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Measurement of the elastic modulus of nanostructured gold and platinum thin films
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Cantilevers of atomic force microscope~AFM! have been uniformly coated with gold and platinum thin
films. These films are nanostructured with thickness between 18 and 73 nm. Measuring the resonance frequen-
cies of the cantilevers, before and after the Pt and Au coatings, and using the vibrating beam theory we
determined the elastic moduliE2 of the films. We have obtainedE2569.162.6 GPa for gold andE25139.7
62.7 GPa for platinum, that are about 12% lower than the respective bulk elastic moduli.
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Over the past decade there was an explosion in both
demic and industrial interest in nanostructured materials~ns
materials!.1–3 These materials may be defined as those m
rials whose structural element clusters, crystallites, or m
ecules have dimensionsD in the 1 to 100 nm range. This i
due to the remarkable variations in fundamental electri
optical, mechanical,4,5 and magnetic properties. So, such m
terials have been developed and have attracted great int
due to both scientific and technological significance in rec
years.

Nanostructured materials have manifested some nove
superior mechanical properties,6–8 probably due to their
grain sizes~typically D,100 nm) and large fraction of in
terfaces~grain boundaries!. Investigations, for instance, o
the elastic properties of ns-Ag~Ref. 6! showed that the Pois
son’s ratio, the shear and the Young’s modulus (E2) are
smaller than the corresponding bulk polycrystalline Ag v
ues. According to these analysis6 and recent works,1–9 the
relations between grain sizes, grain boundaries, and poro
with the sound and mechanical properties of ns materials
not fully understood. These are essential aspects that
remain to be clarified, experimentally and theoretically,
the future. With this in mind, a method was recen
proposed10 to measureE2 for thin films. This procedure was
adopted because the determined values by nanoindenta
which is the classical method to measureE2 , in thin films, is
affected by the substrate. With this technique Salvad
et al.10 have obtainedE25616 GPa for diamondlike films
~DLC’s!. This result is in good agreement withE2
5580 GPa found recently by Brillouin scattering.11 Note that
this E2 for the elastic constant of DLC films is about 40
smaller than the diamond bulk modulus, given byE2
51000 GPa. This elastic constant softening is expected
to the amorphous structure of the DLC, in contrast with
crystalline one of the diamond.1–9

In this work, the same procedure adopted in the preced
work10 will be used to measure the Young modulus of go
and platinum thin films. These films are deposited in AF
cantilevers with a system of metal plasma immersion
implantation and deposition~MePIIID!.10,12–14 As will be
shown, the films are nanostructured. The Au and Pt ela
moduli are determined by measuring the resonance freq
cies of the cantilevers. The resonance frequencies of vib
ing cantilevers depend not only on the properties of the or
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nal cantilevers, but also on the coating properties: ela
modulus, density, and thickness of the films. We have car
out a systematic investigation of vibrating cantilevers coa
with several thicknesses of Au and Pt films. The elas
modulus determination is performed using the vibrati
beam theory and taking into account the measured reson
frequencies of the coated and uncoated cantilevers.

The deposition of the Au and Pt films was carried o
inside a vacuum chamber with a plasma gun and a par
filter ~MePIIID!.10,12–14The gun cathodes were made fro
Au and Pt, which were the material sources for the film
deposition. The plasma of the cathode material is produ
by a discharge between cathode and anode. This plasm
guided to the substrate through the particle filter, eliminat
macroparticles produced during the discharge. The par
eters used for the gold and platinum thin films deposit
were 180 A for the arc current, 5 ms for arc duration, and
Hz for the pulse frequency.

A uniform coating around the cantilevers was important
prevent the cantilevers from bending.15 To have a uniform
coating around the cantilever, we used a rotating holde10

The rotation axis was in the direction of the cantilev
length. The holder rotation frequency was between 1 and
rpm, which means that in each complete turn the plasma
has been shot between 24 and 60 times, covering the c
lever uniformly around the direction perpendicular to the
tation axis. The AFM cantilevers used in this work, and
the precedent one,10 were commercial ones microfabricate
with silicon.

In our technique, for theE2 determination, the thicknes
of the film is the more sensitive parameter, so we have u
a very precise method to measure it. A small piece of silic
with an ink mark, was placed close to the cantilever, rotat
coupled with it.10 After the deposition, the ink was remove
and the step obtained was measured with an atomic fo
microscope. We have measured about ten different region
the silicon piece. Then an average value and its error w
calculated for each sample.

We first measured the resonance frequencies of the o
nal cantilevers. Note that we have used only one cantile
for each metal~Pt and Au!. These measurements have be
done using a NanoScope IIIA microscope in AFM tappi
mode. This equipment allows us to measure the resona
frequency as a part of the oscillation mode procedure. T
©2003 The American Physical Society04-1
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the thinner film was deposited and the new resonance
quency was measured. Then one more deposition was ca
out on the same cantilever and the new resonance frequ
was measured and so on, until obtaining the thicker film

According to the elasticity theory,10,16 the fundamental vi-
bration frequencyn, in the Rayleigh approximation, of
clamped-free beam with length, and rectangular cross se
tion, with thicknesst and widthw, is given by

FIG. 1. Scanning tunneling micrograph with a typical morph
ogy of our Au films.
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~2p!2

t2

,4

E1

r1
, ~1!

whereE1 and r1 are, respectively, the Young modulus an
the density of the beam.

Let us assume now that this beam is coated with a dif
ent material, with densityr2 and elastic modulusE2 . For a
thin and uniform coating, with thicknessd, where thin means
w, t@d, the resonance frequency of the coated beam will
given by16

FIG. 2. Scanning tunneling micrograph with a typical morph
ogy of our Pt films.
.

nc
25

12.36t2

~2p!2,4

E1~wt/12!1E2d@~w12d!~1/21d/t1d2/2t2!1t/6#

r1tw12r2d~w1t12d!
, ~2!

where higher order terms ind/w andd/t are now taken into account, improving Eq.~2! of our preceding work.10

In what follows, the original beam frequencyn @see Eq.~1!# will be written asnu , to indicate ‘‘uncoated’’ beam frequency
From Eqs.~1! and ~2! we get the frequency ratio

nc
2

nu
2 5

r1wt112~E2 /E1!d@~w12d!~1/21d/t1d2/2t2!1t/6#

r1tw12r2d~w1t12d!
. ~3!
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The elastic modulusE2 of gold and platinum films will be
determined by fitting the theoretical frequency ratiosnc /nu

given by Eq. ~3!, with the experimentally measured fre
quency ratios.

In Figs. 1 and 2 we have scanning tunneling microgra
presenting the typical morphologies of our Au and Pt film
These pictures show clearly the nanostructured characte
the films.

In Table I are given the film thicknessesd and the corre-
sponding measured frequencies of the uncoated and co
cantilevers. The dimensions of the cantilever used in the
coating set are w539.38mm, ,5136.9mm, and t
54.23mm. The cantilever used in the Pt coating set, h
w541.23mm, ,5138.8mm, andt54.41mm.

The grain sizes, for Au and Pt, increase with the fi
s
.
of

ted
u

s

thickness. The average grain size^D& goes from 10 to 40 nm
for gold films, and from 20 to 35 nm for platinum films.

For the AFM silicon cantilevers, the density isr1

52.33 g/cm3 and the elastic modulus isE15162 GPa.10 The
gold and platinum films densitiesr2 , obtained by Rutherford
back scattering~RBS! were found to be equal to the bul
values, for both cases, with an error around 2%. In this w
taking into account the bulk densitiesr2

Au519.32 g/cm3 and
r2

Pt521.44 g/cm3, we determined the elastic modulusE2 of
the Au and Pt films by fitting the theoretical frequency rati
nc /nu , given by Eq.~3!, with the experimental measure
frequency ratios. Note that theE2 obtained here are the elas
tic constants for Au and Pt films with thickness between
and 73 nm.

Figures 3 and 4 show thenc /nu plot as a function of the
4-2
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TABLE I. The film thicknessesd and uncoated (nu) and coated (nc) resonance frequencies of the cantilevers.

Cantilevers Coated with Au Cantilevers Coated with Pt
Uncoated
frequency

(nu60.050)
kHz

Film
thickness
d ~nm!

Coated
frequency

(nc60.050)
kHz

Uncoated
frequency

(nu60.050)
kHz

Film
thickness
d ~nm!

Coated
frequency

(nc60.050)
kHz

308.745 18.7860.40 300.849 309.924 21.6760.53 302.267
308.745 28.5560.25 294.537 309.924 31.3360.87 296.623
308.745 39.6860.32 288.672 309.924 39.661.2 291.300
308.745 54.1960.51 283.135 309.924 57.961.1 286.614
308.745 61.6260.40 277.756 309.924 61.261.0 282.013

309.924 72.961.1 277.837
s
o
f

n

m
e
ti

lu
s
t
ys

si
c
x

an

in
in

the
e a
of

de-

,

e

he ta
film thicknessd, for Au and Pt, respectively. The circle
indicate the experimental data. The solid curves corresp
to the theoretical fitting~thed50 is taken only as a point o
reference!. With the best fit we obtainedE2569.1
62.6 GPa for the gold films andE25139.762.7 GPa for the
platinum films.

The resonance frequencies of the cantilever, as see
Figs. 3 and 4, decreased with the thicknessd of the Au and Pt
films, according to the predictions of the vibrating bea
theory.16 For Au films, the elastic modulus was found to b
E2569.162.6 GPa, about 12% smaller than the bulk elas
modulus E2578.9 GPa. For the Pt filmsE25139.7
62.7 GPa, also about 12% smaller than the Pt bulk modu
E25158 GPa. As is well known,1–3,6–9the elastic constant
of a material are directly related to its atomic bonds streng
Theoretical models show that the elastic moduli of nanocr
talline materials1–3,6,17are essentially due to the grain sizesD
and the grain boundaries structures. The interfacial adhe
energy between grains and, consequently, the interfa
strain, depends critically on the interfacial structure. It is e
pected that the interfacial structure, which is disordered
highly defected, produces an elastic softening.1–3,6,17,18Ac-
cording to computer simulations,17 interfacial effects be-

FIG. 3. Plot of the frequency rationc /nu as a function of the
gold film thicknessd. The circles give the experimental data and t
solid curve shows the theoretical fitting.
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tween grains are responsible for elastic moduli softening
ns materials. This predicted softening effect is observed
our experimental results. In order to get an estimate of
elastic softening of the interfacial structure, let us propos
simple model. First, let us assume that it is composed
almost cubic crystalline grains, with dimensionsD, and the
grain boundaries are formed by disordered and highly
fected structures with thicknessd.17 Second, the Young
modulus of the interfacial material would be given byEi and
of the grains would be the bulk modulusEb . Third, d being
a small fraction ofD will obey the relationd/D5x, where
1@xÞ0. With these assumptions and knowing thatEi /Eb
5(DD/D)/(Dd/d), we can easily show thatE2 of the ns
material can be written as

E2'
~11x!

~x/Ei11/Eb!
. ~4!

According to Eq.~4!, if there is no interfacial structure
that is, x50, we haveE25Eb . Now, let us use Eq.~4! to
estimateEi for our Au films. So, takingEb579 GPa,E2
569 GPa, and assuming thatx50.2, which is a reasonabl

FIG. 4. Plot of the frequency rationc /nu as a function of the
platinum film thicknessd. The circles give the experimental da
and the solid curve shows the theoretical fitting.
4-3
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value for this parameter,17 we obtainEi'44 GPa. Thus, the
interfacial structure of our Au films would have an elas
constant similar, for instance, to the Mg bulk modulus. Ho
ever, in order to get a clear understanding and a pre
quantitative estimate of this softening, more detailed exp
mental and theoretical analysis of the interfacial structu
and their effects will be necessary.
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