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The synthesis and characterization of tungsten disulphide (WS,) films grown on 440C
stainless steel substrates using the 248 nm line from a KrF excimer laser are reported. Film
properties could be adjusted by controlling substrate temperature and by laser or thermal
anneals. X-ray photoelectron spectroscopy, glancing angle XRD, Raman spectroscopy and
high-resolution scanning electron microscopy were used to evaluate film chemistry,
crystallinity and morphology. Films grown at room temperature were amorphous, near
stoichiometric, and had a multiplicity of chemical states. Local order and bonding were
improved most dramatically through post-deposition laser anneals. Crystallite size could be
increased by raising the substrate temperature during deposition and, to a lesser degree, by
post-deposition thermal anneals. Local disorder was observed within the larger crystallites
compared to those that were laser annealed. Crystallinity was induced in amorphous films by
mechanical rubbing at room temperature under conditions where frictional heating was
negligible. The degree of control over film properties provided by PLD demonstrates its value

for growing/designing tribological coatings.

1. Introduction
Tungsten disulphide (WS,) is a solid lubricant from
the class of compounds known as transition metal
dichalcogenides. These materials typically have a
hexagonal crystal structure which is composed of two-
dimensional sheets stacked on top of one another.
Each sheet is tri-layered with a metal atom {e.g. Mo,
W, Nb or Ta) in the middle that is covalently bonded
to chalcogen atoms (e.g. S, Se or Te) in the top and
bottom layers. The covalently bonded sheets are held
together by weak Van der Waals forces which permits
them to shear easily. The basal plane is composed of a
layer of chalcogen atoms which are quite inert, permit-
ting easy intercrystalline slip. The crystal structure
and the inertness of the basal plane are responsible for
the low-friction surface and high load-carrying cap-
ability of the transition metal dichalcogenides [1].
These materials have been used successfully in a var-
iety of technological applications and in a number of
different forms: (1) as part of a bonded coating, (2) as
part of a compact, (3) as a burnished film, (4) as a
sputtered film, and (5) as a laser-deposited film.
Molybdenum disulphide (MoS,) is the most used
and most frequently studied transition metal dichal-
cogen lubricant. It provides an ultra-low friction
surface (0.008 < p < 0.05) and long wear life in dry
environments and vacuum; the presence of moisture
severely curtails its wear life by several orders of
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magnitude and causes a rise in the friction coefficient
to 0.1-0.2. Tungsten disulphide is nearly a direct
replacement for MoS, because it has very similar
properties. However, WS, is more resistant to oxida-
tion at elevated temperature providing about a 100 °C
increase in maximum operating temperature [2]. Be-
cause MoS, is a naturally occurring mineral and WS,
is a synthetic material, MoS, has been used much
more frequently.

The general trend for improving advanced solid
lubricants is to increase their life at high temperature.
For aerospace applications, lubricant films are also
required to be thin and of uniform thickness. There-
fore, it is critical to develop precision film growth
techniques for high-temperature lubricants. Pulsed
laser deposition (PLD) has been employed success-
fully to grow high-quality films that are fully dense,
long lasting, and have low friction surfaces. Film
properties such as crystallinity, stoichiometry, mor-
phology and dopant concentration can easily be ad-
justed by varying PLD parameters [3—6]. Because it is
exactly these properties that are important for deter-
mining tribological behaviour, PLD is an ideal
technique for tailoring film properties to different
tribological applications.

The feasibility of using PLD to grow WS, films has
been evaluated elsewhere [7]. Films evaluated for that
study were grown on aluminium metal-matrix com-
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posites at 350 °C; they were dense, near stoichiometric,
and exhibited a low friction coefficient of around 0.04.
The objective of this study was to give a detailed
account of the synthesis of WS, by PLD and to
evaluate the role of substrate temperature, laser an-
neals, and thermal anneals on the chemistry and
crystallinity of the films. It was reported carlier that
such parameters have a profound influence on PLD
film properties [3-6]. Because the WS, films are
targeted for use as tribological coatings, 440C tem-
pered stainless steel discs were selected as substrates
(hardness = 60 HRC; R, = 4.7 nm). X-ray photoelec-
tron spectroscopy (XPS), glancing angle XRD
(GAXRD), Raman spectroscopy and scanning elec-
tron microscopy (SEM) were used to evaluate chemis-
try, crystallinity and morphology.

2. Experimental procedure

A stainless steel vacuum chamber having a base
pressure of 8 x 10™7 Pa was used for film deposition;
the pressure during deposition rose to 1 x 1073 Pa. A
more detailed description of the procedures for PLD
of lubricant materials is available in earlier reports [3,
6, 8, 9]. Tungsten disulphide targets were fabricated by
cold pressing WS, powder (Aldrich Chemical 99.8%
pure) into 25 mm diameter discs at 50 MPa.

A Lambda Physik LPX 110i excimer laser charged
with KrF was used to provide 248 nm radiation to the
target. The laser was set for 100 mJ/pulse and 25 Hz; it
was focused to a 2.0 mm by 4.5 mm rectangle on the
target face which provided a fluence of 1.1 Jem ~2. The
unfocused laser beam (38 mJ cm ™ 2) was used for post-
deposition anneals which were done in air. Film uni-
formity was maximized by: (1) rotating the target and
the substrate at about 10 r.p.m during deposition and
(2) rastering the laser beam across the target face. A
calibrated quartz crystal oscillator was used to meas-
ure deposition rates and film thicknesses. Resistive
heating was employed to degas and/or anneal the
specimens; temperature was measured using a calibra-
ted infrared pyrometer. Targets were polished with a
lint-free cloth to minimize target roughness and in-
crease deposition rates; they were preconditioned by
ablative cleaning for 5 min prior to film growth using
the focused laser beam. The sample shutter was closed
during target cleaning.

2.1. Sample preparation and analysis
Substrates were fabricated from 440C stainless steel
(SS) coupons (60 HRC) that were polished to 0.01 um
and cleaned ultrasonically in acetone, methanol and
water. Prior to deposition, the specimens were deg-
ased at 300 °C for 15 min and allowed to cool to room
temperature. The duration of each deposition was
adjusted to provide films that were about 600.0 nm
thick. Clean and degassed substrates were coated at
room temperature and at 350°C. Films grown at
room temperature were subjected to (1) 2 min laser
annealing, and (2) 15 min thermal annealing at 350 °C.
Surface chemistry was studied with a Surface
Science Instruments (SSI) M-probe XPS instrument

operated at 3 x 1077 Pa using a 200 x 1000 pm line
spot and a 25 eV pass energy to provide a full-width
half-maximum (FWHM) of 0.71 eV for the Au 4f,,
peak. Binding energy positions were calibrated using
the Aud4f,;, peak at 84.0 eV, and the Cu3s and
Cu 2ps,, peaks at 122.39 and 932.47 eV, respectively.
Bulk chemistry and film crystallinity were investigated
by Raman spectroscopy using a SPEX 1877 spectrom-
eter and the incident light of a 514.5 nm argon ion
laser. An intensified 1024 element, diode array de-
tector was used to collect the Raman signal. Film
crystal structures were determined using data
acquired by a Rigaku D/max-1B diffractometer equip-
ped with a thin-film attachment and a mono-
chrometer. WS, powder and film morphologies were
evaluated using a Jeol 840F scanning electron micro-
scope equipped with energy and wavelength dispersive
X-ray spectroscopes.

3. Results and discussion

3.1. Morphology

The morphology of WS,, as it was pressed into a
pellet, laser ablated and then condensed as a film, was
observed using high-resolution SEM. Fig. la shows
the powdered WS, before it was pressed. The largest
dimension of the individual particles is along the basal
plane surface and, as a consequence of their lamellar
crystal structure, they are shaped like platelets, The
platelet faces are the low-energy sulphur-terminated
basal planes. After pressing, the fresh target has a
relatively smooth surface as illustrated in Fig. 1b.
Ablating the target causes its surface to become tex-
tured, which is well known in the field. The topogra-
phy of the ablated target can best be described as
being cone-like (Fig. 1c). A typical film grown at room
temperature is shown in Fig. 1d; the film is nearly fully
dense and its surface has a “cauliffower” appearance.
Particles like these are frequently observed in PLD
films; they originate from subsurface vaporization and
subsequent ejection of molten material. Mechanical
ejection of small particles may also contribute to the
particle density. A film grown at 350 °C is shown in
Fig. le and is noticeably different; it is powdery,
porous and appears to have larger crystals than the
RT films.

3.2. Chemistry

The chemical bonding in the different films was evalu-
ated by X-ray photoelectron spectroscopy. Fig. 2
shows the W 4f and S 2p photoelectron peaks arising
from the films as well as those from the target for
comparison. XPS data were fit using Voight functions
and the resulting peak parameters are listed in Table L.
The most significant observation is that film chemistry
correlates with increasing energy input, either by
increasing the temperature of the substrates during
deposition, post-deposition thermal anneals or post-
deposition laser anneals. The RT film provides broad
photoelectron peaks which are shifted to lower bind-
ing energy compared to the target. Peak broadening is
evidence of disorder and a multiplicity of chemical
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states. A shift to lower binding energy is typical of
disordered MoS, films. In the case of MoS,, band
bending has been suggested as the origin of the phe-
nomenon [10]. Because the crystal structures and
properties of MoS, and WS, are similar, the same
explanation may apply to WS, as well.

The energy separation of the W 4f,, and S 2p,,,
peaks for all treated films is nearly identical to that in
the target (films — 129.62 + 0.01 eV; target = 129.58
eV). The energy separation in as-deposited room-
temperature films is 129.45 eV; this reflects some
difference in chemical binding but it is noted the XPS
peaks from this film were broad and difficult to fit.
Binding energy, W-S binding energy separation and
film stoichiometry were used to identify the major
component in the films as WS,. Raman and XRD
data, discussed later, support that assignment. Films
were transferred in air causing some oxidation (WO3)
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Figure 1 Scanning electron micrographs showing (a) WS, powder,
(b) a pressed target of the WS, powder in (a), (c) laser-ablated target,
(d) WS, film grown at room temperature, and (¢) WS, film grown at
350°C.
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Figure 2 X-ray photoelectron spectra of the W4f;, ., and
S2p,,2-3;» doublets from (a) the WS, target, (b) the film grown at
room temperature, {c} the film grown at 350°C, {(d) the film grown at
RT and annealed at 350°C for 15 min, and (¢) the film grown at
room temperature and laser annealed for 15 min.



TABLET XPS data from the WS, target, the RT film, the film grown at 350 °C, the film grown at RT and annealed at 350 °C for 15 min, and

the film grown at room temperature and laser annealed for 15 min.

Specimen WS, R S? WO, wo
S 2ps) S2psp W4, WAL,
W 4f; ), S 2ps,, S/W S—-W

Target 32.96 162.54 2.00 129.58 - - 36.23 -

RT 32.40 161.85 1.96 129.45 163.05 - 3577 -
350°C 32.68 162.30 1.75 129.62 163.08 161.25 35.85 31.25
RT and TA 3217 161.78 2.06 129.61 - 160.69 35.50 -

RT and LA 32.50 162.13 1.94 129.63 163.38 161.10 3593 31.36

as evinced by the second doublet to higher binding
energy observed in the W 4f spectra. Laser annealing
an RT film in air caused the formation of significant
amounts of metallic tungsten as shown by the W 4f, ,
peak at 31.36 eV in addition to WO; and WS,; the
film grown at 350°C also has a small quantity of
metallic tungsten (W 4f,,, = 31.48 eV). Two types of
sulphur were observed in the RT film: elemental sul-
phur and sulphur chemically bonded as WS,. The
elemental sulphur is most likely concentrated on the
film surface where it condensed after deposition.
Measurements from a residual gas analyser (RGA)
confirm that sulphur vapour is persistent in the cham-
ber for some time after deposition. Sulphur has a
relatively high vapour pressure which explains this
phenomenon. Similar observations have been made
for PLD MoS, films and XPS/RBS data demon-
strated that elemental sulphur was concentrated at the
surface for this system [3]. A fraction ( < 9%) of a third
type of sulphur (not assigned to a compound) was
observed in the treated films appearing at about
161.30 eV.

As shown in Fig. 2, thermal and laser treatments
reduced the disorder and chemical multiplicity in the
films. XPS data show this by the narrowing of the
peak FWHMs. In addition, the concentration of ele-
mental sulphur decreased significantly after treat-
ments compared to the as-deposited RT film. The
energy input to the specimens caused the sulphur to
desorb from the film surface; again, this has been
observed with PLD MoS, films [3]. Raman peaks
shown in Fig. 3 confirm the XPS data: RT films are
amorphous while thermal and laser anneals improve
chemical bonding and film crystallinity.

3.3. Crystal structure

Raman spectroscopy and GAXRD were used to meas-
ure film crystallinity; Figs 3 and 4 show the Raman
and XRD data. The as-deposited RT film provides
featureless spectra for both techniques. This demon-
strates that the films are amorphous or have crystal-
line domains smaller than about 2 nm diameter. Input
of thermal or laser energy to a film causes an increase
in crystallinity. Raman data (Fig. 3) show the relative
order of treatments for increasing crystallinity: 350 °C
thermal anneal, 350°C deposition, post-deposition
laser anneal. XRD data shown in Fig. 4 and Table II
demonstrate the same ordering for thermal treat-
ments, but the laser-annealed films remain predomin-
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Figure 3 Raman spectra from (a) the film grown at RT, (b) the film
grown at 350 °C, (c) the film grown at RT and annealed at 350 °C for
15 min, and (d) the film grown at room temperature and laser
annealed.

antly amorphous. The disagreement between the
Raman and XRD data can be understood by consider-
ing the range of order required by the two techniques.
XRD requires long-range order (greater than about
5-10nm diameter crystalline domains), whereas
Raman is sensitive to shorter range order ( ~ 2 nm).
Laser anneals reduce disorder within a domain and
consequently the multiplicity of chemical bonding, but
do not cause the crystalline domain size (i.e. the
crystallite diameter) to grow. Thermal anneals, how-
ever, permit the crystalline domains to nucleate and
become larger, thus XRD spectra can be obtained.
Crystalline order within the domains is not as high as
those within the laser-annealed films.

The tribological properties of the films grown here
were evaluated using a ball on disc tribometer. In this
test, the friction force exerted on a stationary ball by a
rotating disc is monitored as a function of revolutions.
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TABLE II Diffraction data from PDF files [11], the film grown at RT and annealed at 350 °C for 15 min, and the film grown at 350°C

hkl PDF Powder 350°C deposition 350 °C post anneal
d {nm) 11 d (nm) i, d {nm) I, d (nm) HER
002 0.618 100 0.6061 100 0.6509 100 0.6553 100
004 0.3089 14 0.3063 49 0.31 BB* 0.31 BB
100 0.2731 25 0.2712 1.5 0.268 81 0.269 31
101 0.2667 25 0.2650 1.8 0.268 BB 0.269 31
102 0.2498 8 0.2484 0.8 0.2524 12 0.253 26
103 0.2277 35 0.2264 3.9 0.2256 19 0.2252 59
006 0.2061 12 0.2048 2.8 0.2059 12 0.2056 34
105 0.1834 18 0.1824 2.5 - - - -
106 0.1646 2 0.1638 04 - - - -
110 0.1578 16 0.1572 0.8 BB BB BB BB
008 0.1546 8 0.1538 1.2 BB BB BB BB
112 0.1529 14 0.1522 0.5 BB BB BB BB
118 0.1104 8 0.1101 13 0.1101 1 0.1101 5
*BB = broad band
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Figure 4 Diffraction patterns collected using GAXRD from (a) the
WS, powder, (b) the film grown at RT and annealed at 350 °C for
15 min, and (c) the film grown at 350°C.

The friction coefficient can be calculated and the wear
life of the film is defined as the point where the friction
force exceeds a preset value. While the details of those
are presented elsewhere [12], the effects of rubbing on
crystallinity are briefly discussed. Raman spectra of a
film grown at room temperature and then rubbed in a
pin-on-disc tribometer are shown in Fig. 5; the Raman
spectrum of the target is shown for comparison. Films
grown at room temperature are amorphous (Fig. 5b);
rubbing in dry nitrogen causes growth of the Raman
bands at 355 and 420 cm~* (Fig. 5¢) demonstrating
crystallization. Energy input to the films by the mech-
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Figure 5 Raman spectra from (a) the crystalline WS, powder, (b)
the film grown at room temperature, and (c) the wear track of the
film shown in (b).

anical action of rubbing causes the films to crystallize
just as energy from thermal and laser anneals causes
crystallization.

4. Conclusions

PLD was used to grow adherent films of WS, on 440C
stainless steel substrates. Film chemistry and crystal-
linity could be adjusted by controlling the substrate
temperature and by laser or thermal anneals. Films
grown at room temperature are amorphous, near
stoichiometric, and have a multiplicity of chemical



states. Local order and bonding are improved most
dramatically through post-deposition laser anneals.
Crystallite size is increased by raising the substrate
temperature during deposition and, to a lesser degree,
by post-deposition thermal anneals. There is local
disorder within the larger crystallites compared to
those that were laser annealed. Crystallinity is induced
in amorphous films by mechanical rubbing at room
temperature under conditions where frictional heating
is negligible. The degree of control over film properties
provided by PLD demonstrates its value for growing/
designing tribological coatings.
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