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The electrical, optical, and magnetic properties of semi-
conductors are controlled by the defects and impurities they
contain.!'*l Device manufacturing requires placing specific
impurities at specific sites in the crystal while avoiding their
diffusion and preventing unwanted contamination. But device
processing includes annealing steps, and defects can diffuse
within the annealing time. Many defects have a donor and/or
acceptor level in the forbidden energy gap, and their
diffusivity depends on their charge state, in other words, on
the Fermi level or the exposure to photons at or above the
bandgap energy. A defect-related gap level may also shift
from the gap into a band (or vice versa) during a diffusion
step, which can lead to a change in the charge state of the
defect.

Herein we focus on the simple issue of defect diffusion by
thermally stimulated “over-the-barrier” hopping. We com-
pare the activation energies (E,) obtained with the same
supercell, pseudopotentials, basis set, and k-point sampling,
but different exchange-correlation functionals (E,.). The
charge and spin are fixed in each calculation.

In harmonic transition-state theory, the diffusivity of a
defect is given by D(T)= Dyexp{—E,/ks T} [cm?s™'], where
the prefactor D, contains the attempt frequency,” E, is the
total energy difference between the saddle point and the
minimum of the potential-energy surface, and kg is the
Boltzmann constant.

Experimentally determined Arrhenius plots (logD vs. 1/
T) are often very close to a straight line. A fit produces E,
(negative of the slope) and D, (y-intercept for T-'—0). For
defects in semiconductors, the almost perfectly constant slope
of Arrhenius plots over wide ranges of temperatures®®
justifies the assumption that the temperature dependence of
the vibrational frequencies, which enter in the prefactor D,
can be safely ignored.
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Ab initio molecular dynamics (MD) simulations of D(T)
require very long simulation times.”! Direct calculations of
activation energies are much faster, but they require the
knowledge of the diffusion path and saddle point. In any case,
the errors associated with local and semilocal exchange-
correlation functionals in density functional theory (DFT) are
different at minima and saddle-point configurations as the
Kohn-Sham orbitals are differently extended,'” sometimes
leading to underestimations of E,.

In order to quantify these arguments, we performed
nudged elastic band (NEB)!''""3 calculations with various E,
functionals. In the Kohn-Sham formulation of DFT, the
(electronic) many-body problem is mapped exactly onto a
single-particle Hamiltonian. All many-body effects are sub-
sumed into an exchange-correlation potential. Were this
functional known exactly, the solution of the single-particle
equations would yield the exact ground-state electron density
n of the many-body system. But the exact E,[n] (and V,[n] =
OE,./0n) is not known. Useful approximations to it have been
proposed over the years.

The local density approximation (LDA)! is derived from
the E,. of a homogeneous electron gas. It reproduces
satisfactorily the basic geometric properties of bulk structures
with a few percent error margins.'”! However, it is not
uncommon to find errors of the order of 20 % for the cohesive
energies of solids while the adsorption energies of molecules
at surfaces can only be determined with limited accuracy.['*!”!

Functionals based on the generalized gradient approx-
imation (GGA) partially correct for these flaws!'>'7 since
they account for changes in the electronic density in a
semilocal fashion. The most prominent one, the Perdew—
Burke-Ernzerhof (PBE) functional,'® is derived from first
principles. All the parameters are basically fundamental
constants, but some flexibility remains in the formulation of
the exchange part. The “simplest conceivable dimensionally
consistent expression” was selected for the exchange en-
hancement factor, previously derived by Becke." The
parameter k was chosen such that the exchange interaction
complies with the local Lieb-Oxford inequality, which
ensures that the integrated Lieb—Oxford condition®! is
fulfilled.

Zhang and Yang®! pointed out that the local Lieb-Oxford
inequality is a sufficient but not a necessary condition for the
fulfillment of the integrated Lieb—Oxford condition. They
proposed a revised PBE functional (revPBE), which is not
based on the local Lieb—Oxford inequality. The parameter « is
such that the total energies computed by optimized exchange
potential simulations® for isolated atoms are reproduced.
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The revPBE functional still fulfills the integrated Lieb—
Oxford condition, albeit not by construction.

The RPBE functional™ uses a slightly different func-
tional form for the exchange enhancement factor but is in all
other respects identical to the revPBE functional. Both
revPBE and RPBE typically yield significantly better atom-
ization and adsorption energies for molecules than PBE
does,'*!7 in particular in systems that include oxygen (a
review of electronic structures methods is given in Ref. [23]).

We study here the impact of E,. on the activation energies
of two types of defects in Si. Atomic-like impurities exhibit
little covalent overlap with the host crystal and induce very
small distortions: tetrahedral interstitial hydrogen (H;° or
H;"), interstitial iron (Fe;" or Fe’), or nickel (Ni,’). Strongly
bound impurities interact covalently with the host crystal,
which often undergoes substantial distortions: bond-centered
hydrogen (Hy" or Hg'), interstitial oxygen (O,"), or Si itself
(self-diffusion).

The diffusion paths and saddle points are obtained with
the NEB method for each charge state of each defect and for
each E,. When several paths are a priori possible, the NEB
calculations are repeated with intermediate configurations in
different crystallographic planes. In all examples considered
here, these calculations converged toward the same mini-
mum-energy path.

Our electronic structure and ab initio molecular dynamics
simulations® employ the STESTA code.™*! The host crystal
is represented by a 64 host-atom periodic supercell. This
relatively small cell size was chosen because the NEB!'!-I
calculations require substantial computer time. The lattice
constant a; of the perfect cell is optimized in each charge state
and for each E,.. For example, in the neutral charge state, the
lattice constants are 5.383647 A (LDA), 5.465318 A (PBE),
5491275 A (revPBE), and 5.499234 A (RPBE). Note that
supercells with a poorly optimized lattice constant have
residual strain which causes poor convergence of NEB
calculations. The defect geometries are optimized with a
conjugate gradient algorithm wuntil the maximum force
component is smaller than 0.005eVA~". A 2x2x2 Monk-
horst-Pack® mesh is used to sample the Brillouin zone. The
electronic core regions are described with (optimized®!) ab
initio pseudopotentials,***”! recompiled for each V..

The valence regions are treated with first-principles (spin)
DFT within LDA,P"* PBE,""® revPBE,”” and RPBE.""! The
basis sets for the valence states are linear combinations of
numerical atomic orbitals:** double-zeta sets for elements
in the first and second row of the periodic table, plus
polarizations functions for Si. The basis sets for Fe has two
sets of valence s and d functions, and one set of p functions.
These basis sets have been shown to be reliable when
calculating many properties of defects.>¥! The charge
density is projected on a real-space grid with an equivalent
cutoff of 350 Ryd to calculate the exchange-correlation and
Hartree potentials.

Our implementation of the NEB method uses the climb-
ing image method!" for finding the saddle points. Local
tangents are estimated using the improved-tangent formal-
ism.'”! The springs connecting the images have a spring
constant of 0.1 eV A~'. The number of images is determined
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in part by the length of the diffusion path, in part by the
number of initial intermediate configurations needed, and in
part by experience. Some of the calculations require only 7
images, but 15 are used for Si self-diffusion. The converged
diffusion path is the one for which the maximum force
component perpendicular to the path at each image is less
than 0.04 eVA~".

As impurities, atomic-like interstitials exhibit little cova-
lent overlap with the host crystal, as shown by very small
overlap populations® between H’, H;~, Fe;*, Fe, or Ni;’
and the host crystal. Only small relaxations (of the order of
0.1 A) of the Si nearest neighbors (NNs) occur. All the
impurities in this section are stable at the tetrahedral
interstitial (T) site and diffuse along a straight line from one
T site to the next with the saddle point at the hexagonal
interstitial site.

The stable states of hydrogen in Si are Hy" (in p-Si) and
H;~ (in n-Si).""! The neutral impurities H;’ and Hg." are
metastable.”!! The activation energy for diffusion of H; is not
known experimentally. The present calculations produce the
very small value of 0.18 eV. However, H has three vibrational
modes at the T site (of the order of 800 cm™") but only two at
the saddle point. If one includes the difference in the zero-
point energies between the minimum and saddle-point
configurations (~ 0.1 eV), the actual barrier drops to about
0.08 eV.P? Two experimental studies***!! in the range 65 K to
room temperature support such a small value.

The fit of the diffusivity of Dy~ in P-doped Si in the narrow
range 300 to 320 K produced E,=0.7eV,*! substantially
higher than the value we calculate (Table 1). This could be

Table 1: Calculated and experimental activation energies E, [eV] for
atomic-like interstitial impurities in Si.

Impurity LDA PBE revPBE RPBE Experiment
H,° 0.16 0.17 0.18 0.18 see text!**4
Hy™ 0.37 0.41 0.43 0.43 0.7

Fe 0.82 0.71 0.74 0.69 0.69!4-471
Fe? 0.88 0.85 0.83 0.86 0.8414447
Ni? 0.27 0.23 0.21 0.21 see text!*®#

due to an unexpected problem with the calculation. It is also
possible that these experiments involve trap-limited (rather
than free) diffusion, as D~ hops from P* to P* impurities in
the Schottky diodes. The 0.7 eV would then be the dissoci-
ation energy of the {D P*} pair rather than the activation
energy for diffusion of Dy~ in impurity-free Si.

Fe is a very common impurity in Si and its properties have
been the subject of extensive reviews.*!! It has a deep donor
level in the gap, and is therefore Fe;" in p-Si and Fe;” in n-Si,
with spin °5 and 1, respectively. The E, is charge-state
dependent®™ 1 and the accepted values* match best the
ones at the RPBE level, but PBE and revPBE predict similar
values.

The donor (acceptor) level of Ni; is predicted™! to be just
below the top (above the bottom) of the valence (conduction)
band, at both the LDA and GGA levels. Thus, Nj; is predicted
to be in the zero charge state for all positions of the Fermi
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level. Its E, is tricky to measure, and the published exper-
imental values vary from 0.13 to 4.24eV!™ Our RPBE
prediction, 0.21 eV, is only slightly higher than for that for
Cu;t, 0.18 eV, which matches the experimental value.[*!

The E, values of atomic-like impurities are rather well
described even at the LDA level. The worst LDA values occur
for Fe;, which is only approximately “atomic-like” since it
exhibits more covalent overlap with the host crystal than the
other impurities considered in this section. The difference
between the LDA and RPBE results is typically less than
0.1eV.

Strongly bound impurities overlap considerably with the
host crystal, which itself is often distorted even at the
minimum of the potential surface. For example, bond-
centered-type interstitials involve Si NN displacements of
0.5 to 0.7 A while substitutional impurities exhibit strong
covalent overlap with their Si NNs. The distortions are more
severe at the saddle point, which also involves unusual
coordination numbers. The NEB calculations require the use
at least one intermediate configuration. For all the defects
considered here, the NEB calculations with different initial
intermediate configurations converge toward the same path.

The diffusion of Hy" in Si has been studied since 1956,
although the nature of the diffusing species was not recog-
nized at that time. These data produced E,=0.48 eV. They
were taken not far from the melting point of Si. At lower
temperatures,® the trapping of H at impurities complicates
the measurements, but EPR data at 80 K have confirmed that
a single jump also occurs with the activation energy of
0.48 e V. The activation energy of the metastable Hg' is not
known experimentally. We find it to be lower than that of
Hg", as the extra electron helps stabilize the saddle-point
configuration.

The case of O is of special interest because of the
considerable strength of the Si—O bond. The parameteriza-
tion of the RPBE functional itself was designed in part to
better describe the adsorption of O on various surfaces.'"” O;
is at a slightly puckered bond-centered site, strongly bound to
two Si neighbors. The experimental E, is close to 2.5 e V.
Numerous authors have predicted a wide range of E, values®™!
obtained at various levels of theory. A careful attempt to
identify the saddle point from first principles at the LDA
level® yielded the activation energy of 1.6 eV, close to the
LDA value in Table 2. These calculations®! were done in a 32
Si-atom supercell with a single k point and geometries
optimized to a maximum force component of 0.5 eV A~

The substantial discrepancy between the LDA result and
the experimental activation energy is largely—but not fully—
corrected with the RPBE functional. The initial, saddle-point,

Table 2: Calculated and experimental activation energies [eV] for strongly
bound impurities in Si.

Impurity LDA PBE revPBE RPBE Experiment
Hgc " 0.22 0.39 0.45 0.47 0.48643¢)
Hgc® 019 031 035 0.38 -

o’ 1.79 2.01 2.12 2.18 2.44-2.567)
Si° 4.31 4.49 4.56 4.58 4,565
self-diffusion
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and final configurations for the diffusion of O’ are shown in
Figure 1 and the potential energy surface in Figure 2.

In the case of Si’ self-diffusion, two adjacent Si atoms
exchange position. NEB calculations with initial intermediate
configurations with (110) or (100) symmetry converged
toward the same path and saddle point, where the two Si
atoms are oriented along a (110) direction (Figure 3).

Figure 1. Initial (left), saddle-point (middle), and final (right) configu-
rations for the diffusion of O°.
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Figure 2. Potential-energy surface for the diffusion of O° obtained with
the RPBE functional along a generalized coordinate g. The dots show
the images used in the NEB calculations.

Figure 3. Initial or final (left or right), and saddle-point (middle)
configurations for self-diffusion of Si®. At the saddle point, the two Si
atoms switching position are oriented along a < 110> direction.

The self-diffusion experiments®™ involved Si layers of
highly enriched *Si separated by layers of natural abundance
Si ("Si). The diffusion of various impurities present in the
sample, including Si isotopes, was monitored by secondary-
ion mass spectrometry following anneals at various temper-
atures. The experimental E, for self-diffusion, 4.56 eV, is
closely reproduced by both the revPBE and RPBE calcu-
lations (Figure 4).

The prediction of the activation energy for diffusion of a
defect in covalent materials such as Si requires knowing the
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Figure 4. Potential-energy surface for the self-diffusion in Si obtained
with the RPBE functional along a generalized coordinate . The dots
show the images used in the NEB calculations.

migration path and calculating the total energies at the
minimum as well as saddle-point configurations with the same
level of accuracy. In the examples considered, the paths
calculated with various E, values are almost indistinguishable
from each other. However, the theoretical errors in the total
energies are different at the minimum and saddle point,
leading to variations in E, with E,..

The results show that the GGA functionals are superior to
the LDA one for the description of the diffusion process.
RPBE systematically provides the most (and LDA the least)
accurate activation energies. However, all the GGA func-
tionals give comparable results, as expected since the differ-
ences between PBE, revPBE, and RPBE are subtle.

The errors depend on how much the covalent bonds at the
saddle point are strained, on the bond strengths, and on how
far the saddle-point configuration is from a chemical equilib-
rium. The examples selected here illustrate that the activation
energies of atomic-like interstitials vary little (~0.06 eV)
with E,, but those of strongly bound impurities are much
more sensitive to it (0.3-0.5 eV). The accuracy problem arises
when strong bonds are cut and new ones formed. Then neither
LDA nor GGA functionals are guaranteed to give a reliable
description.

Note that many diffusion experiments are performed at
high temperatures while our NEB calculations are done at
0 K. However, the thermal expansion coefficient of Si is very
small. For example, g, increases from 5.430 to 5.445 A in the
range 0 to 740°C.I”) This small change does not affect the
calculated activation energies and is consistent with the
almost perfectly constant slope of Arrhenius plots over wide
ranges of temperatures.
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