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Abstract

The mechanical properties, thermal stability, and electrical performance of Au-ZnO
composite thin films are determined in this work. The co-deposition of ZnO with Au via
physical vapor deposition leads to grain refinement over that of pure Au; the addition of 0.1
vol% ZnO reduces the as-grown grain size by over 30%. The hardness of the as-grown films
doubles with 2% ZnO, from 1.8 to 3.6 GPa as measured by nanoindentation. Films with ZnO
additions greater than 0.5% show no significant grain growth after annealing at 350°C, while
pure gold and smaller additions do exhibit grain growth and subsequent mechanical softening.
Films with 1% and 2% ZnO show a decrease of approximately 50% in electrical resistivity and
no change in hardness after annealing. A model accounting for both changes in the interface
structure between dispersed ZnO particles and the Au matrix captures the changes in mechanical
and electrical resistivity. The addition 1-2% ZnO co-deposited with Au provides a method to
create mechanically hard and thermally stable films with a resistivity less than 80 nQ-m. These
results complement previous studies of other alloying systems, suggesting oxide dispersion
strengthened (ODS) gold shows a desirable hardness-resistivity relationship that is relatively

independent of the particular ODS chemistry.
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1. Introduction

Electrical contacts can undergo numerous loading cycles in the course of their effective
life, which can cause considerable degradation of the mechanical and electrical properties from
grain growth [1-5] and micro-welding [6—8]. Traditionally gold is used for electrical contacts
due to its high electrical conductivity and resistance to corrosion, oxidation and other
environmental effects. However, pure gold is a low strength material that often is not able to
withstand substantial contact loading. Additionally, high currents passed through the switch can
lead to micro-welding from Joule heating, followed by detrimental deformation when the contact
is broken [9,10]. In order to increase the lifetime of these contacts, numerous different
techniques are used to increase the wear resistance by increasing the hardness of Au: grain size
reduction [11-14], addition of solid solution impurities [3,13,15—17], deposition of nanolaminate
structures [18-20], or the introduction of small oxide particles [15,21,22]. However, all of these
strengthening techniques can substantially increase the resistivity of Au.

One of the most common ways to increase the strength of a material is to reduce the grain
size. However, many materials with very fine grain sizes have shown evidence of stress-induced
grain growth, which leads to a decrease in strength. Studies conducted on nanocrystalline
materials [21-22] suggest this type of grain growth can be attributed to grain-boundary sliding,
diffusion, and grain rotation; therefore, if these are reduced, grain growth should be slowed or
even stopped. Impurities introduced into the system can stabilize nanocrystalline microstructures
by reducing grain boundary mobility and thereby stopping grain growth [17,25-27]. Therefore,
solid-solution strengthening, [13,28,29], could also potentially reduce stress-induced grain

growth. In these types of systems, strength increases with the square root of impurity



concentration, but is highly dependent on the type of impurity and its solubility in the host

material [30,31].

Another way to increase the strength of gold films is via oxide dispersion strengthening
(ODS), where small oxide particles act as precipitates to block dislocation motion [30]. One
aspect of the ODS technique that shows great promise is the ability to increase hardness without
greatly affecting conductivity [21]. ODS Au with V, Au-V,0s, showed both a larger increase in
hardness coupled with a smaller increase in resistivity as a function of V content when compared
to a Au-V solid-solution. This suggests that the ODS films are more effective in strengthening a
film when high conductivity is still desired, which should lead to increased wear resistance, grain

boundary pinning, and a comparatively smaller reduction in electrical conductivity.

The drawback to adding any impurities to pure materials is the disruption of the electrical
pathway. All three strengthening mechanisms (grain size reduction, solid-solution strengthening,
and oxide dispersion strengthening) lead to an increase in resistivity by the same general
mechanism, electron scattering at the defect site [32,33]. Electrical conductivity in metals relates
directly to the mean free path, 4, of the electron. For the case of grain boundary scattering in very
small grains, 4 is approximately equal to the size of the grain; therefore, small-grained materials
have higher resistivity. Similarly, a disruption in the regular crystal structure of the metal leads to
local strain fields that also disrupt the path of electrons, causing the resistivity to increase. This is
seen in both solid solution and precipitation strengthened metals. The study conducted by
Bannuru et. al on Au-V and Au-V,;0s show that the solid-solution Au-V has an electrical
resisitivity four times that of the ODS film with the same V content, suggesting solid-solution
atoms can cause more electron scattering than an ODS material with the same volume percentage

[21]. Additional causes of increased resistivity include temperature, vacancies, and dislocations.



Since resistivity is an additive property [32], a combination of different types of strengthening
mechanisms will continuously increase the resistivity of the material. The ODS system used in
this investigation has been shown in previous studies to lead to a reduced grain size over pure
gold films as well as particle strengthening when compared to a pure Au film [34], leading to

scattering from both grain boundaries as well as oxide particles.

2. Experimental Details

Au-ZnO ODS thin films were deposited on single crystal silicon wafers (£,=550um and
biaxial elastic modulus, M=180.5 GPa) using dual source e-beam evaporation to a thickness of
approximately 2 pm as was previously described by Argibay and coworkers [35]. Titanium and
platinum (250 nm each) were used as adhesion/diffusion barrier layers between the film and Si
substrate. Four concentrations were investigated in this study: 0.1, 0.5, 1.0 and 2.0 vol% ZnO
and compared to pure Au deposited under the same conditions. XRD data were collected with a

PANalytical Empyrean X-ray diffractometer equipped with a PIXcel’”

detector and operated at
45 kV and 40 kA using Cu Ka radiation (\= 1.5418 A). The patterns were collected in the 20
range of 10 to 90°, with a step size of 0.026°, and exposure time of 300 seconds. Diffraction
pattern processing was performed using the software package HighScore Plus”. Rietveld
refinement analysis of the patterns show lattice compressive percent strains to be 0.00, 0.081,
0.052, 0.065, and 0.058 for pure Au, 0.1%ZnO, 0.5%Zn0O, 1.0%Zn0O, and 2.0%ZnO
respectively.

Wafer curvature experiments were conducted on a custom machine designed and built at

the Erich Schmidt Institute in Leoben, Austria. The wafer curvature chamber was put under

vacuum and allowed to come to pressure for at least 20 minutes, which results in a base pressure



of approximately 10*-10” Torr. Initial curvature readings were taken at room temperature
(25°C), and the stresses calculated from curvature results were offset by the initial internal stress
calculated from lattice strain measurements determined by the Rietveld refinement of the XRD
scans. Each sample was cycled up to a temperature of 350°C and back to room temperature at a
rate of 0.17°C/s for one cycle, after which electron backscatter diffraction (EBSD) using a Zeiss
SEM (LEO 1525) system was conducted to determine microstructural changes. To determine the
stability of the microstructure, three concentrations (pure Au, 0.5%Zn0O, and 2.0%Zn0O) were
then cycled an additional four times and examined once again using EBSD. All changes in
microstructure due to annealing were determined using EBSD with an accelerating voltage of 20
kV, and scan resolution of 0.02 um/point and analyzed using TSL OIM Analysis 5 software.

Confidence index standardization was utilized in determining grain size and orientation.

Nanoindentation with a Hysitron TI 950 Triboindenter was performed on as-deposited
and annealed samples using a Berkovich diamond tip at a constant load of 1250 uN and loading
rate of 200 uN/s with a hold segment of 30 seconds to reduce effects of creep. Fifteen indents
were performed at a spacing of 15 um. Four-point probe resistance measurements were
conducted before and after annealing using a Jandel multi height, inline probe with a probe
spacing of 1 mm. A 10 mV voltage was applied to the outer probes and the resulting current
recorded from at least 3 different measurements. The resulting resistivity values were calculated
using thickness measurements determined from cross sections in a scanning electron microscope
and using a geometry modified sheet resistance to account for edge effects due to the small

sample size [36].



3. Results:
3.1. Wafer Curvature

Wafer curvature experiments were conducted on each of the films to determine the
stability of this ODS system under high stress and temperature conditions. The films were cycled
under the delamination temperature (=400 °C), insuring that any plasticity is a result of
microstructural changes or typical yielding expected in metallic films and not a result of
delamination or buckling. Stress-temperature curves were calculated from wafer curvature using:

Egts?
o = m (1)

where E; is the substrate biaxial modulus, 7 is the substrate thickness, v is the film Poisson’s
ratio, tr the film thickness, and R is the measured curvature. The exact substrate and film

thickness for each sample was determined using cross sections in the SEM.

Stress-temperature results from the first 350°C wafer curvature cycles are shown in
Figure la. The initial stress and curvature was fixed at the value from the as-deposited stress
measurements calculated from XRD lattice strain measurements, summarized in Table 1. The
heating segment of all the curves follow approximately the same slope (Mhcaiing) until initial
yielding, indicating the elastic modulus is independent of ZnO concentration as would be
expected in these dilute solutions. After the initial elastic portion of the heating curve, the stress
slowly levels out as the temperature increases, indicating the start of plasticity brought on by
diffusion-based creep, dislocation motion, grain growth, or phase transformations [37-39], most
likely a mixture of multiple mechanisms depending on the stress and temperature state [40—42].
The stress at the onset of plasticity (omin) is unique for each film and is indicative of the strength

of the film, with increasing strength for increasing ZnO content. As the temperature increases it



is easier to activate thermally controlled deformation processes; therefore, the onset of plasticity
is a coupled stress-temperature response with stronger films yielding at both higher stresses as
well as higher temperatures. However, since the yield strength is a temperature sensitive property
these strengths cannot be directly compared to the room temperature nanoindentation results.
After the onset of plasticity, all of the films undergo a similar stress reduction (4o,) (within 5%)
indicating the same deformation mechanisms are active in all systems and independent of ZnO
concentration. The initial portion of the cooling curve depicts elastic deformation and therefore,
the stress rises at approximately the same rate regardless of ZnO concentration as was seen in the
heating portion of the curves. As the temperature drops further, the slopes (Mcooling(P)) begin to
deviate with Au, 0.1%ZnO and 0.5%ZnO following similar paths and 1.0% and 2.0%ZnO
following another. The change in the cooling profile suggests a change in the microstructure of
the film is occurring. Specifically, if significant grain growth occurred in the Au, 0.1%Zn0O, and
0.5%Zn0O films, the strength and strain-hardening ability would be reduced, leading to a
shallower slope. Table 2 summarizes the differences between all the five curves, with specific
changes in bold.

Three of the films were thermally cycled an additional four times to determine the
stability of the microstructure. Pure Au, 0.5%Zn0O, and 2.0%ZnO were chosen since these three
concentrations showed characteristics of all films, with 0.1%ZnO and 1.0%ZnO performing
similarly to pure Au and 2.0%ZnO, respectively. Stress-temperature curves were offset so that
the starting stress in the films is the same as the ending stress from the first cycle, with the
assumption that limited stress relaxation would occur in the films at room temperature. Figure 1b
shows the stress-temperature response from multiple thermal cycles to 350°C. Pure Au

undergoes one additional 60 MPa increase in tensile stress after the second cycle, however, the



overlapping loops seen in the last three cycles indicates a stable microstructure. The 0.5%ZnO
film also undergoes an additional 60 MPa stress increase after the second cycle; however, this
film continues to raster after each additional cycle suggesting continued grain growth. This
evolving stress-temperature profile suggests that the microstructure is also evolving with each
additional cycle. The 2.0%ZnO exhibits effectively an elastic response through the entire
temperature regime, with each additional cycle overlapped on the previous one, indicating a

stable microstructure.

3.2. Microstructural Evolution

To examine microstructural changes as a result of the wafer curvature experiment, EBSD
was used to investigate the grain size distribution and texture of the films in their as-deposited
condition and after thermal cycling (Figure 2). The starting microstructure for each film (top
row) shows predominantly (111) textured, nanocrystalline grains; however as ZnO particles are
introduced into the system, both the texture strength and grain size decrease significantly with
grain size reducing by 35% and texture strength dropping by 40-70% (not shown in the figure).
After one thermal cycle to 350°C (bottom row), grain growth is seen for the pure Au and
0.1%Zn0O, with grain sizes increasing by over an order of magnitude. Additionally, both films
develop a significant number of annealing twins, doubling the number of X3 boundaries. The
0.5%Zn0O sample develops a bimodal distribution with approximately 60% of the original
nanocrystalline grains along with a few larger grains that also show signs of twinning. Twinning
as a mode of strain reduction is commonly found in materials with low stacking fault energy
[43,44] with the potential to compensate for up to 16.7% in-plane strain by creating a set of

orthogonal twins [44]. This twinning mechanism could provide one explanation for the change in



cooling slope seen in the pure Au, 0.1%Zn0O, and 0.5%ZnO stress-temperature curves. Both
1.0%Zn0O and 2.0%Zn0O show little to no grain growth as a result of this particular annealing

condition.

After repetitive cycling of the pure Au, 0.5%ZnO, and 2.0%ZnO film, the
microstructures were once again examined using EBSD to determine microstructural stability
through multiple temperature cycles. Figure 3 highlights the evolution of the grain size
distribution from the as-deposited condition (solid line), after undergoing one thermal cycle
(dashed line), and after five thermal cycles (dotted line) for pure Au, 0.5%Zn0O, and 2.0%ZnO.
Pure Au shows an order of magnitude increase in grain size after only one thermal cycle, but
only a very slight additional increase after five thermal cycles, indicating grain growth is
essentially complete after the initial 350°C anneal. After the first cycle of the 0.5%ZnO film, an
obvious bimodal distribution develops consisting of one mode with the original grain size and
the second mode with diameters approximately 10 times larger (with approximately a 3:1 ratio of
small grains to large grains). However, there is additional grain growth during the five thermal
cycles where the fraction of small grains is drastically reduced and the ratio of small grains to
larger grains is closer to 1:1. This continually evolving grain size indicates that this concentration
of ZnO is not sufficient to completely pin the grain boundaries. Finally, there is virtually no
change in grain size distribution for the 2.0%ZnO films regardless of the number of cycles in this
study, which shows a concentration of 2.0 vol% ZnO is enough to successfully pin the grain
boundaries to stop grain growth. Therefore, it is apparent that there is a minimum concentration
of ZnO required in the nanocomposite to successfully prohibit grain growth, somewhere between

0.5%Zn0 and 2.0%ZnO.



3.3. Mechanical and Electrical Response of As-Deposited and Annealed Films

3.3.1. Annealing Effect on Hardness

Nanoindentation of both the as-deposited and annealed conditions (Figure 4) was
conducted to determine the change in hardness as a result of ZnO concentration and their
reaction to a coupled stress-thermal cycling. As-deposited films show a non-linear increase in
hardness with the addition of ZnO particles likely due to a combination of strengthening
methods. The hardness increase due to increasing additions of ZnO particles scales similarly to
that previously shown by Argibay et. al. [35], with an increase of about 1.8 GPa from pure Au to
2.0%Zn0O. Overall magnitude differences between this study and that previous work on similar
films are likely attributable to the indentation size effect (ISE), with tests in the current study
being at depths significantly smaller than the previous work. The nanocomposite films show as-
deposited grain sizes approximately 35% smaller than pure Au (see Figure 2), which would
result in an increased hardness strictly a result of the smaller grain structure [12,14]. The
remaining increase in hardness is likely due to oxide particle strengthening which can be
modeled according to the Ashby-Orowan model [30] and follows a =-1/3 power law relationship

with volume fraction [45].

Previous energy dispersive spectroscopy (EDS) scans conducted on 5.0%ZnO films show
approximately 20% of the Zn deposits at the grain boundaries, with the remaining dispersed
throughout the grains. Assuming the percentage of ZnO deposited at the grain boundaries is
consistent for low concentration nanocomposites, the volume fraction of ZnO available for
particle strengthening, x, is actually 0.8 Combining Hall-Petch and hard precipitate

strengthening with the base strength of pure Au leads to a combined hardness model such that:
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- Gb 2r
Hau-zno = 2.7100 + Kup \ dyy_zp0 | + Zﬁln% (2)

where o0, is a combination of the stress required to move a dislocation in the Au lattice and the
ISE, Kpp is the grain boundary strengthening coefficient, d is grain diameter, G is the shear
modulus, b is the burgers vector, L is the surface to surface particle spacing, and r is the average
particle radius (between 2-5 nm for this work based on preliminary TEM studies). The

conversion between uniaxial strength and hardness uses the well-established Tabor factor of 2.7.

The combined stress and ISE parameter, o,, is assumed to be independent of
concentration and is used as a fitting parameter when minimizing the combined least squares
model. The grain-boundary strengthening component was calculated using the grain size
distributions from the EBSD scans rather than strictly using the average grain size to incorporate
the wide and bimodal distributions found in annealed films. Using OIM software, area fractions
of grain diameters were determined using 20 bins, included twins but excluded edge grains. The
resulting hardness contribution from Hall-Petch strengthening was then calculated according to

the relationship:

1
HH—P = 27KHP 2 af (dAlf—Zn()) (3)

where ay is the area fraction of grains with grain diameter, d. A study conducted by Emery
[46,47] on thin, small grained Au films showed a deviation from Hall-Petch behavior at grain
sizes lower than 790 nm, with a strengthening coefficient lower than that observed in coarse
grain films. Therefore, grains that are larger than 790 nm have a Kyp= 7.9 GPa*nm'? while the
coefficient for grains smaller than 790 nm was Kyp=5.13. Figure 5 shows the contribution from

each parameter according to the least squares fit for the combined as-deposited and annealed

11



model with a particle diameter of 4.1 nm, when grain size is below 790 nm and ¢,= 223 MPa.
Very good agreement is seen between the model and experimental results for both the as-
deposited and annealed conditions. The only strengthening mechanism which changes
significantly as a result of annealing is the Hall-Petch component, suggesting there is no change
in ZnO particle spacing or a migration of Zn in solution to the grain boundaries, which can

readily occur in solid-solution strengthened materials.

3.3.2. Annealing Effect on Resistivity

Electrical changes as a result of annealing were investigated using the four-point probe
technique to determine sheet resistance of the films (Figure 6). Due to the presence of the Ti/Pt
adhesion layers, the resistivity values determined in this study are slightly different than those
previously reported for similar films [48]; however, the relative resistivity (when normalized by
pure Au) is comparable. Resistivity was calculated based on individual film thicknesses (verified
from SEM cross-sectional measurements) and the geometric correction for sample size [36,49].
As-deposited resistivity of these Au-ZnO films follow an expected trend where increasing ZnO
concentration creates increasing resistance in the film due to a larger amount of scattering from
interactions with particles. However, the resistivity of the annealed films shows two differing
phenomenon; pure Au and 0.1% ZnO films increase in resistivity following grain growth while
the higher concentration ODS films exhibit a decrease in resistivity without showing any obvious
change in microstructure.

Internal stresses can lead to electron scattering and an increase in resistivity [50,51],
which could be one reason for the slight increase in resistivity in the annealed films of pure Au

and 0.1% ZnO in spite of the increased grain size. Annealing a thin film on a substrate can lead
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to the development of both plastic deformation and higher residual stresses in the film if
annealing causes the film to be deformed beyond the elastic regime (as is the case in this
annealing study). However, this explanation does not explain the drop in resistivity seen in the
higher concentration films. Since traditional methods of second phase interactions on the
resistivity of a material are merely dependent on the volume fraction of the second phase and
have no relationship to particle spacing, they can lead to grossly inaccurate representations of
resistivity due to composites with a fine dispersion of small particles. Therefore, the model used
in this study treats fine particles as solid solution atoms, assuming a random dispersion. Since
the stress field around ZnO particles would lead to electron scattering and affect the resistivity in
a similar way as solid-solution atoms, the same basic relationship is assumed for these ODS
films where the scattering coefficient is dependent on the interface structure. A resistivity model
incorporating thermal vibrations [32], grain boundary scattering [52], scattering due to internal
stresses [50], and interactions with ZnO particles [32] was developed resulting in a general

equation for an ODS Au film:

-1

1 1 1
Pau-zno = pAu[1 + ao(T - 273)] <3 [§ - Ea +a*—a’ln <1 + E)]) + CZnO[x(1 - X)] + Ca(aann)

-4(%)
*=2\1-r

Where /1 is the mean free path of the electrons (44 nm at 298K [35]), d is the grain

4

diameter according to EBSD scans, R is the probability of reflection at a grain boundary, x is the
volume fraction of deposited Zn in the grains, and Cz,0 is the scattering coefficient due to ZnO
particles in the matrix. The grain boundary scattering contribution was calculated based on a
similar area fraction approach as was used to calculate the Hall-Petch strengthening component

(Section 1.5.1). However, since twin boundaries are an ordered boundary and would not
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contribute to much electrical scattering [53], they are removed from grain size calculations. As
was noted earlier, approximately 20% of Zn deposited at the grain boundaries during growth,
therefore it is assumed that the probability of reflection at the grain boundaries in the higher ZnO
containing films would be larger. Since previous investigations on resistivity in nanocrystalline
Au films shows R values ranging from 0.35-0.47, a linear relationship for R is assumed, ranging
from 0.35-0.43, depending on the ZnO concentration. Cz,o (before and after annealing) and C,
are used as fitting parameters since the relationship due to these contributions are unknown.
Figure 7 shows a summary of the calculated film resistivity components determined from the

best fit of this model, and the comparison to experimental values.

4. Discussion

The current study shows there is a minimum concentration of ZnO required to
successfully inhibit grain growth due to coupled stress-temperature conditions, summarized in
Figure 8. Due to the gradual increase in grain size for 0.5%ZnO and the stable microstructure
seen in 2.0%ZnO0O, this threshold is around 1% ZnO. Since stress-induced grain growth is
typically due to grain rotation, grain boundary sliding, and diffusion, ZnO particles found at the
grain boundaries is likely decreasing these terms. The model describing the experimental
hardness measurements of annealed films attributes most of the strength change after annealing
to changes in grain size, suggesting there is no change in particle spacing due to Oswald ripening
or diffusion to the grain boundaries. Therefore, the most likely cause of the change in resistivity
due to annealing is a change in the interaction of the ZnO particles with the Au matrix. If the
interface between ZnO particles and the Au matrix start off as semi-coherent, similar to those

seen in Guinier-Preston zones [54] in solid-solution strengthened metals, there would be a
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significant local strain field around the particles which could lead to electron scattering. As the
films undergo a stress-temperature annealing cycle, dislocations can move to relieve the strain
caused by the semi-coherent interface, changing it to an incoherent interface which has a much
lower strain field and would lead to less electron scattering, thus reducing the resistivity of the
film. The concentration of ZnO would influence this behavior if the changes in electrical
scattering were similar per particle. Additionally, the switch from semi-coherent to fully
incoherent interface around the particles would not result in a drastic change in particle

strengthening, since particle size and spacing is constant which is also seen in these results.

Williams et. al. observed a similar decrease in resistivity as a result of annealing in
zirconia strengthened Au films [55]; this resistance change occurred without a significant change
in grain size and was ascribed to a reduction in point defects in the lattice. The Au-ZrO; system
showed a decrease in hardness with annealing, which could also be attributed to decrease in point
defects within the Au lattice. The Au-ZnO results presented in this current suggest the presence
of nm-size oxide particles stabilize the microstructure and grain size during annealing and that
this phenomena is relatively independent of oxide chemistry. The presence of significant point
defects in the film should be related to the film growth parameters, and therefore if the films had
few point defects to begin with it is possible that there would be no significant change in

hardness after annealing, as is the case in our current study of Au-ZnO.

Comparing the current results to that of other ODS Au films [21,35,55] show substantial
similarities in both total magnitude as well as general trends when comparing the impact of
volume fraction of oxide particles dispersed in Au for both hardness and electrical resistivity.
Although the suite of these studies used different deposition techniques (reactive physical vapor

deposition [21,55] and e-beam evaporation [35]), leading to slightly different microstructures,
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the overall trend of substantially increasing hardness while only slightly increasing resistivity
remains the same. Both the change in resistivity and hardness as a function of volume fraction of
oxide, and the magnitude of both resistivity and hardness in all four of these studies are within a
factor of two (and in several cases much closer), suggesting the strengthening-resistivity
relationship is relatively insensitive to the particular oxide chemistry and more dominated by the

structural features of the mechanism.

Figure 8 shows a summary of the changes in both hardness and resistivity as a result of
the present annealing study. Increasing ZnO concentrations provide a more stable microstructure
that retains strengthening benefits while maintaining high conductivity. The decreasing

resistivity as a result of annealing also corresponds to similar results in other ODS Au systems.

S. Conclusions

Stress-temperature wafer curvature experiments conducted on Au-ZnO thin films show
increasing yield strength with increasing ZnO concentration. A change in the stress-temperature
cooling profile is caused by a change in the microstructure. There is an order of magnitude
increase in grain size for pure Au and 0.1%ZnO films as well as a significant twinning during
annealing, but films containing higher concentrations of ZnO showed no significant grain growth
as a result of thermal cycling. Multiple cycles of pure Au, 0.5%Zn0O and 2.0%ZnO show stable
microstructures for pure Au and 2.0%, with no additional grain growth. However, the 0.5% ZnO
continues to show additional grain growth which suggests the concentration threshold to stop
grain growth is somewhere between 0.5% and 2.0%ZnO. Nanoindentation experiments
conducted on as deposited and annealed films show increasing hardness with ZnO concentration,

while the drop in hardness observed following annealing can be attributed to grain growth. Four-
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point probe resistivity measurements showed increasing resistivity as ZnO concentration
increases for as-deposited films, as is expected through traditional models. Annealed films
showed a significant drop in resistivity, which is attributed to a change in the particle-matrix
interface structure.

A model that consistently describes both the experimental hardness and sheet resistance
has been developed based on the assumption that the impact of nm-scale ZnO precipitates on the
mechanical and electrical behavior of Au films is most likely dominated by a transition from
semi-coherent to incoherent interfaces. The presence of ZnO and/or excess Zn in solid solution
at grain boundaries refines the grain size during growth as well as limits grain growth during
annealing. The final result in the two-phase films is that dilute additions of ZnO to Au produce
electrical contact surfaces that are more microstructurally stable and mechanically robust than
pure gold while only moderately increasing the resistivity over pure gold. These results are
similar to other ODS-gold systems, and suggest that the impact of nm-scale oxide particles in
gold on hardness and resistivity is relatively independent of the oxide chemistry, suggesting there

are likely other ODS systems which may provide similar behavior.
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List of Figures

Figure 1. Stress-temperature profiles for Au-ZnO films obtained using wafer curvature
technique. (a) Single cycle profiles on as deposited films of Pure Au (red), 0.1%ZnO
(orange), 0.5%Zn0O (green), 1.0%ZnO (blue), and 2.0%Zn0O (black). Portions of the curves
corresponding to values referred to in Table 1 are labeled. (b) Additional cycles conducted

on pure Au, 0.5% ZnO, and 2.0%Zn0O samples to determine microstructural stability.

Figure 2. EBSD texture map of as-deposited (a) pure Au, (b) 0.1%Zn0O, (c) 0.5%Zno, (d)
1.0%Zn0, and (e) 2.0%Zn0O and annealed (f) pure Au, (g) 0.1%Zn0O, (h) 0.5%Zn0, (i)
1.0%Zn0, and (j) 2.0%Zn0O. Microstructures of films with higher concentrations of ZnO

are significantly more stable than the lower concentration films.

Figure 3. Evolution of grain size distribution of pure Au (top), 0.5%Zn0O (middle), and
2.0%ZnO films (bottom) as a result of one (dashed line) and five (dotted line) thermal
cycles showing significant grain growth in pure Au sample and a stable grain size in

2.0%ZnO sample, with accompanying EBSD scans (right).

Figure 4. Nanoindentation hardness of as deposited (solid circles) and after annealing at
350°C (open circles) films. Pure Au, 0.5%Zn0O and 2.0%Zn0O were cycled 5 times while the

other concentrations only underwent one thermal cycle.
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Figure 5. Comparison of experimental and predicted hardness of as-deposited (a) and
annealed (b) films based on the model presented in Equation 9-2, with specific
contributions separated into intrinsic (o,), grain-boundary (Hall-Petch), and precipitation

(Ashby-Orowan) strength components.

Figure 6. Calculated resistivity based on four-point probe measurements of as-deposited
(solid circles) and annealed (open circles) films. Samples with higher concentrations of

ZnO particles show a reduction in resistivity after annealing at 350 °C.

Figure 7. Comparison of experimental and predicted resistivity of as-deposited (a) and
annealed (b) films based on the model suggested in Equation 4, with specific contributions
from thermal vibrations, grain-boundary scattering, internal stresses created during

annealing (6..n), and precipitate interactions.

Figure 8. Summary of the relative change in mechanical and electrical properties for the
different concentrations of ZnO present in the films as a result of the annealing conditions
investigated in this study. Higher concentration films show a minimal change in strength

corresponding to a reduction in resistivity as a result of these annealing conditions.
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Tables

Table 1. Residual stress (MPa) in films from deposition, calculated from XRD lattice strain
measurements.

Pure Au 0.1%Zn0O 0.5%2Zn0O 1.0%2Zn0O 2.0%2Zn0O

Residual Stress
(MPa) 0 64.0 41.1 51.4 45.8

Table 2. Summary of wafer curvature results for all film concentrations

Au 0.1%Zn0  0.5%Zn0  1.0%Zn0  2.0%ZnO
Maximum 171.02 143.65 159.80 189.76 240.61
Minimum -143.79 -209.04 -221.55 -255.08 -255.31
o at 350°C -92.54 -146.14 -161.75 -199.59 -196.08
Ao, -51.25 -62.90 -59.80 -55.49 -59.22
Mheating -1.27 -1.55 -1.43 -1.37 -1.30
Meooting (E) -1.74 -1.98 -1.70 -1.80 -1.94
Meooling (P) -0.83 -0.67 -0.73 -1.15 -1.27
AGanneal 231.82* 207.83 285.19% 265.26 314.41%

*values calculated after 5 cycles
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