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Surface acoustic wave velocity of gold films deposited on silicon

substrates at different temperatures
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Au thin films have been deposited by DC magnetron sputtering on Si (001) substrates at different
substrate temperatures, ranging from 200 K to 450 K. With increasing temperature, the expected
crystallinity and morphology of the Au thin film are clearly improved, as shown by x ray diffraction,
atomic force microscopy and scanning electron microscopy experiments. Parallel to this, the surface
acoustic wave propagation velocity shows a clear enhancement toward the ideal values obtained
from numerical simulations of a Au thin film on Si (001) substrate. Moreover, a very thin and
slightly rough interlayer between the Si (001) substrate and the Au thin film is developed for
temperatures above 350 K. The composition and nature of this interlayer is not known. This
interlayer may be responsible for the steep change in the structural and elastic properties of the Au
thin films at the higher temperatures and possibly also for an improvement of the adhesion
properties of the Au on the Si (001) substrate. © 2011 American Institute of Physics.

[doi:10.1063/1.3606412]

. INTRODUCTION

The properties of gold thin films have been extensively
studied for their numerous applications in mechanical, opti-
cal, biological, and magnetic devices. Recently, Au films
have been used as interlayers in spin-valve structures,' as
functional components in micro/nano-electro-mechanical
systems (MEMS/NEMS),” and as catalytic elements in bio-
logical applications. MEMS devices combine mechanical
and electrical effects in their application to new technolo-
gies, like micro fuel cells.®> Materials with high thermal con-
ductivity and stability*” are being developed to be used in
MEMS and NEMS devices to provide special functionalities.
In all these applications, the contact properties between
noble metals and Si substrates are of crucial importance, and
the tendency of metal diffusion into the Si substrate has to be
taken into account. In view of this, deposition temperature
would appear to be a relevant parameter that influences the
behavior of the metal-silicon system.ék10

Typical deposition techniques that have been used to
grow Au thin films are pulse laser deposition (PLD)'! and
electroless deposition,'? or sputtering. In the case of the sput-
tering technique, typically, polycrystalline films are obtained
with face centered cubic (fcc) (111) texture perpendicular to
the film plane,'? where grain size determines its functional-
ity. For that reason, several after grown processes, such as
jon irradiation'® and annealing, can be used to change the
initial properties of gold films after deposition. On the other
hand, improvement of mechanical properties and film adhe-
sion to the substrate has been checked by gold alloying with
other metals, such as Cr or V.12 Nevertheless, to our knowl-
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edge, the influence of the substrate temperature during depo-
sition on the elastic properties of gold thin films deposited by
sputtering on silicon has not been reported.

The elastic properties of gold thin films on different
substrates have been already investigated in order to find out
whether the bulk properties are maintained or not in the thin
film form.'®"'® Results provide a gold thin film shear elastic
constant value that is clearly lower (at least 10%) than the
corresponding one for the bulk. But for gold alloys films,"”
no studies dealing with thin films elastic anisotropy have
been reported.

On the other hand, film growing at different substrate
temperatures by magnetron sputtering, especially below room
temperature, has been reported to influence macroscopic
quantities, such as elastic properties of carbon layers* and
microscopic properties, such as grain size of iron films.*'"*
In this sense, grain size and oxidation degree have been used
to explain the elastic properties that are responsible for the
observed surface acoustic waves (SAW) velocity of iron thin
films.>

Regarding gold thin films, annealing processes have
been typically conducted in the study of properties modifica-
tion; variations of electrical conductivity,24 structural,25 and
mechanical®® properties have been studied in Au thin films
using post-deposition annealing techniques. However, the
properties of gold thin films deposited at low temperatures
have scarcely been studied.?” On the other hand, and as said
above, to improve adhesion of gold films to the substrate, a
buffer layer is usually deposited, but no attention has been
paid to the behavior of the Au-Si interface when depositing at
different temperatures and its influence on the properties of
the Au thin films.

The aim of this work is to elucidate whether the growth
of gold thin films on Si (001) substrates deposited by DC

© 2011 American Institute of Physics
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magnetron sputtering at different substrate temperatures
influences the elastic properties of the gold thin films. To
study the elastic properties, SAW velocity has been charac-
terized by high resolution Brillouin spectroscopy (HRBS).
The observed variation is explained in terms of crystallinity,
morphology, and surface elastic properties, as well as inter-
face between thin film and Si substrate. For that purpose,
microstructural and morphological characterizations have
been performed by x ray reflectivity (XRR), x ray diffraction
(XRD), atomic force microscopy (AFM), and scanning elec-
tron microscopy (SEM) techniques, which have proven to be
appropriate to characterize Au films.?®

Il. EXPERIMENTAL

Au thin films were deposited by DC magnetron sputter-
ing on Si (001) substrates at different substrate temperatures
from a 99.95% pure gold sputtering target. A 2 inches planar
magnetron was used for this purpose with an Ar pressure of
5% 107> mbar and a base pressure in the 10~/ mbar range.
A power of 10 W was applied to obtain a deposition rate of
3.2 nm/min. Substrate temperature was selected from 200 K
to 450 K by using a home modified cold finger Oxford CF-
100 continuous flow cryostat. The cryostat was managed by
an Oxford ITC-502 temperature controller, which allows
controlling temperatures with a precision better than 1 K.

Thickness and crystallinity of the samples were studied
by x ray reflectivity (XRR) and x ray diffraction (XRD) in a
Bruker AXS D8 DISCOVER 4-axis diffractometer at the
Bragg-Brentano configuration, with the Cu K,, emission line.
The x ray diffractometer is equipped with a Gobel mirror (to
collimate the x ray beam), a 4 bounce Ge (220) monochro-
mator (to filter Cu K,; emission line), and an automatic ro-
tary absorber from the x ray generator to the sample holder.
Further, a scintillator detector, through a pathfinder with a
selectable divergence slit from 3.0° to 0.1°, was used.

Surface topography of the Au thin films was studied via
AFM and SEM experiments. AFM images were collected
using a commercial head and software from Nanotec' .2
Commercial Nanosensors PPP-NCH-w tips, with k=42
Nm ™" and f, = 330 kHz, were used for topographic charac-
terization using the contact mode.

J. Appl. Phys. 110, 023503 (2011)

SEM images were taken with a FE-SEM FEI Nova
NANOSEM 230 microscope. The electron beam was pro-
duced by a high-stability Schottky field emission gun with a
voltage of 8 kV. A low-voltage high-contrast detector vCD,
paired with beam deceleration, was used for detection. This
detector allows taking film topography by applying low
voltage.

Surface acoustic waves (SAW) and elastic properties of
Au samples were studied by high resolution Brillouin spec-
troscopy.’® The experiment was carried out in backscattering
geometry”' with a 2060 Beamlok Spectra Physics Ar-ion sin-
gle mode laser, A =514.5 nm, as monochromatic light source
and a tandem 3 + 3-Pass Fabry-Pérot interferometer as Bril-
louin spectrometer.’® The incoming light is polarized in the
scattering plane in order to couple the acoustic wave vector
(k) with the surface acoustic wave.>” In this way, SAW ve-
locity is defined as vgay = w/k, where w is 2xf (fis the Bril-
louin frequency shift), k =47n/A(sin 0;) is the acoustic wave
vector involved, A is the laser wavelength in vacuum, and 6,
is the incident sagittal angle from the normal.

In addition, numerical simulations® have been carried
out in order to compare with experimental data. Elastic con-
stants used in the numerical simulations are listed in Table I.

lll. RESULTS AND DISCUSSION

The evolution of the XRR, corresponding to samples
prepared at different substrate temperature, is shown in Fig.
1. These curves are used to obtain fairly precise values of Au
thin film thickness grown on the Si (001) substrate, which
are also given in Fig. 1.

As it can be seen in Fig. 1, the number of finite size
related detected maxima (Kiessig fringes) diminishes with
increasing substrate temperature; additionally, above room
temperature (RT) wide maxima begin to develop. Those
wide maxima suggest some ordering at the interface (inter-
layer formation) induced by deposition at temperatures
higher than RT.

The loss of finite size narrow maxima at high angles
when increasing substrate temperature can be explained by a
roughness increase at the Au/Si (001) interface as well as at

TABLE I. Summary of elastic constants for Si and for different Au symmetries and spatial averages taken into account in the numerical simulations. V, R,

and H stand for Voigt, Reuss, and Hill averages, respectively.

Compound Density (97, cr C13 C33 Cqq Co6 Ci4
(g/em®) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
Au cubic matrix (Ref. 39) 19.30 186 157 42
Au polycrystalline (isotropic) (Ref. 39) 19.30 207.0 150.0 28.5
Si (001) substrate (Ref. 39) 2.33 165.6 63.9 79.5
Native SiO, interlayer (Ref. 39) 2.2 78.5 31.2
Gold isotropic Voigt average 19.30 208.00 31.00
Reuss average 19.30 198.50 23.88
Hill average 19.30 203.25 27.44
Au <111> trigonal 19.30 213.50 147.83 138.67 222.67 23.67 32.83 12.96
Au <111> (average in the basal plane) Voigt 19.30 213.50 147.83 138.67 222.67 23.67 32.83 0
Reuss 19.30 206.40 154.93 138.67 222.67 18.55 25.73 0
Hill 19.30 209.95 151.38 138.67 222.67 21.11 29.28 0
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FIG. 1. (Color online) XRR patterns of Au samples deposited at different
substrate temperatures. Interference peaks observed are employed to obtain
thickness using Bragg’s Law. Arbitrary units were taken and spectra were
vertically shifted for the sake of clarity.

the surface of Au films. Probably, a combination of both
effects is affecting the XRR results.

X ray diffraction experiments have been carried out in
order to study the microstructural properties of Au thin films;
the corresponding (111) diffraction peaks belonging to the
Au fcc structure are shown in Fig. 2. Samples show also a
high degree of texture, as it has been confirmed by the rock-
ing curves given in the inset of Fig. 2. The width analysis of
the (111) peak gives an estimation of the grain size through
the determination of the length of coherence by the Scherrer
formula.

The experimental specular configuration implies that the
information on the grain size has to be taken as a measure of
the average grain size along the direction perpendicular to
the film plane.35 On the other hand, as expected, no informa-
tion regarding the interlayer could be obtained.

The sample grown at 450 K presents better (111) texture
and bigger size of the Au grains (narrower (111) diffraction
peak), as shown by x ray diffraction. It is known that increas-

T T T T T T T T T T T T T T
ity 1 1
W“M MNWAW
- .%*‘ﬁ”"ﬁtﬂJW"M\ «‘M""'“v ‘M‘”E;ooz ]
ey i My ‘WM”‘“‘"\W,,?SOK |
Giaga T ’ T, i, 400 K] ]
b .. 450K] 1

8 12 16 20 24 28

450 K
1 P RS R .

% a7 38 39 40
Angle 26 (°)

FIG. 2. (Color online) XRD patterns showing the (111) diffraction peak of
the Au samples. Inset, rocking curves in the (111) direction. Arbitrary units
were taken and spectra were vertically shifted for the sake of clarity.
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ing substrate temperature influences the microstructure®'
and, thus, it is difficult to infer the real influence of the exis-
tence of an interlayer on the crystallinity and morphology of
the Au thin films.

Figure 3 presents the AFM images for three samples de-
posited at 200 K, 300 K, and 450 K, respectively. Clear
changes in topography can be observed by the naked eye. At
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FIG. 3. (Color online) 2 x 2 um AFM contact mode pictures of Au thin
films deposited at 200 K (up), 300 K (center), and 450 K (down) are shown
in the first column, with their respective self-correlation pictures in the sec-
ond column. The intensity profiles obtained by means of self-correlation
images at horizontal-central line are plotted under the pictures.
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higher temperatures, the grain size increases. An average of
the grain size in the directions contained in the film plane of
the samples has been calculated using the AFM images and
using the self-correlation procedure. This method evaluates
the integral of the convolution of the image, multiplied by
itself, shifted a distance in both axes. A self correlation
image is defined as

G(kl,kz):Zf(x,y)f(erkl,erkz), (D

where f(x, y) is the AFM image and k; and k, are the shifted
distances in the X and Y axis with respect to the center of the
image. This function gives information of the average “in-
plane” grain size from the full width at half maximum
(FWHM) of the peak obtained in the self-correlation image.>®

AFM measurements can give valuable information
about film surface roughness. The temperature evolution of
roughness (rms) is plotted in the inset of Fig. 1 to compare
more easily with the XRR temperature evolution. Surface
roughness does not show any relevant change until 300 K.
Above this temperature, the roughness increases from 0.5
nm (that is typically the measured value for Si substrate) up
to about 3.5 nm for samples prepared at 450 K.

XRR and AFM results can be interpreted in the way that
the Au/Si (001) interface becomes rougher with increasing
temperature and develops an interlayer. This fact is in ac-
cordance with the registered new features (wide maxima in
XRR). Moreover, the loss of narrow maxima, especially at
temperatures above 300 K, must be due to a loss in local par-
allelism between film surface and film/substrate interface
that can be induced by a combination of the increase of film
surface roughness and the development of a new interlayer,
which may also present rough interfaces. A rough estimation
of the interlayer thickness (from the wide maxima) gives 3.2
nm for the sample prepared at 450 K. This thickness value is
very similar to the value obtained for the native SiO, layer
of the Si (001) wafers by means of spectroscopic ellipsome-
try. The presence of the native SiO, layer can be detected by
the XRR as a modulation of the Kiessig fringes’ pattern and
is clearly seen in the sample grown at 200 K. Therefore, the
interlayer detected at temperatures above 350 K must be dif-
ferent to the native SiO, layer.

Figure 4 shows SEM pictures of samples deposited at
200 K, 300 K, and 450 K. Differences in the film topogra-
phy, depending on the substrate temperature, can be also
observed in such a way that bigger grains are detected in
samples deposited at higher temperatures. Both AFM and
SEM give similar behavior for the average grain size in the
directions contained in the film plane of samples.

In summary, it is very difficult to separate temperature
effects from the effect of the interlayer on the structural
properties of the Au thin films. Therefore, no special influ-
ence of the interlayer can be clearly isolated.

Even though it is not rare to find gold silicides or even
Au-Si alloys that may form an interlayer at the interface
between the Au thin film and the Si substrate, as already
reported in the literature,>*'” no information concerning the
nature of the interlayer detected in the above presented
measurements was obtained.

J. Appl. Phys. 110, 023503 (2011)

In order to study the elastic properties of gold thin films,
HRBS has been used. Being aware of the influence of the Si
(001) substrate on the elastic properties of the films investi-
gated, the sagittal angle was carefully fixed so that the prod-
uct k x h was accurately known, k being the surface acoustic
wave vector and /4 the film thickness after taking into

140nm
FTTT=

-300 -200 -100 0 100 200 300

Shift (nm)

FIG. 4. (Color online) 700 x 700 nm SEM pictures of the surface of Au thin
films deposited at 200 K (up), 300 K (center), and 450 K (down) are shown
in the first column, with their respective self-correlation pictures in the sec-
ond column. The intensity profiles obtained by means of self-correlation
images at horizontal-central line are plotted under the pictures.
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account the film thickness precisely measured by XRR.
Then, samples were rotated around the normal to the film
plane (azimuthal angle) to study the angular dependence of
the SAW propagation velocity in the film plane. The scatter-
ing volume was placed off-center so that the direction and
position of the acoustic wave vector changed, making possi-
ble the simultaneous testing of the sample homogeneity and
elastic symmetry (Fig. 5(a)).

Figure 5(b) shows a typical HRBS spectrum in which
Rayleigh and Sezawa peaks are clearly observed. In as far as
the Rayleigh-SAW is the most intense surface vibrational
mode, our attention was focused on this Rayleigh-SAW and
the dependence of its propagation velocity (v®) on the sub-
strate temperature during the growing process.

Figure 6 gives the experimental Rayleigh velocity val-
ues as a function of the azimuthal angle for all studied sam-
ples, where the origin of angles has been selected in
coincidence with the <100> crystallographic direction of Si
(001) substrate. Two facts can be observed; first, a periodic
behavior (of weak amplitude), as expected from a very thin
film deposited on a single crystal substrate, and second, a
clear evolution of the SAW velocity as a function of the
preparation substrate temperature.

The SAW velocity depends on several factors, the den-
sity and elastic moduli of the Si substrate, the gold film and
the intermediate layer, and the thicknesses or rather the prod-

Sagittal
0 Angle
E '

A <001>

<100>

Rayleigh

Rayleigh ]

Sezawa |

x10*

Counts (arb.units)

12 -10 8 6 -4 -2 0 2 4 6 8 10 12
Frequency (GHz)

FIG. 5. (Color online) (a) Experimental configuration of HRBS on the Au
samples deposited on Si (001) substrate. k; represents the wave vector of the
incident laser beam (1 =514.5 nm), Es represents the wave vector of the
scattered light, ¢ is the azimuthal angle (defined ¢ =0 in direction (100))
and 0 is the sagittal angle (defined 0 =0 in direction (00-1)). (b) HBRS
spectrum of sample prepared at 400 K and azimuthal angle of 110°. Ray-

leigh and Sezawa SAW peaks can be observed.
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ucts k x h for the gold film and intermediate layer. In order
to understand the influence of the deposition temperature on
the surface dynamical behavior of the film-layer-substrate
system, we have conducted extensive simulations of the
HRBS spectrum, drawing on the data presented in Table I. In
this table are listed the published measured values of the
densities and elastic moduli of cubic crystal silicon and gold
and of isotropic polycrystalline gold and SiO,, as well as a
number of sets of elastic moduli of polycrystalline gold cal-
culated from the single crystal elastic constants on the basis
of various idealised effective media assumptions. We assume
here that the crystallites fill the space available, so that in all
cases the density is that of crystalline gold, i.e., p =19.30 g/
cm’, and there is no porosity or related effects influencing
the elastic moduli.

Polycrystalline media consisting of completely ran-
domly oriented crystallites are elastically isotropic and pos-
sess only two independent elastic constants, which in the
Voigt contracted notation are c¢y; and c44, With cjp=cq; —
2c¢44. The most common approaches to calculating these con-
stants are the Voigt, Reuss, and Hill models. The Voigt
model assumes the same uniform strain in all the crystallites,
relates the stress field in each of the crystallites to the strain
field via the rotated elastic modulus tensor, averages the
stress field over all the crystallites, and then extracts the
effective elastic constants from the relation between the av-
erage stress field and the strain field. This reduces to averag-
ing the single crystal elastic modulus tensor rotated over all
possible orientations of the coordinate axes. The Reuss
model assumes a uniform stress field in all the crystallites,
reduces to averaging the single crystal elastic compliance
tensor rotated over all possible orientations of the coordinate
axes, and involves inversion between the elastic moduli and
compliance tensors at the start and end of the process. Both
the Reuss and Voigt models are over idealised and also sub-
ject to certain thermodynamic reservations. The Hill model,
which is not subject to these thermodynamic shortcomings
and, moreover, tends to give much better agreement with
measurement, yields elastic constants which are the averages
of the Voigt and Reuss constants. Table I lists the Voigt,
Reuss, and Hill elastic constants for isotropic polycrystalline
gold, and it can be seen that the Hill values are in satisfactory
agreement with the measured values.

The gold films we have been studying are, however, as
has been clearly spelled out earlier, not isotropic but possess
(111) texture normal to the Si surface, i.e., with all the crys-
tallites having a (111) axis parallel to each other and ori-
ented normal to the Si surface. Were the orthogonal axes of
the crystallites also parallel to each other, which of course is
not the case, then by taking the Cartesian x5 axis along the
(111) and the x; and x, along the two orthogonal directions,
the rotated elastic constant matrix, as shown in Table I, has
the appearance of that for trigonal R1 symmetry, with 6 inde-
pendent elastic constants (the seventh constant cgg = (cy; —
¢12)/2). The textured film is, however, structured such that a
(111) axis of the crystallites is normal to the substrate, but
the orthogonal axes take on all possible orientations around
that (111) with equal probability. There is thus no preferred
axis normal to the (111) direction, and the medium thus
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possesses transverse isotropy with 5 independent elastic con-
stants, ¢11, C12, C13, €33, and ¢4y, With cgg =(c11 — €12)/2 and
c14=0. A thorough discussion on this point can be found in
the Appendix. Table I lists the (111) textured averaged
Voigt, Reuss, and Hill elastic constants of gold. It is interest-
ing to note that, in the case of two of the constants, ¢;3 and
¢33, the Voigt and Reuss values are the same, a fact previ-
ously reported by Hendrix and Yu.*” Bearing in mind the
discussion of the previous paragraph, the expectation is that
the Hill constants, obtained by averaging the Voigt and
Reuss constants, are likely to be a better reflection of the
actual constants of the gold film than either the Voigt or
Reuss constants. The Hill constants have thus been the initial
input into our simulations.

The numerical simulations (see Fig. 6) can be regarded
as a SAW velocity upper limit in the case of a (111) textured
Au thin film on a Si (001) substrate.

Several reasons have been adduced to justify the
observed diminution of SAW velocities with respect to the
theoretically calculated ones. For instance, some authors
have proposed the “in-plane” grain size as the cause for this
decrease.'® Also, the existence of a thin native SiO, layer on
top of the Si (001) must be taken into account.

Azimuthal Angle (°)

The obtained difference between the experimental varia-
tion of the SAW velocity values and the numerical ones has
been plotted in Fig. 7(a) versus the preparation substrate tem-
perature. It should be noted that, since the SAW velocity has
a periodic variation, the represented values correspond to the
average over a 180° range of the azimuthal angle. For correla-
tion purposes, microstructural properties obtained from XRD
data and from AFM and SEM images are shown in Figs. 7(b)
and 7(c). The average “out-of-plane” grain size has been
obtained from the FWHM of Au (111) x ray diffraction peaks;
its behavior does not show large differences between samples,
giving typical values of one half of the film thickness and
pointing toward bigger sizes for temperatures higher than 400
K. On the other hand, average “in-plane” grain sizes, obtained
by the self-correlation of the AFM and SEM pictures, present
a nearly monotonous increasing behavior with preparation
temperature showing a similar behavior as those obtained for
SAW velocities. The quantitative differences in the AFM and
SEM data must not be over interpreted; both techniques show
the same qualitative behavior. It should be taken into account
that AFM is specially sensitive to “out-of-plane” displace-
ments, which gives an excellent measure of roughness, but
raw experimental “in-plane” measurements are convoluted
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with the tip size, which can allow pictures larger than the
actual grain size. From the experimental facts displayed in
Fig. 7, it seems clear that, not only the temperature, but an
additional influence must be taken into account in order to
interpret the results above 350 K. This additional influence
results in a steeper variation of structural parameters for the
higher temperatures. At these temperatures, the existence of
an interlayer different from the native SiO, one has been
detected, and it could be the reason for this steeper variation.
Tanimoto e al.>> have reported that the density of Au
sputtered films grown at high substrate temperatures (340 K—
390 K) is the same as the gold bulk one (p = 19.283 g/cm?),
while samples grown at lower temperatures present slightly
lower values. This fact is in agreement with the microscopic
evolution of crystalline size as a function of substrate tem-
perature, where bigger crystallites provide higher densities.
SAW velocity values smaller than the here reported
ones have been already observed in Au thin films grown on
Si by Bassoli et al.,*® as well as on glass substrates by Hilde-
brands et al.'® In both of them, the bulk shear wave propaga-
tion velocities determined from the experimental SAW
velocity values result to be very small (vz= 1125 m/s from
Ref. 38 and v;= 1075 m/s from Ref. 16) when compared
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FIG. 7. (Color online) Comparison between the average SAW velocity (a)
and microstructural experimental data as a function of the used substrate
temperatures during deposition. FWHM texture (b) and length of coherence
(c) values obtained from XRD patterns; surface grain size values from AFM
and SEM are also plotted (c).
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with the literature reported values for polycrystalline gold®”
(v7=1215.2 m/s). Authors of Refs. 16 and 38 have proposed
a shear modulus bulk value of c44 =25 GPa that is clearly
lower than the literature values ascribed to polycrystalline
gold, c44=28.5 GPa in Ref. 39 or c44=27.71 GPa in Ref.
40. Au thin films of Refs. 16 and 38 were grown at room
temperature, and the authors were already aware of the pos-
sibility that the thin films could not reflect exactly the bulk
elastic properties due to different physical reasons.

Thus, crystallite size, topography, and, to a lesser extent,
densification may account for the diminution of the observed
sound velocity values.

Assuming that the changes to the SAW velocity are
mainly due to variations of elastic constants of the film, it is
possible to extract the evolution of the elastic constants with
the substrate temperature using numerical simulations of the
SAW velocities. As a first approximation, the influence of
the interlayer or of the SiO, native layer is neglected and all
the elastic constants (5 independent constants) are allowed to
change in the same proportion. In order to reproduce the ex-
perimental values of the Rayleigh SAW velocity, the simula-
tions were performed using the ideal elastic constants (VRH;
Table I) but reduced in a factor that is different for the differ-
ent substrate temperatures. The final results are shown in Ta-
ble II. As can be seen, the samples grown at higher
temperatures present values of the elastic constants very near
to the ideal ones.

The mean experimental values obtained for the Au thin
film sample prepared at 450 K and the numerical simulation
of the mean SAW propagation velocities obtained with the
hexagonal VRH values of gold shown in Table I give 2050
m/s and 2100 m/s, respectively, (2.38% difference). In order
to improve the description of the experimental data, an addi-
tional native SiO, interlayer (elastic constant values in Table
1) of 3 nm thickness has been taken into account. The corre-
sponding numerical simulation value of the system Au/SiO,/
Si (001) (2066 m/s) is 1.6% lower than the previous one with
no native SiO; interlayer and is very near to the experimental
value (2050 m/s). As it has been discussed above, not simply
the native SiO, interlayer, but a somewhat more complex
interlayer has been detected by XRR. The influence of a 3
nm layer containing different Au percentages within the
native SiO, on the Rayleigh-SAW velocity can be also simu-
lated. Figure 8 shows the dependence obtained in the case of
the sample grown at 450 K. The Au was considered as

TABLE II. Evolution of the 5 independent elastic constants of <111> tex-
tured gold with the substrate temperature.

Temperature  Factor 97 cr C13 €33 Cqq
(K) (GPa) (GPa) (GPa) (GPa) (GPa)
200 0.415 87.13 62.82 57.55 92.40 8.76
250 0.410 86.08 62.07 56.85 91.29 8.66
300 0.485 101.83  73.42 67.25 107.99 10.24
350 0.435 91.33 65.85 60.32 96.86 9.18
400 0.710 149.06 107.48  98.46 158.09 14.99
450 0.840 17636 127.16  116.48 187.03 17.73
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FIG. 8. (Color online) Variation of the mean value of the Rayleigh vy
with the increase of Au content in the native SiO, layer. The value at 100%
must not be taken into account.

polycrystalline with the elastic constants of Table I. The
SAW velocity value decreases by about 0.3% when Au/SiO,
interlayer composition is varied from pure silica to pure gold
material. Within the experimental error, and taking into
account the existence of the interlayer, the sample grown at
450 K presents SAW velocity values typical of an ideal gold
thin film on Si (001) substrate. This fact could be a sign for
good adhesion to the substrate.

It has been well documented that, in defined circumstan-
ces, the deposition of Au films on Si substrates results in Au-
Si mixtures, even alloys, known as gold silicides, with differ-
ent degrees of crystallinity, depending, for instance, on the
temperature treatments.®'® Probably, also Au diffusion
within the native SiO, interlayer can play a role. Unfortu-
nately, we cannot obtain direct information, neither about its
composition nor their elastic properties, so the nature of the
interlayer found remains unclear.

Finally, let us summarize the description of the observed
variation in the SAW velocities of gold films on Si substrates
when sputtering deposition is made at different temperatures.
Elastic properties of samples deposited up to nearly 350 K
are influenced by the small crystalline size (specifically at
the “in-plane” directions), forming the Au thin film, which
gives a diminution of the SAW velocities in respect to the
values provided by the theory of the elasticity; this being due
to the fact that small grains give a large density of grain
boundaries, thus modifying the macroscopic elastic behavior.
For temperatures well above room temperature, the morphol-
ogy and microstructure improve as well as the elastic proper-
ties of the Au thin films, as shown by the SAW velocities for
samples grown at 400 K and 450 K. The existence of an
interlayer other than the native SiO, can be a sign for an
improvement in the adhesion properties of the Au films on Si
(001) substrates.

IV. CONCLUSIONS

Gold thin films have been deposited on Si (001) sub-
strates by DC magnetron sputtering at different substrate

J. Appl. Phys. 110, 023503 (2011)

temperatures. HRBS shows an increasing dependence of the
SAW propagation velocity (Rayleigh mode) with deposition
temperature.

Almost ideal elastic constant values are obtained for the
sample grown at 450 K. The information obtained from x
ray reflectivity for samples prepared above 300 K clearly
shows the appearance of an interlayer of about 3 nm thick-
ness that cannot be native SiO,. This interlayer may be
formed by diffusion of Au in the native SiO,, but also the
possibility that it may be formed by Au-Si alloys cannot be
ruled out. Unfortunately, no information of its actual compo-
sition or its amorphous or crystalline character has been
obtained. Moreover, the existence of this interlayer could be
also interpreted as a sign of better adhesion of the Gold thin
film on the Si substrate.
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APPENDIX

We have used two different approaches to calculate the
Voigt (V) and Reuss (R) (111) texture averaged elastic con-
stants of gold: the one conducted in terms of the Voigt abbre-
viated subscript notation and exploiting an approach
described by Auld® for transforming the 6 x 6 matrix elastic
stiffnesses C;; and compliances S;;, and the other based on
transformations of the fourth rank elastic stiffness and com-
pliance tensors c;;; and s;;,;, respectively. The latter approach
entailed inter-conversion between the matrix and tensor elas-
tic constants using the Voigt convention.*' The numerical
results that the two approaches yield are in precise agree-
ment, as they should be. It is informative to briefly summa-
rize these two approaches here. Our starting point is the
published cubic crystal elastic stiffness matrix C;; of gold
listed in Table I, from which we have obtained the compli-
ance matrix S;; by matrix inversion and, in turn, established
the tensors c;j; and s, We have then rotated the x5 axis into
the (111) direction and x; into the <— 100 > direction using
the rotation matrix

—1/vV2 1/V2 0
a=| —-1/v/6 —1/v/6 2/V6
1/vV3  1/V/3 1/V3

(AT)

In this rotated frame, the elastic stiffness and compliance
tensors are respectively given by
(A2)

Clj'kl = QjpQjqQAirAisCpqrs Sz}'kl = AjpQjqQirAisSpqrs

and the stiffness and compliance matrices are
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213.5 147.83 138.667 12.96 0 0
147.83 213.5 138.667 —12.96 0 0
;o | 138.667 138.667 222.667 0 0 0
Cu = M’PMJQCPQ o 12.96 —12.96 0 23.667 0 0 ’ (A3)
0 0 0 0 23.667 12.96
0 0 0 0 12.96 32.83
0.0123662 —0.00706459 —0.00330159 —0.0106434 0 0
—0.00706459 0.0123662 —0.00330159 0.0106434 0 0
;o | —0.00330159 —0.00330159  0.00860317 0 0 0
S = N’PNJQSPQ - —0.0106434 0.0106434 0 0.0539135 0 0 (Ad)
0 0 0 0 0.0539135 —0.0212867
0 0 0 0 —0.0212867 0.0388615

In deriving the numerical results (which are in GPa and
GPa~ ', respectively), expressions for the transformation
matrices M and N in terms of a, as provided by Auld®® have
been used. Note that, in this coordinate frame, the stiffness
and compliance matrices display the form pertaining to trigo-
nal R1 symmetry; in particular,

1
C66 = E(Cll - C12)5S66 = 2(511 - SlZ);

1
Ciy=—Cy =0Cs6,514 = —Su = ESSG-

(A5)

In view of the fact that there is no preferred orientation of
the x; and x, axes in the plane perpendicular to x3, this has
now to be followed by an averaging of the elastic matrices

and tensors over rotations of around the x; axis through a
large number of regularly spaced angles ®, between 0 and
2r, using the rotation matrix

cos®, sin®, O
a=| —sin®, cos®, O (A6)
0 0 1

The Voigt averaged stiffnesses are
v _ L= v~
Cy = N Z Cy (D), Clijtt = N Z Czjjkl(q)n)' (A7)
n=1 n=1

Performing the averaging either on the matrices or the ten-
sors, we obtain the same numerical result

2135 147.83  138.667 0 0 0
147.83  213.5  138.667 0 0 0
v | 138.667 138.667 222.667 0 0 0
Cu = 0 0 0 23.667 0 0 (A8)
0 0 0 0 23.667 0
0 0 0 0 0 32.83

As it can be seen, the Voigt averaging results only in the dis-
appearance of Cy4 and its related constants from the stiffness
matrix, leaving all other elements of the matrix unaltered.
The stiffness matrix now displays the form pertaining to
transverse isotropy or hexagonal symmetry.

The Reuss averaged compliances are

1N 1.
= Z S;J) (D), Sﬁ'jkl N Z Sz(’jk)[(q)n)v (A9)
n=1 n=1

Ly ——
1J N

and the Reuss stiffnesses are then obtained by matrix inver-
sion, i.e.,

(A10)

rR1—1
=[si]
Again, the same numerical results are obtained regardless of
whether the averaging is performed over the compliance
matrices or tensors, and the resulting Reuss stiffness matrix
is

R
CIJ

206.399 154.934 138.667 0 0 0
154.934  206.399 138.667 0 0 0
r | 138.667 138.667 222.667 0 0 0
Cuw = 0 0 0 18.548 0 0 ’ (ALD)
0 0 0 0 18.548 0
0 0 0 0 0 25.732
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displaying the form pertaining to transverse isotropy. It is
interesting to observe that the values of the elastic con-
stants C;3 and Cs3 are independent of the type of averag-
ing. This seems logical, as the rotating axis is the <001>

J. Appl. Phys. 110, 023503 (2011)

axis of the trigonal symmetry. This result has previously
been noted by ref. 40.

The Hill elastic stiffness matrix is obtained by averaging
the Voigt and Reuss stiffness matrices, i.e.,

209.95 151.38 138.667 0 0 0
151.38  209.95 138.667 0 0 0
1 1 138.667 138.667 222.667 0 0 0
VRH _ >~V | Z R _
C ’2C”+2C” 0 0 0 2111 0 0 (Al2)
0 0 0 0 2111 0
0 0 0 0 0 2928

This elastic constant matrix is the one used in the numerical
simulations presented in Fig. 6.
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