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The optical properties of WSi, single crystal were investigated between 0.01 and 23 eV. The near-
normal-polarized reflectivity was Kramers-Kronig analyzed to determine the dielectric functions over
the whole spectral range. Some constraints were imposed in order that the resulting spectra fit those
directly measured by ellipsometry in the energy range from 1.4 to 4.9 eV. The optical response of
polycrystalline films of WSi, was also analyzed. Some differences between the single crystal and
the thin-film optical functions are underlined, particularly near 0.5 eV, where a low-absorption
region exists. Moreover, the electronic states and the optical properties of WSi> were calculated
within the local-density approximation using the semirelativistic linear-muffin-tin-orbital method.
The band structures, the £-projected densities of states, the complex dielectric function, the optical
conductivity, the optical reflectivity, and the electron energy-loss spectrum were evaluated in the
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energy range from 0 to 10 eV. The agreement with the experimental data is good.

I. INTRODUCTION

Refractory metal silicides have a growing interest in
the very large scale integrated technology as materials for
gate electrodes and interconnections. Tungsten disilicide
is particularly studied due to its high conductivity and
to its capability of forming a passivating SiO» layer.1:2
Up to now, most of the investigations have been devoted
to the deposition process, the annealing procedure, the
composition, and the structure, as well as to the elec-
trical transport properties.?2~% The optical response of
WSi, as single crystal has been analyzed by ellipsometry
in the energy range from 1.3 to 5 eV and by reflectome-
try from 0.6 to 3 eV by Ferrieu et al.;® the transmittance
of WSi, polycrystalline films in the far-infared region is
presented in Ref. 7, where a discussion on the vibrational
modes is given. Nevertheless, a more exhaustive work
on the optical properties does not exist at present. As
the theoretical analysis is concerned, Battacharyya, By-
lander, and Kleinman® have carried out fully relativis-
tic band calculations for WSi,, using norm-conserving
pseudopotentials. They reported the band structures,
the decomposed partial densities of states, and the co-
hesive energies. On the other hand, Itoh®!0 investi-
gated the Fermi surface of tungsten disilicide by means of
a self-consistent semirelativistic band-structure calcula-
tion, performed with the linear-muffin-tin-orbital in the
atomic-sphere approximation (LMTO-ASA) method us-
ing the von Barth—-Hedin!! exchange-correlation poten-
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tial. Nevertheless, as far as we know, no theoretical in-
vestigations of the optical properties has been published
up to now.

It is very interesting then to study this disilicide opti-
cally over a more extended range, to compare the single-
crystal properties with those of the thin film and to corre-
late the experimental optical spectra with the theoretical
ones.

We report in this paper a wide optical characterization
of WSi, from the far-infrared (0.01 eV) to the vacuum
ultraviolet (23 eV). Reflection and spectroscopic ellipso-
metric measurements are presented. A low absorption
coefficient region exists near 0.5 eV, and some interest-
ing differences in this spectral region between the single-
crystal and the thin-film optical functions are shown and
discussed. Care is devoted to the determination of the
complex refractive index of WSi, as polycrystalline film.
This is important in view of the accurate measurement of
the thickness of the oxide grown on the silicide, generally
performed by fixed wavelength ellipsometers.

We also present the calculated optical spectra of WSi,
in the energy range from 0 to 10 eV as obtained from
the electronic energy bands and wave functions using
the local approximation to the density-functional theory
(LDA).!! Although the LDA aims to describe ground-
state properties, we shall use it for the electronic exci-
tations, first of all because this is presently the only ab
inttio approach for d-band metals and their compounds,
and because past experience indicates that its results are
accurate within about 1 eV for metals with broad bands.
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II. EXPERIMENTAL AND COMPUTATIONAL
DETAILS

A. Experiment

WSi; single crystal was grown by the Czochralski tech-
nique. The crystal was pulled from rf-levitated melt in a
modified Hukin-type crucible by direct melting of metal
rods (with purity of 99.99%), high-purity (99.9999%) sili-
con lumps, and subsequent quenching. The details of the
process are reported elsewhere.!? The single-crystal rods
were then mounted on a goniometer and oriented using
the x-ray Laue diffraction (XRD) technique.

WSi, thin films were prepared by simultaneous evapo-
ration of high-purity metal and silicon in a dual electron-
beam evaporation system. Typical deposition rates were
0.5 nm/s for the metal and 1.2 nm/s for silicon. The
pressure in the evaporation chamber was 1x10~8 Torr.
The films were deposited at room temperature on 120-
nm-thick thermally oxidized Czochralski silicon, in order
to make electrical transport measurements too.

The samples were heated at 900°C for 30 min in a
flowing helium tube furnace where the helium was puri-
fied passing through a bed of titanium held at 1000° C.
In order to reduce the intake of impurities upon thermal
annealing, attention was taken by covering the thin films
surface with another silicon wafer.

Rutherford backscattering spectroscopy (RBS) with a
2-MeV “He%t ion beam was used for depth composition
analysis and for determining the film thickness (with an
uncertainty of 10 nm). XRD allowed the identifica-
tion of the silicide phases present in the films. A Bragg-
Brentano reflection goniometer with scintillation counter
employing Cu K« radiation was employed. The XRD
spectra indicated that after the thermal treatment no
metal-rich silicide or hexagonal WSi, are present, but
only tetragonal WSi, and unreacted silicon. Finally,
Auger-electron spectroscopy showed that the oxygen and
carbon levels in the films were below the detection limit
(0.1%).

Near-normal incidence reflection measurements at
room temperature were performed in the energy range
from 0.01 to 0.5 eV by a Fourier transform spectrometer
Bruker IFS 113v, with instrumental resolution of 0.5 meV
and with a gold mirror as reference. In the case of WSi,
single crystal, light was polarized by KRS5 and polyethy-
lene grid polarizers in the medium-infrared (MIR) and in
the far-infrared region (FIR), respectively. Moreover, due
to the small dimensions of the sample (5x1x0.5 mm?),
we used a Bruker microscope and a homemade reflection
accessory in the MIR and in the FIR, respectively.

Above 0.5 up to 6 eV we measured the WSis film unpo-
larized reflectance with a Perkin Elmer 330 spectropho-
tometer. An Al mirror, whose absolute reflectivity was
previously measured, was used as reference. The polar-
ized reflectivity of WSi, single crystal was taken from
0.5 to 4 eV by a home-built prism spectrometer with a
Zeiss double monochromator, more suitable to examine
small samples. Light was polarized by a polarizing beam
splitter. In this spectrometer an optical system equipped
with a turning light guide allowed us to measure directly
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and alternatively the intensity of the focused incident and
of the reflected light beam, so that we avoided reference
Mmirrors.

Finally, near-normal absolute reflectivity measure-
ments with polarized light were performed from 4.0 to 25
eV at the synchrotron-radiation facility BESSY in Berlin.
A 2-m Seya-Namioka concave grating spectrometer was
used. Reflected light was first converted from medium
ultraviolet into near ultraviolet using sodium salicylate
and then detected by an S20 photomultiplier. Spectra
between 4.0 and 6.5 eV were taken with an MgF, win-
dow between the spectrometer and the sample chamber,
while for spectra between 6.0 and 10.0 eV a LiF window
was used. The spectra had to be corrected for stray light
whose contribution is strong at the highest energies.

We want to point out that, in the overlapping spec-
tral regions, the reflectivity values obtained by different
spectrometers agreed within the limits of experimental
uncertainty.

Ellipsometric spectra in the energy range from 1.4 to
4.9 eV were taken with a Sopra ellipsometer model ES4G.

B. Computational details

WSi, crystallizes in the body-centered tetragonal (bct)
structure with six atoms per unit cell. The bct crystal
structure of WSi, is shown in Fig. 1. The lattice con-
stants are a=6.0698 A, and ¢=14.806 A,!® with c/a=
2.439. The space group is I4/mmm. The correspond-
ing Brillouin zone (BZ) is also shown in Fig. 1, where
the symmetry points and lines are labeled in accordance
with the standard of Ref. 14.

A detailed description of the LMTO-ASA method, in-
cluding its use for compounds, is given elsewere.®:16 The
present calculations were carried out semirelativistically
and with basis functions including angular momenta up
to [=3 for tungsten and /=2 for silicon. The “frozen-core”
approximation was adopted and the core charge distri-
butions were evaluated from the solutions of the Dirac
equation for free atoms.

Exchange and correlation contributions to both the
atomic and the crystalline potential have been included
through the density-functional description in the LDA of
von Barth and Hedin.!! The k-integrated functions have
been evaluated by the tetrahedron method'” on a grid of
189 k points in the irreducible part of the Brillouin zone,
which corresponds to 3024 k points throughout the BZ.

The linear response of a system due to an external elec-
tromagnetic field with small wave vector is determined
by the imaginary part ez(w) of the complex dielectric
function &(w) = €;(w) + iea(w). We have calculated the
dielectric function for frequencies well above those of the
phonons and therefore we considered only electronic ex-
citations. For these we used the random-phase approxi-
mation, neglecting local-field and finite life-time effects.!®
Moreover, due to the tetragonal structure of WSi,, the di-
electric function is a tensor. By an appropriate choice of
the principal axes we could diagonalize it and restrict our
considerations to the diagonal matrix elements é*(w),
with v = z,y, 2. The interband contribution to e3(w) is
given by
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FIG. 1. (a) Body-centered tetragonal unit cell of WSi,.
Open circles correspond to tungsten atoms, filled circles cor-
respond to silicon atoms. (b) Brillouin zone corresponding to
the body-centered tetragonal structure (¢ > a).
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where P/ ,(k) is the projection of the momentum matrix
elements P (k) along the v direction of the electric field
E. EX are the one-electron energies.

After having evaluated (1) we calculated the interband
contribution to the real part of dielectric function €;(w)
from the Kramers-Kronig (KK) relation:

2 *® eg(ww'dw’
61(w) =1+ :;P/o‘ —%12—)_—(;—2—, (2)
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where P stands for principal value. Finally, we obtained
the total complex dielectric function by adding the in-
traband contribution. We neglected this contribution
to e(w) according to the perfect crystal approximation,
since the defects and lattice oscillations are absent. On
the contrary, the intraband contribution to €; (w) is given
by

(wp)?

o 3)

5‘1’” (w)lintra =1-

where the squared plasma frequency is given by

(wW)2 1r7i E /}32 ( Okv )2 8B = Br)dk.
(4)

We also calculated the optical conductivity o(w), the re-
flectivity R(w), and the electron energy-loss spectrum
L(w) using the relations (1)-(4) and the following ex-
pressions:

o) = = ex(w), %)
_ [VEw) =1 1|
R =17 +1| ©)
_ Cz(w)
Lw)=Im (w) =T + 3@ @

III. RESULTS

A. Optical response of WSi, single crystal

The reflectivities R for the incident electric field paral-
lel (Ej) and perpendicular (E.) to the ¢ axis are shown
in Fig. 2, with w ranging from 0.01 to 23 eV. The two
spectra are quite similar, in particular in the FIR where
they tend to coincide.

The low-energy region is characterized by very high
values of R, which starts from ~99% at 0.01 eV. By in-
creasing the energy, R rapidly decreases, reaching a min-
imum at 0.54 and 0.51 eV for E; and E,, respectively.
This cutoff in R looks strongly like the minimum at the
free-electron plasma frequency w, of the metal reflectiv-
ity, which in the ideal case marks the transition from
the intraband to the interband regime. At higher ener-
gies R rises again, indicating the occurrence of interband
transitions, and has values between 0.5 and 0.6 up to 8
eV. Above 8 eV, both spectra show a decreasing tail up
to about 12 eV, and then a lower broad band centered
around 15-16 eV.

We analyzed the polarized R spectra out of the ellip-
sometric range by KK analysis. We recall that the reflec-
tion coefficient r(w) = r(w)e®“) is related to R(w) by
R(w) = #(w)[#(w)]" and that the phase dispersion 0(w),
for normal incidence, is!®
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FIG. 2. Near-normal polarized reflectivity of WSi, single
crystal between 0.01 and 23 eV. The electric field E is per-
pendicular (full line) or parallel (dotted line) to the ¢ axis.

f(w) = % /000 ln R(w') — In R(w))(w? —w?)"1dw'. (8)

The complex refractive index 7 = n + ik is connected to
r and 6 by

n=(1-r%/(1+r*—-2rcosb), 9)

k= 2rsinf/(1+ r? — 2rcosf). (10)
The integrals involved in the numerical treatment require
the knowledge of R over a very large photon energy range,
in principle from 0 to co. This is not possible in prac-
tice, and therefore extrapolation becomes necessary. In
our case, it should be noticed that (i) at low energy R
saturates toward 1; (i) our spectra are extended up to
23 eV, where the reflectivity tends to decrese rapidly to
zero; and (iii) we know directly the complex refractive
index from 1.4 to 5 eV by ellipsometry. Therefore we
extrapolated the reflectivity R beyond the highest ex-
perimental energy wp with a tail R(w) = R(wo)(wo/w)?.
The s value was determined so that the n and k values
from KK in the spectral range covered by the ellipsome-
ter reproduce almost exactly the ellipsometric data (the
largest discrepancy is of 4%). For both polarizations we
obtained s = 2.5.

The resulting spectra of the complex refractive indexes
7, and 7 are shown in Figs. 3(a) and 3(b), respectively.
In the low-energy region their behavior is typical of a
metal, starting from very high values (with k& > n) and
rapidly decreasing. For an ideal free-electron metal, at
the plasma frequency n = k ~0. In our real case, the
minima in R near 0.5 eV appear in 7 as crossing points
between n and k. We note that there is an energy range
in which kj and k, are somewhat low, so that the ab-
sorption coefficient o = 47k /) is low too. This region lies
between the infrared metal-like and the visible strongly
absorbing region and, as it will be shown below, it deter-
mines a transparency window in the optical response of
WSi, thin films.
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FIG. 3. Real part n (full line) and imaginary part k (dot-
ted line) of the complex refractive index of WSi, single crystal.
(a) E perpendicular to the c axis; (b) E parallel to ¢ axis.

We also calculated the complex dielectric function é=
f2. As to the interband region of the dielectric response,
which will be discussed in more detail below, we note that
the peaks and the shoulders in our spectra of €3 agree
with the ellipsometric results of Ref. 6. As the intra-
band optical properties are concerned, we analyzed the
low-energy response in order to extract the free-electron
plasma frequency w, and the electronic scattering time 7
(or the related damping parameter v = 1/7). They enter
in the Drude dielectric function €j,¢ra by the equation

w?

- P

w(w + iy)’ (11)
where €., is the high-frequency dielectric constant. We
determined the plasma frequency values from the slope
of 1/]e1| vs w?. The values of 7 were obtained from the
value of the function wez /€; at the lowest energies, where,
according to the Drude limit, 1t is constant. We obtained
wp1=1.7 eV and w, =18 eV for E L ¢ and E || ¢, re-
spectively. The damping parameters are v; =0.02 eV and
7=0.018 eV. The resistivities at zero frequency, calcu-
lated as pg. = 47r'y/w§, result in 10.5 pQcm and 9.5
pQcm for E L ¢and E || €, in very good agreement with
those measured by electrical transport in Ref. 5.

g(“’)Iint:ra = €0 —

B. Optical response of WSi, polycrystalline films

The reflectance was measured on silicide films of differ-
ent thicknesses. The spectra from 0.01 to 3 eV, relative
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0.8 - Therefore, R can be calculated if the N thicknesses and
07 L the optical functions of each layer are known.
g Since the samples used for the R measurements were
g 0.6 |- nonbacklapped, the interface Si/air was rough enough to
E os | scatter in all directions light coming from the WSi,/SiO,
: system, so that we considered the Si film as an infinite
04 | substrate. Moreover, we know both the thickness of each
layer from RBS and the optical functions of amorphous
031 SiO, and crystalline Si from the literature.?1:22
02 L P S S U S B The equations R(n, k,d;) = Rexp:(d;), where d; is the
0.0 0.5 1.0 15 2.0 2.5 3.0 silicide thickness and Reyp; is the measured reflectance,
photon energy (eV) cannot be solved analytically. We expanded R to the
FIG. 4. Reflectance of WSi; thin films with different first order in n and k, and we obtained a system of two

thicknesses d (full line: d=360 nm; dotted line: d=230 nm)
in the energy region from 0.01 to 3 eV. Interference fringes
appear above 0.5 eV.

to two representative thicknesses (230 and 360 nm), are
presented in Fig. 4. Below 0.5 eV all the spectra have
the same shape as for the single crystal, but R values
are slightly lower in the FIR. Between 0.5 and 3 eV the
new striking feature is the presence of optical interference
fringes, whose spacing decreases as the film thickness in-
creases. This gives direct evidence that WSi, is trans-
parent (or partially transparent) in this spectral region.
Finally, for energies higher than 3 eV the reflectance val-
ues (not shown in the figure) of silicides with different
thicknesses tend to coincide.

We note that, due to the multilayer (WSiy/SiO5/Si)
structure of the samples, we could not determine n and
k directly from the experimental data in the interfer-
ence region. It was therefore necessary to analyze care-
fully the contributions of the different interfaces to the
multireflection process. First, we tried to solve numeri-
cally the equations in n and k giving the reflectance for
two different WSi, thicknesses. A simple method to ob-
tain the reflectance of a multilayer system is the “matrix
method,”?? which states a recurrence relation between
the incident electric field and that reflected (transmit-
ted) by a system of N films. Considering the appropri-
ate reflection (transmission) complex Fresnel coefficients
#m (tm) at the mth interface, the problem is solved by
calculating a 2x2 complex matrix which results from the
product of (N+1) matrices Cy,, with

~ i8pme 5 L ibme

¢ :(ﬁ o Tme ) (12)
rme‘ m-—1 e—i m—1

Here 8p,_1 = 27dy—1Mm—1/A is the complex phase

variation due to the path through the film with thick-
ness d,,_1; N;,—1 is the complex refractive index of the
(m—1)th layer, and X is the wavelength in the air. Writ-
ing the matrix product as

;

d~> (13)

(€G- (Exa) = (
the reflectance of the multilayer is

o Qt

linear equations, using two different thicknesses. Then,
the system solutions were found by an iterative method
using the values of n and k estimated by a small number
of contour graphs?? as tentative initial values.

Nevertheless, the numerical method had some trou-
bles. In fact, it is based on an ideal geometrical and
structural representation of the multilayer: the inter-
faces are considered sharp, flat, and parallel, and each
layer is assumed homogeneous, with a well-defined com-
plex refractive index. These assumptions are relaxed in
the case of real samples, where structural imperfections,
such as non-planarity of the interfaces, and transition re-
gions of not-well-defined composition become important.
As a consequence the numerical treatment can produce
some results with no physical meaning and generate some
anomalous dispersions in n and k.

Therefore, we preferred to perform a best fit of the
measured reflectances. In the fitting procedure we re-
quired that (i) the nonphysical singularities mentioned
above were rejected and (ii) » and k satisfied the
Kramers-Kronig relations. We also checked the influence
of the silicide and the SiOs thickness values on the inter-
ference spacings. We found that the thicknesses which
reproduce the experimental fringes well were in agree-
ment, within the experimental uncertainty, with those
measured by RBS.

In Fig. 5 we present the resulting optical functions
which best fit Rexpt; the curves between 3 and 5 eV (ab-
sorption region) were directly obtained by ellipsometry,
because in this spectral region the WSi; film can be con-
sidered as a bulk. The optical functions n and k rapidly
decrease from the high values in the far-infrared region,
showing a typical metallic behavior. Near 0.5 €V n starts
to increase. However, in this energy region the extinction
coefficient k shows a plateau with values sufficiently low
to permit a relevant percentage of the incident light to
traverse the silicide films, to incide on the silicide/SiO4
interface, and then to induce multiple internal reflections.
For energies higher than 2 eV k increases reaching the
value of 2.6 at 3 eV. WSi, becomes more and more ab-
sorbing, so that the interference phenomenon disappears
in the thinner film too.

On the basis of our findings, it appears that the de-
termination of the thickness of SiO. layers grown on
WSis—a request of great technological interest—may
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FIG. 5. Complex refractive index # = n + ik of WSi;

polycrystalline film (full line). The curves are compared with
n = (n" + 2n_|_)/3 and k¥ = (k" + 2k_L)/3 (dashed lines),
calculated from the polarized complex refractive indexes of
the single crystal.

create some problems if it is made with a He-Ne standard
ellipsometer at A=632.8 nm.2* At this wavelength WSi,
is partially transparent, so that the SiO; thickness can
be measured only if one knows the silicide complex re-
fractive index and the optical properties of the substrate
accurately.

In Fig. 5 we also show the calculated curves 7 =
(2nL + n))/3 and k = (2kL + ky)/3, representing the
theoretical response of a polycrystal. The comparison
with the film response shows for the latter a blueshift
of the absorption edge and, in the the energy region be-
tween 0.5 and 2.5 eV, a lowering of the values of n and k
with respect to the single crystal. These effects in metal
films have been attributed®® primarly to void fraction,
as opposed to scattering by defects or grain boundaries.
Systematic measurements on several films as a function
of the temperature and the annealing time are in progress
in order to investigate the origin of this difference in a
better way.

C. Energy bands and density of states

The calculated band structure of WSi, shown in
Fig. 6 is in a rather good agreement with previous
calculations.®!° It was found that the Fermi surface of
WSi; consists of two sheets: a hole surface surrounding
the I' point with ellipsoidal shape, and an electron sur-
face in the neighborhood of Z having a boxlike shape
with small “horns.” In our calculation we found an addi-
tional small Fermi surface pocket around the symmetry
point P (Fig. 6).

The total and partial densities of states (DOS’s) are
presented in Fig. 7. The Fermi level is located in the dip
of the DOS curve, so that the state density at the Fermi
level is rather small. The low DOS at the Fermi level
contributes to stabilizing this crystal structure and it is
also partially responsible for the small electronic conduc-
tivity.

The s electrons of silicon are located mainly near the

V. N. ANTONOV et al.

IR

WSi,

E(k) (Ry)
N 775

AV AW

FIG. 6. Self-consistent energy band structure of WSi,
along some symmetry directions.

valence-band bottom whereas the p states of silicon in the
occupied part of the valence band are strongly hybridized
with the d states of tungsten. This leads to a very similar
shape of the energy distribution of silicon N,(E) and
tungsten Ng4(F) and implies chemical bonding between
silicon and tungsten. The valence band contains a sharp
peak at 0.65 Ry. Above the Fermi level the d states
of tungsten are mixed with a small amount of silicon p
states. The f states of tungsten and d states of silicon
are mainly situated far above the Fermi level. Several
large peaks may be seen in the energy interval 0.9-1.3
Ry which has mainly tungsten d character. These peaks
are due to the 8th to the 11th energy bands and, as will
be shown later, play an important role for the structure
of the optical functions of WSi,.

D. Calculated optical properties and comparison
with the experiment

In our theoretical investigation, we first calculated the
imaginary part of the dielectric function directly [Eq.
(1)]. This can be interpreted in terms of interband tran-
sitions. A very large anisotropy of the optical properties
of WSi, was found from both experiment and theory.
Figure 8 shows the calculated e3(w) of WSi; for the two
different light polarizations E|| ¢ and EL & There are
eight maxima in e;(w). All these peaks, except for the
first one which appears only in the EL ¢ polarization,
are formed from the same interband transitions for both
polarizations. The difference in intensity for the two po-
larizations is due to the transition matrix element. We
inferred from the analysis of the energy dispersion curves
E(k) and the energy distribution of the partial densities
of states that the interband transitions below 10 eV are
due to the excitations of d electrons of tungsten and p
electrons of silicon to the unoccupied states, primarily d
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FIG. 7. Self-consistent total density of states N(FE) and
W s, p, d and Si s and p partial densities of states. Units are
number of states/(cell Ry) and number of states/(atom Ry),
respectively.

type, of tungsten which have an admixture of p charac-
ter. The main contribution to e¢z(w) comes from transi-
tions between occupied 5th, 6th, and 7th bands located
at 0.5-0.8 Ry and 8th, 9th, 10th, and 11th conduction
bands located in the 0.9-1.3 Ry interval. The strong
maximum in the E|| ¢ polarization at 2.9 eV originates
from the superposition of two high intensity partial con-
tributions from the 6,7—8 interband transitions. These
transitions take place in an extended part of the k space
including the symmetry points I', ¢, Z, P, the symmetry
directions I'-¢, b-a, X-P, and the inner part of the BZ.
The same peak can be found in the e3(w) for the other
polarization EL ¢. Due to the optical transition matrix
element the intensity of transitions 6,7—8 is four times
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FIG. 8. The calculated imaginary part €2 of the dielectric
function of WSi,. Full line is for E || ¢ and dotted line is for
ELlc

weaker for the E L ¢ than for the E || ¢ polarization.
€2(w) for E|| ¢ has a threshold at 0.4 eV and is very small
up to 1.0 eV in contrast to EL ¢, which has a notice-
able maximum at 0.4 eV (see Fig. 8). This maximum
comes from 7—8 interband transitions in the a-Z sym-
metry direction where the 7th energy band is very flat.
The infrared interband transitions near zero energy (in
EL ¢) is due to the existence of the doubly degenerate
7th/8th energy band crossing the Fermi level in the I'-Z
symmetry direction. The small structure number two,
which has the same size for both polarizations, is formed
by the 8— 9 interband transitions around the Z point.
Peak number 4 at 4 eV comes from the 5—8 transitions
in the I'-c direction, where the 5th energy band has a
small dispersion. The most intensive 5th maximum in
E._ ¢ polarization at 4.4 eV is formed by transition from
the 6th to the 8th energy band in a wide area of k space
including d-c, a-b symmetry directions and in the neigh-
borhood of the I' and d points. The 6th maximum at
5 eV comes from 6—9 transitions in the vicinity of the
a, b, and ¢ points and the a-b symmetry direction. Sev-
eral peaks numbered 7 around 5.5 eV are formed by 6—9
interband transitions close to the ¢ point, around the a
point and the symmetry direction a-b. The 8th peak at
7.2 €V comes from 6,7—11 transitions for both polar-
izations. These transitions occur around the symmetry
points Z, ¢, and P, and the symmetry directions I'-c, and
r-X.

The comparison between the calculated €3 and the ex-
perimental one is shown in detail in Fig. 9.

The calculated values of the plasma frequencies are
wp|=2.53 eV and wp) =2.87 eV, to be compared with
those previously extracted by our Drude analysis (1.88
eV and 1.78 eV, respectively). The agreement, within
the limits of the theoretical calculation, is good. The
anisotropy in the plasma frequency gives rise to the
anisotropy of the reflectivity in the infrared region
(Fig. 10). For both polarizations the reflectivities fall
off very rapidly in the infrared spectral region (this is
a direct consequence of the imposition y=0), but the
positions of their minima are different. The minima of
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FIG.9. Comparison between the calculated (full line) and FIG. 10. Comparison between the calculated (full line)

the experimental (dotted line) €2 curves of WSi single crystal.
(a) E perpendicular to the c axis; (b) E parallel to ¢ axis.

Rjj(w) and R} (w) are located at 0.59 and 0.63 eV, respec-
tively. It is interesting to note that the theoretical value
of Rpmin,|(w) is practically equal to zero, and Rmin, 1 (w)
is equal 0.15. In the experiment it is opposite: the mini-
mum in R, (w) is deeper than in Rjj(w). This discrepancy
is caused by the smoothing of the measured spectra due
to the finite lifetime effects, lattice imperfections, and
distortions. Furthermore, Rj(w) falls off more rapidly
(has a narrower minimum) in comparison with R, (w).

The theory predicts also a strong anisotropy of €;)(w)
and €14 (w) (see Fig. 11) which goes through zero at 0.57
and 0.67 eV, respectively. The second sign changes of
€1)(w) and €13 (w) occur at 3.0 and 4.95 eV and they ap-
pear at the same energies as the maxima number 3 and 5
(see Fig. 8) in €5(w) and €3y (w). In this case the change
of sign of €;)j(w) and €3, (w) reflects only the anomalous
dispersion of these functions in the region of strong in-
terband absorption. The €;)(w) and € (w) curves van-
ish again at 20.6 and 20.3 €V, respectively. Since in this
range the imaginary part of the dielectric function is very
low, the conditions for a plasma resonance are satisfied.
There is a strong resonance maximum at this energy in
the calculated electron energy-loss spectra L(w) for both
polarizations.

IV. CONCLUSIONS

The optical characterization of WSi, has been carried
out on a quite large spectral range with the light polar-

and the experimental (dotted line) reflectivity curves of WSiz
single crystal. (a) E perpendicular to the c axis; (b) E parallel
to ¢ axis.
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FIG. 11. Comparison between -the calculated (full line)

and the experimental (dotted line) real part €; of the dielectric
function of WSi, single crystal. (a) E perpendicular to the ¢
axis; (b) E parallel to c axis.
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ized along the two different crystallographic directions.
From the theoretical point of view, the dielectric func-
tions €; and €2 have been evaluated and compared with
the experimental data from 0 up to 10 eV, where good
agreement exists.

This excellent agreement between the calculated LDA
and the measured optical properties suggests that the
nonlocal many-body corrections?®® to LDA are rather
small, perhaps, due to the wide energy bands in this sys-
tem.

At low energies free-carrier (metallic) behavior is ex-
pected and observed. The plasma frequency, obtained by
inspection of the Drude behavior, is w1 =1.7 eV for the
E L ¢polarization and wy=1.8 eV for the E || ¢'polariza-
tion. These values agree with the calculated ones, within
the intrinsic limits of the theory. The most prominent in-
terband structures, which appear for both polarizations,
are located at 1.6, 2.9, and 4 eV, respectively. Further-
more, for energies larger than 0.5 eV and below 3 eV the
values of the absorption coefficient remain rather low,
permitting the material to become transparent. This ef-
fect is enhanced in polycrystalline silicide films, where a
blueshift of the absorption edge is also observed.

In the theoretical calculations the observed structures
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could be assigned to definite interband transitions which
are essentially due to the excitations in an extended part
of the k space of d electrons of tungsten and p electrons
of silicon to the unoccupied, primarily d type states of
tungsten which have an admixture of p character.
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