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Abstract

After a brief report of recent WSi, Raman results on the band assignment and thermal behavior of the WSi, lines
obtained for both a single crystal and a thin film, a calculation of vibrational frequencies and normal coordinates at the zone
center is presented. The first results show good agreement between observed and calculated frequencies, and confirm our
previous description of vibrational modes. The corresponding force constants relative to Si-Si and W-Si bonds are found to
be different while the bond lengths are very close. The present results will be used in future calculations at the zone

boundary.

1. Introdu;:tion

Transition metal silicides have been the topic of
numerous studies investigating their properties [1,2],
but very few are related to their vibrational proper-
ties, in particular for tungsten disilicide.

Raman and IR spectroscopic studies of WSi,
already reported in the literature have been per-
formed on thin films at room temperature {3—6]. The
purpose of our WSi, Raman study is to evidence
spectral features of the compound in both the crystal
and film states in a broad temperature range. Such
spectral data can be directly used for in-situ Raman
characterization of WSi, films during the deposition
process.

Our recent Raman results about the band assign-
ment and the temperature dependence of the WSi,
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lines of single crystal and thin film [7] are recalled in
the first part of this paper. Then, a calculation of
vibrational frequencies and normal coordinates of
WSi, at the zone center is reported. This calculation
allows one to precisely determine the potential en-
ergy distribution in WSi, and the atomic displace-
ments in each vibrational mode.

2. Structure and experimental procedure
2.1. Crystal structure

WSi, crystallizes in the body-centered tetragonal
structure with two formula units per unit cell (C11b
structure, space group I4/mmm or DJ7) [8] (Fig.
1a). The lattice constants are a = 3213 A and ¢ =
7.830 A. The W-Si-Si sequence of atoms aligned
along the [001] direction is considered for the WSi,
lattice vibration study [7]. All the atoms are ten-fold
coordinated with a pseudo-hexagonal arrangement in
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the plane of the central atom. The nearest neighbor
W-Si and Si-Si bond distances are 2.61 A along the
[001] direction and 2.62 A in the other directions.

2.2. Samples

WSi, single crystals were grown using a modi-
fied Czochralski pulling technique from a radiofre-
quency levitated melt in a copper crucible (Hukin
type) [9].

WSi, thin films were prepared by sputter deposi-
tion of W (5000 A) on Si(100) substrate in an argon
atmosphere followed by a rapid thermal annealing
under vacuum at 980°C for 1 min. The films were
analyzed by X-ray diffraction using a Siemens D500
6-26 diffractometer (A = CuKe,).

2.3. Raman spectroscopy

Raman spectra were collected using a Dilor XY
multichannel spectrometer, equipped with a micro-
scope. The excitation source was an Ar ion laser
(A =514.5 nm). The light was focused to a 1 pum?
spot. All measurements were recorded in a backscat-
tering geometry, using a laser power of 34.5 mW on
the sample. Spectra have been fitted with Lorentzian
functions. The instrumental resolution was 2.8 £ 0.2
cm™!,
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The temperature measurements were performed
between 79 and 853 K on both a single crystal and a
film using a sample chamber in which an Ar circula-
tion was maintained to prevent oxidation. The cham-
ber was cooled with liquid nitrogen for low tempera-
tures and resistance heated for high temperatures.

3. Results and discussion

3.1. Band assignment and temperature evolution of
the Raman spectrum

3.1.1. Band assignment

The irreducible representations associated with
the vibrational modes are A, +E, + A,, +E, [7].
Ay, and E, are Raman active modes while A,, and
E, are IR active.

Polarized Raman spectra of WSi, single crystal
are reported in Fig. 2. The two lines observed at
335.5 and 456 cm™! are strongly polarized and are
assigned to the E, and A, modes, respectively [7].
It should be noted that A, is much broader than E,
while the reverse situation would be expected due to
the degeneracy of the E, mode. The band of A,
symmetry is assigned to a Si-Si stretching vibration
along the z direction while the E, symmetry one
corresponds to the motions of the Si atoms in the
basal plane of the crystal.
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F1g 1. (a) Crystallographw body-centered tetragonal unit cell of WSi,. Open circles are W atoms and filled circles are Si atoms (a = 3.213
A, c=7.830 A). The ten-atom surroundmg of the central W atom is shown. Its pseudo-hexagonal env1ronment inside the layer appears in
grey. The W=Si bond distances are 2.61 A along [001] (Si (9) and Si (10)). The other distances are 2.62 A. (b) Representation of the
calculated atomic displacements in each vibrational mode. The atomxc displacement amplitudes in A,, and E, are found in the reverse mass

ratio (M, /2 Mg; = 3.3).
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Fig. 2. Room temperature polarized Raman spectrum of WSi,
single crystal in the Y(XZ)Y and Y(ZZ)Y configurations of the
sample (X =[110], Z=[001)).

Far IR measurements of WSi, films [6] have
shown the bands of A,, and E, symmetry at 301
and 256.5 cm™!, respectively. The A, mode is
assigned to a Si—W stretching vibration along the z
direction. In the E, mode, the atoms move in the
basal plane along the x(y) axis, with the W atoms
out of phase with respect to the Si atoms.

3.1.2. Temperature evolution
The analysis of the WSi, Raman lines between

79 and 853 K revealed a strong temperature depen-

dence of the three spectral parameters (frequencies,

half-widths at half-maximum (HWHM) and inte-
grated intensities) both for the crystal and thin film.

The most important results are summarized as fol-

lows:

1. The frequency of A, and E, modes is systemati-
cally shifted 4 cm™" lower in the film compared
to the crystal independent of the temperature of
the sample and the laser power (Fig. 3). This shift
can be explained by tensile thermoelastic stresses
generated in the film when the sample is cooled
down to room temperature after deposition. The
A, mode shifts more rapidly with temperature
than E, (1.8 and 1.4 cm™' /100 K for the crystal,

1.6 and 1.1 cm™! /100 K for the film, respec-
tively) (Fig. 3). This results probably from the

larger thermal expansion along [001] as reported
in Ref. [10].

2. The spectrum recorded at 79 K does not reveal
any splitting of the broad A, line but a weak
additional line centered around 432 cm™! is ob-
served. This weak line is less visible at high
temperature due to the important A, broadening.
Indeed, the broadening rate of Ay, in the crystal
is three times larger than the E, one (0.9 and 0.3
cm™! /100 K on HWHM, respectxvely) The dif-
ference is still larger for the layer (1.2 and 0.2
cm™! /100 K, respectively). This strong tempera-
ture dependence of the A, linewidth has been
explained by a strong anharmonicity which could
involve low energy modes. The second order
feature at 432 cm™! could be associated to such
modes.

3. The integrated intensity decrease is about 30%
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Fig. 3. Temperature dependence of the frequencies of the two
WSi, Raman lines between 79 and 853 K.
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between 79 and 853 K for both lines and can be
related to the bond expansion [7].

4. A preferred orientation effect of the layer with the
¢ axis contained in the plane of the film has been
confirmed by both polarized Raman spectroscopy
and X-ray diffraction.

3.2. Normal coordinate calculation

Using a valence force field [11], we have per-
formed a calculation of vibrational frequencies and
normal coordinates of WSi, at the zone center (k=
0). Due to the high coordination number of the
atoms, it was not useful to consider as usual the
angular internal coordinates. Thus, the present pre-
liminary study has been limited to stretching coordi-
nates relative to W—Si and Si-Si bonds, parallel or
not to [001] (W-Si,, Sig—Si,y, and W=Si,, Sig—Sis,
respectively, in Fig. 1). The motion of W and Si
atoms being determined by 10 stretching coordinates
each, there introduces a large redundancy as far as
only 9 degrees of freedom per formula unit are
expected.

The calculation consists in refining the force con-
stants, chosen equal in all directions in a first step,
until the observed frequencies are reproduced. Fre-
quencies of 455, 337, 299 and 255 cm™! are calcu-
lated for Ay, E,, A,, and E; modes, respectively.
Thus, there is a good agreement between observed
(see Section 3.1) and calculated frequencies. The
force constants relative to W-Si and Si-Si bonds
corresponding to the above calculated frequencies
are found equal to 0.59 and 0.80 mdyn /A (or N/cm)
for bonds parallel to [001] and to 0.55 and 0.35
mdyn/z& along the other equivalent directions, re-
spectively. Note that the force constants differ a lot
between W-Si and Si-Si bonds while the corre-
sponding bond lengths are very close.

The atomic displacements are in full agreement
with our previous description of the vg;_g; and vg;_y
vibrational modes [7]. They are schematically drawn
in Fig. 1b. The potential energy distribution issued
from the calculation shows that the contribution of
the Si-Si force constant along [001] to the A, mode
is more than twice higher than those of the other
constants. The E, mode only depends on the two
W-Si and Si-Si constants relative to the bonds
which are not directed along [001].

4. Conclusion

Our previous analysis [7] of the thermal behavior
of the WSi, Raman lines both for single crystal and
thin film revealed a strong temperature dependence
of their spectral parameters (frequencies, linewidths
and intensities), in particular for the A,, mode.
Sound spectral results have been obtained and can be
used as a basis for characterization purpose during
the deposition process of WSi, films.

In order to explain some different behaviors of the
two Raman modes, a normal coordinate calculation
has been performed for WSi, at the zone center.
From this preliminary work, a good agreement be-
tween observed and calculated frequencies is ob-
tained. The corresponding force constants relative to
W-Si and Si-Si bonds are rather different, although
the bond lengths are very close. The atomic displace-
ments considered in our previous description of each
vibrational mode are confirmed.

The analysis of the WSi, crystal dynamics will be
continued. In particular, vibrations at the zone
boundary will be analyzed to estimate phonon dis-
persion curves, in order to improve the knowledge of
mechanical and thermodynamical properties of WSi,.
The frequency shifts, and therefore the resulting
force constant changes, induced by the development
of mechanical stresses are intended to be correlated
to macroscopical moduli as Young modulus.

References

[1] S.P. Murarka, J. Vac. Sci. Technol. 17 (1980) 775.

[2] F. Nava, K.N. Tu, O. Thomas, J.P. Sénateur, R. Madar, A.
Borghesi, G. Guizzetti, U, Gottlieb, O. Laborde and O. Bisi,
Mater. Sci. Rep. 9 (1993) 141.

[3] PJ. Codella, F. Adar and Y.S. Liu, Appl. Phys. Lett. 46
(1985) 1076.

[4] S. Kumar, S. Dasgupta, H.E. Jackson and J.T. Boyd, Appl.
Phys. Lett. 50 (1987) 323.

[5] H.E. Jackson, J.T. Boyd, U. Ramabadran and R. Vuppulad-
hadium, Proc. SPIE Int. Soc. Opt. Eng. 822 (1987) 106.

[6] M. Amiotti, A. Borghesi, G. Giuzzetti, F. Nava and G.
Santoro, Burophys. Lett. 14 (1991) 587.

[7} O. Chaix-Pluchery, L. Abello, G. Lucazeau, B. Chenevier
and R. Madar, to be published.

[8] W. Zachariasen, Z. Phys. Chem. 128B (1927) 39.

[9] O. Thomas, J.P. Sénateur, R. Madar, O. Laborde and E.
Rosencher, Solid State Commun. 55 (1985) 629.

[10] O. Thomas, Thesis, Institut National Polytechnique de
Grenoble, France (1986).
[11] F. Genet, NORMOD program, private communication.



