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Biaxial elastic modulus of metallic films determined from vibrating circular
membranes
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The biaxial moduli of free-standing metallic films have been determined from their behavior as
elastically tensioned membranes. Errors due to thickness determination and warping of the
films are eliminated, thereby opening up the possibility of solving a number of controversial
issues. The method combines the determination of stress from the frequency of the membrane
modes with optical measurements of strain. Tests on Ta and Ni fiims yield values of the biaxial
modulus in geod agreement with calculated literature data.

We report measurements of the biaxial elastic modulus
of metallic films by employing a novel method which is inde-
pendent of film thickness and which eliminates warping of
the films; possibie errors in resuits obtained by other tech-
nigues are thereby avoided. Because thin films are used ex-
tensively in basic research and industry, the determination
of their physical properties as a function of fabrication pa-
rameters' is important. However, because they are thin
fiims, many of their mechanical properties cannot be mea-
sured with conventional techniques. To study films whose
thickness is comparable to the shortest wavelengths attaina-
ble in wltrasonic experiments ( ~20 gm}) it has been neces-
sary to develop specizlized techniques. A good example of
the problems encountered in the determination of elastic
constants {C; ) of thin films is the stody of the supermodulus
effect in superlattices.” The huge enhancements in the biax-
ial modulus (¥, ) found using a bulge tester’” have been
questioned regarding the data analysis®: vibrating-reed stud-
ies have led to conflicting results’® whiie Brillouin scatter-
ing'® and transient thermoreflectance’' have typically
shown decreases in elastic moduli. It is clear from the above
situation that the determination of elastic properties of thin
films requires more reliable technigues.

The experimental technigue employed here involves in
part the determination of the resonant frequencies of a
stretched circular membrane. The general solution for the
resonant frequencies of such a system depends on the elastic
properties of the film as well as on the applied radial tension.
As wili be discussed below, the dominant term in the case of
thin films is the applied tension and in most cases the elastic
contribution is neghigibie. Under these conditions the reso-
nant frequency is a direct measure of the tension on the film;
by measuring the changes in the resonant frequency as the
film is stretched and by optically measuring the strain in the
film, the biaxial elastic modulus is obtained. A schematic
view of our experimental apparatus, which will be described
in detail elsewhere,'? is shown in Fig. {. The body consists of
three main pieces (4,8, and C) machined from brass which
form an assembly that serves to rigidly clamp and stretch the
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film. Piece B clamps the film (F) over a knife edge on C that
defines a circelar boundary with a diameter of 3/8”. The
tensicn in the film is controlled by the screws that hold 4 in
place. The coil M generates an oscililating field that causes
the film to vibrate.'* As the frequency of the current in the
coil is varied, the induced vibrational resonances are capaci-
tively detected by a shieided electrode (¥) facing the film. In
general it is best to operate the jig in vacuum { < 10 7% Torr)
to minimize the effects of hydrodynamic damping by air.'?
Besides air, there is another source of damping due to me-
chanical losses at the clamping boundary. For the apparatus
shown in Fig. 1, these iosses are very smail, and result 1n
minimal damping. The quality factors that were measured in
vacuum { < 107* Torr) were as high as ~4 % 10°. The strain
(€) was measured optically by viewing the film through a
high magnification microscope. The rectangular reticule
(G) positioned above the film allowed particular markings
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FIG. 1. High @ resenator for measurement of biaxial properties of metallic
films. The flm is viewed from above through a microscope. The hairlines on
the reticule, shown at the upper right-hand corner of the figure, serve to
locate and measure displacements of designated points for determination of
strain.
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to be tracked as a function of tension with a resclution of
about 0.5 gm. The ratio of radial stress {tension) to radial
strain yields the biaxial modulus (¥ ).

The normal modes of a film fixed on a circular boundary
of radius @ are discussed in many textbooks.!*!® When the
restoring force is dominated by the tension 7" (force per unit
area) applied to the film’s boundary, it is called a membrane
and the resonances v} are given by

vih = 0.38274 1/a T /p, (1)

vy =Bvg- (2}

v5; is the frequency of the fundamental mode and g is the

mass density. For a given mode, 7 is the number of nodal lines

and j is the number of nodal circles. The 5 ”s are constants

and are given as follows: 87} = 1.5933, #7; = 2.1355,

oy = 2.2954, BT, = 2.6531, B, = 2.9173, etc. When the

tension is negligible compared to the elastic rigidity of the
film 1t is called a plate and the resonance v 4 are given by

v, = 0.4671 h /a*JE /p(1 — %), (3)
’Vz’fi;:/?{'}v(ﬁx (4)

where & is the modulus of elasticity, 7 is the Poisson’s ratio,
and 4 is the film’s thickness. £ 4’s are given as follows:
B, =2.091, B4 =3426, 8§, =3909, 55 =35019,

7, = 5983, etc. In order to obiain elastic properties it
would appear more reasonable to work in the limit of Egs.
(3) and (4) which directly provide an elastic constant rath-
er than Egs. (1) and (2) which contain no implicit depend-
ence on elastic properties. It should be nointed out that the
piate modes depend critically on initial warping of the plate.
Studies in the second limit (zero tension ) where the film was
clamped between two annular disks of polished brass and no
tension was (purposely) applied, produced results which
were not reproducibie in successive mountings of identical
films. This irreproducibility is attributed to the uncontroila-
ble nature of the small tensions generated at the clamping
boundary and make the determination of elastic properties
from the plate modes impossible.

With the jig shown in Fig. 1, a typical frequency sweep
yielding the resonances of a stretched 25 um nicke! fiim is
shown in Fig. 2. The position of the resonances agrees within
1.5% with prediction of Eq. {(2) but not at all with Eq. (4},
clearly indicating that ension is indeed governing the behav-
ior of the film. Although modes 2, 3, and 6 are expected to be
degenerate, experimentally they turn out to be slightly non-
degenerate, the degeneracy most likely being lifted by sym-
metry breaking perturbations due to nonuniform tension or
deviations in the clamping boundary.

The measured strain versus the squared of the resonant
frequency is plotted for representative nickel and tantalum
films in Fig. 3. The unfilled (filled) circles in each figure
represent data points recorded on increasing (decreasing)
the tension. For increasing tension the slope of strain versus
stress (i.e., frequency squared) monotenically increases
with tension. When tension is increased close to the tensile
strength of the film the slope becomes very large and signifies
the imminent breakup of the film. For nickel the filn break-
up occurs at ~ 20 kHz which translates to ~ 5.5 x 10° N/m?
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FIG. 2. Resonances of a vibrating 25 zzm nickel film. The semilogarithmic
plot shows the absolute values of received signal vs frequency. Directly
above each peak the configurational representation of its wave function is
provided. The resonant frequencies v in the order of increasing frequency
are as follows: v,, = 18985, v, == 30221 and 30417, v,, == 40727 and
40793, vy, == 43934, vi; = 36328 and 55948 Hz. The fifth resonance v, was
not observed. The arrow indicates its theoretically expected value.

close to the tensile strength of bulk Ni (5-9x10° N/
m?)."*!"” The breakup of tantalum films occurs at 16 kHz
and the corresponding tension is egual to 6.6 10° N/m?,
comparable to tensile strengths given in literature
(~7.6>10° N/m?)."*" On reducing the tension applied to
the films, a linear slope between strain and 17 is obtained.
From the slope and Eq. (1) we-obtain the biaxial modulus;
the results are summarized in Table 1. Gur values are com-
pared with ¥, calculated’® using the literature values of C;
and the expressions for ¥, appropriate for the texture of our
fitms: [100} for nickel and tantalum. The agreement
between our values which have an estimated precision of 5%
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FIG. 3. Strain vs the square of the fundamental mode of (100) oriented {a)
10 zem tantalum film and (b} 6 gam nickel film. The unfilted circles represent
increasing tension and are influenced by the plasticity of the film. The biax-
ial modulus is determined from the siope of the filled circles measured with
decreasing tension.
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TABLE L Biaxial moduli of tantalum and nickel films as measured in this
experiment and compared to literature values using single-crystal values of
C; for the measured preferred orientation of our films.

Biaxial modulus (TPa)

Film Present work Calculated
Rolled 1G um Ta 3.234 0.228
Electroplated 25 um Ni G.213 0.222
Electroplated 12.5 pm Ni 0.219 (.222
Rolled 6 gom Ni 0.204 0.222

and the literature ones is good. The use of Bq. (1), which
ignores contributions from plate modes, in the analysis of
our data introduces errors of less than 19 even for the thick-
est films.'?

In summary, by employing a new technigue we have
measured the biaxial modulus of metallic films. The elastic
as well as the nonelastic (plastic) behavior of nickel and
tantalum has been cxamined. The technique involves the
measurement of the fundamental mode of a high { mem-
brane for determination of stress; the strain is measured opti-
cally. The biaxial modulus is determined from the ratio of
stress to strain with a precision mainly limited by the resolu-
tion of the optical device. The setup employed was capable of
measuring values of biaxial modulus with an estimated pre-
cision of ~ -+ 5%. The measured values are more reliable
than those obtained by other mechanical techniques such as
the “bulge tester.” No knowledge of film thickness is re-
quired. The measurements are free from ambiguities due to
shape and deformation (warping) of the films.
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