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Abstract

Elastic properties of non-textured and {1 1 1}-fiber-textured gold thin films were investigated experimentally by several complementary
techniques, namely in situ tensile testing under X-ray diffraction (XRD), nanoindentation and Brillouin light scattering (BLS). Specimens
were probed along different directions to reveal the strong effects of elastic anisotropy at the (local) grain and (global) film scales. XRD
allows the investigation of both local and global anisotropies, while BLS and nanoindentation are limited to global analyses. A microme-
chanical model, based on the self-consistent scheme, and accounting for the actual microstructure of the films, is applied to interpret exper-
imental data. Although different types of elastic constants can be determined with the used experimental techniques (static/dynamic, local/
global), a good agreement is obtained, showing that comparison of these techniques is feasible when carried out carefully. In particular, the
use of a micromechanical model to estimate the effects of the local elastic anisotropy at the film scale is unavoidable. The presented results
show that XRD, BLS and nanoindentation should capture anisotropic texture effects on elastic constants measurements for materials with
a Zener anisotropy index larger than 2. Conversely, the actual texture of a given specimen should be taken into account for a proper analysis
of elastic constants measurements using those three experimental techniques.
© 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction sions, interfaces and singular structures are intrinsic fea-

tures of thin films [6]. Thus, in parallel to the ongoing

Mechanical properties of thin films have received
considerable attention because of their length-scale
dependence and their implications on the reliable operation
of microelectronic and microelectromechanical systems
[1-5]. Decreasing the size of structures implies a control
of elaboration processes at very small scales. Small dimen-
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efforts to reduce characteristic sizes in microsystems, the
study of the mechanical properties at small scales, and of
the related size effects, is crucial.

Polycrystalline constants such as Young’s, shear and
bulk moduli and Poisson’s ratio are the typical constants
used to characterize most engineering materials and are
often useful parameters in engineering design. Among all
material properties, Young’s modulus is one of the most
influential factors in thin-film technological applications.
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Therefore, many techniques have been developed to evalu-
ate its value for small structures, including nanoindentation
[7], microbeam bending [8], bulge test [9,10], microtensile
[11,12], acoustic microscopy [13,14], picosecond ultrasonics
[15,16], Brillouin light scattering (BLS) [17], and in situ
tensile testing under X-ray diffraction (XRD) [18] while
combined global approaches have been proposed [19].
However, principles and physical background are inherent
to each technique. Particularly, the mechanical testing
probe directions are dissimilar (in-plane for tensile testing,
out of plane for nanoindentation), so that the measured
elastic modulus (macroscopic elastic constants) is to be
analyzed in view of the grain crystallographic texture and
microstructure of thin films locally elastically anisotropic.

Gold single crystals with a face-centered-cubic (fcc) lat-
tice structure exhibit a strong local elastic anisotropy. As
for many fcc (metallic) materials, (4 h h)- and (h 0 0)-type
directions are respectively the stiffest and the most compli-
ant, with a Young’s modulus ratio of about 2.8.

Polycrystalline thin films elaborated by sputtering meth-
ods generally show crystallographic textures that can be
very pronounced. A {1 1 1} fiber texture is often encoun-
tered in the case of fcc materials [20]. For materials exhib-
iting an anisotropy of elastic properties at the grain (or
local) scale, such as gold, crystallographic textures induce
a macroscopic elastic anisotropy whose amplitude
increases with the texture strength [21,22] and with the
local elastic anisotropy of the grains composing the poly-
crystalline thin films. In most cases, macroscopic elastic
anisotropy is very elevated and cannot be neglected [23,24].

In this paper, we report a study of elastic properties of
non-textured and {1 11} fiber-textured gold thin films by
in situ tensile testing under XRD, nanoindentation and
BLS. Due to the correlation between intrinsic elasticity of
thin film and physical experimental probe, the experimental
measurements can reveal the crystallographic texture of
polycrystalline thin films. We first introduce the general
framework of the theoretical model based on a microme-
chanical approach, as the effect of texture on the effective
(or global) elastic constants of the locally anisotropic poly-
crystalline film needs to be described. Then, after describ-
ing the microstructure of gold thin films, we present
experimental results from XRD, BLS, and nanoindenta-
tion. We finally discuss how these techniques compare with
each other, emphasizing the capability of the techniques to
capture microstructural effects which, in turn, must be
taken into account for a proper analysis of global (macro-
scopic) elastic anisotropy.

2. Estimate of polycrystals elastic constants

The calculation of polycrystalline material elastic con-
stants from single-crystal constants is a complex problem
involving the complete distribution of crystalline orienta-
tions in the orientation space (crystallographic texture
generally measured by XRD) and the spatial distribution
of the individual grains as well as their shape. Due to the

single-crystal elastic anisotropy, elastic interactions take
place within the polycrystal and induce heterogeneous
stress and strain fields upon macroscopic loading at the
specimen scale. At the local scale, the constitutive law is
the generalized Hooke’s law which reads:

gij = Cijuién (1)
and
&j = Sijiou (2)

where ¢ and ¢ are the stress and strain tensors respectively
(with components oj; and ¢;;), and C and S the single-crystal
stiffness and compliance tensors (with components Cjj; and
Siiki). For a cubic symmetry, three independent stiffnesses
are Cyy, Cp» and Cyy, making use of the standard Voigt
notation. At the polycrystal scale, the effective stiffness ten-
sor C is defined by

Gij = 6ijkl§k1 (3)

with G;j = (gjj) and & = (&) the macroscopic stress and
strain at the polycrystal scale (notation (-) indicates an
average over the whole polycrystal volume). The effective
elastic compliance tensor S obeys S = C~!. In the case of
a global transverse elastic isotropy, which is attained for
{11 1}-fiber texture, the effective stiffness tensor is ex-
pressed as follows, with five independent coefficients:
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(4)
when expressed in the specimen reference frame (.51,55,553)
where S5 is the revolution axis. For non-textured polycrys-
tals, macroscopic elastic isotropy is obtained with the fol-
lowing  additional relations: C;; = C3;, Cj; = Cy3,
Cas = Ces.

Polycrystalline materials are made of a collection of
grains exhibiting anisotropic properties and different crys-
tallographic orientations. That is, these grains react differ-
ently to the applied macroscopic stress. This gives rise to
the building of complex mechanical interactions which
have a large influence on the overall polycrystal behavior
and on the associated distributions of stress and strain in
the different grains. An important feature is the develop-
ment of strain and stress heterogeneities inside the grains
which are absolutely essential for allowing the material to
deform according to the set of associated mechanical equa-
tions that have to be fulfilled (stress equilibrium, continuity
of displacements, local anisotropic constitutive relation,
and boundary conditions). The stress heterogeneity can
be characterized by the stress localization tensor B defined
with
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oij = Bijxiou (5)

so that B can be interpreted as the “ratio” between local
stress ¢ and macroscopic stress 6.

The difficulty of any micromechanical approach is to
find this localization tensor. Once they are known, local
stress and strain can be determined, as well as the effective
behavior of the considered material. Obviously, B depends
on the anisotropy of the local behavior and on the micro-
structure of the specimen which may be complex.

The self-consistent (SC) model [25,26] is often applied
for estimating polycrystals’ mechanical properties [27],
and also for interpreting diffraction data [28]. As all other
mean-field homogenization methods, this model is based
on a statistical description of the microstructure of the
polycrystalline aggregate. Since the SC model provides
the exact response of perfectly disordered microstructures,
it is a good candidate for polycrystal modeling, combining
accuracy and relative simplicity. Complete expressions for
the effective stiffness and localization tensors can be found
in Ref. [29] for general anisotropic situations.

In the following, the coefficients Cjq will be estimated

for different microstructures (crystallographic textures)
using the SC model. The direction-dependent (anisotropic)
Young’s modulus can be calculated as follows:
ﬁ = ninjnknlSijkl (6)
where n is a unit vector in a given tensile direction for
which the Young’s modulus is calculated. Similarly, the
anisotropic Poisson’s ratio can be estimated by

titimem Si;
v(n, t) = — TN (7)
ninne Sk
with t a unit vector along a direction perpendicular to the
tensile direction n.

3. Fabrication and microstructure of thin films

Gold films were produced by physical vapor deposition
(PVD) on Kapton® and GaAs substrates. Non-textured
gold films have been deposited by sequenced magnetron
sputtering. The base pressure of the growth chamber was
107> Pa while the working pressure during film growth
was approximately 1072 Pa. Deposition was carried out
at room temperature (RT) with an Ar*-ion-gun sputtering
beam at 1 keV. The total thickness was measured using a
Dektak II-a surface profilometer system to be 500 +
10 nm. {111} fiber-textured gold films have been depos-
ited by continuous ion-beam sputtering. The base pressure
of the growth chamber was 7 x 107> Pa while the working
pressure during film growth was approximately 102 Pa.
Deposition was carried out at RT with an Ar'-ion-gun
sputtering beam at 1.2 keV. Total thickness was measured
to be 700 + 10 nm.

Structural features of the as-deposited Au thin films
were characterized thanks to XRD and transmission

electron microscopy (TEM). XRD texture investigations
were carried out using a Seifert XRD 3003 diffractometer
operating at 40 kV and 30 mA, and using a Cu X-ray
source (A =0.15418 nm). The incident beam was colli-
mated using a 0.5 mm diameter optical fiber and focused
on the samples mounted on a four-circle goniometer
including Eulerian cradle for ¥ tilting (declination angle
between the scattering vector q and the direction normal
to the film surface (S3), see Fig. 1). Fig. 2 shows great dif-
ferences between the ¥ scans obtained for the {111}
planes family of the two samples. The film obtained by
ion-beam sputtering (full line) is characterized by sharp
peaks observed at ¥ = 0° (along the direction normal to
the surface) and at ¥ = 70.5°. The degree of scatter of this
texture is quantified by the full width at half maximum
(FWHM) of the peaks, ~10°, revealing a relatively sharp
{111} texture for ion-beam sputtered films. In contrast,
the film obtained by sequenced magnetron sputtering (dot-
ted lines) is characterized by an almost constant intensity,

S3, ¢

Fig. 1. Description of the diffraction angles @ and Y. (S},5,,5;) is the
sample reference frame, which is used throughout this study. We have also
represented a dog-bone specimen that is used for the tensile tests.
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Fig. 2. ¥ scan obtained for the {1 1 1} planes family of gold thin films
deposited on polyimide substrate. The {1 1 1} textured gold film (full line)
is characterized by sharp peaks observed at ¥ =0° and at ¥ = 70.5°.
These are characteristics of a strong {1 1 1} texture. In contrast, the non-
textured gold film (dotted lines) is characterized by an intensity showing
small variations when ¥ is varied.



characteristic of a random (or isotropic) texture. It should
be noted that no significant variations in intensity were
found when azimuthal angle @ was changed (rotational
symmetry around the direction normal to the sample sur-
face, see Fig. 1) for both films, revealing thus the transverse
isotropy around the film normal. The textures (not shown
here) obtained experimentally on GaAs substrates were sim-
ilar, in agreement with TEM investigations. Fig. 3 shows

(a)

(b)

100 nm
*~ —o

Fig. 3. TEM cross-section view and electronic diffraction diagram for (a)
the {1 1 1}-fiber-textured gold films and (b) the non-textured gold films
deposited on GaAs.

TEM cross-sectional views of the {111} fiber-textured
(Fig. 3a) and non-textured (Fig. 3b) gold films respectively,
deposited on GaAs. The microstructure was found to be
dense for both films, with grains elongated along the growth
direction. The mean grain diameter was found to be around
50 nm, i.e. large enough to neglect size effects on elastic prop-
erties. Moreover, electron diffraction diagrams show the
degree of scatter of the texture for the two films (inset of
Fig. 3a). Itis ~15° for the {1 1 1} textured film, in relatively
good agreement with the results obtained from XRD, while a
complete diffraction ring is observed for the non-textured
ones confirming then the random distribution of crystallo-
graphic grain orientation evidenced by XRD.

4. Experimental characterization of gold thin film elastic
behavior

4.1. X-ray diffraction and in situ tensile testing

4.1.1. Theoretical background and experimental set-up
Elastic behavior of supported thin films can be studied
by coupling in situ tensile tests and XRD. Intragranular
strains are determined from the relative Bragg peak posi-
tion shifts, while the overall stresses applied to the film—
substrate composite are determined from a load cell fixed
to one jaw of the microtensile tester [30-34]. For a purely
elastic response, following Egs. (2) and (5), the local strain
&i(x) at any position x inside the material is given by

&;j(X) = Sijk1 (X)[Biimn (X) Fnn (8)

where the stress localization tensor B is here estimated by
means of the SC model. In this study, the relative shift of
diffraction peak position is measured with respect to line
positions at the macroscopically unloaded state, since this
allows for an accurate study of the mechanical behavior
without ad hoc assumption regarding the residual stress
distribution generated by the deposition process. The so-
called “lattice strain” gl associated to the peak position
shift is a direct measurement of the mean axial elastic strain

ey = nini(&i) o = mni[(Sij (X) Biamn (X)) 0] 9)
with n a unit vector parallel to the scattering vector, and
(-)o denoting the average over the diffracting volume Q
associated to the {4 k [} diffracting planes [35,36]. The com-
ponents (S (X)Bumn (X))o provide general expressions for
the X-ray elastic constants (XEC). Eq. (9) recovers the clas-
sical sin® ¥ law for macroscopically isotropic materials
(linear relationship between lattice strain and sin® ¥ [37])
given here for a biaxial macroscopic stress state generally
used for thin films:

1 . .
s}%k,{i/ = ESZH (11 cos® @ + 6 sin’ ) - sin” ¥
+S}fkl(5'1| +(_722) (10)

where 185" and S}* are hkI-dependent XECs of the macro-
scopically isotropic material [23].



Using a four-circle goniometer, it is possible to charac-
terize the elastic behavior for almost any orientation of n
(see Fig. 1). Then, a least-square fitting procedure is
adopted to adjust results of the SC model to experimental
data and to determine single-crystal and subsequent mac-
roscopic elastic constants, the crystallographic texture of
the film being known.

The tensile loads were applied to dog-bone specimens
(films adherent to Kapton® substrates) by means of a
200 N Deben™ tensile module. This tensile tester is
equipped with a 20 N load cell enabling the force measure-
ment with a precision of 0.2 N (1% of full scale range).
XRD measurements were performed using a four-circle
goniometer. We analyzed five independent plane families:
{222}, {311}, {400}, {311}, {420}. In the case of
non-textured film, the measurements have been performed
for the longitudinal direction (® = 0°) and for eight differ-
ent ¥ values arbitrary chosen between 0° and 66° (for each
plane family). In the case of {1 1 1} textured film, the mea-
surements have been performed for the longitudinal direc-
tion (¢ =0°) and in the pole directions (nine different ¥
values ranging from 0° to 75°).

Obviously, substrate elastic constants have to be known
to determine how total uniaxial stress localizes in the Au
films. We used E;=5.17+0.03 GPa and v,=0.312 &+
0.010 values, which have been measured experimentally
using the same Deben machine [18]. The Poisson’s ratio
of the substrate is clearly different from the one of gold
films leading to in-plane biaxial applied stress state in the
film (611 # 022).

4.1.2. Results

4.1.2.1. Non-textured film. We have systematically observed
a linear relationship between lattice strain and applied
load, showing that the films behave elastically (not shown).
The measured lattice strains for {222} and {4 00} plane
families are shown in Fig. 4a and b, respectively, as a func-
tion of sin? ¥, for three external loads. From the two
graphs, it is possible to characterize the local anisotropy
since strain is hkl-dependent. The {4 00} planes deform
elastically much more than the {222} planes (strain is
about twice as large for {400} as for {222} under the
same loading conditions). Indeed, these two plane families
show extreme elastic behaviors for fcc materials giving the
bound values, the elastic modulus associated with {4 00}
plane family being the lowest. Nonetheless, the linear rela-
tionship between lattice strain and sin® ¥ is characteristic
of isotropic macroscopic elasticity that is verified here for
a random texture (see Eq. (10)). From the whole experi-
mental data, we can evaluate the macroscopic elastic con-
stants, assuming a macroscopic isotropic behavior [23].
Knowing 4,; and &y, it is possible to determine %Sgk’ and
S™ from the slope and the intercept of the linear fit of
&iit, as a function of sin® ¥, as shown in Eq. (10). Therefore
the hkl-dependent elastic constants can be plotted as a
function of orientation parameter I'(k k /), which is defined
by

(@) ex10* -
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Fig. 4. Experimental X-ray lattice strains for (a) {222} and (b) {400}
plane families as a function of sin® ¥, for the non-textured gold film.

I(hkl) = (KK + PP+ P (P + K+ 1P)° (11)

Then, the mechanical elastic constants (£ and v) are
obtained from the values of 155" and S}* for I'(h k 1) = 0.2
(average over all orientations).

In this way, no elastic grain interaction model is
required to determine mechanical elastic constants of thin
films showing isotropic texture. Experimentally determined
values of the stiffness components Cj;, the Young’s modu-
lus, and the Poisson’s ratio, are reported in Table 1. They
will be discussed in Section 5.

4.1.2.2. {111} fiber-textured film. As for non-textured film,
we have systematically observed a linear relationship
between lattice strain and applied load, showing that the
films behave elastically. The measured strains for all loaded
states are plotted as a function of sin® ¥ in Fig. 5. The film
anisotropic elastic behavior is obvious on a e-sin® ¥ plot
with an obtained non-linearity regardless of the loaded
state. In order to calculate single-crystal elastic complianc-
es of textured gold films, the SC model is adjusted to
experimental data using a least-square process. The mini-
mization of the difference between measured lattice strains
and calculated ones was made for the overall measured
lattice strain (for all different ¥ and/or hkl). The three
single-crystal elastic constants can be obtained as fitting
parameters in a least-square minimization of the difference
chi-square (i°).



Table 1
Calculated and measured macroscopic elastic constants.

Ci (GPa) C13(GPa) Cs (GPa) Ca (GPa) E;(GPa) E, (GPa) vp, Vi3 E2PP" (GPa)
Calculated
{111} fiber-textured 213 145 221 23 91 117 0.53 0.30 130
Isotropic 208 152 208 28 80 80 0.42 0.42 98
Experimental
XRD
{111} fiber-textured 225+ 10 160 + 10 235+10 24+2 8745 106 £5 0.57+£0.03 0.32+0.03 118 £8
Isotropic 236 + 10 178 £ 10 236 + 10 29+2 83+5 83+5 0.43+0.03 043+0.03 102 + 8
Nanoindentation
{111} fiber-textured 105-120
Isotropic 70-95
BLS
{111} fiber-textured 190 £ 10 142+ 10 227+ 10 185+1
Isotropic 214 + 10 168 + 10 214 + 10 2341
4-20
- F=11N 0 ment: C); =204.8 + 15.0 GPa, Cj,=175.4+10.0 GPa
1.5x10° : Efggm and Cyy = 42.0 + 3.0 GPa. These values are close to bulk
, | =—F= 56N ones (Cy; =192.9 GPa, C;, =163.8 GPa and Cyy =41.5
1.0x10" - ——F=66N GPa) [38]. In fact, as for non-textured gold film, no size
5 effect is expected in the grain-size range studied here (about
w 051074 50 nm) [39].
0.0x10™ 7 4.2. Nanoindentation
-0.5x10”

Fig. 5. Experimental (full lines and closed symbols) and theoretical
(dotted lines and open symbols) lattice strains as a function of sin® ¥, for
the {11 1} fiber-textured gold thin film. The theoretical points are plotted
using thin-film single-crystal stiffnesses Cj;, Cj,, and Cyy obtained from
the least-square process, using the self-consistent model. The segmented
lines are only guides for the eye.

Fig. 5 shows that a rather good agreement is obtained
simultaneously for all the loaded states. This fitting proce-
dure yields the single-crystal elastic constants of the studied
film, and subsequently the macroscopic elastic constants as
shown in Table 1. The texture effect on the elastic constants
is quite clear, as discussed extensively in Section 5. An esti-
mated error for each of the single-crystal elastic constants
can be calculated from the parameters of the fitting results,
i.e., chi-square, degree of freedom, number of points. The
incertitude on the elastic coefficients has been determined
from the estimates of fitting errors which are the standard
deviation of the fit coefficients. These values were deter-
mined to be around 10% for the whole raw data. The fitting
procedure has also been verified using only one part of the
raw data, that is for only 3 or 4 applied forces instead of 5.
In all cases, the fitting procedure converges with outputs
within a 10% error.

The single-crystal elastic constants of gold films were
extracted using the least-squares procedure refine-

Instrumented indentation allows monitoring the pene-
tration of a tip as a function of load. The test consists of
loading up to a maximum value P, (a hold period may
be programmed) and unloading to zero. The tips are cate-
gorized into sharp and blunt depending on their geometry.
Sharp ones (used here) are generally a three-faced Berko-
vich tip, allowing for a better definition of the contact area
A, as compared to a Vickers four-faced one. The so-called
reduced modulus E; can be extracted from the load—pene-
tration curves employing the well-known “Oliver and
Pharr” method referred after their respective authors [40].

Nevertheless, this method has several limitations. One
major assumption is that only elastic recovery happens
while unloading, which might not be strictly the case for
very slight indents [41]. Secondly, the methodology was
derived from the solution of elastic contact problems while
prior to unloading the contact conditions involve plastic
deformation [42]. Thirdly, the material around the contact
may exhibit substantial pile-up or sink-in, the projected
contact area being then either underestimated or overesti-
mated and yielding errors in the indentation modulus
values. Moreover, on studying a coated substrate, the
response has to be investigated as a function of penetration
depth in order to extract the sole film response. Depending
on the applied load amplitude, the probe is either local
(weak load) or global (strong load). For low loads, the elas-
tic fields extend to only a few grains in thin films while it
widely propagates to the substrate for high loads.

For this study, nanoindentation experiments were con-
ducted at RT using a NHT nanoindenter from CSM



Instruments, equipped with a Berkovich diamond inden-
ter loaded to maximum load (between 0.2 and 10 mN) in
30 s, maintained for 30 s and unloaded in 30s. The cal-
ibration procedure suggested by Oliver and Pharr [40]
was used to correct for the load-frame compliance of
the apparatus and the imperfect shape of the indenter
tip.

Fig. 6 is a plot of the indentation reduced moduli of the
{11 1}-fiber-textured and non-textured Au films on GaAs
substrate as a function of /./t ratio, where /. is the contact
penetration between the indenter and the film, and ¢ its
thickness. The measured elastic moduli are affected by
the substrate response. As /./t ratio increases, the response
changes from film-dominated to substrate-dominated. This
is expected since the elastic field is a long-range field that
extends into the substrate on increasing the load. The rate
of increase scales with the mismatch in moduli between the
film and the substrate. At large penetrations (at 4./t over
0.35), a relatively good convergence of the responses on
both systems is obtained, i.e. penetration depths for which
the substrate contribution is predominant (reduced modu-
lus about 125 GPa). Instead, the reduced moduli of the
films are extrapolated at small depth (4.t <0.1) and the
obtained values are around 105-120 GPa and 70-95 GPa
for the {11 1}-fiber-textured and non-textured specimens
respectively. It should be noted here that for the small pen-
etrations, the measurement dispersion is larger for the non-
textured gold films. For these specimens, the grains’ crys-
tallographic orientations are randomly distributed, and
thus the tip probes different grains along different crystallo-
graphic directions, revealing the local elastic anisotropy.
Instead, in the {1 1 1} textured gold films, all grains are ori-
ented with a (1 1 1) direction nearly along the loading axis
(normal direction to the film surface), giving rise to more
limited data spread. At low contact depth the surface
roughness, which is a few nanometers for the two films
deposited on GaAs, is also expected to account for some
scatter although the difference between specimens could
not be easily quantified.
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Fig. 6. Indentation reduced moduli of the {1 1 1}-fiber-textured and non-
textured Au films on GaAs substrate determined using the method of
Oliver and Pharr, as a function of 4./t, where A, is the contact penetration
between the indenter and the materials and ¢ is the thickness of the films.

4.3. Brillouin light scattering

4.3.1. Basics and experimental set-up

Measurement of the whole set of constants is usually out
of the reach of conventional static techniques, which can
give information about directional elastic modulus. On
the other hand, the use of acoustic techniques based on sur-
face acoustic waves (SAWs) presents technical difficulties
connected with the fabrication of the acoustical delay line.
In addition, one has to consider that in the frequency range
commonly used, the large values of the acoustic wave-
length, compared to the film thickness, impose a careful
consideration of the effect of the substrate on the propaga-
tion of the SAW [43].

During the last twenty years, BLS has proved to be very
efficient for achieving a complete elastic characterization of
thin films and multilayered structures [44]. In a BLS exper-
iment, a monochromatic light beam is used to probe and to
reveal acoustic phonons which are naturally present in the
medium under investigation. The power spectrum of these
phonons is mapped out from frequency analysis of the light
scattered within a solid angle. Because of the wave vector
conservation in the phonon—photon interaction, the wave-
length of the revealed elastic waves is of the same order of
magnitude as that of light. This means that the wavelength
is much larger than the interatomic distances, so that the
material can be described as a continuum within an effec-
tive-medium approach.

The BLS spectra were taken in air at RT, with typical
acquisition times of 1-2 h. The light source was an Ar"
laser on a single mode of the 514.5 nm line. 300 mW of
p-polarized light was focused on the surface of the sample
and the scattered light was analyzed by means of a Sander-
cok-type 3+ 3 pass tandem Fabry—Perot interferometer.
Here, we used the backscattering interaction geometry, so
that the value of the wave vector of the probed surface
acoustic waves is fixed experimentally to the value
Q| = 2k sin 0, where k denotes the optical wave vector in
air and 0 the incidence angle of the light beam.

4.3.2. Results

For nearly opaque films with thicknesses lower or
around the acoustic wavelength (0.3-0.4 um), supported
by substrates with acoustic phase velocities higher than
that of the films (slow film/fast substrate), such as a gold
film on a GaAs substrate, we can only observe the surface
acoustic waves with a sagittal polarization (Fig. 7): the
Rayleigh wave (RW) and the so-called Sesawa guided
waves (S1-S,) [45], the corresponding phase velocities
being measured. These last modes are dispersive, so that
measurements of the acoustic wave frequencies are usually
performed for different angles of incidence (i.e. different
values of the in-plane wave vector) that enable the determi-
nation of the elastic constants. In the present case, four of
the five effective elastic constants, namely Cy;, Cy3, C3;3 and
Cy4, influence the Rayleigh and Sezawa modes, so that they
can be evaluated by a best-fit procedure of the experimental
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Fig. 7. Brillouin spectrum (a) of the gold layer with {1 1 1}-fiber texture
and (b) of the isotropic gold layer on a GaAs substrate. The incident angle
is 0 =65°. RW denotes the Rayleigh surface wave, S; the ith Sesawa
guided waves. Below we have indicated the calculated power spectrum at
the free surface of the displacement components (u?(0)) (vertical,
associated to the ripple scattering mechanism) and (1%(0)) (longitudinal).

velocities to the calculated dispersion curves. The fifth elas-
tic constant Cg can be determined from measurements of
the phase velocity of shear horizontal modes (Love modes)
but are not observed here because of their low scattering
efficiency. Obviously, calculation of Young’s modulus
and Poisson’s ratio is then not possible.

Non-textured films can be considered as macroscopi-
cally isotropic since the crystallites are randomly distrib-
uted, as shown in Section 3. Thus, only the two effective
elastic constants, Cy; and Cy = (Cy — clz)/z have to
be measured. C 12 can be calculated afterwards, assuming
a global isotropy.

By taking into account only the ripple mechanism for
the scattered intensity by the surface acoustic waves, the
experimental spectra for the non-textured film are well fit-
ted. In the case of textured films, the agreement is only
qualitative except for Cyy effective constant that is related
to the Rayleigh surface wave. The contribution of the
Au/GaAs interface and of the photoelastic coupling should
be considered for a better description of the intensity at
higher frequencies (more than 8 GHz). The adjustment of
surface mode positions leads to effective elastic constant
values shown in Table 1. Experimental values show differ-
ences of effective elastic properties between the non-tex-
tured and the {11 1}-textured gold films. C44 decreases
drastically (20%) from non-textured to textured films.

Experiments show also a decrease of c 13 and an increase
of Cy; and Cs3, and these are discussed in more detail in
the next section.

5. Discussion

The study encompasses measurements of elastic con-
stants performed both by static (in situ tensile tests, nano-
indentation) and dynamic methods (BLS). While the
difference between adiabatic and isothermal elastic con-
stants is expected to be small compared to usual experi-
mental uncertainties [46], the aim of the present work
was to check whether the uncertainties are small enough
for measuring texture effect on the effective elastic con-
stants. Since different kinds of elastic constants (local or
effective stiffnesses, Young’s modulus, Poisson’s ratio)
can be determined with the used experimental techniques
(static/dynamic, local/global), it is imperative to know
how the texture influences those elastic constants.

To illustrate the effects of texture on the effective elastic
constants, we generated numerically {11 1} fiber textures
with various texture dispersions (Gaussian dispersion
around texture axis from 0° to 120°). Here, the texture dis-
persion is given by the FWHM of the Gaussian distribu-
tion. Calculations of effective Cj; were made using the SC
model and bulk Au single-crystal elastic constants Cj
(Cl] =192.9 GPa, C12 = 163§ GPa, C44 =41.5 GPa)
Fig. 8 shows the evolution of Cj as a function of texture
dispersion, the effect of which can be observed for FWHM
ranging from 10° to 90°. When dispersion is equal to 120°,
the effective elastic behavior is almost isotropic, with
C11 = C33, C12 = Cn, C44 = C66 It should be noted here
that the obtained values for large texture dispersions
(>100°) are very close to those obtained with a random tex-
ture (not shown here). In fact, texture with dispersion lower
than 10° can be considered as strong (nearly perfect fiber
texture), while it is nearly isotropic when dispersion is
higher than 100°. The effective constant most affected by
the texture change is Cy44, for which the relative difference
between a strong {111} fiber texture and an isotropic
one is about 24%. This difference is confirmed experimen-
tally by BLS as shown in Section 4. Experimental and the-
oretical values agree relatively well (Table 1), evidencing
difference of effective elastic properties between the non-
textured and the {11 1}-textured gold films. Cyy is
determined to decrease drastically both experimentally
and theoretically by about 20% from non-textured to tex-
tured films. Moreover, both experiments and model show
similar trends with a decrease for Cy3 and an increase for
Cs; on changing the texture from isotropic to {11 1}.
Instead, experiments and model show reverse trends for
C11. The latter result is more surprising; however, it should
be kept in mind that the theoretically determined difference
for this constant is quite low and expected to be within
2.5%.

The model can be further used to determine the in-plane
and out-of-plane Young’s moduli Ej, and £, as a function
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Fig. 8. Evolution of E‘ij elastic constants as a function of texture
dispersion.

of dispersion, as shown in Fig. 9a. The influence of texture
is expected to be about 10% and 30% for E} and £, respec-
tively, according to the SC model. Regarding Poisson’s
ratio (Fig. 9b), vy, (in-plane) decreases from 0.52 to 0.43
while v;3 (perpendicular) increases from 0.30 to 0.43, so
that a strong effect is also expected. This behavior is further
illustrated in Fig. 10, which shows two-dimensional (2D)
parametric surfaces of theoretical Young’s modulus
(Fig. 10a) and Poisson’s ratio (Fig. 10b) for perfect
{11 1}-fiber-textured and non-textured gold films (the
two extreme cases) in the sample reference frame S
(S1,52,53). Since the films are transversely isotropic (in
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Fig. 9. Evolution of (a) in-plane Young’s modulus E| and perpendicular
Young’s modulus E; and (b) Poisson’s ratios v, (in-plane) and vy3
(perpendicular).

the plane (S1,S,)), the whole anisotropic behavior can be
illustrated in the plane (S,S3) (or (S,,53)). Obviously,
non-textured gold films are macroscopically isotropic,
which is characterized by a circle for Young’s modulus
and Poisson’s ratio. In contrast, {1 1 1}-fiber-textured gold
film is anisotropic, and the representations in Fig. 10a and
b depart significantly from a circle. It should be noted here
that Ej and v, are located along S, while £, and v,3 are
located along S;.

The influence of crystallographic texture on Young’s
modulus and Poisson’s ratio has been quantified experi-
mentally by studying gold thin films with tensile testing
and nanoindentation. As expected by calculations, a strong
anisotropy effect (more than 20%) has been detected for
vi2, Vi3 and E; using XRD and in situ tensile tests, as
shown in Table 1. The effect on Ej is smaller than expected
(about 5% instead of 12% theoretically). This could result
from a softer macroscopic anisotropy for the {11 1}-tex-
tured film as compared to the theoretical one. 2D paramet-
ric surfaces of experimental Young’s modulus (Fig. 10a)
and Poisson’s ratio (Fig. 10b) of {11 1}-fiber-textured
and non-textured gold films are shown and compared to
the theoretical ones. Obviously, the macroscopic anisot-
ropy determined experimentally for the {11 1}-fiber tex-
ture seems to be less pronounced than the one calculated
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Fig. 10. Two-dimensional parametric surfaces of experimental and
theoretical (a) Young’s modulus and (b) Poisson’s ratio, of perfect
{11 1}-fiber-textured and non-textured gold films.

for a perfect {1 1 1}-fiber texture. Of course, the actual tex-
ture of the film is not a perfect fiber, and is characterized by
a dispersion (about 10° in our case) that tends to smooth
out the macroscopic elastic anisotropy.

Using nanoindentation, we found a relative difference
(about 25%) between the indentation reduced moduli of
the two films that can be explained by the texture effect.
Indeed, during an indentation test the main contribution
to the elastic response is along the loading axis; it is thus
expected to be sensitive to the global elastic anisotropy
[47]. As shown in Fig. 10, the out-of-plane Young’s modu-
lus E| decreases from 118 GPa to 80 GPa when the texture
dispersion increases from 0° (perfect {111} fiber texture)
to 120° (isotropic texture), while the Poisson ratio vy3 varies
from 0.3 to 0.43. An approximated reduced modulus E2PP
can then be calculated, considering the orientation depen-

dent modulus along loading axis and the in-plane Poisson
ratio, as described in Ziegenhain et al. [48], with

EaPPT E,
T

= (12)
11—}

It is determined to increase from 98 GPa (non-textured)
to 130 GPa ({1 1 1} fiber texture) in relatively good agree-
ment with the observed trend. Obviously, this approach
adopted below for the overall measurements is an approx-
imation of the true behavior, and overestimates the elastic
anisotropy effects during nanoindentation tests [48].
Anisotropy effect on reduced modulus can be predicted
using Vlassak and Nix charts [47,49] and is determined to
increase from 98 GPa to only 104 GPa.

The calculations of reduced modulus using Eq. (12) with
the elastic constants determined from the in situ tensile test
technique, are shown in Table 1. We found E¥ =
118 GPa for the textured film and 102 GPa for the non-tex-
tured ones. While the reduced modulus of the non-textured
film is not significantly changed, the {11 1} textured film
one is lower. As discussed before, the dispersion or the fiber
texture tends to smooth out the macroscopic elastic anisot-
ropy, which is taken into account in this case.

In order to illustrate the texture effect on elastic
response, Fig. 11 shows the relative difference between
{111}-fiber texture and isotropic texture macroscopic
elastic constants as a function of the Zener anisotropy
index (4 =2C44/(Cy1—C)2)), for a few commonly studied
fcc materials (for which {11 1}-texture is often encoun-
tered). Obviously, the relative difference globally increases
with single-crystal elastic anisotropy. Except for Cy;, the
texture effect should be easily detected for materials with
Zener anisotropy index larger than 2. Indeed, if this is
the case, the difference for Ej is larger than 10% and can
be captured when applying “classical” tensile testing of thin
film. The texture effect is much more manifest (>20%) for
C44 (which may be detected by acoustic techniques and
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Fig. 11. Relative texture effect (i.e. relative variation of elastic constants
between the {11 1}-fiber texture and the isotropic texture of a given
material) on some macroscopic elastic constants, as a function of the
Zener anisotropy index, for several fcc materials.



BLS), and also for approximated reduced modulus E:PP
(which may be detected by nanoindentation and XRD),
even if it provides an overestimation of the true effect
detected by nanoindentation. In contrast, for nearly isotro-
pic materials such as Al, the texture effect should be small
as compared to measurement uncertainties.

6. Concluding remarks

Elastic properties of non-textured and {1 1 1}-fiber-tex-
tured gold thin films were investigated by some character-
ization techniques: in situ tensile testing under XRD,
nanoindentation and BLS. These widely used methods
reveal quite differently the elastic anisotropy since both
physical background and probe characteristics vary consid-
erably. The experiments presented here allowed the two
different textured thin films to be distinguished. It has been
shown that the correlation between all obtained results can
be hardly noticeable without a proper modeling of the
response in view of the microstructure.

The diffractive method allowing for a selective assess-
ment of crystallographic planes is very powerful to study
both the local and global anisotropies in polycrystalline
materials and offers a complete picture of the mechanical
response. The precision of this picture depends upon the
resolution of the X-ray beam, which is improved using
synchrotron radiation. Nanoindentation test permits deter-
mining only one macroscopic elastic constant (indentation
reduced modulus) along the loading axis (generally normal
to thin film surface), while BLS allows determining several
effective stiffnesses and hence detecting the elastic macro-
scopic anisotropy. Experimental results were confronted
to micromechanical calculations of effective elastic con-
stants, taking into account the actual microstructure. We
have shown that the texture effect on the macroscopic elas-
tic constants can be detected by those three techniques, but
are demonstrated differently with relatively good agree-
ment with the proposed modeling approach. The presented
results show that XRD, BLS and nanoindentation can cap-
ture texture effects on elastic constants measurements for
materials with Zener anisotropy index larger than 2. Con-
versely, the actual texture of a given specimen should be
taken into account for a proper analysis of elastic constants
measurements using those three experimental techniques.
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