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ABSTRACT: The synthesis of Au—MoS, nanocomposite thin films and the evolution of their structures during film growth, in
situ transmission electron microscopy (TEM) heating, and sliding contact were investigated. TEM revealed that the films
deposited at ambient (room) temperature (RT) consisted of 2—4 nm size Au particles in a matrix of MoS,. With increasing
growth temperatures, the nanocomposite film exhibited structural changes: the Au nanoparticles coarsened by diffusion-driven
Ostwald ripening to 5—10 nm size and the MoS, basal planes encapsulated the Au nanoparticles thereby forming a solid Au-core
MoS, structure. However, when the RT deposited film was heated inside the TEM, the highly ordered Mo§, basal planes did not
encapsulate the Au, suggesting that MoS, surface diffusivity during film growth is different than MoS, bulk diffusion. Increases in
MoS, crystallinity and coarsening of Au nanoparticles (up to 10 nm at 600 °C) were observed during in situ TEM heating of the
RT deposited film. Sliding contact during friction and wear tests resulted in a pressure-induced reorientation of MoS, basal
planes parallel to the sliding direction. The subsurface coarsened Au nanoparticles also provide an underlying load support

allowing shear of surface MoS, basal planes.
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1. INTRODUCTION

Transition metal dichalcogenides (TMD), for example, MoS,
and WS,, are well known for their solid lubricating behavior.
This stems from their intermechanical weakness that is intrinsic
to their anisotropic bonding and hexagonal (2H) crystal
structure, that is, covalent bonding within the S—Mo—S basal
planes and weak van der Waals bonds that hold the planes
together. During sliding contact, the basal planes slide over one
another by intracrystalline slip, which also leads to the
formation of smooth transfer films by wear. However, a
major obstacle to lubrication by TMD is the presence of
unsaturated or dangling bonds on edge planes. If sliding takes
place in humid air, such activated surfaces can instantly react
with moisture and oxygen in the surrounding environment
forming reaction products MoO; or WO; that result in high
friction coefficients (>0.2) and extremely short wear life
(typically less than a few thousand cycles because of failure)."”
To circumvent the formation of reaction products, there have
been studies to synthesize TMD in closed, inert structures.
Most notably Tenne, Rapoport, and coworkers® > pioneered
the synthesis of hollow inorganic fullerene (IF)—TMD free
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standing nanoparticles, for example, IF—MoS, and IF=WS,. As
a result, the dangling bonds that are responsible for causing
oxidation in layered 2H-MoS, structures are no longer present
in IF-MoS, nanoparticles.® IE-TMD nanoparticles have also
been synthesized to encapsulate solid metal oxide cores, such as
MoO, nanoparticles (~35 nm size) encapsulated by MoS,
layers.4’7 In addition, IF-TMD nanoparticles have been
incorporated into thin films, such as IF-WS, in Co® and Ni—
P® metal matrices, as well as hard matrices like TiN.
Mechanistic studies revealed dry sliding friction is reduced
due to pressure-induced exfoliation and alignment of WS,
(0002) basal planes parallel to the sliding direction.
TMD-based thin films, in particular MoS,-based nano-
composites, have been extensively studied for friction and
wear reduction in moving mechanical assemblies, especially for
space applications.'®">* The presence of metal dopants can lead
to increased film density, hardness, and oxidation resistance
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compared to pure MoS,. While the micro- and macro-
tribological behavior of TMD films containing various metal
dopants has been well studied, little is known of the structure of
these films when synthesized at elevated temperatures, or with
post-synthesis heat treatments. For instance, the effects of metal
nanoparticle coarsening/coalescence, nanocomposite film
densification and crystallinity are not well known, and thus
understanding these phenomena and their role in controlling
the friction behavior are the focus of this work. Specifically, the
thermal behavior during film growth of Au nanoparticles in
MoS, and the formation of Au-core MoS, structures are studied
with TEM and in situ TEM heating. Mechanistic studies that
unravel how these Au-MoS, structures mitigate interfacial shear
will also be presented.

2. EXPERIMENTAL METHODS

The films were grown in a custom built sputter co-deposition system
that has two SO mm diameter cathodes (Angstrom Sciences OYNX)
located at 90° angles to each other. The rotatable substrate holder is at
2 45° angle to each target, so that the deposition flux from both targets
arrives simultaneously on the Si (100) substrate at a target to substrate
distance of 125 mm. The 50 mm diameter targets were pure MoS, and
Au (Materion Advanced Chemical) fabricated to >99.999% purity. A
radio frequency (RF) power supply was used to deposit from the Au
target at a power of ~20 W to enable a lower Au deposition rate. The
MoS, material was deposited using a pulsed DC power of ~160 W.
These power levels were adjusted to achieve a desired composition of
~10 wt.% Au. Pure MoS, films were also grown for comparative
purposes. The vacuum base pressure was <5x10° Pa and Argon was
used as the sputter gas with a flow rate of ~50 sccm and working
pressure of 0.73 Pa. These conditions resulted in a composite film
deposition rate of ~7 A/s. The films were grown to ~1 pm thickness.
The system has the capability to heat the substrate to 400°C, using a
backside coil heater.

After deposition, the films were characterized by electron
microprobe analysis with wavelength-dispersive X-ray spectroscopy
(WDS), dual-beam focused ion beam (FIB) high resolution scanning
electron microscopy (HRSEM), and cross-sectional high resolution
transmission electron microscopy (HRTEM). The film stoichiometry
was characterized with a Cameca SX100 EPMA (Electron Probe
MicroAnalyzer). XTEM specimens were prepared with a FEI DB-23$
dual-beam FIB/HRSEM and then analyzed in a FEI Tecnai F30-ST
TEM/STEM operated at 300 kV. High-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM) was also
used for Z-contrast imaging. To protect the specimen surfaces from
FIB damage and direct Ga ion implantation, the surfaces were first
coated with amorphous C (a-C) and then Pt prior to FIB milling. The
a-C coating also provided a clear Z-contrast inbetween the surface and
Pt. In addition, in situ TEM heating of a FIB prepared RT deposited
Au-MoS, film was mounted on a Protochips Aduro heater (SiC
heating element) and the assembly was inserted into the TEM
specimen chamber. This Aduro TEM grid has millisecond thermal
ramp times allowing in situ rapid thermal annealing of the film. The
imaging resolution and sample stability were better at RT so the film
was quickly brought to the desired temperature (up to 600°C), held
for 60 seconds and then quenched to RT, allowed to settle, and then
re-imaged. The temperature of the specimen is derived from a chip-
specific optical pyrometer-derived calibration provided by Protochips
and may not reflect the exact temperature the specimen reached in the
experiment. Unidirectional sliding friction tests were conducted in
open air (~10% RH) for 1000 cycles at a sliding speed of 3.7 mm/s.
Either a 1.59 or 3.18 mm diameter Si;N, ball was used as a counterface
material at a normal load of 98 or 980 mN, respectively. These values
correspond to initial mean Hertzian contact pressures of 0.3 and 1.0
GPa, respectively. A transducer in the load arm measured the
tangential load over a track distance of 1.6 mm. The ratio of tangential
to normal load is the friction coefficient and at least three tests were
performed for each condition. Wear rates, expressed in mm®/N-m,

were calculated as the wear surface volume of the films divided by the
contact load and the total distance traveled by the counterface ball.
This calculation is equivalent to dividing the average cross-sectional
area of the wear surface (determined by white light interferometer
profilometry) by the normal load and by the number of cycles.

3. RESULTS AND DISCUSSION

3.1. Nanostructural Evolution during Film Growth.
Microprobe analysis by WDS confirmed that the co-deposited
Au-MoS, films were composed of ~10 wt.% Au with a S/Mo
ratio of 1.6, which is less than the stoichiometric 2. This
indicates sulfur deficient films since the sputter process results
in some decomposition of the starting MoS, molecule, which is
common in sputtering of MoS, films. While the films will be
referred to as MoS,, the MoS, ¢ stoichiometry should be noted.
Figure 1 shows cross-sectional HRTEM images of the Au-MoS,

Figure 1. Cross-sectional HRTEM images of the Au-MoS, nano-
composite films deposited at (a) RT and (b) 200°C. Inset image in
(b) shows coalescence of two Au nanoparticles.

nanocomposite films deposited at (a) RT and (b) 200°C. The
darker features are nanocrystalline Au that coarsened from ~2-
4 to ~5-10 nm as the growth temperature increased from RT to
200°C. At lower growth temperatures, such as the RT
deposition shown in Figure la, the crystalline MoS, domain
sizes are small (~2 nm) and do not encapsulate/encircle the Au
nanoparticles, in contrast to the previously mentioned IF-MoS,
nanoparticles. However with an increase in growth temperature
to 200°C, the surrounding MoS, (0002) basal planes shown in
Figure 1b begin to encapsulate the Au forming a multi-walled
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MoS, shell, albeit a non-continuous lattice plane shell
consisting of several larger MoS, domains. It is unlikely that
these neighboring domains of MoS, basal planes covalently
bond to each other and appear to exhibit structural defects such
as edge dislocations, although more detailed high resolution
TEM studies are needed to elucidate the atomic structure.
Figure 1b inset image, acquired from another location along the
sample, shows coalescence of two Au nanoparticles with a
similar MoS,-type shell. The formation of these solid Au-core
MoS, nanostructures are analogous to previous studies on solid
core MoO, nanoparticles encapsulated by MoS, layers,
although these were continuous, individual MoS, shells.” In
our study, such nanostructures were only observed in films
deposited at substrate temperatures from 200 to 300°C, where
the combination of higher temperature, surface diffusivity and
kinetic energy from the plasma are believed to be required for
their formation. Several structure zone models for thin film
growth have been described as a function of growth
parameters.”>~>” In these models, the ratio of substrate
temperature to the materials melting point (T,/T,,) is one
parameter that can be used to determine the growth
mechanism. Zone II (0.3 < T,/T,, < 0.5) is characterized by
high surface diffusion of the deposited material leading to
granular epitaxial growth.”® Because the melting point of MoS,
is ~1185°C, Zone II occurs between 164°C and 456°C. It
should be noted that the growth temperature under which long
range MoS, order was observed in this study is in this Zone IL

Lince et al."” reported that higher Au content (>37 wt.% Au)
MoS, nanocomposite films results in an amorphous MoS,
matrix. This indicates that high Au loadings prevented the
formation of long range MoS, crystallinity in the nano-
composite films. In a similar study on sputtered Ti-WS,
nanocomposite films grown at 300°C substrate temperature,
the higher surface diffusivity and mobility of Ti (S wt.%)
produced crystalline WS,; however, higher weight percentages
of Ti (>14 wt.%) in the films resulted in amorphous WS,.** In
contrast to Au-core MoS, nanostructures, WS, basal planes
were not curved and no Ti nanoparticles were formed
suggesting that Ti substitutional solid solution with W may
have occurred in the WS, lattice during deposition.

3.2. Nanostructural Evolution during in Situ TEM
Heating. To determine if these solid Au-core MoS,
nanostructures could be formed after RT deposition, vacuum
annealing of the RT deposited Au-MoS, nanocomposite film
(Figure la) was performed inside the TEM while monitoring
thermally-induced changes in situ. The TEM grid heating stage
with opening to image the RT deposited Au-MoS, film FIB
cross-section (~100 nm thick) is shown in Figure 2. The inset
in Figure 2 is a higher magnification cross-sectional HAADF-
STEM image that shows darker vertical lines in the Au-MoS,
film indicative of some intercolumnar porosity during growth.
Figure 3 shows a sequence of HAADF-STEM images acquired
during in situ TEM heating. Below 200°C there were no
observable changes to the nanocomposite film structure. From
the 200 to 600°C range, several structural changes occur in the
film with increasing temperature: the Au nanoparticles (bright
spots) coarsen into larger particles and this continues up to
600°C, and the intercolumnar porosity begins to disappear, that
is, densification of the film. The yellow arrows in Figure 3 show
Au nanoparticles that have coarsened with respect to the
previous temperature step.

The series of images in Figure 3 was collected upon cooling
from the designated higher temperature to room temperature.
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Figure 2. In situ TEM grid heating stage showing FIB cross-section of
Au-MoS, nanocomposite film deposited at RT over electron
transparent opening. Inset box shows higher magnification cross-
sectional HAADF-STEM image.

The melting temperature of Au decreases significantly from its
bulk value (1064°C) when particle dimensions are reduced to
the nanoscale, an ~3 nm diameter Au particle can melt at
temperatures as low as S00°C because of the increase in the
surface/volume ratio.””*° However, the nanoparticle size versus
temperature images in Figure 3 show that larger Au
nanoparticles grow at the expense of the smaller ones (red
arrows in Figure 3) above 400°C in a solid-state, Ostwald
ripening process before they reach the size-dependent melting
points of isolated Au nanoparticles. Similar in some respects to
the present work, Reich et al’® studied how native Au
nanoparticles with mean diameter of 4 nm found in the mineral
arsenian pyrite [Fe(S,As),], thermally evolved during in situ
TEM heating to 650°C. They determined that above 370°C
coarsening also occurs by diffusion-driven Ostwald ripening. In
addition, Walsh et al.>! determined with in situ TEM heating
that Ostwald ripening of Au nanoparticles becomes the
dominant growth process at higher temperatures of 500°C.
Similar to Au nanoparticles, in situ TEM heating studies show
that Pt nanoparticles can also exhibit Ostwald ripening between
470°C** and 650°C.** Corresponding HRTEM images of the
same nanocomposite film are shown in Figure 4 where the
coarsened Au nanoparticles appear darker. These images show
more clearly highly crystalline MoS, domains especially above
400°C. However, unlike heating during film growth, the highly
ordered MoS, basal planes did not encapsulate the Au, which
suggests that the higher MoS, surface diffusivity and kinetic
energy from the plasma during film growth are likely
responsible for the formation of the Au-core MoS, nanostruc-
tures. In a related study, amorphous spherical WS, and MoS,
nanoparticles were in situ heated in the TEM and determined
to crystallize at higher temperatures of >400°C.>* The authors
also determined that with increasing temperature the size and
crystallinity of the MoS, layers increased, similar to the
structures shown in Figure 4. At temperatures of >500 °C,
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Figure 3. Cross-sectional HAADF-STEM series of images showing Ostwald ripening of Au nanoparticles and MoS, nanocomposite film
densification with increasing temperature. Yellow arrows show Au nanoparticles that have coarsened with respect to previous temperature step. Red
arrows show larger Au nanoparticles that grow at the expense of the smaller ones.

MoS,~

Figure 4. Corresponding cross-sectional HRTEM images of Au coarsening and MoS, domain size increasing with temperature. There is no evidence

of a closed MoS, basal plane shell.

bending of the MoS, basal planes started, followed by the
formation of closed (onion-like) MoS, nanoparticles with a
hollow core at temperatures of >700°C. This is in contrast to
Figure 4 images that show MoS, basal planes do not
encapsulate the coarsened Au nanoparticles during in situ
TEM heating. Therefore, the Au nanoparticles, as they coarsen
with increasing temperature, may be inhibiting MoS, from
encapsulating them.

3.3. Nanostructural Evolution during Sliding. Friction
coefficients and wear rates of RT deposited Au-MoS,
nanocomposite (Figure 1a) and pure MoS, films under varying
contact pressures are listed in Table 1. The Au—MoS,
nanocomposite film exhibited lower friction at both lower
and higher contact pressures compared to the pure MoS, film

Table 1. Steady-State Friction Coeflicient and Wear Rate
Values for RT Deposited Au—MoS, Nanocomposite and
Pure MoS, Films under Varying Contact Pressures

mean hertzian steady-state
contact friction
film pressure (GPa)  coefficients  wear rate (mm>/N-m)
RT-deposited 0.3 0.12 + 0.02 3+1x107°
Auw-MoS, 10 0.05 + 0.008
nanocomposite
pure MoS, 0.65 025 + 0.09 6+ 15x107°

suggesting the Au nanoparticles are playing a role in friction.
With increasing contact pressure from 0.3 to 1.0 GPa, the
friction coefficient decreased indicating non-Amontonian
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behavior, similar to previous reports on MoS,-based materi-
als.'92%223536 The friction coefficient of 0.05 under the 1.0
GPa contact pressure is a very low value for MoS,-based films
in humid air. In examining the wear track after sliding, the pure
MoS, film had areas where the film wore away to the base Si
substrate explaining the high and large deviations in the friction
coefficient values. Where there was film still present in the
track, the wear rate was calculated to be 6 X 10~ mm?/N-m. In
contrast, the nanocomposite film had a significantly lower wear
rate of 3 X 107® mm®/N'm under both contact pressures with
no evidence of film depletion in either wear tracks.

Figure Sa shows schematics of the nanostructural evolution
during 200°C film growth and sliding contact on the RT

25 e
= - —> shear
RT 'r/”/l/; counterface
—_:—_,’;:%

Figure S. (a) Schematic representations of nanostructural evolution
during 200°C film growth (Figure 1b) and sliding on RT deposited
Au-MoS, nanocomposite film: thermally-induced increase in surface
MoS, crystallinity, Au coarsening, and, in the case of sliding, a shear-
induced reorientation of MoS, (0002) basal planes parallel to the
sliding direction to achieve low friction. Corresponding cross-sectional
HRTEM images taken inside the wear track of RT deposited Au-MoS,
nanocomposite film at (b) 0.3 and (c) 1.0 GPa contact pressures
showing the sliding-induced structural evolution of several Au-MoS,
nanostructures.

deposited Au-Mo$S, nanocomposite film (Figure 1a). There are
three main phenomena that occur during sliding as revealed by
the cross-sectional TEM images in Figure Sb and Sc: (1) shear-
induced reorientation of surface MoS, (0002) basal planes
parallel to the sliding direction, (2) increase in surface and
subsurface MoS, domain size and crystallinity, and (3)
coarsening of the near surface Au nanoparticles. In the case
of the latter two, the 200°C deposited film, previously shown in
Figure 1b, also exhibited this structural evolution. During
sliding, these phenomena are more pronounced, especially
when the contact pressure increases from 0.3 (Figure Sb) to 1.0

GPa (Figure Sc). Both thermal and mechanical (tribological)
stresses can be operative during sliding and decoupling their
effects is difficult. In the case of the former, high contact
pressure, sliding speed and friction coefficients all contribute to
increasing the interfacial flash temperature in sliding contacts.
In this study, all of these values are relatively low with the only
variable being the change in contact pressure. As shown in
Figure Sb and S, the increase in contact pressure resulted in
the aforementioned changes in structure. It was previously
shown in Figures 1 and 4 that increasing the temperature
resulted in increases in MoS, domain size and crystallinity and
Au nanoparticle coarsening, similar to what is occurring during
sliding shown in Figure S. Therefore, there is likely a near
surface thermal component to friction, while the reorientation
of MoS, (0002) basal planes parallel to the sliding direction is
more likely to be shear-induced. Thus, the increase in contact
pressure would result in both a thermally-induced increase in
surface MoS, domain size/crystallinity and Au coarsening as
well as sliding (shear)-induced reorientation of the MoS,
(0002) planes parallel to the sliding direction and elongation
of Au nanoparticles at the higher contact stress (Figure Sc).

These nanostructural changes in MoS, and Au are
responsible for the lowering of the friction coefficient from
~0.12 to ~0.0S as mean contact pressure changes from 0.3 to 1
GPa. Lowering of the friction coefficient with increasing contact
pressure (or normal load) is well known for many solid
lubricant films like MoS,, according to the Bowden and Tabor
analysis for Hertzian contacts where friction coefficient is
proportional to (normal load)™"/3***” The reorientation of the
MoS, (0002) planes under both contact pressures resulted in
lowering of the interfacial shear stress because this texture is
conducive to easy shear providing a thin blanket (~$ basal
planes) of solid lubrication. In addition, the sliding-induced
deformation of the Au-MoS, nanostructures results in
elongation of the near surface Au nanoparticles along the
sliding direction shown in Figure 5. While it is known that
exfoliation of basal planes in IF-MoS, nanoparticles is
responsible for low friction,”***™* this study shows that
nanocomposite films can also exhibit a similar mechanism
where the increase in coarsened Au nanoparticles at higher
contact pressures act as an underlying load bearing material
supporting shear of surface MoS, (0002) basal planes during
interfacial sliding. This coarsened (and likely hardened)
underlying load bearing material in principle could reduce the
contact area during sliding, which would result in decreased
friction in comparison to the pure MoS, film according to the
Bowden-Tabor concept.’” In addition to exfoliation of basal
planes, rolling has also been observed in free-standing IF
nanoparticles,”"** particularly at lower contact pressures, for
example, <100 MPa.** While difficult to prove, there was no
direct evidence of Au nanoparticle/MoS, rolling during
interfacial sliding. Also, rolling would be very difficult since
the Au-core MoS, structures are confined within the film, that
is, they are not free-standing. Lastly, the mating sliding surface
of the Si;N, counterface contained a transfer film (tribofilm). It
is well known that sliding on TMD thin films results in transfer
films adhering to the counterface resulting in interfacial sliding
between the wear track and transfer film. While the transfer film
was not thoroughly characterized, the authors have previously
reported for similar MoS,/Sb,03/Au nanocomposite films that
MoS, (0002) basal planes on the surface of the transfer film
also align parallel to the sliding direction resulting in a self-
mated MoS,/MoS, interface.””
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4. CONCLUSIONS

Au-MoS, nanocomposite films were synthesized by co-
sputtering from Au and MoS, targets. At higher growth
temperatures, solid Au-core MoS, nanostructures were formed
due to a combination of high surface diffusivity and kinetic
energy from the plasma. TEM studies on the RT deposited film
with in situ heating showed that there was coarsening of Au
nanoparticles governed by the Ostwald ripening mechanism
and nanocomposite film densification with an increase in MoS,
crystallinity. Coarsened Au-MoS, nanostructures also form in
sliding contacts where there is both a thermally-induced
increase in surface MoS, domain size and crystallinity and a
pressure-induced reorientation of MoS, basal planes parallel to
the sliding direction that are both responsible for lowering of
friction. While it is known that exfoliation of IF-MoS,
nanoparticles is responsible for low friction, we show here
that nanocomposite films can also exhibit a similar mechanism
where the coarsened Au nanoparticles act as an underlying load
bearing material supporting the parallel MoS, (0002) basal
planes during interfacial sliding.
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