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We propose an accurate method to compute finite-temperature
properties of defects in semiconductors by combining quasiharmonic
lattice dynamics with state-of-art electronic structure calcula_
tions. We present a preliminary application of our scheme to the
study of thermal.Fropertles of the doubly positively charged lat_
tice vacancy (V in silicon. By using an 8-atom supercell we
find an entropy of formatlon of about 3 k, at constant lattice pa
rameter. Our analysis of phonon modes around the vacancy suggests_
a very low barrier along the split-vacancy migration path.

I. INTRODUCTION

Formation and migration energies of intxinsic defects in semi_
conductors play a crucial role in understanding important process_
es like atomic diffusion. Since it is difficult to obtain direct
information on defect energetics from experiment, there has been
recently large interest in the numerical evaluation of defect to_
tal energies using reliable first-principle approachesl. Such
calculations have been limited to the study of T=0 properties,
whereas atomic diffusion is mostly relevant at high temperature.
We propose a scheme which allows to extend such calculations at
finite temperature. It combines quasiharmonic (QH) Lattice Dyna_

mics, extensively tested for Lennard-Jones systems2

, with electro_
nic structure calculations in the Local Density Approximation
(LDA)3. We note that a fully anharmonic molecular dynamics study,
also possib1e4, may become a valid alternative to the scheme pro_
posed here only if refined subtraction techniques are introduced:
otherwise point defect properties, contributing only terms 1/N to
total crystal properties, are buried in the statistical noises.
II. METHOD

In the harmonic approximation the Helmholtz free energy of an

N-atom system 1is given by:

F =Ey+1/2% hv, + kgTE 1n [ 1 - exp(-hv /kgT) 1 (1)
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where Eqy and v, are the total energy and the phonon frequencies,
respectively. Other thermodynamic quantities can be obtained from
standard derivations. In the QH approximation anharmonicity is

partially incorporated into eq.l through the volume dependence of

5

EO and Vi

. The free energy of formation of a lattice vacancy is:
f = Fvac(vllT) = [(N'l)/N] Fb\llk(VZ'T) (2)

Here V, equals Vhuik (P:T), the bulk equilibrium volume at p,T ;
depending on the choice of thermodynamic conditions we can choose
Vl equal to V2 (constant lattice parameter,CL) or to [ (N-1)/N] V2
(constant atomic volume,CV); with Vi=Vyac(P/T) eq.2 gives the
Gibbs free energy of formation g (constant pressure,CP) at p=0; at

p=0, g can also be roughly estimated from CL results as:

9ep = for * [Pyac (Vo M 12 (av,/ap) (3)

In the present work self-consisent LDA calculations are used to
evaluate Eq. Vo and their volume dependence. We use a small (N=8
atoms) supercell with periodic boundary conditions and evaluate
the free energy of formation at CL. We check CP using eq.3. Larger
supercells are currently uder study6. For the electronic part we
use norm-conserving pseudopotentials7, one Baldereschi point8 and
about 400 plane waves per cell; we add to total energies a volume
dependent correction which balances the lack of completeness6 so
that in the end our bulk modulus and equilibrium lattice constant
are in agreement with converged (T=0) LDA results and thus very

close to experiments3

.To implement eqs.l-3 we need an accurate
evaluation of the dynamical matrix (involving the electronic
structure of many independent ionic configurations) for the bulk
and for the relaxed silicon vacancy at many different volumes.
The large number of electronic calculations needed have been
performed by using the method of Ref.4.

III. BULK SILICON

When replacing an infinite crystal with a periodic box contain

ing N atoms (eight in our case) a discrete spectrum approximates
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the true phonon density of states. To examine this effect we test
the method and our approximations on the bulk thermal expansion
coefficient. The 8-atom supercell allows only bulk phonons at I
and X, so we can directly test (experiment vs. experiment) how
well these phonons alone approximate the full phonon density of

states. In Table I we compare the linear thermal expansion coeffi

cient obtained from experiment9 (first column), from QH formulas
using experimental phonons at I Table I

and X (second column), and from T (K) 1/L(dL/4T) x 107
QH formulas using our theoreti_ 0.01 0.0 0.0 0.0
cal phonons (third column) .Note 50.00 =2.8, 6.2, =54
that the differences between co 100.00 +3.4 =-13.2.-13.0
lumn 2 and 3 are small and due 150.00 +5.3. 7.6, ;6.7
to 'small inaccuracies in our 300.00 25.6 -1l.4.15.3
theoretical phonons and Grinei_ 400.00 * 326.0.:17:2::::2251
sen parameters with respect to 500.00 35.9, 203+ 25,8
experiment. Assuming the validi 600.00 38.6;, 22.3.-:28:1
ty of the QH approximation, it 700.00 39.8: . 23.5 »29.6
appears that the largest error, Si : linear thermal expansion
which shows up in the differen_ coefficient vs. T (see text)

ces between column 1 and the other two, is due to the small box si
ze. However it is apparent from Tab.I that an 8-atom cell gives
results in semiquantitative agreement with experiment.
IV. SILICON VACANCY
In Table II we give results for the Table II

entropy and free energy of formation (s T(K) s/k,, f(evV) g(eV)

and f) of a double-plus vacancy at con- 300 3.35 4.38 4.03
stant lattice parameter. With our small 450 3.25 4.34 3.97
cell this is a convenient choice, since 600 3.14 4.30 3.92
the other two thermodynamic conditions, 900 2.94 4.24 3.81
CV and CP, involve relative volume chan 1200 2.78 4.19 372
ges of order (N-1)/N, which are unreali 1500 2.65 4.14 3.63

stically large with N=8. Thus to estima SiEy™ entropy and free

te g (third column) we use eq.3, based energy of formation vs.T

on results at constant lattice parameter. Above RT the entropy of

formation ranges from 3.4 to 2.7 kB, which is significantly higher
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than what is found for vacancies in metals yet insufficient to gi_
ve a strong temperature dependence to the free energy of forma_
tion; thus our new results at high T are not dramatically diffe_
rent from previous theoretical results at T=Ol. Our entropy is in
good agreement with the valence force model of Lannoo and Allan10

and compatible with Dannefaer'sll

experimental estimate for Vo,
for which a larger entropy than il expected (Jahn-Teller rela_
xation). Comparison with diffusion data is difficult because (1)
we have not calculated the free energy of migration, and (2) the
specific contribution of V't to atomic diffusion is unknown.

From the volume dependence of phonon frequencies (not shown) we
gain additional information: bulk frequencies are well represent_
ed by a linear fit over a wide range of volumes, but some frequen_
cies of the vacancy show a quadratic behavior even for 1-2% volume
changes around the experimental lattice‘constant of bulk Si. In
particular the lowest frequency, corresponding to a split-vacancy
migration coordinate, decreases very rapidly as the volume is de_
creased. The actual existence of a soft mode (i.e., an instabili_
ty under pressure of the Tq relaxed geometry w.r.t. the split-
vacancy geometry for the double-plus state) could be an artifact
of the small cell, yet the finding suggests that the migration
barrier along the split-vacancy coordinate is indeed very small.

In conclusion, the results of the eight-atom model provide a
good test for our method and interesting new suggestions. A syste_
matic study of calculated thermodynamic properties as a function
of supercell size is needed to confirm our findings.
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