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We present a comprehensive investigation of dopant diffusion in silicon under equilibrium and
nonequilibrium concentrations of intrinsic point defects. Using first-principles total-energy calcula-
tions combined with available experimental data, we seek to resolve a series of outstanding contro-
versies regarding the diffusion mechanisms of B, P, As, and Sb in silicon. We find that, under equi-
librium conditions, vacancies and interstitials mediate the diffusion of all dopants with comparable
activation energies, except Sb, for which the interstitial component has a high activation energy.
Under nonequilibrium conditions, e.g., under injection of excess point defects, we derive the
relevant expressions for the activation energy for a variety of possible diffusion mechanisms and in-
jection conditions. Under oxidation, the calculated values are in excellent agreement with the avail-
able experimental data. In addition, theory and experiment suggest that the concerted exchange
mechanism, involving no point defects, plays only a minor role in dopant diffusion.

I. INTRODUCTION

Diffusion of impurity or host atoms through crystalline
solids has been studied extensively for many years.'?
There are two basic types of mechanisms by which substi-
tutional dopant impurities can diffuse. Diffusion can be
mediated either by native point defects, such as vacancies
and self-interstitials, or by an intrinsic mechanism that
occurs spontaneously (i.e., in the absence of defects) in
the bulk. In addition, there have been some suggestions
that “extended defects” may play a role in high-
temperature diffusion processes.” While experimental
and theoretical approaches have considered these atomis-
tic mechanisms of diffusion, most evidence for or against
a particular mechanism has been indirect; for example,
the comparison between an impurity profile measured ex-
perimentally and one derived analytically or numerically.
In recent years, however, both experimental and theoreti-
cal tools have been developed with which diffusion can be
studied from a microscopic, atomistic viewpoint directly.
Despite these advances, there is no general consensus re-
garding the relative contributions of the various mecha-
nisms to impurity diffusion.

It has been observed that a number of surface process-
ing conditions* alter the bulk point-defect concentration
in Si. Oxidation, for example, has been shown to inject
excess self-interstitials, while nitridation of the surface in-
jects excess vacancies.> Although the details of such pro-
cesses are not completely understood, measurement of
dopant diffusion coefficients under equilibrium concentra-
tions of point defects and under oxidation or nitridation
conditions affords the possibility of discriminating be-
tween the mechanisms responsible for dopant diffusion.
However, the theories underlying the interpretation of
such experiments are incomplete, relying for the most
part on assumptions whose validity is uncertain.® For ex-
ample, in oxidation experiments, Antoniadis and
Moskowitz” observed that the P diffusion coefficient is
enhanced with respect to its equilibrium value. They
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concluded that P diffuses via a dual vacancy-interstitial
mechanism, although the microscopics of the interstitial
mechanism were not specified. Also under interstitial in-
jection, Fahey et al® found an identical P diffusion
enhancement. However, under injection of excess vacan-
cies they observed a retardation of the P diffusion
coefficient with respect to its equilibrium value. From
these two experiments, they concluded that P diffusion is
almost exclusively mediated by self-interstitials. No at-
tempt has been made to assess the contribution of any in-
trinsic mechanism in these experiments.

Numerical solution of the coupled system of equations
governing diffusion in Si offers relatively inexpensive and
quick insight into possible mechanisms. However, the
complexity of the relevant equations has made solution of
the full problem unfeasible, and the consequent simplify-
ing assumptions made are often unrealistic.>!° In one
such simulation, the authors concluded that P diffuses ex-
clusively by a vacancy mechanism,!! in conflict with the
nonequilibrium experimental conclusions above.

First-principles calculations have also recently ad-
dressed the problem of impurity diffusion pathways and
mechanisms.'>!* The work of Ref. 12 considered only
the migration of aluminum as an interstitial and did not
address the issue of a vacancy mechanism. The work of
Ref. 13 focused on equilibrium conditions and considered
defect-mediated mechanisms. This work established that
native point defects mediate impurity diffusion with ac-
tivation energies comparable to experimental values, ob-
viating the need for ‘“‘extended defects.” No definitive
conclusion was reached in this work regarding the domi-
nance of one point-defect species over the other, however.
Finally, although thorough first-principles calculations
have demonstrated that a concerted exchange (CE) mech-
anism is energetically comparable to defect mechanisms
for self-diffusion,'* no quantitative support that this
mechanism is relevant for dopant impurity diffusion has
been offered. An excellent overview of the various exper-
iments, simulations, and theoretical calculations probing
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dopant diffusion is given in the review by Fahey et al.'®

We recently published a brief account of an extensive
theoretical study of dopant diffusion mechanisms in Si.'®
In this paper, we give a more extensive and detailed expo-
sition of that work. In particular, we use first-principles
state-of-the-art calculations to investigate vacancy-,
interstitial-, and CE-mediated diffusion pathways of sub-
stitutional B, P, As, and Sb in Si. Activation energies for
equilibrium conditions are calculated and compared to
available experimental work. In addition, we discuss a
systematic framework for impurity diffusion under non-
equilibrium concentrations of point defects. Expressions
for the activation energies of diffusion in terms of theoret-
ically and experimentally available numbers are found
and predictions for the expected form of the diffusion
coefficient are given. Using these results, in conjunction
with available experimental data, we can discriminate be-
tween the different mechanisms. We find that P, As, and
B diffusion have substantial interstitial components, while
Sb diffusion is vacancy dominated. Theoretical results
and experimental data suggest that the CE mechanism
has a limited role in dopant diffusion. In large part, we
confirm the picture advocated by Fahey and co-workers?
with regard to the point-defect mechanisms.

II. METHODOLOGY

Our calculations are based on Hohenberg-Kohn
density-functional theory, the Kohn-Sham local-density
approximation (LDA) for exchange and correlation,!’
and norm-conserving pseudopotentials'® for the electron-
ion interaction. The relevant Schrodinger equation is
solved to obtain the total energy by a momentum-space
formalism!® in a supercell geometry.?’ We describe the
essential aspects of this methodology below. A useful
and more comprehensive discussion can also be found in
a recent review by Pickett.?!

For the electron-electron interactions, density-
functional theory, within the LDA, is utilized. The LDA
consists of the assumption that the exchange and correla-
tion energy at a point r is a function of the electron densi-
ty only at r. The approximation is considered valid for
systems with slowly varying electron densities. In prac-
tice, in semiconductors the LDA has proven remarkably
successful. But it is by now well known that the LDA
predicts conduction-band states and levels derived mostly
from conduction-band states to be too low in energy.
This is the major source of error in the methodology.

The pseudopotentials used in our calculations are gen-
erated according to the Hamann-Schliiter-Chiang
scheme.'® More details concerning the specifics of the Si
potential and results of test calculations carried out for
this potential are given in Ref. 22. For B impurities, we
use a pseudopotential first discussed by Denteneer et
al.®® The cutoff radii of the B pseudopotential were ad-
justed so as to minimize the basis-set size, but still faith-
fully describe the properties of B impurities in Si. The
convergence properties of this pseudopotential are fully
discussed in Ref. 23. For the donor impurities treated
here, P, As, and Sb, we used the pseudopotentials as tab-
ulated by Bachelet, Hamann, and Schliiter.?*
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The solution of the relevant Schrodinger equation in a
supercell geometry has been extensively exploited in
many calculations, including superlattice geometries, de-
fects, and amorphous semiconductors. In the present
work, we follow the methodology of Bar-Yam and Joan-
nopoulos?® for combining density-functional theory and
the pseudopotential approximation in a supercell frame-
work. The supercell approach artificially introduces
periodicity by translating a unit cell, which contains the
defect or impurity, along its three direct-lattice vectors
until all of space is filled. Convergence of the unit-cell
size is achieved when the defects in neighboring cells in-
teract by less than some desired tolerance (as manifested
by the dispersion of the defect levels). Furthermore,
enough neighbors of the impurity are required so as to
obtain accurate relaxations. For example, an impurity
atom at the bond-center (BC) position causes a large dis-
ruption of the crystalline network such that relaxation of
at least two shells of neighbors are important.

The wave functions and potentials are expanded in a
plane-wave basis. Convergence of the basis-set size was
extensively and thoroughly tested. Plots of the total-
energy difference between As impurities in two different
sites in the crystal are shown in Fig. 1. Figure 1(a) shows
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FIG. 1. Convergence of the total-energy differences in an 8-
atom supercell as a function of the basis-set cutoff energy. (a)
Total-energy difference between As at the 7 and H sites. (b)
Total-energy difference between As at the BC and T sites.
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the total-energy difference between a neutral As atom at
the high-symmetry tetrahedral (7) and hexagonal (H)
sites as a function of the energy cutoff. The calculations
were performed in an 8-atom supercell, which is sufficient
for basis-set—convergence studies. The abscissa is the ki-
netic energy E of the plane waves used in diagonalizing
the Hamiltonian. The points plotted are for the highest-
energy plane waves included in any basis set; plane waves
from O to E/2 are utilized in the exact diagonalization
process, while those between E /2 and E are treated in
second-order Lowdin perturbation theory.?> We intro-
duce the notation (E;E,) to indicate the two energy
cutoffs. From Fig. 1(a) we conclude that the total-energy
difference has achieved convergence at a cutoff of (10;20)
Ry to within 0.05 eV of its final value. We have also test-
ed the Lowdin perturbation theory for this particular
total-energy difference by computing the total energy at
the cutoff (20;20) Ry. Results of these calculations show
that at (10;20) Ry, the additional plane waves cause devi-
ations only on the order of 0.03 eV.

Figure 1(b) depicts a somewhat different test case. The
total-energy difference between neutral As at the 7 and
(BC) sites is shown. At a cutoff of (10;20) Ry, the total-
energy difference is within 0.02 eV of its fully converged
value. Test calculations have also been performed in 16-
and 32-atom cells [up to (12;24) Ry] and show that the
cutoff (10;20) Ry is sufficient for reliable conclusions. We
have also performed similar tests for P and Sb and ob-
serve that these impurities have convergence properties
analogous to As.

We have performed supercell-size convergence tests for
all impurities in 8-, 16-, and 32-atom cells. The max-
imum error in total-energy differences encountered in
scaling from 16- to 32-atom cells is found to be 0.3 eV for
P, As, and Sb impurities in Si. For B impurities, the
maximum change in total-energy differences between any
two atomic configurations is much smaller, only 0.1 eV.
We therefore use 32-atom cells throughout these calcula-
tions, such thag the distance between defects in neighbor-
ing cells is 9.4 A.

Integrations over the Brillouin zone to obtain the
charge density are performed using a special-points
scheme. The special points are generated according to
the algorithm of Monkhorst and Pack.?® In 32-atom
cells, a sampling of two special points has proven ade-
quate for high-symmetry configurations. Lower-sym-
metry configurations require a larger, but equivalent, set.

Unless otherwise explicitly stated, relaxation of the
surrounding Si host network is calculated for every loca-
tion of the impurity or defect. Hellman-Feynman forces
are not obtained in the present calculations. Instead, we
relax the first-neighbor shell of atoms to at least three
different positions, and use the resulting total energies to
fit a parabola to obtain the minimum-energy distance.
All relaxations reported in this work are radially away (or
towards) the defect and hence are symmetry preserving.
Tests have indicated that other relaxations have only
minor effects on the total energy. For configurations
which cause little distortion of the network (e.g., H or T),
only the first shell of neighbors is relaxed. For
configurations which cause severe disruption (e.g., BC),

NICHOLS, VAN de WALLE, AND PANTELIDES 40

* two shells of neighbors are relaxed.

In order to test all elements of this methodology, we
have calculated the relaxation of the Si host surrounding
neutral substitutional impurities. The four Si neighbors
of substitutional B, which has a covalent radius =~75%
that of Si,?’ expoerience an inward ‘“‘breathing”-mode re-
laxation of 0.2 A, with an accompanying decrease of the
total energy of 0.8 eV. Despite its small size with respect
to Si and its tendency of form threefold-coordinated mol-
ecules, B reomains at the nominal substitutional site (to
within 0.1 A). Substitutional P, with a covalent radius
slightly smaller than Si, is found to cause no distortion of
the host network. Both As and Sb have larger covalent
radii than Si and cause an outward “breathing”-mode
distortion of the four neighboring Si atoms. The Si-As
interatomic distance is calculated to be 2.43 A and the
Si-Sb interatomic distance is 2.54 A. The Si-As distance
is in excellent agreement with extended x-ray-absorption
ﬁone-structure (EXAFS) measurements,?® which give 2.41
A. The results for P and As are also in good agreement
with previous total-energy calculations on positively
charged substitutional donors.?

We estimate our total error to be less than 1 eV, de-
pending, of course, upon the atomic configuration and
the particular impurity. The majority of the error comes
from the LDA uncertainty in the defect- and impurity-
related levels in the energy gap. Overall, this scheme has
a proven reliability in calculating bulk properties of semi-
conductors, reconstruction of semiconductor surfaces,
and general properties of defects.?!

III. EQUILIBRIUM DIFFUSION

A. Background and atomistic mechanisms

Under either equilibrium or nonequilibrium conditions,
the diffusion coefficient D is given by a sum of contribu-
tions of the form
_ G,

D;= Cy

(1)

where C; is the concentration of the defect i whose long-
range migration effects diffusion of the substitutional
dopant, d; is the corresponding diffusivity, and Cy is the
total concentration of impurities.

For the CE mechanism, the pertinent defect is the sub-
stitutional impurity itself, whereas for defect-mediated
diffusion this species needs to be identified. For impurity
diffusion mediated by vacancies, it is convenient to identi-
fy two distinct limits. In the first limit, impurity-vacancy
binding is weak, so that when a vacancy positions itself
next to an impurity, the two switch places, the vacancy
migrates away, and the impurity awaits the arrival of
another vacancy in order to migrate another step. Such a
process is the same as that for self-diffusion; i.e., the Si
vacancy is the relevant diffusing species. The impurity
diffusion activation energy is equal to the sum of the
vacancy-formation energy and the migration energy of ei-
ther a Si atom or an impurity atom into a vacant adjacent
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site, whichever is larger. Thus, the impurity diffusion ac-
tivation energy for this mechanism is equal to or larger
than the activation energy of self-diffusion. In the second
limit, impurity-vacancy binding is strong, so that when a
vacancy positions itself next to an impurity atom, migra-
tion of the pair occurs. After exchanging positions, the
vacancy moves away from the dopant atom around a six-
fold ring to at least a third-neighbor position. It can then
return by a different path, placing itself next to the im-
purity. The vacancy and the impurity exchange and the
process repeats itself. The net activation energy is the
sum of the pair-formation and migration energies and can
be less than the activation energy for self-diffusion.
Self-interstitial-mediated diffusion can occur in a
variety of ways. Two processes believed important are
what we call “coordinated push” of a self-interstitial on a
substitutional impurity along the bonding direction to-
wards a Si neighbor!3 [see Figs. 2(a)—2(c)] and the kick-

(a)

(d)

FIG. 2. Schematic diagram showing two interstitial-mediated
diffusion processes considered in this paper. (a)-—(c) Schematic
diagram of the (110) plane in diamond structure Si depicting the
“coordinated push” diffusion process. Panel (a) depicts the ini-
tial positions of all atoms, while panel (c) depicts the final posi-
tions. Panel (b) shows the saddle-point configuration. (d)-(f)
The same crystal plane in Si, but now depicting the kick-out
diffusion process. Panel (d) depicts the initial atomic positions,
while panel (f) shows the final positions. Panel (b) depicts the
saddle-point configuration.
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out mechanism'® [see Figs 2(d)-2(f)]. The coordinated
push mechanism, similar to the vacancy-mediated mech-
anisms described above, has two extreme limits, depend-
ing upon the binding energy of the impurity-self-
interstitial pair. In either extreme limit, at the saddle
point of the coordinated push process [Fig. 2(b)] the im-
purity atom is at the BC site, while the neighboring Si
atom is pushed off its substitutional site towards the
channel T site. The impurity ends up in the next substi-
tutional site, its former Si neighbor now in the channel as
a self-interstitial [Fig. 2(c)]. The original self-interstitial
is a nearest neighbor of the impurity. In the weak-
binding limit, the new self-interstitial can readily migrate
away and, to move to the next substitutional site, the im-
purity must await the arrival of another self-interstitial.
In this limit, then, it is the self-interstitial which mediates
long-range migration of the substitutional impurity. The
activation energy for diffusion is the sum of the formation
energy of the substitutional impurity —self-interstitial pair
plus the migration energy of the impurity over the BC
saddle point. The activation energy may thus be equal to
or larger than the activation energy for self-diffusion, de-
pending upon the differences in migration energy. In the
strong-binding limit, the new self-interstitial remains
bound to the substitutional impurity and the former can
then execute exactly the same coordinated push. In the
strong-binding limit, it is the self-interstitial-impurity
pair which effects long-range migration of the impurity.
The activation energy for the strong-binding limit may be
less than the activation energy for self-diffusion as a re-
sult of binding. The second interstitial process involves
the kick-out of the substitutional impurity [Fig. 2(e)] into
the low-electron-density channel in which it migrates
with a rather small barrier. After migration along the
channel, the impurity kicks back into a substitutional
site, ejecting a Si atom into the channel. The diffusing
species is thus the interstitial impurity.

For all mechanisms, under equilibrium conditions, the
individual diffusion coefficients D; can also be written in
the Arrhenius form

Di*=Di=,k0 exp(—Qi*/kB T) . (2)

The preexponential D, contains a variety of factors,
including the entropy of diffusion. Q* is the activation
energy, kg is Boltzmann’s constant, and T is the tempera-
ture. The asterisks denote equilibrium quantities. For
the CE mechanism, Q;* is the energy required to place an
impurity atom and one of its Si neighbors at the
exchange-path saddle point. For defect-mediated mecha-
nisms, Q;* is the sum of the formation and migration en-
ergies for the diffusing species.

The determination of Q* for the CE mechanism neces-
sitates mapping out the entire exchange path and identi-
fying the lowest-energy saddle point. Pandey'* has car-
ried out such a task in the case of self-diffusion (Si-Si ex-
change), but the reoptimization of the entire impurity-Si
exchange is an unduly demanding computational exer-
cise. For our purposes, it was adequate to obtain an
upper bound for the saddle-point energy. We assumed
the same path as for the Si-Si exchange, calculated the to-
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tal energy of the saddle point, and included the relaxation
of the neighboring atoms by using Pandey’s calculated re-
laxation for pure Si (0.75 eV).

In general, for defect-mediated diffusion, the defects re-
sponsible for diffusion may exist in several charge states,
each of which can contribute to diffusion. For the tem-
peratures at which diffusion experiments are performed
(900-1100°C), even for relatively high doping levels (e.g.,
10'¥—10' cm™3), the Fermi level is at midgap. Previous
calculations'® on dopants in Si have shown that all charge
states have roughly the same formation energies for inter-
stitial impurities or impurity-vacancy pairs when the Fer-
mi level is near midgap (to within approximately 0.3 eV).
The energetics of diffusion are therefore relatively insens-
itive to the dopant charge state. In this paper, we report
results for neutral species only.

Formation energies for any impurity-defect complex
are always defined in our calculations with respect to the
substitutional impurity in -the absence of any defects.
The formation energy for an impurity-vacancy pair (XV)
in an N-atom cell is defined as

(XV)—E (X,)+ Tl\,—Ebulk , 3)

where E (XV) is the calculated total energy per supercell
containing an impurity-vacancy pair, E (X) is the total
energy per supercell containing a substitutional impurity,
and E, is the total energy per supercell of pure bulk Si.
The formation energy for an interstitial impurity (X;) in
an N-atom cell is defined as

where E(I) is the formation energy of a Si self-
interstitial, E (X;) is the total energy per supercell con-
taining an interstitial impurity, and E (X,-I) is the total
energy per supercell containing a (substitutional im-
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purity—1I) pair. The formation energy of an I in pure Si is
defined as

N +1
N Eou (5)

E[D=E(I)—
where E (1) is the total energy per supercell containing a
Si interstitial. Note that it makes no difference in finding
the formation energy of an interstitial impurity which po-
sition we use for the Si interstitial, as long as we use a
consistent choice throughout Eq. (4). Note also in Eq. (4)
that the second term is just the energy of exchanging an
interstitial Si and a substitutional impurity.

For defect-mediated pathways, the first task of theory
is to determine which defect or complex leads to diffusion
with the smallest Q*. For all impurities, the formation
energies of the impurity-vacancy complexes are calculat-
ed with appropriate relaxations, etc. However, because a
supercell beyond present computer capacity is required to
obtain the migration energy, we have taken these values
from experiment (for P, As, and Sb) (Ref. 30) or used a
simple estimate (for B). See Table I for the actual values
used. For vacancy-mediated (V-mediated) B diffusion, we
find that there is a relatively small binding energy be-
tween the impurity and the defect, where the binding en-
ergy of an impurity-defect complex is defined as the
difference between the formation energy of the defect in
pure Si and the formation energy of the impurity-defect
complex (see Table I). In particular, we note that the
binding energy of the BV pair is smaller than our estimat-
ed migration energy. Given the error bars of our calcula-
tion, we cannot discern between a simple vacancy mecha-
nism or a BV-pair mechanism. For all other impurities,
however, the relevant diffusing species is the impurity-
vacancy pair.

For interstitial-mediated pathways, a global total-
energy surface depicting the interactions between N Si
atoms and a single impurity in an N-atom supercell was

TABLE 1. Calculated activation energies (Q*) under equilibrium conditions for B, P, As, and Sb
diffusion as well as Si self-diffusion. Listed also are the separate contributions to Q* and the binding
energies (E,) of impurity-vacancy pairs. All quantities are in eV and all species are in their neutral
charge state. The experimental binding energies are from Ref. 15 and the Si CE value is from Ref. 14.

Species o* E; E, E,(theor) E,(expt)
B; 3.9 3.9 0.0

BV a 3.0 1.0 0.5

B(CE) 4.9

P; 3.8 3.0 0.8

PV 34 2.5 0.94 1.0 1.04
P(CE) 4.6

As; 3.6 3.2 0.4

AsV 34 2.3 1.07 1.2 1.23
As(CE) 3.9

Sb, 4.9 4.7 0.2

SbV 3.6 2.3 1.28 1.2 1.44
Sb(CE) 4.5

Si; 4.0 3.6 0.4

SiVv 3.8 3.5 0.3

Si(CE) 4.3

2Since E,, > E,, the BV pair is not a stable diffusing species. See the text for further explanation.
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required in order to ascertain the lowest-energy diffusion
pathways and the migrating species. Such a surface re-
sults from the collection of the total energies of N +1
atoms competing for N substitutional sites with the relax-
ation of the surrounding host crystal included for each
configuration. The details of generating a total-energy
surface are described elsewhere.”? Because the total-
energy surface is a function which depends upon the
three spatial dimensions, it is easiest to examine a slice
through a given crystal plane. The energy surface can be
displayed either as a contour plot (the contours depicting
constant energies) or as a perspective plot (the in-plane
coordinates are the chosen diamond-structure coordi-
nates and the third axis is the energy). We emphasize
that for either type of plot, the relaxation of the host
crystal is included in obtaining the total energy, but the
positions marked as atoms serve only as a template for
identifying positions in the crystal plane.

A contour plot of the total-energy surface depicting the
diffusion of a neutral B atom through the diamond-
structure (110) plane is shown in Fig. 3(a). A perspective
plot for the same species is shown in Fig. 3(b). In con-
structing both figures, the zero of energy was chosen at
the saddle point of the B kick-out process [see Fig. 3(a)
and below]. In the perspective plot, regions of different
energy have been color-coded: the lowest-energy regions
are red, follow by blue, with the highest-energy regions in
green. The lowest-energy migration pathway for neutral
B is along the low-electron-density channels; indeed,
there is virtually no barrier to migration from the H to
the T site, etc. If, instead of moving along the channel,
the B atom continues in a {111) direction towards a sub-
stitutional Si atom, a kick-in process is initiated. The im-
purity climbs up energy contours in the direction of the
saddle point. The saddle point for this process is roughly
two-thirds of the way from the T site to the substitutional
site. Although it is not shown in Figs. 3(a) and 3(b), the
relaxation of the two Si atoms along the [111] direction
ahead of the B atom is accounted for in constructing the
total-energy surface, as are relaxations of the second
neighbors. The energy barrier to the kick-in process via
this pathway is =1 eV. Once the B atom has passed the
kick-in saddle point, its energy decreases towards the
substitutional site, while the furthest Si atom is kicked
out into the channel. The reverse of the kick-in process
depicted in the total-energy surfaces is the kick-out pro-
cess, and it represents the lowest-energy mechanism by
which substitutional B becomes an interstitial. In sum,
the diffusing species is thus the interstitial B atom. We
find qualitatively similar results for all dopants studied;
the diffusing species for interstitial-mediated pathways is
always the interstitial impurity which is created by the
kick-out process.

B. Results and discussion

The calculated activation energies for CE-, V-, and I-
mediated mechanisms for substitutional B, P, As, and Sb
diffusion under equilibrium conditions are shown graphi-
cally in Fig. 4. A selected range of experimental values is
shown as boxed areas in Fig. 4 as well. Actual values for
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FIG. 3. Total-energy surface plots. (a) Total-energy contour
plot depicting the migration of a neutral B interstitial through
the Si crystal. The labeled sites are T (tetrahedral), H (hexago-
nal), BC (bond-center) and C (at the center of a rhombus formed
by three adjacent Si atoms and the nearest 7). The energy
difference between contours is 0.13 eV. The dashed line is the
kick-out pathway. The values of the contours near the channel
regions are ~0.2 eV higher than those reported in our previous
publication (Ref. 16). This is a consequence of generating the
surface with a higher plane-wave cutoff and does not change
any of our conclusions based on that previous figure. (b) Per-
spective plot of the same process. The areas colored red are
lowest in energy, blue are intermediate, followed by the
highest-energy regions in green. Relaxations of the host atoms
are not indicated in the figure, but are taken into account in the
total-energy calculations.



5490
6 T T T T T
5t CE I 1
Q" (ev) | CE CE .
E []
‘T : 7 CE 0 ﬂ
I 5 0 v
v v
3 1 1 1 1 1
Si B P As Sb

FIG. 4. The calculated activation energies under equilibrium
conditions for vacancy-mediated (V), interstitial-mediated (),
and concerted exchange (CE) mechanisms for Si self-diffusion
and various impurities. The boxed areas are a selected range of
experimental results from Ref. 20.

Q/ and the contributions to it are given in Table I. For
comparison, the calculated values for Si self-diffusion are
also shown (the CE value is that reported in Ref. 14).
The calculated values presented in Fig. 4 and Table I for
interstitial-mediated diffusion are those for impurity in-
terstitial diffusion, effected by the kick-out mechanism.
Calculated activation energies for both extreme binding
limits of the coordinated push mechanism are
significantly larger than the activation energies for the
kick-out mechanism, thereby ruling out the
impurity —self-interstitial pair and the self-interstitial as
the relevant diffusing species. For B, P, and As, the
differences between V- and I-type mechanisms are smaller
than our estimated error bar (0.4 eV is the maximum
difference). Furthermore, because the CE activation en-
ergies are upper bounds, we view them as comparable to
defect-assisted pathways. Only for Sb impurities is one
mechanism dominant: the V-assisted pathway is a full
1.3 eV lower than the I-assisted pathway, so that the va-
cancy mechanism prevails, in agreement with conclusions
drawn from experimental data.?

From our calculations we can also obtain the binding
energies of the various impurity-vacancy complexes. The
binding energies of some impurity-vacancy pairs have
been measured experimentally!’> and are included in
Table I along with the theoretical values. We note for P,
As, and Sb that the impurity-vacancy binding energies
are slightly larger than the pair-migration energies, sug-
gesting that it is at least energetically feasible for such
complexes to migrate. None of these impurities is in the
strong-binding limit and we therefore consider the range
of activation energies between the simple vacancy mecha-
nism and the impurity-vacancy pair as the error bar for
the vacancy-mediated process.31 However, as pointed out
in the preceding subsection, the binding energy of BV
pairs is rather small (0.5 eV smaller than our estimated
migration energy), so that if B diffuses by a vacancy
mechanism, it is probably effected by the isolated vacan-
cy, as opposed to the pair mechanism. We discuss this
point more fully in the next section. The relative magni-
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tudes of the binding and migration energies also have im-
portant consequences for the electrical deactivation of
heavily doped Si.>?

In summary, our calculated equilibrium activation en-
ergies, being in the same range as experimental values, es-
tablish the reliability of our calculational approach, but
do not establish the relative importance of the various
mechanisms, with the exception of Sb. In order to do
this within the confines of equilibrium diffusion, calcula-
tions of the various preexponentials are required. Reli-
able entropy calculations are not currently possible, how-
ever. Nonetheless, we will demonstrate in the remainder
of this paper that, within a suitable framework for non-
equilibrium diffusion, theoretical calculations of various
barrier heights, etc., combined with experiments involv-
ing injection of excess point defects, do allow a number of
definitive conclusions to be drawn.

IV. NONEQUILIBRIUM DIFFUSION

A. Theory of externally stimulated diffusion

Under equilibrium conditions, the point defects re-
sponsible for diffusion are created thermally. However,
evidence has accumulated that surface treatments selec-
tively inject point defects into the bulk. Oxidation, for
example, injects self-interstitials, while direct nitridation
injects vacancies.’ Under injection conditions, the
dopant diffusion coefficient has been observed to be either
enhanced or retarded. Such experiments have, however,
led to widely conflicting conclusions regarding the dom-
inant diffusion mechanism, largely because of contradic-
tory assumptions. Virtually all attempts at constructing
a theory for diffusion under point-defect injection have
relied on unclear postulates, mainly with regard to the
relevant diffusing species. Most theories assume that the
concentrations of vacancies and self-interstitials deter-
mine the dopant diffusion coefficient. A review and cri-
tique of the early work may be found in Ref. 6. As we
showed in Sec. III of the present paper, for P, As, and Sb,
it is certainly true that the relevant diffusing species are
either the interstitial impurity or the impurity-vacancy
pair. For B, the interstitial impurity, the isolated vacan-
cy, or the impurity-vacancy pair may control long-range
dopant migration.

A correct theory of nonequilibrium diffusion rests upon
the realization that the diffusion coefficient D is still given
by a sum of expressions of the form of Eq. (1) with the in-
dividual diffusivities the same as under equilibrium. The
task, then, of such a theory is to determine the relevant
species concentrations, taking account of their creation,
annihilation, and interaction with the other species
present. In this subsection, we present the details of such
a theory under self-interstitial injection (the case for va-
cancy injection is entirely analogous). In the second part
of this subsection, these results are combined with experi-
mental results to assess the contribution of the various
mechanisms to the diffusion of dopant impurities.

Nonequilibrium dopant diffusion experiments provide
a convenient framework within which the contribution of
the CE mechanism can be investigated. The CE diffusion
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coefficient is proportional to the fraction of impurities
that are substitutional, Cy . Thus, point-defect injection

can only affect the CE mechanism through changes in
Cy ; e.g., through formation of impurity-vacancy pairs or
s

interstitial impurities. However, injection occurs at low
levels relative to Cy , so that it affects Cy and hence D g
s s

only minimally. Therefore, if the CE is the dominant
mechanism, the diffusion coefficient should be either un-
changed, or, if the injection process is efficient, so that
diffusion may proceed by a vacancy- or interstitial-
mediated mechanism, then enhanced diffusion should be
observed. Under no circumstances should diffusion be re-
tarded by moderate rates of injection. This is in contrad-
iction to the experimental observation that B, P, As, and
Sb all show significant retardation under one or another
defect-species injection.”® The CE mechanism therefore
cannot be the dominant impurity diffusion mechanism
and we do not discuss it any further in the following.

The task remaining is thus to determine the effects of
point-defect injection on point-defect-mediated diffusion.
This is accomplished by finding the concentrations of the
relevant diffusing species which may be the impurity in-
terstitial, the impurity-vacancy pair, or, for the case of B,
the Si vacancy. The concentrations of all species are
governed by the following complete set of reactions:

SV, (6)
S=1, (7)
kl
I+X, =X, ®)
ki
k2
V+X, 22XV, )
k)
k}
I+XV= X, , (10)
K
k4
V+X, =X, , (1
kg
kS
I+Ve=0. (12)
ks

Reactions (6) and (7) are schematic and represent the in-
dependent thermal generation or annihilation of intersti-
tials or vacancies by free or internal surfaces, S. Rate
constants for the various reactions are denoted k,, ki,
etc. In Eq. (12), O represents bulk Si. From first-
principles calculations,>® we have found significant bar-
riers for the reverse reactions (10)-(12), indicating that
the bulk plays only a small role in supplying point de-
fects.

Following experimental measurements of the dopant
diffusion coefficient under point-defect injection, we dis-
tinguish two time domains. All data to date show on the
time scale of < 1 hour nonconstant diffusion coefficients:
D is initially equal to the equilibrium value, attains an ex-
tremum value, and finally decreases or increases to some
final steady-state value. During the transient period, un-
der injection of either vacancies or self-interstitials, all
impurities are expected to show enhanced diffusion. This
phenomenon is a consequence of the increased concentra-
tion of I or V which, because the concentration of X is
many orders of magnitude larger than that of XV or X,,
drives Egs. (8) or (9), respectively, further to the right, in-
creasing the concentration of the diffusing species. In ad-
dition, we have calculated a barrier of =1 eV for I-V
recombination,®* indicating that the point defects do not
readily recombine. Observation of the initial transient
behavior initially led Antoniadis and Moskowitz’ to sug-
gest the existence of such a recombination barrier. From
their data, they estimate a barrier of =1.4 ¢V. Enhanced
diffusion is observed experimentally8 for B, P, As, and Sb
under interstitial injection, and for As and Sb under va-
cancy injection on the short-time scale. P under vacancy
injection does, however, show consistently retarded
diffusion for all times measured. It is not clear why this
should be the case.

We now turn to consideration of the diffusion problem
under point-defect injection at steady state. From the
seven reactions listed above [Egs. (6)-(12)], four expres-
sions for the time rate of change of the concentrations of
I, V, XV, and X; may be readily obtained:

o 8t TTwCr i Tk G Cx TKCy,
T_gth_rthCV_kZCVCXS+k2CXV_k4CVCXi
+k"‘CX ~k5CICV+k15CSi:0 Py (14')
oCyy , ,
a1 =k2CVCXS—kZCXV—k3C,CXV+k3CXS=0 , (15)
aCy,
T’=k1C1Cx —k,'Cy —k,CyCy +k,Cy =0, (16)

where gl (g}) is a thermal surface generation rate for I
(M), rl, (#}) is a thermal surface recombination frequency
for I (V), giyj is the surface injection rate for interstitials,
Cg; is the concentration of Si lattice sites, and all other
terms are as defined above. We have excluded any spatial
dependence in the concentrations for reasons ' of
simplification. This amounts to assuming that the impur-
ity profile is flat in the region of interest. The resulting
set of four equations is a complete and exact set, which
can, in principle, be solved for all the relevant concentra-
tions. This result is singular and contrasts strikingly with
previous work wherein differing sets of equations were
written down which were either incomplete or taken as
self-evident.5

In practice, a series of approximations are required be-
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fore analytical results can be obtained. For each species,
the dominant generation and recombination term or
terms are identified and are then used to solve for the
concentrations. The general guiding principle in deter-
mining the dominant terms is based on a knowledge of
the relative barrier heights as found from our first-
principles calculations. For example, our calculations
show that bulk generation of I and ¥V defects through
Frenkel-pair formation requires at least 8 eV, making this
an unlikely source of either point defect. We extend this
result to the reverse of reactions (10) and (11). Further-
more, because the binding energies of XV or X;-I pairs
are relatively small (=1 eV, see Table I), we assume that
Egs. (8) and (9) are in local equilibrium. Finally, for the
case of self-interstitial injection, the annihilation of X; by
vacancies (the minority species) is likely to be a second-
order effect, and thus we ignore it.

From these general considerations, the point-defect
concentrations are

I
+gi
Clzglh IgIJ:__C;:+CII’ (17)
Tth
1 ri+ksCy _ 1 ks(CF+Cyp) 18)
Cy gh Cy 44

The asterisks denote equilibrium quantities, while the
primes denote just that component due to the nonequili-
brium process. We note in passing that the often-quoted
relationship

C}Cr=C,Cy (19)

used in the analysis of injection experiments does not hold
for the general case under consideration here. Hu has
discussed the shortcomings and fallacies associated with
the assumption of Eq. (19) more extensively, and we refer
the interested reader to that article.®

Using Egs. (17) and (18), and the general considerations
outlined above for choosing the dominant terms for gen-
eration and recombination, we find, for the non-
equilibrium concentrations of Cy and Cyy,

k,Cy C;
Cy=C} +——, (20)
i i kl
ks(Cr+Cy) k3iCy
1____1+51V1 1+ 3G @1
Cxy Tth Cxv ks CX:C;

The species whose concentration is enhanced by intersti-
tial injection, C; or Cx, exhibit a simple additive depen-
dence on the injected species. On the other hand, the
species which may be annihilated by interstitial injection,
Cy, or Cyy, show an inverse dependence on the intersti-
tial concentration. We will return to this point later.

Combining Eqgs. (1), (20), and (21), the total diffusion
coefficient is of the form

D=D,+D, , (22)

where
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D,=D{+Dy (23)
and
1 1 1

D, D D, (24)
where the subscript I (V) denotes the I- (V-) assisted com-
ponent of diffusion. In principle, each component may
consist of several terms. For example, B diffusion assist-
ed by vacancies may be mediated by either the isolated
vacancy, the B-V pair, or by both. However, for all other
impurities studied here, the I- or V-assisted mechanism is
mediated by a single species.

Activation energies for the nonequilibrium part of
diffusion may be obtained by combining Egs. (1) and (2)
with the relevant species concentration. The latter quan-
tity is expressed in terms of the various barrier heights,
etc. Specifically, D; is activated with an activation ener-

gy
QII:Em]'—AE +Em > (25)

where E;,; is the activation energy of the interstitial injec-
tion process, AE is the energy difference between X; and
X,-I as in reaction (8), and E,, is the migration energy of
X;. The first term follows from experiments performed
by Hu’® in which it was observed that interstitial injection
results in the growth of stacking faults and that this pro-
cess is activated. We infer that the interstitial injection
process is itself also activated and therefore the I concen-
tration is given by

Cpoce Fmi’fnT (26)
The second term follows from
ﬁo:eAE/kBT' 07

ki

In the limit that the vacancy concentration is unper-
turbed from its equilibrium value, then Eq. (21) may be
simplified to

ks
K Cx CF

1 _ 1
Cxv Ciy

219

From Eq. (21'), Dy, is activated with an activation energy
Q) =(E;; +EPXy)—(Ef +EP¥*)+E,, , (28)

barrier

where EFAtier (EP2Tier) is the energy barrier to recombina-
s

tion of interstitials (vacancies) with XV pairs (X|), E fV is
the thermal formation energy of vacancies, and E,, is the
XV migration energy. The various terms in the activa-
tion energy arise as above or from the following expres-
sions:

Ebarrier/k T
k3 < e 1-XV B R (29)
Ebarrier/k T
V-X B
ky<e , (30)
and
EV/kyT
Cpoer el 31
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Equation (28) has a simple physical interpretation. The
first term in parentheses is the energy required to annihi-
late the diffusing XV pairs, while the second term
represents the energy required to produce the pairs ini-
tially. The overall activation energy is the competing
cost of these two terms, in addition to the migration ener-
gy-

Diffusion coefficients measured under point-defect in-
jection at several temperatures may appear misleadingly
complex. From Egs. (23) and (24), both diffusion
coefficients can display non-Arrhenius behavior which
obscures determination of an activation energy. To ex-
tract meaningful information from temperature-
dependent data, it is necessary to isolate the equilibrium
and nonequilibrium contributions to the total diffusion
coefficient. If diffusion is mediated by self-interstitials,
then under interstitial injection the nonequilibrium
diffusion coefficient (D;) is obtained by subtracting the
(known) equilibrium diffusion coefficient (D}*) from the
total diffusion coefficient (D;). The two possible resulting
forms for D; are shown schematically in Figs. 5(a) and
5(b). Such figures, which assume Arrhenius behavior for
the nonequilibrium diffusion contribution, clearly assume

(a)

/T

(b)

T

FIG. 5. (a) and (b) Arrhenius plot for interstitial-mediated
diffusion under interstitial injection. D;* denotes the equilibri-
um diffusion coefficient, D, the total diffusion coefficient under
nonequilibrium conditions, and the dashed line is the nonequili-
brium contribution (Dy)
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only one species contributes to interstitial-mediated
diffusion.

On the other hand, if diffusion is mediated by vacan-
cies, then under interstitial injection the diffusion
coefficient displays an inverse behavior [Eq. (24)]. This
dependence naturally suggests introducing an inverse Ar-
rhenius plot of 1/D} versus 1/7. The nonequilibrium
diffusion coefficient (Dy,) is thus determined from rear-
ranging Eq. (24),

1 _ 1 1

D, D, D" (24"
The two possible forms for measured diffusion coefficients
are shown in Figs. 6(a) and 6(b). From any of these four
plots, Figs. 5(a), 5(b), 6(a), and 6(b), the contribution due
solely to the nonequilibrium process can be isolated and,
hence, a corresponding activation energy that can be
compared to either Eq. (25) or (28) may be found.

B. Results and discussion

We now turn to a discussion of three distinct cases.
Consider the instance in which, under equilibrium, the I

(a)

1/D

/T

17D

/T

FIG. 6. (a) and (b) Reciprocal Arrhenius plot for vacancy-
mediated diffusion under interstitial injection. D;f denotes the
equilibrium diffusion coefficient, D, the total diffusion
coefficient under nonequilibrium conditions, and the dashed line
is the nonequilibrium contribution (Dy).
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TABLE II. Activation energies (Q’) for diffusion mediated
exclusively by interstitials under interstitial injection (theory)
and measured activation energies under oxidation conditions
(experiment from Hill, Ref. 34). All quantities are in eV.

Species Q'(theor) Q'(expt)
B 2.6 2.3
P 2.5 2.4
As 2.3 2.3

component is dominant. Interstitial injection leads to
enhanced diffusion of the form

D=D*+D’', (32)

where the activation energy of D’ is as given in Eq. (25).
The measured diffusion coefficient may have either of the
forms depicted in Fig. 5(a) or 5(b). Hill** has measured
the diffusion coefficients of B, P, and As under interstitial
injection and found that they indeed obey Eq. (32) and
are similar to that depicted in Fig. 5(a). This observation
suggests therefore that these impurities diffuse principally
by an interstitial mechanism. In order to further test this
possibility, we have calculated the activation energy for
these impurities under interstitial injection [Eq. (25)] us-
ing our calculated values for AE and E,, and a value for
the interstitial injection energy, E,,, extracted from the
data of Ref. 35. These results, along with Hill’s experi-
mental values, are given in Table II. The excellent agree-
ment between the two sets of values corroborates the con-
clusion that these impurities diffuse primarily assisted by
interstitials.

Using a damaged layer created by Ar-ion implantation
as the interstitial source, Bronner and Plummer®® ob-
served P diffusion enhancement over a limited tempera-
ture range. They measured a dependence for the
diffusion coefficient very similar to Fig. 5(a), as was found
by Hill, but did not take data at temperatures high
enough to discern any curvature in the Arrhenius plot.
Furthermore, they did not determine E;;. But, using
their measured activation energy for the total diffusion
coefficient, 1.3 eV, we may infer a value for E inj* Because
the total diffusion-coefficient curve and the nonequilibri-
um contribution to it are essentially parallel over the lim-
ited temperature range investigated, solving Eq. (25) for
E,; and inserting our theoretical values, we find
E,,;=1.1¢eV, a value which can be tested experimentally.

We noted in the preceding subsection on equilibrium
diffusion that the BV pair has a rather small binding ener-
gy compared to its migration energy. This means that it
is more likely that the isolated vacancy, rather than the
pair, effects long-range migration of B, if indeed a vacan-
cy mechanism is appropriate. In turn, then, the diffusion
coefficient of B is determined not by the BV concentra-
tion, but by the isolated ¥ concentration [Eq. (18)]. Un-
der interstitial injection, the isolated vacancy concentra-
tion is less than or equal to the equilibrium concentra-
tion, so that either no change in the diffusion coefficient is
observed or diffusion is retarded. This is clearly in con-
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tradiction to Hill’s experiments, which show enhance-
ment. We cite this finding as further proof that B migra-
tion is mediated predominantly by Si self-interstitials.

If equilibrium diffusion is mediated primarily by vacan-
cies, interstitial injection can lead to either enhanced or
retarded diffusion depending upon the level of injection.
At low injection levels, which may be achieved by oxida-
tion at moderate temperatures, the majority ¥ com-
ponent is retarded according to Eq. (24), while the I com-
ponent remains small, with a diffusion coefficient given by
Eq. (23). There are a number of data which support the
contention that Sb diffusion does indeed exhibit retarda-
tion under interstitial injection.! Based on the theory
presented in the preceding subsection, we predict that
temperature-dependent data would obey Eq. (24), so that
a reciprocal Arrhenius plot would be required in order to
find an activation energy for Dj, to be compared with Eq.
(28). The measured diffusion coefficient under such con-
ditions would have a form schematically similar to either
Fig. 6(a) or 6(b). Such experiments, which have not been
performed to date, would provide a test of our theory and
furnish a basis by which the conclusion that Sb diffusion
is vacancy dominated can be assessed. At high intersti-
tial injection levels, the interstitial contribution will ulti-
mately overwhelm all other terms, and enhanced
diffusion with an activation energy given by Eq. (25)
would be observed. However, data are usually reported
at a single temperature, so that no crossover from retar-
dation to enhancement has been observed.

Lastly, if both the I and ¥ components under equilibri-
um conditions are comparable, plots of the diffusion
coefficient under interstitial injection would be rather
complex. Enhanced or retarded diffusion could, accord-
ing to Egs. (23) and (24), be observed. However, examin-
ing the various possible combinations of Figs. 5(a) and
5(b) with Figs. 6(a) and 6(b) yields, under certain condi-
tions, a unique diffusion coefficient which crosses the cor-
responding equilibrium curve. This is depicted schemati-
cally in Fig. 7. Such a crossing provides a definitive ex-
perimental signature that the I and ¥V components con-
tribute with comparable magnitudes. Temperature-

T

FIG. 7. Predicted schematic form for the diffusion coefficient
if, under equilibrium, the I and ¥ components are comparable.
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dependent data of diffusion under point-defect injection,
which may be utilized to search for this crossing, are
currently not available.

V. CONCLUSIONS

In this paper we have developed a consistent frame-
work for understanding dopant diffusion in semiconduc-
tors on a microscopic level. This framework provides im-
portant insight into the dynamics of diffusion both ener-
getically (through expressions or calculated values for the
activation energy) and pictorially (through the use of a
total-energy surface). The expressions for the activation
energies under various assumptions regarding the
diffusion mechanism and the injected species of point de-
fect also provide a readily accessible link between first-
principles theoretical calculations and experiment.

Specifically, we conclude that B, P, and As diffusion is
mediated predominantly by interstitials, whereas Sb
diffusion is mediated primarily by vacancies. In large
part, we confirm the conclusions of Fahey and co-
workers® with respect to the point-defect mechanism.
However, we contradict the finding of Mathiot and
Pfister’ with regard to P diffusion. The discrepancy be-
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tween the two conclusions can be traced to the fact that,
due to the symmetry of the relevant equations, the simu-
lations of Mathiot and Pfister could only discern that one
of the two point defects is dominant. Their choice of va-
cancies over interstitials was based solely on comparisons
of impurity diffusion with conclusions regarding self-
diffusion which exhibit the same ambiguity. In other
words, the equations governing self-diffusion are sym-
metric with respect to the choice of vacancies or intersti-
tials and this ambiguity propagates to the choice of a
dominant defect for impurity diffusion.

The methodology presented here is by no means limit-
ed to the study of dopants in Si, but can foreseeably be
applied to other impurities in semiconductors or even in
metallic  systems. Furthermore, the expressions
developed for the activation energies can be used to probe
the various external processing conditions themselves.
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FIG. 3. Total-energy surface plots. (a) Total-energy contour
plot depicting the migration of a neutral B interstitial through
the Si crystal. The labeled sites are T (tetrahedral), H (hexago-
nal), BC (bond-center) and C (at the center of a rhombus formed
by three adjacent Si atoms and the nearest 7). The energy
difference between contours is 0.13 eV. The dashed line is the
kick-out pathway. The values of the contours near the channel
regions are =0.2 eV higher than those reported in our previous
publication (Ref. 16). This is a consequence of generating the
surface with a higher plane-wave cutoff and does not change
any of our conclusions based on that previous figure. (b) Per-
spective plot of the same process. The areas colored red are
lowest in energy, blue are intermediate, followed by the
highest-energy regions in green. Relaxations of the host atoms
are not indicated in the figure, but are taken into account in the
total-energy calculations.



