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Values for the enthalpy of vacancy migration 5H in Si and Ge of 0.33 and 0.2 eV, respectively,

have been deduced from EPR and ir absorption experiments at low temperature. However, at high

temperature, quenching and difFusion experiments yield values for hH of 1.2 and 1.0 eV. There are
corresponding discrepancies in the values for the entropy of vacancy migration hS, although AS
values are not accurately determined in these experiments. It is here demonstrated that both empirical

conclusions are correct and, in particular, that various suggestions of a complex species to account for

the high-temperature migration are inconsistent with any reasonable thermodynamic analysis. It is

concluded that the reason for this large change in hH and hS with temperature is that the

predominant mode of single-vacancy migration, i.e., the transition state, at high temperatures is difFerent

than that at low temperatures. One may explain this change in the dominant transition state for
migration and account for both sets of values for hH by resort to the macroscopic cavity model of
the vacancy which was introduced by Phillips and Van Vechten. In that model there are two

contributions to the enthalpy of a vacancy —a contribution due to the breaking of covalent bonds

(short-ranged forces) and a larger contribution due to long-ranged forces. Both of these contributions

have previously been determined from data completely independent of the vacancies. The
high-temperature values of hH can be explained by assuming that, in addition to the bond-breaking

term, there is a contribution from long-ranged forces. The latter is calculated by assuming that the

lattice is undistorted beyond the nearest-neighboring atoms to the vacancy and that the anisotropy of
these long-ranged forces at the vacancy is the same as is observed for the bulk crystal. For this mode

ES is large. The low-temperature value of hH is accurately given as just the energy required to
break the additional bonds necessary for vacancy migration. Thus, the contribution from long-ranged

forces observed at high temperatures is avoided at low temperatures by a correlated motion of the

atoms around the vacancy which minimizes the enthalpy of the vacancy at the saddle point and thus

also minimizes hH . For this mode hS is small and apparently even negative. The macroscopic

model also provides a description of the atomic displacements and Jahn-Teller distortion about the

vacancy when it is at a lattice site.

I. INTRODUCTION

One of the longest and most perplexing con-
troversies in solid state physics is over the value
of the enthalpy of vacancy migration, 4H, in Si
and Ge. ' This is a problem of considerable
practical importance because vacancy migration is
usually the dominant mechanism for atomic dif-
fusion and for the growth of dislocations. Also,
vacancy donor and acceptor states are often ef-
fective in determining the electrical conductivity
of a semiconductor. Therefore, vacancy migra-
tion is crucial to the fabrication of many devices
and vacancy migration to and across a junction
may be an important failure mechanism. Thus,
there are practical as well as academic reasons
for wishing to understanding why values of 4H de-
termined in the high-temperature experiments
are 4-5 times the values determined at low tem-
perature.

The various experiments' 7 from which infor-
mation on vacancy migration has been deduced will
be reviewed in Sec. II. As these experiments are
rather diverse, a certain amount of background
discussed seems to be warranted.

The most conventional parameter which may be

used to describe the results of the various experi-
ments is the diffusion coefficient or diffusivity D„
of the single vacancies. As always, D„ is defined
by

J„=—D„' (grad[V]), C1. 1)

where J, is the flux ol single vacancies and [V] is
their concentration. D„ is, in general, a sym-
metric second-rank tensor, but for a cubic lattice,
such as that of Si and Ge, it may be replaced by
the scalar quantity D„. If all other mechanisms
for the self-diffusion of the host atoms may be
neglected, the relation between D„and the self-
diffusion coefficient D, is

D, =(V)D„/n„,

where n„ is the concentration of host lattice sites.
In this paper the results of absolute rate theory

are used to provide an expression for D„ in terms
of a thermodynamic description of the state of the
vacancy at a lattice site and at the saddle point of
its path between lattice sites. '~ The state of the
vacancy at the saddle point will be denoted as the
"transition state. " This expression is ""

& d2 ds /A bH /AT

1482



10 ENTHALPY OF VACANCY MIGRATION IN Si AND Ge

where —, is a geometrical factor appropriate to the
diamond lattice, do is the interatomic spacing, v

is usually described as the frequency with which
the vacancy attempts to jump from one lattice site
to another, ' ' k is Boltzmann's constant, and T
denotes temperature. ~8 is the entropy of va-

cancy migration, which is defined as

Sm = &Sv' Sv (1.4)

In Eq. (1.4), DS„. and bS„denote the entropy of
formation of the vacancy in the transition state and

at a lattice site, respectively. The enthalpy of
vacancy migration, rAH in Eq. (1.3), is similarly
defined as

where &H„. and bH„denote the enthalpy of vacancy
formation in these two states. (Note that for all
experiments considered in this paper, the pres-
sure was sufficiently low that the various enthal-
pies are effectively equal to the corresponding in-
ternal energies. )

The reader should note that from vacancy mi-
gration experiments alone, i.e. , from a knowledge

of D„(T) alone, one can not determine v and AS

separately. One can only distinguish the pre-ex-
ponential factor Do from the e "~ " factor

(T) D e-AH~ I Ar

where

D =.-d~ ve»-~".
o

—3 ov

At present, the theory of v and of M is not suf-
ficently developed that one might specify either
with confidence. ' ' However, it is a common
practice to assume that v is the Debye frequency
vL)

(l. 8)

where 8 is the Debye temperature and h is Planck's
constant.

It should be evident that vD is actually an ap-
proximate upper bound to the plausible values of
v. This upper bound should be approached only

if the mechanism by which the vacancy migrates
is simple and requires no correlated motion of the

neighboring atoms. If the migration mechanism
requires the correlated motion of a large number
of neighboring atoms, then v could be orders of
magnitude less than v~. Therefore, we should

expect to replace Eq. (1.8) with

y«1 (1.11)

D„(Ge) =2exp[- (l. 2 eV)/kT] cm'/sec, (1.13)

and from a comparison of Logan's data' on the
van't Hoff plot of the vacancy concentration in Ge,
i. e. , log„[V] vs 1/kT, with the Letaw ef al. data'2

for the self-diffusion coefficient D, ,

D„(Ge) = 3 exp[- (1.0 eV)/kT] cm /sec. (1.14)

for complex or correlated migration.
The reader may question whether this discus-

sion of v is meaningful in view of the crude state
of the theory for &8 and the fact that diffusion ex-
periments can determine only the value of Do. The
answer is that, if the premise of the transition
state is valid, then the actual concentration of va, —

cancies in the states V and V will obey the law
of mass action in thermal equilibrium

[V&]/[V] eks~/A AH~/Ar-

The ionization spectrum of V is presumably dif-
ferent from that of V so that one may be able to
distinguish these two states of the single vacancy
in optical experiments. Particularly if 48 is
large (-10 k) as is often surmised, ' ' [V'] may
become appreciable even at moderate tempera-
tures in samples, wherein [V] is large as a result
of irradiation. Indeed, there are occasional re-
ports of a "new state of the vacancy" in Si or Ge
samples which have been irradiated near room
temperature. ~6'23 Such phenomena should be sys-
tematically investigated in hopes of obtaining a
good estimate of 48 independent of v. However,
this separation is not strictly necessary to the
development of this paper.

In this context, one may conclude that a better
definition of v than that cited after Eq. (1.3) can be
cast. Instead of the "frequency with which the va-
cancy attempts to jump from one lattice site to an-
other, " v might better be described as a factor
proportional to the inverse of the time required for
the transformation V V . Equations (1.S)-(l.11)
would obtain with this definition also.

Now, the empirical situation in Ge, i.e. , the re-
sult of the experiments described in Sec. II, is
illustrated in Fig. 1. The situation in Si is qualita-
tively similar. The two lines representing high-
temperature experiments on the log~o D„versus in-
verse temperature plot are drawn from the con-
clusion of Hiraki's analysis of his high temperature
vacancy annealing studies'

v =/vDy

where

for simple migration and

(1.10)

For the sake of clarity, both of these experimental
lines are shown with dashed extrapolations beyond
the range of reliable data. The line representing
low-temperature experiments, which has large
error bars on the absolute magnitude factor D, ,
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I With the assumption of Eq. (1.17) and the data
in Ref. 13, one obtains the value of D„ indicated
by the upper limit of the error bars in Fig. 1
{DO=4&&10 ~ cm'/sec). However, it seems clear
that do is the minimum plausible value for ro and,
particularly if either or both the vacancy or the
impurity is charged, ro could be orders of mag-
nitude larger, so that D„would be orders of mag-
nitude less. ' (It will be shown that the charge
state of the vacancy affects &0 by an amount of
order 0. 1 eV and can not be the source of the dis-
crepancy of interest. ) The actual situation obtain-
ing in Ge under the conditions of the experiments
of Refs. 13 and 14 is somewhat unclear. However,
in Si the situation is well. established and %atkins
has identified the process in which a neutral single
vacancy migrates to and complexes with a neutral
interstitial oxygen impurity. For this process and
assuming Eq. {1.17), Watkins found~ the effective
frequency factor in Eq. (1.7) to be ve ~~~"=2x10
sec"~ at T =160 'K, or equivalently

FIG. 1. Empirical diffusivity as a function of tem-
perature D„(T) for single vacancies in Ge. The empirical
situation with vacancies in Si is qualitatively similar.
The enthalpy of vacancy migration ~~ is proportional to
the slope of log&OD, vs T. The labels on the experimental
lines denote the workers and their method. Thus, H de-
notes Hiraki (Bef. 10); L+ L denotes Logan {Bef. 11) and
Letaw et al. (Bef. 12); W+ K+M de~otes mohan (Bef. 13)
and Klontz and MacKay (Bef. l.4).

D„(Ge) =Doexp[- (0.2 eV) /jkT] (1.iS)

is the result of Whan's infrared-absorption (irA)
experiments' that identified the low-temperature
defect transformation process observed by Klontz
and MacKay' as the formation of vacancy-oxygen
impurity complexes. The quoted value of 4H
=0. 2 eV is that deduced by Klontz a.nd MacKay, "
but it can also be deduced from the annealing
curves presented in Fig. 2 of Ref. 13.

The theory used to analyze the low-temperature
data on the formation of complexes'3 ~' from single
vacancies and impurities (interstitial oxygen) is
known as diffusion limited kinetics. The requisite
result is ~

D„(Si)=3.7&10

xexp[- (0. 33+0.03 eV)/AT] cm'/sec. (l. 18)

If one scales the effective frequency factor, or
equivalently Do, according to the relative Debye
temperatures of Si and Ge [e(Si) =-650'K and e{Ge)
—=370 'K], one estimates

D„(Ge) =2&&10 'exp[- (0. 2 eV)/kT] cm'/sec.
(1.18)

Equation {1.19) is shown as the intermediate,
solid line representing the low temperature experi-
ments in Fig. 1. The lower limit of the error bars
indicated for this low-temperature data in Fig. 1
is arbitrarily chosen to be the same distance from
the solid line [Eq. {1.19)]as is the upper limit.

It should be noted that the discrepancy in the
slope of D„vs 1/T, and therefore in aII„, is well
established~ despite the uncertainty in the absolute
magnitude of D„and of Do. This is true both for
Ge [compare Eq. (1.15) with both Eqs. (1.13) and
(1.14)] and for Si, where Eq. (l. 18) may be com-
pared with the result of high-temperature experi-
ments ' 6' ~ (within a few hundred 'K of the melting
point T"=1685 'K)

1/7 =4vr D„[I], (l. 16)

where r is the time constant for the exponential de-
cay of free single vacancies (above their equilib-
rium concentration, which is negligible at low tem-
peratures), x, is the capture radius of the impurity
I, i.e. , the radius within which the vacancy mi-
grates directly to I and forms the complex, and

[I] denotes the concentration of the impurity. It
is a common practice to assume

ro =do ~ (1.1V)

D„(Si)= 4 exp(- &H /k T) cm /sec, (1.20)

with &H between 1.0 and 1.5 eV. Do is uncertain
because of uncertainties in parameters, such as
ro, which are difficult to determine. However,
both the high-temperature experiments and the
low-temperature experiments will determine 4H
correctly, within an accuracy of perhaps 20-3(Fj&,
provided that these parameters do not change ap-
preciably over the temperature range investigated.
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The curve labeled "theory" in Fig. 1 is the
interpolation-extrapolation formula

D„=3 exp[- (1.0 eV)/kT]+1 x10 e

x exp [- (0. 2 eV)/kT] cm /sec.

This corresponds to the hypothesis of this paper
that there are two modes of migration or transi-
tion states available to the single vacancy and that
one state, denoted V'(T„), dominates experiments
at high temperatures because it has a larger en-
tropy and/or frequency factor while the other
transition state, denoted V'{T,), dominates low-
temperature experiments because it has a lower
enthalpy. The theory of this paper accounts for the
two values of ~H but can make only crude esti-
mates of 4S and the true frequency factor v.

The reader will note the theoretical curve in

Fig. 1 passes slightly below the lower limit of
the error-bars of the low temperature experiments.
Note further that the theoretical Eq. (1.21), as-
surnes thai both preexponential factors are inde-
pendent of T. The magnitude of the first preex-
ponential factor, D,(T„), was fixed to agree with

Eq. (1.14), i. e. , the data of Logan~~ and Letaw
et al. , as this value seems to be well established
in view of the agreement with an entirely different
experiment. ' The low-temperature pre -exponen-
tial, Do(T, ) was chosen so that the knee of the curve
would occur just to the right of the limit of the
high-temperature data in Fig. 1. This was done

so as to minimize the discrepancy with the low

temperature data while maintaining the assumption
that

dD, {T,)
dT

and the agreement with high-temperature data.
Although the lower limit of the error bars was
arbitrarily set, the magnitude of the discrepancy
(more than two orders of magnitude) with Eq.
(l. 19) would seem to cast in doubt the assumption
of. Eq. (1.22). This situation is unusual because it
appears dDO{T,)/dT & 0, whereas one normally ex-
pects ' dDo /dT~O. Ne shall see that the hypothe-
sis that dD„(T,)/dT & 0 in some range in T is plausi-
ble within the present theory because the frequency
v might be significantly greater at low tempera-
tures. However, at this point, the author prefers
to hypothesize that the low-temperature values of

DQ have been indeed overe stim ated by more than

two orders of magnitude so that the assumption of
Eq. (1.22) is indeed correct. As one can see from
Fig. 1, the contrary hypothesis would require dD„/
d T = 0 over some range in T I

Now equations of the form of Eq. (1.21) are not

particularly uncommon in the field of atomic dif-
fusion. They usually signify that two entirely sep-

arate mechanisms are contributing to the total dif-
fusion. Therefore, several previous authors have
concluded from the data upon which Fig. 1 was
drawn that the species observed at high tempera-
tures T„ is not the same as that observed a low

temperatures T, . Electron-paramagnetic-reso-
nance (EPR) experiments by %atkins and Cor-
bett"'~'~' in Si at T» provide a great deal of mi-
croscopic information about the species under ob-
servation and have firmly identified the single va-
cancy in its various charge states. On the other
hand, the quenching diffusion, and annealing ex-
periments at T„provide no microscopic descrip-
tion of the species whatever. Therefore, these
previous authors have tried to explain the large
values of 48 observed at T„by proposing that the
single vacancies condense into various complex
species, such as divacancies, which are then as-
sumed to migrate with a large enthalpy of migra-
tion. In Sec. III it is shown that simple thermo-
dynamic arguments against all such hypotheses
are extremely persuasive and that the species ob-
served at T„must surely be the simple single va-
cancy.

In fairness to Seeger and Chick, it should be
noted that they also came to some of the conclusions
presented here. They recognized that the diva-
eaney hypothesis could not be correct and noted
strong evidence that the 4H of the single vacancy
varied with temperature. However, their solution
to the problem was to propose that the simple sin-
gle vacancies condense into a rather loosely de-
fined "extended-defect" state at T„. One might
say that their extended-defect state corresponds to
the hypothesis presented here of a transition state
or mode of migration that involves the correlated
motion of many atoms.

However, there are two important distinctions
between the Seeger-Chick extended-defect hypothe-
sis and the correlated motion proposed here.
First, Seeger and Chick invoke the complex, ex-
tended state to account for high temperature ob-
servations, whereas in the present analysis, the
correlated motion occurs at low temperatures, as
is the ease, for example, with superconductivity
and superfluidity. Second, Seeger and Chick imply
that a sort of phase transition has occurred to the
"normal" state of the vacancy, i.e. , that which has
the vacancy centered on a lattice site at T, . On the
other hand, the present hypothesis is that it is the
dominant transition state which is different at Tf
and T„, i.e. ,

V {T„)4 V (T&},

and that the state of the vacancy at the lattice site
V remains unchanged;

(1.24)
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Within absolute rate theory, the Seeger-Chick hy-

pothesis is not tenable. As by definition within

absolute rate theory

r H. (T„)= dH„, (T„) rH—„(T„),
rH (T,)=rH„, (T,) —rH„(T,),

where AH„. (TI,) and nH~(T, ) denote the enthalpy of
formation of V'(T„) and V'(T, ) and nH (T„) and

bH (T,) are the respective enthalpies of migration,
the fact that nH (T„) & dH„(T, ) requires either (a)
nH„.(T„)&EH„.(T,) or (b) AH„(T„) & n,H„(T,). But
case b, the Seeger-Chick hypothesis, is not satis-
factory because the more probable state of any sys-
tem at low temperature will always be that with the
lower enthalpy. The present theory assumes case
a, b,H„(T„)=r H„(T,) as per Eq. (l. 24), and that
the concentrations [V'(T„)]and [V'(T,}]are governed

by the law of mass action at all temperatures.
In Sec. IV it is observed that any accurate and

rigorous microscopic theory of 4H will be even
more difficult than such a theory for &H„will be
when and if developed. However, as Phillips and

Van Vechten have recently shown, ' the atomic va-
cancy in tetrahedral semiconductors such as Si
and Ge may properly be treated as a macroscopic
cavity on account of the high valence electron den-

sity and consequent short range of the effects which

established the surface energy of these materials.
Use of this macroscopic cavity model for the va-
cancy allows a vastly simpbfied yet accurate anal-
ysis ' 9 of aH„. The method is similar to the
classical treatment of voids. Therefore, the prob-
lem of &H is treated using the macroscopic cavity
model and the absolute rate theory definition of &H

[Egs. (l. 5) and {l.25)]. That is, the enthalpies of
formation of the vacancy at a lattice site and in the

possible transition states are evaluated and com-
pared.

The central feature of this analysis and of the

cavity model is that &H„and 4H, . may be divided

into two contributions. The larger contribution,
denoted &H„or 4H;, is due to long-ranged forces
that also appear in simple metals, ' such as the
metallic, liquid phase of Si and Ge. The smaller
contribution, denoted 4E' or ~E', is due to the
short-ranged and highly directional forces of the
covalent bonds in the solid semiconducting phase
of Si and Ge. Thus, 4E' is related to the dif-
ference in cohesive energy between the semicon-
ducting and metallic phases of the same composi-
tion and may be regarded as a residual term which

corrects 4H„ to account for the "dangling bonds"
in the semiconductor. Therefore,

nH„= nH„+ nE', n.H„, = nH„", + &E' . {l.26)

Considering the state of the vacancy centered at
a lattice site, V, it is evident in Fig. 2(a) that

there must be four broken bonds "dangling" into the

cavity

~Z'„= 4Z'(T), (l. 27)

(o)

FIG. 2. Schematic diagram of the vacancy in Si or Ge
(a) at a lattice site in the normal state V and (b) during
migration in the transition state V'. The mobile atom
is sho~vn shaded. The purpose of this figure is to illus-
trate that there are exactly four broken bonds about, the
vacancy in the normal state V and at least six broken
bonds in the transition state V'. Thus migration requires
at least the enthalpy of two covalent bonds 2E~. By count-
ing the total number of complete bonds in the crystal, the
reader may note that a simple migration, i. e. , one in
which the mobile atom completes no bonds in state V',
in fact, requires that three addition bonds be broken for
a total of seven. With some lattice distortion the mobile
atom may complete one bond so that a total of six for
state V' is possible.

where E'(T) is the difference in cohesive energy
per bond between the semiconducting and metallic
phases of the same composition at temperature T.
(We shall not be interested in effects at the exterior
surface of the sample. ) The theory of Ref. 32,
which has been checked against experiment by the
comparison of calculated and observed pressure-
temperature phase diagrams, is used to ca1.culate
E'(T). In calculating ~H, , it is assumed that the
anisotropy of the surface energy, and therefore of
the long-ranged forces, is the same on the surfaces
of the vacancy cavity as that on a macroscopic
cavity in the bulk material. Therefore, the equi-
librium shape of V is taken to be the same as that
of a macroscopic cavity or of the sample itself33-
an octahedron. This assumption is supported by
the comparison ' '~ of the calculated &H„with the
results of high temperature quenching experiments
and by the observation that the octahedral equi-
librium shape of the vacancy leads naturally to the
tetragonal Jahn-Teller distortion of the atoms about

the vacancy which is observed at low tempera-
&5v~6s~7~35 F 36
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Regarding the possible transition states, it is
evident that the vacancy can not migrate between
lattice sites without Lreaking at least two more
bonds [see Fig. 2(b)]. Therefore, there must be
a contribution of 2E'(T) to both r H (T„) and
rH (T,). Indeed, empirically,

2E~(Sj, T = 0) = 0. 37 eV- dHm(St, T))

= 0. 33 + 0. 03 eV,

2E'{Ge, T = 0) = 0. 22 eV ~ &H (Ge, T,)

=0.2 eV

by comparison of the results of Ref. 32 with Refs.
13-15 or Eqs. (1.18) and (1.1S). However, it is
also evident from the geometry of the lattice that
the vacancy can not migrate in the undistorted lat-
tice without distorting its octahedral equilibrium
shape. The requisite distortion is analyzed in
Sec. IV and the energy of distortion AH„.(T„)
—~B„ is estimated from the observed anisotropy
of the surface energy of bulk Si and Ge. This dis-
tortion energy is large (-0.8 eV), because the sur-
face energy of Si and Ge is very anisotropic, and
accounts for 4H (T„) within experimental accuracy.

However, from the observation that &H„.(T„)
—&H„" is much larger than either a typical phonon

energy or a bond energy

DH„".(T„)—&H„»E (T)»k8,

it is obvious that the transition state with the dis-
torted vacancy in an undistorted lattice (beyond
nearest-neighboring atoms) is not the transition
state of lowest enthalpy. It is a state of large en-
tropy and thus low free energy at high tempera-
tures. Therefore, the distorted-vacancy-undis-
torted-lattice state is likely to be the correct high
temperature-transition state V (T„), but there is
also a transition state of much lower enthalpy
V (T,), which results from relaxing the lattice.
Evidently, it can be relaxed down to the value in-
dicated by Eq. (1.28}. This requires that the mo-
tion of the surrounding atoms be correlated with
that of the vacancy so that the entropy of this mode
will be low and the frequency factor v should be
much less than t D.

Far the convenience of the reader, the theory of
the analysis of equilibrium shapes33'~~ 3 is briefly
reviewed and the particular case of the octahedron
is worked out in Appendix A.

Readers familiar with atomic migration in
metals or in ionic solids, such as the alkali halides
or AgBr, will note that the nature of the vacancy
migration process described here for Si and Ge is

quite different from that generally observed or
inferred in those noncovalent materials. This
dissimilarity between what is familiar and already
fairly well understood and that which is to be in-
vestigated here may distract such readers from the
logic of the discussion. For the benefit of anyone
so distracted, the reasons that the vacancy migra-
tion process in a covalent solid should be expected
to be strikingly different from the vacancy migra-
tion process in a nearly close-packed metal or
rocksalt-type crystal are outlined in Appendix B.

It is noted that the application of the macroscopic
model to the calculation of vacancy formation en-
ergies and Schottky constants in heterpolar semi-
conductors and a description of the proper
thermodynamic analysis of the van't Hoff plot ob-
tained from quenching experiments will be pub-
lished separately.

II. REVIEW OF EXPERIMENTAL OBSERVATIONS

High-temperature determinations of 4H are
principally obtained from either atomic dif-
fusion ' '7' '" or vacancy annealing' '6 experi-
ments [Eqs. (1.13) and (1.14)]. These two types
of experiments have two features in common: they
both involve vacancies that are produced by thermal
activation and they both require a rapid quench
from temperatures near the melting point T to
room temperature. However, in the annealing ex-
periment, the purpose of the quench is to provide
the initial concentration of frozen-in defects which
are then annealed out by raising the temperature
to a moderate value -700 'K. On the other hand,
in the atomic diffusion experiment, the purpose of
the quench is to determine the concentration of va-
cancies [V]/n„ in Kq. (1.2) actually present at
temperatures near T for which the atomic diffu-
sion is observed. Therefore, these two types of ex-
periments may be considered independent of one
another and the agreement between the conclusions
drawn from them constitutes a valid cross check.

Now, there are two types of (single) native de-
fects which may be present in elemental crystals,
vacancies and interstitials. ' Therefore, perhaps
the first point that should be reviewed is the evi-
dence that the high-temperature experiments
actually involve vacancies rather than interstitials
or a, mixture of vacancies and interstitials.

An obvious point is that more energy is required
to produce a Frenkel pair, i.e. , one vacancy and
one interstitial, simultaneously in the bulk of the
sample than to produce either separately at an ex-
ternal surface, void, a dislocation, or at some
other source. The enthalpy to create the Frenkel
pair 4H„+40, , where 4H; is the enthalpy of for-
mation of a host interstitial, is determined in elec-
tron irradiation damage experiments. One deter-
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mines the minimum electron energy required to
produce the pair and calculates the maximum en-
ergy that can be transferred to the atom which
creates the vacancy by becoming the interstitial. '~

In Si and Ge these enthalpies (energies) are' '
~H„(Si) + d,H,.(Si) = 11 eV,

AH„(Ge) + AH, (Ge) = 16 eV.

(2. 1)

(2. 2)

These values are several times the enthalpies of
formation of the native defect observed in the
quenching experiments described below. A proper
analysis of these quenching experiments' ' "6
shows

&H„(Si) = 2. 4 + 0.2 eV,

&H„(Ge) =2. 0+0.2 eV,

(2. 2)

(2. 4)

assuming that the observed species is indeed the
vacancy rather than the interstitial. Consequently,
the enthalpy of formation of the other member of
the Frenkel pair, the interstitial, is

~H, (si) =6 ev,

AH;(Ge) = 14 eV.

(2. 5)

(2. 6)

The ratio of the concentration of interstitia, ls to
vacancies in equilibrium in Si will be of the order
exp(- 5 eVjkTF) =1x 10 "or less and in Ge the
ratio will be far less.

The evidence that the one member of the Frenkel
pair which is produced by thermal activation is
indeed the vacancy and not the interstitial is not as
clear cut as one might hope. It seems that the
native defects have conventionally been assumed
to be vacancies on the basis of the analogy with
the case in metals where it is firmly established
that the dominant defect is the vacancy. ' However,
a few scientists have questioned this convention~'4'

on the grounds of the discrepancy in 4H measure-
ments discussed here and the failure to establish
a completely successful correlation between the
ionization levels of vacancies and vacancy com-
plexes identified by EPR and irA in electron ir-
radiated samples and the defects found in quenched
samples. (The conventional explanation for the
noncorrelation of ionization levels is that they are
shifted by strain fields in the quenched samples, )

There have also been observations of prismatic
dislocation loops and stacking faults of an intersti-
tial nature produced in Si by the precipitation of
oxygen impurities. That situation is clearly not
the equilibrium condition considered here since
the driving force for the interstitial loop formation
is the high degree of strain generated by the pre-
cipitants. In any event, the most convincing ex-
periment, the simultaneous measurement of sam-
ple dimension and lattice constant as a function of
temperature to show that lattice sites are added to

the sample as temperature rises while the number
of atoms remains fixed, "has not yet been reported
for Si or Ge. This sort of experiment will prob-
ably be required to distinguish the migrating va-
cancy state V'(T„) or V'(T, ) from an interstitial.
Although [V(T„)]is much less in Si and Ge near
T (~10 /cm ) than in metals, it may be that x-
ray and laser technology have now developed to
the point that this experiment is practical.

However, the author believes the conventional
assumption that the native defect is the vacancy is
correct because of the following observations.
First, the Cu-decoration phenomenon, ~ ' wherein
Cu is diffused into the sample and observed to
precipitate into crystalline defects upon quenching,
is explained by the hypothesis that the interstitial
Cu atoms precipitate onto the excess vacancies up-
on quenching. If one were to assume that the na-
tive defects were interstitials, no plausible ex-
planation is apparent. Second, electron micros-
copy has established" that the dislocation loops
formed in nonirradiated GaAs are produced by
vacancies and no evidence of interstitials can be
found. The analogy between the predominantly
covalent GaAs and Si or Ge is much more convinc-
ing than the analogy with metals. Third, in low-
temperature irradiation experiments, one finds
that it is difficult to retain a Si or Ge interstitial
as these have a great propensity to replace group-
I, -II, or -III substitutional impurity atoms on a
lattice site, ' 6'~7'" ' so that the impurity becomes
the interstitial. This occurs even at 2 'K and ap-
parently involves an athermal migration mecha, -
nism. '6 Although vacancies are known to associate
with impurities, ' no such drastic mechanism by
which vacancies are expelled from the sample has
been observed. It seems likely that the motivation
for the expulsion of host interstitials is related to
the large enthalpy of formation proposed by Eqs.
(2. 5) and (2. 6) and that the same expulsion mech-
anism would prevent any appreciable concentra-
tion of host inter stitials from appearing at high
temperatures or in quenched samples.

There are also theoretical grounds for beiieving
that the thermally activated native defect is the
vacancy and not the interstitial. The macroscopic
model, ' which predicts values of bH„ in good
agreement with the assignment of Eqs. (2. 3) and
(2. 4), might overestimate B,H„s meoh wt, baut

clearly could not underestimate it by a factor of
4 or more. (That is, &H„can not be much greater
than the product of the empirical surface energy
times the surface area, of a cavity having one atom-
ic volume. ) On the other hand, one may make a
plausibility argument for the magnitude of the &H,.

values shown in Eqs. (2. 5) and (2. 6) by a simple
extension of an argument originally proposed' by
Blount. According to Blount, the difference in en-
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ergy between the valence band and the levels pro-
duced by the host interstitial is roughly half the
difference in energy between the bonding and anti-
bonding atomic orbitals, provided atomic relaxa-
tion is neglected. If we take the average bonding
to antibonding energy gap to be the dielectrically
determined average band gap" E„where E,(Si)
=4. 7 eV and E,(Ge) =4. 3 eV, and assume

DH; = —, ZE~,

where Z=4 is the valence of the interstitial atom,
then we estimate

&H, (Si) =9.4 eV,

~a, (Ge}=8.6 ev .

(2. 8)

(2. 9)

This estimate of AH, (Si) is somewhat greater than

the experimental value [Eq. (2. 5) ] as ought to be
expected on account of the atomic relaxation about
the interstitial. Presumably, EH, (Ge) is larger
than the estimate of Eq. (2. 9) because of the ten
d-shell electrons which must also be accommodated
for a Ge interstitial in Ge. This argument seems
to explain why the group-IV interstitial replaces
group-I, -II, or -III substitutional impurities but
not group-V substitutional impurities. "

Having established within a reasonable doubt
that vacancies and not interstitials are produced
by thermal activation, let us review the quenching
procedure io, ii, is One starts with a lightly doped
sample of known carrier concentration and heats
it to a temperature T„within a few hundred degrees
of T . The sample is maintained at T„ long enough
for an equilibrium concentrated of vacancies (in
all charge states) [V(T„)]to diffuse from the va-
cancy sources (external surfaces, dislocations,
or voids) throughout the crystal. It is found" that
1 min is usually sufficient for this; one does not
wish to prolong the heating due to the danger that
fast diffusing impurities, especially Cu, may con-
taminate the surface, migrate into the bulk, and

affect an error in the vacancy count. ' (In both
Refs. 10 and 11 it was established that the Cu con-
centration was less than 10 /cm, so that this
could not have affected their results. }

Next, the crystal is quickly cooled to room-
temperature freezing in most of [V(T„)]. This
may be accomplished in about 0. 1 sec. by dropping
the sample into cold ethylene glycol" or in about
1 sec. by radiative cooling. ' 's Both cooling rates
give essentially the same result in Qe, ' 'ii where
they may be compared. However, when the cool-
ing rate is reduced so that an interval of two

minutes elapses, the sample is found to have re-
turned to its initial condition. ' The last point is
taken as convincing evidence that no impurities
have been introduced from or rejected to the sur-

face.
After quenching, [V(T„)]is measured by detect-

ing the change in extrinsic carrier concentration
with a Hall effect experiment at room temperature
or below. It is observed that vacancies act as
either donors or acceptors depending on the posi-
tion of the Fermi level, so their effect is to re-
duce the net concentration of the majority carrier.

It is not clear that the defects measured at room
temperature by Hall effect are simple (i.e. , not
complexed by impurities) single vacancies a Priori.
Indeed, it is likely that most vacancies have as-
sociated with 0 or other impurities by the time that
the Hall effect experiment can be performed. How-
ever, the effect of association is only to shift the
ionization energy of the donor or acceptor level
somewhat. s The number of donor or acceptor
centers is not changed by association of the va-
cancies and the Hall-effect measurement in the
extrinsic sample determines only the number of
frozen-in donor or acceptor centers. As long as
this number is linearly proportionale to [V(T„)],
the slope of the empirically determined van't Hoff

pl.ot

In{[V(T„)]/n„)= n.S,„„/k —AH,„„/kT (2. 10)

r H = T, T, k ln(t /t, )/(T, —T ), (2. 11)

where /; is the time required to anneal out 2 the
excess concentration of vacancies above the ther-
mal equilibrium value at T; . One may question
whether or not the observed centers and the dif-
fusing species are actually simple, single va-
cancies, but, as is shown in Sec. III, the anneal-
ing rate is dominated by the species which diffuses
most rapidly. Thus, &H (T, ) can not be signifi-
cantly less than the value determined from Eq.
(2. 11), although it may be larger. Moreover, if

will yield the correct value for the enthalpy to be
used in connection with atomic diffusion experi-
ments, even if the entropy term is in error.
(&H„,&

should be distinguished from EH„b ecsaue
the samples are generally intrinsic and the va-
cancies are generally ionized at T&. Therefore,
the ionization of the vacancy and its interaction
with thermally activated carriers, as well as the
temperature dependence of the band gap, must be
considered in order to determine &H„ from &H,„„.)

Once the sample has been quenched and the
number of frozen-in donor or acceptor centers de-
termined, one may periodically reheat and recool
these samples to a series of moderate temperatures
T, (T, - 700 'K, i = 1, 2, . . . ), to determine the rate
at which these frozen-in defects anneal out. As-
suming the distance a vacancy must diffuse to find
a vacancy sink (an external surface, dislocation,
or void) is independent of T;,
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the dominant defect species present at room tem-
perature is the divacancy, as may be the case ~

in Si, while migration at T, is dominated by the
single vacancy, then we shall see in the next sec-
tion that Eq. (2. 11) will yield —,'nH rather than
~H

Using this vacancy defect annealing technique,
Elstner and Kamprath estimated

&H (Si, T; =700 K) =1.0 eV.

(This value is probably too low because of the di-
vacancy effect just mentioned. ) In the same way,
Hiraki found

&H (Ge, T, =700 K) =1.2 eV.

The author has analyzed the annealing data pre-
sented by Logan' in this manner and found

&H (Ge, T; = 700 K) = 1.0 eV.

The alternate method for determining 4H at
high temperatures is to measure the rate of atomic
diffusion as a function of temperature near T .
This is usually done using radioisotopes of either
the host material'a'o'" (for self-diffusion) or of
various impurities. ' ' It is found that atomic
diffusion may be described by the analog of Eq.
(1.3) or (1.6),

(T) D (A) e-dHg/AT

where A denotes the atomic species. Assuming
that the atomic migration is indeed dominated by
the vacancy mechanism, the activation enthalpy

&H~ = &H,z~~+ 4H~ + 4Hg(A),

where 4H~(A) is the "binding energy" of the va-
cancy in the nearest-neighbor position to the dif-
fusing species A. &H, (A) may be greater or less
than zero for impurities, depending on the rela-
tive charge state of the impurity and the vacancy,
and is identically zero for the host species accord-
ing to the defintion adopted here

&H (Si)—= 0, 4H (Ge)—= 0.
With this convention, Eq. (2. 14) reduces to Eq.
(l. 2) for self-diffusion when the proper entropy
factor, nS,„, is incorporated into D,(A).

For the case of Ge (Ref. 12}

~a„(Ge) =3.0 ev,

whereas 4H,„„=1.9 or 2. 0 eV according to Hiraki'
or Logan, " respectively. Therefore, Eqs. (2. 16)
and (2. 17) imply nH =1.1 or 1.0 eV and the agree-
ment with Eqs. (2.11) and (2. 14) is entirely satis-
factory. It is concluded that

&H (Ge, T„)=1.0+0.2 eV.

Some of the diffusion data in Si, particularly the

&H (Si, T„)= 1.2 + 0. 3 eV. (2. 20)

Note that if surface effects 3 are ignored and the
self-diffusion data are taken at face value, then
one estimates from Eq. (2. 16) that hH (Si, T„)
=2. 5 eV.

In order to complete this review of high-tem-
perature evaluations of &H, one further experi-
ment should be mentioned. Smith and Holland have
analyzed the results of a. c. conductivity mea-
surements on a Ge whisker ' in the range 700» T
—1000 'K. It is found that the resistivity lags the
current-produced temperature fluctuations by a
factor inversely proportional to frequency below

100 Hz. Smith and Holland interpret this lag as re-
sulting from the diffusion of vacancies in from and
out to the surface of the whisker as the temperature
fluctuates. They conclude that D„=10~ cm /sec
and essentially independent of T in this range.
[One might force a fit to their data with a 4H
~ 0. 2 eV = 4H (Ge, T,). ] Note that this is an order
of magnitude greater than the value of D„(1000 'K)
shown in Fig. 1. At T = 700 'K, the discrepancy
is about four orders of magnitude. Whereas a
whisker sample is free of dislocations, it may con-
tain voids, defect clusters, or impurity clusters.
Thus, the discrepancy in the estimate of the mag-
nitude of the diffusivity may lie with the presump-
tion that the species producing the time dependent
resistivity comes from the surface. It is also
possible that this species is not the vacancy but a
fast diffusing impurity, such as Cu, or that the ef-
fect results from the ionization of some impurity
which remains in the bulk and has deep levels.
There is not adequate information available to re-
solve this question, but the conclusion that
rH (T„)=d,H (T,) is unwarranted.

Turning to the low-temperature evaluation of
4H, we find that these are always performed on
samples wherein the vacancies were created by
irradiation at low temperature. It is preferable
that fast {=1.5 MeV) electron irradiation be used
as this method minimizes the disruption of the lat-
tice about the vacancies. 6 As mentioned in con-
nection with Eqs. (2. 1) and (2. -}, the irradiation
actually produces vacancy-interstitial pairs, but
the interstitials are rapidly expelled from the

self-diffusion data, ' are complicated by effects
occurring near external surfaces. " (As only short
lived isotopes of Si are available for use as radio-
tracers, all Si self-diffusion data are obtained with-
in about 3 p of a surface. "")However, with
careful analysis of impurity diffusion data and
reasonable estimates of AH, (I), one obtains '" val-
ues for &H (Si, T=1500'K) of between 1.0 and 1.5

eV. In view of the annealing results" [Eq. (2. 12)],
it is concluded that
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sample '" 6 and seem to have no effect on experi-
ments involving the vacancies.

Now, in order to be observed in an EPR experi-
ment, the simple, single vacancy must be ionized.
Therefore, dH (T,) is determined for the neutral
single vacancy in Si by alternately annealing the
sample at T, = 160 'K and illuminating it at about
20 'K with light which ionizes the neutral vacancies
so that their concentration may be determined.
Given the concentration of impurities which trap
vacancies, one analyzes the data using the dif-
fusion limited kinetics theory as described in Sec.
I, Eqs. (1.18)-(1.18), and finds~'2~ for the neu-
tral vacancy

&H (Si, T, ) =0.33+0.03 eV. (2. 21)

In the irA experiments' ' ~ it is not necessary
to cycle the temperature because the vacancies
may be monitored continuously. However, one is
not sure which charge state of the vacancy is being
observed because the ionization levels of the va-
cancy are not firmly established and the infrared
spectra of the different charge states have not been
distinguished. Moreover, the distribution of
charge states may change if the Fermi level
changes during the anneal as a result of the con-
comitant shift in ionization levels. Qn the other
hand, the empirical estimate of 4H does not vary
more than about 0. 1 eV as a function of the initial
position of the Fermi level. '3'4 The value one
would obtain from %han's annealing data, Fig. 2
of Ref. 13, is, if anything, somewhat less than the
0. 2 eV found by Klontz and MacKay.

Regarding the possible dependence of 4H on
the charge state of the vacancy, it should be clear
that the difference in &H 's can not exceed the dif-
ference of the energies of the charge states in
question relative to the Fermi level. Let us de-
note the enthalpy of formation of the two charge
states of the vacancy, say Vo and V', as ~H„and
4H„' at the lattice site and as ~H „.and ~H„' in the
respective transition states. As long as the lat-
tice site is the normal, i.e. , more probable,
position for the vacancy,

E = &Hv ~Hv (2. 22)

4' = tv' b'Hv ~ (2. 24)

However, if ~H —4H'&4E, then the predominate
transition state for V will be V', rather than V

and the observed value of the enthalpy of migration
for V'will be

is the difference of the energies of these charge
states relative to the Fermi level. Let us suppose
~E &0, so that V is the predominate species in
equilibrium. As with Eq. (1.5), we may define

(2. 23)

AH. (V') = AH„', —A V'„~H.'+ ~a . (2. aS)

~
~H.' —AH.'~ « ~E, (2. 26)

because the charge a.ssociated with the various
charge states is generally spread over many unit
cells and thus should not affect either the local
electron density or the covalent bonding around
the vacancy too severely. One might also guess
that the largest 4H would occur for the neutral
charge state of the vacancy. This is because the
neighboring covalent bonds which must be broken
for migration might be expected to suffer the least
disruption when the vacancy is neutral.

Indeed, %'atkins estimated ' 4H (T,) in a sample
with the Fermi level near the conduction band edge,
for which V is taken to be the migrating species,

&H (Si, V, T, ) =0. 18 eV. (2. 2V)

[Although in this case, the estimate is probably
correct, one should be careful to verify that the
decay of the simple state concentration of the
charged vacancies is really exponential whenever
the apparent &H is approximately half the value of
&H observed for the neutral vacancy (see Ref.
24). ]

It is found that the rate of annealing of radiation
induced vacancy-impurity complexes below 500'K
is greatly affected by the position of the Fermi
level. However, these effects have been analyzed
by Kimerling et al. , with the aid of observations
of the effect of infrared light on the process.
They demonstrate that it is the binding energy of
the complex, i.e. , ~H, (A) in Eq. (2. 16), which
varies with the charge state of the vacancy, while
~H remains sensibly constant.

At high temperatures, it is found that the posi-

Assuming that one can measure 4H for the minori-
ty species, here assumed to be V', the same argu-
ment shows that it is not possible for this value to
exceed dH' nor to be less than hH (V') —d.E.

In both Si and Ge four charge states of the va-
cancy are observeda* within the fundamental band
gap, which is never greater than 1.1 eV. Although
the levels of these four charge states are not ac-
curately known, it is clear that Eq. (2. 25) will
limit possible variation of &H to a few tenths of
an eV. Thus, the discrepancy between AH (T„) and
&H (T,) can not be explained by the fact that a.

statistical distribution of vacancy charge states
are present in the high-temperature experiments.
[As the material is generally intrinsic at T„ in
these experiments, the Fermi level is near the
middle of the gap and the most probable charge
states are V'(Si) and V (Ge). ]

Moreover, on theoretical grounds, one might
expect
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tion of the Fermi level has no significant effect~~ ~

on the apparent value of 4H (T„) in Ge. (This
would follow from the fact that the vacancy anneal-
ing and atomic diffusion experiments yield the same
value for bH . ) In Si self-diffusion experiments,
it is observed that the apparent dH, of Eqs. (2. 15)
and (2. 16) is reduced from its anomalous value of
about 4H „+2.5 eV to the expected value of 4H „
+ [DH„(T„)= 1.3 eV], when the sample is heavily
doped either n type or p type. " This probably re-
sults from screening of the effects of the external
surface which cause the anomalous self-diffusion. 63

Other experiments indicate no such variation of
~H with the Fermi level. '~

This concludes a brief review of the experimen-
tal situation. The author does not pretend to have

done justice to such a vast field containing so many
excellent works with this rather spotty treatment;
the only purpose of this section was to mention the
experimental facts necessary to the theoretical
argument.

III. SPECIES OBSERVED AT T„ IS IN FACT THE SINGLE
SIMPLE VACANCY

It is probably due to the elegance and thorough-
ness of the EPR experiments~'~'3' that, to the
author's knowledge, no one has seriously at-
tempted to discredit the empirical conclusions
regarding &H (T,) just discussed. These experi-
ments provide a great deal. of detailed information
about the processes observed. The high tem-
perature experiments, on the other hand, yield
almost no microscopic information about the pro-
cesses involved. It is probably for this reason
that those who presume that &H„can not vary with

temperature have sought to remove the discrepancy
between measurements at T, and at T„by hypothe-
sizing that the experiments at T„do not observe
vacancies but instead some bound complex, an im-
purity bound to a vacancy or a divacancy perhaps,
which is assumed to migrate with a larger activa-
tion enthalpy. ~ 9 It is the purpose of this section
to show that the condition that vacancies be present
in thermal equilibrium in these experiments suf-
fices to discredit all such hypotheses and to sup-
port Eqs. {2.19) and (2. 20) very strongly.

The argument will be based on the law of mass
action. For the formation of divacancies from
single vacancies, one has the equilibrium condi-
tion

V+ V Va,
(3.1)

[Va]n„/[V] =Ks„=exp[- (bH~„—T&Sst)/hT],

where Mz„and &H~„are the standard entropy and

the enthalpy of formation of the divacancy from
monovacancies. (Note that dHs„& 0. ) As in Eq.

(l. 2), n„ is the concentration of lattice sites.
For the formation of the compl. ex C from impurity
I and the vacancy, one has the condition

I+ V—C,
(3.2)

[C] n„/[ f][V] =H, =exp[- (r H, —TnS',)/hT],
where 4H~ is the binding energy, as in Eq. (2. 16)
and M~ is the standard entropy of formation of the
complex. (Note &H, & 0. )

One should immediately note that the reactions
which form divacancies or complexes, Eqs. {3.1}
and (3.2) do not reduce the concentration of simPle,
single vacancies [V]. As divacancies and com-
plexes are formed, more single vacancies are
generated at the vacancy sources so that [V] re-
mains at its equilibrium value. Thus, because
the chemical potential of vacuum is constant, the
total number of vacancies is not conserved for any
of these reactions. Consequently, the rate of
atomic diffusion can not be less than the rate pro-
duced by a single vacancy mechanism alone, al-
though it could be greater if some other mecha-
nism also contributes significantly. Therefore,
the hypothesis that single vacancies tend to con-
dense into divacancies or some other complex
species at high temperatures, does not help to re-
solve the problem of the absolute magnitude of the
diffusivity noted in Sec. I [Fig. 1 and Eq. (l. 22)].
One would still have to assume either that the low
temperature estimates of Do are more than two or-
ders of magnitude too large or that the frequency
factor v in Eq. {1.7) decreases with increasing
temperature so that the assumption of Eq. (l. 22)
is violated.

From Eq. (3.1) and the fact that [V]~ 10 8 ns is
the equilibrium concentration at T„ it follows that

{3.3}

for all reasonable values ' of ~I'~„=4Hz„- T4$2„.
The condition that [Vs] = [V] would require that &E2„

ever, because the divacancy is presumed to mi-
grate slowly and yet still dominate the experi-
ment, one must postulate that [Va]» [V], which re-
quires that 4E~„be an even larger negative quanti-
ty. Thus, in order for the divacancy hypothesis
to be consistent in Ge, the reaction 0- V2 must
require only 2. 0 eV of enthalpy {i.e. , the observed
bH~~, ), while 0- V must require more than 2. 8
eV (in order for the single vacancies not to domi-
nate experiments). The situation for divacancies
in Si would be 0- Va —2. 5 eV, while 0- V - {~H
&3.7 eV}. These conditions would require that
the vacancy-vacancy binding energy exceed 3.6
eV for Ge and 4. 9 eV for Si, whereas the observed
values~'~7 are about 1.0 eV & ~H „.
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exp{- [AH (C) —TdS (C)]/kTt[C]

& v exp[- (d.H —TbS )/kT] [V], (3.3)

where, as in Eq. (l. 3), v, oH, and &S refer to
the single vacancy and vc, &H (C), and &S (C)
have the corresponding definitions for the com-
plex C. The hypothesis that &H {C) exceed 4H
by about 1.0 eV for Si and 0, 8 eV for Ge requires
that

v exp[dS (C)/k] [C]» v exp(M„/k) [V]. (3.4)

Indeed, the left-hand side of inequality (3.4) would
have to be more than 10~ times the right-hand side
to account for the defect annealing data. ' '6 As
noted in Eqs. (1.9) to (1.11), one expects vo«v
when v represents a simple mode of migration for
the single vacancy. Therefore, this factor makes
the hypothesis that C dominates even less plausi-
ble. The measured value of &S, whatever the
mechanism, at high temperatures is about 7k, as-
suming Eq. (1.10) so that v = v~. Swalin has
argued from geometrical consideration that this
value of ~S should be expected for the simple
migration of the single vacancy. ' Therefore,
d6 (C) —AS should not be large enough to account
for Eq. (3.4). Consequently, one must suppose
that

(s. 5)

if he would maintain that C dominates the atomic
migration near T .

Now if the complex C =I+ V is bound at tempera-
tures near T, it will certainly be bound at all
lower temperatures. One would have to conclude
from Eq. (3. 5) that the species responsible for
the Cu decoration effect'6 "and for the growth of
dislocations is C and not V. If this were the case,
then one would expect to find the impurity species
I, in conjunction with the substitutional Cu im-
purities in the Cu-decoration experiment and with
the dislocations in electron-microscope experi-
ments. ' Neither experiment supports these ex-
pectations.

One may further note from Eq. (3.2) that the

The hypothesis that the dominate species for
migration and doping at T„ is a complex C of the
single vacancy with some impurity I has not been
nearly as popular as the divacancy or the extended
defect hypotheses. ' ' For the sake of complete-
ness, however, arguments against such a hypothe-
sis are presented here. (Recall that the Seeger-
Chick hypothesis of an "extended defect" consist-
ing of a single vacancy or interstitial and several
host atoms was discussed and shown to be untenable
in Sec. I. )

The condition that migration of C dominate the
atomic migration process requires

hypothesis that C dominates high temperature ex-
periments requires that —4H, be large, i.e. ,
equal to or greater than ~H, t. Furthermore,
because the empirical estimates of dH (T„) are
insensitive to the position of the Fermi level, as
noted at the end of Sec. II, one would have to as-
sume 4H, is independent of the charge state of the
vacancy. Both these requirements are implausi-
ble and contrary to existing observations.

Moreover, Eq. (3. 5) would imply that the enthal-
py of defect formation measured in the quenching
experiments would be that of the bound complex C
and not of V. Then &H„would have to exceed this
empirical value by the (large) binding energy
—&H, . But the empirical value of &H„ is in good
agreement with the macroscopic model ' '7' and,
as was noted in Sec. II with regard to question of
interstitials, this model certainly should not un-
derestimate the true value of 4H„.

Therefore, the author is confident that the usual
conclusion

t~ =exp(A H~ k/)T v/~ =5x 1 0' sec . (3.7)

Annealing times, t, , in Eq. (2. 11) are typically
several minutes. ' ' ' 6 Therefore, the rate of
change in concentration of the various complex
species is simply related to the rate of change in
concentration of the most rapidly diffusing com-

(s. 5)

is correct. The only possible reservation might be
that a complex of interstitial oxygen and a vacancy
might form at the surface of the sample and dif-
fuse in and out as the vacancy is assumed to do.
The high-temperature experiments were performed
in the presence of air. Thus, it might be worth-
while to repeat them with oxygen-free samples in
vacuum.

Of course, when [V] is much larger than the
equilibrium value at the prevailing temperature,
then, according to Eqs. (3. 1) and (3.2), [V2] and
[C] may become large compared with [V]. This
condition obtains in the EPR and irA experiments
and also in the quenched samples at room tem-
perature or below.

Consider now whether the annealing experiments
actually measure ~H for the single vacancy if the
center observed in the Hall-effect measurement is
in fact a bound complex of the vacancy. The point
here is that for all reasonable binding energies,
the rate of association and dissociation of the
complexes is sufficiently rapid at the annealing
temperature that Eqs. (3.1) and {3.2) always pre-
vail. For example, using the estimate that for
P —V in Si, 4H~=1. 0 eV, taking kT =0.05 eV
for T = 580 'K, and taking the dissociation attempt
frequency v„=10"sec '= vD, one estimates the
dissociation time t„ to be
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ponent, which is assumed to be the single vacancy.
lt follows from Eqs. (3. 1) and (3.2) that

d ln[V2] 2d ln [V]
dt dt

(3.8)

~H„(Si, T„)= 4~H. (Si, T, ),

~H. (Ge, T„)= 5r H. (Ge, r,} .
(3. 10}

Furthermore, this must occur because the single
vacancy has at least two modes of migration, or
transition states, which may predominate at dif-
ferent temperatures.

d In[C] d ln[V]
dt dt

Thus, Eq. (2. 11) will yield the correct value of
~H from annealing data if the observed center is
either the single vacancy or a complex containing
one vacancy; if the observed center is a divacancy
or contains two vacancies, then the value calculated
from Eg. (2. 11) is nH -/2. These experiments will

not overestimate 4H unless &H, is so large that
the rate of anneal is governed by the rate of dis-
sociation [Eg. (3.7)].

Is it possible that some impurity in these sam-
ples has such a large binding energy that the rate
of dissociation governs the rate of anneal at the
relevant temperatures' "' (T, =700 'K)?. This
conjecture would require a &H~= —2 eV. If this
were the case, then C would be the predominate
species near 7' and the objections raised against
the hypothesis that C mediates atomic diffusion
would apply. Moreover, the values of 4H esti-
mated from Eq. (2. 11) would then be —nH„. thus
the observed rate of defect annealing is too rapid
for this hypothesis to be correct.

In view of all this evidence from experiments
which have been repeated and confirmed several
times, it seems one must conclude that

~H„& 0 which would imply that the crystal is un-
stable; (b) unlike the impurity problem, for which
the electron density is high everywhere, the elec-
tron density is very low at the center of the vacancy
so that the nearly-free-electron screening ap-
proximation and the crystal potential, which was
deduced from the bulk, are most probably un-
realistic when used to treat vacancies with these
methods; (c) they neglect correlation terms which
are apparently large' '"; (d) the relaxation of the
atoms, in particular, the Jahn-Teller distortion,
about the vacancy is so large3'36 that these ca1.-
culations of 4H„and 4H, which either neglect the
distortion or treat it as a small perturbation, can
not be realistic. (For the negatively charged state
of the vacancy in Si, it has been shown that the ob-
served ground state can not be obtained by linear
perturbation theory. "' ) Quantum calculations of
impurity states have yielded good agreement with

optical spectra, but similar calculations of the
ionization spectrum of vacancies have not been
presented despite the importance of this property
to the conductivity of the material.

If these problems with the microscopic, wave-
meehanieal treatments are severe for &H„, they
are clearly worse for &H because the difference
between dH„. and d.H„ is only (10-20)% of &H„at
low temperature [see Eqs. (1.1S) and (1.19)].
Moreover, none of these discussions has given any
clue as to why &H should vary with temperature.

In view of this lack of success in accounting for
nH (T,) and dH (T„) in Si and Ge encountered when

the problem is considered from the microscopic
point of view, let us consider it from the point of
view of the macroseope model introduced in Ref.
28.

Let us begin by reviewing the justification for
treating an atomic vacancy as a macroscopic cavity.
Recall that it was assumed in Ref. 28 that the
volume of the vacancy at lattice site V„was the
atomic volume 0,

IV. MACROSCOPIC MODEL CALCULATIONS OF ~ V„=Q=+m =-'a
3 w (4. 1)

In previous theoretical work, ' the question
of &H has generally been treated as an adjunct to
the question of &H„. %ith the exception of Swalin's
Morse potential treatment, which is the one most
often quoted by experimentalists, these discussions
use wave mechanical methods and treat the vacancy
in a manner analogous to that used to treat impurity
atoms. As was discussed in Ref. 28, such methods
are not satisfactory for use as a predictive tool '
in high electron density solids, like Si, Ge, or Al,
even when the discussion is confined to &H„. Rea-
sons for this are that (a) the results calculated by
such methods are so sensitive to the values of the
crystal potential assumed that one may calculate
any value he desires~6 7 for ~H„, including values

Es =Es+E~s . {4 2)

Es is the surface energy per unit area which would

obtain for a simple metal of the same electron den-
sity. In fact, Es is determined from observation

where r„ is the %'igner-Seitz atomic radius and a
is the lattice, constant. The dimensions of the
cavity implied by Eq. (4. 1), e.g. , r, are large
on the scale of effects which dtermine the cohesive
energy and surface energy when the electron density
is as high as it is in Si and Ge.

The reasons for this are that as noted in Sec. I,
Eq. (1.26), there are two primary contributions28 '~'Vi

to the surface energy per unit area E, . Here,
these will be denoted Es and Es,
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where k, is the linearized Thomas-Fermi screen-
ing wave number, and as k, r equals 3.5 and 3.6
for Si and Ge, respectively, me see that

p(r ) =—0. 03p . (4.4)

Thus, the overlap of charge density spilling from
the opposing surfaces of the vacancy is quite neg-
ligible provided Eq. (4. I) is approximately cor-
rect. The remaining contribution to Es: E~, is
the result of the directional, covalent bonds in
the semiconducting phase which are broken when
a surface, either exterior or about a vacancy, is
created;

E —iV Eb b (4. 8)

where N~ is the number of broken bonds per unit
area and E' is the energy per bond of the direction-
al, covalent bonding. The values of E are cal-
culated as a function of composition, temperature
and pressure in Ref. 32, where it is shown that
the calculation gives a good account of the ob-
served pressure-temperature phase diagrams,
al, loying properites, and impurity distribution co-
efficients of these semiconductors. Covalent
bonding results from the constructive interference
of orbitals centered on the bonded atoms so that
the effects producing E~ decay with distance even
more rapidly than those producing E~ .

It is important to understand that E' is the energy
per covalent bond of the solid over and above that
which would obtain if the solid mere a simple metal
and not the total cohesive energy per bond of the
solid. {The semiconductor is viewed as a perturbed
state of the metal for which a gap has appeared at
the Fermi level. s

) This is in contradistinction to
a widely used model in which all the cohesive ener-
gy is ascribed to the covalent bonds so that the
heat of atomization &H, is just two bond energies. ~

In the present model,

4. 8 eV = AH, (Si)» 2E'(Si, T = 0) = 0. 37 eV,

3. 9 e V = b H, (Ge)» 2E'(Ge, T = 0) = 0. 22 eV,

just a,s

of the metallic, liquid phase of the semiconductor, "
but its value for liquid Si and Ge and some 50 other
liquid metals is accounted for in terms of the long-
ranged electron-electron correlation energy in
Refs. 30 and 31. The effect giving rise to E~ may
be visualized as the spilling of the bulk electron
density into the vacuum exterior to the sample or
in the center of the vacancy. As the electron den-
sity decays exponenitally,

(4. 3)

the transformation from the semiconducting phase
to the metallic liquid phase. " (The notion that all
the surface and cohesive energy may be accounted
for in terms of nearest neighbor bonds may be re-
futed by the observation that when crystals are pre-
pared in a shape other than their equilibrium shape,
a spontaneous bending of the crystal is observed. '
Such bending is too slight to change the number of
broken bonds on any face and clearly strains the
bulk lattice. Therefore, this effect can not be ex-
plained with an additive bond model, It must re-
sult from long-ranged forces. )

It will here be assumed that the volume of the
vacancy does not change as it migrates. Thus, the
volume of the vacancy at the saddle point between
lattice sites V„ is the same as the volume at the
lattice site

V„=V„=Q . (4. 8)

In view of the importance of Eqs. (4. I) and (4. 8)
to the values of ~H which will be calculated, it
seems worthwhile to rationalize these assumptions
as well as possible. It must be admitted that one
can not deduce the microscopic features of the va-
cancy from macroscopic observations and that
the size of the vacancy is not conclusively given
from microscopic observations. However, it is
quite clear that the macroscopic volume to be as-
sociated with the vacancy is exactly Q. This is
because when a number of vacancies X„ is induced
by diffusion from an exterior surface into an initial-
ly perfect crystal containing X„atoms, the number
of lattice sites in the crystal increases from X„
to RA+~V„and the macroscopic dimensions of the
crystal expand. ' As these lattice sites are equi-
valent, the volume per vacancy is 0 = —,'a irrespec-
tive of the sense of the local strain about the va-
cancy. Furthermore, as the vacancy migrates
from one lattice site to another in a time compara, -
ble to an average phonon period, the macroscopic
dimensions of the sample can not change during
migration because the migration time is obviously
not long enough for any phonons from the vacancy
to reach the surface. Therefore, it seems that
the most reasonable assumption that can be made
regarding V„and V„ is that they are equal to each
other and to 0, i.e. , Eqs. (4. 1) and (4. 8).

At this point, some readers may protest that
because the unperturbed diamond lattice is so
"open, " one can not center a volume 0 on a lattice
site with any reasonable shape and maintain the
notion that the atoms are more-or-less hard
spheres with radius equal to the (tetrahedral) co-
valent radius,

hH, » AHf 0. 5 eV, (4. V)
r =&do=83 clc ~ 0 (4. 8)

where 4H& is the heat of fusion, which accompanies without forcing the nearest-neighboring atoms
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around the vacancy back. (See Fig. 3.) Thus, be-
cause

r -=1.43r„ (4. 10)

a([V]}=a(0}+a [V], (4. 11)

with n &0. Note that the value of a measured by
x-ray diffraction is determined by the ordered re-
gions of the crystal and not by any disordered re-
gion which may exist about the vacancy. This be-
havior seems analogous to the linear variation of
virtual lattice constants in substitutional alloys"
(Vegard's law); if so, then the strain field must
be compressional. Secondly, from observations of

NCi~
LANE

~'c
SALLOW

A8OVE

FIG. 3. Undistorted diamond crystal structure. Three
(110) planes arq shown —the principal plane wherein the
vacancy V resides and will migrate and the next plane
above and below. A body diagonal of the unit cube, which
has length a&3, is indicated. The covalent radius, ro and
the Wigner-Seitz atomic radius r are compared.

it seems the atoms around a vacancy must be dis-
placed away from the center of the vacancy, i.e. ,
the local strain field must be compressional, if
the volume of the vacancy is to be as large as Q.
This sense of the displacement is that predicted
by Pauling's bond order relations and will seem
natural to readers with a chemical background.
This may be contrary to the expectations of other
readers to whom it may seem more likely that
nearest neighboring atoms should be displaced to-
ward the center of the vacancy as if they were
spilling into the void.

In order to counter the objection that the sense of
the displacement proposed here seems unlikely,
the somewhat circumstantial evidence which sup-
ports the contention that the displacement is away
from the vacancy will be summarized here. In the
first place, it is often noted that the bulk lattice
constant a as measured by x-ray diffraction, varies
with [V]." In the case of tetrahedral semiconduc-
tors, 82'ss a increases linearly with [V],

the interstitial atoms created concomitantly with
vacancies by electron irradiation, it has been con-
cluded that there is a barrier against the direct
annihilation of vacancies and interstitials. "" As
the vacancy-interstitial pair is created from a
neutral atom, the vacancy and interstitial should
either be both neutral or in ionization states of op-
posite charge. Therefore, the simple coulombic
interaction should either be negligible or attractive.
It seems the barrier against annihilation must arise
from interaction of the strain fields about the two
defects. Therefore, either both strain fields are
compressional or both are dilational and it seems
most likely that an interstitial atom produces a com-
pressional strain field. Thirdly, this contention is
in agreement with the conclusion of the most re-
liable molecular-orbital calculations available"
(principally for diamond). Fourthly, if it is granted
that the vacancy is so large that one may ascribe
to its surfaces the properties of the exterior sur-
faces, then it would seem it is the (111) surfaces
which are relevant because the four nearest-
neighboring atoms (in the undistorted lattice) are
in the [111]bonding directions from the vacancy.
For the exterior (ill) surfaces, it has been con-
cluded from both experiment ' and theory 6 that the
displacement of the surface atoms is into the bulk
and not toward the vacuum. These four pieces of
evidence that neighboring atoms are displaced away
from the vacancy so that a volume Q can be ac-
commodated, seem very convincing.

I.et us now consider the question of the shape of
the vacancy cavity. In Ref. 28, it was simply as-
sumed that the vacancy was spherical but that the
surface energy appropriate to a (111)macroscopic
surface obtained at all points of the vacancy sur-
face. That is not a self-consistent assumption be-
cause the macroscopic surface energy of Si and Ge
must be grossly anisotropic, i.e. , Es(ij k) is not
independent of the Miller indexes (ijk) of the sur-
face plane, in order to account33'37 3 for the ob-
served octahedral equilibrium shape of these crys-
tals. In fact, the (111) surface, which is the only
surface to appear on the equilibrium shape, must
be the surface of lowest (free) energy per unit area
and, in particular,

Es (110)~ (l. 5)~~2 Es(111),

Es(100)~ 3 i Es(111).
(See Appendix A. ) If, in accord with the premise
that the vacancy is so large that one may ascribe
all the properties of the exterior surfaces to its
surfaces, we assume the same anisotropy of sur-
face energy obtains on the vacancy, then the equi-
librium shape of this effectively macroscopic
cavity will also be an octahedron. ~s In this case,
it will cost energy comparable to 4H„ to distort
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E (ijk) =X (ijk)E (T) . (4. 14)

[By assuming Eq. (4. 14), one neglects the ef-
fects of whatever distortion may exist among the
unbroken bonds of atoms near the surface. In the
present model, the appropriate correlation of
E~ (ijk) would be the order of a typical phonon en-
ergy, 30 meV per surface atom, whereas two
E'(T) is of order 300 meV. The effect of such a
distortion on E~(ijk) may be larger, especially if
it alters the local charge density, ' but we shall
manage to avoid having to face that problem in the
present model. If one were instead to ascribe all
the cohesive energy of the solid to the bonds, then
the problem of distortions would be very impor-
tant ' and difficult to manage properly ].

By simple geometry, one finds

the vacancy from its equilibrium shape even if the
volume of the vacancy and the number of broken
bonds remain constant.

Let us begin to consider whether or not Eq.
(4. 12) should apply to the vacancy by generalizing
Eq. (4. 2) to account for the anisotropy of the
macroscopic surface energy per unit area. Thus,

E (ij k) = E (zj k) + E,(ij k),
where, again, Ez(ij k) is the contribution from long-
ranged metallic forces, which are taken to be due
to the long-ranged part of the electron-electron
correlation, so'~' and E~(ijk} is the contribution from
short-ranged directional covalent forces. It is
here assumed that E~ (jik) is simply the number of
broken cova1.ent bonds per unit area of surface
fez(ijk} times the energy per bond of the semicon-
ducting phase relative to the simple metallic refer-
ence phase at temperature T (and a pressure of
one atmosphere) E'(T),

octahedral equilibrium shape and Eq. (4. 16) to be
the observed fact for the macroscopic exterior sur-
faces.

In order to ascertain if it is reasonable to as-
sume that Eqs. (4. 1) and (4. 16) apply to a single
atomic vacancy, let us consider what one would
predict for the nature of the vacancy at a lattice
site using this mode1. . In Fig. 3 we see the un-
distorted diamond structure. Three (110}planes
are shown-the principal plane, where the vacancy
is assumed to appear and to migrate, and one plane
~&~ r, above the principal plane, and one plane W~ r,
below it, which contain some of the atoms that are
bonded to those in the principal plane. All atoms
bonded to those in the principal plane lie in one of
these three planes. As can be seen, the atoms
above and below the principal plane occur in pairs
one behind the other. The initial position of the
vacancy is taken to be the site labeled V in Fig.
3. No atomic adjustment has yet occurred. The
magnitude of the Wigner-Seitz atomic radius r
which mould be the radius of the vacancy if it were
to be spherical, is compared with the covalent
radius r, . While it is not clear that the macro-
scopic concept of the vacancy surface can be given
a rigorous microscopic definition, this might be
thought of as the surface where the electron densi-
ty falls to some critical fraction (near —,') of the
value that would obtain in the perfect crystal at the
corresponding point.

In Fig. 4 we see the vacancy V as a perfect
octahedral cavity of volume Q centered at the lat-
tice site. The extent of this octahedral cavity is
also compared with r, . If we assume that the sur-
face of the vacancy must remain one covalent radius
from any of the neighboring atoms, then by simple

E~(110)= (1.5) Eq(111),

E (100) = 3 / Eq(111) .
(4. 15)

Therefore, the anisotropy of the long-ranged con-
tribution E~(ijk) must be at least as severe as that
of the total, E~(ijk), if Eq. (4. 12) applies. There-
fore,

E~(110)~ (1.5) Eq(111),

E~(100)~ 3 i E~(111) .
To the author's knowledge, no derivation of Eq.

(4. 16), and therefore of the equilibrium shape of
diamond, Si and Ge, has yet been presented. A

straightforward derivation in terms of the theory
of Refs. 30 and 31 would be very difficult as it
would require a knowledge of the full dielectric
tensor ~ e(G+q, G +q, m„) for all reciprocal lat-
tice vectors G and plasmon wave vectors q at the
surface plasmon frequency &o„(q). However, for
the purposes of this paper, we may simply take the

FIG. 4. Vacancy as a perfect regular octahedron of
volume Q. The symmetry preserving back displacement
of the surrounding atoms is indicated in the insert. The
magnitude of this displacement consistent with the assumed
volume 0 is indicated.
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geometry, each of these will be displaced away
from the center of the vacancy by 0.2llr, . (This
distortion does not change the symmetry of the
center; the Jahn-Teller distortion has not yet been
introduced. ) This criterion for determining the
atomic displacement is certainly oversimplified,
but it seems to be the most plausible first approxi-
mation. For Si this calculated back displacement
is 0.25 A, which may be compared with the the-
oretical value for the back displacement at an un-
reconstructed (ill) surface obtained by Appelbaum
and Hamann, ' 0. 33 A, and with the value obtained
by Florio and Robertson ' from a somewhat crude
analysis of low-energy-electron-diffraction data
0. 16 A. (EPR experiments do not determine how

great the back displacement around a vacancy may
be, but it has been concluded that the displacement
is indeed away from the vacancy. ") It can be seen
that the octahedron fits into the lattice well when
centered at the lattice site and can not be displaced
without distortion.

In Fig. 5 we see the octahedral vacancy cavity
with its apexes rounded off. This rounding is ex-
pected to occur when the electron density tails
spilling from the four faces which meet at each
apex interfere [recall Eqs. (4. 3) and (4.4)). As
a result of this rounding off, one may expect the
four atoms at the surface of the cavity to be dis-
placed toward the rounded apexes. A given sur-
face atom could go toward any of the three apexes
for its (ill) plane, but one expects the atoms to
pair off at opposite ends of the cavity in order to
"balance the forces" so that the cavity remains
centered at the lattice site with all (ill) surfaces.
Therefore, one concludes that the intereference
of the electron charge density spilling into the va-
cancy cavity, which has a basically octahedral
shape as a consequence of Eq. (4. 12), should pro-
duce a threefold degenerate distortion of tetragonal
symmetry. This evidently accounts for the tetrag-
onal Jahn-Teller distortion which is observed in
both the positively and the negatively charged state
of the vacancy and is expected to occur in the
neutral state. '6 (The neutral state is not observed
in EPR. )

In Fig. 5 the tetragonal displacement of the two
atoms neighboring the vacancy and lying in the
principal plane is indicated. The two atoms neigh-
boring the vacancy and lying above and below the
principal plane undergo an analogous displace-
ment toward each other. The magnitude of this
tetragonal distortion can be estimated" as 7. 2

+0.5' from measurements of distortion of the
hyperfine tensor. (This is the magnitude indicated
in Fig. 5). On the basis of the simplest micro-
scopic models of the vacancy, one expects the
tetragonal distortion to equal the measured hy-
perfine distortion and to be comparable in magni-

tude for all charge states. However, it should
be noted that the negative charge state has a
trigonal distrotion in addition to the tetragonal dis-
tortion.

Now that we have seen that there is reasonable
agreement between the macroscopic and micro-
scopic pictures of the vacancy centered at a lattice
site, let us consider how the vacancy will migrate
to a neighboring lattice site, say the one that is to
the left of V in the principal plane. The most naive
assumption would be that the atom which is initial-
ly at the final site of the vacancy moves directly
along the [ill j bond axis to the initial site of the
vacancy (see Fig. 6). The mobile atom would then
jump through the vacancy. This is actually a very
unlikely mode of migration for the follow'ing rea-
sons. First, the mobile atom is not on the bond
axis when the migration begins; it is displaced by
the tetragonal Jahn-Teller distortion (see Fig. 5).
Therefore, the bond axis, which by summetry,
should be a line of local maxima or local minima
for the function giving total energy as a function of
mobile atom position, should in fact be a line of
local maxima. Molecular -orbital calculations by
%atkins et al. , support this conclusion. ' Secondly
if the mobile atom were to jump through the va-
cancy, then at the midpoint on the bond axis, it
would be effectively separated from the bulk of the
crystal. One might say that the mobile atom would
be surrounded by the vacuum of the vacancy.
Therefore, the activation enthalpy for this mode
would be comparable with the heat of atomization

TETRAGONAL
JAHN- T ELLER
Ol STORT Ill

FIG. 5. Vacancy as octahedron with apexes rounded.
As the electron density spilling from the various (111)
surfaces interfere near each apex, these are rounded.
This produces an instability and the surrounding atoms
undergo a tetragonal, Jahn-Teller distortion, This dis-
tortion, which occurs for all charge states, has the sym-
metry indicated in the insert and is threefold degenerate.
The magnitude indicated is taken from experiment,
Ref. 15.
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FIG. 6. Mode not taken. Direct motion of the mobile
atom (shown shaded) along a bond axis would require a
~~ =~, or about 4 eV.

hH, in Eq. (4. 6), which is much larger than the
experimental value of either hH (T,} or hH (T„).
We must conclude that the usual mode of vacancy
migration is one in which the mobile atom moves
around, rather than through, the vacancy so that
it is never separated from the region of high elec-
tron density in the bulk of the crystal. One might
describe this by saying that the mobile atom mi-
grates around the macroscopic surface of the va-
cancy. Again, the distinction between metal-like
forces, which depend primarily on local electron
density, and covalent forces, together with the ob-
servation that the former make several times as
great a contribution to the total energy as the lat-
ter, is crucial to our understanding.

Let us now consider the case that the vacancy
migrates without distorting the lattice beyond the
nearest-neighboring atoms. It is clear from Fig.
5 that this can not be accomplished without dis-
torting the vacancy cavity from its equil, ibrium
shape. From a consideration of the geometry of
the Si lattice and from the observation that it is
likely that E~(110) is significantly less than E$100)
[Eq. (4. 16)j, the author has concluded that the

most likely configuration at the saddle point (sub-
ject to the restriction that the rest of the lattice
remain undistorted) is the rhombohedral-dodeca-
hedron illustrated in Fig. 7. This is taken to be
the high-temperature transition state V (T„). If
we assume that the mobile atom lies in the princi-
pal plane and must not approach closer than the
normal bond distance 2x„ then the other neighbor
in the principal plane, that which is paired with

the mobile atom by the tetragonal Jahn-Teller dis-
tortion, must be displaced somewhat to the right
as indicated in Fig. 7. However, it seems likely
that the mobile atom is actually displaced either

above or below the principal plane. This is be-
cause the principal plane intersects the dedehedron
along an edge on the side where the mobile atom is
shown. Thus, the true position of the mobile atom
is probably above or below the plane and further
down toward the center of V than is illustrated in
Fig. 7. Therefore, the displacement of the paired
atom need not be as great as is illustrated. The
other atoms in Fig. 7 are shown at the same posi-
tions that they occupy in Fig. 5, where the vacancy
is centered at a lattice site. The fit seems to be
quite satisfactory and to support the assumption.

Clearly, one should expect there to be a large
number of low-energy distortions ' of the transition
state idealized in Fig. 7 and, perhaps, there are
other transition states of approximately the same
enthalpy. Such considerations are relevant only
to the estimation of 4S and will not be followed
here. The point is that 4S„and the frequency
factor v of Eqs. (l. 'I) to (1.11) may be expected to
be large for this transition state so that it is a
good candidate for V'(T„).

We must now evaluate &H (T„}= dH„. (T„) —&H„
for the assumed V (T„). As per Eq. (4. 13), there
will be two contributions —one from the addition
covalent bonds which must be broken for migration
and one from the metallic forces resulting from
the distortion of the equilibrium shape of the va-

FIG. 7. Migrating vacancy as a regular rhombohedral
dodecahedron [12 (110) surfaces]. The vacancy cavity
with volume 0 is shown. at the midpoint of its migration
between the sites indicated by the dashed squares i and

f. The mobile atom is shown shaded. The four short
sides of the projection of the dodecahedron in the prin-
cipal plane are the edges of rhombi on the surface of the
cavity. The two long sides are diagonals of two other
rhombi. The mobile atom is shown in the principal plane
for simplicity. However, as it would bear against one
of the edges joining surface planes if it were in the prin-
cipal plane, it is almost certainly displaced above or be-
low that plane. Thus the displacement of the paired atom
need not be as great as is illustrated here.
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=3E'(T„)+f(T„)d,H„. (4. 1V}

Now E'(T) decreases slowly with rising T and at
the melting point

3E (Si, T ) =0.46 eV,

3E'(Ge, T ) = 0. 24 eV.
(4. 18)

(At T = 0, 3E" would amount to 0. 57 and 0. 33 eV,
respectively. )

It is not possible to derive a precise value for
the factor f(T„) in Eq. (4. 17) because Eq. (4. 16)
merely sets a lower bound. However, we may cal-
culate this lower bound in a straightforward man-

ner. Denoting the surface area of the regular
rhombohedral-dodecahedron with volume A, i.e. ,
V'(T„), as A, z and that of the regular octahedron,
i.e. , V, as A8, one finds

A8 = 1.1826A„, Aq2 = 1.1053A„, (4. 19)

where A„=4m ~ is the surface area of the %igner-
Seitz sphere. Therefore, from Eq. (4. 16}, one

finds

f(T„)«0. 145 . (4. 20}

Using the values of ~H„obtained from observation
of the surface energy of the metallic liquid phase,
which yield values for 40„ in good agreement with

experiment~ '34'7

cancy cavity. As was noted in Fig. 2, the mini-
mum number of bonds which must be broken is two.
It seems that the simple mode illustrated in Fig.
7 will break three bonds. Consequently, we have

dH. (T„)=3E'(T„)+rH„",(T„)—~H„

~II.(V, ) '2E'(V = 0)

and at Eq. (1.29) that

f(T„}~H„» E'»f e .

(4. 25)

(4. 26)

From Eq. (4. 26) it is clear that the enthalpy of the
state V'(T„), which is illustrated in Fig. 7, can
be reduced by distortion of the lattice. A precise
specification of ihe transition state of lowest
enthalpy V (T,) is probably beyond the scope of the
present macroscopic model because it likely in-
volves a complicated distortion of the lattice for
several rings about the vacancy. However, it
seems clear that the minimum enthalpy distortion
should have an enthalpy only a few k'8 greater than
the minimum ~II„+2E' imposed by the counting
of broken bonds. Thus we calculate

which is in excellent agreement with the experi-
mental values 1.2 + 0. 3 eV and 1.0 + 0. 2 eV, re-
spectively.

It seems reasonable that f(T„) could have a, value

as large as that assumed in Eq. (4. 23). Indeed,
it would be strange if Si and Ge both just happened
to have the minimum anisotropy of their surface
energy consistent with their octahedral equilibrium
shapes. The value assumed in Eq. (4. 23) is sup-
ported by observation of the relative dissolution
rate in aqueous etching solutions, where the (110)
surface of Ge dissolves about 1.44 times as fast
as the (ill) surface. ~~'3 Phillips has obtained"
similar values for both Si and Ge from analysis of
the vacancy concentrations associated with the sur-
face reconstruction observed on these faces.

Returning to the problem of rH (T,), we reca, ll
that it was noted at Eq. (l. 28) that experimentally

&H„(Si)=2. 15 eV,

~a"„(Ge)=1.85 ev,
(4. 21) &H(Si, T, ) ~ 2E {Si,T = 0) = 0. 37 eV,

&H(Ge, T, ) -2E'(Ge, T = 0) = 0. 22 eV . (4. 2V)

~H. (SI, T„)=O. 77 ev

bH (Ge, T„) 0. 51 eV.
(4. 22)

In order to account for the observed values of
&H (T„), it is necessary to assume that f(T„) is
larger than the minimum value consistent with the

octahedral shape [Eq. (4. 20}]. If one takes

f(T„) =o.4o, (4. 23)

which corresponds to assuming E~ (110)= 1.5

E~(lll) instead of Eg. (4. 16), and maintaining the
assumption that the saddle point shape is the
rhombohedral dodecahedron, then one calculates,
for T„=V'~,

one finds f(T„)EH„(T„)«0. 31 and 0. 27 eV for Si
and Ge, respectively. Therefore, we may conclude The entropy of the state V'(T, ) should be low

because a complicated correlation of many atoms
is required to achieve this minimum. If the third
law of thermodynamics may be invoked, the state
V (T,) should be a singlet with zero entropy.
Moreover, the frequency factor in Eqs. (1.7) to
(1.11) for the transition to V'(T, ) should clearly be
much less than vD because a time of several pho-
non periods will be required to minimize the en-
thaply. For the values of Do for Ge used in Eq.
(1.21) (the "theory" curve in Fig. 1}, one may
assume

v(T, ) =3.5x10 ~ v, b8 (T,) = —nS„= —4P, (4. 28)

while at high temperatures for the simple migra-
tion process (Fig. '7),

d.H {Si,T„)=l. 32 eV,

dH (Ge, T„)= 0. 98 eV,
(4. 24)

v(T„) = vD, AS (T„)= 7. 6 k . (4. 28)

Now the slight discrepancy between Eqs. (4. 25)
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and (4. 27) might be due to some relaxation which
reduces the energy of the broken covalent bond to
a few ke below E (T =0) or it might result from
experimental or theoretical error. But it might
also indicate that v(T, ) is in fact decreasing with
increasing temperature. This possibility was
mentioned in Sec. I, where it was noted that it
would help greatly to reconcile low temperature
estimates of Do with high-temperature measure-
ments. Note that if v is a function of T, then there
is a semantic problem regarding the definition of
O.H; the definition (l. 5) is not simply proportion-
al to the slope of log»D„(T) vs T. In order to
reconcile exactly the theoretical estimate 40 (Si,
T, ) =0. 37 eV with the Watkins empirical estimate~5
&H (Si, T, ) = 0. 33 eV, one must assume that v(T, )
decreases by a factor of 2. 0 between 140 and
180 'K. Such an effect is plausible in the present
model because several steps may be required for
the transition to the V'(T, ) state and it is possible
that the probability of these intermediate states is
not independent of the occupancy of other states.
Thus, if the transition is not a Markov process,
it may be damped by thermal excitation of phonons,
etc.
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APPENDIX A: THEORY OF EQUILIBRIUM SHAPES

F=+A(ijk) F~(ij k), (A3)

where A(ijk) is the area of the (ij k) surface of the
polyhedron and the summation extends over all its
surfaces. The volume V of this polyhedron is
found by adding contributions from pyramids of
base A(ij k) and height r(ijk) to be

When considering variations of the shape of the
material, it is convenient to t;reat the areas of the
various surface planes, the A(ij k)'s, as the inde-
pendent variables. At this point, we shall consider
variations which change the given A(ijk)'s but do
not add new surfaces. In order to express dV in
terms of dA(ijk), we differentiate (A3)

3dV=Q [r(ijk) dA(ijk)+A(ijk) dr(ijk)]

and also find by geometrical construction

Wulff's theorem is completely general and cor-
rect but his proof of it was not. Several authors,
including those of Refs. 33, 38, and 39 have since
given correct proofs. The most general of these
is that given by Herring. However, the proof
given by Liebmann, which shows only that the
Wulff construction minimizes F among all convex
polyhedrons, will be reviewed here because it lends
itself more easily to the analysis of the octahedral
equilibrium shape of Si and Ge.

For a given convex polyhedron, we may write

As early as 1878 it was realized by Gibbs that
the thermodynamically stable shape for a given
volume {quantity} of material is that which mini-
mizes the integral of the surface tension, i. e. , the

surface free energy per unit area F~(ij A. ), over the

surface,

r Fz (ij k) dA =—F = min . (Ai)

If F~(ijk) is constant, then the equilibrium shape is
a sphere. If the observed equilibrium shape is
not a, sphere, then Fs(ijk) can not be constant.

In 1901, Wulff proposed that the true equilibrium
shape may be found as follows. Starting from a
fixed point 0, one constructs a spherical plot of
Fz(ijk). Thus, one constructs a closed surface
about 0 such that in every direction (ijk) from 0, the
surface is a distance r(ijk) proportional to Fs(ijk)
away. One then constructs planes perpendicular
to the radius vector from 0 at each point of this
surface. The volume interior to all these planes
has the equilibrium shape appropriate to F~(ijk).
(see Fig. 8).

FIG. 8. Schematic illustration oi the Wulff construc-
tion of the equilibrium shape. Adapted from Herring,
Ref. 33.
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dV = +A(ijk) dr(ijk),

so that

2d V = Z r (ij k ) dA (ijk) . (A4)

Because the surface of the material is closed,
the sum of the projections onto any axis of an out-
ward normal vector from each surface proportion-
al to the surface area must be zero. Taking the
usual x, y, and z coordinate axes and directional
cosines of the (ijk) surfaces, cos a,(ij k), etc. , one
has

ZA(ijk) cosa, (ijk) = 0,

EA(ijk) cosa„(ijk) = 0,

ZA(ijk) cosn, (ijk) = 0 .

(A5)

We may now solve the problem of minimizing
I' for a convex polyhedron having the given set of
surfaces subject to the three constraints of (As)
plus one that V be constant by the well known

method of Lagrangian multipliers

@ATE —2dp+&„cosa„ijk dA ijk

+&, cosa, ijk dA ijk

+X, cosa, ijk)dA ijk =0 (A6)

+~, cosa, (ijk) +~,cosa, (ijk) =0.

Now consider the plane defined by

x coso.„(ijk)+y cosn, (ijk)

+z cosa, (ijk) —r{ijk) =0,

(A7)

for which the directional cosines of the normal
vector are indeed n„(ijk), o,,(ijk}, and u, {ijk}. The
distance from this plane to the point x=X„, y =~, ,
~ = &, is simply

R(ijk) =r{ijk) —&, cosa„(ijk)

Upon substitution from (A4) and with dF =

/FAN(ij

k}
dA(ijk), one may separate the terms of the sum-
mation into factors of each dA(ij k),

XFz (ijk) —r(ijk) + &„cosa„(ijk )

lxl+ lyl+ lzl const -=2"'F.(»1). (A10)

Thus, we have taken X=1 and R(111)=F~(111).
Therefore, the equations of the cube and of the
rhombohedral dodecahedron are

of the given po'.yhedron and this is the point about
which the Wulff method, with Eq. (A9), constructs
the equilibrium shape. However, it may occur
that certain planes do not appear on the equilibrium
shape at all, i. e. , A(ijk) =0 for some (ijk}. This
is certainly the case for Si and Ge, for which only
(111) surfaces appear. Therefore, one must con-
sider which faces may have nonzero area on the
equilibrium surface, i.e. , for which set of sur-
faces for the given polyhedron will the minimum
free energy be obtained? Qne may show that the
Wulff construction gives answers to this question
correctly by selecting first the set of (ijk)'s for
which F~(ijk) is minimum. These surfaces must
certainly appear on the equilibrium shape. One
constructs a closed surface from these planes
which, according to (A9) must be regular in order
that I' be a minimum for this set of planes. For
the set of (111)planes, one obtains the regular
octahedron; for the set of (110) planes, one ob-
tains the rhombehedral dedecahedron; for the set
of {100)planes, one obtains the cube. Having
constructed the regular solid for the minimum
F~(ijk), one may consider the set of (i j'k') planes
corresponding to the second smallest values of
I ~(i'j'k') and ask if, in the Wulff construction,
the corresponding planes intersect this regular
solid. If they do, then one may add the set of
{ij k ) planes to the {ijk) set and follow through the
minimization process to (A9). Obviously, the
A(i'j'k ')'s will be nonzero as indicated by the Wulff
construction. Qne may then proceed to the next
smallest set F~(i"j k') and so forth. When it
occurs that the set of (i'j k ) planes drawn accord-
ing to the Wulff construction do not interest the
previously optimized solid, we clearly have the
situation that I'~{ij k') is too large for A(i'j k ) to
be nonzero on the equilibrium shape.

This concludes the review of I.iebmann's proof3'
of Wulff's theorem. '

The author has not been able to find the example
of octahedral equilibrium shape explicitly analyzed
and Eq. (4. 12) derived anywhere in the literature.
Therefore, that will be done here.

The equation of the regular octahedron is

—&, cos n, (ijk) —~, cos n, (ijk),

which by (A7) is

R(ijk) = XFs(ij k)

(As)

(Ae)

lxl =F, (1OO), y=z=O,

etc. , and

lyl =2"'F,(11o), =o

(A11)

Qbviously, the point 0 = (~„, &„~,) is the same
for all surface planes which appear on the surface

etc. Finally, the condition that the cube face just
touch the apex of the octahedron is
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Fs (100) = 3'~' E~ (111) (A13)

and that the face of the dodecahedron just touch the
apex of the octahedron is

2~~ F (110)=3 ~ F (111) . (A14)

It follows from the fact that only (ill) surfaces ap-
pear on the equilibrium shape of Si and Ge that

E (100) v 3 E (111),

E~ (110)~ v'l. 5 Fq(ill) .
(A15)

S~(100)= 3'i S~(1'll),

S~(110)= (1.5)'~ Ss(ill),
(AI6)

so that the distinction between I'~ and Es is less
important than one might otherwise think.

APPENDIX B: DISTINCTION BETWEEN VACANCY

MIGRATION IN COVALENT SOLIDS AND IN METALLIC OR
IONIC SOLIDS

This is equivalent to Eq. (4. 12) where, as in this
paper, the relevant temperature is sufficiently low
that we may neglect the distinction between E~(ijk)
and E,(ijk}. In view of Eq. (4. 15}, it appears like-
ly that the surface entropy per unit area Sz(ijk) is
anisotropic to approximately the same extent as
the broken bond energy

scribe the static lattice, can not be appropriate to
describe atomic or vacancy migration in covalent
solids. Thus, one must resort to some other model
such as the bubble or macroscopic cavity model
used here, to describe vacancy migration in a
covalent solid.

In metals and in ionic solids, there is evidence
for only one transition state and &H seems to de-
crease somewhat with rising temperatures due to
the effects of anharmonicity. 3' ' Put simply,
atomic migration becomes easier as the lattice
lossens up. This is because the thermal expan-
sion of the lattice and the softening of its vibra-
tional modes will affect a decrease in 4H„. rela-
tive to ~H~, i.e. , the transition state benefits
more than the state at the lattice site. Therefore,
~H =- ~H~. —~H~ decreases. This effect is
particularly striking in AgBr and other super-
ionic-conductors, ' where ~H falls to a very
low value at some critical temperature.

As is well known, there is a direct relation be-
tween the coefficient of (linear) thermal expansion
e and the anharmonic component of the inter-
atomic forces. The hard sphere model implies
an asymmetric minimum in the potential as a func-
tion of nearest-neighbor distance. Therefore,

Some readers may wonder why the temperature
dependence of ~H, and indeed the entire nature
of vacancy migration, in covalent solids like Si
and Ge is so dramatically different from that ob-
served in metals and in ionic solids, such as the
alkali halides or AgBr. It is hoped these few
qualitative observations will be useful to such
readers.

The primary reasons that the nature of vacancy
migration is so different in the covalent solids
from that in ionic solids or metals are that the
nature of the interatomic forces and of the crystal
structure are quite different in the two cases. The
structures of metals and of ionic solids are, in
general, nearly close packed and the interatomic
forces are almost entirely central in nature. The
hard sphere model of atoms is usually adequate to
describe most properties of such noncovalent
solids. In particular, it is probably adequate to
describe atomic or vacancy migration in such
solids, as Vineyard and Rice have done. ' ' How-
ever, covalent structures, such as that of Si or
Ge, are notoriously non-close-packed and the co-
valent interatomic forces are by definition, non-
central. Strong bond-bending force constants are
required to stabilize a diamond-type lattice against
shear. Therefore, it should be obvious that a hard
sphere model of atoms, which utterly fails to de-

12—
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FIG. 9. Relative magnitudes of the anharmonic corn
ponents in the interatomic forces of various classes of
solids are evidenced by the reduced coefficients of linear
expansion o{T/T ) = AT . T is the melting temperature:
T {Si)= 1685 'K; T {Al) = 933 'K; T {AgBr) = 705 'K. The
points shown are experimental {Refs. 100-102).
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solids which may be described by the hard sphere
model must have a large anharmonic component in
their interatomic forces and large values of n.
Because covalent bonding results from the con-
structive interference between the atomic wave
function on neighboring atoms, the anharmonic
component and thus, the values of n should be
much less in covalent solids than in those which

may be described with a hard sphere model.
This point is illustrated in Fig. 9, where the

reduced coefficients of thermal expansion n„= TF

n(T) where T is the melting point, is plotted as
a function of reduced temperature T/T, for an
ionic solid' AgBr, a typical metal' ' Al, and for
Si.' As may be seen, a„ is everywhere positive
in AgBr and Al and one to two orders of magnitude
larger than in Si. The softening of the AgBr lat-
tice above about 500 'K is noted. In Si, n(T) (0
for T & 130 'K with a. minimum of —4. 6x10 '/'K at
80 'K; at higher temperatures &(T) saturates at
+4. 1x10 6/'K a little above the Debye tempera-

ture and does not continue to rise. This be-
havior of u(T) is typical of all tetrahedrally co-
ordinated semiconductors. ' Indeed, if similar
data for Zno, one of the most ionic compounds104 105

to occur in a tetrahedral structure, were to be
plotted in Fig. 9, the two curves could not be dis-
tinguished on that scale.

From these considerations and from Fig. 9, we
should conclude that the anharmonic effects, which
would be expected to produce a decrease in ~H
for both transition states, are much less in Si and
Ge than in metals or ionic solids and may be ne-
glected at this stage in the refinement of a theory
for atomic migration in covalent solids. More-
over, the hard-sphere model of atoms, which may
lead to an adequate understanding of migration in
metals and ionic solids, is certainly unjustified
here. We have no reason to expect that experience
with migration in metals and rock salt structure
solids will be any guide to the problems of atomic
migration in tetrahedral semiconductors.
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