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Energetics and diffusivity of indium-related defects in silicon
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We present a theoretical investigation on In-related defects in silicon, aimed at understanding In interactions
with native defects, vacancy~V! and self-interstitial~I!, and at determining the energy parameters needed to
efficiently simulate and interpret the experimental profiles.Ab initio total-energy calculations within density-
functional theory and in the generalized gradient approximation are performed in order to investigate equilib-
rium geometries and formation energies of substitutional In, In-I, and In-V complexes. We determine the
migration energies of I- and V-mediated diffusion mechanisms, discussing the location of saddle points along
the minimum-energy paths. Moreover, we report anomalous characteristics of the interactions between In and
V with respect to otherp-like dopants. Theab initio energetics are then implemented into a continuum model
for In diffusion. This allows the accurate simulations of experimental secondary-ion-mass-spectroscopy pro-
files of implanted and annealed samples, at various process conditions~i.e., annealing temperature, implant
energy!.
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I. INTRODUCTION

Heavy-ion implantation is one of the promising metho
for achieving very shallow junctions in microelectronic d
vices. Due to its heavier mass, indium could be an alterna
to boron asp-dopant in silicon, in order to realize shallowe
and steeper profiles required by ultra-large-scale integra
technology.1,2 However, the main drawback of In doping
the poor electrical activation due to high ionization energy3,4

Furthermore, a strong tendency of In to out diffuse from
wafers during thermal processes and a low solid solub
have been observed.4 These phenomena determine a furth
limitation to the maximum fraction of In atoms that can
electrically activated. A possible way to increase the l
activation is to promote the formation of In-impurities com
plexes, which shifts down the electronic level towards
valence-band edge. Recent experimental works3–5 have
shown that when C atoms are present, either as impuritie
as coimplanted species, the In-C complex can form an
shallower In-related acceptor level appears.6

Diffusion of In in silicon has been investigated in seve
experimental works, observing enhanced anomalous eff
whenever a supersaturation of interstitial silicon atoms
present.1,2,4,7In order to extract indium diffusion parameter
process simulators have been usually adopted,1,2,4 modeling
diffused In profiles in ion-implanted samples or in oxidizin
conditions. In this way, a diffusion mechanism via silico
self-interstitial atoms has been proposed as dominant
that mediated by silicon vacancies,2,7 while an estimation of
the activation energyEact.3.6 eV in intrinsic conditions has
been given by Suzukiet al.8

Due to the lack of atomistic theoretical investigations
In interactions with silicon defects, process simulators h
obviously had to rely on well educated guesses on In beh
ior in silicon, argued from the successful fitting of the e
perimental data and from the analogies with other dopa
behavior, such as boron. However, it is clear that any si
larity should be critically considered, in view of the differe
atomic radii of the two species. For instance, simple ar
0163-1829/2004/69~8!/085213~8!/$22.50 69 0852
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ments based on the lattice strain induced by the dopant in
host matrix would favor the formation of B-interstitial com
plexes over B-vacancy ones, while the opposite argum
should be valid for indium.

We present a theoretical investigation on In defects
silicon, aimed at providing a well-foundedab initio picture
of defect energetics and diffusivity over which a continuu
diffusion model is then built. The hierarchical method w
have adopted is not only meant to efficiently simulate
available experimental profiles, but, more generally, to giv
microscopic insight on indium-silicon interactions. From
first-principle study of In interactions with native defects
silicon, we obtain in fact the energetics of different com
plexes formed by In with vacancies and self-interstitials
gether with the diffusion parameters. We then integrate
ab initio results into a continuum model that allows a dire
comparison with experimental data. The diffused profiles
tained by our modeling are in fact compared to those m
sured by secondary-ion-mass spectroscopy~SIMS! after im-
plantation and thermal annealing, showing a notewor
agreement.

The paper is organized as follows. Theab initio results
are reported in Sec. II. After a brief description~Sec. II A! of
the computational framework, the results for substitutiona
and a discussion on In solid solubility limit are present
~Sec. II B!. We turn then to the investigation of In interac
tions with silicon native defects: Secs. II C and II D repo
the energetics, diffusion mechanisms, and migration barr
of In complexes with interstitials and vacancies, respectiv
The implementation of theab initio investigations into a con-
tinuum model for In diffusion is presented in Sec. III, whe
the results of the diffusion simulations are also compared
the SIMS profiles.

II. Ab initio RESULTS

A. Computational framework

The ab initio calculations are performed within density
functional theory~DFT! and using the Viennaab initio simu-
©2004 The American Physical Society13-1
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lation package~VASP!.9 We perform our calculations within
the generalized gradient approximation~GGA!, in the
Perdew-Wang formulation.10

In general, we calculate the formation energyEf of
q-charged defects (defq) from E(defq), the total energy of
the supercell containingNSi Si atoms andNIn In atoms, as

Ef~defq!5E~defq!2NSimSi2NInm In1qmF , ~1!

where mF is the electron chemical potential~the Fermi
level!, andmSi , m In are the chemical potentials of the ho
and dopant atomic species, respectively. In the following,
chemical potential of Si atoms,mSi , is always chosen as th
cohesive energy of bulk silicon,mSi(bulk). As will be dis-
cussed in the following, we set the In chemical potentia
the bulk energy of crystalline In@m In(bulk)# when we cal-
culate the formation energy of substitutional In (Ins

q) and
determine the value of In solid solubility in silicon. Howeve
since we are then interested in discussing the formation
In-I and In-V ~in general, In-Xq) complexes after implanta
tion and thermal annealing processes, a different choic
m In is made in Secs. II C and II D. In these cases, in fact, i
natural to consider a reservoir of substitutional atoms for
dopant species. Therefore, we fix the value ofm In by setting
the formation energy of Ins

0 as the reference energy for all In
Xq defects.

We consider also formation energy differences betw
initial and final products of reactions involving a In-X com-
plex and isolated I, V, Ins defects, i.e., of the form Ins

q1

1Xq2→In-Xq11q2. In the following, we define for each In
Xq the binding energyEb(In-Xq) as the smallest formation
energy difference among all possible dissociation reactio

In order to converge all properties of relevance, we us
cutoff energyEc5207 eV for the plane-wave expansion a
a Monkhorst-Pack (43434) grid for thek-space summa
tion. Ultrasoft pseudopotentials11 describe the electron-ion
interactions. The In pseudopotentials include the semic
4d electrons in the valence. The supercell unit cell tha
periodically repeated in space contains 64 atoms. We test
the calculated formation energy values of neutral defects
fer by less than 50 meV when the cutoff energy is raised
285 eV, thek-point sampling set is set to (53535), or a
larger simulation cell is chosen. For charged defects, a
form jellium background of opposite charge maintains
charge neutrality of the simulation cell, and the total ene
E(In-Xq) in Eq. ~1! is corrected by taking into accoun
monopole-monopole and monopole-quadrupole terms.12 We
test that total-energy corrections induced by neglect
quadrupole-quadrupole terms are smaller than 50 meV.

B. Substitutional In

The presence of substitutional In in the Si host mat
induces outward relaxations of the nearby silicon atoms, a
expected from the larger atomic radius of In with respec
Si. The calculated In-Si first-neighbor distances of the
laxed Ins

0 structure are in fact.7% larger than dSi

52.36 Å, the calculated GGA atom spacing in bulk silico
From Eq.~1! and taking form In the DFT-GGA value of the
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cohesive energy of body-centered In calculated by Zoro
et al.,13 we calculate the formation energy of neutral subs
tutional In,Ef(Ins

0)51.46 eV.
The atomic relaxations around the negatively charg

substitutional In (Ins
2) do not appreciably differ from those

of the neutral Ins. Since the ionization levele(q/q8) is de-
fined as the value ofmF at which theq8-charged defect be
comes energetically favorable over theq-charged one
@i.e., where Ef(defq8)5Ef(defq)], we obtain e(0/2)
5187 meV. We mention that all values of the electron e
ergy levels are referred here to the valence-band maxim
This value is in very good agreement with the experimen
acceptor level associated with Ins, e(0/2)5156 meV.14 As
mentioned in Sec. II A this discrepancy is of the order
the computational confidence on formation energ
(.50 meV).

In order to discuss In solid solubility, we first calcula
NIn , the maximum concentration of isolated neutral In im
purities in the silicon matrix at a given temperatureT, and in
conditions of thermodynamic equilibrium. This quanti
is obtained from the formation energyEf(Ins

0) and the den-
sity of atomic sites in bulk Si,rSi , as NIn5rSi exp
@2Ef(Ins

0)/kBT#. The calculated values ofNIn range from
0.7131011 cm23 at T530 °C to 0.1331016 cm23 at T
5700 °C, and 0.8131017 cm23 at T51000 °C.

As discussed above, the range of possible application
In doping in microelectronic devices is partially limited b
its high ionization energy and by the relatively low values
solid solubility, i.e., the low density of In atoms in the ele
trically active substitutional configuration. To this respe
we turn to the calculation of the density of ionized In atom
NIn

2 , as a function of the temperatureT, using the following
equation:15

NIn
2~T!5

NIn

114 exp$@e~0/2 !2mF#/kBT%
. ~2!

The charge neutrality condition sets the value of the Fe
level mF in Eq. ~2!, equating the positive hole density in th
valence band to the sum of the electron density in the c
duction band and the concentration of negatively chargeds

-

ions, i.e.,

NVexpS 2
mF

kBTD5NCexpS 2
Eg2mF

kBT D1NIn
2 . ~3!

Here, NC and NV are the electron and hole density at t
conduction- and valence-band edges, respectively, andEg is
the band gap. We can solve formF from the expressions
above and calculate the fraction of ionized acceptorsNIn

2(T).
In doing this, we first use16 in Eq. ~2! the value ofNIn cal-
culated atTg51000 °C to distinguish the temperatureT at
which electrical activity is measured from that at which
atoms are introduced in the sample as, for instance, by s
phase diffusion. In this way, we obtain values of the ioniz
atom concentration ranging fromNIn

250.1331017 cm23 at
room temperature toNIn

250.7131017 cm23 at T5300 °C
3-2
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andNIn
250.7631017 cm23 at T51000 °C, corresponding to

16%, 87%, and 91% of the ion concentrationNIn(Tg).
Experimentally, the highest value of solid solubility h

been obtained after ion implantation and thermal annea
by Solmi et al.4 From the measured values of hole conce
tration and estimating that.15% of In is electrically active
at room temperature, they conclude that In solubility
.1.831018 cm23, for annealing temperaturesT in the range
700–1100 °C. In these experimental conditions, dopants
introduced by ion implantation, and thermal annealing p
cesses are then used to relax the lattice damage. Thus
concentration of substitutional In available to be electrica
activated might not be equivalent to that obtained when
doping is achieved by solid phase diffusion at thermal eq
librium, NIn(Tg). In particular, the comparison with the ca
culated values reported above should be critically conside
if the peak concentration of the implanted dose is lower th
NIn(Tg). However, this is not the case in the experiments
Solmi et al.4 and we observe that our theoretical findings a
in good agreement with the experimental limiting value.

Given the exponential dependence ofNIn
2 on Ef , we dis-

cuss the accuracy of our calculated values of ionized dop
concentrations. In Fig. 1, we plot the ionized In concent
tions NIn

2(mF) together with the total positive hole densi
p(mF) and the negative electron densityn(mF), as calcu-
lated from Eqs.~2! and~3! at T51100 °C. This is a graphi-
cal way of solving the above equations, since the crossin
p(mF) andn(mF) @the left- and right-hand sides of Eq.~3!#
determines the Fermi energy of the system. The latter t
sets the calculated active dopant concentrationNIn

2 , indi-
cated with horizontal arrows in the picture. We plot wi
solid lines the curves obtained inserting the DFT-GGA v
ues of formation energy and acceptor level@Ef51.46 eV,
e(0/2)5187 meV, solid lines#, while the dashed lines cor

FIG. 1. Total positive (p), negative (n), and ionized accepto
densities (NIn

2) as functions of the Fermi energymF , at T
51100 °C. NIn

2(mF), p(mF), and n(mF) are plotted with same
style ~solid, dashed, and dotted lines!, each corresponding to differ
ent values ofEf ~1.46 eV, 1.40 eV, 1.0 eV!, as indicated in the
legend. The horizontal arrows point to the acceptor densities co
sponding to the self-consistent value ofmF , also indicated by ver-
tical arrows.
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respond to values differing by the typical computational
ror, i.e., D.50 meV. As is evident from Fig. 1, the self
consistent value of the Fermi energy does not cha
dramatically for these variations inEf and the estimation of
the active dopant concentration varies by less than one o
of magnitude.

The formation energy, and hence the solubility, is a
determined by the chemical potentialm In . In thermodynamic
equilibrium, the latter equalsm In(bulk). A larger~less nega-
tive! value of m In , obtained, e.g., by means of nonequili
rium growth processes, would of course enhance the solu
ity. This could be the case if a reservoir of dopant ato
could be stabilized at the surface by carefully tailoring t
experimental conditions.Ab initio calculations of absorption
energies of B atoms on different sites of Si surfaces16 have
indeed shown that this is the case: initial incorporation o
at the growing surface costs more energy than having
dopant in its bulk form. The highest value ofmB under epi-
taxial conditions corresponds to spontaneous accumula
of B at the top surface layer, i.e., when surface adsorp
energyEad(mB

surf)50. This condition would set a higher B
chemical potential with respect tomB(bulk), by .0.5 eV,
and a corresponding smaller formation energy for Bs .

As regards indium, theab initio work of Northrup and
co-workers17 found that the stable In:Si~001! structure is a
232 ad-dimer, oriented parallel to the Si-Si surface dim
with surface adsorption energyEad(m In) lower than that of
any other geometry considered there, for any choice ofm In .
From their Ead(m In) values we extrapolate m In

surf

.m In(bulk)11.0 eV. Such variation ofm would indeed af-
fect Ins formation energy and thus In solubility in the sam
direction as for B. In fact, in Fig. 1, a sizable increase ofNIn

2

and a decrease of the Fermi level can be noted if a smalleEf

is used in Eq.~2! (Ef@ Ins
0#51.0 eV, dotted lines!.

These effects, much larger than those due to typical co
putational accuracy, would indicate that, if the incorporati
of In at the Si surface causes an increase of the chem
potential, the active In concentration is affected in a siza
way. This could be the case, for instance, in molecular-be
epitaxial growth. Although this is a qualitative argument a
VASP calculations ofEad would be needed for a consiste
comparison, we suggest that exploring experimental con
tions that set different atomic reservoirs than the bulk dop
phase might be a possible efficient way to increase In s
bility in silicon.

C. In-interstitial defects

Among all neutral In-related defect configurations co
taining an interstitial atom, the lowest-energy structure c
sists of a Ins atom with a Si interstitial in a nearby tetrahedr
~Td! position, shown in Fig. 2~a! and denoted in the follow-
ing as InI. The defect hasC1h symmetry and formation en
ergy Ef52.6 eV. This value is calculated from Eq.~1!, tak-
ing the formation energy of Ins

0 as reference energy. In th
relaxed configuration, nearest-neighbor~nn! In-Si distances
are larger thandSi . Starting from the initial guessed geom
etry, with the atoms placed in the ideal substitutional a
tetrahedral positions of the silicon lattice, the relaxation

e-
3-3
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fects mainly the atomic position of Ins and of its two nn
atoms, i.e., SiTd and the Si atom that lies on the same^111&
direction of the In-SiTd bond, opposite to SiTd . In particular,
these two In-Si bonds result to be.7% longer thandSi . The
other Si atoms hardly move from their ideal lattice site
making weaker bonds to In, withdIn-Si.2.7 Å. Considering
the formation reaction Ins

21I1→InI0 and using the GGA
value of the formation energy of the dumbbell
interstitial,18 we calculateEb(InI0)521.2 eV.

The configurations with In sitting in interstitial sites, th
tetrahedral InTd , and the hexagonal defect InHx @Figs. 2~b,c!#
have larger formation energy with respect to InI. In bo
cases, the relaxed In-Si bonds are larger than the distanc
the ideal Td and Hx sites from the neighboring lattice sit
Placing an interstitial In in a Td or Hx site induces lar
outward atomic relaxations ofall its nn Si atoms. This radia
strain relaxation affects also the Si atoms in the next nn sh
inducing a.10% increase of Si-Si distances. On the oth
hand, in the InI configuration, only the first nn’s of In a
involved in the strain relaxation, which extends along t
^111& direction.

A third interstitial structure, with In in a bond-centere
~BC! position between two silicon atoms, is unstable a
relaxes towards the InI geometry. The same behavior is
served for the mixed In-Sî110&- and ^100&-dumbbell con-
figurations.

The InI configuration is the lowest-energy one for all va
ues of Fermi levelmF , as is evident from Fig. 3, where w
plot Ef(In-I q;mF), i.e., the formation energy as a functio
of mF for the In-interstitial defects in the charge states 0,1,
and 2. Atomic relaxations do not change substantia
between neutral and charged defect configurations. Figu

FIG. 2. Relaxed DFT configurations of neutral interstitial
defects, InI, InTd , and InHx ~see text!. The atoms that have unde
gone sizable relaxations from the initial structure are shown w
spheres over the host silicon lattice~sticks!. The In atom is shown
as a black sphere, its nearest-neighbor Si atoms with smaller
spheres. On the right-hand side~bottom!, the formation energy dif-
ferences among the three structures are reported.
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shows that all interstitial-related defects are donors
the p-type to intrinsic conditions, i.e., formF<Eg/2. The
levels aree(1/0)@ InI#50.74 eV, e(1/0)@ InTd#50.83 eV,
ande(1/0)@ InHx#50.68 eV. On the other hand, alle(0/2)
ionization levels of the In-interstitial defects fall inside th
conduction band~with e(0/2)@ InI#51.16 eV).

In order to determine the activation energy for t
interstitial-mediated diffusion process, it is necessary to id
tify the migration path of the InI complex and to locate th
saddle point. This is usually done with the aid of compu
tional techniques that are capable of searching the minim
energy path in the defect configurations space, as the nud
elastic band19 ~NEB! method, implemented inVASP. Never-
theless, it is possible to estimate the activation energy
I-mediated diffusion from our calculated energetics. We co
sider two possible migration paths for the neutral defect. T
first one is the so-calledinterstitialcymechanism, which also
characterizes the diffusion of boron in conditions of inters
tial supersaturation:20 starting from the ground-state configu
ration @Fig. 2~a!#, the dopant is kicked out into an interstitia
position, while SiTd goes to the lattice site. Indium then fal
into a different nearby substitutional position, kicking out
Si atom in a Td position and forming a new InI comple
Along the path, the increase in energy cannot exceed
ground-state binding energyEb(InI) 521.2 eV, otherwise
the defect might dissociate before the diffusion step is co
pleted. This excludes the hexagonal site as a saddle p
sinceEb(Hx)510.4 eV, and points out to the InTd configu-
ration. SinceEf(InTd)2Ef(InI) 50.5 eV, the minimum mi-
gration energy is 0.5 eV<Em<1.2 eV, hence the activation
energy, Eact5Ef1Em , would result to be 3.1 eV<Eact
<3.8 eV.

A different path connects two InI configurations center
on different lattice sites, with the BC position as the sad
point. Through a constrained calculation of the energy
the BC configuration, we find a small-energy barri
(.0.3 eV) from InI to In-BC. In this way, however, In
moves only between two adjacent lattice sites, lying on
same^111& direction of the initial In-SiTd bond. In order to

h

ay

FIG. 3. Formation energies of In-interstitial defects, InI, InTd ,
and InHx as functions of the Fermi levelmF . The electronic levelse
are also indicated.
3-4
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complete a diffusion step, the SiTd has either to diffuse away
~with a new Si interstitial eventually reaching Ins from a
different ^111& direction! or to move around the substitu
tional In without dissociating. The energy barrier of the fi
process is the dissociation of the InI complex, i.e.,Em
>2Eb51.2 eV, larger than the barrier of theinterstitialcy
mechanism. Instead, we perform a NEB calculation and
tain a barrier energy of.0.6 eV for the path connecting tw
InI configuration oriented along different^111& directions,
i.e., for Si to move around the Ins atom. In the saddle-poin
configuration the Si interstitial sits in the 2nn-Td site of t
Ins.

Thus, the two interstitial-mediated diffusion mechanis
have similar activation energy,Eact5Ef1Em.3.2 eV. We
mention also that we do not find that the diffusion mech
nism depends on the charge state of the defect. Since
formation energy differences between all In-interstitial co
figurations are quite large, there is no crossing
Ef(In-I q;mF) values when the Fermi levelmF goes from the
top of the valence band up toEg ~see Fig. 3!. Thus, the
energy difference between stable and metastable config
tions ~and consequently the migration energy! is roughly the
same for any value ofmF .

D. In-vacancy complex

The relaxed geometry of the indium-vacancy comp
~InV in the following! is plotted in Fig. 4. Starting from the
ideal configuration with Ins and SiV in nn positions~and
checking against possible artificial symmetry-induced
ases!, we find that the defect undergoes large atomic rel
ations that shift the In atom into a bond-center position
tween two empty lattice sites.

The formation energy, calculated from Eq.~1!, is
Ef(InV) 51.48 eV. We consider the reaction Ins

21V1

→InV0 and calculate the defect binding energy from form
tion energy differences, obtainingEb(InV) 522.4 eV. This
value is larger than that found for other dopant-V comple

FIG. 4. Relaxed structure of the InV complex. The atoms t
have undergone sizable relaxations from the initial structure
shown with spheres over the host silicon lattice~sticks!. The In
atom is plotted in black with larger atomic radius with respect to
nn silicon atoms. The arrows indicate the two sites over which
Si vacancy is splitted~V! and the 2nn and 3nn sites.
08521
t

-

s

-
he
-
f

ra-

x

-
-
-

-

s

such as P-V, As-V (Eb.21.1/21.6 eV).21 Moreover, re-
laxed geometries of P and As complex with Si-V do n
show the substantial shift of the dopant atom towards the
site, as in the InV geometry.22 This suggests a strong bondin
character of the InV complex that, on the basis of strain re
arguments, might be suggested as typical of dopant w
larger atomic radius. Kaukonenet al.23 found indeed, for in-
stance, similar atomic relaxations for the Sn-V defect. Ho
ever, as regards the complexes formed with the vacancy
the p-type dopants other than In~i.e., B, Al, Ga!, only Al
relaxes towards the BC site,22,24 indicating that the dopant-V
relaxed geometry cannot be easily predicted on the basis
general trend.

From the formation energy values of neutral and charg
InV, shown in Fig. 5 as a function of the Fermi energy, w
calculate the acceptor levele(0/2)@ InV#50.3 eV. The cal-
culatede(1/0)@ InV# lies below the valence-band maximum
As regards the relaxed geometries of charged complexes
find the same relaxations as for the neutral InV, i.e., In s
always in the BC position between two empty sites.

We further investigate the interactions between In a
Si-V, calculating how the formation energy varies when t
Si-V is placed at second- and third-nearest-neighbor dista
~2nn and 3nn hereafter! from Ins.

A Si-V in a site second neighbor to Ins is unstable: the Si
atom first neighbor to Ins and to the vacancy moves into th
vacant site without any energy barrier, and the system rev
spontaneously into the In-divacancy complex discussed
viously ~Fig. 4!. This relaxation indicates a monotonic in
crease of the energy potential when Si-V moves away fr
In, up to 2nn distance.

Moving further along possible dissociation paths of t
InV complex, two 3nn sites can be chosen, as indicated
Fig. 4: position~a! belongs to a hexagonal ring, while~b! lies
along thê 110& chain. Placing a Si-V in positions~a! and~b!
gives rise to stable structures, with still negative binding e
ergiesEb(3nn)(a)520.3 eV, Eb(3nn)(b)520.62 eV.

t
re

s
e

FIG. 5. Formation energy of In-vacancy defects as a function
the Fermi levelmF . Solid lines correspond to the InV complex
dashed lines to the configuration with the Si-V placed at 3nn d
tance from Ins. The dotted line is the formation energy differenc
between the two. Electronic levelse are also indicated.
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On the basis of ourab initio calculations, we are thus abl
to figure out the potential energy describing the interacti
between a substitutional In and a Si-V as a function of
distanced between the two. We summarize it noticing tw
anomalous features with respect to other dopant-V co
plexes energetics: the minimum of the binding energy be
located atd5dSi/2 instead ofd5dSi , and the negative slop
of the binding energy atd equal to the 2nn distance, whe
no local minimum is detected.

We estimate the activation energy for V-mediated In d
fusion on the basis of our energetics. The negative valu
Eb(3nn) indicates that the range of the interactions betw
In and Si-V extends beyond the third nn distance, and s
gests a pair mechanism for V-mediated In diffusion.22 The
first step of any V-mediated diffusion mechanism starts w
the exchange of atomic positions between In and Si-V. Th
the simplest pair-diffusion mechanism requires that the S
moves away to the 2nn and 3nn(a) sites and returns close t
the same In atom through jumps over different 2nn and
sites on the hexagonal ring.25 The overall energy barrier for a
diffusion step is thus given by the sum of the energy diff
enceDE between the InV and the 3nn(a) configuration and
the barrier for the 3nn→ 2nn jump of the vacancy. Assum
ing with reasonable confidence that the barrier energy for
3nn → 2nn jump is equal to the vacancy migration ener
@Em(Si-V)50.2 eV, Ref. 26#, it is possible to give an esti
mation of the activation energy for the V-mediated pair d
fusion. We plot the energy differenceDE in Fig. 5 as a
function of the Fermi energy, and note that it is rough
constant, increasing by 0.2 eV inp-type doping conditions
with respect to theDE51.9 eV value of the intrinsic regime
Thus,Em5DE1Em(Si-V)52.1 eV and the associated ac
vation energy isEact53.6 eV.

This mechanism is opposed to the simple vacancy di
sion one, where, after the two defects have exchanged p
tions, the In-V complex does dissociate and the Si-V m
grates away, eventually finding a different dopant atom to
kicked out. The migration energy would then be the bind
energy of InV, i.e., Em52.2 eV and thusEact53.7 eV,
slightly larger than the activation energy for the pair mec
nism described above.

III. DIFFUSION MODEL

The results of theab initio calculations have been used
a continuum code capable of simulating the evolution of
implanted dopant profiles on the basis of diffusion equatio
A software27 allows the integration of user supplied diffusio
model in the general framework of a process simulator.
use a modeling approach that has been introduced to s
late dopant diffusion in silicon,28,29 in which the coupling
between silicon defects and any general impurities drives
impurity diffusion through the formation of mobile defec
impurity pairs. We report here a brief derivation of the re
evant formula, in order to make clear how we relate
parameters of the model to theab initio energetics discusse
in previous sections.

At high temperature we can assume with a good appr
mation that all the impurity atoms under the solid solubil
08521
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threshold are ionized. Therefore, we should deal with
evolution equation for the ionized impurity density fie
CIn2.CIn , which is

ĊIn252RInI02RInV0.

Here, Ċ5]C/]t while the reaction termsRInX0 (X5I,V)
rule the defect-impurity coupling in the neutral channel29 and
are given by

RInX05KX1
1

@CIn2CX12K InX0CInX0#, ~4!

whereKX1
1 is the formation rate parameter, whileCIn2, CX1,

CInX0 are the density fields of the different defects, t
charged Ins

2 and X1, and the pair InX in the neutral state.
K InX0 is the binding parameter, which depends on the c
pling energy gain in the In21X1→InX0 reaction. Theab
initio binding energiesEb(InX0) discussed in previous sec
tions enter, thus, in the definition ofK InX0 through an
Arrhenius-type expression, together with an entropy te
SInX0:

K InX05rSiexp~2SInX0 /kB!exp@Eb~ InX0!/kBT#.

As regards the equations that rule the diffusion of the IX
pair, we first derive the expressions that relate the densit
the q-charged complexes,CInXq, to the one of the neutra
pairs, CInX0. Assuming that the electron-type reactions a
much faster than the chemical ones, we can write the follo
ing expression forCInXq:

CInXq5@K InXq
e

#21S p

ni
D q

CInX0, ~5!

where p and ni are the hole and intrinsic charge densi
respectively. In the above expression,K InXq

e is the ionization
parameter, which is related to the difference between form
tion energies of the charged and neutral pair, calculate
midgap:

K InXq
e .expS Ef~ InXq;Eg/2!2Ef~ InX0!

kBT D .

If we define the total pair density asCInX5(qCInXq, Eq. ~5!
allows us to write

CInX05
CInX

(
q

@K InXq
e

#21S p

ni
D q .

We can expressCX1 in terms of the total defect densityCX ,
in a similar way to Eq.~5!:

CX15
CX1

int-eq

CX*

p

ni
CX , ~6!

whereCX* andCX1
int-eq are the equilibrium densities of theX

defects~in neutral and1 positive-charged states!, in intrinsic
conditions.
3-6



s

et

r

al

in

sio

a
f
y

om

l
ely

ib
i

m

r

te
s

-
the

ly

ng,
nt
olu-
he
ess

on
am-
ed.
f the

rve
and
of

ed

la-
-
itu-
cy
ost

tu-
rgy
res
c-
om

wn

ENERGETICS AND DIFFUSIVITY OF INDIUM- . . . PHYSICAL REVIEW B 69, 085213 ~2004!
Finally, if the pair diffusivityD InX is weakly dependent on
the charge state~as theab initio results suggest, see previou
sections!, we have the following diffusion equation forCInX :

ĊInX5(
q

ĊInXq5“FD InXS p

ni
D 21

“S p

ni
CInXD G1RInX0.

From Eqs.~4!–~6! we can express the rateRInX0 as

RInX05Keff
1 @CIn2CX2K InX~p!CInX#,

where we define a Fermi-level-dependent binding param
K InX(p), equal to

@K InX~p!#215
CX1

int-eq

CX*
@K InX0#21(

q
S p

ni
D q11

@K InXq
e

#21.

Moreover, we can reliably approximate the rate paramete
Keff

1 54paSiDX , whereaSi is silicon lattice spacing andDX

is the native defect diffusivity.
Finally, in equilibrium conditions, we can derive the tot

impurity diffusivity due to theX defect (D In,X in the follow-
ing! from the above equations,29 and obtain the following
Fermi-level-dependent expression:

D In,X~p!5D In,X
0 1D In,X

1 S p

ni
D1D In,X

11S p

ni
D 2

, ~7!

where

D In,X
0 5@K InX0#21@K InX2

e
#21CX1

int-eqD InX ,

D In,X
1 5@K InX0#21CX1

int-eqD InX ,

D In,X
115@K InX0#21@K InX1

e
#21CX1

int-eqD InX .

The experimental values of In equilibrium diffusion
intrinsic conditions,D In* 5(XD In,X(ni), as a function of the
temperature can be fitted by an Arrhenius type expres
D In* 54.04exp(23.701/kBT).30 As for the total interstitial
contribution to the diffusivity, the experimental value is set
f I5D In,I(ni)/D In* 50.8.1 We use the experimental value o
D In* and f I in order to fix the factors related to the entrop
contributions in the diffusivity expression, while the param
eters related to the intrinsic defects are taken fr
literature.18,26We note that, according to ourab initio results,
the main contributions to chargedD In* come from the neutra
and positively charged InI pairs and from the negativ
charged InV pairs.

We apply this diffusion model, based on ourab initio
results, to experimental data on In diffusion in nonequil
rium conditions. In Fig. 6 we show the experimental chem
cal profile obtained by means of SIMS of implanted indiu
at 40 keV energy with a dose of 531012 ions/cm22, and
further annealed atT5800 °C for different times,t520 s
@Fig. 6~a!#, t55 min @Fig. 6~b!# and t515 min @Fig. 6~c!#.
We also show the simulated profiles obtained for these p
cess parameters~temperatures and annealing times! from the
equations above, using as initial profiles the as-implan
SIMS In profiles and a residual I profile which is two time
08521
er

as

n

t

-

-
-

o-

d

the implanted In profile.31 Surface recombination for intersti
tials has been considered in the simulations as ruled by
equation

D I“CI52Ksurf~CI2CI* !, ~8!

whereKsurf51.131023 cm/s can be considered as the on
fitting parameter.

In the experimental conditions that we are consideri
the impurity evolution occurs in a nonequilibrium transie
regime and strongly depends on the concurrent defect ev
tion and on the defect-impurity interaction. In particular, t
apparent enhanced diffusion after the 15-min thermal proc
is .200 times larger than the equilibrium diffusivityD In* .5

Therefore, in order to describe reliably the profile evoluti
at different time intervals, an accurate estimate of the par
eters describing the defect-impurity coupling is need
Therefore, we use the parameters ruling the energetics o
diffusion mechanisms emerging from ourab initio calcula-
tions. From the comparison shown in Fig. 6 we can obse
a noteworthy agreement between the experimental data
the results of the modeling, demonstrating the accuracy
our ab initio results and the validity of the present combin
approach to model In diffusion.32

IV. CONCLUSIONS

We have performed first-principles total-energy calcu
tions within the density-functional theory for different In
related defects in silicon, investigating the isolated subst
tional In atom as well as the In-interstitial and In-vacan
complexes, in different charge states. We find that the m
stable In-interstitial defect is a pair formed by a substi
tional In and a nearby tetrahedral Si interstitial. The ene
difference between other metastable In-interstitial structu
is >0.5 eV for any position of the Fermi energy. The stru
ture of the In-vacancy complex shows large relaxations fr

FIG. 6. SIMS In profiles~dashed lines! and simulated In profiles
~solid lines! obtained after thermal annealing at temperatureT
5800 °C ~implanted dose 531012 cm22 ion energy 40 keV, CZ
substrates! at different times ~a! t520 s, ~b! t55 min, ~c! t
515 min. In the left graph the as-implanted profile is also sho
~dots-dashed line!.
3-7
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the ideal geometry, since the In atom occupies a bond-ce
position between two empty silicon lattice sites.

We have investigated the I- and the V-mediated diffus
mechanisms, identifying the two diffusion paths and findi
activation energies in the same energy range (Eact

I

.3.2 eV, Eact
V .3.6 eV). The separate contributions of m

gration and formation energy are however different in
two cases, with the migration energy for the interstitial
path smaller than the barrier for the InV to diffuse.

The implementation of theab initio results into a con-
tinuum model based on coupled diffusion equations for
density fields of all In-related defects (Ins, InI, and InV! is
shown to be very effective in obtaining an accurate mode
of the experimental profiles.

Finally, we notice that this approach corresponds to a g
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