 1947 by La&-Horovitz, Jobnson and co-workm~ [28], in 

which work they exposed germanium samples to particles such ao 10 MeV deuterons and 



fast neutrom. 

4.5.1. THE INTERACTION OF RADIATION WITK CRYST- SOLfDS: 

Radiation damag~ E soli& h bccn ncated exîmkly. ln the next sections we CM 

the basic pinciples but many excelient revicw articlq books and confierence proceedklga 

are d b k  in the litaatun[29-311. Thc fûnAamcntai problem of the interaction of a pa-  

ticle with the crystal is the energy lm by a pariic1e whcn movhg b ide  matter. In this inter- 

action with the solid, a partide loses i$ en- by a varie@ of dinerent processes depend- 

hg on the type of particle and on its energy. The interaction of the iucident particle wah 

the soiid GUI induce die followiug: 

a) Collisions with atoms resuiting m excited states. 

b) CoIlisiions with electmis of the atomic sheh d t i n g  in ioilization of atoms. 

c) Collisions with conduction clecîrons resuiting in the excitation of an electron gas. 

d) Collisionir with stomic nucki resuhing in nuclear transformation and nuclear excited 

states. 

The interacting particle can cnate transient and permanent change these are the two basic 

effects which can be induced in a solid Xn the case of transient changes? the effect is non- 

pmiancnt ody as long as the &tct of Ilradiation continues and docs not produce any per- 

manent distutbance to the ngulat crystai structure. In the second case, petmanent change 

means that the displacement of atoms fiom their normal laîtice sites results in a permanent 



cle and the atom creata a vacancy and in- aûms whicb togcther fonn a pair (the 

Frenkei pair). 

The basic a e  d e m i i  abuve W not a static oac and is infhacnccd by the tcmpaahrrr 

of the solid As such the def=ts becme rnobife, so by mcreaaing die tempcaaoe the 

vacancy-mterstaial pairs and impurity atoms start to m&ratc, prodiPcmg a Vanety of Mer- 

ent proceascs of recombination, tram replacement, association and diaassociation. Let 

us consider the combinalion of the pnnesclca, that can be inducd using the three types of 

point defects gen- found in a solid: vaancies 0, mtcrstidirl atoms O and impuiity at- 

oms m). Accordhg to Corbcn [32] we shd  assume that the nicrgy needed by an intersti- 

tial to migrate is much less than that of a vacancy. Thcn a numk of transformations may 

occur induced ôy an iiuenwal . . 

1) Recombination betwecn an interstitial and its assoçiated vacancy to 

fonn a pcrféct latticc site. : I  + V=O 

2) Trapping by a smk(s) such as a d a c e  or d i s l d o m  : I + s = O  

3) Interaction with 0th intdtials to form aggregates : 1 + 1 ....+ 1 = nI 



4) Replacement with a s&tïMid h p d y  atom 

5 )  Trappïngbyasubsciaib'~hpuriryltom 

6)Trappingbyanintcistitialins>Untym 

7) TRppingbyasmL 

8) Intexaction with o t k  vacancies to f ~ r m  

9) Interaction with ag~ngatcs of mtascitiab 

10) Interaction with an inteisticitial mipudy atom 

11) Interaction with a substitutionai impinity atom 

12) Interaction with a complex (ID,) 

13) Intefaction with a camplex (ID,) 

Thus, h a h g  on& three types of point d e f i  m the lattice we can expect to obsem a 

large number of tansf;omistons pmwms taking part during themial meding. 

4.5.2 BASICS OF M A I - J N G :  

The change of the properties of a defèct under the influence of heac is u s d &  c d &  an- 

neaiing. An miportrnt ftaaue of amieaihg studies comists of establishing information 

about the lrinctics of &fcct mnovai. A commoniy enwuntered situation is migration of 

defects. Suppose we have an initial concentration of vacancies C, thcn the defict concen- 



Here the timc dependence of the &fst concentration for mutant tempaahae (T) is stud- 

ied The samp1e is makitamcd at a fked ttmpecaîme for a Eatain dura!ion of t h e  after 

which the samp1e is cooled &wn to a &kence t-, at which no changes with 

time take place. The meamnement then rnnals the change in defat concentration upon the 

preceding anneaiïng step. Then the samp1e is again hewd to the awealing temperame T. 

and the process is rqxakd. The anneaJhg is continucd untii no changes are obsemd, Le. 

until a steady state is reached. This type of measuremcnt gives a ~uantitative measure for 

the activaEion niergy associateci wit& the anndng. 

Here the sample is subjected to a Series of anne- w h m  the temperaaire is raised step- 

wise, but each step lasts for a ccrtam üme interval (measurtrocnts arc being made for each 

isothermal step at a low derence tcmperature). This proccdurr idenîifïes the temperature 

at whkh afl~ltating occun d identay thus the tcmpctaturc far i s o t h c d  ~uicaling. 



-- - 

Figure 4.9 vacancy-E'hosphorc19 pair and P en- lm1 

One of the main objectms of ndirtion damage saidics is &fCCt identification, The defects 

main charactcristics indude a structural modd, airneahtg tcmpennirrs, niigation eneqies 

and clcctnmic energy lcvcb. 

A great amount of infinmation has hem obtaincd for Silicon by the use of sevcat resevch 

techniques, being electron paramagnetic monance @PR) one of the most important in the 



Figure 4.10 The divacancy and titctron cnagy levd. 

The divacancy and its electronic cncrgy Imts are picsmted in ngiire 4.10. F w  a sum- 

mq of electronic energy lcveh md the dcduced (apprownsU) charge st3tcs for vari0~6 

defects in silicon is shown in figure 4.11 [34]. 



Figure 4.11 Electron cnagy lcvcl podbm and deduce chargc statcs ckfccts for 
various deftcts in s i l i a  (~mwo hdicM EPR active charge statc). 

In this section we Win faus on the basic% of oxygen-ftlated dcfects crciitcd by electron ir- 

radiation and subsequtnt themai trcafmmts. ï h e  study of oqgcn in dicon is a important 

research field, mciuding efectricai, stmcturd and mecharrical propexties of the crystd and is 

of large technological impoaancc. A subsmhi pcrcentagc (90%) of silicon c m  uscd 

in the semiconductor mdustry an prcpimd by tûe so cailed Czocfiralski (Cz) methoci, 

pulfed h m  molten dicon in quartt, and contains about 10" oxygen &ms per cm3 due to 

the dissolution of silica cruciiles (SiOJ 

Isoiated oxygen exist in sPilicon in puckered Si,O w ~ ~ o n  as such oxygen U an elecbic 

9pn inhred aôsorption band (stretching modc). Severai studies of the sangth of this 

band have produced a correlation with the content of oxygen in &con materi&[35-381. 



The 9- bandmovrato~~n#iuencim~lowtcmpasirircsawlspli$qHito s a m a i  

bands, somedthc~irrquc i iEyôaudsnduc  to ashatmfhpnqvfthe Si@ 

molecules with diffet~~lf combination of si!icm isotopes. 

The oxygen s01ubility in siticon has betn found to degcase exponentially with tempennin, 

meaning that at temperaaues slightiy bslow tbe m e h g  point (1450 O C )  the oxygen con- 

centration on Cz-silicm is - a d  the onygcn pcipitates. Thcst pricipitatts 

can be elecûicaüy active and are therefm a mrjor con- in dcvices. 

A number of expesimentai measurements on the dahiéviry of i n t e  oxygen Bi dicon 

has ghm exceilent agreement for the diffbion coefficient D in the tempeaaue range of 

300-120 O C  and can be expressed by: 

D=û. 1 7exp(-2.54/kT) ( cm2/sec) 

4.6.1 VACANCY-OXYGEN RELATED DEFECTS: 

In the followhg we diecuss the deftcts dcveloping fiom the vaçancy-oxygen (VO) paU 

(which i esseniiaily a subsrinitional oxygen atom) to mdli-vacancy-o~~gen defects during 

the anneaihg process. The mechanhm by which the VO =ter is created in Cz silicon ex- 

posed to ekcimn imdiation inclides interaction betwem, ktedthd oxygen (Od, vacancies 

(V) and d icon  mterstiîiah o. Thc most important mctions arc: 

V + 1 + anntbilation 

V + O1 -+ VO (vacancy-oxygen pair) 



VO + I  + O, (htcdWoxygen) 

wherevacancies and~mtcntoiialil are~moôiieatroomtemperatiirc. T ' h e p  

duction ntc of VO an a fhc!ion of O, bas showun m e  a linear dependence, as we 

wouid expect. 

4.6.1.1- THE VO CENIER: 

The vacancy-oxygca (VO) ccma has long bccn bown to bc one of the most important 

defects producd by high en- electron fadiatioa 139,401. It exista in both a n e d  (W) 

and negative (W-) charge state and @es ii(K to an q t o r  Id m the band gap at about 

0.18 eV below the conduction band Localized viîm of the -ter show Mareci (IR) 

absortion bands at 830 and 877 cm" at room tcmpetanire and 835 and 885 cm" at low 

temperatmes (170 K), for the VOO and VO- &tes respcctiveiy. The VO- center only exists 

m materiah wah the Fermi level above i& accqtor eneqp level. The oxygen atom in the 

VO configurarion is ncar the substitutionai position and bonds to two dcon atoms, as 

shown in figure 4.6 b.47). 

4.6.1.2 ANNE AWNG OF THE VO CENTER: 

The 830 cm" absation band anneais at about 300 OC. This proces can be dbided kt0 two 

stages: one f a  and îhe other one slow. 

a) The fast process ir carbon rclatcd (another comrnon hptuity in Si at a lmd of -1 ppm) 

and may account for more than 50% of the loss of VO in samples. 





CHAPTERFIVE 

POSITRON ANNIHILATION 

AND SILICON 





i n c o n c ~  and ewn though rccait maarcmenta on vay henity P-dopcd Cz-Si [41] do 

show a lowering of about 4 p. thir is not d c i e n t  to ccmcIudt that conductim clectrons 

~frornshaüowdonors arc t h c ~ f o r t h e ~ c b a n g c s m  thebuiklifetimc. 

E d y  lifètime measurements in Silicon and gnaamiim showcd 9iat the mcan lifetime 

changed ppon rda t i on  Most of the lifctinie vaiucs a~ b a d  on mdistcd smipks and 

using alrudy eatablished amealing tempenhirer fa defccts identifid by EPR, the 

association of a lifetime vaiuc WiUl a rpociac âcféct was mdc. niici typc of procedure of 

coirncasnmi~~thPEPRdats~dâccpiwhicharc~obscrvodby~~~~. 

The g e n d  trend is that the paitron lifctimt inaerws wiih the size of the vacancy 

aggregate which is expected accordhg to cquation 3.12 @.3 1). However, as the aggregate 



grows the incrtmenî in lifetime dinrinishcs and appzoachcs a themetical value of 5 0  p for 

large or vds. Danncfaer et a l  [Ml were ttmt nt8t who sucçceded m separahg 

the bu& and dcfect spccific Wetimc9 in ncutrcm bombardcâ Silicon crystals and 

dernomatecl a b  a atmp tempashirr depcadent tmpping rate due to negafiveiy charged 

dntacaacics. Thcw authors ccmchidtd tbat positroiicl annihi'late with a Mietirne of 325 ps. at 

dnta~ancies and attriiuted a much higaer value of 435 p. to mteraction aith 

Q uadrivacancies. Fush et ai [45] combmed Doppler hoadenhg experiments on electron 

irradiated Silicon and gave euidence th& at low temperatures (20 K) positrons armihitate at 

monovacanciu and Ctivacancits with tifehes of 266 and 318 p. respcctively. DDuimg 

anncahg the 266 p lifetime dissppear at 150 K, which is consistent with the temperature 

where wuancies are known to migraie. Dannefaer et al [46] measwed the same liferimeZ 

271 ps, in t h d  cqPilinium at above 1450 K and assigned it to monovacancies. Positron 

Wetimes have becn calcuiated by Puska et ai [47l and they pdicted a lifetime for the 

Silicon vacancy between 254-260 p. Shimotomai et al [48] have reported lifetitnes of 

318-327 ps. after 2 MeV electron irradiation at 300 K which they also amibuted to 

divacanciccl. AU of these measuttments mentioned above provi&d the first basis for 

identifying lifttimcs with specinc defkcts. Another intereshg lifetime was found by KeUy 

et al [49] who detcctcd a vcry short livcd wmponent of about 60 ps. in Cmchraiski grown 

dicon (Cz-Si), i.e. silicon which is "contarninated" with oxygen to a typicd concentration 



Rmearchhrsia&catcdrhatthcpo*a;;ippmg~~rionrmybe~t«aptraxurt 

dependent by v h e  of negadve defect charges [Ml. A- to scva?l mcasuremc~ts 

the positron trappmg rate in ~Cnnconductors may in some cases s(ron& dcpmd on 



temperaturt. Whcn the tcmpamirc deamses the trappin$ rate hacasa npidly. For 

example Makmen et al 1501 caicuiated that the apping rate imo vacancies Pi &con 

increases by a fcactar of 10 when the tanpentme dccreawa âam 120 to 20 K On the 

other hand in the c a t ~ ~  of hc3vjy P-doped dicon Mkhn at ai [SOI found that ûapping U 

temperature independent as in meW. In the case of îhe strwgty ternperature dependent 

trapping mto vacancies in Silicon, Makmen at ai 1501 eshwîd  tbt the aapPng coefficient 

at low temperatures nache8 -tic vaiues of 10" to 10" O-'. Shirnotamai et a i  [48] 

observeci the ntgative temperature dependence of positron trapping, uing Doppler 

hoaden& for ekctron iiradiatcd ptype (B-doped) and n-type (undoped) silicon 

specimcnts. P d o n  ira- has been much l a  snidied in semic~1ductors that in metals 

where die subject is well documented both theoreticaily and exp&enta&. The process of 

positron trppiog in maals is more or less weil understood but this kaowledge of positron 

trapping ki metais carrnot be dnectly transfered fiom me& bto semi~~~tductors. 

5.4 BUPORTANT REM4RKS: 

a) The abve lifetime measurements have probably idenecd some of the most important 

Wetimes in siücoa. We must, o f  cocnsc, expect much more complex systems, large- due to 

the fact that dcfécts may havc net charge. To ilusbate fi, a monmacancy cm exkt in &e 

different charge starcs +, ++,O, -, -, so that positrons may miss entireiy the presence of 

monovacancies if they are positive& chargeci, i.e. when the Fenni lwel is beiow E74. 1 eV. 



For Fermi lmls lbwe thb vahic we wodd cxpcct to m ~ c i e s  m the ncimal 

or negativeiy chrgt statm, and we wouid expect whcn ni a nc@w charge state, the 

positron trapping section would decreyit stronsly wah increashg tanpcr;lha, somtthing 

iike 'P, n=2 to 3 [53]. It thouid be empbsbâ that thia tempcranire dcpendence &O 

consthtes a very siznpie check as to the net chargo state of 9iy o ~ b l e  M i  wt ody 

the monOVLICoûcy, &ch is vuy Vcryuabie i n f i i o n  for ddéct identification. One pitail 

i n s u c h e ~ ~ h m a f t h c y c a n b t o b 9 c ~ d u e t o ~ f a c t  tbattheFefmilevelmoves 

with ttmperrhirc so tbat the relative populafion of two charge st&s may change 

sigujfïcantly brin& about a strong deuiatim h n  the Y dependency of the trapping rate. 

Of course, the vay fict aut mcmovacil~tcies cim exist in various charge Ptates and that they 

migate at low tcmpcratures 1541 rnakes possible saong interactions with common 

impurities such as Wow donors/acceptoff, oxygcn and cpbon in Cr-Si. Prominent 

exampies are phospho~ous-vacancy pairs (E cent=, stab1t to at least 150 OC [55]), 

boron-wmncy pairs (Jtabe ody up to 260 K[56]) and oxygcn-vacancy pairs, the Amiter, 

stable up to 300 O C  [57J Apart from the vacancy type dcfcct it must &O be that 

accepter-like defccts arc posifmn trap at leaat at low tcmpentrirrs i.e. tbey are SWW 

traps. As an ~ i p I t  let US consider the A-ccnter. P d o m  cwld bc trappeci arormd the 

negativety charge crtatc of the A-centcr (just fiLe a hole around an acceptm) yieldmg a 

lifetime dose to the b& lifetime, chus compLicatgig any type of anaiysis signincantty. .4t 



bu&. Whtn t q p &  occun, howmr, the t, lifetimc é rcduced below fhe value of 5. This 

decrease is aptamed watmi the h e w o r k  of the îrapphg mode!& because positrons 

disappear fiom the bu& state both ôy annihitaticm as wen by being îrapped by the vacancies 

(see 3.6.2 p.34). 



CHAPTER S M  

EXPERIMENTAL RESULTS AND 

DISCUSSIONS 



A s r l r r o d y ~ c d , t h c ~ ~ 0 1 1 t c c t m i p u c ~ ~ d b y v r r i o i u  

experimmtal gmup to sODdy s@k dtftcis in siiicoa c m  produccd by irradiation. 

nicsertstachtfihmhicdtoidcndifgm~~iliopoatronlifctmitmdgcctnCesiliwn, 

the lifctime of podnms tnpped n ~cancy-type defects such as monov;icancies, 

div;rc;uicies, quadmncancics, vacancy-oxygen pairs and vacancy-phosph~~s pairs. We can 

use tbese specific lifeeimes as input par;rmeters in the Inalysis of cornpiex positron lifetime 

data whae two a morc Wct defccts arc @uced by a high fluence of electron 

irradiation as is out wt. OVCT the iast tcn ycan, considerable pmgms hrs km made in 

idcntifyiag the defccts cspediy m clcctron irradiatcd sificon and in modehg the process 

by wfach they arc formcd. The plimPy effect of electron bombardement at room 

tempenturc ia the d o n  of F d e 1  pairs Le. vacancy and Si interstitiajs. These hainsic 

defecto behg mobile duimg room tmpmîme irradiation cm subscqymteiy bc selectively 

tapped next to certain impudita or ig idy  prescrit in the crysriJ or else aglomeraîe to 

fomi more stable ~omp1~xts. D e f i t  complcxcs arc dividtd into two catcgories: i) defccts 

c r d  by the interaction amwg mtrinsic defcctr, such as di-intmtitbb and the divacancy 

(Va Howevcr there is experimentd evidence that divacancies c m  be directîy created by a 



coItision cascade when two adjacent a!oma are knocked out of the Wce. 5) &fécts crcated 

by interaction between h î r b k  defita aad an m i p e  atom, sPch air the VO complex. ki 

inadiatcd phOspaoz~lsQped Cz-Si, ncancics combine pximdy with mbstitiiticmai 

phosphmur to produce W p a h  or with oxygm to prod\w VO priirq shce in oxygen-rich 

Silicon (Cz) inadiatcd by hïgh aicrgy elcctrms, oxygen is a good tnp for mobile siagle 

wcaflcies. This centet gives OK to du) lcccptor i d  of 0.18 eV. below the conduction 

band and two IR bands at 830 cm-' (VO") and 877 cm*' (VO-). 

In this work we use lifetime and Doppler bmadcning m-ts to imdgatc irradiation 

damage on undopcd Fz dicisisisisisisisisisisisisisisisisisi (oxygen b) and &O on Cr Silicon doped with 

phosphmous, bonm and antimony at diff«mrt concentration levds. In the r a t  of this 

chapter we present data as fdows: nnt, dation damage on Fz-Si ic anaiyzed; secon4 

we pmsmt an &ew cm the &ects of radDation on a sct of bars of Cr-Si, inadiated 

with high aiergy electrcms dong th& long axis, wtiae lifccimt, Doppler and opticai 

measurements were obsained as a fiaicîion of location on ihe bar, and k a i i y  the same set 

of s q l e s  were used to study lifefimes and Doppler broulming as a fimction of 

temperature between nom 25 K to 300 K. 



6.7. VACANCY A- IN mCTRON--CON; 

(The wak prraented in tbis rcction, 6.5 wa a h  published m &kence 1741) 

miportantty, WC Wgh 10 correlate the pdtmm rtspo~lse Wjth thdt of the 1.8- innarrd 

absorption band which is Wed to the prcacncc of divaancies. This tums out to be a 

complicated mattet. 

Thm eabata have been reporctd for thc chcancy Doppler hIdeniitg S-parameter 

based on low~ergy positmn beam kvdgations. Makmen et al [58] fomd satiaatjon of 

tbc lincshapc paramm comspmw to a 3.8% incrta~t relative to the bullr d u t  for an 

ion doae above 1 0 I S S i / d  while N i e h  et a l  1591 in a similar experiment fond a value of 

4.6%. Thnie nrSt authora axibc thiii hxeue to divacancics. M m  nccntly, Goldberg et ai. 

1601 estimated 3.3% baseâ on a proton irradiation expriment. Although the three sets of 

data agree fairhr WC& none of Uwie aperimcats does, in facS prove that the rcspoase 

orighatcs h m  divaancia. 

Here we have combineai Doppler broadmhg and Wehe measurtmcnts to investigate 10 

MeV elechon inadiated Fz-Si, creatiag defects concentrations much less than necessary 

for s a t u r a  aie Doppler parameter. Our experimental situation is therefore much 



pulsds and m merage cunent dmdy  of 2 pNcmz) to total dose of l.ûl0'*electrons/cmZ 

rccm- ovcr a @od of 12 hra Thc Mmplc bl& of SP 10xlOx25 mm3, was 

irradiatcd dong its long axis and coolcd by immdon in m u h g  wptcr at 8 OC. F k  

samplts wdm were cut papmdiculp to the long axis &the blmk and thm etched in CP4 

rrmoving 0.2 nmi of mataiaL The cqaimcntal &ta& fcgatdhg apparatus, rcsolution 

hction and source Prepaniim an @en in Chspter two oftbb work 

6.2.3 RESULTS: 

The values of the S-parameter am shown in figue 6.1 for both the uMradiatcd and the 

as-imdiatod samplt a a finaon of aiunple tcmpcniia. The mmdukd . . samplc aiows a 

weak tempmîm depaidcnct (drie to th«mal expimion) which ccmûasta widi aie strong 

temperature dependence for die oradiated sampk. 

Expcrimcnts wbg the low-cntrgy posi(ron bcam (opcntcd at 30 kcv) at the Univttsity of 

Western Ontario, Canada, on the same irradttcd ssmpia showed the same temperanire 

depcndmcy. 'Tbg demonstrates that the mpow fiom our conventional positron source is 



r t s o h d  m two lifefime wmpancnts m the case of the Pmnadiatcd sampIe. Thesc 

wmpon~~~t ia ratha w& which a p-cai intcrpretation diBcdt. ït shotdd be 

at 30 K. ïhis w;u found for bodi the imirmdiated as weii as for the as-irradiatcd srniples. 



100 200 300 
TEMPERATüRE (K) 

The two d e r  lifeEOat contpo~~cnts wcre the 0.65 19-1.3 M component onaltmd h m  the 

m h i d h d  caw, and a ahorter-ivtd componmt rang@ ktwctillûû and 200 p.This 

iatter lifetime component wa3 EoaBstait with the simple üapphg mode1 [61], (sce p33) 





shows positron daîa as wen ~ I J  tbe intcgmîeâ absorption of the 1 . 8 ~  mfirrrd absorption 

band (abtaincd at 300 K). This absorption band a&m, rcordmg to d e r  worke, r62-631 

f h n  div;rcancia in any of the CU staks +, O, -, but not fhm tbc 2- charge state. 

Armeaüng of the po&m trapping rate at 50 K dcvlltcs substpiiinny k m  that of the 

Wared absorption, aml the positron lifetime maintains a lm1 close to 290 p up to 5 lS°C, 



~ o p p l ~ ~ ~ p l n m c t m ~ ~ ~ i ~ ~ c i p r t i a i 2 . 1 1 p e s h ~ h ~  

6.4. SdS,ckcrtwamthoirmctcsnparhirtnagcardidthe~dabaofption,atraining 

a nea* mutant I d  of 1.038 a h  300°C. At mmpcmms obovt 500°C the calcittation 

TEMPERATURE (OC) 

F i  6.3: hoc- iumealiPg âata of an irradiatcd simple. Ia panel (a) ir 
shown the dation promiced positron Miecime and m (b) the trspPmg ntc both 
for a gample ampenturr of 50 K. In pand (c) the noimalized integraicd 
(betwem 1.63 and 1.98 prn) inEiared absorption is shown as measurcd at 300 K 



A ternpaaturr scan of the samp1cs a f k  anudng at 4000C waa dont in a d e t  to compare 

6.2.4 DISCUSSIOM 

The most Wrely dcftct type &tectcd by the positrollb in the as-inodLtcd suaple is the 

divacuicy. Mono~cancies can be ruleci out btcaust 1) thcy are mobile bdow rom 



Figure 6.5: Ttmp~tatlll~ scan of the irradiated ss1111p1e bocfir0nany 

The positron lifetmit of 305 p (at 300 K) ir mdicaaivit of tram by divlcncics, [5564] 

and the c o n d o n  rcsulting âom the dose of 1.2x10'~e-fcd agrrcs qualjtativcely with 

that eshated h m  the introduction rate of div;icancies according to Corben et al. [65] The 



concentration of 0.6xLO"/cm3. For compattioa, the inEtoctuc~ rate of Corbett et al [65] 

(aibeit for paaibRieiy charge dIvacancics) suggats a concentration of 0.4xlO1'/cm3. 

Kawasuso et al. [6fl have ftthermort fomd fbm h t h d  auncrliag of th& a300 ps 

üfetime an activation cnagy of 1.3 eV m good lgrenacnt wiih the djvacancy interpretation 

based on d e r  inaarrd [63] and elecmm par;imagaetîc ~ ~ % 0 1 1 3 t l c t  rneasumntilts [65]. 

nie next point to consider is the charge state of me cfivacancics. The sttongly tempcrature 

dependent trapphg rate ( Fig 6.2 and 6.5) U c o m m e  taken as evidenct for a aegativeiy 

chargcd dcftct [5 l,68Iy but m d y  Kawas\l~) a al 1641 hrvc suggacd a smiikr bchavior 

for neutral cüvacaades. From a themetical pomt of view it is difIicult to understand how a 

neutrai Mat can bcbnne as a ne-& charged defèct kcmic t b  former lack the 

aîtractivc long-fange coulomb potentia. We a b  point out that Kawasuso et al [64] 

assessed the charge stlu of the divacancy usbg the eltctronic kvel dcduced fiom 

de-lcvtl-tranzlicnt spectmcopy [69] which pLcg thc O/- lcwl a Ec- 0.4 eV, whcrt Ec 

is the bottom of the mduction band. Had the Iowa lm1 of E, - 0.54 eV insteaâ bcm 

wed as deduccd by Young and Coteni [70], tbie wouid hvt id to the conclusion of a 

negative charge. In view of the above reserVations we maintaineci thrt the stmng 



irradiation mti.oduccd divacaacia. The positron lifetime of 3ûû p and the 1 . 8 ~  

absorption band arc îhc main mdicatorri thertfoie and, accotdhg to Table 6.1, the 

lineshape parameter is 6.6% iargtr thfi b a t  foc the buik. This valut is n e  twice the 

vaiue hitherto estha&d ftom the soîhy Dopefer expCranents [58-6û]. A possible 

exphnation for îhis disgcprncy will bc offacd a t k  discussing the implications of our 

anneaiing data 

These data exhiba t h e  unexpccted ftaturcs. 1) By asoc- the 300 ps Wetime 

fomponent with divacarrcics onc would expect that the trapphg rate shouid m e a l  in the 

same mamer as the 1 . 8 ~  infiand abaorpiim band, but thip ir cleariy not the case (see 

iïg. 6.3). 2) Upon airauling abova 150 O C  cme WOU expect vacancy agglomeration ariSmg 

from migration of divacaicies and hence an increase in üfetime. There ie no indication for 

tb according to fi- 6.3 at least up to an temperabve of 515°C. 3) Vacancy 

aggiomtration wodd lx expc~ted to hmasts the value of SJS, but a &cltase is m fact 

observed (see Fi 6.4). 

We W e s t  the foilowing mode1 to explain these observations: Upon amiealing above - 



15O0C~~afdfvacanciesfomur~butthcyartinairlly"l~~inaic~that 

the inâhidmivacancies haK not corlcrced complcttty. Only at airfticicnt high tompcraaire 

naal walescence takts place to f ~ m i  a ccmtmuous ma-v;icancy c0111plt~ The 

disappeamnce of the 1 . 8 ~  abaqtion band wc thcn mggcst ir a comcqumce of a 

~ c a n t ~ o n o f t b c ~ c y w h ~ b e f o m m g p r r t o f t b e l o o c i e c b i s t e r , ~ t o  

the degrcc that in such a cIUSfCT vacilllcics shouid nt&r k v i d  as m asgtmbly af 

indiviâml mcm~~i~~il~lCiezi. The S& data in figurt 6.4 lcnd snppoit to thh suggestion 

because a change fbm isobted dbcancics to a looec cl- of mcmovacanCies wouid 

decrease rather thm increaclt Sdh. This nitnprrtafim miplies that the value of 1.038 for 

SJSB might be compillable to that for monOvacatlcit8. The idea of a h s c  cluster of 

monovaçancics (a wsponge)l dcfcct) was origmPny p p o d  by Hcnnstra [71] and discusscd 

by Corbett and Bourgoin [72] although at the time there wae no e>rpeimierttal suppoft for 

such a structure. 

For such a loose vacancy ciuster one wouid e x p t  that simple tcmpetaclfte would be a 

stronger idhaence on po&m parameters than for a divac;uicy. This is observed (sec 

Figure 6.5). The posiimi Wctime and SJS, incmw subsbntinny 4th tcrnptraturt in 

contrast to the case of the divacancy. 1t should be noted that judged aOm the trend of 

lifetime with tgnpcnhm, a lower simple tcmperahue than 50 K would have produced a 

üfetime less than that for the divacancy which supports the idea of a monovacancy 



constitPcnt of the chister. Whether the &ange in Wccimt i a rcsuit of a temperature 

dependentconfierirpticm ofthe chsiaril maises fbmacbange in thcbulizaton of the 

positmnwiibm the chuterl notc1eatrlthougb we & h o 1 d t h c L t i e r ~ m o r t  likeiy 

than the fmer. F-, we notemst tmicrling at 55OT rcsulta in lifetime of 315 ps at 50 

K (at 6W°C the Wetime was 365 pr and mdependent of measuement tanpcraturr). This 

suggests that abovr - 500°C finai coalaciag of t&e laoac vacancy chgtR takea pîace. 

Above has bcen prrsnited a mode1 which can e x p h  the expeiimentd d t s ,  but one 

item has not k e n  discU8Std so fir. amie@ the mechmh(s) by which the ûappbg rate 

decrcares over the ~y wide tcmpmiturc range of 150-550°C. We have q e d  that the 

dhappearance m the 15û-300°C range of the infked absorption band is &e to coalescing 

of vamcies. This codd w d i  accomt for the nther srnaIl d c a c ~ e  in the trapping rate of 

20%. But whcn the walcscing has becn completcd long-range -on of vacancies 

seems unliktly wbich thcn raisa the question why the trappmg rate continues to decrease. 

Three possibitities present themach. Tht nRt iiivoka nlme of the imdation-produced 

intcrstiibh f b m  (iiippccintd) ûapa whereupon the Ovaan vacancy concentration would 

decreasc. The second possi'büay é a garnial change in thc charge statcs of the clustm. The 

diml posSbility is îbat am without a change m the charge statt a s d  bindmg encrgy for 

the positrons d d  change sîightîy. This 1-r possiaility presupposes that the cl~ters are 

negativeiy chargwl, for which there is a definite indication by Mrtue of the strong 



conditions, bccau~~  m îhc aotapy Doppler arpcriments the dcfècts werc wcated by ion (or 

proton) irradiation to a conc«ittarion at least 1 0  thes thpt uIJUcd in our wok This could 

create many vacaacy chutcm chmkm of the type Enopoced hae so that the results k m  the 

Doppler expcriments ahouid nthcr be compared wirh our vrlucs obtained &er armeaihg 

above 300°C in which case we obtain a rmarkabiy good numaical agreement 

5 CONCLUSION; 

This w d  has r d b c d  the lifetime d u e  of 305 ps at 300 K (290 p at 30 K) for 

isolateci sing(y acgîtm div;icaiicies in Silicon. 'Ihc Doppitt parameter SdS, was fomd to 

have a value of 1.067 h0.002. Annealing between 150 - 300°C ic proposed ta crrate loose 

multivacancy ~0111pIexes in which the posibon cui be locrtivd at low tcmpabxes in the 

of S& d c c r c ~ ~ s  to 1.038 t 0.003. Anneaihg above = 515°C is nescssary for the 

f d m  of actuiil Mcancy chistas. 



Next we present an uvmhew of the Mita d in Cz-Silicon by irr;rdiaiion with high 

energy electroiur. A set (sec table II) of rectanguk wafczs (30~4~0.5 mm3) wcrc irradiated 

dong the long Pm of the bm. The set cmhtcd af eigbt pairs of Cz-Si dopcd wRh 

phosphorou, bonn and an8imony in d a f i t  concentration Imîs. In chis work we use 

oniy lifetime and Doppler broidommg tcchniqoes. The focus of tbis work is directcd toward 

exanimmg the typea of defécts induceci in the matairl, as innuenced by the dopant fiuence 

ieveb and the dbtniibutioa of Mits abng the w a f i .  

The characttristics of the samplcs useâ m these ntpniments are shown in Table II. These 

waficn typicaüy contain interstitial oxygcn at a concentration of about 10'8/cm'. Two sets of 

the eight diffnent pairs of Cz-Si wmc cut Born the w a h .  One of the set0 was left 

uhadiated for rtfertncc mcasummenis. The second set was instaiied in a speciaîly 

designed dcvw to hold the cight pairs in the direction dong the long awis of the bars 

relative to the irradüition bcarn. The bars had a scparation of 0.5 mm to aüow the 8 "C 

Mmmg water to flow bctween them as cmlant. The irradiation was &ne using a 10 MeV 

pulsecl electraD beam to a ftucnce of 1.2~10" e-/cm2 accumulated mer a period of 12 hrs. 



The details of cq@pmm and procedure hnie kai pmcnted in Chaptcr 2 of this work 

The unhuktcd sii~~ptes wac m d  at diffaait poSiti011~ dong the bars. No 

differtnct could bc dttccted fot the c i i f f i  poétions and an anrage ntOt lifcrimc of 

218G ps, was found, wtiich agms wen with that obtahcd fiom the Fz-Si just dcscnied. 

The hadia id sâ111p1cbl wcre &t mnrtigsted by lifctimt measur~mfnts as a hction of 

location dong the bars; thme wcrr taken about 5 imn apa otaiting at the end which 

meived the West amount of radiation to thc other end of the bar (a total of sam 

positions wae  meusund). Doppler brodcnmg was a h  &ne on thac bars as a function 

of position, but m thU case only t tac posUtiozu wcrc me& ont aî cach end pius one at 

the ccntcr. TV dcpendtnt mcasurcmcnts wcrr done on the irr;rdiated sampla but 

on& at the end that rcceivcd the hwcst amount on ruhion. 



6.3.3.1 N-TYPE M W U S :  

a constant lifttime of 260 p bctwccn 20 and 300 K and an întcnrity of lûü%, which 
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Figure 6.6. Irradiated n-iype sampie. Panel (a) Wlifctime, (b) htensity and 
:c) t ram rate as function of sample tempeme. 



Figure 6.7 (a) Doppler S parameter for P-3 and P-4 samp1es. Panel (b) Defect 
specific SdSs as a fiinciion of sampfe tempcnnirt. 



0.514. wa wîucs wac caicIilatrA and pbW in figiae 6.7 panel (b) ail fiiaction of the 

samplt t empcntPnaudy ie ld~thcsam~vahac8 .  This ahow~thasthedcfccttypcs 

were the same but ocraQd at Mirent ctmcatratio~ in the P-3 and P-4 sill~piu @i& in 

the case of P-4 and lowa in P-3, harce the dinércnct in S-parameter Mhias). 

P-TYPE S- 

nie rcsub fmthe ptypc saniples, aborna doped, arc shown inligure 6.8. The Iiigh 

concentration bonm Qped aamples h l t d  B-4 with 5x10'*/cm3, pnsents a si?ll variation 

witntcmpcnaircoftheliçeheh320ps1t25Kto300pat300Kandascmig 

tempentme dependence in the trapping tate wiîh an increase of about 2 ns-' ni the range of 

20 to 300 K. Thc medium ccmcentratian B-3 with 5x1017/cm' shows a behavior &dar 

to that for P-3 exccpt th& the WetPne is about 15 p lower than P-3. The tmpphg rate is 

quite andl and practiuUy tnnpentun mdcpcndent st 0.5 ns-'. FWîy for the low 

concentration baron dopcd sample, B-û with 4x1014/cd, a d mcre~se of 5 ps m the 



Figure 6.8 Panol (a) L i f i e ,  
rate as a fiac!ion of aitmpIe Umpcnbirr. 

6.3.4 DISCUSSION: 

6.3.4.I.N-TYPE SAMPLES: 

Aftcr imdiation at room temperature and high -CC, in this case 1.2~10'~ c-/cd, many 

monovacancies are creattd At m m  tcmperatuc mono~csncies are highiy moale, most 



of thcm recombine with the htadhh, while 0th- cai be caphiiod by the oygen 

ment in Cz-Si Anobier portion of the monovacancia ;ire trappcd by the phosphorna to 

formVP pab w f i i c h a r c s t a û k a t r o o m ~ .  InthecascofP-1 andP-2sampies as 

afiown m figure 6.6 panel (a) îhe COIICCIIPZaficm of phosphorus iS iow and the amount of 

VP cteatcd is bcfow tht deteccion linia by the positron aimihiran'on technique. ik In case 

thcn is a Lge amount of rnonovacil~~cies wbich form hcancies (Vd which arc stable at 

room tempemue. For P-1, P-2 an boat conetnt Hiethe at about 300 p and a strong 

temperaturr dcpendencc of the trappmg rate suggest that in these Cr-Si samples the 

situation is the same aa what found far the FZ-Si in section 6.2 of th& work, i.e. the 

prescncc of oqgen lus little effkct 

For the P-dopcd rmtcriirt the Fermi 1cwI is b W i y  hi$h PO the fonned divacancies could 

conceivably be double ne$ativcty chargeâ cven aftcr inadiation. To check if V; - are 

present IR measurements w m  donc, because V<- does not give dse to the 1 . 8 ~  band. 

However tb absorption band was found in the P-1, P-2 whiçh implies that the divacmcies 

arp sin& charged (V;). 

We &O noted that for P-1, P-2 the aapping rate is s1.8 - 2.0 ns" in contrast to e0.8 ns-' 

for PZ-Si (at nnmi ~mpcntiirc). Excess V; are dius formed in Cz-Si by a factor of 12. 

This we ascn'be to the presence of 4 which we W e s t  ta be active in trapphg siücon 

interstitials so to increase the retained amount of V,. 



ody  one at low tcmper;rhirt. The tempmhire bdcpcadent tsqqhg rate suggests tbis 

defect type to be neutraL 

P 4  is a higbiy doped sample with a concentration of 5x10" lad. The monovacancies 

created by the irradiation are tnpped by the numemus mipurities to mate W. 

and few, ifany, V2P comptexes are fatmed, The concermntion of VP complexes is so high 

that is not possi'bie to itsoive die short-lived T, componcnt fa whkh msm the tram 

rate cannot bt caiculzted Thh suggestion ia r e i n f i  by the Doppler broadnllng data 

shown in figure 6.7 pancl (b) because the a/% parameter v t s  a constant value of 

1 .O4 20-300 K. 

The S b 4  (figure 6.6) mataial (doped to a ccl~~ccntration of 1 ~ 1 0 ' ~  Inn') has a 

concentration abut 2 thcs higher than P-3, and sincc the Sb atom is b e r  than the P 



configuration of the 3-body complex, and mai@ of divacancy charactcr. 

6.3.4.2 P-TYPE SAMPLES: 

R d t s  for -le B-û with a very low concclitraîion of Jx~O'~  /cm3 behaves (sec &ure 

6.8) in ail respects as P-1, but with a di@y lower trapping rate, 2nd for P-l and 1.5 ns-' 

for B-O. Like befm we suggest the prestnce of sEgty negativc dhacancies. 

The B-3 sample with a concentration levei of 5x10'' / c d  shows (figure 6.8) a behavior 

similar to P-3. A Iower but constant trapping rate of 0.8 m--' compared to 2 ns-' for P-3, can 

be understood by noticing Lhat BV compfexes are not stable at room temperature (731, thus 

it is more difficuit to fomi BV, comp1excs. The lifetimc is slightly lower than for P-3 (by 

20 ps) which wouid -est that the detaiied 3-body configiaaton in BV: is süghtiy 

Metent fkom PV,. 

For B-4 (figure 6.8) with SxlO1* /cd close to a divacrincy chacter is obsemd 

hdcpcndcnt of tnnpaahuc in contrast to the P-4 samplc w b h  showcd a monovacancy 

character. The BV comptex is not expcted to be thennaily stable unlike PV, so in the 

borm doped sample V, is stül the end produft &spite the high B concentration in contrast 



6.3.5 POSrn.ON DEPENDENCES ALONG TNE SAMPLES: 

6.3.4.1 N-TYPE SAMPLES: 

We dculatcd thp the cnw of the electmm at the end of the bar was about 1 MeV. This 

together with the fat that the amount of fiuence dccrey#a dong the bar would incücate 

that the amount of defats crcatd âecrcaaa aicmg thc bar. Fm the samples P-1 and P-2 WC 

found mai& ncgativt chargd divacancies at the fiont end which rcccmd the highcst 

radiation amountAt the other end of the bar thC lifctime is so$htty higher (see fig 6.9), 

and the üapphg niedecrcases dong the bar. This suggcst tbrt the auence at the back end 

is stin high enough to create divacancies. This ia co~obo~aîed by the value of the SJS, 



POSmON (mm) 

Panel (a) lifttmit, (b) XntaUay and (c) T e  rite. 

In the P-3 s~niplc, q d e c r r ~ w  alightly with position dong thc bar. Tlgp i Hi accordance 

with what WC d i s c d  btfw m e &  that lowa fknct  at back end of the bar wiii 

producc m m  PV's nktivc to PV, because of fewer monovacancies are produced in the 

fht place, so tfiat t, win same a lnga contnion hm the monwacancics trapptd by 

the phosphorous. The ic, at the end of the bar is reduced to a vezy muil arnount of O. 15 



m--' d a ~ a l o w a p r o d i i c c i o a d d e f ~ . h i ~ ~ ~ t h e l i f C t i m t d ? u ,  

ihe WSB paramcm (@ue 6.10) hoan a vrbic of 1.038 fœ 6mnt cad af the wPfa and 

decrtascs to 1.02 a t t k  0 t h  eadoftbc bar. 

POSITION (mm) 

Figun 6.10 Pancl (a) Doppler broachbg S pariimttcr for n-type samples 
Panel @) Ddéet Spccinc SdS, ar h c t i o n  ofpwiiioh 

Fur the P-4 sajllpIt 3 is mdcpcacûnt on pom(ioa. Hcrc WC fornid a dominant prcscncc of 

WS at the h n t  of the bar, and dais ic the case throughout the Icngth of the bar. Saturation 

ta& waa fouad &O at the end of the bar, and WS, was close to 1.04 (SC figiot 

6.1 O). 



For Sb-4, t h s i s  addccrcacmr,  fîorn29O atthcfiontcndto 28Op atthe backend 

of bar cornparrd wiih chc 310 p to 300 p found in P-3. For the h m t  end we ~uegested 

before SbV, comp1exes. Tho WS, pafameter gave a vrhr d 1.10 at the front end and 

decreased to 1.08 at the bock end of the wafk These wouid suggcst thlt a lower fluence at 

the back end would producd more SbV's dative to the SbVls. The trapphg raîe as 

fiinction of position droppcd by about 5096, which k the semc amount as for the P-1 to 

P-3 samples. For the P-asaoclltcd divacancics WC note tbit the lifetime is esseda@ the 

same as for the fke divacancics (about 300 ps). Neveithe1~88, the S$S,vahies for the P-3 

simple is only 1.04 whcrtas fot the n.# divacancies it is 1.07. "ibis suggest that the 

momentum distribution hae bcen modificd by the prcsence of Ps. A s h h r  effect is 

aident for the Sb-dopcd sample. 

6.3.4.2. P-TYPE SAMPLES: 

The r e d  for the p-type samples arc shown h figure 6.11. For the B-O sarnple 

(4~lO'~/crn~) we found the ptesence of V; at the &ont end of the bar. As a fùnction of 

position, figure 6.11 panel (a) shows a slight decreasc in the lifetime indicatino; the 

dominance of the V; at aü pogitioils. This suggtstion is rtinfôrccd by the SJS, defcct 

specifïc Mhie aa shown in figure 6.12 panel (b) which shows an hcrease fiom 1.06 to 1 .O7 

for the fiont end of the bar, respective&, which i the same vaiue we found fm divacacies 

in section 6.2 of this work The trapping rate in fisure 6.1 1 panel (c) pnsents a &op Corn 



the end of the ùarjustas in î b  cos ofthe Pdopedmatedah. 

F i  6.11. Itndiaad gtype sampies as functim of pmitkm. 
Panel (a) lifttwie, (ô) htDmrity and (c) Trapping nue. 

For samp1t B-3 (5x101'/cm3) wc fouud BV,-typt of dcfccts at the h n t  end of the bar at 

room tempa;;muc. A constant vahic of 295 ps ir found dong the bar, suggcstbg that BV, 

stüt domhata at thc badc md of the bar. The d e f i  spccific vrhic, SJS, sec 6.12 

panel @), shows an increast h m  1.035 at the âont end to 1.05 at the back end The 

trapping ate, like before, oniy rcpresents a Eomequcnce of a &op of the flueme and 



Figure 6.12. Panel (a) Doppk broldemng S parameter f9r ptypc 
aamples. Panel (b) Ddcct sp&k SdS, as hction of position. 

Finany for simple 8-4 ( 5 ~ 1 0 ' ~ f ~ ~ )  WC conchidcd that V, is the end prodwt despite the 

high B conC«lffllfion ( d e  the situation for the P-4 sample). The lifetime U constant at 

295 p. Ba& on thiq WC suggcst thaî V, U d the Qniirwt defat at the end of the bar, 

and fmd a high dcfwt specific Mhu WS, of abwt 1.07 to 1.08. The tnppmg rate l&e in 

aU cases M o r e  d t c f s  a Iowa fhaencc at end of the w a k  with a less production of 

defects. 

In the cases of the B-dopcd materials die positron lifctimes w m  ail rclativcly closed 



(295-310 pe). C h  WOW thcrefh~ h thrt S& Mhvs ab0 wodd havc kcn 

closed, but mis b aot tht case, and we suggest thir to ahse ftom the influence of the 

B-impunty. 

6.3.6 CONCX,USIOEf= 

As a conchmion of tbia work, we h c  becn able to explain morit of the c q a i m e ~ t a i y  

obtamed data for the d i f f i i t  aamp1es. WC the existence of PV;s, BVis and 

SbVis as poasi i  defwts present m the samptes, donansting m particuiar at a dopant 

concentration of -5x101'/cm3 for the dosc employai m this wo& (1.2~10" e-/cm2). Further 

experimenfal work is neceaary to cmfh  m more detail the defeçt -me, electronic 

level in the band gap, etc,. From the position dependencies WC cm conc1ude that the types 

of defects produced changtd cmiy M t  dong the b. Thc mounit of defm decrttl~ed 

due to energy &gradation and d e m e  in fiucnu by about 50%. The presence of 

impiuities sigtificantiy modifies the Dop@r S-paranitter, potitrcm Wetimes, and amount 

of wcmcies retained der irradiation. ni padcuiar, high dopant concentrations increase 

significantiy îhe amount of vacancies tnpped 
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