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ABSTRACT

The effective elastic constants of single-crystal TiN/NbN (001) superlattices have been
determined using line-focus acoustic microscopy. Two independent procedures to determine
the elastic constants of the superlattices are discussed. The first procedure calculates the
effective elastic constants of the TiN/NbN superlattices from the elastic constants of the
constituent TiN and NbN layers and verifies the calculated elastic constants by comparing the
corresponding calculated SAW dispersion curves with measured dispersion curves. In the
second procedure the effective elastic constants of the TiN/NbN superlattices are determined
from the measured SAW dispersion data of the superlattices deposited on MgO substrates.
The accuracy of each constant is estimated by considering the sensitivity of the dispersion
curves to changes of each constant. The results of the two procedures are compared and
advantages and disadvantages of each procedure are discussed.

INTRODUCTION

A superlattice film consists of a number of alternating thin layers of different elastic constants with
period A, as shown in Figure 1. It has been shown that transition-metal nitride superlattice films, such as
TiN/NbN, exhibit much higher hardness than homogeneous nitride films and show hardness peaks ai
particular values of the period A [ 1 ]. It has been suggested that the hardness peaks may be correlated with
peaks in the elastic moduli, the so-called supermodulus effect [2J. A supermodulus effect, if present, i.s
anomalous since analytical expressions for the elastic moduli of superlattices show that these quantities are
independent of A. Recent Brillouin scattering measurements for TiN/NbN superlattices did not show a
dependence of the Rayleigh wave velocity on A [3]. While these results show no anomaly, a more complete
set of experimentally-determined superlatrice elastic moduli is required to dismiss the possibility of elastic
anomaly effects.

In the quantitative mode of acoustic microscopy the velocity of surface acoustic waves (SAWs) is
measured [4]. Unlike point-focus acoustic microscopy, by which the velocity of SAWs averaged over all
directions is measured, line-tccus acoustic microscopy allows the measurement of the SAW velocity in a
prescribed direction [5]. Hence line-focus acoustic microscopy has been used to measure the elastic
properties of anisotropic materials. Measurements of anisotropic SAW dispersion curves for single-crystal
thin films deposited on single-crystal solids have been reported in Ref. [6]. Recently, this technique has
been applied to determine the elastic constants of single-crystal transition-metal nitride films [7) and
amorphous carbon films [8]. The technique has also been used to verify the effective elastic constants of
TiN/NbN superlattice films calculated from the elastic constants of the constituent layers (9).

In the present paper, a complete set of the effective elastic constants of TiN/NbN (001) superlattice
films are determined by two independent procedures. Figure 2 is a flow chart of these procedures. Both
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Figure 1. Schematic diagram of a line-focus acoustic lens and a TiN/NbN superlattice specimen. A number
of alternating TiN and NbN layers were epitaxially grown on a cubic-crystal MgO substrate.

procedures are based on the SAW dispersion data obtained by line-focus acoustic microscopy for the films
deposited on subsumes.

The first procedure (referred to as Calculation Procedure) consists of several steps. The elastic
constants of homogeneous TiN and NbN films deposited on MgO are determined from measured SAW
dispersion data, according to the inversion method of Ref. [10]. From the so-obtained elastic constants of
single-crystal TiN and NbN, the effective elastic constants of TiN/NbN superlattices are calculated. The
calculated effective elastic constants are subsequently verified by comparing the corresponding calculated
SAW dispersion curves with measured dispersion data for the TiN/NbN superlattice films deposited on
MgO substrates.

In the second procedure (referred to as Measurement Procedure) the effective elastic constants of the
TiN/NbN superlattices are determined directly from the measured SAW dispersion data of the superlattices
deposited on MgO substrates. The inversion method is similar to but slightly modified from the method
discussed in Ref. [10]. The accuracy of each constant is estimated by considering the sensitivity of the
dispersion curves to changes of that constant.
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Figure 2. Two procedures to determine the effective elastic constants of single-crystal TiN/NbN (001)
superlattices.
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The results obtained by these two procedures are compared. Advantages and disadvantages of each
procedure are discussed.

EXPERIMENTS

The TiN/NbN superlattice films were deposited on cubic-crystal MgO substrates using an ultra-high
vacuum reactive magnetron sputtering system [11]. In-situ low energy electron diffraction from the
specimens yielded spot patterns, indicating that epitaxial films were grown [1]. The period A was extracted
from the x-ray diffraction results and when multiplied by the number of periods, yielded an estimate of the
film thickness h. The film thickness h and the superlattice period A of the specimens used for the
experiments are listed in Table 1. The fraction of the TiN layer thickness dx to the period A is constant

(dt/A = 0.3) for all superlattice specimens.
The experimental results reported in this paper were obtained with a Honda AMS-5000 ultrasonic

measurement system. The principle of this system and its hardware have been described in detail by
Kushibiki and Chubachi [5]. The acoustic probe is schematically shown in Figure 1. The frequency of
operation is around 225 MHz. The quantitative mode of acoustic microscopy is based on the measurement
of the V(z) curve, which is a record of the transducer voltage output V with the variation of the distance z
between the focal line of the acoustic lens and the surface of the specimen. The V(z) curves display
oscillations due to interference between the specular reflection of the incident waves from the surface of the
specimen and radiation of leaky surface waves generated by critical-angle-incident rays,.

The surface wave velocity u has a functional relationship to the spacing Az of the valleys of the V(z)
curve [12], which is given by the following equation [5,13):

v = vw / [ l - ( l -vw/2fAzf]V2 = [vw • f- A*)1/2/(l -vJ4fAz)V2 (1)

where vw is the wave velocity in the coupling water and/"is the wave frequency. The spacing A2, and thus
the SAW velocity of the specimen, is obtained by processing the V(z) data. The processing procedure
consists of three main steps: subtraction of the geometric effect of the acoustic lens from the V(z) data, a
digital low-pass filtering to reduce the component of high frequency noise, and fast Fourier transform
analysis.

SAW velocities were measured on the (001) plane along wave propagation directions varying
incrementally from the [100] to the [010] directions. The diamond-shaped symbols in Figure 3 are the
results for 0.43, 0.91, 1.37 and 2.36 nm TiN/NbN superlattice films, as well as for bare MgO, measured at
225 MHz. The angle represents the direction relative to the [100] crystalline axis. Figure 3 shows the
anisotropic dependence of the SAW velocities on the propagation direction for TiN/NbN (001) superlattice
films epitaxially deposited on cubic-crystal MgO substrates. The results represented by solid lines and
dashed lines (with circles) in Figure 3 are discussed in the next section.

CALCULATION OF THE EFFECTIVE ELASTIC CONSTANTS

Effective Elastic Constants Formula

The effective elastic constants of a superlattice film have been derived in terms of the elastic
constants of the constituent layers. The effective elastic constants of a superlattice composed of isotropic
layers can be found in Ref. [14]. For the more general case, i.e. a superlattice composed of single-crystal
layers, the effective elastic constants were derived by Grimsditch [15].

Consider a superlattice which consists of cubic-crystal layers, all with the same orientation. The
superlattice is considered to be tetragonal-symmetric because the properties along the direction vertical to
the layer planes may be different from those along the layer planes. For an anisotropic material of
tetragonal symmetry the stress-strain relations are
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Table 1. Film thicknesses and
superlattice periods of the TiN/NbN
superlative specimens.
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Figure 3. Anisotropic dependence of the SAW velocity at 225 MHz

for the TiN/NbN (001) superlattices on MgO substrates.
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As shown in Figure 1, the thicknesses of the TiN and NbN layers are dj and dN, respectively, and the
fractions of TiN and NbN are

+ dy) = and dy — dyAdx + dy) = dy/A . (3a,b)

The formulas to calculate the effective elastic constants of the tetragonal-symmetric superlattice can be
obtained from Grimsditch's general results as:

C l l
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where (cjj, cj2, C44) and (c^, c^ , C44) are the elastic constants of the constituent layers of cubic symmetry.
The effective mass density of the superlaitice is

P = d T P T + d N P N . (5)

Equations (4a-f) predict that the effective elastic constants do not depend on the superlattice period but do
depend on the fraction of the two constituent layers.

The elastic constants of cubic-crystal TiN and NbN films have been determined from measured
SAW dispersion data, according to the inversion method, and have been obtained as cjj = 625, cj2 = 165,
and c j 4 = 163 GPa for TiN and eft = 556, c& = 152, and c& = 125 GPa for NbN [7]. The mass density of
TiN is 5.39 g/cm3 and that of NbN is 8.43 g/cm3 [16]. The TiN fraction of the superlattices used in the
experiment is df/A = 0.3. The effective elastic constants of TiN/NbN superlattices (dx/A = 0.3) calculated
using Equations (4a-f) are en = 577, C33 = 575, en = 156, c ]3 = 156, C44 = 134, and c66 = 136 GPa. The
effective mass density of the superlattice obtained by Eq. (5) is 7.52 g/cm3.

Verification of the Calculated Constants

As discussed in Ref. [6], the theoretical SAW velocities can most easily be compared with the
measurements along the [100] and [110] directions. The velocity of SAWs propagating along a symmetry
axis, either the [ 100] or the [110] direction, on the (001) plane of a tetragonal-symmetric film deposited on a
cubic-symmetric substrate, can be calculated by equations presented in Ref. [9]. The measurements were
carried out for the specimens of various thicknesses as listed in Table 1 at 195, 225, and 255 MHz. The
SAW velocities calculated and measured for the various values of the film thickness and the frequency have
been displayed in Figure 4 as functions of the normalized film thickness h/Xs, where h is the film thickness
and Xs is the wavelength of a transverse wave in the substrate. Since the thicknesses of the films are much
smaller than the SAW wavelength (-20 (im), the surface wave penetrates through the film into the substrate.
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Figure 4. Dispersion curves of SAWs propagating along the [100] and [110] directions on the TiN/NbN
(001) superlattice films deposited on MgO substrates. Specimen numbers are as shown in Table
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The results in Figure 4 show the effect of dispersion, i.e., the dependence of the velocity on the film
thickness normalized by the wavelength of the transverse wave in the substrate. The dashed lines in Figure
4 are the dispersion curves for a TiN/NbN superlattice film deposited on an MgO substrate, calculated from
the elastic constants and the mass density of the superlattice film determined in this section and the known
elastic properties of the MgO substrate. The symbols are the measured SAW velocities. The experimental
results show good agreement with the calculated results.

The SAW velocities for the superlattice films used in this work have also been calculated from the
analysis of the V(z) curves in Ref. [17]. Solid lines in Figure 3 represent the results calculated using the
effective elastic constants obtained above. Dashed lines with circles are the results calculated by
considering the superlattice as a multilayer and using the elastic constants of the constituent TiN and NbN
layers. Solid lines and dashed lines (with circles) in Figure 3 agree very well. It is, therefore, shown that
the effective elastic constant approach is a sufficient accurate way to study the elastic properties of
superlattice films.

MEASUREMENTS OF THE EFFECTIVE ELASTIC CONSTANTS

The Measurement Procedure determines the effective elastic constants of the superlattices from the
SAW dispersion data obtained experimentally and displayed in Figure 4. However, it is not necessary to
determine six independent elastic constants from the given data. Based on the calculated effective elastic
constants, which yielded Cn = C33, C\2= Cj3, and C44= c^, it is assumed that the superlattice is a cubic-
symmetric structure, which has only three independent elastic constants.

With known elastic constants and mass density of the substrate and known mass density of the
superlattice, three independent elastic constants of the superlattice have been determined from the inversion
of the experimental SAW dispersion data displayed by symbols in Figure 4. The inversion procedure
consists of seeking a set of the constants that minimizes the sum of the squares of the deviations between
measured and calculated velocities of SAWs propagating in TiN/NbN superlattice films deposited on MgO
substrates. The sum is given as a function of en, C12 and C44, as follows:

y = l
q=l

where Vc q = V(/iq, cn , C12, C44) and h is the normalized film thickness h/Xs. The superscripts A and
B refer to the [100] and [110] directions, respectively, the subscripts m and c denote measured and
calculated results, and N is the number of data points for each direction. With initially estimated values of
the elastic constants of the superlattice, the velocities of SAWs propagating either in the 1100j or the [110]
direction on the (001) plane of a cubic-symmetric film epitaxially deposited on a cubic-symmetric substrate,
are calculated by the equations presented in Ref. [6|. The iterative calculation for minimizing the sum v is
carried out by a systematic function minimization algorithm known as the simplex method [ 18].

The elastic constants of TiN/NbN superlattices have been determined by this procedure as C[ 1 = C33
- 587, C12 = Cj3 = 127, and C44 = c&6 = 135 GPa. These measured elastic constants are compared with the
calculated elastic constants in Table 2 and discussed in the following section. The dispersion curves
calculated from the effective elastic constants determined in this section are displayed by solid lines in
Figure 4. They show good agreement with the measured dispersion data.

DISCUSSION

Accuracy

It is desirable to investigate the influence of each elastic constant on the SAW dispersion curves.
The influence of the elastic constants determined in the previous section on the SAW dispersion curves for
the TiN/NbN superlattices deposited on MgO substrates is shown in Figures 5(a) and 5(b). In Figure 5(a)
the wave propagation direction is [ 100| while it is [1101 in Figure 5(b). Figures 5(a) and 5(b) display the
dispersion curves for the cases that one of the elastic constants is increased by 10%. It is observed that all
elastic constants contribute to the change of the dispersion curves (a) and/or (b). It is, however, noted that
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Table 2. The elastic properties of TiN, NbN, and TiN/NbN (dT/A = 0.3).

TiN
NbN

TiN/NbN

(Ref. [7])
(Ref. [7])

(calculation)
(measurement)
(discrepancy, %)

Cll

625
556

577
587
0-2)

Effective elastic constants

C33

575
587
(+2)

Cl2

165
152

156
127
(-19)

Cl3

156
127
(-19)

C44

163
125

134
135
(+1)

(GPa)

C66

136
135
(-D

mass
density
(g/cm3)

5.39
8.43

7.52

the dispersion cu've is more sensitive to changes of e n and C44 and less sensitive to changes of C12
Inversely the calculated values of C12 may, therefore, be less accurate than the calculated values of the other
constants.

Comparison of the Calculation and Measurement Procedures

The Calculation Procedure can determine six independent elastic constants of tetragonal-symmetric
superlattices. This procedure consists, however, of several steps, and the accuracy of the measured elastic
constants of the constituent layers affects the accuracy of the effective elastic constants of the superlattices.
The procedure also depends on the validity of the formulas for the effective elastic constants. For example,
if the interfaces between the layers are not perfect, the calculation of the effective elastic constants may not
be accurate.

The Measurement Procedure can be used only when the symmetry of the superlattice is similar to the
symmetry of the individual layers. If this assumption is valid, this procedure can determine the effective
elastic constants of the superlattices more simply than Calculation Procedure.

The results of these procedures are compared in Table 2. It appears that the values of cj 1, C33, c44
and C66 obtained by the two procedures show agreement within 2% deviation. The values of C12 and ci3
obtained by the procedures show, however, deviations of about 20%. These larger deviations are consistent
with the anticipated inaccuracy of these constants for the individual layers as discussed above.
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Figure 5. Influence of changes of en, C12, and C44 of TiN/NbN on the SAW dispersion curves of the
superlattice films on the MgO substrates: (a) the [100] direction, (b) the [110] direction.
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SUMMARY AND CONCLUSION

The effective elastic constants of single-crystal superlattices have been determined by using SAW
dispersion data obtained by line-focus acoustic microscopy. Two different procedures to obtain the elastic
constants have been described. The first procedure calculates the effective elastic constants of the
superlattices from the elastic constants of the constituent layers and verifies the calculated elastic constants
by comparing the corresponding calculated SAW dispersion curves with measured dispersion curves. The
second procedure determines the effective elastic constants from the measured SAW dispersion data of the
superlattices deposited on substrates. Advantages and disadvantages of each procedure have been
discussed. The accuracy of each constant has been estimated by considering the sensitivity of the dispersion
curves to changes of that constant. The results for en, C33, C44 and C66 obtained by the two procedures show
good agreement with each other, while the results forcj2 and C13 show significant deviations.
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