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Methods of film preparation and data evaluation are presented to determine the stiffness tensor and mass
density of thin films using Brillouin light scattering from surface phonons. The combined use of stepped films
of progressively increasing thickneds and an optimized variation of the magnitude of the surface wave
vectorq provides a particularly wide range of uniformly distributed values of the progietin the study of
the velocity dispersion of the observed surface acoustic waves. Furthermore by the independent vaggation of
andd, the microstructure can be assessed as a function of film thickness. In the present case of tungsten
carbide(WC) films on a silicon substrate, being a slow-on-fast system, the Rayleigh mode and several Sezawa
modes are observed. Using the extensive velocity dispersion data, five independent material parameters of the
WC films, i.e., four elastic constants and the mass density, are determined by two independent approaches. One
employs a least-squares fit to the experimental velocity dispersion curves to determine these material param-
eters, whereas the other investigates the structure of the parameter space in the vicinity of the solution being
sought by a Monte Carlo technique. Both approaches yield identical and self-consistent results. In a Green’s-
function formulation that uses the vertical displacement component of the acoustic excitations at the free
surface, the experimental Brillouin spectra are simulated in the discrete as well as in the continuous part of the
mode spectrum.
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I. INTRODUCTION modes. Accordingly, methods to determine the full stiffness
tensor of opaque thin films have proved elusive and form an
Brillouin light scattering from surface phonorfinown  important part of the present investigation.

also as surface Brillouin scatteringas emerged in recent Although Brillouin light scattering from surface modes
years as a favored method to determine the acoustic excithas been used to investigate the above properties in a wide
tions and elastic properties of thin supported films where theange of thin films, it is important to distinguish between two
thickness of the film is<1000 nm!~* Depending on the distinct situations: “substrate stiffening” in which the shear
substrate and film combination, various near-surface excitaselocity of the film is greater than that of the substrafe
tions can be examined including Rayleigh surface acousti&lﬁ and the presence of the film increases the SAW velocity
waves (SAW), Sezawa waves, Love waves, pseudo-SAWover that of the substratiast-on-slow systejnand “sub-
and mtgrfape modes. In situations in Whlch the transparencyrate loading™vf<v3 where the converse occufslow-on-
of the film is such that the Brillouin scattering cross sectionfast system In terms of the extraction of the elastic con-
includes contributions from the elasto-optic and ripplestants, the opaque fast-on-slow systems remain somewhat
mechanisms, sufficiently rich spectral information can bejntractable owing to the limited number of excitations
provided so that it is possible to determine the full elasticyresent in such systems. Investigations have thus used a
tensor of the filn~" The process can be aided by the sensi<tonyard” approach in which the Brillouin spectra and dis-
tivity of certain elastic constants to particular acoustic exci-persion curves have been computationally simulated by mak-
tations. In the case of opaque or near opaque materials, theg initial assumptions concerning the values of the elastic
surface ripple mechanism is dominant and the contributiongonstants and compared with experimental results. The “in-
of elasto-optic scattering are negligibly small which in manyverse” process in which the intention is to determine the
cases leads to considerable simplification of the scatteringlastic constants from the measurements has been applied
cross section. Theoretical methods including the developwith success to certain slow-on-fast systems. These display,
ment of surface Green’s function approaches allow the Bril-under appropriate conditions, the Rayleigh SAW, and film
louin spectra and the dispersion of the excitations to be unguided modes known as Sezawa waves whose displacement
derstood in detail and hence provide valuable material§ields extend throughout the layer and decreases exponen-
properties such as the film elastic constants, mass densityally in the substraté.The conventional method for the de-
film thickness, texture, and adhesion. On the other hand filntermination of the elastic constants is to fit the phase velocity
opacity removes the advantages exploited in the studies dafispersion curves of versuq,d whereq, is the magnitude
near transparent filmsjnter alia of observing shear- of the parallel surface wave vector addis the film thick-
horizontal and bulk modes, and limits the possibility of de-ness.
tecting predominantly longitudinally polarized surface Early studied identified the ambiguities that can result
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in the determination of elastic constants by fitting the SAWstrength of WC. The C-C bonds are graphitelike and not
velocity dispersion curves of leaky excitations. In order todiamondlike, due to their separation in the WC cry$ta®
simplify the problem it is therefore useful to analyze the The large mass density and high melting point, chemical
dispersion in the discrete part of the mode spectrum. Sinci#ertness, and electrical conductivity of WC yield other pos-
the SAW velocities depend on the various elastic constants tgible fields of application. These include the use of WC films
a different extent for the individual modes and for particularas diffusion barriers for the ARef. 24 or Cu(Refs. 25 and
q,d regions, it is attractive to have a large data set extending6) metallization of silicon, the deposition of epitaxial \&
over a wide range of the dispersion and containing the inforon MgO (Ref. 27 the preparation of Schottky contacts on
mation of several higher-order modes. Efforts in this direc-6H-SiC for high-temperature electronic applicatiéiisand
tion have analyzed films of different thickness that were dethe protective effect of WC coated walls in fusion
posited under identical condition®:® It has also been reactors>®
shown that a high precision Brillouin data set, in which at- The elastic properties of the WC films measured by Bril-
tention is given to the determination of sensitive variabledouin light scattering are expressed in terms of effective elas-
such as the film thickness and density, results in the accuratie constants, these being averaged over a characteristic
determination of the elastic constants. In addition the mastength of the order of the phonon wavelength. The hexagonal
density may be included as a free fitting param&t.ln  model in which thec axis is in the direction of the surface
many investigations the constraints of a sntgl range of ~ normal of the film describes a material of axial symmetry
the dispersion and a low number of Sezawa modes makesand provides an appropriate description of the elastic prop-
necessary to restrict the number of free parameters which cagities of most hard coatings including the WC thin films
be determined from a least squares fit. As a consequence théscussed in the present paper. Isotropy prevails in the film
mass density is usually determined by an independerplane but anisotropy is allowed in the perpendicular
method and the film properties are assumed to possess higlirection®*? The solutions of the equations of motion for
symmetry which in turn justifies the use of an isotropicthe surface modes decouple for solutions with shear-
model. The two independent stiffness constants then act dwrizontal displacement components. Thus only four of the
free parameters. five independent elastic constants are required to describe
Furthermore the considerations discussed above aittese modes. In consequence the elastic properties of the film
strictly valid only if the film material does not alter its mi- are expressed in terms of the effective elastic constants
crostructure as a function of the distance from the interfaceCis, Cas, Css, and the film density as independent param-
In many cases transition layers between substrate and fileters.
material can occur. In particular, a gradient or a layered sub- WC thin films were grown as 11 sequential thickness
structure is likely to appear if films are deposited in pro-steps ranging from 60 to 655 nm on a single crystal silicon
cesses which comprise high energies and particle momengsubstrate during the same growth run. By means of the varia-
and are thus far from thermodynamical equilibrium. With tion of film thickness and incident angle, a wide range of the
increasing thickness the film material may even underggroduct of surface wave vector and thicknesgd] was
crystallographic phase transitions. These phenomena hawwailable for the study of the velocity dispersion. Further-
been documented unambiguously by Brillouin scatteringmore numerous Sezawa modes were observable making the
from surface and interfacial phonots?° In the present system amenable for the extraction of several material con-
study a special technique of film preparation and measurestants. In this context we have used the conventional fitting
ment allows a detailed examination of the possible variatiormethod discussed above and a new independent method in
of the microstructure with film thickness. which a Monte Carlo formulation was used. With the unusu-
At present there is considerable interest in the elastially large data set, both approaches allowed five free param-
properties of thin hard films owing to their applications aseters including the effective elastic constants and the mass
protective coatings, e.g., in cutting tools. Fast-on-slow condensity of the WC films to be determined and provided a
ditions prevail in many situations involving opaque hardself-consistent evaluation of these material properties.
coatings resulting in the difficulties discussed above in at-
tempts to determine the elastic properties. Of the possible Il. EXPERIMENTAL ASPECTS
hard coating materials, the widely used tungsten carbide
(WC) thin sputtered films provide an attractive case to study A. Preparation and characterization of the WC thin films

Sin(?e, with their Unusua"y h|gh mass denSity, they read”y The WC films were grown in a sequence of Steps of dif-
fall into the slow-on-fast category of systems if deposited orfering thickness on an unheated crystalline silicon substrate
silicon. See Ref. 21 for a review on the elastic properties Of:)y unbalanced rf magnetron sputtering using a WC target in
wcC. ) . ) a pure argon atmosphere at a pressurefl6 > mbar. In

The electronic properties of single crystal W@8pace  the unbalanced magnetron configuration the plasma density
groupP6m2) lead to a complex chemical bonding situationis increased over an extended region in front of the target so
where the highly localized orbitals of W create strong co- that the substrate at a distance of 60 mm from the target was
valent W-W bonds, and the nonlocalized electron backexposed to an intense ion flux. The equipment and general
ground is responsible for the electrical conductivity, this be-experimental procedures have been discussed previtusly.
ing similar to the bonding in W metal. The partly ionic W-C  In order to remove the naturally occurring thin oxide layer
bond is considered to contribute significantly to the observedapprox 2 nm on the surface of the silicon substrate, and to
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improve film adhesion, the substrate was sputter etched prior  B. Investigation by surface Brillouin light scattering

to the film deposition process. Special care was taken 10 pgyijouin spectra were excited using an argon ion laser of
ensure that the elec_trlc potennalslr.\ear the sqbstrate Surfa%’avelength)\i=514.5 nm operated in a single frequency
were not altered during the deposition of the film steps. Acmode and with the power on the sample being 150 mW. The
cordingly, the substrate was moved behind a fixed windowscattered light was analyzed with a computer-controlled Bril-
while being maintained at a potential of 0 V. The thinnest|guin spectrometer based on a Sandercot¢id Pass tandem
intended film layer was deposited first over the entire surfabry-Peot interferometer, its intensity being measured with
face, followed by appropriate movement of the substrate t@ low noise photo detector. An electromechanical double
prevent further deposition in the region of the intended thinshutter reduced the intense elastically scattered light thereby
nest step while the remaining exposed region was subject forotecting the detector while injecting a low intensity refer-
further film growth. This procedure was continued in an un-ence beam for stabilization of the interferometer transmis-
disturbed manner for each of the 11 film steps created untf$ion. Instruments of this type have been described in the
the desired film thickness range of 60—655 nm was achievediterature® The laser beam was focused onto the sample at
Since the film growth takes place in an uninterrupted fashiof0om temperature using a lens of focal length 50 mm in a
within a single growth run, the lateral uniformity of the mi- backscattering arrangement. The laser light of wave végtor
crostructure of all film steps is ensured. impinges on the sample with angle of inciden@e(angle
Two particle fluxes are important for optimal film growth, between the mcu_jent light direction _and the normal to the
the flux of film-building W and C atoms and the argon ion surface and the light backs_catt.ered into a cone is collected
flux that densifies the filr the latter being measured with a PY the same lens. The application of energy and wave-vector

Faraday cup. With a retarding field, information can be ob—\(;gR/?r?rvgﬁogciggl:gde;%ittgﬁoﬁr\'ll\:ic:ﬁ'gus;?séfnvc‘svgrsgessr n-
tained on the mean ion energy and energy spread. For the Y : ) : N

" . and angular frequency vyield the following equationsg;
chosen conditions the measured ion energy of 31 eV COIME- 51 “sin®= A7 SiNO/) and v= wlq = \,Af/25inO
T = 2K = i = = A ,
sponds to the potential difference between the plasma ar\ﬂherev is the phase velocity of the surface excitation and

tEe groundedd_ sgl?st.rate. Thegful\l/wdéh r?t ?Ialf n:ca}(‘lmu_m ?fAf is the frequency shift of the scattered light. Measurement
the energy distribution was 9 eV and the flux of the singly g resulting from the finite apertdfavere minimized by

charg.ed ions onto the substrate whg,+=0.65 mA/cn. the use of a slit of width 5 mm, corresponding to fanum-
The film growth rate was 0.2830.005 nm/s and was found per of 10.2 for the polar angle.

to be strictly constant. By assuming no resputtering of the
film, the flux ratio of plating and film-building particles was
®pp+ [(Dy+Pc)=1.8. Consequently the adatom mobility Ill. THEORETICAL ASPECTS

is decisively affected by the energy and momentum of the \c films are opaque and as discussed above, the scat-
Impinging Ions. tered Brillouin intensity is dominated by the surface ripple
Several analytical techniques were applied in order tamechanism. At room temperature and above wh@re
characterize the film material as thoroughly as possibles# w/kg, the surface Brillouin scattering efficiency for this
Sputter profiling of the films in combination with Auger- mechanism is proportional to the power spectrum of the nor-
electron spectroscopy confirmed that their composition is homal displacements of the surface with that wave vector and
mogeneous throughout. Analysis of the carbon to tungsteat that frequency. The power spectrum is relateig, the
ratio showed that the WC films are stoichiometric, i.e., pos{xs,x3) component of the Fouridfrequency and wave vec-
sess the same W:C ratio as the target. X-ray-diffraction intor) domain elastodynamic Green'’s function evaluated at the
vestigations under grazing incidence revealed that the filmsurface 3= —d). Thus
deposited in the manner described are predominantly amor-
phous. However, small nanocrystalline fractions consisting T
of the cubic B-WC,, phase and the hexagonatW,C l(w)xA—Im{Gay(q) ,Xs=—d, 0 +i0)}, (1)
phase cannot be excluded. In a study of a selected surface

area of 406 400 nnf by scanning tunneling microscopy, the \yhereA depends on the properties of the medium, the scat-
films appeared extremely smooth, exhibiting an rms roughtering geometry, and the frequency and polarization of the
ness of 0.36 nm. incident light. The details of the calculation Gf;, in terms
Considerable care was taken in the determination of thgf the partial waves that satisfy the boundary conditions at
thickness of the sequence of steps in the deposited film. Sevhe free surface and the film-substrate interface for a thin
eral direct measurements were made of the thickness of eaglomogeneous film of thicknesd, are given by Zhang
such step of the film using a profilometer, taking into accountt al3” The complete surface Brillouin spectrum is simu-
the small correction necessary to account for the depth of thiated, giving the usually intense discrete mo¢tese surface
sputter etched regions of the silicon substrate. Each meavaves as well as the higher-frequency weak continuum of
sured film thickness was compared with that calculated fronexcitations resulting from the surface displacements of the
the constant film growth rate and the deposition time. Excelbulk waves and within which pseudosurface waves, having
lent agreement in the respective film thicknesses wagpartial waves with a bulklike character, and damped reso-
achieved with these two methods. nances may have an appreciable scattering intensity.
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FIG. 1. Representative measured Brillouin spectra for the variaVVC film of thicknessd=60 nm with q;=17.47um"" yielding
tion of g,d by changing the angle of incidence for the WC film of g,d=1.04. The calculated spectrum uses the elastic constant values

thickness 595 nm. Spectra are relatively displaced for ease of offlétérmined from the fitting of the dispersion curves. Spectra are
servation. The lower spectrum correspondsqe- 18.43 um relatively displaced for ease of observation; the elastically scattered
while in the upper spectrurqH=14.7O,u,m’l. In addition to the Peaks are removedb) Measured and calculated Brillouin spectra

velocity dispersion the frequencies shiftsin®. The elastic peaks [Of the WC film of thicknessd=417 nm with q,=17.27 um™*
in each spectrum are removed for clarity. yielding g,d=7.20. The calculated spectrum uses the elastic con-
stant values determined from the fitting of the dispersion curves.
IV. RESULTS Spectra are relatively displaced for ease of observation; the elasti-
) ) ~_ cally scattered peaks are removed. The frequencies and the relative
In Fig. 1 two representative measured surface Brillouinintensities of different modes, corresponding to the areas under their
spectra are shown for the film of thickness 595 nm in whichpeaks, are well reproduced by the calculation. The peaks corre-
the surface wave vectoq, is, respectively, 14.70 and sponding to the fourth and fifth Sezawa mode(ti are not well
18.43um™ . Inelastic scattering peaks from the Rayleighresolved in the experimental spectrum. As can be presumed from
and several Sezawa modes are present. The strong elasticdtlg. 4 their intensity ratio is very sensitive to small variations in the
scattered peak around 0 GHz is removed for clarity. film parameters in this region of the mode spectrum.
Figure 2 shows Brillouin spectra for films of thickness 60 o )
and 417 nm, respectively, for a value gf=17.27 um™*. film steps near the be_glnmng and end of the range. I_t is seen
These are representative of the spectra for low valuegebf ~rom the figure that with the extended range of film thickness
in which only one Sezawa mode is observed besides th@nd the numerous Sezawa waves, a particularly large data set
Rayleigh mod€Fig. 2@)] and spectra for high values gfd ~ Cconsisting of 87 measured points is achieved. _
where numerous Sezawa modes are $&@n 2(b)]. A weighted least-squares fit of the velocity dispersion
The SAW phase velocity dispersion wihd for the vari- ~ CUrvVes using as free parameters the effective elastic constants
ous film steps over the complete range of film thickness of11: €13, Css, Css, @nd the film densityp was performed
the sample is shown in Fig. 3. The homogeneity of the filmgnvolving the minimization of
and the precision of the thickness measurements also permit 21
a precise match with a_dditional data provjded by the varia- x2= 2 2 Wi_(v_(_rneas)_v_(_cal))Z, )
tion of g, by a change in the angle of inciden@efor two s s !
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5500
5000 FIG. 3. Phase velocity dispersion curves for
= the discrete sagittally polarized surface waves
£ 4500 (Rayleigh and Sezawaas a function ofg,d in
> which the filled circles represent measurements
S 4000 4 made with a constany, value of 17.27um™*
° over the complete range of film thickness. For
% 3500 two film steps of thickness 191 nnfopen
< squaresand 595 nmopen trianglesthe value of
g, was varied. Each method used in the determi-
3000 nation ofq,d results in the same velocity disper-
sion. The lines represent the computed best fit to
2500 - - the experimental data.
I 1 I I 1 I
0 2 4 6 8 10 12
q,d

where the right sum is performed over all mode velocities forstants for the WC film material were determined ag

a particular value ofj,d andi is less or equal to 6. The left =349+7 GPa, c,3=126+8 GPa, c33=348+13 GPa, and
sum runs over all values @fid, thus covering a wide range cgs=114-2GPa and the film density asp=13.0

of the SAW dispersion as documented in Fig. 3. The weight-+0.2 g/cni. The x2;, sum of 20.24, divided by the number
ing factorsw;; were determined from the individual mea- of degrees of freedoni81) is 0.25, indicating an excellent
surement errors. The phase velocities were calculated baeliability of the fit. The near equality af;; andcgg, and the
solving the equation of motion under the appropriate boundvalues of the anisotropy factors, namebj;=c;/C33
ary conditions Except for one point the assignment of the =1.002 and A,=2Cs5/(C11—C13) =1.019, justify the as-
measured velocities to the correct mode order was unamsumption of an essentially isotropic film. Accordingly the
biguous, so that 86 data points could be used in the fittingalue ofc,, may be determined by settirg,= c,5. Thus, in
routine. From the best fit, the resulting effective elastic con+this case, the complete elastic tensor is determined together

7000

6000

5000

4000

phase velocity [m/s]

3000

qd

FIG. 4. Brillouin intensities calculated by the elastodynamic Green’s function usinGiheomponent. The calculated spectra use the
elastic constant values determined from the fitting of the dispersion curves. Displayed intensities are normalized for the discrete and the
continuous {>5822 m/s) mode spectrum and for each valugof. Due to the opacity of the film the Brillouin intensities are dominated
by the surface ripple mechanism which is proportional to the power spectrum of the vertical displacement component at the free surface. The
low intensities observed aroumd=5178 m/s forg,d>4 is due to the mainly longitudinal character of partial waves and corresponds to the
longitudinal sound velocity of the material parallel to the film. The presence of several damped resonant excitations in the continuous
spectrum is shown. These latter characteristics are also emphasized in Fig. 5.
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with the density from the measurements. Hence, the bulk X100
modulus of the WC film material i8=3(c,;+ 2¢;,) =200 | |
+8 GPa.

The evaluation of th&3; component of the Green’s func-
tion at the free surface yields the scattered mode intensities
for a given value ofy,d, as shown in Fig. 4. In the discrete
part of the spectrum the low intensity in the velocity region
for g;d>4 around the longitudinal sound velocity parallel to
the film, v[""=\/c,,/p="5178 m/s, is due to predominantly
longitudinal displacement components at the free surface for
certain modes at that velocity. Furthermore it is noted from
Fig. 4 that there are damped resonances of measurable inten-
sity predicted within the continuum of excitations beyond the
transonic state. With the optimal choice of the free spectral B
range (FSR of the interferometer for the observation and
measurement of the discrete Rayleigh and Sezawa modes, i
such resonances were not observed in the experimental spec- i
tra as they appear in the same spectral region as the tails of I
the more intense “ghost peaks” arising from the transmis- ,\_J
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sion function of the tandem interferometer. However, such
resonances were observed in additional measurements by an e ey
appropriate enlargement of the FSR. In Fig. 5 examples of 20 24
resonancesbeing identified from Fig. #are shown in the (b) phonon frequency [GHz]
experimental spectra fay,d=4.64 andq,d=2.46. They are o
distinctly broader than the sequence of Sezawa mode peaks. FIG. 5. Measured and calculated Brillouin spectra for the WC

Figure Ha) consistently shows the absence of the third/lm Of thicknessd=238 nm with q;=19.51um yielding q,d
: : ; =4.64 shown ina), andd=119 nm withg,=20.71um" " yielding
Sezawa mode in the experimental as well as in the computed ! I
P P jd=2.46 shown inb). The calculated spectra use the values of the

i q
spectrum for a particular value ofd. ?Iastic constants determined from the fitting of the dispersion
In a separate approach a Monte Carlo method was used {0

. ; .curves. Spectra are relatively displaced for ease of observation.
evaluate the effective elastic constants and the mass densi P y disp

. . A pectrum(a) illustrates the near absence of the third Sezawa mode
Starting from the experimental data shown in Fig. 3 new dat‘Er‘esulting from its extremely small vertical displacement compo-

sets, also consisting of 86 data points, were generated bY Qs The computed spectrum for the relevant spectral region is
random variation of quintuplets of the free parameters, thepown magnified in the inset. The presence of damped resonances
c;j and p, within specified intervals. The weightegf-sum  apove 18.08 GHza) and 19.19 GH4b) in the continuum of exci-
for each data set was computed according to 8. This  tations is observable due to the enlarged FSR. The agreement be-
approach is appropriate to determine the absolute and rel@wveen measured and computed spectra is good except for the fre-
tive minima of an objective functiofi.e., thex? sum in @  quency of the resonance at approximately 23 GHz in spectbym
multidimensional or complex-structured parameter space. IThis discrepancy could not be reduced by a slight variation of pa-
is stressed that this Monte Carlo method is a stand-alonemeters nor by including additional Green’s tensor components in
procedure that only requires the experimental data as inputhe computation, thus its origin remains obscure. The appearance of
It is thus not necessary to select a particular starting set afharp resonances could be used in general to deduce stiffness con-
parameters, e.g., from a fit to experimental results or fronstants in a fitting routine. This is of special advantage in the event of
the literature, and investigate the parameter space around thisufficient velocity data from discrete modes.
point. Since, however, the previously described deterministic
fitting algorithm converged satisfactorily in determining the pairs which are the most strongly correlated. Projections of
minimum in the x* sum, we concentrated our statistical different sets of points show areas that are related to different
analysis on the parameter space surrounding of the absolw@lues ofA y?, whereA y2= x?— x2,,. These diagrams em-
minimum xZ,,. Figures 6 and 7 present the results of 7.5phasize the parameter correlation and provide an insight into
X 10° randomly chosen and evaluated data sets. Computatiahe structure of the parameter space. An analysis of the prob-
time on a modern personal computer CPU at a processingbility distribution functions of the individual parameters
frequency of 1.8 GHz was approximately 1 week. The comshows that these are not normally distributed in general so
putation can be distributed on several CPU’s to ensure thahat the results shown in Fig. 6 provide an appropriate pre-
the time frames are shorter. sentation of the parameter space for chosen valuesydt
Figures @a)—6(c) show projections of the parameter Figure 7 shows the Monte Carlo results of the weighted sum
space onto the dj;,C33)-, the (Cs3,C13)-, and the of squares for the two anisotropy factoks and A, of the
(css,p)-plane for the free parameter quintuplets wjighin -~ film material. Starting from the hexagonal symmetry model,
the vicinity of x2,,. Among the ten two-dimensional sub- the smallesty?> sum clearly corresponds to nearly isotropic
spaces these three chosen planes represent the paramg@rameters.

S
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13.8 1 ' ' ' ' ' ' ' FIG. 7. Monte Carlo results of the weighted sum of squares for
13 6—- the two anisotropy factord; andA, of the film material. Starting
T from the hexagonal symmetry model, the smallg$tsum clearly
13.4 - corresponds to nearly isotropic parameters for this type of film. The
13 2_' straight line in both diagrams indicates the minimufhsum that
X was obtained with the least-squares fit.
£
S 13.01
= 1
& 12.8- louin scattering investigations where the velocity dispersion
126 of acoustic surface modes is used to determine the materials
o properties of the film. With the deposition technique used,
12.4 - & numerous film steps of different thickness are prepared
oo ] within an individual sample in one deposition run, thus
106 108 110 112 114 116 118 120 122 avoiding alterations in the deposition conditions that may
appear if the deposition is interrupted. Hence it is a relatively
() ¢, [GPa] ! . - :
simple matter to produce the large velocity dispersion data
FIG. 6. Projections of the parameter space onto the, €s3)- sets required for the successful extraction of the elastic con-

the (Cas,Cq9)-, and the €ss,p)-plane for the quintuplets of free Stants and the mass den5|_ty. Since the velocities of the vari-
parameters with 2 in the vicinity of y2,,. The three chosen planes OUS SAW modes are sensitive to a different extent on these
represent the parameter pairs which are most strongly correlatetndividual materials parameters for particulgyd ranges,

Projections of different sets of points show areas that are related tBrillouin measurements on stepped films provide the neces-

different values ofA y2, whereA y2= x?>— x2... The constant,;,  sary database even if the parameter sensitivity is unknown.
which usually is difficult to determine due to its strong correlation The ability to independently vary the surface phonon wave
with the other constants, is quantified with fair accuracy. vector and film thickness allows one to assess whether the

film material is homogeneous leading to a single set of elas-
tic constants or if its properties vary with film thickness.

The method of film growth developed in the present study This deposition method has been illustrated using stepped
is shown to be particularly well suited to the needs of Bril- WC films on a silicon substrate. Although WC is a hard

V. DISCUSSION
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material, its high mass density results in a slow-on-fast situphous film material due to enlarged bond lengths and due to
ation in which in addition to the Rayleigh SAW, numerous the possible presence of microvoids is observed. A more de-
Sezawa modes are observed facilitating the determination aéiled analysis will be provided in Ref. 40.

the elastic properties of the film. Two methods have been

used to determine the set of effective elastic constants using VI. CONCLUSION

a hexagonal symmetry model, namely, a least-squares fitting
of the velocity dispersion curves and a newly develope
Monte Carlo approach in which the results achieved by th%'
minimization procedure are examined statistically. While
both methods in which the four elastic constants and the®

mass density of the film were used as free parameters yield tab d th f 2 statistical h to determi
self-consistent results, the Monte Carlo technique provide atabase an € use of a stalistical approach 1o determine

additional information on the structure of the parameterm""teri"’ll parameters and to investigate the parameter space,

space. Both techniques revealed a near isotropy of the W re g.e“efa”y applicable not only to opaque films and
film material and a growth behavior which is independent ayleigh-like modes. They are also potentially important for

from the distance to the interface. From earlier investigationéhe anr_:\IyS|s of fast—on-slow situations, transparent f|Im§, and
it is known that the microstructure of WC films d(_}pendsacoustlc modes of different character, e.g., shear-horizontal

critically on their deposition condition.Preliminary results modes and interfacial modes. The capability Qf thgse meth-
of the velocity dispersion of the Rayleigh-like modes with ods has been demonstrated on tungsten carbide films where

Brillouin light scattering show a pronounced elastic aniso—f've mdgpendent parameters of .th's opaque mat,er]al were
tropy of the films if the ion energy is increas& determined exclusively from the dispersion of SAW'’s in con-

Finally, the material parameters obtained from the preserlfmcnon with an appropriate thec_;rghcal model assuming hex-

' ggonal symmetry and thus avoiding the uncertainties inher-

study are discussed and interpreted in relation to availablem in the often-used isotropic model. With these parameters
single-crystal data. The lower mass density of 13.0 §/fon n used | P! - Vit P
experimental Brillouin spectra were satisfactorily synthe-

the films compared with the value pf=15.62 g/cmi for a ; , ! )
hexagonal tungsten monocarbide single crystal caIcuIateaIzed by a Green’s-function technique.
with the lattice constants of Ref. 38, is typical for amorphous
materials and is in accord with the possible presence of mi-
crovoids. Effective elastic constants of an aggregate of ran- J.D.C. wishes to express his gratitude to the Deutscher
domly oriented WC crystals deduced from the Voigt and Re-Akademischer Austauschdienst—DAAD and the South Afri-
uss averages and using the only available single crystalan National Research Foundation for financial support. He
values of hexagonal tungsten monocarbide from Ref. 39, ar@lso wishes to thank the group AG Hillebrands for the kind
€1;=815+10 GPa, c,,=251+t1 GPa, c5s=282+4 GPa, hospitality during his visit to the University of Kaiserslau-
and henceB=439.5+t5 GPa. The error in the polycrystal tern. The authors thank Dr. M. Scheib and D.M. Woll both at
aggregate values is half the difference of the results of botlhe Institut fur Oberflachen- und Schichtanalytik GmbH, TU
averaging methods. Although, due to the different micro-Kaiserslautern for the XRD and AES analysis as well as Dr.
structure of the aggregate, these values are not directly conM. Rickart for the scanning tunnel microscope measure-
parable to the film constants determined in the present studyents. Financial support by the Deutsche Forschungsge-
the general behavior of a stiffness reduction of the amormeinschaft is gratefully acknowledged.

General methods of film preparation and data evaluation
ave been presented for the determination of the full stiffness
ensor and the mass density of thin films from Brillouin scat-
ring experiments. The new elements of these techniques,
mely, the preparation of stepped films thus yielding a large
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