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ABSTRACT Q S Ti

Very fine-grained Ni and Cu films were formed using pulsed laser deposition on fused
silica substrates. The grain sizes in the films were characterized by electron microscopy, and the
mechanical properties were determined by ultra-low load indentation, with finite-element
modeling used to separate the properties of the layers from those of the substrate. Some Ni films
were also examined after annealing to 350 and 450°C to enlarge the grain sizes. These
preliminary results show that the observed hardnesses are consistent with a simple extension of
the Hall-Petch relationship to grain sizes as small as 11 nm for Ni and 32 nm for Cu.

INTRODUCTION

The hardness and yield stress of polycrystalline materials is generally observed to increase
as the grain size is decreased according to-the Hall-Petch relationship [1-2]

H=H,+Kd" )

where d is the grain diameter and H, and K are constants. Since the physical basis of this
empirical dependence is thought to be the pileup of dislocations within grains, the relation is
expected to fail at sufficiently small grain sizes, when the volume of material is too small for a
dislocation model to be meaningful. Some previous experiments on both Ni and Cu appear to
indicate that the relationship fails at 50-100 nm grain size [3-9], with some experiments even
showing a slight softening with decreasing grain size in the range of 5-20 nm. The purpose of
this work was to further explore the limits of applicability of the Hall-Petch relationship in both
Ni and Cu.

The challenge in testing the limits of the Hall-Petch relationship is to produce very fine-
grained material free of impurities and voids. In the present work, we used pulsed laser
deposition (PLD), which produces clean, uniform layers with very fine grains at room

. temperature. Transmission electron microscopy (TEM) showed that the sizes in layers deposited
at room temperature were ~11 nm and ~32 nm, respectively, for Ni and Cu. Ultra-low-load
indentation testing combined with an analysis based on finite-element modeling was then used to
evaluate the mechanical properties of the layers. )

LAYER SYNTHESIS AND MICROSTRUCTURE CHARACTERIZATION

The layers were deposited in an all-metal vacuum chamber using a KrF excimer laser. The
wavelength was 248 nm, with 34 ns fwhm pulse width, operated at 35 Hz. The Ni or Cu targets
were rastered in x and y to use several square cm of the targets for source material during
deposition. For Ni, about 0.007 nm of material was deposited with each shot, yielding a 0.25
nm/sec growth rate. The system includes an active particle filter in the form of a spinning, slotted
disk between the ablation target and the deposition substrate. The laser is fired in synchronization
with the disk, such that the high-energy plasma component of the ablation plume passes through
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Figure 1. Bright-field TEM micrograph of as-  Figure 2. Backscattered electron image of Ni
deposited Ni film. film after a 1 hr. anneal at 450°C. The
residual impression from one of the indents
used for mechanical property measurements

is also shown.

the slot to be quenched on the substrate, but slower droplets and other particles are largely
blocked. Chamber pressure during depositions was typically 2x107 Torr. Films were deposited
on fused silica substrates to a thickness of 700-800 nm. Thinner films were also deposited on -
coated TEM disks for direct examination in an electron microscope.

After deposition the film areal atomic density and purity were characterized by Rutherford
backscattering spectrometry, showing O at less than ~5 at.%. The film thickness was measured
by a profilometer. The as-deposited material was characterized by using a TEM to examine the
thin films on grids in plan view. Figure 1 shows a typical bright-field TEM image from an as-
deposited Ni film, obtained using 200 keV. The material is crystalline with highly disordered
grain boundaries. Diffraction from the layer shows little or no evidence for any amorphous areas,
as would be expected, since pure metals are very difficult to amorphize. Measurements using this
micrograph as well as others gave an average grain size of 11.2 nm with a standard deviation of
3.1 nm. Similar examination of as-deposited Cu films (not shown) showed a similar
microstructure with an average grain size of 32 nm and a standard deviation of 10 nm.

For Ni, two of the as-deposited films were annealed in order to increase the grain size and
thereby measure the hardness at larger sizes. These anneals were performed both in situ for the
thin films in the TEM and in a vacuum furnace for the thicker layers on silica. Grain sizes for the
in situ TEM anneals were very non-uniform across the foils, apparently due to thermal
conductivity and residual stress issues, so these results were only used as a guide to the
temperatures needed for furnace anneals of the thick films. Grain size characterization for the
thick films after annealing was done using a scanning electron microscope (SEM) with a
backscattered electron detector to enhance grain orientation contrast. Figure 2 shows such an
SEM micrograph obtained using 30 keV electrons from a Ni film annealed at 450°C for one
hour. The grains are much larger, with an average of 670 nm and standard deviation of 330 nm,
comparable to the size of the indentations used for hardness measurements, as shown. An
intermediate anneal of 350°C for an hour also enlarged the Ni grain sizes, but only to an average
size of 32 nm, near the usable resolution of the SEM, so the estimate of grain sizes may be on the
high side for this sample. Further work on the intermediate anneal using cross-section TEM
imaging is planned.
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INDENTATION TESTING AND FINITE-ELEMENT MODELING

Ultra-low-load indentation testing combined with an analysis based on finite-element
modeling was used to evaluate the mechanical properties of the layers.[10] First, work hardening
rate and Poisson’s ratio for the layers were assumed to be the same as for bulk Ni and Cu. With
these parameters set, the analysis then determines the intrinsic yield stress, Young’s modulus,
and hardness of the layer materials using the indentation data, separating the properties of the
thin films from those of the substrate. For each sample a series of 10 indents to 160 nm depth
were performed, each with the continuous stiffness measurement (CSM) technique, which uses a
small oscillation on the loading force to obtain both indenter force and sample stiffness as a
continuous function of depth into the sample.[11] After examining the results to eliminate
obviously erroneous data (generally due to hitting surface debris with the indenter), the
remaining indent data was averaged and then fit using a finite-element simulation of the
experiment. The procedure, described in detail elsewhere [10], involves constructing a mesh
which accurately reflects the sample and indenter structure, then fixing the known properties of
the substrate and indenter while varying those of the deposited layer (yield stress and elasticity).
Once a simulation which gives a good
fit to the experimental data is
obtained, the deduced yield stress and 4.0}
elasticity for the layer material is used
in an additional simulation of an
indent into a hypothetical bulk sample 3.0
of the material in order to obtain a
value for the hardness.

Examples of the indent data and
the simulation fits for the two Ni
samples-shown in Figs. 1 and 2 are
shown in Fig. 3. Figure 3(a) shows the
indent force vs. depth, with the
experimental data as circles and 0.0 Lz
squares for the as-deposited Ni and the 0.42F
450°C anneal, respectively. The best-
fit simulations, using v=0.312 and a
work hardening rate of 0.65 GPa, are
shown as solid and dashed lines.
Figure 3(b) show the stiffness data and
fit. Error bars for the experimental
data (generally smaller than the A
symbols) indicate the standard 0.04 |
deviation of the average of the indents. I
Although the overall sample stiffness 0.02
changes little with the anneal and I
larger grain size, the indentation force 0.00 : ,
is dramatically reduced, reflective of a 0 40 80 120 160
considerable softening of the material. Depth (nm)

g '_I;hz péopertie.s dg‘;&ced fo.r as- Figure 3. (2) Indentation force and (b) stiffness,
Y‘3P031 ed, 3e-lgr ain§44i111"‘é; data and best-fit simulation, for as-deposited Ni
oung’s modulus = a, (circles) and Ni annealed to 450°C (squares).
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yield stress = 2.52+0.2 GPa, and hardness = 10.3+0.7 GPa. After the 450°C anneal, Young’s
modulus = 166£15 GPa, yield stress = 0.55+0.1 GPa, and hardness = 2.7+0.4 GPa. The quoted
errors include both the spread in experimental data and the accuracy of the simulation fit. The
deduced properties may be compared to a Young’s modulus of ~204 GPa and hardness of ~1.1
GPa for bulk Ni.

RESULTS AND DISCUSSION

The comparison of our results to representative earlier work is shown in Figs. 4 and 5, with
the hardnesses plotted vs. inverse square root of grain size. The previous Ni data plotted in Fig.4
is from refs. [3] and [4], both of which studied electrodeposited Ni. Our Ni data are plotted as
solid circles, including results for two samples of as-deposited material, the 350 and 450°C
anneals, and a large-grained bulk Ni sample examined using the same techniques. For the Cu
data in Fig. 5, the previous work is from refs. [5] and [6], using compaction of gas condensation
powders and a deformation/annealing technique to refine grain size, respectively. Only one result
from our work is shown, for as-deposited PLD Cu.

For both Ni and Cu, our observed hardnesses are higher than found in layers with similar
grain sizes made by other techniques, and are consistent with a simple extension Hall-Petch
behavior (indicated by the solid line in each figure). The observations suggest that the Hall-Petch
relationship may extend to much smaller grain sizes than previously anticipated. An additional
inference is that the PLD layers have mechanical properties superior to fine-grain materials
prepared by other means, perhaps due to a denser, more uniform microstructure.
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