Anisotropic elastic properties of nanocrystalline nickel
thin films

D.C. Hurley,” R.H. Geiss, M. Kopycinska-Miiller, J. Miiller, D.T. Read, and J.E. Wright
Materials Reliability Division, National Institute of Standards & Technology,

Boulder, Colorado 80305

N.M. Jennett and A.S. Maxwell

Materials Centre, National Physical Laboratory, Teddington, Middlesex TW11 OLW, United Kingdom

(Received 5 October 2004; accepted 26 January 2005)

The elastic properties of a nickel film approximately 800 nm thick were measured with
nanoindentation, microtensile testing, atomic force acoustic microscopy (AFAM), and
surface acoustic wave (SAW) spectroscopy. Values for the indentation modulus
(220-223 GPa) and Young’s modulus (177-204 GPa) were lower than predicted for
randomly oriented polycrystalline nickel. The observed behavior was attributed to
grain-boundary effects in the nanocrystalline film. In addition, the different
measurement results were not self-consistent when interpreted assuming elastic
isotropy. Agreement was improved by adopting a transversely isotropic model
corresponding to the film’s (111} preferred orientation and reducing the elastic moduli
by 10-15%. The SAW spectroscopy results indicated that the film density was 1-2%
lower than expected for bulk nickel, consistent with models for nanocrystalline
materials. Similar reductions in modulus and density were observed for two additional
films approximately 200 and 50 nm thick using AFAM and SAW spectroscopy. These
results illustrate how complementary methods can provide a more complete picture of

film properties.

. INTRODUCTION

As the usefulness and applicability of thin films con-
tinues to expand, increasingly more detailed information
about them is needed. In particular, many applications
require knowledge about a film’s mechanical behavior to
predict or diagnose its performance in a product. Several
techniques based on a variety of physical principles have
accordingly been developed to evaluate the mechanical
properties of thin films.'"™* Although all of these tech-
niques provide useful information, the measured proper-
ties often differ from one another. The question of how
well the disparate measurements agree to form a unified,
consistent picture of a film’s properties has not yet been
fully answered.

In this paper, we compare measurements of the elastic
properties of thin films obtained by four very different
measurement methods. Methods included nanoindenta-
tion, microtensile testing, surface acoustic wave spec-
troscopy, and atomic force acoustic microscopy. The
methods spanned several orders of magnitude in their
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spatial resolution, from the macroscale to the nanoscale.
Some of the methods were nondestructive; others perma-
nently damaged the sample. Some measurements were
performed under quasistatic conditions; others involved
acoustic vibrations at frequencies greater than 100 MHz.
In spite of their differences, all four methods provide
valuable information about a film’s properties. By com-
bining and comparing measurement results,” we can ob-
tain a more complete picture of the film’s properties,
including density and thickness as well as elastic moduli.
Specifically, we show how our results lead us to interpret
the film using an elastically anisotropic model. Although
somewhat more complicated than simple isotropic elas-
ticity, the model is more physically realistic and is com-
patible with all of the available information.

We have used nickel (Ni) as the film material in this
work. Micro- and nanostructured nickels possess techno-
logical significance for several applications, such as cor-
rosion or wear resistant coatings, contact layers in mi-
croelectronic circuitry, and as a potential alternative to
silicon in microelectromechanical systems (MEMS) de-
vices.®” For such applications, information about the
properties of nickel films may assist in the modeling and
prediction of mechanical behavior. There is also interest
in nickel as a platform with which to explore the relation
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between strength or hardness and grain size for nano-
meter-sized grains.®

Il. EXPERIMENTAL TECHNIQUES
A. Sample preparation and characterization

The sample used in these experiments was a Ni film
sputtered onto a (001) single-crystal silicon (Si) substrate
using room-temperature direct current (dc) magnetron
techniques. The native oxide layer on the wafer was re-
moved by etching prior to film deposition. Different seg-
ments of the same wafer were used for all of the different
experiments described below. The nominal film thick-
ness was 800 nm; its actual thickness was determined
from calibrated scanning electron microscope (SEM) im-
ages of the sample in cross section. From six measure-
ments at various places on the sample, the value t = 772
+ 5 nm was obtained for the average film thickness. The
uncertainty in ¢ was based on the scatter in individual
measurements.

X-ray diffraction (XRD) methods were used to assess
the preferred grain orientation of the Ni film. The meas-
ured XRD spectrum shown in Fig. 1 contained a strong
peak at a 268-angle of 44.6° and a weaker peak at 98.7°,
corresponding to the (111) and (222) orientation of
single-crystal Ni, respectively. The full width at half
maximum of the (111) peak was determined by a split-
Pearson VII-function analysis and found to be 0.4°. Al-
though our spectral analysis of the XRD peaks was only
qualitative, it clearly indicated that the film grain size
was quite small. Quantitative information about the
film’s microstructure was obtained by SEM analysis.
Figure 2 shows SEM images of the film. The cross-
sectional image in Fig. 2(a) indicates that the crystallites

<111

intensity (a.u.)

<222

| A A

30 40 50 60 70 80 a0 100 110
20 (degrees)

FIG. 1. XRD spectrum of sputtered Ni film 772 nm thick. The (001)
Si peak has been removed from the spectrum.

)]

FIG. 2. SEM images of sputtered Ni film 772 nm thick: (a) cross-
sectional view and (b) top view.

are approximately equiaxed. The plan-view image in
Fig. 2(b) shows a few relatively large grains (diameter
40-50 nm), but grains with diameter 20—30 nm dominate
the surface topography. Use of commercial image analy-
sis software to estimate the grain size revealed that the
average grain diameter d = 27 + 10 nm. From the XRD
and SEM results, we concluded that the film was
nanocrystalline.

B. Microtensile testing

Microtensile experiments were performed using force-
probe techniques previously described.® Unlike the meth-
ods described below that used blanket film samples, the
microtensile experiments required a specialized speci-
men geometry. The specimen was essentially a miniatur-
ized version of a conventional tensile test specimen, with
a gage section of freestanding thin film approximately
190 x 4.7 x 0.77 um® in size. Specimens were prepared
from a section of the original film/substrate sample by
photolithographic processing and etch release of the film.
The specimen was loaded by a pin mounted on an
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instrumented force probe with a built-in force sensor that
had been calibrated against a force pendulum. Engineer-
ing strain was measured from the displacements obtained
by digital image correlation of subimages at the ends of
the gage section. The applied strain rate was approxi-
mately 3.2 x 107> per second. Indicators in the form of
short, extra-wide regions at each end of the gage section
were included in the photolithographic design to assist in
image correlation. Background correction and image
smoothing of the digital images were used to minimize
errors in the measured displacements.

From the slope of the measured displacement versus
applied force, a value for Young’s modulus E was cal-
culated. Note that microtensile tests determine E for the
in-plane direction of the film. Experiments were per-
formed on four separate specimens and the results com-
bined to obtain an average value for E. A measurement
uncertainty of +5% for this technique was obtained by
analysis of the uncertainty budget and scatter in the
individual measurements. The loading rates in the
microtensile experiments were such that each load or
unload cycle lasted approximately two minutes. Thus,
these measurements were performed under quasistatic
conditions.

C. Nanoindentation

Another section of the thin-film sample was evaluated
by depth-sensing indentation, also known as nanoinden-
tation. Nanoindentation timescales are similar to those
for microtensile testing (i.e., quasistatic). Our indentation
experiments were designed, performed, and analyzed us-
ing previously described methods.>'®'" A Berkovich ge-
ometry diamond indenter was used. The tip area function
and frame compliance were determined using a two-
reference-material method similar to that already pub-
lished.'" All displacements were corrected for the deter-
mined instrument frame compliance of 0.189 nm/mN. A
simplified area function of the form \/A_p = 5.115 h,
+ 277 was used, where A, is the projected area of the
indenter and /4 is the contact depth. It was found that this
function was still valid at the indentation contact depths
chosen (h, = 28, 64, and 122 nm, corresponding to test
forces of 0.3, 1, and 3 mN). The simplified area function
deviated from the measured shape at the lowest indenta-
tion depth by less than 3%. Therefore, any resulting sys-
tematic underestimation of indentation modulus was less
than 3%.

Ten indentations were performed at each test force and
the values averaged. The indents were placed at 50 wm
intervals to ensure that previous indentations did not af-
fect subsequent results. In each indentation cycle, the
maximum applied force was held for 60 s to allow time
for the creep rate to reduce to sufficiently low levels.
Thermal drift corrections were obtained for each experi-
ment from a hold period of 60 s at the beginning of each

indent experiment. The gradient of a linear fit to the last
40 s of the displacement-versus-time data measured dur-
ing the hold period was used, in conjunction with the
time recorded for each data point, to correct for the effect
of thermal drift on the displacement values measured.
Thermal drift rates were less than 0.03 nm/s. An addi-
tional hold period at 90% removal of applied force was
used to check for residual uncorrected drift affecting the
unloading curve.

Nanoindentation experiments determine values of the
reduced modulus E, of the system. The indentation
modulus M of the sample was determined from the meas-
ured E, through the relation

1/E, = 1/My,

where My, is the indentation modulus of the diamond tip.
For an isotropic material M = E/(1 — v*), where E is
Young’s modulus and v is Poisson’s ratio. It is important
to remember that nanoindentation (and atomic force
acoustic microscopy) measurements are made in a direc-
tion perpendicular to the film plane, that is, in an out-of-
plane direction. The values obtained by nanoindentation
for a film/substrate system are a composite of the re-
sponses of both the film and substrate and therefore de-
pend on depth. To determine the indentation modulus of
the film independent of the substrate properties, a linear
fit was applied to the plot of M versus a/t, where a is the
radius of contact. The y intercept of this line, namely M
for a/t — 0, effectively gives M of the film alone.

+ /M (1)

D. Atomic force acoustic microscopy

Atomic force acoustic microscopy (AFAM) utilizes
atomic force microscope (AFM) methods to determine
nanoscale elastic properties.'? Like nanoindentation,
AFAM experiments determine values for the indentation
modulus M; however, the lateral spatial resolution is
higher. The AFAM technique consists of dynamically
exciting the resonant modes of an AFM cantilever while
it is in contact with a sample. The excitation amplitude is
sufficiently small that the tip stays in contact with the
sample throughout the measurements. The resonant fre-
quencies of the cantilever are used to calculate the tip-
sample contact stiffness and consequently the indentation
modulus M from appropriate contact-mechanics models.
The spatial resolution of AFAM is determined by the
contact radius a between the sample and the AFM tip
(typically, a ~ 5 to 20 nm.)

Our quantitative AFAM methods have been described
in detail elsewhere.'> The methods use a calibration
sample whose indentation modulus M_,, has been deter-
mined independently. By comparing the contact-stiffness
measurements for the unknown sample to those for the
calibration sample, a value for M in the unknown mate-
rial can be determined. This process avoids difficult tip
characterization measurements and minimizes the effects
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of tip wear.'* For these experiments, we used a 1.5 mm
thick piece of (100) single-crystal nickel as the calibra-
tion sample. A value M, = M o0, = 219 =2 GPa was
used for the calibration sample, based on pulse-echo
ultrasonic measurements of the sample. The value of
M 00y 1s in excellent agreement with those predicted
from literature values of the elastic moduli of single-
crystal nickel.'*

In this work, AFAM experiments were performed on
the calibration sample and the Ni film sample in alter-
nation. A total of six measurements on the calibration
sample and five on the film sample were made at differ-
ent positions. At each position, the frequencies of the
cantilever’s first two flexural modes were measured for
three different static applied loads from approximately
0.9-2.6 wN. The contact-stiffness measurements for the
Ni film sample were compared to those made on the
calibration sample both immediately beforehand and after-
wards. The resulting values of the indentation modulus
obtained through this comparison were averaged to ob-
tain a single value of M for the Ni film.

E. Surface acoustic wave spectroscopy

The thin-film sample was also investigated with sur-
face acoustic wave (SAW) spectroscopy methods. In
these experiments, high-frequency (~20-300 MHz)
SAWs were generated by a pulsed laser and propagated
across the sample surface. The detected SAW displace-
ments as a function of propagation distance were used to
calculate the phase velocity versus frequency, that is, the
dispersion relation. Experiments were performed on both
a commercial system with a piezoelectric detector'” and
a laboratory apparatus with a Michelson interferometer
as detector.'® It should be noted that the SAW spectros-
copy method interrogates a sample area of a few square
centimeters. Therefore, the results obtained represent the
average properties of a macroscopic region of the
sample.

Eleven dispersion relations were acquired correspond-
ing to SAW propagation in one (100) and two (110)
directions in the Si substrate. To analyze the data, the
measured dispersion relations were compared to those
predicted for SAW propagation in a film on a single-
crystal Si substrate. For data analysis, we used a Green’s-
function approach to solve the inverse problem.'®!” With
this approach, the film and substrate can be modeled as
either elastically isotropic or anisotropic, and the corre-
sponding properties determined. The quoted SAW results
represent the average and standard deviation calculated
by analyzing each dispersion relation separately.

It is important to realize that several film properties
can be determined from SAW spectroscopy data: elastic
moduli, thickness, and density. This is because SAW
propagation in a layered system, and consequently the
SAW dispersion relation, is affected by all of these

parameters to some extent. The number of parameters
that can be determined from a given SAW dispersion
relation depends on its specific frequency depend-
ence.'>!” Typically, values for only one or two param-
eters can be obtained. Input values for the remaining
parameters must be provided, using either literature val-
ues or values obtained from independent measurements.
To analyze the SAW spectroscopy data for the Ni film
sample, we first assumed an isotropic model for the film
properties and inverted the dispersion relations to deter-
mine the best-fit value for Young’s modulus E. In this
analysis, the following values were assumed: thickness
t = 772 nm, density p = 8.9 g/cm’, and Poisson’s ratio
v = 0.3. The values for p and v were based on literature
values for bulk nickel. As discussed below, we also ana-
lyzed the SAW dispersion relations to determine values
for the density of the film. In this case, we used as input
for the SAW analysis the elastic properties determined
by AFAM, nanoindentation, and microtensile testing.

lll. RESULTS AND DISCUSSION
A. Comparison of results

Table I contains the results obtained by all four tech-
niques for the properties of the Ni film. An immediate
conclusion that can be drawn from Table I is that the two
direct measurements of M by different techniques, nano-
indentation and AFAM, are in excellent agreement (dif-
ference approximately 1%). This demonstrates the valid-
ity of AFAM as a quantitative method in spite of its
relative newness. The uncertainty in the AFAM result is
larger than desired (~10-15 %), but is typical of AFAM
measurements.'>'? From previous experience with a va-
riety of materials, we believe that the uncertainty is pri-
marily caused by instrumentation and measurement is-
sues such as tip wear and small variations in the tip-
sample contact. We are working to improve our
experimental techniques to reduce such contributions to
the uncertainty.

Because AFAM and nanoindentation methods probe
different material length scales, such agreement might be
surprising. Nanoindentation yields an effective value rep-
resentative of many grains, while AFAM senses the
properties of only a few grains. However, the microstruc-
ture of our Ni film was uniform and strongly textured. In
a highly textured film, all of the grains yield roughly
similar values for M. Therefore the average AFAM value
is close to the average nanoindentation results extrapo-
lated to a/t = O.

In contrast to the AFAM and nanoindentation results
for the indentation modulus, the results for Young’s
modulus obtained by microtensile testing and SAW spec-
troscopy differ significantly (~15%). Both methods yield
macroscopic material properties, so it is unlikely that the
discrepancy is due to length-scale effects. The reduced
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TABLE 1. Experimental and theoretical results for the Young’s modulus E, indentation modulus M, and density p of a Ni film 772 nm thick.
Analysis of the SAW spectroscopy data to obtain E assumed that the film density p = 8.9 g/cm® and Poisson’s ratio n = 0.3. Values in the
“calculated” column were obtained by assuming reduced values for the cubic elastic moduli of single-crystal Ni as described in the text, in order
to include nanocrystalline effects. Two different sets of values for M and E were calculated by assuming that the film was either elastically isotropic
or anisotropic (transversely isotropic). Different values for p were obtained from the SAW spectroscopy data, depending on the elastic model used.

Value
Calculated
Property Method Measured Isotropic Anisotropic
E (GPa) Microtensile 177 £ 10 187.9 178.4
SAW spectroscopy 204 + 8
M (GPa) Nanoindentation 220+ 10 207.2 2214
AFAM 223 +28
p (g/cm?) SAW spectroscopy 8.79 + 0.10 (isotropic) 8.90 (bulk, literature)

8.74 = 0.10 (anisotropic)

value of E obtained by microtensile testing is consistent
with previous results on Ni and other films.'®'? Nano-
indentation and microtensile results were previously
compared for Ni films made by the LIGA electrodepo-
sition process.'® Films were about 500 times thicker
(=400 pm) but yielded results virtually identical to ours.
In that work, values of M = 219 + 15 GPa by use of
nanoindentation and £ = 178 = 14 GPa by use of micro-
tensile testing were obtained for one sample.

Possible reasons given in Ref. 19 for this discrepancy
included indenter pileup effects that could increase nano-
indentation values and film porosity that could lower
microtensile values. Cross-sectional SEM images like
that in Fig. 2(a) did not reveal the presence of closed
pores in this film. AFAM does not plastically deform the
sample, and its value for M is in excellent agreement with
our nanoindentation value. Therefore we believe that our
measured nanoindentation value is not significantly af-
fected by pileup. Furthermore, previous nanoindentation
studies® suggest that the method used here to obtain M
is relatively immune to the effects of pileup. It was found
that by extrapolating to a/t = 0, a value for M in the film
material could be obtained. Other work on the same
films>' showed that pileup is not visible for shallow in-
dents but is progressive with indentation depth. This
would also imply that the extrapolation method would
act to minimize the effect of pileup on the intercept
value.

On the other hand, the value of E determined from
SAW spectroscopy is highly dependent on the values of
other film parameters used in the data analysis. We as-
sumed bulk literature values for p and v, but the film’s
actual values could differ. To examine how the SAW
results depend on different film parameters, we modeled
an isotropic film with d = 772 nm, E = 204 GPa, v =
0.3, and p = 8.9 g/lcm’ on (001) Si. If p was reduced by
1% in this system, it was necessary to decrease E by
3.1% to obtain the same SAW dispersion relation. Thus,

if the actual film density was lower than the assumed
(bulk) value by only a few percent, the SAW result for £
would be lower by several percent and therefore more
consistent with the microtensile results. Furthermore, the
SAW analysis model assumed an elastically isotropic
film, contrary to the evidence obtained by x-ray diffrac-
tion. The disagreement between SAW and microtensile
results may therefore be misleading. We will show in the
next section that by using an elastically anisotropic
model for the film’s properties, all of the results can be
interpreted in a self-consistent way.

Further examination of Table I also reveals that all
of the experimental values are noticeably lower than
those predicted from the literature. The values C,; =
249.0 GPa, C,, = 152.7 GPa, and C,, = 118.9 GPa
represent average literature values for the single-crystal
cubic elastic moduli C;; of nickel.'* With Voigt-Reuss—
Hill methods, the elastic properties of randomly-oriented,
polycrystalline nickel can be calculated from these val-
ues.”> Using the above values for Cyj» we predict E =
216.0 GPa and v = 0.305. From the relationship M =
E/(1 — v*) for an isotropic material, these values of E and
v yield M = 238.2 GPa. Thus, the measured values in
Table I are 6-18% lower than expected for isotropic,
polycrystalline nickel.

Using reduced values of Cj;, we repeated our calcula-
tions of E and M. Without a compelling reason to adjust
the different moduli independently, we chose to reduce
the values of all the Cj;; by the same relative fraction.
Reducing the C;; to 87% of the bulk single-crystal values
given above yielded the best agreement with all of the
measured values at the same time. The values calculated
for E and M with the reduced moduli are shown in the
“isotropic” column in Table I. They are approximately
6% higher and lower, respectively, than the measured
values of E (microtensile) and M (nanoindentation and
AFAM). Out of curiosity, we also adjusted the values of
each Cj; separately in an effort to achieve better
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agreement between the measured and calculated values.
We could not find a combination that simultaneously
matched both E and M, assuming elastic isotropy.

Reduced values of thin-film elastic moduli, particu-
larly in nanocrystalline materials, have been observed
and discussed by several authors.'®?** The discrepancy
between the measured values and those predicted from
bulk values is usually attributed to film porosity*® or
some type of grain-boundary effect. Possible intercrys-
talline effects include incomplete cohesion or “micro-
cracking” at the grain boundaries'® and an increased vol-
ume fraction of triple junctions.>* Such effects lead to
reduced stiffness in the intercrystalline material. Using
the model described in Ref. 24 and assuming an average
grain diameter d = 27 nm, we calculated that the volume
fraction of intercrystalline (grain-boundary and triple-
junction) material in this film was approximately 11%.
Therefore, the volume fraction of intercrystalline mate-
rial is substantial and intercrystalline effects might ex-
plain the observed reduction in elastic properties.

The reduced-modulus values obtained in the data
analysis can be justified by considering models for
nanocrystalline materials.>**> We calculated effective
values of the cubic elastic moduli Cijeff for a composite
system containing nanoscale Ni grains and intercrystal-
line material. We assumed that the volume fraction of
intercrystalline material was 11% and that the elastic
moduli of the intercrystalline material were 0.33 times
that of the single-crystal values C;;.>> By a simple rule-
of-mixtures weighting, we calculated Cijeff = 0.92C;.
This agrees quite well with the value obtained in our data
analysis (0.87), given the relatively simple nature of our
calculations.

B. Transversely isotropic model for elastic
properties of the film

The “isotropic” entries in Table I obtained with re-
duced-modulus values agree more closely with our meas-
urements than those predicted from single-crystal values.
However, they still differ from the measurements by
more than the measurement uncertainty in some cases.
Therefore, we now present a second way to interpret our
measurements, which takes into account the anisotropy
of the film’s elastic properties. Since the anisotropy fac-
tor m = 2 C,/(Cy, — C,y) is relatively large for nickel
(m = 2.5), it is possible that small deviations from uni-
form texture might affect the elastic properties of the
film. X-ray analysis indicated a preferred (111) orienta-
tion, as is the case for many films. The simplest aniso-
tropic model for the elastic properties of such a film is
transverse isotropy, in which the properties are isotropic
or rotationally invariant in the plane of the film but differ
from the out-of-plane properties.

Transverse elastic isotropy is equivalent to hexagonal
symmetry, which has five independent elastic stiffness

moduli: ¢,;, €15, €13, C33, and c,,. To describe a (111)-
oriented polycrystalline Ni film with hexagonal elastic
symmetry, the cubic single-crystal moduli C;; were first
rotated so that the (111) direction was perpendicular to
the plane of the film. This process resulted in a set of
elastic stiffness moduli ¢;; with hexagonal symmetry. The
rotated ¢;; were then averaged over all directions in the
plane of the film, that is, the (111) plane, to obtain the
final averaged hexagonal moduli {c;;). The mathematical
steps to perform the above process are widely available
in the literature (see, for instance, Ref. 26). The (c;;) used
in our calculations were the Voigt—Reuss—Hill average
values. Voigt values were obtained by rotating and
averaging the cubic stiffness tensor Cj; as described
above. The Reuss values were obtained by performing
the same process to the corresponding elastic compliance
tensor Sj;.

With transversely isotropic elastic symmetry, the in-
plane Young’s modulus is given by E = 1/s,,), where
(s;, belongs to the hexagonal elastic compliance tensor
(s;- In terms of the hexagonal elastic stiffness moduli

(Cij>
E=1/(s;) =
<C33>(<011>2 - <012>2) - 2<C13>2(<C11> —{c12)
<C33>(<Cu>2 - <Cl3>2)

)

The calculation and interpretation of indentation
modulus values for anisotropic materials is more com-
plicated than the corresponding isotropic case.”’” How-
ever, analytical expressions have been derived to calcu-
late the out-of-plane indentation modulus M for trans-
versely isotropic materials.?”-*® These expressions are
not repeated here for the sake of brevity.

Using this transversely isotropic model for the elastic
properties of the Ni film, we calculated values for £ and
M. As before, the predicted values were significantly
greater than the measured ones if bulk values for C;; were
used (M = 249.3 GPa and E = 240.6 GPa). Reducing all
of the values of C;; by the same fraction provided better
agreement with the measured values of M and E simul-
taneously. The best agreement with the AFAM and nano-
indentation measurements were achieved by reducing all
of the C;; to 89% of their bulk literature values to obtain
M = 221.9 GPa for the out-of-plane indentation modu-
lus. The agreement between the calculated and measured
values, especially for the microtensile result, was im-
proved further by adjusting the values of {c;;) individu-
ally. Changes in {c,,) had the most effect on the relative
values of E, but virtually no effect on M. The values in
the “anisotropic” column of Table I were calculated by
first reducing all the Cj; to 90% of their bulk literature
values and then performing the rotation and averaging
processes described above to obtain a set of
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(c;;- Finally, we fixed (c;,) = 248 GPa and the values of
E and M were calculated. Agreement with all of the
measured values is excellent (less than 1% and within
experimental uncertainty). Analogous to the discussion
above for the isotropic case, the reduced values for the
elastic properties needed to match the data can be inter-
preted as effective values for a composite system of
nanocrystallites and one or more reduced-modulus inter-
crystalline phases. The additional reduction of the in-
plane modulus {c,,) might indicate differences between
the anisotropy of a bulk material and of a film created
under these growing conditions.

SAW dispersion relations are typically used to deter-
mine a film’s elastic properties, but in this case the elastic
properties had already been evaluated in several ways.
We therefore analyzed the SAW data to obtain the film
density p. This approach also illustrates how results from
a suite of complementary methods can be combined to
obtain more complete information about the entire set of
film properties. For both the isotropic and anisotropic
models described above, a best-fit value for p was deter-
mined assuming the reduced Cj; given above and the
SEM value for t. We discussed above how reducing the
assumed (input) value for p lead to reduced values for C;;
in the SAW analysis. In a similar way, reduced values for
C;; are expected to yield lower predicted values for p.
This behavior is due to the relationship between Cj; and
p in expressions for the SAW velocity.

The values of p determined from analysis of the SAW
spectroscopy data are shown in Table I. For both the
isotropic and anisotropic models, the values of p were
only 1-2% less than p,,, = 8.90 g/cm’ for bulk Ni.'*
These results are consistent with predictions of nanocrys-
talline models. We assumed that the volume fraction of
the intercrystalline material was 11% and that the density
of this material was 0.82 times that of the crystalline
material.?> With these values, a rule-of-mixtures calcu-
lation yields p.¢ = 0.98 ppux for the nanocrystalline
film, in good agreement with our results.

C. Additional nanocrystalline Ni
thin-film specimens

Two additional Ni film/Si substrate samples prepared
in the same manner were also evaluated. Values for the
film thickness ¢ and average grain diameter d are shown
in Table II. Nanoindentation and microtensile experi-
ments were not performed on these samples because they
were so thin. However, AFAM and SAW spectroscopy
methods were readily applied. The experimental results
for all three samples are given in Table II. It can be seen
that the AFAM values for M were identical within meas-
urement uncertainty to those obtained on the 772-nm
film. Thus, even for a film only several tens of nano-
meters thick, the influence of substrate properties on

TABLE II. Experimental results for three nanocrystalline Ni thin
films. Shown are values for the film thickness ¢ and average grain
diameter d determined by SEM, the indentation modulus M ,pa\ de-
termined by AFAM, and the film density p determined by SAW
spectroscopy.

t (nm) d (nm) M spam (GP2) psaw (g/em?)

772 +5 27+10 223 28 8.79 +0.10

204 4 22+5 220+ 19 8.72 £0.04
53+2 16 +6 210 + 26 8.59+0.10

AFAM measurements of M was negligible (for this par-
ticular film/substrate combination).

SAW dispersion relations were obtained for these
samples (eight for the 204 nm film sample and six for the
53 nm film sample). For each film, reduced values of the
cubic moduli Cj; for single-crystal Ni were first deter-
mined from the AFAM measurement of M by use of an
isotropic model for the film’s elastic properties. Values
for C;; that were 88-93% of the literature bulk values
provided the closest agreement with M. These values of
C;; and the SEM values for 7 were used as input in the
SAW data analysis to obtain the best-fit value of p for
each film from the dispersion relations. Like the first
(thickest) film, the values of p obtained for the two thin-
ner films were only slightly lower (2-4%) than the lit-
erature value for bulk Ni. From the measured values of d
for each film, we estimated the volume fraction of inter-
crystalline material in each film and the corresponding
reduction in density predicted by the nanocrystalline
models mentioned above. The predicted reductions in
density were approximately 2—-3%, consistent with those
obtained in the SAW analysis.

The analysis approach described above forms the basis
for a model that combines elastic anisotropy and
nanocrystalline effects in thin films. Development of this
model requires further calculations, for instance of an-
isotropic relations in nanocrystalline materials and their
effect on parameters such as the modulus reduction factor
for the intercrystalline phases. In addition, the validity of
the models could be experimentally tested more effec-
tively using films with smaller grain diameter than stud-
ied here (d ~ 15 nm or less). In such films, the volume
fraction of intercrystalline material expected to be more
significant.

IV. SUMMARY AND CONCLUSIONS

The properties of nanocrystalline nickel thin films
were evaluated using several measurement methods. The
sample area interrogated by each method ranged from
macroscale (SAW spectroscopy) through intermediate
regimes (microtensile testing and nanoindentation) to the
nanoscale (AFAM). Measurements of the same elastic
property (M) obtained by two very different methods,
AFAM and nanoindentation, were in excellent agreement.
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In contrast, results for different elastic properties (£ and M)
obtained by different methods initially did not seem self-
consistent. The disparate results were better reconciled with a
transversely isotropic model for the film’s elastic properties.

However, all of the results were lower than expected
for bulk, polycrystalline nickel. To match the experimen-
tal results with either an isotropic or anisotropic model
for the film’s elastic properties, it was necessary to re-
duce the modulus values used by approximately 10%
from the single-crystal values. This reduction in modulus
was shown to be consistent with a nanocrystalline film
structure containing a significant volume fraction of
grain-boundary or other intercrystalline material. SAW
spectroscopy results indicated that the film density was
only a few percent less than the bulk value, also consis-
tent with simple nanocrystalline models. Additional test
on films approximately 200 and 50 nm thick yielded
similar results. These results illustrate a relatively
straightforward way to interpret mechanical-property
measurements of thin films that is based on a more physi-
cally realistic model than the simple assumption of elas-
tic isotropy. Such an approach should prove valuable as
the importance of accurately understanding and predict-
ing thin-film behavior continues to increase.
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