PHYSICAL REVIEW B 69, 085213 (2004

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, vacandy/) and self-interstitiall), and at determining the energy parameters needed to
efficiently simulate and interpret the experimental profils.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 |- 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 othep-like dopants. Thab 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 conditiensannealing temperature, implant
energy.
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I. INTRODUCTION ments based on the lattice strain induced by the dopant in the
host matrix would favor the formation of B-interstitial com-
Heavy-ion implantation is one of the promising methodsplexes over B-vacancy ones, while the opposite argument
for achieving very shallow junctions in microelectronic de- should be valid for indium.
vices. Due to its heavier mass, indium could be an alternative We present a theoretical investigation on In defects in
to boron agp-dopant in silicon, in order to realize shallower silicon, aimed at providing a well-foundeab initio picture
and steeper profiles required by ultra-large-scale integratiofif defect energetics and diffusivity over which a continuum
technology"?> However, the main drawback of In doping is diffusion model is then built. The hierarchical method we
the poor electrical activation due to high ionization enérly. have adopted is not only meant to efficiently simulate the
Furthermore, a strong tendency of In to out diffuse from Siavailable experimental profiles, but, more generally, to give a
wafers during thermal processes and a low solid solubilitynicroscopic insight on indium-silicon interactions. From a
have been observédThese phenomena determine a furtherfil’St-priHCip|e study of In interactions with native defects in
limitation to the maximum fraction of In atoms that can be silicon, we obtain in fact the energetics of different com-
electrically activated. A possible way to increase the lowplexes formed by In with vacancies and self-interstitials to-
activation is to promote the formation of In-impurities com- gether with the diffusion parameters. We then integrate the
plexes, which shifts down the electronic level towards theab initio results into a continuum model that allows a direct
valence-band edge. Recent experimental wbrkshave comparison with experimental data. The diffused profiles ob-
shown that when C atoms are present, either as impurities ¢@ined by our modeling are in fact compared to those mea-
as coimplanted species, the In-C complex can form and gured by secondary-ion-mass spectrosc@ivS) after im-
shallower In-related acceptor level appéars. plantation and thermal annealing, showing a noteworthy
Diffusion of In in silicon has been investigated in severalagreement.
experimental works, observing enhanced anomalous effects The paper is organized as follows. The initio results
whenever a supersaturation of interstitial silicon atoms igire reported in Sec. II. After a brief descriptit®ec. Il A) of
present:>*7In order to extract indium diffusion parameters, the computational framework, the results for substitutional In
process simulators have been usually adoptetinodeling and a discussion on In solid solubility limit are presented
diffused In profiles in ion-implanted samples or in oxidizing (Sec. 1l B.. We turn then to the investigation of In interac-
conditions. In this way, a diffusion mechanism via silicon tions with silicon native defects: Secs. Il C and II D report
self-interstitial atoms has been proposed as dominant ovéhe energetics, diffusion mechanisms, and migration barriers
that mediated by silicon vacancieéwhile an estimation of ~of In complexes with interstitials and vacancies, respectively.

the activation energi,.=3.6 eV in intrinsic conditions has The implementation of thab initio investigations into a con-
been given by Suzulet al® tinuum model for In diffusion is presented in Sec. lll, where

Due to the lack of atomistic theoretical investigations onthe results of the diffusion simulations are also compared to
In interactions with silicon defects, process simulators havéhe SIMS profiles.
obviously had to rely on well educated guesses on In behav-
ior in silicon, argued from the successful fitting of the ex- Il. Ab initio RESULTS
perimental data and from the analogies with other dopants
behavior, such as boron. However, it is clear that any simi-
larity should be critically considered, in view of the different  The ab initio calculations are performed within density-
atomic radii of the two species. For instance, simple argufunctional theory(DFT) and using the Viennab initio simu-

A. Computational framework
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lation packagevasp).® We perform our calculations within cohesive energy of body-centered In calculated by Zoroddu
the generalized gradient approximaticiGGA), in the et al,'® we calculate the formation energy of neutral substi-
Perdew-Wang formulatioff. tutional In, E¢(In)=1.46 eV.

In general, we calculate the formation energy of The atomic relaxations around the negatively charged
g-charged defects (df from E(def), the total energy of substitutional In (18) do not appreciably differ from those
the supercell containindys; Si atoms and\, In atoms, as  of the neutral lg. Since the ionization levet(q/q’) is de-

fined as the value ofi at which theq'-charged defect be-
E¢(defl) =E(def) = Ngjusi— Njnpsin+ auee (1) comes energetically favorable over thgcharged one
[i.e., where E((def®)=E(def], we obtain e(0/-)
=187 meV. We mention that all values of the electron en-
rgy levels are referred here to the valence-band maximum.

where ug is the electron chemical potentidthe Fermi
level), and ug;, uin are the chemical potentials of the host

and dopant atomic species, respectively. In the following, th hi U6 is | d ¢ with th - al
chemical potential of Si atomg,g;, is always chosen as the IS value IS In very good agreement wi € expinmen a
acceptor level associated withgIne(0/—) =156 meV:" As

cohesive energy of bulk siliconygi(bulk). As will be dis- ) . o ;
cussed in the following, we set the In chemical potential almentloned In Sec. A th'.s discrepancy is Of. the order .Of
the computational confidence on formation energies

the bulk energy of crystalline Ihw(bulk)] when we cal- —50 meV

culate the formation energy of substitutional In Jirand (_In oneer)io discuss In solid solubility, we first calculate

determine the value of In solid solubility in silicon. However, . . My, X
n» the maximum concentration of isolated neutral In im-

since we are then interested in discussing the formation of "’ .~ =~ - . . .
In-I and In-V (in general, InX%) complexes after implanta- purities in the silicon matrix at a given temperatdieand in

. i : . (%onditions of thermodynamic equilibrium. This quantity
tion and thermal annealing processes, a different choice oIS obtained from the formation enerd@(In®) and the den-
Min IS made in Secs. Il C and 11 D. In these cases, in fact, itis", . . . ) & (In;)

ity of atomic sites in bulk Sipg, as Nj,=psiexp

natural to consider a reservoir of substitutional atoms for th o

dopant species. Therefore, we fix the valueugf by setting _Ef(mB)lllkBTl'g The ciallculated values dg"l'g railge from

the formation energy of fhas the reference energy for all In- 90-7<107cm ™ at T_730 _03 0 0.1%10%cm™= at T
=700°C, and 0.8% 10*” cm 2 at T=1000°C.

X9 defects. ) . N
We consider also formation energy differences between As discussed above, the range of possible applications of

initial and final products of reactions involving a ¥-com- !n dppin_g i.n microelectronic devices is p_artially limited by
. . its high ionization energy and by the relatively low values of
plex and 'SOI?ted LV o defepts, €., Of_ the form Eh solid solubility, i.e., the low density of In atoms in the elec-
+X%2—In-X%7%, In the following, we define for each In- yjca|ly active substitutional configuration. To this respect,
X% the binding energyE,(In-X1) as the smallest formation e turn to the calculation of the density of ionized In atoms,
energy difference among all possible dissociation reacnonsNI— , as a function of the temperatufe using the following
In order to converge all properties of relevance, we use %q”uationl_s

cutoff energyE.= 207 eV for the plane-wave expansion and
a Monkhorst-Pack (44X 4) grid for thek-space summa-
tion. Ultrasoft pseudopotentidlsdescribe the electron-ion - Ty —
interactions. The In pseudopotentials include the semicore
4d electrons in the valence. The supercell unit cell that is
periodically repeated in space contains 64 atoms. We test thdhe charge neutrality condition sets the value of the Fermi
the calculated formation energy values of neutral defects diflevel ug in Eq. (2), equating the positive hole density in the
fer by less than 50 meV when the cutoff energy is raised tovalence band to the sum of the electron density in the con-
285 eV, thek-point sampling set is set to ¢65x5), or a  duction band and the concentration of negatively charggd In
larger simulation cell is chosen. For charged defects, a uniions, i.e.,
form jellium background of opposite charge maintains the
charge neutrality of the simulation cell, and the total energy

Nvexp<

Nin
1+4 exd[e(0/—)— uellkgT}'

@

E(In-X% in Eqg. (1) is corrected by taking into account
monopole-monopole and monopole-quadrupole téfwe
test that total-energy corrections induced by neglectin
qguadrupole-quadrupole terms are smaller than 50 meV.

+N, . 3)

ME | _Eg_MF
kBT)_NCeXp( KeT

q—|ere, Nc and Ny are the electron and hole density at the
conduction- and valence-band edges, respectivelyEgnd
the band gap. We can solve farz from the expressions
above and calculate the fraction of ionized accephg§T).
The presence of substitutional In in the Si host matrixIn doing this, we first us& in Eq. (2) the value ofN,, cal-
induces outward relaxations of the nearby silicon atoms, as ieulated atT,=1000 °C to distinguish the temperatufeat
expected from the larger atomic radius of In with respect towhich electrical activity is measured from that at which In
Si. The calculated In-Si first-neighbor distances of the reatoms are introduced in the sample as, for instance, by solid
laxed Irf structure are in fact=7% larger thandg;  phase diffusion. In this way, we obtain values of the ionized
=2.36 A, the calculated GGA atom spacing in bulk silicon. atom concentration ranging from,,=0.13x< 10*" cm 3 at
From Eq.(1) and taking foru,, the DFT-GGA value of the room temperature tdN,,=0.71x 10" cm 3 at T=300°C

B. Substitutional In
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T ' ' ' respond to values differing by the typical computational er-
ror, i.e., A=50 meV. As is evident from Fig. 1, the self-
consistent value of the Fermi energy does not change
dramatically for these variations B; and the estimation of
the active dopant concentration varies by less than one order
of magnitude.

The formation energy, and hence the solubility, is also

determined by the chemical potential,. In thermodynamic

\ equilibrium, the latter equalg,(bulk). A larger(less nega-

_3]

densities [cm

10"~ —E-146eV

e E<140eV tive) value of u,,, obtained, e.g., by means of nonequilib-
15 ! . .
wth= E=1.0eV 7 rium growth processes, would of course enhance the solubil-
pen _ ity. This could be the case if a reservoir of dopant atoms
could be stabilized at the surface by carefully tailoring the
13 s | L | L | L | L | I . .. .. . A
107, 0.2 0.4 0.6 0.8 1 experimental conditiongAb initio calculations of absorption
He[eV] energies of B atoms on different sites of Si surfatémve

indeed shown that this is the case: initial incorporation of B
at the growing surface costs more energy than having the
dopant in its bulk form. The highest value pf under epi-

FIG. 1. Total positive [), negative ), and ionized acceptor
densities N,,) as functions of the Fermi energyr, at T

=1100°C. N,(ug), p(ug), and n(ug) are plotted with same . . .
style (solid, dashed, and dotted lifesach corresponding to differ- taxial conditions corresponds to spontaneous accumulation

ent values ofE; (1.46 eV, 1.40 eV, 1.0 eV as indicated in the of B at the t(;?rf surface _Iayer, i._g., when surface gdsorption
legend. The horizontal arrows point to the acceptor densities corré2N€r9YEaq(xg™)=0. This condition would set a higher B

sponding to the self-consistent valueof , also indicated by ver- chemical potential with respect {@g(bulk), by =0.5 eV,
tical arrows. and a corresponding smaller formation energy for B

As regards indium, thab initio work of Northrup and

_ o . . co-workerd’” found that the stable In:&01) structure is a
andN;,=0.76< 10" cm atT=1000°C, corresponding 10 2% ad-dimer, oriented parallel to the Si-Si surface dimer,

16%, 87%, and 91% of the ion concentratisip(Tg). with surface adsorption enerd,q(u ) lower than that of

Experimentally, the highest value of solid solubility has any other geometry considered there, for any choicg pf
been obtained after ion implantation and thermal annealing,,,  their surf

i E values we extrapolate
by Solmi et al* From the measured values of hole concen-_ ad A1) P Hin

) L o . . . Min(bulk)+1.0 eV. Such variation oft would indeed af-
tration and estimating that 15% of In is electrically active fect In, formation energy and thus In solubility in the same
at room temperature, they conclude that In solubility is

~1.8x10 cm3, for annealing temperaturdsin the range direction as for B. In fact, in Fig. 1, a sizable increaséNgf

o . . and a decrease of the Fermi level can be noted if a snigfler
700-1100°C. In these experimental conditions, dopants ari% used in Eq(2) (Ef[lng]zl.o eV, dotted lines

introduced by ion implantation, and thermal annealing pro- .
cesses are then used to relax the lattice damage. Thus, theThese effects, much larger than those due to typical com-

concentration of substitutional In available to be eIectricallyp?tlat'o??lhacggrac¥’ would indicate Fhat, if the ]lnt%orp%ratpn |
activated might not be equivalent to that obtained when th@" I at e Si surlace causes an ncrease of the chemica

doping is achieved by solid phase diffusion at thermal equipotential, the active In concentration is affected in a sizable
librium, Niy(T). In particular, the comparison with the cal- way. This could be the case, for instance, in molecular-beam

culated values reported above should be critically considereﬁF)'t"’l)(Ial growth. Although this is a qualitative argument and

if the peak concentration of the implanted dose is lower thar~SP calculations ofE,q would be needed for a consistent

Nin(T4). However, this is not the case in the experiments Ofcomparison, we suggest that exploring experimental condi-

Solmiet al® and we observe that our theoretical findings arenons that set different atomic reservoirs than the bulk dopant

in good agreement with the experimental limiting value. E_r;.asga m|_|ght be a possible efficient way to increase In solu-
Given the exponential dependenceNyf, on E¢, we dis- llity In silicon.
cuss the accuracy of our calculated values of ionized dopant
concentrations. In Fig. 1, we plot the ionized In concentra-
tions N,(ng) together with the total positive hole density = Among all neutral In-related defect configurations con-
p(me) and the negative electron densityug), as calcu- taining an interstitial atom, the lowest-energy structure con-
lated from Eqs(2) and(3) at T=1100°C. This is a graphi- sists of a Igatom with a Si interstitial in a nearby tetrahedral
cal way of solving the above equations, since the crossing ofTd) position, shown in Fig. @) and denoted in the follow-
p(ug) andn(wg) [the left- and right-hand sides of E(B)] ing as Inl. The defect ha€;, symmetry and formation en-
determines the Fermi energy of the system. The latter theargy E;=2.6 eV. This value is calculated from E(.), tak-
sets the calculated active dopant concentratign, indi-  ing the formation energy of ﬂﬁas reference energy. In the
cated with horizontal arrows in the picture. We plot with relaxed configuration, nearest-neighldan) In-Si distances
solid lines the curves obtained inserting the DFT-GGA val-are larger thardg;. Starting from the initial guessed geom-
ues of formation energy and acceptor ley&=1.46 eV, etry, with the atoms placed in the ideal substitutional and
€(0/—)=187 meV, solid line§ while the dashed lines cor- tetrahedral positions of the silicon lattice, the relaxation af-

C. In-interstitial defects
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FIG. 3. Formation energies of In-interstitial defects, Inlygln
and Iny, as functions of the Fermi levelr . The electronic levels

FIG. 2. Relaxed DFT configurations of neutral interstitial In are also indicated.

defects, Inl, Irq, and Iny, (see text The atoms that have under- . " .
gone sizable relaxations from the initial structure are shown withShOWs that all interstitial-related defects are donors in

spheres over the host silicon lattiesticks. The In atom is shown € P-type to intrinsic conditions, i.e., foup<Eg/2. The
as a black sphere, its nearest-neighbor Si atoms with smaller grd§Vels aree(+/0)[Inl]=0.74 eV, (+/0)[Inry]=0.83 eV,
spheres. On the right-hand sitteottom), the formation energy dif- and e(+/0)[Iny,]=0.68 eV. On the other hand, a(0/-)
ferences among the three structures are reported. ionization levels of the In-interstitial defects fall inside the

conduction bandwith €(0/—)[Inl]=1.16 eV).

) ) » ) In order to determine the activation energy for the
fects mainly the atomic position of Jrand of its two nn  jnterstitial-mediated diffusion process, it is necessary to iden-
atoms, i.e., §j and the Si atom that lies on the safill)  tify the migration path of the Inl complex and to locate the
direction of the In-Sjy bond, opposite to $j. In particular,  saddle point. This is usually done with the aid of computa-
these two In-Si bonds result to be7 % longer tharls;. The  tional techniques that are capable of searching the minimum-
other Si atoms hardly move from their ideal lattice sites,energy path in the defect configurations space, as the nudged
making weaker bonds to In, witth, 5=2.7 A. Considering elastic ban# (NEB) method, implemented irasp. Never-
the formation reaction +1*—Inl® and using the GGA theless, it is possible to estimate the activation energy of
value of the formation energy of the dumbbell Sil-mediated diffusion from our calculated energetics. We con-
interstitial 1® we calculateE (In1®)=—1.2 eV. sider two possible migration paths for the neutral defect. The

The configurations with In sitting in interstitial sites, the first one is the so-callemhterstitialcy mechanism, which also
tetrahedral Iy, and the hexagonal defectyn[Figs. 4b,0)]  characterizes the diffusion of boron in conditions of intersti-
have larger formation energy with respect to Inl. In bothtial supersaturatiof® starting from the ground-state configu-
cases, the relaxed In-Si bonds are larger than the distancesmaiftion[Fig. 2(@)], the dopant is kicked out into an interstitial
the ideal Td and Hx sites from the neighboring lattice sitesposition, while Si4 goes to the lattice site. Indium then falls
Placing an interstitial In in a Td or Hx site induces large into a different nearby substitutional position, kicking out a
outward atomic relaxations @fll its nn Si atoms. This radial Si atom in a Td position and forming a new Inl complex.
strain relaxation affects also the Si atoms in the next nn shell\long the path, the increase in energy cannot exceed the
inducing a=10% increase of Si-Si distances. On the otherground-state binding energ,(Inl)=—1.2 eV, otherwise
hand, in the Inl configuration, only the first nn’s of In are the defect might dissociate before the diffusion step is com-
involved in the strain relaxation, which extends along thepleted. This excludes the hexagonal site as a saddle point,
(111) direction. sinceE(Hx)=+0.4 eV, and points out to the 4pconfigu-

A third interstitial structure, with In in a bond-centered ration. SinceE;(Inyy) —E¢(Inl) =0.5 eV, the minimum mi-
(BC) position between two silicon atoms, is unstable andgration energy is 0.5 e¥E,,<1.2 eV, hence the activation
relaxes towards the Inl geometry. The same behavior is okenergy, E,..=E;+E,,, would result to be 3.1 e¥E,
served for the mixed In-§j110)- and(100)-dumbbell con- =<3.8 eV.
figurations. A different path connects two Inl configurations centered

The Inl configuration is the lowest-energy one for all val- on different lattice sites, with the BC position as the saddle
ues of Fermi levejug, as is evident from Fig. 3, where we point. Through a constrained calculation of the energy of
plot E¢(In-1% ), i.e., the formation energy as a function the BC configuration, we find a small-energy barrier
of ug for the In-interstitial defects in the charge statestQ, (=0.3 eV) from Inl to In-BC. In this way, however, In
and —. Atomic relaxations do not change substantiallymoves only between two adjacent lattice sites, lying on the
between neutral and charged defect configurations. Figure §ame(111) direction of the initial In-Siy bond. In order to
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FIG. 4. Relaxed structure of the InV complex. The atoms that
have undergone sizable relaxations from the initial structure are
shown with spheres over the host silicon lattigticks. The In =~ FG. 5. Formation energy of In-vacancy defects as a function of
atom is plotted in black with larger atomic radius with respect {0 itSthe Fermi leveluq . Solid lines correspond to the InV complex,
nn silicon atoms. The arrows indicate the two sites over which thgyashed lines to the configuration with the Si-V placed at 3nn dis-
Si vacancy is splittedV) and the 2nn and 3nn sites. tance from Ig. The dotted line is the formation energy difference

between the two. Electronic levetsare also indicated.
complete a diffusion step, the{gihas either to diffuse away
(with a new Si interstitial eventually reachingglfrom a  such as P-V, As-V E,=—1.1/—1.6 eV) 2! Moreover, re-
different (111) direction or to move around the substitu- laxed geometries of P and As complex with Si-V do not
tional In without dissociating. The energy barrier of the firstshow the substantial shift of the dopant atom towards the BC
process is the dissociation of the Inl complex, i.E, site, as inthe InV geomet.This suggests a strong bonding
=—-E,=1.2 eV, larger than the barrier of theterstitialcy =~ character of the InV complex that, on the basis of strain relief
mechanism. Instead, we perform a NEB calculation and obarguments, might be suggested as typical of dopant with
tain a barrier energy of£0.6 eV for the path connecting two larger atomic radius. Kaukonest al?® found indeed, for in-
Inl configuration oriented along differeftl11) directions, stance, similar atomic relaxations for the Sn-V defect. How-
i.e., for Si to move around the Jrtom. In the saddle-point ever, as regards the complexes formed with the vacancy by
configuration the Si interstitial sits in the 2nn-Td site of thethe p-type dopants other than lIfi.e., B, Al, Ga, only Al
Ing. relaxes towards the BC sifé?*indicating that the dopant-V

Thus, the two interstitial-mediated diffusion mechanismsrelaxed geometry cannot be easily predicted on the basis of a
have similar activation energ¥...=E¢+E,=3.2 eV. We general trend.
mention also that we do not find that the diffusion mecha- From the formation energy values of neutral and charged
nism depends on the charge state of the defect. Since tHBV, shown in Fig. 5 as a function of the Fermi energy, we
formation energy differences between all In-interstitial con-calculate the acceptor leve(0/=)[InV]=0.3 eV. The cal-
figurations are quite large, there is no crossing ofculatede(+/0)[InV] lies below the valence-band maximum.
E¢(In-1% g) values when the Fermi level: goes from the  As regards the relaxed geometries of charged complexes, we
top of the valence band up tB, (see Fig. 3 Thus, the find the same relaxations as for the neutral InV, i.e., In sits
energy difference between stable and metastable configuralways in the BC position between two empty sites.
tions (and consequently the migration energy roughly the We further investigate the interactions between In and
same for any value ofir. Si-V, calculating how the formation energy varies when the
Si-V is placed at second- and third-nearest-neighbor distance
(2nn and 3nn hereaftefrom Ing.

A Si-V in a site second neighbor todis unstable: the Si
The relaxed geometry of the indium-vacancy complexatom first neighbor to lnand to the vacancy moves into the
(InV in the following) is plotted in Fig. 4. Starting from the vacant site without any energy barrier, and the system reverts
ideal configuration with Igand SiV in nn positiongand  spontaneously into the In-divacancy complex discussed pre-

checking against possible artificial symmetry-induced bi-viously (Fig. 4). This relaxation indicates a monotonic in-
ase$, we find that the defect undergoes large atomic relaxcrease of the energy potential when Si-V moves away from
ations that shift the In atom into a bond-center position bein, up to 2nn distance.

tween two empty lattice sites. Moving further along possible dissociation paths of the

The formation energy, calculated from Ed1l), is  InV complex, two 3nn sites can be chosen, as indicated in
E¢(InV)=1.48 eV. We consider the reaction IV~ Fig. 4: position(a) belongs to a hexagonal ring, while) lies
—InV® and calculate the defect binding energy from forma-along the(110) chain. Placing a Si-V in positiorns) and(b)
tion energy differences, obtainirig,(InV) =—2.4 eV. This  gives rise to stable structures, with still negative binding en-
value is larger than that found for other dopant-V complexesrgiesE,(3nn)®=—0.3 eV, E,(3nn)?’=—0.62 eV.

D. In-vacancy complex
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On the basis of ouab initio calculations, we are thus able threshold are ionized. Therefore, we should deal with the
to figure out the potential energy describing the interactiongvolution equation for the ionized impurity density field
between a substitutional In and a Si-V as a function of theC,,-=C,,, which is
distanced between the two. We summarize it noticing two
anomalous features with respect to other dopant-V com- Cin- = —Rynyo— Ripvo.
plexes energetics: the minimum of the binding energy being ]
located ad=dg/2 instead ofd=dg;, and the negative slope Here, C=4C/dt while the reaction term&R,xo (X=1,V)
of the binding energy afl equal to the 2nn distance, where rule the defect-impurity coupling in the neutral charffiahd

no local minimum is detected. are given by
We estimate the activation energy for V-mediated In dif- N
fusion on the basis of our energetics. The negative value of Rinx0=Ky+[ Cjn-Cx+ = Kqx0Cinxol, (4)

Ep(3nn) indicates that the range of the interactions between . )

In and Si-V extends beyond the third nn distance, and sug¥hereK,. is the formation rate parameter, whilg,-, Cx+,
gests a pair mechanism for V-mediated In diffustférfhe ~ Cinxo are the density fields of the different defects, the
first step of any V-mediated diffusion mechanism starts withcharged 1§ and X*, and the pair IX in the neutral state.
the exchange of atomic positions between In and Si-V. TherKxo is the binding parameter, which depends on the cou-
the simplest pair-diffusion mechanism requires that the Si-\pling energy gain in the m+X*—InX° reaction. Theab
moves away to the 2nn and 3Ahsites and returns close to initio binding energie€,(InX®) discussed in previous sec-
the same In atom through jumps over different 2nn and 1ntions enter, thus, in the definition dk,xo through an
sites on the hexagonal rirfg The overall energy barrier for a Arrhenius-type expression, together with an entropy term
diffusion step is thus given by the sum of the energy differ-Sxo:

enceAE between the InV and the 3f configuration and

the barrier for the 3nr- 2nn jump of the vacancy. Assum- Kinxo= psi€XP — Sinxo/Kg)exd Ey(InX°%)/kgT].

ing with reasonable confidence that the barrier energy for th%\s regards the equations that rule the diffusion of th In

3nn — 2nn jump is equal to the vacancy migration energy . . ; . .
[En(Si-V)=0.2 eV, Ref. 2§, it is possible to give an esti- Fhir' ﬁi;rrségecr;vrﬁ tlheisg)ressg n?htgac;tnrglegtf tLhee r?:Stsr 'g of
mation of the activation energy for the V-mediated pair dif- _ 4 9 b InXd: .

pairs, Cj,xo. Assuming that the electron-type reactions are

;usmn. We plot the energy differenck€ in Fig. 5 as a much faster than the chemical ones, we can write the follow-
unction of the Fermi energy, and note that it is roughly. . )
constant, increasing by 0.2 eV mtype doping conditions ing expression foC nxa:
with respect to thAE=1.9 eV value of the intrinsic regime. p\d
Thus,E,=AE+E«(Si-V)=2.1 eV and the associated acti- Cinxa=[K} yal * —) Cinx0» (5)
vation energy i€,.;=3.6 eV. n

This mechanism is opposed to the simple vacancy diffuyhere p and n; are the hole and intrinsic charge density,

sion one, where, after the two defects have exchanged POS%aspectively. In the above expressi&fqu is the ionization

tions, the In-V' complex does dissociate and the Si-V mi- arameter, which is related to the difference between forma-

grates away, eventually finding a different dopant atom to be. ! )
kicked out. The migration energy would then be the binding(%)on energies of the charged and neutral pair, calculated at

energy of IV, i.e,E,=2.2 eV and thusE,,=3.7 ey, magap:
s[ightly Iarg_er than the activation energy for the pair mecha- . E¢(INX%E4/2) — E.(InX°)
nism described above. K} xa=€X
nxd kgT
B
1Il. DIEFFUSION MODEL If we define the total pair density @,nx=2qcqu, Eq. (5)
allows us to write
The results of thab initio calculations have been used in

a continuum code capable of simulating the evolution of as- Cinx
implanted dopant profiles on the basis of diffusion equations. Cinxo= q
A softwaré’ allows the integration of user supplied diffusion E [Kfnxq]—l(ﬂ
model in the general framework of a process simulator. We ni

use a modeling approach that has been introduced to sim
late dopant diffusion in silico”®?° in which the coupling

between silicon defects and any general impurities drives th
impurity diffusion through the formation of mobile defect-

We can expres€y+ in terms of the total defect densi€y,
En a similar way to Eq(5):

int-eq
impurity pairs. We report here a brief derivation of the rel- _ Cx+ P
: Cx+ Cx, (6)
evant formula, in order to make clear how we relate the Cy N

parameters of the model to tlad initio energetics discussed int
in previous sections. whereC% andCy~ "% are the equilibrium densities of thé

At high temperature we can assume with a good approxidefects(in neutral and+ positive-charged statgsn intrinsic
mation that all the impurity atoms under the solid solubility conditions.
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Finally, if the pair diffusivityD ,x is weakly dependent on (@ ® ©
the charge stat@s theab initio results suggest, see previous N mplanted 1 ] ]
section$, we have the following diffusion equation f@;,x : ik , 1 1

P\ (P
Dlnx( n_l) V(n_iclnx
From Egs.(4)—(6) we can express the ral,xo as

Rinxo= K;ﬁ[cln’cx_ Kinx(P)Cinx],

where we define a Fermi-level-dependent binding paramete 10°
Kinx(p), equal to

! '\ — simulated

+ Rmxo.

CInX: % CIan: v

Density [cm™]

LS B A e

=

+1 1 3 I
p q 10" I R P I I N I I
- [Ke ]*l 0 0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2
nl InXd '

int-eq

[Kinx(P)] 1= x: [Kinxo] 12
C% q

Depth [um]

Moreover, we can reliably approximate the rate parameter as FiG. 6. SIMS In profilegdashed linesand simulated In profiles
Ka=4magDy, whereag; is silicon lattice spacing anBy (solid lineg obtained after thermal annealing at temperatilire

is the native defect diffusivity. =800 °C (implanted dose %102 cm 2 ion energy 40 keV, CZ
Finally, in equilibrium conditions, we can derive the total substrates at different times(a) t=20s, (b) t=5 min, (c) t
impurity diffusivity due to theX defect O, x in the follow- =15 min. In the left graph the as-implanted profile is also shown

ing) from the above equatioris,and obtain the following (dots-dashed line

Fermi-level-dependent expression: ) 2 o ) )
the implanted In profilé! Surface recombination for intersti-

0 + [P +4[ P 2 tials has been considered in the simulations as ruled by the
Dinx(P)=Djpx+Dinx n_| +Dinx n_| ' () equation
where D\VC = —Kauif C—CY), ®
D|°n,x=[K|nx0]7l[Kfnx—]flci?tiqumxv whereKg = 1.1x 102 cm/s can be considered as the only
fitting parameter.
Dﬁ,XZ[Kme]_lci;tiqulnx: In the experimental conditions that we are considering,

the impurity evolution occurs in a nonequilibrium transient
regime and strongly depends on the concurrent defect evolu-
tion and on the defect-impurity interaction. In particular, the
apparent enhanced diffusion after the 15-min thermal process

Dlﬁ,;(: [Kinxol [ K?nx+]7lcl>?t+-qu|nx .

The experimental values of In equilibrium diffusion in =200 1 | h h iiibrium diffusivim® 5
intrinsic conditions,D},=3yDyx(n:), as a function of the 'S =200 times larger than the equilibrium diffusiviy, .

temperature can be fitted by an Arrhenius type eXpressio;qhe_refore, ir_1 orqler to describe reliably th_e profile evolution
* _ 4 04expC-3.701ksT).%0 As for the total interstitial at different time intervals, an accurate estimate of the param-

N .o . . eters describing the defect-impurity coupling is needed.
contribution to*the d|ﬁlusw|ty, the experlme_ntal value is set atTherefore we u%e the parametefs ru)lling thg er?ergetics of the
f'*:D'”*'(ni?/D'”:O'S' We use the experimental value of i \sion mechanisms emerging from oab initio calcula-

Din andf, in order to fix the factors related to the entropy (jons. From the comparison shown in Fig. 6 we can observe
contributions in the diffusivity expression, while the param- 5 nseworthy agreement between the experimental data and
eters related to the intrinsic defects are taken fromye resylts of the modeling, demonstrating the accuracy of

H 18,26 H initi .. - .
literature-™“"We note that, according to oab initio results, o ah initio results and the validity of the present combined

the main contributions to chargéaf;, come from the neutral approach to model In diffusioff.
and positively charged Inl pairs and from the negatively
charged InV pairs.

We apply this diffusion model, based on oab initio V- CONCLUSIONS
results, to experimental data on In diffusion in nonequilib- We have performed first-principles total-energy calcula-
rium conditions. In Fig. 6 we show the experimental chemi-tions within the density-functional theory for different In-
cal profile obtained by means of SIMS of implanted indiumrelated defects in silicon, investigating the isolated substitu-
at 40 keV energy with a dose of>510'?ions/cni’ 2, and  tional In atom as well as the In-interstitial and In-vacancy
further annealed at=800°C for different timesf=20s complexes, in different charge states. We find that the most
[Fig. 6(@], t=5 min [Fig. 6(b)] andt=15 min[Fig. 6(c)].  stable In-interstitial defect is a pair formed by a substitu-
We also show the simulated profiles obtained for these prational In and a nearby tetrahedral Si interstitial. The energy
cess parametefgemperatures and annealing timé®m the  difference between other metastable In-interstitial structures
equations above, using as initial profiles the as-implanteds =0.5 eV for any position of the Fermi energy. The struc-
SIMS In profiles and a residual | profile which is two times ture of the In-vacancy complex shows large relaxations from
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the ideal geometry, since the In atom occupies a bond-centeral need felt in the microelectronic simulation community.
position between two empty silicon lattice sites. Simulation tools can only be useful and predictive when

We have investigated the I- and the V-mediated diffusionbased on a small number of physically meaningful param-
mechanisms, identifying the two diffusion paths and findingeters whose value can be predicted measuredreliably. In
activation energies in the same energy rangg,.( this respectab initio calculations can and do play a major
=3.2 eV, EY,=3.6 eV). The separate contributions of mi- role, not fully appreciated so far.
gration and formation energy are however different in the
two cases, with the migration energy for the interstitialcy
path smaller than the barrier for the InV to diffuse.

The implementation of theb initio results into a con- We acknowledge computational support from the CIN-
tinuum model based on coupled diffusion equations for theeCA computing center in Bologna, under the CINECA-CNR
density fields of all In-related defects ¢lninl, and InV) is  agreement. This work was supported by the European
shown to be very effective in obtaining an accurate modelind?roject “Front-End Models for Silicon Future Technoldgy
of the experimental profiles. (FRENDTECH, Contract No. IST-2000-30129. P.A. thanks

Finally, we notice that this approach corresponds to a genV. Fiorentini for useful discussions.

ACKNOWLEDGMENTS

*Electronic address: paola.alippi@imm.cnr.it 026103(2003.

11.C. Kizilyalli, T.L. Rich, F.A. Stevie, and C.S. Rafferty, J. Appl. "J.E. Northrup, M.C. Schabel, C.J. Karlsson, and R.I.G. Uhrberg,
Phys.80, 4944(1996. Phys. Rev. B44, 13 799(1991).

2p.B. Griffin, M. Cao, P. Vande Voorde, Y.-L. Chang, and W.G. 'G. Lopez and V. Fiorentinjunpublishel
Greene, Appl. Phys. Letf3, 2986(1998. 194, Jonsson, G. Mills, and K.W. Jacobsendfassical and Quan-

3H. Boudinov, J.P. de Souza, and C.K. Saul, J. Appl. Piggs. tum Dynamics in Condensed Phase Simulati@usted by B.J.
5909(1999. Berne, G. Ciccotti, and D.F. CokéWorld Scientific, Singapore,

4S. Solmi, A. Parisini, M. Bersani, D. Giubertoni, V. Soncini, G. 1998.

Carnevale, A. Benvenuti, and A. Marmiroli, J. Appl. Phg2, 20w, windl, M.M. Bunea, R. Stumpf, S.T. Dunham, and M.P. Mas-
1361(2002. quelier, Phys. Rev. Let83, 4345(1999; B. Sadigh, T.L. Le-
5S. Scalese, M. ltalia, A. La Magna, G. Mannino, V. Privitera, M. nosky, S.K. Theiss, M.J. Caturla, T.D. de la Rubia, and M.A.

Bersani, D. Giubertoni, M. Barozzi, S. Solmi, and P. Pichler, J.  Foad,ibid. 83, 4341(1999.

Appl. Phys.93, 9773(2003. 2'M. Ramamoorthy and T.P. Pantelides, Phys. Rev. [Zt.4753
R. Baron, J.P. Baukus, S.D. Allen, T.C. McGill, M.H. Young, H. (1996.

Kimura, H.V. Winston, and O.J. Marsh, Appl. Phys. Le3d, 223.S. Nelson, P.A. Schultz, and A.F. Wright, Appl. Phys. Lé8g.

257 (1979. 247 (1998.
’D.A. Antoniadis and I. Moskowitz, J. Appl. Phy®3, 9214 23\. Kaukonen, R. Jones, S. Oberg, and P.R. Briddon, Phys. Rev. B
(1982. 64, 245213(2001).
8K. Suzuki, H. Tashiro, and T. Aoyama, Surf. Sci. SpedtBa27  2*G. Lopez and V. Fiorentiniprivate communication
(1999. 25p M. Fahey, P.B. Griffin, and J.D. Plummer, Rev. Mod. Pifjs.
9G. Kresse and J. Hafner, Phys. RevB 558(1993; 49, 14 251 289(1989.
(1994); G. Kresse and J. Furthitter, Comput. Mater. Sci6, 15 26G.D. Watkins, inDeep Centers in Semiconductp?sd ed., edited
(1996; Phys. Rev. B54, 11 169(1996. by S.T. Pantelide§Gordon and Breach, Switzerland, 1992
103 p. PerdewElectronic Structure of Solids’9ledited by P. Zi- Chap. 3.
esche and H. Eschrighkademie-Verlag, Berlin, 1991p. 11. 2Thttp:/www.tec.ufl.edu/flooxs: FLOOPS process simulator, ISE
1D, Vanderbilt, Phys. Rev. B0, 7892(1990. TCAD Release 9.0, User’'s Manual, ISE AG, Zurich.
2M. Leslie and M.J. Gillan, J. Phys. €8, 973(1985; G. Makov  2M. Orlowski, Appl. Phys. Lett53, 1323(1988.
and M.C. Payne, Phys. Rev.®, 4014(1995. 29\M.E. Law, H. Park, and P. Novell, Appl. Phys. Le89, 3488
13A. Zoroddu, F. Bernardini, P. Ruggerone, and V. Fiorentini, Phys.  (1991).
Rev. B 64, 045208(2001). 30p. pichler(private commmunication
1C.E. Jones and G.E. Johnson, J. Appl. P15%5.5159(1981). 31G. Hobler, L. Pelaz, and C.S. Rafferty, J. Electrochem. $4&,
155 M. Sze Physics of Semiconductors Devid®¥iley, New York, 3494(2000.
1981), p. 22-27. %2A. La Magna, S. Scalese, P. Alippi, G. Mannino, V. Privitera, M.
6xuan Luo, S.B. Zhang, and Su-Huai Wei, Phys. Rev. L8@. Bersani, and C. Zechner, Appl. Phys. Lé&8 1956 (2003.

085213-8



