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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 S0D01) 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 wi{fy04) 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 silicidatiofS0163-182€08)01332-Q

Silicidation is a typical film-growth process with strong correlation functiondlwas employed. The basis set consists
reactivity, and it has attracted much attention recehtly. of plane waves up to a kinetic energy of 35 Ry. The calcu-
Technologically, controlling the silicidation of transition lated lattice constants for the titanium crystal in the hcp
metals(TM), e.g., titanium, cobalt, and nickel, to form low- structure werea,=2.94 A andc,=4.64 A and the bulk
resistivity interconnects is an important issue in the futuremodulus wasBy=1.23 Mbar, which agreed well with
technology of very-large-scale integrateLSl) and the measured valu¥saS®=2.95A, c§'=4.68 A, and
ultralarge-scale integratét)LSI) device fabrications. Scien- Be*P=1 05Mbar, as have other calculatiois? For Si we

tifically, elucidating the reaction kinetics leading to the gbtaineda,=5.38 A andB,=0.95 Mbar. Again, this agrees

compound-film formation is of particular interést® Lee  ell with the experimental dateaf®'=5.43 A, BS*"'=0.99

and Bennett reported unexpected competition between thevbar), and with other calculatiorls.Details of the compu-
diffusions on surface and through bulk, with a more signifi-tational technique are described in Refs. 14 and 15.

cant contribution from the latter found for Ni and Co. There T treat the adsorbate we used a repeating slab structure
is also unpredictable competition between the Si danglingonsisting of five Si layers and a Ti adatom with a 7.3-A
bond, which prefers to reduce its number, and the strongacyum region and a(4x4) surface unit cell. We used a
TM-Si chemical bond, which prefers to have its optimal theoretical lattice constart,=5.38 A for the Si slab. The
number. In this way, the TM silicidation is behavior totally pottom of the slab was terminated with H atoms to passivate
different from the crystal growth without such reactivity. the gangling bonds of Si. Thk-space integration was re-
Such complicated reactive kinetics may be, to some extenpjaced by a sum over a uniform mesh ok4points in the

clarified byab initio calculations, because the recent appli-g,rface Brillouin zondSB2) of the c(4x 4) cell (displaced
cation of the vector-parallel computers has opened a way t — :
m I'). We relaxed all atoms in the slab except for the

investigate a large number of possible reaction process X AL
with the detailed paths being identified state to state. bottom-most Si and H atoms. Geometry optimization was

Toward this end, in this paper, we examine the reaction oterminated when the forces were smaller than 0.05 eV/A. We

a Ti adatom with a $001) surface for a model TM-silicon also performed test calculations using a more extensive set of
system, Ti/Si001), by performing first-principles total- Parameters, for example, a slab of 6 Si layers, a 40-Ry cutoff
energy calculations. We have found that the kinetic procesgnergy, and the & points in the SBZ. We found that the
having the lowest activation enerdy, , is the reactive one, Vvalues in the total energy difference presented here are accu-
in which the Ti adatom penetrates into a near-surface interrate to+ 0.05 eV, which is fully sufficient for the purpose of
stitial site and ejectédesorbg its neighboring surface Si at- our study.
oms onto a terrace. The activation energy, about 1.7 eV, is For a clean §D01) surface, our calculations show that the
much lower than that for the “normal” hopping diffusion on p(2X2) structure consisting of alternatively buckled dimers
a Si surface, 2.0 eV. These novel reactive behaviors of TMs the configuration that has the lowest energy in the
on Si, which have not been found for any other adsorbate(4x4) surface unit cel[see Fig. 18)]. This result agrees
systems so far, provide the mechanism of an initial stage ofvell with the previous DFT calculatiort.Upon adsorption
silicidation in epitaxial growth. of a Ti adatom on $001), our total-energy calculations
All calculations were carried out using the density- show three adsorption sites: a hollow site on a dimer row
functional theory(DFT) together with the local-density ap- (H), and a bridge siteR), and a hollow site €) in the
proximation for the exchange-correlation functidhaind dimer valley(see Fig. 1 We find that siteH is energetically
norm-conserving, fully separable pseudopotentiihe 3d more stable than sited® and C in the dimer valley by 0.25
states of Ti were treated as valence states and a proper treand 0.52 eV, respectively. This is in good agreement with
ment of the nonlinearity of the core-valence exchangescanning tunneling microscogsTM) observation of the Ti
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FIG. 1. Total energy of a Ti adatom moving along the reaction o . . .
pathways for a “normal” hopping process and a penetration pro- F_|G' 2. Blrd_s-ey,e views of_a Ti adatk(‘)m adsqr.bec{a)tsne;-h
cess into a near-surface interstitial sit@. A schematic top view of (¢ SiteU, (d) siteU’, and(e) site DV. The transition statd for

a cleanp(2x 2) Si(001) surface consisting of alternatively buckled the Penetration process—U is shown in(b). The ejection of its
dimers. In(b) sitesH, B, andC are stable adsorption sites for the surface Si neighbors onto a terrace proceeds along the reacthn
Ti adatom on a Si surface, and sltkeis a stable adsorption site for pathwgyU—>U —DV. _Thle shaded and open spheres represent Ti
the Ti adatom at the near-surface interstitial position. Siteand and Si atoms, respectively.

T, are saddle points for the hopping diffusion of Ti on a Si surfacein Fig. 1(b) displays the results for the “normal” hopping

and the penetration process of Ti, respectively. In the (:alcula’[ionsprocess where the Ti adatom moves across a Si surface by a
we used thee(4X4) surface unit cell indicated by the dashed line y y

in (a). The distance is given in units of the surface lattice constan\SerIeS Of. hops between adjacent ad_sorp'glon _S|te_s. The calcu-
a,=3.81 A. The corresponding energy for skeis used as a ref- ated aqt|vat|on energy for the hopplng_dl_ffu3|_on Is 1.99 eV,
erence. All the coordinates of the diffusing atom as well as aIImUCh higher than the vallues fqr the S'_ d'ﬁHS'O” 01081
coordinates of the other atoms of the four top substrate atoms ha®-6 and 1.0 eV, respectively, in the directions parallel and
been relaxed for any position along the reaction pathways. Th@erpendicular to the Si dimer rowd. The transition state is
solid squares irtb) are the calculated values and the solid lines areldentified as being half-way between the two adsorption sites
guides to the eye. H andC (T, in Fig. 1. In the optimized geometry, the Ti
adatom has three Si neighbors in the range from 2.42 to 2.59

adsorption at sitéd at low temperaturébelow 440 K.2 In A, less than at théd site (six Si neighbors
the optimized geometry for sitd [see Fig. 2a)] the Ti ada- The left curve in Fig. W) displays the results for the
tom is located 0.55 A above the neighboring Si atoms, weakpenetration process, where the Ti adatom dives into a silicon
ening the two adjacent Si-dimer bonds; the Si-dimer bondnterstitial site, sitdJ, just below the surfacksee Fig. 2c)].
length increases from 2.31 to 2.62 A. The Ti adatom has si¥Ve found that the Ti adsorption at near-surface interstitial
neighboring Si atoms: The bond length between the Ti adasite U is stable and the total energy at siteis lower than
tom and its four surface Si neighbors is 2.42 A and the bondhat at siteH on a Si surface and that atTg interstitial site
length between the Ti adatom and its two second-layer Sin the third Si layer, by 0.09 and 0.14 eV, respectively. Fig-
neighbors is 2.63 A. ure Zc) shows the optimized structure of geometly The

We now look at the microscopic mechanism for the dif- Ti adatom has nine neighboring Si atoms in the range from
fusion of the Ti adatom on a ®i01) surface. The right curve 2.45 to 2.66 A. We noticed that the bond of the Si dimer
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energetically more favorable than that of geomelttyby
0.51 eV. The calculated activation energy for the process
U—U' was only 0.82 eV, much smaller than the energy
(1.78 eV that the Ti adatom needs to come back to the
geometry of siteH. In the transition-state geometry, the Si
atom is located near to the top of the Si dimBr;(andD,, in

Fig. 3.

The subsequent ejection of another Si atom above the Ti
atom onto a terrac€Si ejection Il in Fig. 3 also proceeds
very rapidly. The ejection of the Si atom and its diffusion to
Si islands on the terraces or step edges gives the geometry
DV as a final product configuratiofsee Fig. 2e)], which
agrees with the STM observations made at high growth tem-
perature(above 440 K. Our total-energy calculations show
that the procest)’ —DV is also exothermic: the geometry
DV is energetically more stable than the geométry by
0.22 eV.(The energy difference between the geometkies
andDV was previously calculated by Miwa and Fukumoto
as well*® However, their result, 0.6 eV, is 0.2 eV smaller
than our value, 0.82 eV. The difference is due to the use of

FIG. 3. Total energy of a Si atom moving along the reactiondifferent parameters in their calculatioff$.The calculated
pathways for its ejection onto a terrace: Si ejectiotVH¢U’) and  activation energy for the proces —DV was only 1.23 eV,
Si ejection Il U'—DV). In the top views of the atomic geometries 0.76 eV lower than that for the hopping diffusion. In the
of sitesU andU" (the upper figures the shaded and open spheres transition-state geometry, the Si atom is again located near to
represent Ti and Si atoms, respectively. For the geomettieand  the top of the Si dimer; andD in Fig. 3.
DV, where t'he supercelll contains a differept number of Si atoms o total-energy calculations clearly show that the pen-
from theU site, we obtained the total energies using the energy ogrative adsorption of Ti at a near-surface interstitial site trig-
a Si atom in the bulk as the Si chemical potential. gers the ejection of its surface Si neighbors onto a terrace.

We noticed that in the Si ejection processes the Si atom

above the Ti adatom was broken, which indicates that the Sieeds to break only one strong Ti-Si bond, less than the
atoms tend to strongly interact with the adsorbed Ti atormumber of the broken Ti-Si bonds required for hopping dif-
rather than the adjacent Si atoms. The calculated activatiofusion of the Ti adatom. Thus, the activation energy for Si
energy for the procesd —U was 1.69 eV, 0.30 eV lower ejection is much lower than that for the hopping diffusion of
than that for the “normal” hopping diffusion on a Si surface. Ti.

Our calculated results clearly show that the Ti adatom on On the basis of the above calculations, we can conjecture
a Si surface prefers to penetrate into the near-surface intefurther reactive kinetics. Considering the small activation en-
stitial site rather than hop to the adjacent adsorption sites oargy of the Si adatom diffusion, which is 0.6 eV, an ejected
a Si surface. Inspection of the geometry during the penetraSi atom will rapidly migrate on a terrace until it reaches a
tion process makes this theoretical finding very plausiblditanium silicide island or a step edge. In this sense, the ejec-
[see Figs. @)—-2(c)]. During the process, the Ti adatom tive adsorption plays a role as the Si adatom source, enhanc-
moves toward one of its two adjacent Si dimers. Since the Shg the silicidation reaction. A Ti adatom that happens to be
atoms strongly interact with the Ti adatom, the dimer atomsnitially located atB or C, can migrate along the dimer val-
that the Ti adatom approaches are pushed away, keeping ey with the activation energy being about 1.1 eV. This
close contact with the moving Ti adatom. At the transitionwould be an important nonreactive process through which Ti
state geometryl, [see Fig. 2)], the Ti adatom has five Si mass transport occurs. Further clarification will require very
neighbors in the range from 2.45 to 2.75 A and the other Slarge-scale calculations containing Ti clusters, titanium sili-
dimer again exhibits a buckled dimer structure. Thus, for thiside islands, or steps, which is a promising subject for future
penetration process the local coordination of the Ti adatomvork.
remains high, lowering the activation energy. In summary, we have presented first-principles total-

Once the Ti adatom occupies the near-surface interstitisdnergy calculations of the kinetic processes for the formation
site U below a Si dimer, the ejection of the Si-dimer atomsof titanium silicide on Sj001). These total-energy calcula-
onto a terrace proceeds very rapidbee Si ejection | and Il tions describe and explain the kinetic processes for the for-
in Fig. 3. In the Si-ejection | process, one of the two atomsmation of titanium silicide on Si where there is a profound
of the Si dimer goes onto a terrace and is subsequently inntermixing of Ti and Si atoms. The Ti adatoms adsorbed on
corporated into Si islands on the terraces or step edges. AsaaSi-dimer row dive into a near-surface interstitial site, and
result, the ejection process leads to the geomiétrisee Fig. the surface Si atoms adjacent to the Ti adatom are, in turn,
2(d)], and we have computed the total energy of this geomejected onto a terrace. These ejected Si atoms migrate on a
etry. To compare the total energies of supercells containingerrace very rapidly with the corresponding activation energy
different numbers of Si atoms, we used the energy of a Sior Si diffusion on S{001). The diffusing Si atoms are then
atom in the bulk as the Si chemical potentfaWe found incorporated into titanium-silicide islands on a terrace, lead-
that the reactiolJ —U’ is exothermic: geometry)’ was ing to the growth of titanium-silicide islands on Si. We found
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that all these processes are kinematically favorable: the repumps out surface Si atoms onto a terrace through the pen-
evant activation energies are smaller than the hopping diffuetrative adsorption at a near-surface interstitial site should
sion barrier. Imaging the near-surface interstitial Ti adsorp2lso be generally applicable to the formation of other TM
tion with STM would provide direct experimental evidence Silicides on Si, for example, TM silicides on a(&11) sub-
supporting our understanding of the reactive processe§.trate where there is no dimerized surface reconstruction.
These reactive processes play a role in promoting the forma- Part of the computation was performed on the Numerical
tion of titanium silicide on Si. Our finding that the Ti adatom Materials Simulator of NRIM.
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