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ABSTRACT 

The kinetics of the annealing of point defects, either 

by migration to sinks or by recombination, is complicated by the 

occurrence of a variety of simultaneous rext ions .  An extensive 

theoretical study of annealing processes is in progress at Brook- 

haven based on the isolation and combination of siaple kinetic 

steps. 

solutions have been used to obtain useful approximations and t o  

deternine their regions of validity. 

have bcen studied; the simultaneous annealing of single and di- 

vacancies, and the annealing of stngle vacancies with impurity 

trapping. Three reconbination reactions have been investigated; 

vacancy-interstitial elmihilation with interstitial migration to 

sinks, di-interstitial formation, and interstitial trapping at Lm- 

purities. 

When analytic solutions could not be found, computer 

Two migration reaction schemes 
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Introductlon 

Point defects tend t o  anneal out of .my crys ta l  tha t  

contaim more defects than the themodymmic equilibrium concen- 

t r a t ion ,  provided they have 8UffiCfently hiEli m b i l i t y  t o  do so. 

Vacancies and i n t a r s t i t i d s  can anneal out by xigrntion to  sinks 

and by recombination with each other. 

s ingle  point defects can c lus te r  o r  become attached to  Llpurity 

a tom. 

the correspondisq act ivat ion energy for the annealing of po in t  de- 

f ec t s  are therefore complicated by the occurrence of a variety of 

simultaneous reactlone. 

nealing procerees i a  i n  progroas a t  Brookhaven based on the i so la -  

t ion  and conbination of simple k ine t ic  steps. When analyt ic  solu- 

tions t o  the rate equations could not be found, conputer solutiona 

have been used to obtain useful approxinations and to determine 

their regions of val id i ty .  

reactions that have been studied are  l i s t e d  i n  Table 1. 

It i s  also known that  

The investigation of the k ine t ics  and the mrsurement of 

An extensive theoret ical  study of an- 

The various migration and recombination 

-ration Reactfons 

I f  a defect of only one type i e  present, recombination 

reacttow do not take place 4 asmealing occurs by d g r a t i o n  t o  

sinke. 

for any defect,  the discusston w i l l  be given in term of vacancfeo, 

became there is a great deal of wperimsntal information on quenched- 

in vacancies. 

Although the kine t ic  formulations t o  be discussred are va l id  
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Table I 

R, 
I. v f- V1<+->V2 

L 1 
L 

K 
-& sinks v2 

If. VI 4 I<- > c  
KO 

L 

Recmiibinofion acgioas 

5 N. V1 +- i annihilation 

V. V1 + i -9 K1 annihilation 

i -I- i<- %> 
5 

IIX. clustering reactions V I .  VI f i 84 annihilation 

i 9 I,----> % c 

5 
VI = single vacancy, Vz = &vacancy, i = interstitial, 

i2 * di-intetetitial, I = impurity, C inpurity-defect complex, 

K's - rate canstants. 
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In quenching e x p e r h n t s  only vacancies and the i r  simple 

The simplest idealized roodel of the sub- clusters  are introduced. 

sequent annealing process involves the simultaneous migration of 

single and divacancies and the foormation and deconpoeition of the 

divscancies ( W e  I, Table I). 

kinet ical ly  c q l e x  and exhibits five regions of different  k ine t ic  

behavior as B function of annealing t e q e r a t u r e ,  as i l l u s t r a t ed  i n  

Fig, 1. The different  regions arise from the different  tempera- 

ture  dependence of the various K's. 

these regions is also a sensi t ive function of the defect concentra- 

t ion and, therefore, of the quench tenperature. The characteris-  

t i c s  of timse f ive  regions nay be br ie f ly  described as follows. 

I n  region I, i . e . ,  a t  low temperature, the single va- 

The overall  annealing procesa i s  

The range of u:tlidity of 

cancies are imwbile and, therefore, the migration of the more 

mobile divacancics i s  observable i f  they are present i n  suf f ic ien t  

concentration. Such a decay would be simple exponential. 

'zn regions SI and fII a steady stare approximation f o r  

divacnncies w a s  found to  be valid,  i . e , ,  dV,/dt = 0. Wlth this 

approximation the kinet ic  equations can be integrated to give a 

pure quadratic or a quadratic plus linear decay. The simple quad- 

r a t l c  reaction i8 present i n  both regiona and ar i ses  fron the cm- 

binstion of eingle vacancies t o  form &vacancies ulrich &en mi- 

grate t o  ainktv. 

divacanciee dil~rociste aad more of the aMeelinlg came8 from single 

vacancy dgration t o  einke. This introduces M extra linear tern. 

At higher temperatures (Wgion 111) ~ o m e  of the 

In region IV an analpeic approximation la valid but i t  
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is too complicated to be useful for the analysis of experimental 

cuvma. In region V no analytic approximatione hove been found. 

The machine solutio- show, under certain conditione, an initial 

delay in annealing related to the buildup of divacancy concantra- 

tion. 

rJhen brpuritie8 are present, the migration of vacancies 

to sinks is complicated by the formation of Imnobile vacancy- 

impurity complexes (case 11, Table II).' After an initial tran- 

sient which ssteblishes the equilibrium concentration of com- 

plexes, the resactiem is gowrned by the dissociation of complexee 

and the subsequent migration of the vacauciee to sinks. 

latter processes a steady state approximation Is valid and the 

overall decay curve is an exponential. The decay constant isr re- 

lated, but not equal, to the rate conatant for vacancy migration, 

aince it Involves the binding energy of the vacancy to the impurity 

at-. The annealing rate is alwaye decreased by the presence of 

impurities and Impurity concentrations as low as can intro- 

duce an appreciable error in the determination of the migration 

energy for vacacles. 

ments on very pure and on carefully doped samples the impurity- 

vacancy binding energy can be directly evaluated. 

For these 

)bowever, from cqarative annealing experi- 

Calculationo indicate that clueterr of vacancies are 

stable and l-bile.3'4 Cluster formation (Case 1x1, Table I) can 

be important, partisllarly \rhen a high concentration of vacancies 

is preeent. Preliminary wquter solutions of an annealing e c k  

that allowa~ the foratation 3 f  cluster8 up to afx V Q C ~ L ~ ~ I ~ B ,  and the 
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same eize clusters of vacanciee attached to impurity atoms, shuw 

that the rote of thi8 complicated process is controlled only by 

the energy of migration of the single vacancy. 

at different temperature, therefore, superpose by a time shift. 

Further detailed studies designed to test for analytic approxima- 

tions are in progress. 

Annealing runs 

&Corab$ nati&Q&t a c t a  

In irradiated metals the basic defect8 are the inter- 

rrtitial and the vacancy which can reconbine, disappear at sinks, 

cluster, and interact with impurities. Three of these processes 

have been studied theoretically, all based on the aslrunrption that 

the interstitial is the roore nobile defect. 

Random recombination of vacancies and interstitials is 

bimolecular and therefore obeys quadratic decay. If interstltials 

are p e d t t e d  to dierappear at eLnka also, the simple quadratic be- 

havlor is w e d  to a llluch nore complex decay, (Case IV, Table I). 5 

! h a  interstitials decay to zero but the vacancy concentration ap- 

proaches 8 terminal value, V,, a8 illustrated in Fig. 2, C a m  Ill. 

There is an analytic relation between the concentration of inter- 

atitiale and vacancies, valid at all times and independent of the 

annealing temperature but a function of the oink concentration and 

hitidl defect concentration. The growth of defect concentration 

during irradiation at t q x a t u r s  *ere the interstitials are 

mobile hast also been utudied. In this case the interstitial con- 

centration gocee t h q h  a maxiapnn as B function of irradiation time. 
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Past t h i s  mxir;nnn BL tstaady state approxhation l a  val id  and the 

8ubSequent growth of the vacancy concentration can be described 

by a simple relation. h e  vacancy growth i n  steady s t a t e  i s  in- 

dependent of the temperature and is only a function of the inte-  

~ r t z t ed  exposure. Therefore, one can camprue, on the b m i s  of in- 

tegrated exposure, the buildup of vacancies during continuous ir- 

radiation and during periodic i r radiat ion (at  l o w  temperature) 

and annealing. This comparison is i l l u s t r a t ed  i n  Fig. 3 which 

shows clearly that  the vacancy accuuulation is decreased when 

the mechanism of accumulation involvee periodic i r rad ia t ion  and 

annealing. 

s i ze  of the i r rad ia t ion  &so. 

cumulation is  m a l l e e t  for the largest  i r radiat ion dose. This i t i  

because the iinnihilatfon reaction is favored by a high concentra- 

t ion  of defecte. 

In  t h i s  case the accucRllation c u m 8  depend on the 

X t  is Bean i n  Fig. 3 that  the ac- 

A t  high interstitial  concentration the formation of di- 

i n t e r s t i t i a l 8  (assumad t o  'be h m b i l e )  may be far more iiaportant 

than the escape of the h t e r e t i t l a l s  to sinke. 

g t i t i a l  annihilation with d i - i n t e r s t i t i a l  formt ion  (Case V, 

Table f )  was, therefore, invcstigated.' A computer solution is 

showr. i n  Fig. 3, Case V, but no closed solutions and no simple 

analytic approxinations have been found for this kinetic scheme. 

However, the computer eolutions CM be used t o  establ ish the range 

of temperature and binding energy where d i - In t e r s t i t i a l  formation 

uust be taken &to account. 

found for the high aad low t w r a t u r e  regions. 

Vacancy Intar- 

Suitable approximatione have been 

At high tempera- 
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ture,  or f o r  low binding energy, the di-interstitial concentrs- 

tlan may be neglected and the resul t ing k ine t ics  is the slrngle 

quadratic ints t re t i t ia luacancy c a d h i l a t i o n  governed by the in t e r -  

s t i t ia l  migration energy. At low temperature, o r  for high &- 

interstitial binding energyD the decoxnporition reaction can be 

neglected and analyt ic  approximations have been found which govern 

the g r d  of the concentratSon of d i - in t a r s t i t i a l e .  

When impurities are preaent the reaction of i n t e r s t i t i a l -  

impurity complex foruation m y  be the dominant one.7 The correo- 

pond%% reaction scheme is Case VI, Table I. A conpfete zna1ytf.c 

solut ion has been obtained for the kinetics of the above reaction 

scheme of vacancy- in te ra t i t id  annihilation with impurity-inter- 

r t i t lal  trapping.* After an i n i t i a l  t ransient ,  which is a ra ther  

crrmplex combination oE exponenrials, the decay is aimple quadratic. 

This quadratic decsy is  governed by the d e c ~ s i t i o n  of the i n t e r -  

atitial-impurity caoplex and i ts  effective act ivat ion enem is, 

therefore, the sum of the interstitial migration energy and i ts  

binding energy to  the impurity. 

in PLq. 3, Case VI. 

past the arrow. 

The conpfete decay is illustrated 

T?M quadratic approximation is valid at t-8 
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- Pkure Captions 

Fig. 1 Schematic of the temperature dependence of ci set  of rate 

constants for the simultaneous annealing of single and 

divncancies (Case I, Table I). 

Fip,. 2 Comparison of the decay of vacancies and interstitinls 

for Cases IV, V, and VI of Table I. In all three cases 

initial vacancy and interstitial concentration is 5 :i 10 -6 , 

the wncaling temperature is 5@K,  and the interstitial 

migration energy is 0.1 ev. 

Case V and C in Case VI is 0.2 ev. 

tion in case VI is loe5. 

The binding energy for i in 2 
The inpurity concentro- 

Fig. 3 Cmparison of vacancy accunulatioii by continilous irradia- 

tion with vacancy accumulation by periodic irradiation (low 

temperature) and annealing. 

Instructions to Editor 

Table and all three figures should be 12 m wide. 
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