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Electronic quasichemical formalism: Application to arsenic deactivation in silicon

M. A. Berding and A. Sher
SRI International, Menlo Park, California 94025

~Received 4 March 1998!

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, usingab initio 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.@S0163-1829~98!03531-0#
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I. INTRODUCTION

There are numerous problems in which the equilibrium
quasiequilibrium state of a crystalline system is sought,
the precise solution of the statistics for the general cas
difficult, even for simple Hamiltonians. Some of these pro
lems can be formulated, at least in part, in terms of sh
range interactions of the solid, and many of these proble
can further be modeled by an ensemble of statistically in
pendent clusters, where the cluster size is less than a c
lation volume; examples include the short-range order s
of alloys and the populations of point defects and def
complexes in semiconductors.

The quasichemical approximation~QCA! is a cluster ap-
proximation in which the cluster populations are determin
by the cluster free energies, but which ignores statistical c
relations among clusters. The cluster variation meth
~CVM!,1 which includes some correlations between cluste
represents an improvement over QCA, but is considera
more difficult to solve. Because of its relative simplicity, th
QCA is to be preferred over the CVM in cases in which th
differences vanish, as in the case of pair clusters, or w
long-range order is not important and the material is spati
homogeneous.

Sher et al.2 developed a generalized quasichemical f
malism~GQCA! for pseudobinary alloys that is applicable
arbitrary-size, nonoverlapping clusters. In this paper,
GQCA theory is extended to include an arbitrary number
components and overlapping clusters, and to include
electronic subsystem so that electronic excitations can
treated on the same footing as the configurational disor
In this electronic quasichemical~EQC! formalism, the free
energy is divided into three parts:~1! a free energy, which
can be assigned to a specific class of distinguishable clu
PRB 580163-1829/98/58~7!/3853~12!/$15.00
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~2! a configurational free energy related to the number
ways of arranging the atoms and clusters on the availa
sites; and~3! the free energy of electrons and holes in t
conduction and valence bands, and which are treated
bandlike excitations of the extended crystal. The theory
formulated to provide an explicit connection with an extern
system, so that equilibration with other phases can be exp
itly included. A relatively general cluster is considere
which includes an arbitrary number of distinguishable a
indistinguishable sites, and either nonoverlapping or overl
ping clusters. The cluster free energy can include ze
temperature electronic energies, temperature-dependen
brational terms, and relatively localized electron
excitations.

As an example of an application of the EQC formalis
the problem of arsenic deactivation in silicon is examine
Some of our results have been published elsewhere.3,4 Be-
cause of its high solubility and slow diffusion rate, arsenic
the most widely usedn-type dopant for silicon ultra-large
scale integration ~ULSI! applications. Although the
temperature-dependent solubility limit at which arsen
ceases to be electrically active has been well described5–7

this equilibrium is not reached for many ULSI process
Furthermore, metastable electrically active concentration
arsenic are easily obtained by various methods.8–11 Under-
standing the process and kinetics of arsenic deactivation
great interest for both technological and scientific reaso
this includes an understanding of deactivated arsenic st
tures and how those structures form.

The process of arsenic deactivation has been the sub
of extensive and ongoing research. Many models of the
activation have been proposed11–13with good fits to selected
sets of experimental data. Much experimental evidence
available that indicates the generation of vacancies du
3853 © 1998 The American Physical Society
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deactivation. Recently, Nobiliet al.7 have shown that, al-
though precipitation occurs at higher arsenic concentrat
clusters are responsible for the electrical deactivation be
the solid solubility limit. Investigations using x-ray standin
wave14 and backscattering15 spectroscopies find that arsen
remains on the lattice sites after deactivation, thus ruling
interstitial arsenic or noncoherent precipitates as the inac
species in some regimes. Structural measurements also
arsenic remains coherent with the lattice duri
deactivation,16 suggesting clusters instead of incoherent p
cipitates. Extended x-ray absorption fine structure meas
ments show arsenic nearest neighbors going from 4 to 3
ing deactivation,17,18 an indication of a nearest-neighbo
vacancy to the arsenic. Rousseau, Griffin, and Plumm19

observed strong diffusion enhancements in boron layers
ied beneath a highly arsenic-doped surface layer during
activation and concluded that the deactivation mechan
releases large numbers of silicon interstitials, indicative
vacancies forming in the arsenic-doped layer. The prese
of vacancies in the deactivated material was further s
ported by recent work using a positron-beam techniqu20

which indicates between two and four arsenic atoms as n
est neighbors to these vacancies.21 An alternative explanation
for some of these data has been recently proposed,22 based
on deactivation of arsenic atom pairs, but not accompan
by vacancy generation; this alternative interpretation will
discussed further below.

Theoretically, Pandeyet al.17 have shown a neutral com
plex, consisting of a lattice vacancy surrounded by four
senic atomsVAs4, is an energetically favorable structure a
proposed it as the deactivating complex. However, entr
disfavors the formation of such a large defect complex, an
complete free-energy calculation is therefore needed to
termine the role ofVAs4 in deactivation. Because ionize
arsenic atoms repel one another in the absence of a vaca
there are also fundamental questions regarding the path
and time constant for the formation of such a large def
complex, since the number of SiAs4 clusters out of which
VAs4 complexes can form in one step is quite low. R
mamoorthy and Pantelides23 examined other defect cluste
involving arsenic, including the vacancy coordinated
fewer than four arsenic atoms, but did not consider the i
ized states or the entropy which, as shown in this paper,
important and lead to conclusions in disagreement w
theirs. Although they, too, find theVAs4 cluster to be low
energy, Chadiet al.22 dismissed this class of clusters an
proposed a model for deactivation based on defects with
vacancies. Although their model is consistent with some
the experimental data suggesting threefold-coordinated
senic and large voids near to arsenic atoms in deactiv
material, it does not explain the generation of interstiti
during the deactivation process,19 nor does it explain why the
lower-energy vacancy complexes do not form.

The second part of this paper presents results on the e
librium behavior of heavily arsenic-doped silicon using t
EQC formalism. No fitting to deactivation data was don
and the only experimental data used in these calculat
relate to the temperature-dependent band structure, w
was deduced from totally separate experiments. The ene
for various defect complexes were taken fromab initio cal-
culations. Unlike previous calculations, the full free ener
n,
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to determine the deactivation mechanism is included, incl
ing the temperature-dependent electronic excitations and
entropy. Preliminary results can be found in Refs. 3 and
Here, details of the calculation and a sensitivity analysis
well as some more physical insight into the statistical theo
are provided. In addition, the DP~2! defect proposed by
Chadi et al.22 and the V2As6 cluster discussed by Ra
mamoorthy and Pantelides23 are included and shown not t
be important deactivation complexes in equilibrium.

II. EQC FORMALISM IN THE ABSENCE
OF ELECTRONIC EXCITATIONS

In this section a statistical theory for neutral systems
developed. The method has grown out of the QCA, in wh
the crystal lattice is divided into an ensemble of cluste
each of which is taken to be statistically and energetica
independent of its surroundings. The present theory is de
oped for an arbitrary number of atomic species and uni
site occupation. An arbitrary cluster is also assumed,
though it must be described by numerable sites for coun
purposes. The sites can include both lattice sites typic
thought of as occupied by the atomic constituents and v
ous types of numerable interstitial positions. Although t
method can be applied to various levels of cluster overl
here our derivation is restricted to nonoverlapping clust
and clusters in which only sites, but not bonds, are sha
Discussion of electronic excitations is deferred until Sec.

Begin by considering a system containingN sites, withI
distinguishable species that can occupy these sites, and
Ni sites occupied by thei th distinguishable species. The site
are grouped intoK distinguishable classes, withNk sites be-
longing to thekth class. The number of sites of classk oc-
cupied by speciesi is given byNi

k , such that

(
k51

K

(
i 51

I

Ni
k5(

i 51

I

Ni5 (
k51

K

Nk5N. ~1!

Here, theI species are defined very broadly to include eve
unique type of occupation of a site, including occupation
no atoms. Similarly, the sites are also defined very broadl
include what are usually thought of as lattice sites as wel
interstitial positions that can be separately occupied. As
example, for the problem of point defects in a zinc-blen
compoundAB, one might choose five distinguishable class
of sites in the lattice: the anion sublattice, the cation sub
tice, the two types of tetrahedral interstitial sublattices, a
the sublattice consisting of hexagonal interstitial sites. F
the same problem, the species might include a lattice
cancy on theA sublattice, an antisite of anA atom occupying
the B sublattice, an interstitial of anA atom at a tetrahedra
site, an interstitial of anA atom at a hexagonal site, and on
or more classes of interstitialcies~pair of A atoms sharing a
lattice site!, and the corresponding defects for theB atoms.

The system is further divided intoM independent clus-
ters, each containingn sites. Definingp as the net number o
sites per cluster such thatp[N/M , thenn5p corresponds to
nonoverlapping space-filling clusters andn.p corresponds
to overlapping clusters for which sites are shared betw
clusters.J is defined as the number of distinguishable clas
of clusters, withM j clusters of classj , such that
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(
j 51

J

M j5M . ~2!

Each of then cluster sites is associated with one of t
distinguishable classes of sites,k, with nk sites of classk per
cluster. For thejth cluster, the number of sites of classk
occupied by speciesi is given byni j

k , with

(
k51

K

(
i 51

I

ni j
k 5(

i 51

I

ni j 5 (
k51

K

nk5n. ~3!

Consider the system in contact with reservoirs for theI 8
unique atomic species of the system, and which define
chemical potentialsm i 8 . A distinction is made between
atomic species, for which there is a unique chemical pot
tial defined by the reservoir, and the set of species that
occupy theN sites. The free energy of the system in equil
rium with the reservoirs can be written as

F~$M j%,$Ni
k%!5(

j 51

J

f jM j2kBT lnV2 (
i 851

I 8

Ni 8m i 8 .

~4!

The f j are the cluster free energies.V is the number of ways
of configuring the system with the set of cluste
$M j%5M0 ,M1 , . . . MJ and site occupations $Ni

k%
5N1

1 ,N2
1 , . . .NI

1 ,N1
2 ,N2

2 , . . . . . .NI
K . Assuming that the

clusters are independent,V can be obtained by a generaliz
tion of the expression derived by Sheret al.,2 that is,

V5F )
k51

K S Nk!

)
i

~Ni
k! !D GF M !

)
j

~M j ! !G F)
j 51

J

~yj
0!M jG .

~5!

The term in the first set of square brackets represents
total number of distinguishable ways of simultaneously
ranging the sets of$Ni

k% species on the$Nk% sites. Because
only configurations that are consistent with a particular se
clusters$M j% are to be included, this first term is multiplie
by the probability of finding the set of clusters$M j%. The
probability of having the set of clusters$M j%, subject to a
particular set$Ni

k%, is given by thea priori probability of
having a particular arrangement on the lattice of the set$M j%
~the term in the third square brackets!, times the number of
ways of arranging the set$M j% on theM available cluster
sites~the term in the second square brackets!. The a priori
probability of finding thej th clusteryj

0 can be factored into
sublattice contributions by

yj
05)

k51

K

yj
k0

, ~6!

whereyj
k0

is thea priori probability of finding the configu-

ration on thekth sublattice. If each member of the set$yj
k0

%
is normalized when the product is taken over distinguisha
configurations on thekth sublattice, while keeping the con
figurations on all other sublattices fixed, then$yj

0% will be
e

n-
an
-

he
-

f

le

normalized when summed over all clustersj 51. Each of the

yj
k0

can be written in the general form

yj
k0

5gj
k)
i 51

I S Ni
k

NkD ni j
k

, ~7!

wheregj
k is the degeneracy of thej th configuration of thekth

sublattice, for fixed configurations on allk8Þk sublattices.
When all clusters with a given set of$ni j

k % are degenerate, th
corresponding degeneracy factorsgj

k are binomial
coefficients.2

Equilibrium cluster populations$M̄ j% and corresponding
equilibrium site occupations$N̄i

k% are obtained by minimiz-
ing the free energy of the system according to

05
dF

dMj
U

M̄ j ,N̄
i
k
5S ]F

]M j
1(

i 51

I

(
k51

K
]F

]Ni
k

]Ni
k

]M j
D

M̄ j N̄i
k

. ~8!

Ni
k andM j are related by

Ni
k5

pk

nk(
j 51

J

ni j
k M j , ~9!

wherepk[Nk/M is the net number of sites of classk in the
clusters. The termpk/nk corrects the counting of sites i
cases where sites are shared between clusters, and redu
unity when no sites of classk are shared among cluster
Expanding ln (V) using Sterling’s approximation, and takin
the partial derivatives, an expression for the equilibriu
cluster populations in terms of the equilibrium site occup
tions $N̄i

k% is obtained from Eq.~8!,

M̄ j5MgjS )
i 51

I

)
k51

K S N̄i
k

NkD ni j
k [ ~pk/nk!21]D

3expS 2 f j1(
k

(
i

ni j
k ~pknk!(

i 8
mii 8

k m i 8

kBT
D ,

~10!

where

gj5)
k51

K

gj
k ~11!

andmii 8
k is the number of unique atomic species of typei 8 in

the i th defect of thekth sublattice. The corresponding equ
librium fractional cluster populations are

yj5
M̄ j

M
5gjbj)

i 51

I

)
k51

K F ~zi
k!ni j

k [ ~pknk!21] )
i 851

I 8

h i 8
ni j

k
~pk/nk!m

ii 8
k G ,

~12!

wherebj5exp(2 f j /kBT) and zi
k5N̄i

k/Nk are the fractional
site occupations on thekth sublattice.h i 85exp(m i 8 /kBT) is
the activity of thei 8th atomic species. ForK51 and I 52,
Eq. ~12! reduces to the expression derived by Sheret al.2
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with the zero of energy chosen so that the chemical poten
of one of the two constituents is identically zero.

III. EQC FORMALISM INCLUDING
ELECTRONIC DISORDER

Clusters may have associated with them states of e
tronic excitations. In such cases, the populations of clus
of type j with chargeq ~assumed to be integral in units o
ueu) M j ,q can be determined from a generalization of t
above derivation. For example, one of the clusters con
ered in the second half of this paper consists of a subs
tional arsenic atom surrounded by silicon atoms. Althou
the wave function of the hydrogeniclike shallow donor st
formed by arsenic will extend beyond the five-atom clus
used, the cluster containing an ionized arsenic will be
signed the full, integral charge associated with the ioniz
arsenic wave function.

The free energy of the system containing electronic ex
tations can be written as a generalization of Eq.~4!:

F~$M j ,q%,$Ni
k%!5(

j 51

J

(
q

~ f j ,q1qmF!M j ,q2kBT lnV

2 (
i 851

I 8

Ni 8m i 8 , ~13!

where (q runs over all excitation states of thej th cluster.
The cluster free energies have been generalized to inc
the contributions from the electronic excitations withf j ,q
5 f j1Ej ,q , where Ej ,0[0. The interaction of the system
with the finite temperature bandlike electronic excitations
the solid are captured in the Fermi energymF , which is
required to be the same for both cluster and bandlike exc
tions, and is discussed further in Sec. IV. The number
ways of configuring the set$M j ,q% now becomes

V5F )
k51

K S Nk!

)
i

~Ni
k! !D GF M !

)
j

)
q

~M j ,q! !G
3F)

j 51

J

)
q

~yj ,q
0 !M j ,qG , ~14!

where

yj ,q
k0

5gj ,q
k )

i 51

I S Ni
k

NkD ni j
k

. ~15!

As above, the set of equilibrium cluster populations a
obtained by minimizing the free energy of the system, us
Sterling’s approximation, to obtain

yj ,q5
M̄ j ,q

M
5gj ,qbjz j ,qh0

2q

3)
i 51

I

)
k51

K F ~zi
k!ni j

k [ ~pknk!21] )
i 851

I 8

h i 8
ni j

k
~pk/nk!m

ii 8
k G ,

~16!
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wherez j ,q5exp(Ej ,q /kBT), h05exp(mF /kBT) is the elec-
tron activity, andgj ,q5)kgj ,q

k . Equation~16! reduces to Eq.
~12! when the set$Ej ,q% are all zero, so thatyj ,q50 for q
Þ0. The total population of thej th class of cluster is given
by the sum over all charge states

yj5(
q

yj ,q . ~17!

IV. SOLUTION OF THE EQC EQUATIONS

From Eqs.~16! and ~17!, a set ofJ equations for the
cluster populations$yj% is obtained. Assuming that the clus
ter free energies and degeneracies can be determined —
example, fromab initio calculations or from experiment —
the cluster populationsyj ,q are functions of theI 8 constituent
chemical potentials$m i 8%, temperatureT, and pressureP,
and for systems with electronic excitations, the electr
chemical potentialmF , for a total of I 813 unknowns~or
I 812 unknowns when electronic excitations are exclude!.
For a system ofH phases, there areH Gibbs-Duhem rela-
tions, one for each phase. Thus, one obtains Gibbs’ ph
rule that relates the number of degrees of freedomu to the
number of phases and unknowns, viau5I 82H13, or u
5I 82H12 when electronic excitations are excluded. T
H11 ~or H for no electronic excitations! remaining un-
knowns are determined by constraint equations. One c
straint equation comes from the normalization of the clus
populations in the phase of interest:

(
q

(
j 51

J

yj ,q5(
j 51

J

yj51. ~18!

For systems with electronic excitations, a second constr
equation is given by the condition of overall charge neutr
ity. For semimetals, semiconductors, and insulators, thi
given by

(
j 51

J

(
q

qMj ,q

V
1Nh2Ne50, ~19!

where V is the volume of the phase of interest,Ne is the
electron density in the conduction band, andNh is the hole
density in the valence band.Ne andNh can be calculated in
the usual manner from

Ne5E
Ec

`

Nc~E!F~E!dE ~20!

and

Nh5E
2`

Ev
Nv~E!„12F~E!…dE, ~21!

whereF(E) is the Fermi-Dirac distribution function.Nc and
Nv are the conduction- and valence-band density of sta
respectively, and for parabolic bands are given by

Nc5
Mc2

1/2~E2Ec!
1/2~me* m0!3/2

p2\3
~22!

and
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Nv5
21/2~Ev2E!1/2~mh* m0!3/2

p2\3
. ~23!

Ec andEv are the energies at the bottom of the conduct
band and top of the valence band, respectively;Mc is the
number of inequivalent minima in the conduction band;m0

is the electron mass; andme* and mh* are the electron and
hole effective masses in units ofm0. The Fermi-Dirac distri-
bution functionF(E) is the probability of a state at energyE
being occupied and is given by

F~E!5
1

11expS E2mF

kbT D . ~24!

For each phase in addition to the one of interest, one a
tional equation must be specified. The problem of inter
will in part determine which degrees of freedom will b
specified, but they will often include the temperature and
pressure. In some cases it will be desirable to specify
concentration of a particular species on a particular subla
of the system of interest as one of the degrees of freed
The equation that relates the number of speciesi on thekth
sublattice,Ni

k , or its fractional populationzi
k5Ni

k/Nk, to the
cluster populations is

zi
k5(

j 51

J

(
q

ni j
k

nk
yj ,q . ~25!

If Eq. ~18! is satisfied, then thezi
k’s will be normalized to the

kth sublattice such that

(
i 51

I

zi
k5zk51. ~26!

The total fractional populationxi5Ni /N of a speciesi is
related to the$zi

k% by

(
k51

K

zi
kxk5xi . ~27!

Equations~18!, ~19!, and~25!, and equations of states fo
any external phases will in many problems form the basic
of equations that must be solved for the atomic chem
potentials$m i 8%. The solution for the Fermi energy$mF%
is most easily handled through an iterative numeri
procedure, unless Boltzmann statistics for electron pop
tions are known to be applicablea priori, in which case
Eqs. ~20! and ~21! reduce to the simpler expressions wi
Ne}exp(mF/kBT) andNh}exp(2mF/kBT).

A. Calculations for quenched systems

In many cases of interest, equilibration of the system w
take place at high temperatures—for example, during gro
or processing of a material—but the measurable propertie
interest are those of the system at some other lower temp
ture. If the equilibration of the defect structures at the low
temperature is negligible, the defect structure obtained
high temperature can be assumed to be frozen in, or, if
material is cooled slowly, frozen in at some effective te
n
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perature where diffusion effectively stops. The electro
subsystem can equilibrate rapidly and thus must be allow
to reequilibrate at the lower temperature. This means a re
culation of the Fermi energy, keeping the cluster populatio
fixed, such that

(
q

yj ,q
LT 5(

q
yj ,q

HT , ~28!

whereyj ,q
LT is the population of thej th class of cluster at low

temperature andyj ,q
HT is the population at high temperatur

where full equilibration can occur. To calculate$yj ,q
LT %, a new

Fermi energymF
LT is determined by applying the cluster ne

trality condition, Eq.~19!, subject to the constraints impose
by Eq. ~28!.

V. APPLICATION OF THE EQC FORMALISM
TO ARSENIC IN SILICON

We now turn to an application of the above statistics:
behavior of arsenic in silicon. The problem is formulat
quite generally, so that the equilibrium properties for all te
peratures and arsenic concentrations up to the solubility l
can be examined. The problem of whether equilibrium
achievable in real experiments is discussed in Sec. VII.

A. Cluster selection and ground-state energies

For the statistics, the real-space lattice is divided into n
overlapping clusters containing eight lattice sites, as ill
trated in Fig. 1. The cluster size has been chosen to be l
enough so that the largest defect complex of interest can
described, but small enough so that there is only one de
complex per cluster. Previously, five-atom clusters were c
sen so that the family of clusters containing a lattice vaca
surrounded by zero to four arsenic atoms could be model3

Here, eight-atom clusters are used so that more exten

FIG. 1. Typical eight-atom cluster included in the analysis. E
ample shown here is for theVAs2 cluster.
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defects can be included — for example, the divacancy s
rounded by up to six arsenic atoms.23

One assumption of the EQC is that the lattice can
divided into clusters with energies that are nearly indep
dent of their specific environment, so that just one ene
can be assigned to each cluster. The cluster energies are
culated by embedding each of the defect clusters in a sili
lattice. In practice, supercells are used, as is typical in lo
density approximation~LDA ! calculations, and a repeatin
array of a given defect cluster embedded in a silicon lattic
constructed. Thirty-two atom supercells have been use
the present calculations, and both the overall relaxation
the unit-cell lattice constant and atomic relaxations of up
the second-neighbor shell about the defect complex h
been included. Although calculations will be done for hi
arsenic concentrations, our calculations are restricted to
senic occupying less than 10% of the lattice sites. Thus,
example, there are nearly 40 silicon atoms for eachVAs4
complex, and ten silicon atoms for each isolated arse
atom in the lattice, justifying the approximation of embe
ding the clusters in the silicon host.

Detailed calculations for the following clusters have be
done: Si8, pure silicon cluster; AsSi4, arsenic atom sur-
rounded by silicon;VAsn , lattice vacancy surrounded byn
arsenic atoms;V2As6, lattice divacancy, surrounded by s
arsenic atoms. In these notations, silicon atoms in the clu
are not specifically identified, unless it is necessary for c
ity. For example, theVAsn cluster is synonymous with th
VAsnSi72n cluster, and the AsSi4 cluster is the same as th
AsSi7 cluster. The properties of several additional clust
have also been calculated: the silicon and arsenic inte
tials; the lattice vacancy with one or zero arsenic near ne
bors; substitutional arsenic near neighbors; second-neig
clusters of arsenic about a central silicon atom (SiAsn , akin
to the VAsn clusters, but without the vacancy!; and arsenic
interstitial arsenic substitutional pairs. These cluster ener
were calculated allowing relaxation, but using a less co
plete basis set. Based on these energies and on conserv
error estimates for the small basis set, the densities of th
defects were found to be small, and negligible for the pres
considerations. Some of the minority defects — such as
silicon and arsenic interstitials and theVAs1 cluster, for in-
stance — should be included in an analysis of arse
diffusion,24 but are not found to impact the equilibrium.

Two additional clusters are included in the analysis. Fi
the neutral cluster composed of threefold-coordina
second-neighbor arsenic atoms, as recently discusse
Chadi et al.,22 and referred to there as DP~2!, is included.
This defect was reported to have a binding energy of 0.06
relative to the undistorted pair with the Fermi energy at
bottom of the conduction band. Second, the divacancy
rounded by six arsenic atoms,V2As6, discussed by Ra
mamoorthy and Pantelides,23 was also included. These au
thors also considered a whole hierarchy of divacan
complexes, but, as will be shown below, even the most w
bound of them (V2As6) never dominates the deactivatio
thus justifying the neglect of the other clusters.

Electronic contributions to the neutral cluster free en
gies Ej were obtained from a full-potential version of th
linearized muffin-tin orbital~FP-LMTO! method,25 in the
local-density approximation~LDA ! with the Barth and Hedin
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functional.26 32-atom supercells were used, each contain
the eight-atom cluster of interest surrounded by silicon.
ensure a good fit to the charge density and potential in
interstitial region, empty spheres have been included and
bitals added to the basis by centering them on the em
spheres. The semicored electrons on the arsenic atoms we
treated explicitly as valence states in a second panel.
basis set and charge density representation was chose
give errors in the cluster energies of less than 0.01 eV.
the highest symmetry cells, relaxation calculations were p
formed using two specialk points, and final energies wer
calculated using fourteen specialk points. More k-points
were used for lower symmetry cells. The core was allowed
relax during the self-consistency cycle.

Eight-atom cluster energies are extracted from a
lattice-site supercell by subtracting off the energy of the
silicon atoms about the cluster. Thus, the neutral cluster
ergies are given by

Ej5E j
322S 24

32D E Si
32 , ~29!

whereE j
32 is the energy of the 32-atom supercell containi

the eight-atomj th cluster and surrounded by silicon, andESi
32

is the energy of the 32-atom supercell containing just silic
Cluster energies are further reduced by setting the arbit
zero of energy so that the energy of the Si8 and As1Si4 clus-
ters vanish. Eight-atom cluster energies are given in Tab
The energy of theVAs4 cluster is in rough agreement wit
Pandeyet al.17 These energies may appear to differ subst
tially from those those reported by Ramamoorthy a
Pantelides,23 but the differences are due mostly to the diffe
ent reference they use, that of the corresponding SiAsn clus-
ters. Discrepancies between our energies and those of
dey et al.17 and Ramamoorthy and Pantelides23 can be

TABLE I. Clusters properties. The abitrary zero of energy
chosen so that the energy of the Si8 and As1Si4 clusters are zero.
Acceptor levels are indicated bya and are referenced to th
valence-band edge; donor levels are indicated byd, are referenced
to the conduction-band edge, and are positive if they are in the
Cluster degeneracies are charge-state dependent.

Cluster Neutral cluster Ionization
energyEj ~eV! energiesEj ,q ~eV!

Si8 0 none
AsSi4 0 0.054(d),resonant(d)a

VAs4 21.62 none
VAs4Si1 20.18 0.5(a)
VAs2Si2 1.14 0.4(a1);0.7(a2)
V2As6 22.30 none
DP~2!b 0.10 none

aThe isolated arsenic is assumed resonant in the conduction
for @As#.1018 cm23, and to have the noted finite activation e
ergy for @As#,1018.

bThe eight-atom cluster is not the natural choice for the DP~2! com-
plex. Because of the small cluster we are using, the degene
used is slightly lower than that used by Chadiet al.22 in their
analysis.
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attributed to the larger basis set and use of more accu
description of the arsenicd states.

The overall lattice constant of the 32-atom unit cell w
allowed to relax during the self-consistency cycles. Atom
relaxations were largely radial about the vacancies. For
pure silicon cluster, the Si-Si distance is 2.34 Å. For t
neutral AsSi4 cluster, the first-neighbor arsenic-silicon di
tance is 2.41 Å. For the neutralVAs4 cluster, the arsenic
atoms move in toward the vacancy, with an effective AsV
distance of 2.11 Å and a first-neighbor As-Si distance of 2
Å. For the neutralVAs3 cluster, the effective Si-V distance is
2.30 Å, the effective As-V distances are 2.13 Å and 2.10
~a slight breaking of the C3h symmetry is found!, and the
As-Si distance is;2.4 Å. A temperature- and arsenic
concentration independent value for the number of lat
sites per volume of 531022 cm23 was used.

B. Cluster energies: excited states

Ionization energies were calculated and are summar
in Table I. No negative-U centers were found, and thus th
ionization energies can be unambiguously cast as o
electron levels. Noad hoc shifts were added to the LDA
energy levels. TheVAs4 cluster is found to have no donor o
acceptor levels in the gap, in agreement with the previ
finding.17 TheVAs3 andVAs2 clusters are found to have on
and two acceptor levels in the gap, respectively, which w
effectively lower their formation energy when the Fermi e
ergy is near the conduction-band edge.

Because the band-gap varies with the temperature,
the ionization energies vary with temperature is uncertain
that is, do they track the conduction or the valence-ba
edge, or neither? To our knowledge, no theory has yet b
designed to map the temperature-dependence of LDA ion
tion energies. In this work, acceptor levels are assume
track the valence band and donor levels to track
conduction-band edge.

C. Cluster degeneracies

Cluster degeneracies include both spin degeneracies
configurational degeneracies associated with the numbe
ways of arranging the defect in the eight-atom cluster. T
degeneracy is calculated assuming the cluster is embedd
a silicon host, or that the most probable neighboring clus
are the Si8 clusters. Thus, for example, for the eight-ato
clusters, the degeneracy of the AsSi4 cluster is eight becaus
all of the eight sites the arsenic can take in the cluster
identical when a silicon host is assumed.

D. Vibrational excitations

A Green’s-function method to calculate the vibration
free energies of defects in semiconductors based on a
lence force-field model plus a point charge Coulomb mo
was presented elsewhere.27 These vibrational energies ar
important when absolute reference to an external phas
desired – for example, in Ref. 27 the mercury vapor w
used as an absolute reference for establishing the sy
chemical potentials. As discussed there, it is also impor
to include the gradient corrections to the LDA to correct
the overbinding of the solids with respect to the free ato
te
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when one is interested in using a partial pressure to estab
the chemical potential of a constituent. In the present pa
no attempt is made to identify the chemical potentials w
reference to another phase, and thus, although the vibrati
spectrum will change somewhat depending on the bond
geometry of the arsenic and silicon, these contributions
ignored. Because the vibrational terms are ignored, the c
ter free energies include just the electronic piece for
ground state calculated from the LDA,

f j5Ej . ~30!

E. Band-structure properties

In addition to the inability of LDA to predict correct ban
gaps in silicon, the equilibrium of interest is at high tempe
tures and the silicon band gap narrows substantially at th
high temperatures. To make the most accurate predict
possible, the experimentally determined, temperatu
dependent band gaps are extrapolated to the temperatu
interest.28 For T.300 K

Eg~eV!51.1222.531024~T2300! ~31!

is used, whereT is the temperature in kelvin andEg is the
minimum energy gap in eV.28 Density-of-states effective
masses and band minimum degeneracies are also taken
experiments.

The low-temperature values for the longitudinal a
transverse electron effective masses are28 mel* 50.92 and
met* 50.19, and the density of states effective massme* is
obtained from

me* 5~mel* met* met* !1/350.32. ~32!

The silicon conduction band has six inequivalent minimum
so thatMc56. Temperature and heavy doping modificatio
to the conduction band shape have not been included.

Both the conduction and valence bands will be assum
to be parabolic. The low-temperature values for the hea
and light-hole effective masses are28 mlh* 50.15 andmhh*
50.54, and the density-of-states effective massmh* is ob-
tained from

mh* 5~mlh*
3/21mhh* 3/2!2/350.59. ~33!

The near-gap valence-band structure may also be modifie
the high temperatures considered here.

VI. RESULTS: EQUILIBRIUM BEHAVIOR

In solving for the behavior of arsenic in silicon, a give
amount of arsenic is assumed to be frozen into the sili
lattice — for example, by a laser melt anneal following
ion implantation. Appreciable diffusion of the arsenic is n
observed during the subsequent equilibration anneals,9 and
thus the concentration of arsenic in the doped region is
sumed to be constant throughout the equilibration. Dislo
tions, the surface, and the bulk~in the case of a doped sur
face layer! are considered sources and sinks for silic
atoms. The neutral cluster energies, ionization states,
degeneracies are incorporated into Eq.~16!. The five un-
knowns of the problem are the silicon and arsenic chem
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FIG. 2. Fractional cluster populationsy for eight-atom clusters, as a function of temperature, for silicon with a total arsenic concent
of ~a! 531016 cm23, ~b! 531018 cm23, ~c! 531019 cm23, and ~d! 531020 cm23. Cluster populations have been summed over
ionization states; the singly ionized acceptor dominates forVAs3, the doubly ionized acceptor dominates forVAs2, and the singly ionized
donor dominates for AsSi4. Panels~e!–~h! are the total concentration of silicon atoms, arsenic atoms, and vacancies, in equilibrium
given temperature, for the same arsenic concentrations as in~a!–~d!. Also shown in panels~e!–~h! are the electron concentration at 300 K
calculated assuming that the defect structures obtained at the equilibration temperature is frozen in.
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potentialsmSi andmAs , the Fermi energymF , the tempera-
ture, and the pressure. If the system is treated as a s
phase, there will be a total of three degrees of freed
which are chosen by specifying the temperature, the t
pressure, and the total fractional arsenic concentrationxAs in
the lattice. The two additional equations needed to solve
the unknowns are the normalization of the cluster popu
tions and overall charge neutrality. The system also co
have been treated as a two-phase system consisting o
solid in equilibrium with its vapor; because the cluster en
gies are insensitive to realistic pressures, this produ
equivalent results to those presented here. Calculation o
vapor pressure would necessitate calculation of vibratio
properties of the arsenic in silicon lattice, and also wo
need to address the over-binding predicted by LDA. A va
pressure calculation also requires calculation of the pro
ties of the vapor species such as As2 and As4. Such calcula-
tions have been done elsewhere for a III-V alloy system.29

Another system of interest is the system in equilibriu
with a second solid phase — for example, the monocli
SiAs phase or pure arsenic solid; such a calculation is nee
for determining the equilibrium solubility limit of arsenic i
diamond-phase silicon. Accurate prediction of the solubi
limit depends on having good estimates for the vibratio
terms in the free energy for all phases involved, and is
discussed here.

A. Cluster populations

In Figs. 2~a!–2~d!, the cluster populations are plotte
as a function of temperature for arsenic concentrations
531016 cm23, 531018 cm23, 531019 cm23, and 531020

cm23, corresponding to 0.0001%, 0.01%, 0.1%, and 1%
the lattice sites in the system. In Figs. 2~e!–2~h!, the total
concentrations of silicon atoms, arsenic atoms, and vacan
for the same total arsenic concentrations as in Figs. 2~a!–
2~d!, are plotted, along with the room-temperature elect
concentration assuming that the high-temperature de
le
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structure is frozen in. Because the diffusion rates of the c
stituents are very low at room temperature, this is a reas
able assumption.

For all concentrations and equilibration temperatures c
sidered, three classes of clusters dominate: Si8, AsSi4, and
VAs4, with the latter being the primary means of nonide
incorporation of arsenic into the lattice. Results shown
Figs. 2~d! are very similar to those reported in Ref. 3,
which five-atom clusters were used and theV2As6 and DP~2!
clusters were not included. In all cases, the Fermi energ
near the conduction-band edge, andVAs3 andVAs2 are pre-
dominantly singly and doubly ionized, respectively.

For a low arsenic concentration of 531016 cm23, and for
equilibration temperatures above 400 °C, arsenic incor
rates into the lattice almost exclusively as isolated arse
atoms surrounded by silicon, and with negligible binding
lattice vacancies. If this defect structure is quenched in,
corresponds to 100% arsenic activation at room temperat
as is indicated in Fig. 2~e!, where the electron concentratio
is equal to the total arsenic concentration in the lattice.
the temperature is lowered below 400 °C~not shown in the
figure!, the population ofVAs4 clusters increase until the
dominate the arsenic incorporation asT→0 K. Thus,in equi-
librium, among the complexes considered,VAs4 represents
the lowest free energy state of arsenic at zero kelvin.
cause diffusion is very slow at low temperatures, it is u
likely that full equilibrium of the arsenic-silicon system
ever achieved at temperatures much below 300 °C. The
sults discussed here are restricted to cases in which sec
phase precipitation does not occur. For@As#
5531018 cm23 @Figs. 2~b! and 2~f!#, the density of the de-
activatingVAs4 cluster is increased significantly relative
the@As#5531016 cm23 case, but significant deactivation
still not predicted for equilibration temperatures abo
;500 °C. As the arsenic concentration is raised further
531019 cm23 @Figs. 2~b! and 2~g!# and 531020 cm23

@Fig. 2~c! and 2~h!#, significant deactivation is predicted
largely due to theVAs4 clusters.
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FIG. 3. Solid lines are the fractional eigh
atom cluster populations as a function of arsen
concentration, for~a! 300, ~b! 500, ~c! 700, and
~d! 1000 °C. The dotted line in panel~d! is the
room-temperature electron concentration, a
reads off of the far right axis.
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Clearly both concentration and temperature impact the
fect distribution: at high temperatures, entropy effects
more important in determining the defect structure a
means of incorporating arsenic that increase the system
tropy will dominate. Because active arsenic incorporat
maximizes the system configurational entropy for a fixed
senic concentration, this form of incorporation dominates
elevated temperatures, as illustrated in Figs. 2~a!-2~d!. For a
given temperature, the crossover between incorporation
AsSi4 andVAs4 will depend on the total amount of arsen
in the lattice. This is illustrated in Fig. 3; at 300 °C, th
concentration at which@AsSi4#5@VAs4# occurs is;1019

cm23, and moves to;1020 cm23, ;531020 cm23, and
;231021 cm23 for 500 °C, 700 °C, and 1000 °C, respe
tively. Thus even at 300 °C, entropy still drives arsenic
corporation as isolated active species until total arsenic c
centrations are in the range of 1019 cm23. At 1000 °C, a
saturation of the active arsenic concentration of abou
31020 cm23 ~dotted line in last panel of Fig. 3! is found, in
good agreement with the experimentally determined valu
;3.231020 cm23 at this temperature.7,9

Although the DP~2! cluster proposed by Chadiet al.22 is
present as a deactivating species, it does not contribute
nificantly to the deactivation if full equilibration is allowe
to occur~the role of DP defects in the approach to equil
rium is discussed in Sec. VII!. This is simply due to the
larger binding energy of theVAs4 complex. Although the
Fermi energy effect increases the effective binding energ
the DP complexes,22 it also increases the binding of the v
cancy complexes by a similar amount per arsenic atom. N
that the present calculation is different from the analy
done by Chadiet al.22 In the present calculation, full equi
librium is permitted, with no restrictions to rearrangement
the atoms in the lattice, while the analysis in Ref. 22
sumed that the atoms were frozen into the lattice in rand
configurations, with no subsequent rearrangements du
the deactivation except for the relatively local relaxati
about the DP clusters.

Similarly, the V2As6 cluster proposed by Ramamoorth
and Pantelides23 is present, but does not contribute signi
cantly to the deactivation for arsenic concentrations up
531020 cm23. This is due in part to the lower binding en
ergy per arsenic atom of theV2As6 compared to theVAs4
complex, but even if the binding energy per arsenic atom
these complexes was comparable, theVAs4 complex would
still dominate the deactivation because of the higher entr
associated with this complex~it involves the assemblage o
fewer arsenic atoms!. This was demonstrated by repeatin
the calculations for@As#5531020 cm23, but with only the
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Si8, AsSi4, VAs4, andV2As6 clusters, and with the energy o
the V2As6 cluster adjusted so that the binding energy p
arsenic was the same as it is for theVAs4 complex. The
density of the Si8, AsSi4, and VAs4 clusters is essentially
unchanged, and although the density of theV2As6 cluster
increases by a factor of 10–20 over the given tempera
range, it still never dominates the deactivation. Errors in
the LDA energies, differences in the vibrational entro
terms of theVAs4 and V2As6 clusters that have not bee
included here, as well as errors associated with approxi
tions intrinsic to the cluster statistics, which are especia
important at very high arsenic concentrations~above ;1
210 % of the lattice sites!, could result in a modification of
this conclusion. Unless such errors are very large, clus
containing two or more adjacent vacancies surrounded
arsenic atoms will not dominate the deactivation excep
very large arsenic concentrations, perhaps beyond the s
solubility limit.

B. Approximate model of deactivation

Given the large binding energy of theVAs4 cluster, it may
be surprising at first glance that arsenic is ever active
silicon. This result can be understood from a simple analy
of the temperature and arsenic concentration-dependent e
librium betweenVAs4 clusters and isolated arsenic atoms
the lattice AsSi4. We emphasize that, with the exception
the present discussion, all results in this paper have relied
the full EQC formalism, as discussed above. The equilibri
reaction can be written as

4AsSi4↔VAs41 16
5 Si5 , ~34!

with a forward reaction energy ofDE521.62 eV taken
from Table I. Each complex occupies five regular latti
sites, and there areN51022 cm23 five-site clusters. The
AsSi4 are assumed to be 100% ionized, and the Fermi ene
is assumed to be roughly at the bottom of the conduct
band.

From the law of mass action, one obtains

yAsSi4
4

yVAs4
ySi5

16/5
554expS DE

kBTD , ~35!

whereyj is the number ofj clusters divided byN. The factor
of 54 comes from the degeneracy of the AsSi4 cluster. If the
density of other forms of arsenic incorporation in the latti
are small, then
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xAs.
1
5 yAsSi4

1 4
5 yVAs4

, ~36!

wherexAs is the total fractional concentration of arsenic a
oms in the lattice, and 12xAs is approximately the silicon
fractional concentration. Defining the activation fractionf as
the fraction of arsenic in the lattice in active form, then

yAsSi4
55 f xAs , ~37!

yVAs4
55~12 f !xAs/4, ~38!

and

ySi5
512yAsSi4

2yVAs4
5125xAs~123 f !/4. ~39!

Substituting these expressions into Eq.~35!,

4 f 4xAs
3

5~12 f !@125xAs~123 f !/4#16/5
5expS DE

kBTD . ~40!

Assuming that no other dopants are present in the lattice
the system is not intrinsic, the free carriers are domina
by the active arsenic concentration, so that@e#
5531022f xAs cm23, and the total arsenic concentration
given by@As#5531022xAs cm23. The behavior of@e# ver-
sus@As# deduced from this equation is similar to that fou
using the full EQC formalism. As the temperature is lower
at a fixed arsenic concentration, Eq.~40! shows that the ac
tivation fraction decreases, as was found in each of the F
2~f!–2~h!. In the limit of T→0 K, the right-hand side of Eq
~40! vanishes, and for any finite arsenic concentration
activation fraction vanishes, indicating theVAs4 cluster as
the lowest-energy state at zero temperature. The asymp
behavior for low arsenic concentrations can be extrac
from Eq.~40!: asxAs→0 ~for TÞ0 K! the activation fraction
approaches unity and the arsenic is fully active, w
@e#5@As#.

C. Comparison with experiment

Extensive research has been conducted into the prope
of arsenic in silicon, and no attempt has been made her
provide an extensive critique of the experimental literatu
Instead, several experiments to which we can directly co
pare our results are selected. There are many questions
ciated with the temporal response of the deactivation, as
as diffusion in heavily doped silicon, which are briefly a
dressed in the discussion of nonequilibrium behavior in S
VII.

Nobili et al.7 have examined the properties of arsen
doped silicon in equilibrium with SiAs precipitates. Usin
their values of the saturated arsenic concentration in the
con lattice, the corresponding electron concentration
been calculated; results are shown in Fig. 4. Our predic
electron concentrations are within a factor of 2 of the cor
sponding experimental numbers determined by Nobiliet al.7

over the temperature range 700,T,1100 °C. If the energy
of the VAs4 cluster is reduced by 0.15 eV, our agreeme
with experiments is excellent; given the accuracy of the LD
energies, as well as uncertainties in the silicon band struc
at high doping levels, such a correction is reasonable. T
finding of a temperature-dependent, maximum free elec
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concentration@e# is in contrast to earlier findings30 that ob-
served a temperature-independent@e#.

The result that theVAs4 cluster is responsible for the
deactivation is also in agreement with experiments that in
cate the presence of vacancies in deactivated materia
discussed in Sec. I. Although some of these experiments
also be consistent with the DP defects identified by Ch
et al.,22 a subset of these experiments shows evidence o
terstitial generation during the deactivation.19 This, in turn, is
consistent with deactivation accompanied by the genera
of vacancies, since the formation of a vacancy-arsenic clu
is most likely via the reaction

nAs→VAsn1SiI , ~41!

where SiI is the silicon interstitial. In the equilibrium calcu
lations, the interstitial population is allowed to equilibra
with silicon sinks~e.g., dislocations and surfaces! and thus,
although the SiI concentration is not supersaturated in eq
librium, as a transient, one interstitial is generated for e
vacancy in the silicon lattice, thus producing a large inter
tial flux, as is experimentally observed.

VII. RESULTS: NONEQUILIBRIUM BEHAVIOR

The approach to equilibrium starting from the fully ac
vated material as prepared by, for example, a laser melt
neal, is more difficult to calculate accurately. One concern
the assemblage of the large vacancy arsenic clusters, g
that the probability is quite low of randomly freezing i
SiAs4 clusters, out of which vacancies can form to create
VAs4 complexes in one step. In contrast, the probability
finding SiAs3Si1 and SiAs2Si2 clusters is significantly
higher. If the vacancies can form out of these clusters
tially, relatively fast initial deactivation can be explaine
based on the frozen-in defect concentrations. Subsequen
mation of clusters containing more arsenic atoms will
hastened by the Coulombic attraction between the positiv
ionized active arsenic atoms (AsSi4) and the negatively
chargedVAs3 and VAs2 clusters. If the Fermi energy is a
the bottom of the conduction band, the formation energy

FIG. 4. The saturated total electron concentration in silic
@As# total , taken from Ref. 7, and the corresponding electron conc
tration @e# calculated using our theory.@e#* is the measured elec
tron concentration for the given@As# total and temperature.@e#* also
corresponds to our theory, but calculated with the energy of
VAs4 cluster reduced by 0.15 eV.
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the doubly ionizedVAs2 cluster is roughly zero, similar to
the formation energy of the DP clusters discussed by Ch
et al.22 An analysis similar to that discussed in Ref. 22 sho
that both the DP class of defects and theVAs2 cluster can
form in heavily doped material and can explain some de
tivation in material with no rearrangement of the arsenic
oms. Through short-range atomic diffusion, the DP a
VAs2 clusters will eventually evolve intoVAs3 and eventu-
ally VAs4 clusters, until the full equilibrium is reached.

An activation energy of;2 eV for the deactivation pro
cess has been measured at low temperatures.9 A minimum
activation barrier for the formation of the vacancy complex
in heavily doped material can be deduced from our vaca
cluster energies, referenced to the corresponding SiAsn clus-
ter, and with the formation energy of the silicon interstit
added. Using a value of 3.3 eV for the neutral silic
interstitial,31 an activation barrier of;1–3 eV for the va-
cancy clusters in heavily doped material is estimated. Th
energies are comparable to those reported by Chadiet al.22

for the DP structures, and comparable to experiment. Th
on the basis of the activation barrier, it is not clear whet
the DP orVAs4 defects will dominate the initial deactivation

An alternative model for the approach to equilibrium i
volves achievement of a constrained equilibrium in wh
large clusters are prohibited from forming. For examp
consider the reactions

VmAsn 

Rm,n

Gm,n

nAs, ~42!

whereGm,n and Rm,n are the forward and reverse reactio
rates, respectively. IfRm,n!Rm,n21, then it is possible tha
in the approach to equilibrium, the system will pass throu
a successive set of constrained equilibria involving incre
ingly larger clusters — for example,

VAs2→VAs3→VAs4 . ~43!

The results of such a calculation were presented in Re
where it was shown that each successive set of constra
equilibria can explain larger degrees of the deactivation.

In addition to questions concerning the approach to eq
librium starting from the fully activated material, there is a
interesting phenomena that occurs when the temperatur
deactivated material is changed and the system approac
new equilibrium condition. When the temperature of
equilibrated~deactivated! sample is stepped to a higher tem
perature, instead of the electron concentration increa
monotonically toward a new, higher equilibrium value, rea
tivation can be seen in which the carrier concentration ri
above that corresponding to the electrical solubility limit
either temperature.32 Deactivation models that are based
only one deactivating species cannot explain this phen
ena; to explain this phenomena and have a physically ba
model requires either a multiple-cluster model
precipitation.32,33

A model for the transient reactivation is suggested by F
2~d!, by noting that as the temperature increases, the equ
rium population of theVAs4 clusters decreases while that
the VAs3 clusters increases. When an abrupt change in t
perature is introduced, there will be a net breakup of
larger VAs4 clusters. If theVAs4 clusters break up quickly
di
s

c-
t-
d

s
y

l

se

s,
r

,

h
s-

4,
ed

i-

of
s a

g
-
s

t

-
ed

.
b-

-
e

upon a step temperature increase, but theVAs3 clusters form
more slowly ~a reasonable assumption, since this involv
the assemblage of three arsenic atoms into a cluster!, an elec-
tron concentration above the electrical solubility limit at e
ther temperature will be obtained as a transient conditi
consistent with experimental observation. For quantitat
agreement with the transient reactivation experiment,VAs3

density must be higher and roughly comparable to theVAs4

density.

VIII. CONCLUSIONS

An EQC formalism to describe the simultaneous equ
bration of electronic and chemical~atomic! system in a solid
is presented. This formalism has been applied to the prob
of arsenic in silicon, and the temperature and concentra
dependence has been examined both for full equilibrium
for constrained equilibrium. The quantitative results p
sented in this paper are sensitive to a number of things,
cluding uncertainties in the temperature- and dopin
dependent band structure and ionization energ
inaccuracies in the cluster energies due to the LDA and
persions owing to the use of supercells; neglect of vibratio
free energies~which will be different for threefold- and
fourfold-coordinated arsenic!; and cluster size effects in th
EQC. The sensitivity of our results to variations in the
quantities has been examined and it has been found
although the quantitative agreement with experiment m
change, our prediction of the activation being dominated
arsenic clustering about vacancies still holds. One major
certainty in our calculations comes from the position a
temperature dependence of the localized levels of theVAs3

cluster in the gap. If the localized level at elevated tempe
tures is different than the value used by several tenths o
eV, our calculations indicate that theVAs3 may play a
greater role in the equilibrium deactivation than the resu
presented here indicate.

Our theory predicts deactivation in heavily arsenic-dop
silicon that is in quantitative agreement with a number
experiments. Fully active arsenic has been shown to be
equilibrium state for lower arsenic doping concentrations
temperatures where equilibrium can be achieved. A temp
ture and arsenic concentration-dependent electrical solub
limit is predicted that is in good agreement with experime
Because vacancy clusters with fewer arsenic atoms
nearly as effective at deactivating as is theVAs4, fast initial
deactivation can be explained via the formation of Fren
defects in randomly occurring arsenic clusters — for e
ample, Si As2Si2→VAs2Si21SiI — with the bulk silicon
and the surface serving as a sink for the interstitials;
largerVAs3 andVAs4 clusters will subsequently form. Gen
eration of silicon interstitial via the formation of vacancie
during the deactivation has also been experimentally se
and cannot be explained by the neutralizing relaxation
arsenic pairs.22 Furthermore, the presence of more than o
cluster (VAs4 and most likelyVAs3) playing an important
role in the deactivation is supported by the observation
transient reactivation upon a temperature increase.32,33



er
on

A
b

ke

is-
ac-
he
rgy

cer,
sor

3864 PRB 58M. A. BERDING AND A. SHER
ACKNOWLEDGMENTS

This work has been supported by SRI International int
nal research funds. We wish to acknowledge contributi
from Mark van Schilfgaarde at SRI for assistance in the LD
calculations, which were done with the codes developed
M. van Schilfgaarde and M. Methfessel. We would also li
ys

au

-
-
49

m-
-

.

tt.

a
.

D

ys

nd

n
E.

A.
-
s

y

to thank Professor A.-B. Chen at Auburn University for d
cussions pertaining to the GQCA theory. The work on de
tivation of heavily arsenic-doped silicon benefited from t
authors discussions with Dr. P. M. Rousseau of Syne
Corporation, Dr. Alberto Herrera-Go¨mez at Universidad Au-
tonoma de Queretaro, Mexico, and Professor W. E. Spi
Professor Jim Plummer, Dr. Peter Griffin, and Profes
Walt Harrison at Stanford University.
.

D.

,

ys.

B.

, J.

,

ys.

B

,

d

en,

nd

ys-

m.
1R. Kikuchi, J. Phys.~Paris!, Colloq. 38, C7-307~1977!.
2A. Sher, M. van Schilfgaarde, A.-B. Chen, and W. Chen, Ph

Rev. B36, 4279~1987!; A.-B. Chen and A. Sher,Semiconduc-
tor Alloys: Physics and Materials Engineering~Plenum, New
York, 1995!.

3M. A. Berding, A. Sher, M. van Schilfgaarde, P. M. Rousse
and W. E. Spicer, Appl. Phys. Lett.72, 1492~1998!.

4M. A. Berding and A. Sher, inSemiconductor Process and De
vice Performance Modeling, edited by J. S. Nelson, C. D. Wil
son, and S. T. Dunham, MRS Symposia Proceedings No.
~Materials Research Society, Pittsburgh, 1998!.

5J. L. Hoyt and J. F. Gibbons, inRapid Thermal Processing, edited
by T. O. Sedgwick, T. E. Siedel, and B. Y. Tsaur, MRS Sy
posia Proceedings No. 52~Materials Research Society, Pitts
burgh, 1986!, p. 15.

6M. Derdour, D. Nobili, and S. Solmi, J. Electrochem. Soc.138,
857 ~1991!.

7D. Nobili, S. Solmi, A. Parisini, M. Derdour, A. Armigliato, and
L. Moro, Phys. Rev. B49, 2477~1994!.

8A. Lietoila, R. B. Gold, J. F. Gibbons, T. W. Sigmon, P. D
Scovell, and J. M. Young, J. Appl. Phys.52, 230 ~1981!.

9A. Lietoila, J. F. Gibbons, and T. W. Sigmon, Appl. Phys. Le
36, 765 ~1980!.

10J. Goetzlich, inIon Beam Processes in Advanced Electronic M
terial and Device Technology, MRS Symposia Proceedings No
45 ~Materials Research Society, Pittsburgh, 1985!, p. 349.

11S. Luning, P. M. Rousseau, P. B. Griffin, P. G. Carey, and J.
Plummer, Tech. Dig. Int. Electron Devices Meet.1992, 457.

12R. Subrahmanyan, M. Orlowski, and G. Huffman, J. Appl. Ph
71, 164 ~1992!.

13H. Bauer, P. Pichler, and H. Ryssel, IEEE Trans. Semico
Manuf. 8, 414 ~1995!.

14A. Herrera-Gomez, P. M. Rousseau, G. Materlik, T. Ke
delewicz, J. C. Woicik, P. B. Griffin, J. Plummer, and W.
Spicer, Appl. Phys. Lett.68, 3090~1996!.

15C. Brizard, J. R. Regnard, J. L. Allain, A. Bourret, M. Dubus,
Armigliato, and A. Parisini, J. Appl. Phys.75, 126 ~1994!.

16W. K. Chu and B. J. Masters, inLaser-Solid Interactions and
.

,

0

-

.

.

.

-

Laser Processing, edited by S. D. Ferris, H. J. Leamy, and J. M
Poate, AIP Conf. Proc. No.50 ~AIP, New York, 1979!, p. 305.

17K. C. Pandey, A. Erbil, G. S. Cargill, R. F. Boehme, and
Vanderbilt, Phys. Rev. Lett.61, 1282~1988!.

18J. L. Allain, J. R. Regnard, A. Bourret, A. Parisini, A. Armigliato
G. Tourillon, and S. Pizzini, Phys. Rev. B46, 9434~1992!.

19P. M. Rousseau, P. B. Griffin, and J. D. Plummer, Appl. Ph
Lett. 65, 578 ~1994!.

20D. W. Lawther, U. Myler, P. J. Simpson, P. M. Rousseau, P.
Griffin, and J. D. Plummer, Appl. Phys. Lett.67, 3575~1995!.

21U. Myler, P. J. Simpson, D. W. Lawther, and P. M. Rousseau
Vac. Sci. Technol. B15, 757 ~1997!.

22D. J. Chadi, P. H. Citrin, C. H. Park, D. L. Adler, M. A. Marcus
and H.-J. Gossmann, Phys. Rev. Lett.79, 4834~1997!.

23M. Ramamoorthy and S. T. Pantelides, Phys. Rev. Lett.76, 4753
~1996!.

24C. S. Nichols, C. G. Van de Walle, and S. T. Pantelides, Ph
Rev. B40, 5484~1989!.

25O. K. Andersen, O. Jepsen, and D. Glotzel,Highlights of Con-
densed Matter Theory, edited by F. Bassaniet al. ~North-
Holland, Amsterdam, 1985!, p. 59; M. Methfessel and M. van
Schilfgaarde~unpublished!.

26U. von Barth and L. Hedin, J. Phys. C5, 1629~1972!.
27M. A. Berding, M. van Schilfgaarde, and A. Sher, Phys. Rev.

50, 1519~1994!.
28Semiconductors: Group IV Elements and III-V Compounds, ed-

ited by O. Madelung, Landolt-Bo¨rnstein, New Series, Group X
Vol. 17, Pt. a~Springer-Verlag, Berlin, 1991!.

29M. A. Berding, A. Sher, M. van Schilfgaarde, M. J. Antonell, an
C. R. Abernathy, J. Electron. Mater.26, 683 ~1997!.

30A. Nylandsted Larsen, S. Yu. Shiryaev, E. Schwartz Sorens
and P. Tideman-Petersson, Appl. Phys. Lett.48, 1805~1986!.
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