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First-principles study of the stability of the NiSi,/Si(111) interface
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The interface energies of two structures for the BliSi(111) interface are explored using a full-potential
linear augmented plane-wave method within the local density approximation. In supercell calculations, the
typeB interface energy decreases as the Ni®yer is made thicker from two to five molecular layers, while
the typeA interface energy does not change. As a result, the interface structure with lowest energy changes
from type A to type B as the thickness of the NiSlayer is increased. Although epitaxial typeand B
structures are very sensitive to experimental conditions, our result seems consistent with many experiments.
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Disilicides of Ni and Co are very important materials for  Using the norm-conserving pseudopotential method, Li
LSI technology, and they also offer a unique opportunity toand Rabii found that the interplaner separation at the inter-
develop a detailed understanding at a microscopic level oface was reduced mainly between the first Si and Ni layers
the metal-semiconductor interface. As they have the fluoriten the NiS} side(d, in Fig. 1), and not by the contraction of
(CaR) crystal structure with bulk lattice parameters close tothe interfacial Si-Si bondéd, in Fig. 1).” By their calcula-
those of Si, their epitaxially grown films on a($11) surface tion d,; contracted by about 0.2 A in both types. This seems
have atomically abrupt, structurally perfect interfaces, wheregexcessive, so we performed calculations using the full-
the silicide overlayer has two orientations. The typsiruc-  potential linear augmented plane-wave methedAPW).8°
ture has the same orientation as the Si substrate, while th®ur results are thad, contracted by 0.005 A and,; con-
typeB structure is rotated by 180° about th&13i1) axis. At tracted by 0.055 A in typé\, andd, expanded by 0.023 A
the NiSL/Si(11)) interface, Tunget al. showed these struc- andd, contracted by 0.073 A in typB. Thus, the distance
tures can be selected by adjusting the thickness of the depolsetween the interfacial Ni plane and th&13i1) surface dif-
ited Ni atoms. A thin Ni layerabout 5 A forms a typeB  fraction plane D) contracted by 0.05 A in both interface
interface while a thick ondabout 18 A forms a typeA  types. Even with these relaxation parameters, we also ob-
interface after annealing at about 500°Chis discovery tained that typeA had a lower interface energy than type
triggered a number of studies aimed at understanding thig,°
epitaxial metal-semiconductor interfate. To investigate the energetics of the silicide/Si interface,

Hamann and Mattheiss first performad initio calcula- we need a very accuras® initio method, such as FLAPW.
tions for the energetics of these interfaces, using slab modefghis requires a large amount of computer capacity. Therefore
with one NiSj layer and one Silayer. They found that the it is common to use small supercells that can represent the
type A had lower interface energy than the tyBe The dif- interface atomic structur®.However, our previous calcula-
ference between the interface energies was between 30 atidns suggested that the difference in the total energies be-
60 meV, depending on the boundary condition of thetween the two types of NiSISi(111) interfaces depends sig-
H-terminated or unterminated sldibout the interface sta- nificantly on the supercell siZ8.In the usual experiments Ni
bility, there have been many discussions. From in situ studiefilms are deposited on a thick Si substrate, so that a large
of NiSi, growth, Gibsoret al. found that a metastable phase number of Si layers should be included. We also have to take
0-Ni,Si was associated with the subsequent growth of typeaccount of the lattice relaxation at the Nif8i(111) inter-

A structure, while an as-deposited thin Ni film appeared tdface.

form the typeB structure. Therefore, they concluded that the To solve the mystery around the interface energy of the
type B has a lower interface energy than the typé How-  two types of NiSj/Si(111) interfaces, we performed more
ever, this contradicts thab initio calculation.

Two groups performed x-ray standing-wave measure-
ments on the two types of NigiSi(111) interfaces. Vlieg

et al. reported that the distance between the interfacial Ni o Ni
plane and the $111) surface diffraction plan€D in Fig. 1) )
contracted by 0.04 A for typA and by 0.11 A for typeB.> * Si

However, Zegenhageet al. reported that this distance con-
tracted by 0.16 A for typeA and by 0.07 A for typeB.®
Although these results are conflicting, they suggest that the
interfacial lattice relaxation differs between the two struc-
tures. Since Hamann and Mattheiss did not include the lattice
relaxation, one might suspect that their calculation gave the FIG. 1. The atomic structure of the two types of Nifi(111)
wrong lowest-energy structure. interface viewed in th¢111) direction.

Type-A Type-B
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TABLE I. The interface energies for the ideal and relaxed struc- TABLE Il. The interface energies for the ideal structures. The
tures. The same relaxation parameters are used for both tRi&k- units are meV per interface area of the supercell (12.76 A
ness(see the teyt The units are meV per interface area of the

supercell (12.76 A). m(NiSi,)/n(Siy) 2/3 2/9 5/3
m(NiSi,)/n(Siy) 2/6 5/6 TypeA 491 489 482
TypeB 528 498 485
Ideal TypeA 491 491
TypeB 500 479
Relaxed TypeA 474 478

thickness dependence of the interface energy. With two lay-
ers of NiSj the ideal typeA structure has almost the same
interface energy for all the supercells with three, six, and

comprehensive FLAPW calculations. The calculation condinine Sh layers. In contrast, the typ@-interface energy
tions were similar to the previous one. We used the scalaghanges by 28 meV when the Si layer changes from three to
relativistic approximation and the local density approxima-Six layers. Between the six and nine, &iyers, the interface
tion (LDA) parameters of Janak, Moruzzi, and WilliaMs. energy changes by only 2 meV and the difference between
The muffin-tin sphere radii were 2.14 a.u. for Si and 2.18 a.uthe two types does not change. The typstructure with five
for Ni. The plane-wave cutoff energy was 16 Ry, which NiSi, and three Silayers has an exceptionally low interface
gives around 120 plane waves per atom. The plane wavesnergy, about 8 meV below the other ideal typénterfaces.
were expanded into spherical harmonics in each muffin-tinThis also demonstrates that threg [8iers are not enough to
sphere up td=38, and the electron distribution and potential achieve convergence, as we see that convergence is only
were expanded up tb=6. We used hexagonal supercells realized at six Silayers.
with a space-group symmetry &f3m1 (D3,). Since there A contour plot of the valence electron density gives more
are two interfaces in one supercell, the interface energy igetailed information(Fig. 2). Figures on the left-hand side
defined as half the supercell energy minus half the sum df(@ and(c)] show the total valence electron density near the
total energies of a number of unit cells of each bulk materiainterface, which are obtained from the supercells with five
corresponding to the number of layers in the supercell. TdNiSi, and six Sj layers. On this scale, the electron density
calculate the reference total energies of bulk Si and NiSi within the NiSp and Si layers is very similar to the corre-
we used the same cutoff energy for the plane waves and 85%ponding bulk densities. But, using a finer scale we could see
points in the irreducible; wedge in the first Brillouin zone. the same charge transfer at the interface as is observed in our
Table | shows the interface energies for the ideal andinear muffin-tin orbital in the atomic sphere approximation
relaxed structures. These values were calculated using tHEMTO-ASA) calculations®>* It is because the sevenfold
supercell with six Silayers and 25 k points in the irreducible structure introduces a small additional volume at the inter-
+ wedge in the hexagonal Brillouin zone. The ideal interface
structure has Si-Si and Ni-Si bond lengths, which are deter-
mined from the bulk Si lattice constant of 5.429 A. The
relaxed structures are the previously mentioned structures,
which were determined by FLAPW total energy calculations.
With two layers of NiSj type A has an interface energy that
is lower than that of typ®& by 10 meV in both the ideal and
relaxed structures. However, with five NjSayers typeB
has a lower interface energy than type This means the
favorable interface structure changes from typéo type B
according to the thickness of the NjSayer. The difference
of the interface energies is so small that a careful and com-
prehensive check is necessary to confirm it.
First, we checked the convergence of the interface energy
with respect to the number &fpoints. With 4% points type
B had an interface energy that is lower than that of tdey
14 meV for the ideal structures with five NjSand six Sj
layers, while its difference is 12 meV with 25 points. As
these differ by only 2 meV, the 2k points are enough for
our objective. The cutoff energy for the plane waves is suf- pitanee (1) Pnce )
ficiently large for both the supercell and bulk calculations, S0 £, 2. Figures on the left-hand side are valence electron den-

that we are able to compare the interface energy very acCliy maps in the110) plane, (@) type A and(c) type B. The lowest
rately between the supercells of different size. contour level is 0.008;3, and its step is 0.Gdg3,. Figures on the

The interface energies of the ideal structures in Table lkight-hand side are contour maps of the valence electron density
were also calculated with 2k points. Since Ni films are difference between the two interfaces, one has five Négiers and
usually deposited on a thick Si substrate, the question is howe other has two NiSilayers, (b) type A and (d) type B. The
many Si layers are needed to represent this experimentabntour step is 0.00@43,. Two kinds of figures show the same
situation. Keeping the two Nigilayers, we examined the area.
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face that electrons move from the Ni%ind Si layers to fill Since there are two interfaces in the supercell, the elec-
the space. tronic structure of the interface is represented by half of the
The figures on the right-hand sifié) and (d)] show the  supercell. Although five NiSiand six Sj layers are enough
electron density of the supercell with five NjSind six S} to screen charge transfer near the interface, two Niers
layers minus that of the supercell with two Ni%ind six S} s too small to do it® Hamann and Mattheiss used the slab
Iayers._ As the areas are th(_a same between the left- and riglﬂiodel with one NiSi layer and one Silayer as explained
hand figures, it is easy to identify how the electron density,o¢re Their boundary condition differs with our supercell

changes with the thickness of NiSayers. In the largest area method. However, our interface energy difference between

of the right-hand figure, the electron density does not chang . . g ;
as the difference stays in the range fr0|=rO.OOOZ\,;o3hr to ?he two types.obtalr?ed with two Nigand three Silayers
agrees well with theirs.

0.0002;3 . Dark tiles show the areas where the electron , , .
density increases and light tiles show the areas where it de- "When a thick Ni layer of 18 A forms the typ&-interface
creases, when the NiSlayer thickens. These figures have PY thermal annealing, Si atoms are supplied from the Si sub-
common features. The density changes nonspherically withiftrate to facilitate the Nigireaction or Ni atoms diffuse into
the interfacial Ni atoms, and it increases in the area justhe Si substrate. If a suitable amount of Si is deposited at
below the Ni atom, which has danglinborbitals. Interfacial room temperature following Ni deposition, subsequent an-
Si-Si bonds appear to be a little bit weaker and back bondaealing leads to the formation of uniform tyje-
between the Ni atom and the third Si atom in the Ni&yer interface>'° The stability of the typeB interface was also
(outside of the figurgsappear to be stronger. As the peak gemonstrated by a laser melting method. Prior to laser melt-
density of the interfacial Si-Si bond is about oaggmm the ing, NiSi, layers had both typé and B orientations, the

left-hand figures, it should be noted that its peak density.., ; Qi )
S ystallized NiSi phase from the melt has pure tyBe
changes by at most 1%. As the Ni-Si back bonds have a pe ientations'’ This agrees with our result that tyg# has

_3 0
value of about 0.0dgg, these change by at most 2%. The lower interface energy than typk for a thick NiSi layer.

difference between the two types is tiny. The light area at the N .
interfacial Si-Si bond is a little larger in tyg@ than in type When a thin Ni layer 05 A forms the typeB interface by

A, while the dark area of the Ni-Si back bond is a little largerthermal annealing, the tyd@-NiSi layers are not uniform in

in type B than in typeA. The competition between these thickness and, furthermore, they often contain a small frac-

differences may be the origin of the thickness dependence dfon of typeA oriented graing.As-deposited thin Ni film on

the interface energy. a clean Si111) forms the typeB structure at room tempera-
With two layers of NiSj the relaxed structures have an ture. But this is related with highly reconstructest 7 struc-

interface energy that is lower than that of the ideal structureure, because this does not happen on &11Si(111)

by about 15 meV in both typ& andB (Table ). With five  surface'® The formation of the thin typ®& NiSi, layer is

layers of NiSj this value decreases, especially in the t#e- controlled mainly by kinetics. Experimental evidence does

structure, although they still both have lower interface enernot contradict the theoretical result that typehas lower

gies than the ideal structures. The interfacial Si-Si bond apmterface energy than typ@ for one or two NiS;j layers.

pears to be weaker owing to the Nj$ayer thickness andthe |5 summary, we explored the interface energy of the type-

relaxed strulct:)tur_es were obtained using a supercell with two\ ang typeB NiSi,/Si(111) interfaces using a FLAPW su-

NiSi, layers.™ It is probable that the interface with five NiSi  hercell method. The typB-interface with five NiSj layers

layers has slightly different parameters for lattice relaxationyag g Jower interface energy than the tybénterface with

If more accurate relaxation were included for the interface,,q Nisi, layers. This should be connected with the fact that

with five NiSi, Iayer_s, it should have_ a lower interfa_ce en- epitaxial typeA and B structures are very sensitive to ex-
ergy than the value in the Table I. This seems more likely for,

: k c e "“perimental conditions.
the typeB structure, because its adiabatic potential is a little
flatter than that of typd\ (Fig. 3 in Ref. 10. Taking account I would like to express thanks for the hospitality at the
of the lattice relaxation, we may conclude that the tfge- Material Modelling Laboratory in Oxford University. Large
interface with five NiSj layers has a lower interface energy scale calculations were performed on VX-4 in the Fujitsu
than the typeA interface with two NiSj layers. European Centre for Information TechnoloECIT).
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