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Evidence for the supermodulus effect and enhanced hardness in metallic superlattices
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A study of the mechanical properties of Cu/Nb superlattices shows that for modulation wavelengths
0

below -50 A the biaxial modulus increases by —15%, the shear modulus decreases by -30%, and the
flexural modulus does not change. These observations show that anomalies with different signs for elas-
tic moduli can coexist in the same material. Measurements performed on both supported and unsup-
ported films show that the anomalous e6'ects are not induced by the presence of a substrate. The super-
lattices are also found to have a hardness larger than either Cu or Nb.

In spite of the fourteen years that have elapsed since
large enhancements in the biaxial moduli of Au/Ni and
Cu/Pd superlattices were reported, ' these findings are
still controversial. Subsequent studies on Cu/Ni (Refs. 3
and 4) and Ag/Pd, which found biaxial moduli larger
than that of diamond, intensified the controversy. The
reason for the controversy is the great difhculty in
measuring elastic properties of thin films. The initially
reported enhancements of the biaxial modulus, measured
using the bulge tester technique, have been questioned re-
garding problems of initial warping of the films and the
resulting uncertainties in the data analysis. Since the
early bulge tester measurements' a number of other
techniques have been used to investigate the presence or
absence of elastic anomalies ("supermodulus efFect" ).
The shear and compressional moduli of superlattices have
been studied by Brillouin scattering ' and picosecond-
reAectance' techniques, respectively, and in all cases
anomalies were found. Other techniques, ' ' based on
the excitation of macroscopic normal modes of the film,
have been used to study compositionally modulated films
(Cu/Ni and Ag/Pd) have usually found no anomalies at
all. None of the above techniques however has measured
the biaxial modulus directly.

Here we present a comprehensive study of the biaxial,
flexural, and shear moduli of Cu/Nb superlattices. Our
results exhibit anomalies; an increase of the biaxial
modulus, and a decrease of the shear modulus which
correlate with a lattice expansion as the modulation
wavelength A is decreased to 20 A. The biaxial modulus
enhancement ( —15%) is however considerably smaller
than the previously reported 700% and 100% for Cu/Ni

(Refs. 3 and 4) and 230% for Au/Ni. '

Although it might appear that an obvious choice of
material for the present study should be either Cu/Ni or
Ag/Pd, the already conflicting results reported on these
systems imply that there could be effects related to the
preparation technique. To avoid these complications
Cu/Nb was chosen for the present studies because it is
known that its shear constant behaves in an unexpected,
but reproducible, manner as shown by two independent
groups ' both of which reported a decrease in this con-
stant. We note however, that Cu/Nb, contrary to Cu/Ni
and Ag/Pd is a eutectic system with sharp interfaces so
that care should be exercised in generalizing our results
to compositionally modulated systems.

Equal thickness Cu/Nb multilayers, 7 pm thick, with
modulation wavelengths 4=22, 30, 55, 85, 125, and 250
A and 7 pm Cu and Nb films were prepared by dc magne-
tron sputtering on silicon substrates. ' The base pressure
was —10 Torr and the argon pressure during deposi-
tion was —3X10 Torr. Deposition was finished with
niobium in the outermost layer since this produces a
shinier surface and thereby facilitates the Brillouin
scattering experiments.

The structure was determined from reAection 0-20 x-
ray diffraction performed using Cu Ee radiation. The
films show a strong preferential orientation with the Nb
[110] and Cu [1llj axes perpendicular to the layers but
with randomly oriented crystallites in the plane of the
substrate. Well-resolved superlattice diffraction peaks
were observed for all the superlattice samples. The aver-
age lattice spacing (d ) and modulation wavelength A
are obtained from
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where n is an integer which labels the order of the satel-
lite around the main Bragg peak. Figure 1(a) shows the
average spacing ( d ) thus obtained which exhibits an ex-
pansion with decreasing A which reaches 1.7%%uo for the
A=22 A sample in agreement with a previous report. '

The individual lattice parameters of the constituents can-
not be determined directly from the peak positions but
require fitting to the experimental spectra with models
where the lattice constants are used as fitting parame-
ters.

The expected elastic constant matrix (C;. ) for Cu/Nb
superlattices can be calculated ' from the known bulk
values for Nb and Cu. Literature values for bulk Cu cov-
er a substantial range; however, choosing the values for

both Nb and Cu from Ref. 23 we obtain a set of values
expected for oriented films for both the Voigt and Reuss
averages. These values are then combined ' to yield the
C, of the superlattice from which the various measured
velocities and moduli can be calculated.

In order to further characterize the superlattices used
in this study and to reduce any uncertainties of a compar-
ison with previous investigations, we have performed
Brillouin scattering measurements on the "as-prepared"
samples (i.e., before they were removed from the sub-
strate). The results are shown by the crosses in Fig. 1(b)
and the 15% decrease in velocity, observed for small A, is
in excellent agreement with that previously reported. '

Brillouin scattering was then again performed after the
films had been removed from the substrate; the results are
shown by the full circles in Fig. 1(b). Because of possible
systematic errors between different series of Brillouin ex-
periments, no physical significance can be attributed to
the difference between the two series of measurements.
The good agreement between the trend of the two sets of
measurements is an indication that (i) the anomalous be-
havior is not due to the presence of a substrate, and (ii)
the films are not damaged on removal from the substrate.
These very important points have then been experimen-
tally verified.

The surface wave velocity (U) measured in Brillouin ex-
periments is related to the shear. elastic constant C44 by
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FKx. 1. Structural and elastic properties of Cu/Nb superlat-
tices vs modulation wavelength; (a) average perpendicular lat-
tice spacing, (b) surface wave velocities in supported (crosses)
and unsupported (full circles) superlattices, (c) biaxial modulus
(the dashed line is described in the text), and (d) symmetric
Lamb wave velocity. The solid lines are guides to the eye. The
filled (unfilled) triangles represent the pure niobium (copper)
films.

U =p(C«/p)'i

where p is the density and /3=0. 9 is only weakly depen-
dent on C&&, C33, and C&3. The calculated surface wave
velocities using the Voigt and Reuss averaged elastic
constants are 2.08 and 1.91 km/sec, respectively. For
large modulation wavelengths, where continuum theory
is expected to be valid, there is agreement between exper-
iment and calculation.

The biaxial modulus is determined using a tech-
nique ' which measures the strain dependence of the
frequency of the normal modes of a vibrating film. As ex-
plained in Refs. 25 and 26 possible problems with plastic
deformation were avoided by fitting only the data points
obtained on decreasing the tension. Contrary to the case
of some pure materials (e.g. , Cu, Ni, Ag, etc.) which
behave plastically with increasing strain, ' Cu/Nb su-
perlattices are highly linearly elastic even with increasing
tension. Since it has been shown that hardness and yield
strength are strongly correlated, the observed increase
in the yield strength is consistent with our hardness mea-
surements which will be discussed later.

The linear stress-strain relationship obtained using our
method is in sharp contrast to that exhibited in bulge test
measurements' ' where nonlinear stress-strain curves
were often observed. Figure 1(c) shows the biaxial
modulus results for the Cu/Nb superlattices and for the
pure Cu and Nb films. For each modulation wavelength
the data are averages over sets of at least four separate
measurements. The error bars represent the standard de-
viations of each set.

The expression for the biaxial modulus (1's) in terms
ofthe C; is
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Similarly to the flexural modulus (see below), the experi-
mental value of Yz for Cu lies below the calculated range
(0.222 —0.262 TPa) (Ref. 22) while that of Nb lies close to
the top of the expected range (0.137—0.157 TPa). It can
be easily shown ' that the biaxial modulus of a superlat-
tice is given by the weighted average of the biaxial moduli
of the constituents. This average, obtained using the ex-
perimentally determined Yz's for Cu and Nb films, is in-
dicated by the dashed line in Fig. 1(c). For A ~ 50 A the
measured values of Y~ are consistent with this average.
The most striking feature of the results shown in Fig.
1(c), is the enhancement of Yz as the modulation wave-

0

length is decreased below 50 A.
Figure 1(d) shows the measured velocity of the sym-

metric Lamb mode ' as a function of modulation wave-
length for Cu/Nb superlattices and pure Nb and Cu
films. The velocity of symmetric Lamb modes is given by

U=[(Cii —Ci, /C33)/P]' =(F/P)' (4)

where F is the flexural modulus. Similarly to the biaxial
modulus results, the value obtained for the pure Cu film
(4.19 km/sec) is below that calculated from bulk values
(4.43 —4.60 km/sec) whereas the Nb velocity (3.69
km/sec) is slightly higher than the expected range
(3.42 —3.65 km/sec) obtained from bulk values. The mea-
sured values in the superlattices are close to the average
of the measured velocities in pure Cu and Nb.

Although the results presented in Fig. 1 are the most
complete elastic study of any system which shows anoma-
lous behavior, it is still not possible to decisively isolate
the behavior of any single C; . The velocity of the surface
wave [Fig. 1(b)] is strongly dependent on C44 [Eq. (2)] and
only weakly dependent on C», C33, and C&3. Given the
weak modulation wavelength dependence of the biaxial
and flexural moduli which are functions of the latter C; 's

it is almost certain that C44 depends strongly on A. Since
a decrease solely in C33 (with no changes in the other C; )

would produce an increase in both the biaxial and Aexur-
al moduli with the change in Y~ being roughly twice as
large as in F, our results of Y~ and F are consistent with
a decrease of C33 similar to that found in a number of sys-
tems. ' The results given in Ref. 9, however, show only
small changes in C33 of Cu/Nb superlattices. The possi-
ble enhancement of C, z reported from an investigation of
Love waves in Cu/Nb (Ref. 30) is consistent with our re-
sults but has such large error bars that no quantitative
comparison can be made.

Knoop microhardness of the Cu/Nb superlattices was
measured using an Anton Paar MHT4 Microhardness
Tester with an applied load of 4 g (see Fig. 2). Ten widely
spaced indents were made on each sample. In accor-
dance with the established procedure for hardness mea-
surements, ' the depth of the indents were less than I0%
of the total film thickness. As seen in Fig. 2, the superlat-
tices are harder than either of the constituents. Noting
that the hardness is a measure of the yield strength, it
has been suggested than an enhanced hardness in multi-
layers may be the result of a supermodulus effect on the
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FIG. 2. Knoop microhardness vs modulation wavelength for
Cu/Nb.

line tension of dislocations. However, nanohardness in-
dentation studies of Cu/Ni films give hardness enhance-
ments without any anomalous elastic behavior during in-
denter unloading. Those results, coupled with the fact
that the hardness enhancements presented here are much
greater than the elastic anomalies, suggest that another
mechanism is responsible. Proposed mechanisms have in-
volved either effects of image forces on dislocations,
where no modulation wavelength dependence is predict-
ed, or a Hall-Petch-like interface hardening effect,
where a modulation wavelength dependence is expected.
Unlike the hardness behavior of TiN/VN (Ref. 32) and
Cu/Ni, which displayed a modulation wavelength
dependence, the hardness results for Cu/Nb [as well as
those for Mo/Ni (Ref. 35)] showed no modulation wave-
length dependence, which suggests that image force
effects dominate in these films.

Because of the variety of elastic anomalies exhibited by
different systems, a detailed comparison of our experi-
mental results to theory could only be done if model cal-
culations for bcc/fcc structures reported specific esti-
mates for the individual moduli. Since model calcula-
tions are not yet that specific, only the general features:
i.e., a large reduction in C44 and a small increase in F~,
can be qualitatively compared. Molecular dynamics
(MD) calculations for Mo/Ni (Ref. 36) found that expan-
sion of the out-of-plane Ni lattice constant could explain
the measured reduction in the shear modulus and pre-
dicted a slight enhancement of (8 —10%) of Young's and
biaxial moduli in excellent agreement with our measured
results on Cu/Nb. The coherency strain model (which
assumes that the in-plane structures are coherent at the
interface and hence may not be applicable to bcc/fcc sys-
tems) uses the measured ( d ) as an input parameter, and
predicts a reduction of C44 in Cu/Nb which is compara-
ble to the measured values.

Recent calculations assuming incoherent or grain
boundary interfaces in fcc/fcc systems have found de-
creases in C44 and increases in the biaxial modulus in
agreement with the measured results found for Cu/Nb.
This model also predicts the measured out-of-plane lat-
tice constant expansions. Another model has been pro-
posed based on interfacial stresses associated with in-
coherent (or semicoherent) interfaces which induce lattice
parameter variations as a function of A. The model pre-



BRIEF REPORTS 13 763

diets elastic behavior that is in reasonable agreement with
the increases in Yz and the decrease in C44 reported here.
Other proposed models ' ' have not yet produced quan-
titative results pertaining to the behavior of the di6'erent
moduli.

To summarize, we have shown that elastic anomalies of
dift'erent sign and magnitude can coexist in a single sys-
tem. More specifically, the Cu/Nb system shows simul-
taneously an enhancement of the biaxial (15%), a de-
crease of the shear (30%), and A-independent flexural

modulus. The changes are concomitant with an out-of-
plane expansion of the average lattice spacing. These re-
sults are in qualitative agreement with model calculations
which either use the lattice expansions as an input param-
eter ' of which predict concomitant lattice expan-
sions. '8'
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