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Electronic quasichemical formalism: Application to arsenic deactivation in silicon
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A statistical mechanical formalism is developed to simultaneously treat chemical and electronic disorder.
The method is based on a quasichemical approximation with an arbitrary number of chemical components and
defects, and an arbitrary cluster size. The chemical potentials of the atomic constituents are explicitly included
so that both open and closed systems can be treated. For the electronic subsystem, bandlike excitations can be
treated separately, and Fermi-Dirac statistics are employed. The formalism is applied to the problem of
electrical deactivation in heavily arsenic-doped silicon, ugihgnitio total energies. Our results are in good
agreement with the observed experimental behavior. The deactivation can be explained by equilibrium densi-
ties of arsenic clustering about a single vacancy. Clusters containing more than one vacancy and second-
neighbor arsenic pairs relaxed to threefold coordination but not accompanied by a vacancy are present, but in
equilibrium do not dominate the deactivation. Because of the rarity of four arsenic atoms surrounding a single
silicon atom in randomly solidified material, for which the deactivating clusters can form in one step, vacancy
clusters containing only two or three arsenic atoms and pairs of threefold-coordinated arsenic atoms not
accompanied by vacancies may dominate the initial deactivation, prior to the rearrangement of atoms needed
to achieve full equilibrium. At low arsenic concentrations, activated arsenic represents the equilibrium state for
temperatures at which equilibrium can occur. An explanation of the experimentally observed transient reacti-
vation is proposed.S0163-18208)03531-(

I. INTRODUCTION (2) a configurational free energy related to the number of
ways of arranging the atoms and clusters on the available
There are numerous problems in which the equilibrium orsites; and(3) the free energy of electrons and holes in the
guasiequilibrium state of a crystalline system is sought, butonduction and valence bands, and which are treated as
the precise solution of the statistics for the general case ibandlike excitations of the extended crystal. The theory is
difficult, even for simple Hamiltonians. Some of these prob-formulated to provide an explicit connection with an external
lems can be formulated, at least in part, in terms of shortsystem, so that equilibration with other phases can be explic-
range interactions of the solid, and many of these problemitly included. A relatively general cluster is considered,
can further be modeled by an ensemble of statistically indewhich includes an arbitrary number of distinguishable and
pendent clusters, where the cluster size is less than a corrigdistinguishable sites, and either nonoverlapping or overlap-
lation volume; examples include the short-range order statping clusters. The cluster free energy can include zero-
of alloys and the populations of point defects and defectemperature electronic energies, temperature-dependent vi-
complexes in semiconductors. brational terms, and relatively localized electronic
The quasichemical approximatig@CA) is a cluster ap- excitations.
proximation in which the cluster populations are determined As an example of an application of the EQC formalism,
by the cluster free energies, but which ignores statistical corthe problem of arsenic deactivation in silicon is examined.
relations among clusters. The cluster variation methodSome of our results have been published elsewhéige-
(CVM),* which includes some correlations between clustersgause of its high solubility and slow diffusion rate, arsenic is
represents an improvement over QCA, but is considerablthe most widely useah-type dopant for silicon ultra-large-
more difficult to solve. Because of its relative simplicity, the scale integration (ULSI) applications. Although the
QCA is to be preferred over the CVM in cases in which theirtemperature-dependent solubility limit at which arsenic
differences vanish, as in the case of pair clusters, or wheneases to be electrically active has been well described,
long-range order is not important and the material is spatiallyhis equilibrium is not reached for many ULSI processes.
homogeneous. Furthermore, metastable electrically active concentrations of
Sher et al? developed a generalized quasichemical for-arsenic are easily obtained by various methtdS.Under-
malism(GQCA) for pseudobinary alloys that is applicable to standing the process and kinetics of arsenic deactivation is of
arbitrary-size, nonoverlapping clusters. In this paper, thereat interest for both technological and scientific reasons;
GQCA theory is extended to include an arbitrary number ofthis includes an understanding of deactivated arsenic struc-
components and overlapping clusters, and to include thtures and how those structures form.
electronic subsystem so that electronic excitations can be The process of arsenic deactivation has been the subject
treated on the same footing as the configurational disordenf extensive and ongoing research. Many models of the de-
In this electronic quasichemicdEQC) formalism, the free activation have been proposéd-3with good fits to selected
energy is divided into three partél) a free energy, which sets of experimental data. Much experimental evidence is
can be assigned to a specific class of distinguishable clustemyailable that indicates the generation of vacancies during
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deactivation. Recently, Nobilet al.” have shown that, al- to determine the deactivation mechanism is included, includ-
though precipitation occurs at higher arsenic concentratioring the temperature-dependent electronic excitations and the
clusters are responsible for the electrical deactivation beloventropy. Preliminary results can be found in Refs. 3 and 4.
the solid solubility limit. Investigations using x-ray standing Here, details of the calculation and a sensitivity analysis, as
wave' and backscatterirtg spectroscopies find that arsenic Well as some more physical insight into the statistical theory,
remains on the lattice sites after deactivation, thus ruling ou@reé provided. In addition, the DB defect proposed by
interstitial arsenic or noncoherent precipitates as the inactivehadi et al?* and the V,Ass cluster discussed by Ra-
species in some regimes. Structural measurements also shéigmeorthy and Pa}nte_lld@sare included and shown not to
arsenic remains coherent with the lattice duringbe important deactivation complexes in equilibrium.

deactivation'® suggesting clusters instead of incoherent pre-

cipitates. Extended x-ray absorption fine structure measure- Il. EQC FORMALISM IN THE ABSENCE
ments show arsenic nearest neighbors going from 4 to 3 dur- OF ELECTRONIC EXCITATIONS
ing deactivatior”'® an indication of a nearest-neighbor . . - .
vacancy to the arsenic. Rousseau, Griffin, and Plurfiner In this section a statistical theory for neutral systems is

observed strong diffusion enhancements in boron layers buef_eveloped. The method has grown out of the QCA, in which

ied beneath a highly arsenic-doped surface layer during d he crystal lattice is divided into an ensemble of clusters,

activation and concluded that the deactivation mechanisn"?aCh of which i.S taken to be statistically and energetically
releases large numbers of silicon interstitials, indicative ofndependent of its surroundings. The present theory is devel-

vacancies forming in the arsenic-doped layer. The presencSItngfC%ruagt%rr:)'tfrr]y ;rl;ri?rg?r OCfluaStt%TI?S S:égle:szﬂgqgglq;f
of vacancies in the deactivated material was further sup; P ' y '

ported by recent work using a positron-beam techni§ue though it must be described by numerable sites for counting

which indicates between two and four arsenic atoms as neaf-' POS€S: The sites can include both lattice sites typically

est neighbors to these vacancitan alternative explanation Ohuosu?htecg g? g&?ﬁf&?ﬁﬁiﬁ:& T'Cogﬁgﬂguiqgﬁoin% ﬁg’
for some of these data has been recently propgSedsed ethgg can be applied to various Igvels of éluster o%/erla
on deactivation of arsenic atom pairs, but not accompanie PP P,

by vacancy generation; this alternative interpretation will be ere our deny atlon IS restnqted to nonoverlapping clusters
discussed further below. and clusters in which only sites, but not bonds, are shared.

Theoretically, Pandegt al.”* have shown a neutral com- DlSé:gsisr:ogl Ogoer:;(g;mc 2)(5ItsttcleﬁScl)sn?aﬁ;eilrdre?t:sml\llviﬁr. .
plex, consisting of a lattice vacancy surrounded by four ar'distinguishz':\ble speciesgthatycan occupy the%se sit,es and with
senic atomy/As,, is an energetically favorable structure and N sites occupied by thieh distinguishable species. The sites

proposed it as the deactivating complex. However, entrop ' ST ok
disfavors the formation of such a large defect complex, and re grouped int& distinguishable classes_, witht" sites be-
onging to thekth class. The number of sites of clads®c-

complete free-energy calculation is therefore needed to d !
termine the role ofVAs, in deactivation. Because ionized
arsenic atoms repel one another in the absence of a vacancy, Ko | K
there are also fundamental questions regarding the pathway k_ _ k_
and time constant for the formation of such a large defect kgl .21 N 21 Ni k; N*=N. @
complex, since the number of Sipslusters out of which
VAs, complexes can form in one step is quite low. Ra-Here, thel species are defined very broadly to include every
mamoorthy and Pantelid&sexamined other defect clusters unique type of occupation of a site, including occupation by
involving arsenic, including the vacancy coordinated byno atoms. Similarly, the sites are also defined very broadly to
fewer than four arsenic atoms, but did not consider the ioninclude what are usually thought of as lattice sites as well as
ized states or the entropy which, as shown in this paper, aréterstitial positions that can be separately occupied. As an
important and lead to conclusions in disagreement wittexample, for the problem of point defects in a zinc-blende
theirs. Although they, too, find th¥As, cluster to be low compoundAB, one might choose five distinguishable classes
energy, Chadiet al?? dismissed this class of clusters and Of sites in the lattice: the anion sublattice, the cation sublat-
proposed a model for deactivation based on defects with nfice, the two types of tetrahedral interstitial sublattices, and
vacancies. Although their model is consistent with some ofhe sublattice consisting of hexagonal interstitial sites. For
the experimental data suggesting threefold-coordinated athe same problem, the species might include a lattice va-
senic and large voids near to arsenic atoms in deactivategRNCy on theA sublattice, an antisite of ah atom occupying
material, it does not explain the generation of interstitialsthe B sublattice, an interstitial of aA atom at a tetrahedral
during the deactivation procel$nor does it explain why the  Site, an interstitial of ai atom at a hexagonal site, and one
lower-energy vacancy complexes do not form. or more classes of interstitialciépair of A atoms sharing a
The second part of this paper presents results on the equittice sitg, and the corresponding defects for Beatoms.
librium behavior of heavily arsenic-doped silicon using the The system is further divided int™ independent clus-
EQC formalism. No fitting to deactivation data was done,ters, each containing sites. Definingo as the net number of
and the only experimental data used in these calculationsites per cluster such that=N/M, thenn=p corresponds to
relate to the temperature-dependent band structure, whighonoverlapping space-filling clusters and-p corresponds
was deduced from totally separate experiments. The energi¢s overlapping clusters for which sites are shared between
for various defect complexes were taken fraim initio cal-  clusters.J is defined as the number of distinguishable classes
culations. Unlike previous calculations, the full free energyof clusters, withM; clusters of clas$, such that

|l7

cupied by speciesis given byN!‘, such that
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J normalized when summed over all clustgrsl. Each of the
- 0 . :
121 M;j=M. (20 y¥ can be written in the general form
k
Each of then cluster sites is associated with one of the Ok ! N\ M
distinguishable classes of sitds,with n¥ sites of clask per Yj :gji:1 NI (7
cluster. For thejth cluster, the number of sites of claks
occupied by specieisis given byn!j- , with whereg}( is the degeneracy of thi¢h configuration of théth

sublattice, for fixed configurations on &l #k sublattices.

Ko I K . X K
S S k=S 0= ko, 3 When all cll_Jsters with a given set fifj; } Ere degene_rate,_ the
e e R B R corre_spondmg degeneracy factorg; are binomial
coefficients?
Consider the system in contact with reservoirs for lthe Equilibrium cluster population$M;} and corresponding

unique atomic species of the system, and which define thequilibrium site occupation§NK} are obtained by minimiz-

chemical potentialsy;.. A distinction is made between ing the free energy of the system according to
atomic species, for which there is a unique chemical poten-

tial defined by the reservoir, and the set of species that can dF =R~ INK
occupy theN sites. The free energy of the system in equilib- O=— =\, PV . (8
rium with the reservoirs can be written as dm; v LM ==L ING oM, M N
3 ¥ N¥ andM; are related by
F({Mj},{Nik})=jEl fiM;—ksT INQ— X Nj i g
= i'=1
(@) Nf=Te2, iM; ©)

Thef; are the cluster free energid3.is the number of ways
of configuring the system with the set of clusters
{M;}=My,M;,...M; and site occupations {N{}

wherep¥=N¥/M is the net number of sites of claksn the
clusters. The ternp/nk corrects the counting of sites in
cases where sites are shared between clusters, and reduces to

—_n1 1 1 2 2 K ;

=Np.Nz, .. .Nj N3, Np, ... .. .NP. Assuming that the ity when no sites of clask are shared among clusters.
clusters are independef, can be obtamedz by a generaliza- Expanding In () using Sterling’s approximation, and taking
tion of the expression derived by Shetral,” that is, the partial derivatives, an expression for the equilibrium

cluster populations in terms of the equilibrium site occupa-
tions {NK} is obtained from Eq(8),

nikj[(pk/nk)l])

K
o-|II
CLIT v | T vy B
(5 M;=Mg;

NKI M! ’
IT o™i

j=1

NK

| K

1

iI:[l kljl Nk

The term in the first set of square brackets represents the

total number of distinguishable ways of simultaneously ar- —f + nk (pknk me i

ranging the sets ofNX} species on théN*! sites. Because J ; 2' (P ); s

only configurations that are consistent with a particular set of X exp KeT ’

clusters{M;} are to be included, this first term is multiplied

by the probability of finding the set of clustef#1;}. The (10

probability of having the set of clustefd;}, subject to a \yhere

particular set{N:‘}, is given by thea priori probability of

having a particular arrangement on the lattice of the bt K

(the term in the third square brackgtmes the number of gj= I1 g}( (11

ways of arranging the s¢M;} on theM available cluster

sites(the term in the second square bracke®he a priori andm:‘i, is the number of unique atomic species of typén

age . . . O .
probability of finding thejth clusteryj can be factored into e jth defect of thekth sublattice. The corresponding equi-
sublattice contributions by librium fractional cluster populations are

0_ < 6 i K i epknk) — K ok mK
yJ ] yJ ( ) yj= v :gjbjilill lil (Zi )n”[(p n®)—1] I I ,m,n”(p mom., ,

i'=1

=|

Wherey}<0 is thea priori probability of finding the configu- (12

ration on thekth sublattice. If each member of the s{gfo} whereb;=exp(—f;/kgT) and z{‘:NF/N" are the fractional
is normalized when the product is taken over distinguishablaite occupations on thieh sublattice.;, =exp(u;. /kgT) is
configurations on th&th sublattice, while keeping the con- the activity of thei’th atomic species. Fd(=1 andl =2,
figurations on all other sublattices fixed, th{ayf} will be  EQq. (12) reduces to the expression derived by Sheal?
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with the zero of energy chosen so that the chemical potentiakhere {; ,=exp(E;, q/kBT) no=exp(ur /kgT) is the elec-

of one of the two constituents is identically zero. tron activity, andg; 4 Hkg] q- Equation(16) reduces to Eq.
(12) when the se{E; 4} are all zero, so thay; ;=0 for g
Ill. EQC FORMALISM INCLUDING #0. The total populatlon of theth class of cIuster is given
ELECTRONIC DISORDER by the sum over all charge states

Clusters may have associated with them states of elec-
tronic excitations. In such cases, the populations of clusters yjzz Yia- (17)
of type j with chargeq (assumed to be integral in units of d
le]) M; 4 can be determined from a generalization of the
above derivation. For example, one of the clusters consid- IV. SOLUTION OF THE EQC EQUATIONS
ered in the second half of this paper consists of a substitu- grom Eqgs.(16) and (17), a set ofJ equations for the
tional arsenic atom surrounded by silicon atoms. Although ster populationgy;} is obtained. Assuming that the clus-
the wave function of the hydrogeniclike shallow donor stateis, free energies and degeneracies can be determined — for
formed by arsenic will extend beyond the five-atom cluster, example, fromab initio calculations or from experiment —
used, the cluster containing an ionized arsenic will be asg,q cjuster populationg, , are functions of thé’ constituent

signed the full, integral charge associated with the 'On'zeq:hemlcal potentialg x, } temperatureT, and pressure®,
i’

arsenic wave function. and for systems with electronic excitations, the electron
The free energy of the system containing electronic exc'chemmal potentialur, for a total of I’ +3 unknowns(or
tations can be written as a generalization of E&: |’ +2 unknowns when electronic excitations are excluded
J For a system oH phases, there afld Gibbs-Duhem rela-
. kyy — . - tions, one for each phase. Thus, one obtains Gibbs’' phase
P .o} ANT) Z1 % (fia*are)Mjq~keT Infd rule that relates the number of degrees of freedbio the
| number of phases and unknowns, \a|'—H+3, or 6
_ z N (13 =|"—H+2 when electronlc.excna_tlorjs are explyded. The
THT H+1 (or H for no electronic excitationsremaining un-
knowns are determined by constraint equations. One con-
whereX, runs over all excitation states of théh cluster.  straint equation comes from the normalization of the cluster
The cluster free energies have been generalized to includsopulations in the phase of interest:
the contributions from the electronic excitations with, ; ,
=f;+E; 4, WhereE;(,=0. The interaction of the system B B
with the finite temperature bandlike electronic excitations of > Z Yig= Z yj=1. (18
the solid are captured in the Fermi energy, which is @ = =
required to be the same for both cluster and bandlike excitaFor systems with electronic excitations, a second constraint
tions, and is discussed further in Sec. IV. The number ofquation is given by the condition of overall charge neutral-
ways of configuring the sdtM; .} now becomes ity. Fok; semimetals, semiconductors, and insulators, this is
given by

i'=1

K NKI ] M!

H J
I ovn | | T g 22

M
g 2N~ Ng=0, (19

whereV is the volume of the phase of intere, is the

J
x 0 \M electron density in the conduction band, adglis the hole
,-1:[1 1;[ SIEE (14 density in the valence bandll, andN;, can be calculated in
the usual manner from
where
. NI NE=J N.(E)F(E)dE (20
I
ylk'q:g]k'qi:l;[l (NR) . (15) Fe

and

As above, the set of equilibrium cluster populations are E,
obtained by minimizing the free energy of the system, using N,= f N,(E)(1—-F(E))dE, (21
Sterling’s approximation, to obtain -
whereF (E) is the Fermi-Dirac distribution functiom. and
N, are the conduction- and valence-band density of states,

MM Ja¥isn.ato respectively, and for parabolic bands are given by

N.= (22

w2h3

K M C21/2( E— Ec) 1/2( mier m0)3/2
=1 k=1 21 ’

| K I’
<1 I1 [(Zik)nh[mknk)—lll‘[ OGLAL

(16) and
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B 21/2( EU _ E)l/Z( mﬁ m0)3/2
v w’h3

E. andE, are the energies at the bottom of the conduction
band and top of the valence band, respectivély; is the
number of inequivalent minima in the conduction bang;

is the electron mass; andy andm} are the electron and
hole effective masses in units of,. The Fermi-Dirac distri-
bution functionF(E) is the probability of a state at energy
being occupied and is given by

E—pr|
1+exp< T )
For each phase in addition to the one of interest, one addi-
tional equation must be specified. The problem of interest
will in part determine which degrees of freedom will be
specified, but they will often include the temperature and the
pressure. In some cases it will be desirable to specify the 8-atom cluster
concentration of a particular species on a particular sublattice
of the system of interest as one of the degrees of freedom
The equation that relates the number of speties thekth
sublattice N¥, or its fractional populatioz=NK/N¥, to the
cluster populations is

(23

F(E)= (24

FIG. 1. Typical eight-atom cluster included in the analysis. Ex-
ample shown here is for théAs, cluster.

perature where diffusion effectively stops. The electronic
subsystem can equilibrate rapidly and thus must be allowed

J k to reequilibrate at the lower temperature. This means a recal-
ik: 2 2 yJ . (25) eulation of the Fermi energy, keeping the cluster populations
= nk fixed, such that
If Eq. (18) is satisfied, then thle,k’s will be normalized to the
kth sublattice such that 2 i E yi, (28)
|
Z zikzz"z 1. (26) wherey is the population of th¢th class of cluster at low

=1 temperature anqlr is the population at high temperature

The total fractional populatiox;=N;/N of a species is  where full equmbratlon can occur. To calcula{tyqL }, anew

related to the{z:‘} by Fermi energy,u T is determined by applying the cluster neu-
trality condition, Eq.(19), subject to the constraints imposed
< by Eq. (28).
> Z%k=x;. 27
k=1

. . V. APPLICATION OF THE EQC FORMALISM
Equationg(18), (19), and(25), and equations of states for TO ARSENIC IN SILICON

any external phases will in many problems form the basic set
of equations that must be solved for the atomic chemical We now turn to an application of the above statistics: the
potentials{u;.}. The solution for the Fermi energjur} behavior of arsenic in silicon. The problem is formulated
is most easily handled through an iterative numericalquite generally, so that the equilibrium properties for all tem-
procedure, unless Boltzmann statistics for electron populaP€ratures and arsenic concentrations up to the solubility limit
tions are known to be applicabke priori, in which case can be examined. The problem of whether equilibrium is
Egs. (20) and (21) reduce to the simpler expressions with achievable in real experiments is discussed in Sec. VII.
Nexexp(ue/kgT) andNpxcexp(— ug/kgT).

A. Cluster selection and ground-state energies

A. Calculations for quenched systems For the statistics, the real-space lattice is divided into non-

In many cases of interest, equilibration of the system willoverlapping clusters containing eight lattice sites, as illus-
take place at high temperatures—for example, during growtlrated in Fig. 1. The cluster size has been chosen to be large
or processing of a material—but the measurable properties @nough so that the largest defect complex of interest can be
interest are those of the system at some other lower temperdescribed, but small enough so that there is only one defect
ture. If the equilibration of the defect structures at the lowercomplex per cluster. Previously, five-atom clusters were cho-
temperature is negligible, the defect structure obtained aen so that the family of clusters containing a lattice vacancy
high temperature can be assumed to be frozen in, or, if theurrounded by zero to four arsenic atoms could be modeled.
material is cooled slowly, frozen in at some effective tem-Here, eight-atom clusters are used so that more extended
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defects can be included — for example, the divacancy sur- TABLE I. Clusters properties. The abitrary zero of energy is
rounded by up to six arsenic atoris. chosen so that the energy of the @8nd AsSi, clusters are zero.

One assumption of the EQC is that the lattice can peicceptor levels are indicated by and are referenced to the
divided into clusters with energies that are nearly indepenYalénce-band edge; donor levels are indicatedipgre referenced
dent of their specific environment, so that just one energ)so the conduction-band edge, and are positive if they are in the gap.

. y ) C'uster degeneracies are charge-state dependent.
can be assigned to each cluster. The cluster energies are cal-

culated by embedding each of the defect clusters in a silico

lattice. In practice, supercells are used, as is typical in local luster Neutral cluster lonization
density approximatiofLDA) calculations, and a repeating energyE, (V) energiesE, 4 (eV)
array of a given defect cluster embedded in a silicon lattice iSig 0 none
constructed. Thirty-two atom supercells have been used iRssi, 0 0.054¢),resonantf)?
the present calculations, and both the overall relaxation of/as, -1.62 none

the unit-cell lattice constant and atomic relaxations of up toyas,si, ~0.18 0.5@)

the second-neighbor shell about the defect complex havgas,si, 1.14 0.4a1);0.7@2)
been included. Although calculations will be done for highy, as, —2.30 none
arsenic concentrations, our calculations are restricted to agpp)b 0.10 none

senic occupying less than 10% of the lattice sites. Thus, for
example, there are nearly 40 silicon atoms for e¥@s, #The isolated arsenic is assumed resonant in the conduction band
complex, and ten silicon atoms for each isolated arsenicor [As]>10" cm 3, and to have the noted finite activation en-
atom in the lattice, justifying the approximation of embed- ergy for[ As]<10%.
ding the clusters in the silicon host. bThe eight-atom cluster is not the natural choice for th¢ZpBom-
Detailed calculations for the following clusters have been plex. Because of the small cluster we are using, the degeneracy
done: Si, pure silicon cluster; As3j arsenic atom sur- used is slightly lower than that used by Chadtial?? in their
rounded by siliconVAs,, lattice vacancy surrounded lry analysis.
arsenic atomsyY,Asg, lattice divacancy, surrounded by six
arsenic atoms. In these notations, silicon atoms in the clust&finctional®® 32-atom supercells were used, each containing
are not specifically identified, unless it is necessary for clarthe eight-atom cluster of interest surrounded by silicon. To
ity. For example, the/As, cluster is synonymous with the ensure a good fit to the charge density and potential in the
VAs;Si;_, cluster, and the Asgicluster is the same as the interstitial region, empty spheres have been included and or-
AsSi; cluster. The properties of several additional clustershitals added to the basis by centering them on the empty
have also been calculated: the silicon and arsenic interstspheres. The semicotkelectrons on the arsenic atoms were
tials; the lattice vacancy with one or zero arsenic near neightreated explicitly as valence states in a second panel. The
bors; substitutional arsenic near neighbors; second-neighb@asis set and charge density representation was chosen to
clusters of arsenic about a central silicon atom (fiAakin  give errors in the cluster energies of less than 0.01 eV. For
to the VAs, clusters, but without the vacangyand arsenic  the highest symmetry cells, relaxation calculations were per-
interstitial arsenic substitutional pairs. These cluster energiermed using two speciagt points, and final energies were
were calculated allowing relaxation, but using a less comcalculated using fourteen specill points. More k-points
plete basis set. Based on these energies and on conservativere used for lower symmetry cells. The core was allowed to
error estimates for the small basis set, the densities of theselax during the self-consistency cycle.
defects were found to be small, and negligible for the present Eight-atom cluster energies are extracted from a 32-
considerations. Some of the minority defects — such as thgsttice-site supercell by subtracting off the energy of the 24
silicon and arsenic interstitials and thN&s, cluster, for in-  silicon atoms about the cluster. Thus, the neutral cluster en-
stance — should be included in an analysis of arsenigrgies are given by
diffusion?* but are not found to impact the equilibrium.
Two additional clusters are included in the analysis. First, 24
the neutral cluster composed of threefold-coordinated Ej:5j32— (_) &2, (29)
second-neighbor arsenic atoms, as recently discussed by 32
Chadi et al,?? and referred to there as [, is included.
This defect was reported to have a binding energy of 0.06 ewhere&;? is the energy of the 32-atom supercell containing
relative to the undistorted pair with the Fermi energy at thethe eight-atorrjth cluster and surrounded by silicon, af@i
bottom of the conduction band. Second, the divacancy suiis the energy of the 32-atom supercell containing just silicon.
rounded by six arsenic atomd/,Asg, discussed by Ra- Cluster energies are further reduced by setting the arbitrary
mamoorthy and Pantelidé3,was also included. These au- zero of energy so that the energy of thg &id As Si, clus-
thors also considered a whole hierarchy of divacancyers vanish. Eight-atom cluster energies are given in Table I.
complexes, but, as will be shown below, even the most wellThe energy of the/As, cluster is in rough agreement with
bound of them Y,Ass) never dominates the deactivation, Pandeyet al!’ These energies may appear to differ substan-
thus justifying the neglect of the other clusters. tially from those those reported by Ramamoorthy and
Electronic contributions to the neutral cluster free enerPantelides?® but the differences are due mostly to the differ-
gies E; were obtained from a full-potential version of the ent reference they use, that of the corresponding Sthss-
linearized muffin-tin orbital(FP-LMTO) method?® in the ters. Discrepancies between our energies and those of Pan-
local-density approximatiofLDA) with the Barth and Hedin dey et all’ and Ramamoorthy and Panteliéfesan be
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attributed to the larger basis set and use of more accuratghen one is interested in using a partial pressure to establish
description of the arsenid states. the chemical potential of a constituent. In the present paper,
The overall lattice constant of the 32-atom unit cell wasno attempt is made to identify the chemical potentials with
allowed to relax during the self-consistency cycles. Atomicreference to another phase, and thus, although the vibrational
relaxations were largely radial about the vacancies. For thepectrum will change somewhat depending on the bonding
pure silicon cluster, the Si-Si distance is 2.34 A. For thegeometry of the arsenic and silicon, these contributions are
neutral AsSj cluster, the first-neighbor arsenic-silicon dis- ignored. Because the vibrational terms are ignored, the clus-
tance is 2.41 A. For the neutrdlAs, cluster, the arsenic ter free energies include just the electronic piece for the
atoms move in toward the vacancy, with an effective\As- ground state calculated from the LDA,
distance of 2.11 A and a first-neighbor As-Si distance of 2.40

A. For the neutraVAs; cluster, the effective Si distance is fi=E;. (30
2.30 A, the effective A3/ distances are 2.13 A and 2.10 A
(a slight breaking of the C3h symmetry is foyndnd the E. Band-structure properties

As-Si distance is~2.4 A. A temperature- and arsenic- In addition to the inability of LDA to predict correct band
concentration independent value for the number of lattice

sites per volume of % 1072 cm~2 was used. gaps in silicon, Fhe equilibrium of interest is at hlg_h tempera-
tures and the silicon band gap narrows substantially at these

_ _ high temperatures. To make the most accurate predictions
B. Cluster energies: excited states possible, the experimentally determined, temperature-

lonization energies were calculated and are summarizedependent band gaps are extrapolated to the temperature of
in Table I. No negativaJ centers were found, and thus the interest:® For T>300 K
ionization energies can be unambiguously cast as one- _ 4
electron levels. Noad hoc shifts were added to the LDA Eg(eV)=1.12-2.5<10"%(T—300 (3D

energy levels. ThyAS4 cluster is found to have no donor or is used, wherd is the temperature in kelvin arﬁg is the
acceptor levels in the gap, in agreement with the previougninimum energy gap in e¥¥ Density-of-states effective
finding.’ The VAs; andVAs, clusters are found to have one masses and band minimum degeneracies are also taken from
and two acceptor levels in the gap, respectively, which willexperiments.

effectively lower their formation energy when the Fermi en-  The |ow-temperature values for the longitudinal and
ergy is near the conduction-band edge. transverse electron effective masses®ama=0.92 and

Because the band-gap varies with the temperature, hoyx —0 19, and the density of states effective mass is
the ionization energies vary with temperature is uncertain —

that is, do they track the conduction or the valence-ban(?btalned from
edge, or neither? To our knowledge, no theory has yet been m* = (m¥,m&,m?,) ¥3=0.32. (32)
designed to map the temperature-dependence of LDA ioniza-
tion energies. In this work, acceptor levels are assumed tdhe silicon conduction band has six inequivalent minimums,
track the valence band and donor levels to track theso thatM.=6. Temperature and heavy doping modifications
conduction-band edge. to the conduction band shape have not been included.

Both the conduction and valence bands will be assumed
to be parabolic. The low-temperature values for the heavy-
and light-hole effective masses &emj;,=0.15 andmy,

Cluster degeneracies include both spin degeneracies andg 54 and the density-of-states effective mass is ob-
configurational degeneracies associated with the number @f;nqq 7from

ways of arranging the defect in the eight-atom cluster. The

degeneracy is calculated assuming the cluster is embedded in m = (m 32+ m* 32 28= 0 59, (33

a silicon host, or that the most probable neighboring clusters

are the §j clusters. Thus, for example, for the eight-atom The near-gap valence-band structure may also be modified at
clusters, the degeneracy of the AsSluster is eight because the high temperatures considered here.

all of the eight sites the arsenic can take in the cluster are

identical when a silicon host is assumed. VI. RESULTS: EQUILIBRIUM BEHAVIOR

C. Cluster degeneracies

In solving for the behavior of arsenic in silicon, a given
amount of arsenic is assumed to be frozen into the silicon
A Green’s-function method to calculate the vibrational lattice — for example, by a laser melt anneal following an
free energies of defects in semiconductors based on a v#sn implantation. Appreciable diffusion of the arsenic is not

lence force-field model plus a point charge Coulomb modebbserved during the subsequent equilibration anrieats]

was presented elsewheéfeThese vibrational energies are thus the concentration of arsenic in the doped region is as-
important when absolute reference to an external phase mumed to be constant throughout the equilibration. Disloca-
desired — for example, in Ref. 27 the mercury vapor wagions, the surface, and the bulin the case of a doped sur-
used as an absolute reference for establishing the systeface layefy are considered sources and sinks for silicon
chemical potentials. As discussed there, it is also importardtoms. The neutral cluster energies, ionization states, and
to include the gradient corrections to the LDA to correct fordegeneracies are incorporated into Ef6). The five un-

the overbinding of the solids with respect to the free atom&knowns of the problem are the silicon and arsenic chemical

D. Vibrational excitations
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FIG. 2. Fractional cluster populatiogsfor eight-atom clusters, as a function of temperature, for silicon with a total arsenic concentration
of (@ 5X10' cm 3, (b) 5x 10 cm 3, (c) 5x10Y° cm 3, and (d) 5x10°° cm 3. Cluster populations have been summed over all
ionization states; the singly ionized acceptor dominated/fas;, the doubly ionized acceptor dominates ¥6As,, and the singly ionized
donor dominates for Asgi Panels(e)—(h) are the total concentration of silicon atoms, arsenic atoms, and vacancies, in equilibrium at the
given temperature, for the same arsenic concentrations @s-i(d). Also shown in panelge)—(h) are the electron concentration at 300 K,
calculated assuming that the defect structures obtained at the equilibration temperature is frozen in.

potentialsus; and s, the Fermi energyr, the tempera-  structure is frozen in. Because the diffusion rates of the con-
ture, and the pressure. If the system is treated as a singfituents are very low at room temperature, this is a reason-
phase, there will be a total of three degrees of freedomable assumption.
which are chosen by specifying the temperature, the total For all concentrations and equilibration temperatures con-
pressure, and the total fractional arsenic concentragigin  sidered, three classes of clusters dominatg; 88Sj;, and
the lattice. The two additional equations needed to solve foVAs,, with the latter being the primary means of nonideal
the unknowns are the normalization of the cluster populaincorporation of arsenic into the lattice. Results shown in
tions and overall charge neutrality. The system also couldFigs. 2d) are very similar to those reported in Ref. 3, in
have been treated as a two-phase system consisting of tMéich five-atom clusters were used and thé\s; and DR2)
solid in equilibrium with its vapor; because the cluster ener<lusters were not included. In all cases, the Fermi energy is
gies are insensitive to realistic pressures, this producegear the conduction-band edge, anlls; andVAs, are pre-
equivalent results to those presented here. Calculation of tr#gominantly singly and doubly ionized, respectively.
vapor pressure would necessitate calculation of vibrational For a low arsenic concentration 0FBL0* cm™3, and for
properties of the arsenic in silicon lattice, and also wouldequilibration temperatures above 400 °C, arsenic incorpo-
need to address the over-binding predicted by LDA. A vaporrates into the lattice almost exclusively as isolated arsenic
pressure calculation also requires calculation of the propertoms surrounded by silicon, and with negligible binding to
ties of the vapor species such as,And As. Such calcula- lattice vacancies. If this defect structure is quenched in, this
tions have been done elsewhere for a I1I-V alloy systém. corresponds to 100% arsenic activation at room temperature,
Another system of interest is the system in equilibriumas is indicated in Fig. @), where the electron concentration
with a second solid phase — for example, the monoclinids equal to the total arsenic concentration in the lattice. As
SiAs phase or pure arsenic solid; such a calculation is needetle temperature is lowered below 400 i@t shown in the
for determining the equilibrium solubility limit of arsenic in figure), the population ofVAs, clusters increase until they
diamond-phase silicon. Accurate prediction of the solubilitydominate the arsenic incorporations:0 K. Thus,in equi-
limit depends on having good estimates for the vibrationalibrium, among the complexes considerats, represents
terms in the free energy for all phases involved, and is nothe lowest free energy state of arsenic at zero kelvin. Be-
discussed here. cause diffusion is very slow at low temperatures, it is un-
likely that full equilibrium of the arsenic-silicon system is
ever achieved at temperatures much below 300 °C. The re-
sults discussed here are restricted to cases in which second-
In Figs. Za)—2(d), the cluster populations are plotted phase precipitation does not occur. FofAs]
as a function of temperature for arsenic concentrations of=5X 10 cm™3 [Figs. ab) and 2f)], the density of the de-
5x 10 cm™3, 5x 108 cm3, 5x10° cm™3, and 5<10%°  activatingVAs, cluster is increased significantly relative to
cm~3, corresponding to 0.0001%, 0.01%, 0.1%, and 1% othe[As]=5X10'® cm™ 2 case, but significant deactivation is
the lattice sites in the system. In FiggeR-2(h), the total  still not predicted for equilibration temperatures above
concentrations of silicon atoms, arsenic atoms, and vacancies500 °C. As the arsenic concentration is raised further to
for the same total arsenic concentrations as in Figa—2 5x10Y cm 2 [Figs. 2b) and 2g)] and 5<10%° cm 3
2(d), are plotted, along with the room-temperature electrofFig. 2c) and 2Zh)], significant deactivation is predicted,
concentration assuming that the high-temperature defedargely due to the/As, clusters.

A. Cluster populations
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Clearly both concentration and temperature impact the desjg, AsSj,, VAs,, andV,As; clusters, and with the energy of
fect distribution: at high temperatures, entropy effects arghe V,Asq cluster adjusted so that the binding energy per
more important in determining the defect structure andarsenic was the same as it is for thés, complex. The
means of incorporating arsenic that increase the system efensity of the Sj, AsSi,, and VAs, clusters is essentially
tropy will dominate. Because active arsenic incorporationynchanged, and although the density of ¥gAss cluster
maximizes the system configurational entropy for a fixed arincreases by a factor of 10—20 over the given temperature
senic concentration, this form of incorporation dominates atange, it still never dominates the deactivation. Errors in the
elevated temperatures, as illustrated in Figa)-2(d). Fora  the LDA energies, differences in the vibrational entropy
given temperature, the crossover between incorporation a&rms of theVAs, and V,Asg clusters that have not been
AsSj; andVAs, will depend on the total amount of arsenic included here, as well as errors associated with approxima-
in the lattice. This is illustrated in Fig. 3; at 300 °C, the tions intrinsic to the cluster statistics, which are especially
concentration at whiciAsSiy]=[VAs,] occurs is~10"  important at very high arsenic concentratiof@ove ~ 1
cm 3, and moves to~10°° cm™®, ~5X10%° cm 3, and 10 % of the lattice sitds could result in a modification of
~2x10°* cm™2 for 500 °C, 700 °C, and 1000 °C, respec- this conclusion. Unless such errors are very large, clusters
tively. Thus even at 300 °C, entropy still drives arsenic in-containing two or more adjacent vacancies surrounded by
corporation as isolated active species until total arsenic congrsenic atoms will not dominate the deactivation except at
centrations are in the range of 2acm™3. At 1000 °C, a very large arsenic concentrations, perhaps beyond the solid
saturation of the active arsenic concentration of about 4olubility limit.

X 107° cm™2 (dotted line in last panel of Fig.)3s found, in
good agreement with the experimentally determined value of
~3.2x10%° cm 2 at this temperaturé?

Although the DR2) cluster proposed by Chadt al?? is Given the large binding energy of tMAs, cluster, it may
present as a deactivating species, it does not contribute si§e surprising at first glance that arsenic is ever active in
nificantly to the deactivation if full equilibration is allowed silicon. This result can be understood from a simple analysis
to occur(the role of DP defects in the approach to equilib- of the temperature and arsenic concentration-dependent equi-
rium is discussed in Sec. VI This is simply due to the librium betweenVAs, clusters and isolated arsenic atoms in
larger binding energy of th&As, complex. Although the the lattice AsSj. We emphasize that, with the exception of
Fermi energy effect increases the effective binding energy othe present discussion, all results in this paper have relied on
the DP complexe#’ it also increases the binding of the va- the full EQC formalism, as discussed above. The equilibrium
cancy complexes by a similar amount per arsenic atom. Notégaction can be written as
that the present calculation is different from the analysis
done by Chadet al?? In the present calculation, full equi- 4AsSj;—VAs, + L Sig, (34)
librium is permitted, with no restrictions to rearrangement of
the atoms in the lattice, while the analysis in Ref. 22 asWwith a forward reaction energy cAE=—1.62 eV taken
sumed that the atoms were frozen into the lattice in randorffom Table I. Each complex occupies five regular lattice
configurations, with no subsequent rearrangements duringites, and there ard/=10"2 cm? five-site clusters. The
the deactivation except for the relatively local relaxationAsSi, are assumed to be 100% ionized, and the Fermi energy
about the DP clusters. is assumed to be roughly at the bottom of the conduction

Similarly, the V,Ass cluster proposed by Ramamoorthy band.
and Pantelides is present, but does not contribute signifi- ~ From the law of mass action, one obtains
cantly to the deactivation for arsenic concentrations up to

B. Approximate model of deactivation

5x10?°° cm™3. This is due in part to the lower binding en- Vi AE
ergy per arsenic atom of thé,As; compared to the/As, —146/5=54exr{ —) (35
complex, but even if the binding energy per arsenic atom of Yvas,Ysig keT

these complexes was comparable, YHes, complex would

still dominate the deactivation because of the higher entropyherey; is the number of clusters divided byV. The factor
associated with this compleit involves the assemblage of of 5% comes from the degeneracy of the As8luster. If the
fewer arsenic atoms This was demonstrated by repeating density of other forms of arsenic incorporation in the lattice
the calculations fof As]=5x10?° cm™3, but with only the  are small, then
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Xas=5Yassi, T 5Yvas, (36) temperature (°C)
, _ _ , 1100 1000 900 800
wherex,; is the total fractional concentration of arsenic at- 1022 = ' r T
oms in the lattice, and 1 x,5 is approximately the silicon & I
fractional concentration. Defining the activation fractioas 5 [AStotal
the fraction of arsenic in the lattice in active form, then g I \
® 1021}
Yassi,= 5fXas, (37 éc)')'
c
Yvas, = 5(1—f)Xad4, (38) &} e
1020 . y Tt
and 7 8 9 10

10000/T(K)
Ysii= 1= Yassi,~ Yvas, =1 5Xas(1—=3f)/4. (39
FIG. 4. The saturated total electron concentration in silicon,
Substituting these expressions into E8f), [AS],ora, taken from Ref. 7, and the corresponding electron concen-
tration[e] calculated using our theorje]* is the measured elec-
4f4X,3As '{ ) (40) tron concentration for the givars],y, and temperaturge]* also
165 SXP T/ corresponds to our theory, but calculated with the energy of the
S(1= D1 =5Xas(1=31)/4] o keT VAs, cluster reduced by 0.15 eV.

Assuming that no other dopants are present in the lattice and
the system is not intrinsic, the free carriers are dominategoncentratiorfe] is in contrast to earlier findingSthat ob-
by the active arsenic concentration, so thag] served a temperature-independpel}.
=5X 10%fx,s cm 3, and the total arsenic concentration is The result that the/As, cluster is responsible for the
given by[As]=5%X10?%,s cm™ 3. The behavior ofe] ver-  deactivation is also in agreement with experiments that indi-
sus[As] deduced from this equation is similar to that found cate the presence of vacancies in deactivated material, as
using the full EQC formalism. As the temperature is lowereddiscussed in Sec. |. Although some of these experiments may
at a fixed arsenic concentration, H40) shows that the ac- also be consistent with the DP defects identified by Chadi
tivation fraction decreases, as was found in each of the Figst al.?” a subset of these experiments shows evidence of in-
2(f)—2(h). In the limit of T—0 K, the right-hand side of Eq. terstitial generation during the deactivatibtirhis, in turn, is
(40) vanishes, and for any finite arsenic concentration theconsistent with deactivation accompanied by the generation
activation fraction vanishes, indicating théAs, cluster as  of vacancies, since the formation of a vacancy-arsenic cluster
the lowest-energy state at zero temperature. The asymptotig most likely via the reaction
behavior for low arsenic concentrations can be extracted

from Eq.(40): asxas— 0 (for T#0 K) the activation fraction nAs—VAs,+ Si, (41
approaches unity and the arsenic is fully active, with . . ) . .
[e]=[As]. where Sij is the silicon interstitial. In the equilibrium calcu-

lations, the interstitial population is allowed to equilibrate
with silicon sinks(e.g., dislocations and surfageand thus,
although the Siconcentration is not supersaturated in equi-
Extensive research has been conducted into the propertiébrium, as a transient, one interstitial is generated for each
of arsenic in silicon, and no attempt has been made here teacancy in the silicon lattice, thus producing a large intersti-
provide an extensive critique of the experimental literaturetial flux, as is experimentally observed.
Instead, several experiments to which we can directly com-
pare our results are selected. There are many questions asso-
ciated with the temporal response of the deactivation, as well
as diffusion in heavily doped silicon, which are briefly ad- The approach to equilibrium starting from the fully acti-
dressed in the discussion of nonequilibrium behavior in Secvated material as prepared by, for example, a laser melt an-
VIL. neal, is more difficult to calculate accurately. One concern is
Nobili et al” have examined the properties of arsenic-the assemblage of the large vacancy arsenic clusters, given
doped silicon in equilibrium with SiAs precipitates. Using that the probability is quite low of randomly freezing in
their values of the saturated arsenic concentration in the siliSiAs, clusters, out of which vacancies can form to create the
con lattice, the corresponding electron concentration ha¥As, complexes in one step. In contrast, the probability of
been calculated; results are shown in Fig. 4. Our predictefinding SiAsSi; and SiAsSi, clusters is significantly
electron concentrations are within a factor of 2 of the corre-higher. If the vacancies can form out of these clusters ini-
sponding experimental numbers determined by Natikl”  tially, relatively fast initial deactivation can be explained
over the temperature range 2T<1100 °C. If the energy based on the frozen-in defect concentrations. Subsequent for-
of the VAs, cluster is reduced by 0.15 eV, our agreementmation of clusters containing more arsenic atoms will be
with experiments is excellent; given the accuracy of the LDAhastened by the Coulombic attraction between the positively
energies, as well as uncertainties in the silicon band structurienized active arsenic atoms (Agpiand the negatively
at high doping levels, such a correction is reasonable. ThishargedVAs; and VAs, clusters. If the Fermi energy is at
finding of a temperature-dependent, maximum free electrothe bottom of the conduction band, the formation energy of

C. Comparison with experiment

VIl. RESULTS: NONEQUILIBRIUM BEHAVIOR
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the doubly ionizedvVAs, cluster is roughly zero, similar to upon a step temperature increase, butMAe; clusters form
the formation energy of the DP clusters discussed by Chadnore slowly (a reasonable assumption, since this involves
et al? An analysis similar to that discussed in Ref. 22 showsthe assemblage of three arsenic atoms into a clysterelec-
that both the DP class of defects and Wias, cluster can  tron concentration above the electrical solubility limit at ei-
form in heavily doped material and can explain some deacther temperature will be obtained as a transient condition,
tivation in material with no rearrangement of the arsenic attonsistent with experimental observation. For quantitative
oms. Through short-range atomic diffusion, the DP andygreement with the transient reactivation experimefitss

VAs, clusters will eventually evolve inttY As; and eventu- density must be higher and roughly comparable to\fAs,
ally VAs, clusters, until the full equilibrium is reached. density.

An activation energy of-2 eV for the deactivation pro-
cess has been measured at low temperatufesninimum
activation barrier for the formation of the vacancy complexes
in heavily doped material can be deduced from our vacancy

cluster energies, referenced to the correspondingSiAs-  An EQC formalism to describe the simultaneous equili-
tel’, and with the formation energy of the silicon interstitial bration of electronic and Chemicéﬂtomio System in a solid
added. Using a value of 3.3 eV for the neutral siliconis presented. This formalism has been applied to the problem

. . 31 . . .
interstitial,” an activation barrier of~1-3 eV for the va- 4t grsenic in silicon, and the temperature and concentration

cancy clusters in heavily doped material is estimated. Thes&ependence has been examined both for full equilibrium and
energies are comparable to those reported by Céidi??

for the DP struct d ble t ; ¢ Th for constrained equilibrium. The quantitative results pre-
on the basis of the activation barrier, It is not clear whethes.S""20 1 ths paper are sensidive t© a number o hings, in-
the DP oVAs, defects will dominate the initial deactivation. cluding uncertainties in the temperature- and doping-

An alternative model for the approach to equilibrium in- erendeqt pand structure gnd lonization energies,
volves achievement of a constrained equilibrium in whichhaccuracies in the cluster energies due to the LDA and dis-

large clusters are prohibited from forming. For example,perSionS owing to the use of supercells; neglect of vibrational
consider the reactions free energies(which will be different for threefold- and

fourfold-coordinated arsenicand cluster size effects in the

VIIl. CONCLUSIONS

Gmn EQC. The sensitivity of our results to variations in these
VmAS, =  DAs, (42 quantities has been examined and it has been found that,
Rm.n although the quantitative agreement with experiment may

whereG,, , and R, , are the forward and reverse reaction change, our prediction of the activation being dominated by
rates, respectively. IR, ,<Rq, -1, then it is possible that arsenic clustering about vacancies still holds. One major un-
in the approach to equilibrium, the system will pass throughcertainty in our calculations comes from the position and
a successive set of constrained equilibria involving increastemperature dependence of the localized levels oMAs;
ingly larger clusters — for example, cluster in the gap. If the localized level at elevated tempera-
tures is different than the value used by several tenths of an
VAS; = VAS;—VAS;. (43 eV, our calculations indicate that théAs; may play a
The results of such a calculation were presented in Ref. 4greater role in the equilibrium deactivation than the results
where it was shown that each successive set of constrainggtesented here indicate.
equilibria can explain larger degrees of the deactivation. Our theory predicts deactivation in heavily arsenic-doped
In addition to questions concerning the approach to equisjlicon that is in quantitative agreement with a number of
librium Starting from the fu“y activated material, there is an experiments' Fu”y active arsenic has been shown to be the
interesting phenomena that occurs when the temperature @yilibrium state for lower arsenic doping concentrations for
deactivated material is changed and the system approachesginperatures where equilibrium can be achieved. A tempera-

new equilibrium condition. When the temperature of any,re and arsenic concentration-dependent electrical solubility
equilibrated(deactivatefisample is stepped to a higher tem- i i predicted that is in good agreement with experiment.

Fnec:r?(t)l:cr)?]’icgftetg\?vacr); ;hr?e\(/avleﬁitr?]grCeor:JCiI(iatr)]rtiruartr:O\?alg]:r(::;cl:ngecause vacancy clusters with fewer arsenic atoms are
Y » g q ' nearly as effective at deactivating as is Was,, fast initial

tivation can be seen in which the carrier concentration rise%eactivation can be explained via the formation of Erenkel
above that corresponding to the electrical solubility limit atdefects in randomly oé)curring arsenic clusters — for ex

either temperatur& Deactivation models that are based on . ) ’ h : .
only one deactivating species cannot explain this phenomMPle. Si AsSi—VAS,Si,+Sij — with the bulk silicon
ena; to explain this phenomena and have a physically baseé'd the surface serving as a _smk for the interstitials; the
model requires either a multiple-cluster model or largerVAs; andVAs, clusters will subsequently form. Gen-
precipitation?33 eration of silicon interstitial via the formation of vacancies

A model for the transient reactivation is suggested by Figduring the deactivation has also been experimentally seen,
2(d), by noting that as the temperature increases, the equilitRnd cannot be explained by the neutralizing relaxation of
rium population of the/As, clusters decreases while that of arsenic pair$? Furthermore, the presence of more than one
the VAs; clusters increases. When an abrupt change in tensluster YAs, and most likelyVAs;) playing an important
perature is introduced, there will be a net breakup of theole in the deactivation is supported by the observation of
larger VAs, clusters. If theVAs, clusters break up quickly transient reactivation upon a temperature incréage.
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