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Unusual Ti adsorption on Si„001… and subsequent activation of Si ejection
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The epitaxy of Ti on Si~001! exhibits a profound intermixing of Ti and Si atoms giving rise to the formation
of titanium silicide. This phenomenon differs considerably from typical epitaxial growth and is not understood.
Using first-principles total-energy calculations we examined the reaction of a Ti adatom with a Si~001! surface.
We found that the penetration of the Ti adatom into a near-surface interstitial site and the subsequent ejection
of its neighboring surface Si atoms onto a terrace is kinematically favored with respect to the ‘‘normal’’
hopping diffusion on a Si surface. These reactive processes provide the microscopic mechanism of an initial
stage of transition-metal silicidation.@S0163-1829~98!01332-0#
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Silicidation is a typical film-growth process with stron
reactivity, and it has attracted much attention recently1–5

Technologically, controlling the silicidation of transitio
metals~TM!, e.g., titanium, cobalt, and nickel, to form low
resistivity interconnects is an important issue in the fut
technology of very-large-scale integrated~VLSI! and
ultralarge-scale integrated~ULSI! device fabrications. Scien
tifically, elucidating the reaction kinetics leading to th
compound-film formation is of particular interest.1,2,5 Lee
and Bennett1 reported unexpected competition between
diffusions on surface and through bulk, with a more sign
cant contribution from the latter found for Ni and Co. The
is also unpredictable competition between the Si dang
bond, which prefers to reduce its number, and the str
TM-Si chemical bond, which prefers to have its optim
number. In this way, the TM silicidation is behavior total
different from the crystal growth without such reactivit
Such complicated reactive kinetics may be, to some ext
clarified by ab initio calculations, because the recent app
cation of the vector-parallel computers has opened a wa
investigate a large number of possible reaction proce
with the detailed paths being identified state to state.

Toward this end, in this paper, we examine the reaction
a Ti adatom with a Si~001! surface for a model TM-silicon
system, Ti/Si~001!, by performing first-principles total-
energy calculations. We have found that the kinetic proc
having the lowest activation energy,Ea , is the reactive one
in which the Ti adatom penetrates into a near-surface in
stitial site and ejects~desorbs! its neighboring surface Si at
oms onto a terrace. The activation energy, about 1.7 eV
much lower than that for the ‘‘normal’’ hopping diffusion o
a Si surface, 2.0 eV. These novel reactive behaviors of
on Si, which have not been found for any other adsorb
systems so far, provide the mechanism of an initial stage
silicidation in epitaxial growth.

All calculations were carried out using the densit
functional theory~DFT! together with the local-density ap
proximation for the exchange-correlation functional6 and
norm-conserving, fully separable pseudopotentials.7,8 The 3d
states of Ti were treated as valence states and a proper
ment of the nonlinearity of the core-valence exchan
PRB 580163-1829/98/58~7!/3549~4!/$15.00
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correlation functional9 was employed. The basis set consis
of plane waves up to a kinetic energy of 35 Ry. The calc
lated lattice constants for the titanium crystal in the h
structure werea052.94 Å and c054.64 Å and the bulk
modulus was B051.23 Mbar, which agreed well with
the measured values10 a0

expt52.95 Å, c0
expt54.68 Å, and

Bexpt51.05Mbar, as have other calculations.11,12 For Si we
obtaineda055.38 Å andB050.95 Mbar. Again, this agree
well with the experimental data (a0

expt55.43 Å, B0
expt50.99

Mbar), and with other calculations.13 Details of the compu-
tational technique are described in Refs. 14 and 15.

To treat the adsorbate we used a repeating slab struc
consisting of five Si layers and a Ti adatom with a 7.3
vacuum region and ac(434) surface unit cell. We used
theoretical lattice constanta055.38 Å for the Si slab. The
bottom of the slab was terminated with H atoms to passiv
the dangling bonds of Si. Thek-space integration was re
placed by a sum over a uniform mesh of 4k points in the
surface Brillouin zone~SBZ! of the c(434) cell ~displaced

from Ḡ). We relaxed all atoms in the slab except for t
bottom-most Si and H atoms. Geometry optimization w
terminated when the forces were smaller than 0.05 eV/Å.
also performed test calculations using a more extensive s
parameters, for example, a slab of 6 Si layers, a 40-Ry cu
energy, and the 9k points in the SBZ. We found that th
values in the total energy difference presented here are a
rate to60.05 eV, which is fully sufficient for the purpose o
our study.

For a clean Si~001! surface, our calculations show that th
p(232) structure consisting of alternatively buckled dime
is the configuration that has the lowest energy in
c(434) surface unit cell@see Fig. 1~a!#. This result agrees
well with the previous DFT calculations.16 Upon adsorption
of a Ti adatom on Si~001!, our total-energy calculations
show three adsorption sites: a hollow site on a dimer r
(H), and a bridge site (B), and a hollow site (C) in the
dimer valley~see Fig. 1!. We find that siteH is energetically
more stable than sitesB andC in the dimer valley by 0.25
and 0.52 eV, respectively. This is in good agreement w
scanning tunneling microscopy~STM! observation of the Ti
3549 © 1998 The American Physical Society
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3550 PRB 58BRIEF REPORTS
adsorption at siteH at low temperature~below 440 K!.17 In
the optimized geometry for siteH @see Fig. 2~a!# the Ti ada-
tom is located 0.55 Å above the neighboring Si atoms, we
ening the two adjacent Si-dimer bonds; the Si-dimer bo
length increases from 2.31 to 2.62 Å. The Ti adatom has
neighboring Si atoms: The bond length between the Ti a
tom and its four surface Si neighbors is 2.42 Å and the bo
length between the Ti adatom and its two second-laye
neighbors is 2.63 Å.

We now look at the microscopic mechanism for the d
fusion of the Ti adatom on a Si~001! surface. The right curve

FIG. 1. Total energy of a Ti adatom moving along the react
pathways for a ‘‘normal’’ hopping process and a penetration p
cess into a near-surface interstitial site.~a! A schematic top view of
a cleanp(232) Si~001! surface consisting of alternatively buckle
dimers. In~b! sitesH, B, andC are stable adsorption sites for th
Ti adatom on a Si surface, and siteU is a stable adsorption site fo
the Ti adatom at the near-surface interstitial position. SitesTh and
Tp are saddle points for the hopping diffusion of Ti on a Si surfa
and the penetration process of Ti, respectively. In the calculati
we used thec(434) surface unit cell indicated by the dashed li
in ~a!. The distance is given in units of the surface lattice const
as53.81 Å. The corresponding energy for siteH is used as a ref-
erence. All the coordinates of the diffusing atom as well as
coordinates of the other atoms of the four top substrate atoms
been relaxed for any position along the reaction pathways.
solid squares in~b! are the calculated values and the solid lines
guides to the eye.
k-
d
ix
a-
d

Si

in Fig. 1~b! displays the results for the ‘‘normal’’ hopping
process, where the Ti adatom moves across a Si surface
series of hops between adjacent adsorption sites. The ca
lated activation energy for the hopping diffusion is 1.99 e
much higher than the values for the Si diffusion on Si~001!
~0.6 and 1.0 eV, respectively, in the directions parallel a
perpendicular to the Si dimer rows.16! The transition state is
identified as being half-way between the two adsorption s
H and C (Th in Fig. 1!. In the optimized geometry, the T
adatom has three Si neighbors in the range from 2.42 to 2
Å, less than at theH site ~six Si neighbors!.

The left curve in Fig. 1~b! displays the results for the
penetration process, where the Ti adatom dives into a sili
interstitial site, siteU, just below the surface@see Fig. 2~c!#.
We found that the Ti adsorption at near-surface intersti
site U is stable and the total energy at siteU is lower than
that at siteH on a Si surface and that at aTd interstitial site
in the third Si layer, by 0.09 and 0.14 eV, respectively. F
ure 2~c! shows the optimized structure of geometryU. The
Ti adatom has nine neighboring Si atoms in the range fr
2.45 to 2.66 Å. We noticed that the bond of the Si dim
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FIG. 2. Bird’s-eye views of a Ti adatom adsorbed at~a! siteH,
~c! site U, ~d! site U8, and~e! site DV. The transition stateTp for
the penetration processH→U is shown in~b!. The ejection of its
surface Si neighbors onto a terrace proceeds along the rea
pathwayU→U8→DV. The shaded and open spheres represen
and Si atoms, respectively.
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above the Ti adatom was broken, which indicates that th
atoms tend to strongly interact with the adsorbed Ti at
rather than the adjacent Si atoms. The calculated activa
energy for the processH→U was 1.69 eV, 0.30 eV lowe
than that for the ‘‘normal’’ hopping diffusion on a Si surfac

Our calculated results clearly show that the Ti adatom
a Si surface prefers to penetrate into the near-surface in
stitial site rather than hop to the adjacent adsorption sites
a Si surface. Inspection of the geometry during the pene
tion process makes this theoretical finding very plausi
@see Figs. 2~a!–2~c!#. During the process, the Ti adato
moves toward one of its two adjacent Si dimers. Since the
atoms strongly interact with the Ti adatom, the dimer ato
that the Ti adatom approaches are pushed away, keepin
close contact with the moving Ti adatom. At the transiti
state geometryTp @see Fig. 2~b!#, the Ti adatom has five S
neighbors in the range from 2.45 to 2.75 Å and the othe
dimer again exhibits a buckled dimer structure. Thus, for t
penetration process the local coordination of the Ti ada
remains high, lowering the activation energy.

Once the Ti adatom occupies the near-surface interst
site U below a Si dimer, the ejection of the Si-dimer atom
onto a terrace proceeds very rapidly~see Si ejection I and II
in Fig. 3!. In the Si-ejection I process, one of the two atom
of the Si dimer goes onto a terrace and is subsequently
corporated into Si islands on the terraces or step edges.
result, the ejection process leads to the geometryU8 @see Fig.
2~d!#, and we have computed the total energy of this geo
etry. To compare the total energies of supercells contain
different numbers of Si atoms, we used the energy of a
atom in the bulk as the Si chemical potential.19 We found
that the reactionU→U8 is exothermic: geometryU8 was

FIG. 3. Total energy of a Si atom moving along the react
pathways for its ejection onto a terrace: Si ejection I (U→U8) and
Si ejection II (U8→DV). In the top views of the atomic geometrie
of sitesU andU8 ~the upper figures!, the shaded and open spher
represent Ti and Si atoms, respectively. For the geometriesU8 and
DV, where the supercell contains a different number of Si ato
from theU site, we obtained the total energies using the energ
a Si atom in the bulk as the Si chemical potential.
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energetically more favorable than that of geometryU by
0.51 eV. The calculated activation energy for the proc
U→U8 was only 0.82 eV, much smaller than the ener
~1.78 eV! that the Ti adatom needs to come back to t
geometry of siteH. In the transition-state geometry, the
atom is located near to the top of the Si dimer (D1 andD2 in
Fig. 3!.

The subsequent ejection of another Si atom above th
atom onto a terrace~Si ejection II in Fig. 3! also proceeds
very rapidly. The ejection of the Si atom and its diffusion
Si islands on the terraces or step edges gives the geom
DV as a final product configuration@see Fig. 2~e!#, which
agrees with the STM observations made at high growth te
perature~above 440 K!. Our total-energy calculations show
that the processU8→DV is also exothermic: the geometr
DV is energetically more stable than the geometryU8 by
0.22 eV.~The energy difference between the geometriesH
and DV was previously calculated by Miwa and Fukumo
as well.18 However, their result, 0.6 eV, is 0.2 eV smalle
than our value, 0.82 eV. The difference is due to the use
different parameters in their calculations.20! The calculated
activation energy for the processU8→DV was only 1.23 eV,
0.76 eV lower than that for the hopping diffusion. In th
transition-state geometry, the Si atom is again located nea
the top of the Si dimer (D18 andD28 in Fig. 3!.

Our total-energy calculations clearly show that the pe
etrative adsorption of Ti at a near-surface interstitial site tr
gers the ejection of its surface Si neighbors onto a terra
We noticed that in the Si ejection processes the Si a
needs to break only one strong Ti-Si bond, less than
number of the broken Ti-Si bonds required for hopping d
fusion of the Ti adatom. Thus, the activation energy for
ejection is much lower than that for the hopping diffusion
Ti.

On the basis of the above calculations, we can conjec
further reactive kinetics. Considering the small activation e
ergy of the Si adatom diffusion, which is 0.6 eV, an eject
Si atom will rapidly migrate on a terrace until it reaches
titanium silicide island or a step edge. In this sense, the e
tive adsorption plays a role as the Si adatom source, enh
ing the silicidation reaction. A Ti adatom that happens to
initially located atB or C, can migrate along the dimer va
ley with the activation energy being about 1.1 eV. Th
would be an important nonreactive process through which
mass transport occurs. Further clarification will require ve
large-scale calculations containing Ti clusters, titanium s
cide islands, or steps, which is a promising subject for fut
work.

In summary, we have presented first-principles tot
energy calculations of the kinetic processes for the forma
of titanium silicide on Si~001!. These total-energy calcula
tions describe and explain the kinetic processes for the
mation of titanium silicide on Si where there is a profou
intermixing of Ti and Si atoms. The Ti adatoms adsorbed
a Si-dimer row dive into a near-surface interstitial site, a
the surface Si atoms adjacent to the Ti adatom are, in t
ejected onto a terrace. These ejected Si atoms migrate
terrace very rapidly with the corresponding activation ene
for Si diffusion on Si~001!. The diffusing Si atoms are the
incorporated into titanium-silicide islands on a terrace, le
ing to the growth of titanium-silicide islands on Si. We foun
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that all these processes are kinematically favorable: the
evant activation energies are smaller than the hopping d
sion barrier. Imaging the near-surface interstitial Ti adso
tion with STM would provide direct experimental eviden
supporting our understanding of the reactive proces
These reactive processes play a role in promoting the for
tion of titanium silicide on Si. Our finding that the Ti adato
l-
-
-

s.
a-

pumps out surface Si atoms onto a terrace through the
etrative adsorption at a near-surface interstitial site sho
also be generally applicable to the formation of other T
silicides on Si, for example, TM silicides on a Si~111! sub-
strate where there is no dimerized surface reconstruction

Part of the computation was performed on the Numeri
Materials Simulator of NRIM.
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