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Aerosol-Assisted Chemical Vapor Deposition of Lubricating MoS;
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MoS; thin films have been deposited onto 52100 steel substrates by aerosol-assisted chemical vapor
deposition using the metal-organic precursor tetrakis(diethyl-dithiocarbamato)molybdenum(IV) (1).
Analysis of the films indicates growth of an initial, highly crystalline FeS layer exhibiting preferred
orientation parallel to the substrate, followed by growth of MoS, nanoparticles. Friction coefficients for
MoS;-coated steel specimens reach 0.10 when tested at 100 °C in air. Tetrakis(tert-butylthiolato)tita-
nium(IV) (2), dissolved with complex 1 in THF solutions, yields nanoparticle films of variable TiO,
content as a result of solvent decomposition on MoS, and subsequent in situ reaction with the titanium

precursor.

Introduction

MoS, has been used for decades as a solid lubricant
material, with particular application in high-vacuum environ-
ments,' and finds wide application in slow rolling or sliding
contacts, releases, and precision-bearing applications. In
comparison to fluid lubricants, MoS; is preferred in vacuum
because of low outgassing pressure and lack of migration.
MoS,, having a modulated crystal structure consisting of
sandwiched S—Mo—S layers,” is thought to function as an
intrinsic solid lubricant. Weak van der Waals’ forces between
the MoS; layers allow lubrication via mutual sliding between
the layers.> Other applications of this material include high-
density batteries because of its appreciable electrical con-
ductivity and ability to reversibly intercalate Li.* The optical
and electronic properties of MoS, also make it a candidate
for efficient solar energy cells,” and MoS, has been success-
fully used in materials for dehydrosulfurization/hydrogena-
tion catalysis.°
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As lubricants, MoS, films exhibit low friction coefficients
and long lifetimes in dry air and/or inert or vacuum
environments.' To date, MoS, thin films have been grown
by a variety of methods, predominately via radio frequency
sputtering,” but also by pulsed laser deposition,® chemical
vapor transport,” and chemical vapor deposition.'® Chemical
vapor deposition (CVD) is a well-developed technique for
growing thin films of a wide variety of materials.'' Compared
to r. f. sputtering, CVD offers the attractions of conformal
surface coverage at closer to ambient conditions, simpler
apparatus, and the possibility of creating metastable phases.
However, a major limitation of this method is the requirement
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of highly volatile metal-organic precursors. In comparison,
aerosol-assisted (AA) CVD has been recently developed to
utilize metal precursors with lower volatilities, without
sacrificing film quality.'* Recently, researchers used tetrak-
is(diethyldithiocarbamato)molybdenum(IV) to grow MoS,
thin films by AACVD on glass substrates.'® These films grow
with preferential orientation of the MoS, layers parallel to
the glass substrate. Nevertheless, further studies will be
required to determine if MoS, films deposited by AACVD
on realistic substrates such as steel will exhibit the low
friction coefficients required for efficient tribological coat-
ings."

At higher temperatures, in the presence of water vapor,
the tribological efficiency of MoS, is significantly compro-
mised."® Oxidation to MoO; and H,SO, appreciably increases
the friction coefficient. However, it has been shown that
MoS; film resistance to oxidation in atmospheric environ-
ments increases when films are deposited with the addition
of a second metal in a multilayer or composite structure.'®
Codeposition of various metals with MoS; has been exten-
sively studied, and MoS, composite coatings with Ti
incorporation were recently reported to exhibit an order of
magnitude enhancement in wear endurance in moist air,
compared to pure MoS, films."” To the best of our knowl-
edge, all of this work was carried out using physical vapor
deposition techniques, consisting primarily of r. f. sputtering
of MoS; and Ti sources, or by sulfurizing Mo—Ti alloys
with sulfur-containing gases (e.g., H»S).'®

Studies of MoS, composite coating growth with Ti
incorporation have not been reported using aerosol-assisted
CVD. However, tetrakis(zert-butylthiolato)titanium(IV) has
been used to grow TiS; films by AACVD,' and titanium
disulfide is also of interest as a high-temperature solid
lubricant®® and an active cathode material for high-density
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batteries.>' Similar to MoS,, the crystal structure of TiS,
consists of parallel layers bound by weak van der Waals’
forces. In this contribution, we report the growth and friction
characterization of AACVD-derived MoS, films on 52100
steel substrates using Mo(S,CNEt,)s as the precursor. We
also explore the possibility of incorporating Ti into the MoS,
structure using the molecular precursor Ti(S'Bu),.

Experimental Section

Materials and Methods. All manipulations of air-sensitive
materials were carried out with rigorous exclusion of oxygen and
moisture in flame- or oven-dried Schlenk-type glassware on a dual-
manifold Schlenk line, or in a nitrogen-filled Vacuum Atmospheres
or MBraun glovebox with a high-capacity recirculator (<2 ppm
0,). Tetrakis(diethyldithiocarbamato)molybdenum(IV)*? (1) and
tetrakis(zert-butylthiolato)titanium(IV)>* (2) were synthesized and
purified according to literature methods. The purity of these
compounds was confirmed by elemental analysis, electron spray
ionization mass spectroscopy, and NMR spectroscopy. Thermo-
gravimetric analysis (TGA) was performed on a TA Instruments
Q50 thermogravimetric analyzer at a ramp rate of 2.5 °C min ™"
and under a N, flow rate of 90 mL min~ ' at atmospheric pressure.

Film Growth and Characterization. Thin films were grown
in a horizontal cold-wall quartz reactor with liquid aerosol injection
at atmospheric pressure and solvent trap and bubbler for exhaust
gas. Precursor solutions were nebulized with a TSI 3076 collision-
type nebulizer and were deposited on substrates downstream in the
reactor. Carrier gas (Ar) flow rates were controlled at 1.6 L/min
by a mass flow controller. Substrates were cleaned with acetone
and placed on the graphite susceptor in the reactor. They were
heated by an infrared lamp. The reactor was evacuated and
backfilled with Ar three times prior to film growth experiments,
and the precursor reservoir was charged with freshly prepared
precursor solutions in tetrahydrofuran ([Mo(S,CNEt,)4] = 0.015
M, [Ti(SBu)4] = 0 - 0.0075 M) via cannula filtration (Whatman
GF/B glass fiber filters). The optimum susceptor temperature for
high growth rates and crystallinity of the MoS, films was found,
after some experimentation, to be 400 °C. For the simultaneous
growth of MoS; and TiO; films, the optimum susceptor temperature
was determined to be 350 °C. Film thicknesses were measured with
a Tencor P-10 profilometer. Film compositions were assayed using
inductively coupled plasma optical emission spectroscopy (ICP/
OES) with a Varian Vista MPX ICP-OES spectrometer after films
were dissolved in nitric acid. X-ray photoelectron spectroscopy
(XPS) of films was performed on an Omicron ESCAPROBE system
using Al Ka radiation. Glancing X-ray diffraction (GXRD) (angle
of incidence a. = 0.3°) 6—20 scans were performed on a computer-
interfaced Rigaku ATX-G diffractometer. Film microstructure and
morphologies were assessed with an FEI Quanta 600sFEG scanning
electron microscope (SEM) and JEOL JEM-2100F FAST transmis-
sion electron microscope (TEM). Friction measurements were
performed on a Micro Materials Nanotest tribometer using a 25
mm Rockwell tip, a normal load of 10 mN, and a scan rate of 1
um/s.
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Figure 1. Atmospheric pressure thermogravimetric analysis (TGA) of the
volatility characteristics of Mo(S,CNEt,)4 (1). The weight loss data were
recorded at a ramp rate of 2.5 °C/min and at 50 mL/min N, flow rate at 1.0
atm pressure.
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Figure 2. X-ray diffraction (XRD) 6—26 scan of MoS, film A grown on
glass by AACVD using precursor 1. Peaks are labeled with the correspond-
ing (hkl) reflections from the hexagonal phase of MoS, (PDF 37—1492).
Underneath is the peak positions and relative intensities for the powder
pattern for MoS, (PDF 37—1492).

Results

AACVD of MoS; Thin Films, Film Characterization,
and Friction Analysis. The precursor Mo(S,CNEt,)4 (1) was
prepared and purified according to a literature procedure,*”
and purity was assessed accordingly via elemental analysis
and electron spray ionization mass spectrometry. In evaluat-
ing precursor performance for AACVD growth processes,
thermogravimetric analysis (TGA) was performed to assess
volatility characteristics. Previously, it had been reported that
this compound exhibits a single weight-loss step at 300 °C.**
Although it was not expressly stated,” we assume that this
TGA was performed at reduced pressure, as the results differ
significantly from ours. Figure 1 shows the atmospheric
pressure TGA of precursor 1 under N,. Decomposition occurs
in three steps at ~150, ~180, and ~310 °C. The first and
second decomposition steps (—3.8 and —44.1%, respectively)
correspond to the calculated weight percent loss of ethylene
(—4.0% calcd) and two diethyldithiocarbamate molecules
(2[S,CNEt,], —42.9% calcd). After the third decomposition
step, the residue is a black solid with a residual weight
percent of 27.3%. This corresponds to the calculated weight
percent loss to produce pure MoS, (23.5% calcd), with an
additional 3.8% tentatively attributed to decomposed ligand
contamination.

MoS; Thin Film Growth and Characterization on
52100 Steel. AACVD film growth of MoS; films was carried
out with 0.015 M solutions of complex 1 in THF simulta-
neously onto 1737F Corning glass and 52100 steel substrates
at 400 °C. Deposited films, 1.5—1.8 um thick, were black,
nonadherent, and relatively amorphous, as judged by the
sizable X-ray diffraction (XRD) linewidths (Figure 2).
Glancing XRD of the MoS; films deposited by AACVD
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Figure 3. Glancing X-ray diffraction (GXRD) 6—26 scan (o. = 0.30°) of
MoS; films grown by AACVD using precursor 1 on (A) Corning 1737F
glass and (B) 52100 steel. Peaks are labeled with the corresponding (hkl)
reflections from hexagonal phase MoS, (PDF 37—1492) and FeS (PDF
65—1894). Underneath are the peak positions and relative intensities for
the powder pattern of FeS (PDF 65—1894).
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Figure 4. XPS spectrum of MoS, film B deposited on 52100 steel by
AACVD using precursor 1. Peaks are labeled with their corresponding
element. The inset is enlarged portion of the spectrum showing the Mo
3dss, and 3d3/; ionizations.

using complex 1 on glass substrates (films A) reveals
preferred film orientation for the (00 L) planes, with the (101)
reflection also visible (Figure 3A). Glancing XRD of MoS,
films deposited by AACVD using complex 1 on 52100 steel
(films B) reveals reflections corresponding to the hexagonal
phase of FeS (PDF 65—1894, Figure 3B). Preferential
orientation is seen as well in the (00/) direction. No
reflections corresponding to MoS, are evident. However,
X-ray photoelectron spectroscopy (XPS) does suggest the
presence of MoS, (Figure 4). Ion sputtering (Ar™), calibrated
at 1.7 nm/min on a silicon wafer, was performed to remove
possible surface oxidation. The Mo 3ds;, and 3d3/; ionization
energies (228.7 and 231.9 eV, respectively), as well as the
S 2ps/, ionization energy (162.2 eV), match well with those
reported for MoS,.?° Furthermore, the measured Mo/S ratio
agrees with the predicted 1:2 stoichiometric ratio by compar-
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Figure 5. SEM images of MoS; film B grown on a 52100 steel substrate using precursor 1.
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Figure 6. Plot of coefficient of friction («) versus temperature in high-
temperature scratch tests of an AACVD-derived MoS; film B grown on
52100 steel using precursor 1.

ing the peak intensities of the Mo 3d and S 2p ionizations.
Other features are evident corresponding to ~1.5% C, as
well as to the Fe and O of the substrate. The binding energy
of the Fe 2p;,, ionization peak (711.2 eV) matches that of
iron oxide (709.5 eV for Fe(I)—0*® 711 eV for
Fe(II1)—0?°). Scanning electron microscopy performed on
films B reveals the films to consist of platelets stacked
perpendicular to the surface with dimensions of 0.08 um x
1 um (Figure 5). Variable-temperature tribological tests
performed on film B show that the present MoS, films
conform to known levels of lubrication for this material
(coefficient of friction = 0.12 at room temperature, 0.10 at
100 °C, Figure 6).'* After conducting high-temperature
friction measurements on film B, XPS analysis reveals the
Mo 3ds, ionization energy has shifted to 232.3 eV, corre-
sponding to Mo®" associated with MoOs,?® and the absence
of S ionization energies.

Incorporation of Ti into MoS, Using Ti(S'Bu),. Precur-
sor solutions composed of both precursors 1 and 2 dissolved
in THF were used to grow films simultaneously onto 1737F
amorphous glass and 52100 steel at 350 °C, producing
1.5—1.8 um thick films as determined by profilometry. The
percentage of Ti deposited with the MoS, films was varied
by changing the molar ratio of complexes 1 and 2 dissolved
in the THF precursor solution. Film composition was assayed
using ICP/OES mass spectroscopy. Film growth above 370
°C yielded no detectable Ti content. Film growth with toluene
solutions of precursors 1 and 2 yielded only MoS; films,
with negligible Ti content as determined by XPS and ICP/

(26) Mclntyre, N. S.; Zetaruk, D. G. Anal. Chem. 1977, 49, 1521-1529.

(27) Thomas, J. E.; Jones, C. F.; Skinner, W. M.; Smart, R. St. C. Geochim.
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(28) Barr, T. L. J. Phys. Chem. 1976, 82, 1801-1810.

Table 1. Precursor Solution Concentration of Complexes 1 and 2 in
THF Used to Grow Films C—F by AACVD at 350 °C and the Mo,Ti
Composition of the Films As Assayed by ICP/OES

precursor solution concentrations (mM)  film composition flm
[1] 2] % Mo % Ti  designation
15 1.5 96 4 C
15 29 89 11 D
15 7.2 70 30 E
15 7.5 62 38 F

OES. Table 1 lists the concentration used of each precursor
and the subsequent percentage of each metal found in films
C—F. GXRD of all the films grown on 52100 steel exhibit
reflections assignable to FeS; the §—26 scans were identical
to that shown in Figure 3B. Figure 7 shows the GXRD of
films C—F grown on glass substrates. Film C, consisting of
94% Mo and 6% Ti, shows only the MoS, phase, with some
preferred orientation in the (001) direction. When the level

MoS,
(002)

D
TiO, E
(1o1)
. F
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Figure 7. Glancing X-ray diffraction (GXRD) 6—26 scan (w = 0.30°) of
films C—F grown on 1737F Corning glass by AACVD using precursors 1
and 2. Peaks are labeled with the corresponding (hkl) reflections for
hexagonal phase MoS; (PDF 37—1492) and tetragonal phase TiO, (PDF
71—1166).
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Figure 8. SEM images of MoS,/TiO; films C—F grown on 1737F Corning
glass using precursors 1 and 2.

of Ti reaches 11% (film D), the reflection at 26 = 25.3° for
TiO; can be seen. As more Ti is codeposited with the MoS,,
the TiO, reflection becomes stronger, and the MoS; reflec-
tions become weaker.

No visible changes in the morphology are noticeable in
the SEM images of films C—F grown on 52100 steel,
compared to film B. Figure 8 shows the corresponding SEM
images for films C—F grown on glass substrates. For film
C, a textured nanoparticle ribbon-like network is observed.
This texture is still evident in the GXRD of film D, although
the visible network in the SEM is diminished. In films E
and F, the observed films consist of small platelets with none
of the ribbon-like network observable. Figure 9 shows the
XPS scan of film E, deposited on 52100 steel, which is
representative of all the films. Only the signal intensities vary
for films C—F; peak positions for element ionizations
discussed earlier for film B are the identical. Judging from
the positions of the Mo 3ds;, and Ti 2ps/, ionization energies
(228.8 and 458.9, respectively), MoS, and TiO; are present.

Discussion

Characterization of MoS; Films on 52100 Steel Sub-
strates. The goal of this investigation was to investigate the
possibility of depositing MoS; films on steel substrates by
AACYVD for the use as a solid lubricant. This work builds
upon that of previous studies, using Mo(S,CNEt,)4 (1) as
an AACVD precursor,'? by characterizing the atmospheric
thermal behavior of the precursor, as well as the morphology
of the MoS; film when deposited onto 52100 steel substrates.

Because AACVD film growth occurs at atmospheric
pressure, it is informative to first conduct thermal analysis
that simulates more closely this process. The present analysis
shows that complex 1 decomposes in three steps between
150 and 310 °C, losing ethylene and dithiocarbamate units,
resulting in MoS, with minimal decomposed ligand con-
tamination (Figure 1).

MosS; film growth studies at atmospheric pressure were
conducted, and we determined that 400 °C was the optimum
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film growth temperature, affording growth rates of 16 nm/
min. XRD and GXRD of films A grown on glass substrates
confirmed an earlier report'® of preferred orientation of
weakly crystalline hexagonal phase MoS, (Figures 2 and 3A).
The presence of MoS, was confirmed on films B grown on
52100 steel via XPS (Figure 4), whereas GXRD shows strong
FeS reflections (Figure 3B). However, the Fe 2p ionization
energies in the XPS spectrum are shifted to somewhat higher
binding energies than that expected for Fe(Il)-S (707 eV).?
Having sputtered the film surface (~35 nm), this observation
cannot be attributed to surface oxidation. Thus, it is proposed
that a relatively crystalline FeS layer is formed between the
substrate and the MoS, film. The penetration depth for
GXRD is on the order of 1—2 um deep vs XPS, which
penetrates only a few nanometers below the surface.*® This
is consistent with why FeS is observed in the former
measurement, but not the latter.

SEM images of film B on 52100 steel reveal a different
MoS; film morphology than that on glass substrates (Figure
5). From GXRD, there is some preferential orientation of
FeS crystalline planes along the (00/) direction, meaning that
there is preferred crystallite orientation with the basal planes
parallel to the substrate surface. No reflections from MoS,
are observed. From the SEM images, nanoparticles appear
to grow as platelets perpendicular to the substrate surface.
This is suggestive of type I MoS, films (terminology of
Fleischauer®'), where crystallite plane edges are predomi-
nately exposed. This would seem to result in a low surface
area of the (001) crystalline planes, potentially meaning
reduced lubricity. Tribological scratch evaluations were
performed on film B to determine the coefficient of friction
(u; Figure 6). At room temperature, 4 = 0.12 and decreases
to 0.10 as the substrate temperature reaches 100 °C, which
is attributed to loss of water adsorbed on the surface of the
films. It is possible that the FeS formed in the deposition of
the films contributes to the lubrication, as it is known to be
a good solid lubricant as well. Indeed, coefficients of friction
below 0.2 for FeS have been reported.*> However, it is
doubtful that it is the sole reason for the tribology of the
present films because burnishing (rubbing) of type I MoS,
can act to partially orient the crystallites parallel to the
substrate, thereby lubricating the surface.’' As the substrate
temperature is raised above 100 °C, u increases above the
room-temperature value. This increase is attributed to MoS,
oxidation. This oxidation process to MoO; and H,SO; is
known to occur for MoS, and to increase the coefficient of
friction at higher temperatures.'” Indeed, XPS of the film B
after high-temperature friction testing confirms the presence
of MoOs and the absence of MoS,.
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Figure 9. XPS spectrum of MoS; film E deposited on 52100 steel by AACVD using precursors 1 and 2. Peaks are labeled with their corresponding element.

Incorporation of Ti in MoS; Films Using AACVD. This
investigation was originally intended to employ Ti(S'Bu),
(2) to introduce Ti in conjunction with MoS, growth using
complex 1 as a means of doping the MoS, films with Ti to
enhance oxidative stability. Initial attempts to grow films by
AACVD with toluene solutions of precursors 1 and 2 yielded
only MoS; films, with negligible Ti content as determined
by XPS and ICP. THF was then used as the solvent, and the
Ti composition in the films as assayed by ICP/OES, varied
from the 2:1 molar ratio contained in the precursor solution.
Results are summarized in Table 1 for film C—F growth on
glass and on 52100 steel substrates. As shown in Figure 7,
reflections due to TiO, are detectible by GXRD in film D,
with 89% Mo and 11% Ti as determined by ICP/OES. The
presence of TiO, was unexpected, as the growth was
conducted under Ar, and rigorous purification techniques
were used to ensure dry, oxygen-free THF. Therefore, O
sources must be from the ambient exposure after film growth
or from possible reaction with THF during the AACVD
process. XPS also confirms the presence of TiO,, from the
binding energy of the Ti 2ps, ionization peak, even after
sputtering the film surface (Figure 9). This rules out oxidation
of TiS, because of contact with air. A previous study reports
that the decomposition of THF occurs on the surface of MoS,
at temperatures above 150 °C.* Products from the decom-
position include small hydrocarbons, aldehydes, and CO,.
The thiolate ligand complexed with Ti should be reactive to
these species, whereas oxophilic Ti(IV) should readily
coordinate to carbonyl and alkoxy compounds, ultimately
leading to TiO,.

As more TiO; is codeposited with MoS,, the microstruc-
tural texture of the films changes, as seen in the SEM images
(Figure 8). The ribbon-like network associated with the MoS,
disappears, which is supported by the GXRD data (Figure
7), as the baseline pattern of the glass substrate becomes
more pronounced, in concert with the diminished MoS,

(33) Juzkow, M. W.; Gay, 1. D. J. Phys. Chem. 1991, 95, 9911-9914.

reflection intensities of the higher Ti-content films. XPS
analysis of the films gives similar results to that of film E,
revealing the presence of Mo 3ds» and S 2ps» ionization
energies corresponding well with MoS,, and the Ti 2p3p
ionization energies corresponding to TiO,. The Fe 2p;p»
energy position matches that of iron oxide, with no Fe(II)—S
contribution detectible.

High-temperature scratch tests shows neglible improve-
ment in lubrication performance with the Ti codeposition
accompanying MoS; film growth.

Conclusions

Aerosol-assisted CVD has been used to deposit MoS, films
using Mo(S,CNEt,)4 (1) as the precursor onto 52100 steel
substrates so that its tribological performance could be
assessed. The morphology of the films consists of an initial
crystalline layer of FeS, the subsequent growth of MoS,
nanoparticles, the plane edges of which are predominately
exposed perpendicular to the substrate surface. Low coef-
ficients of friction arise from the combined performance of
the FeS layer and burnishing of the MoS, nanoparticle films.

Titanium was incorporated into the MoS, films grown by
AACVD using Ti(S'Bu)y as the titanium source. Codeposi-
tion of preferentially oriented TiO, appears to arise from the
decomposition of the solvent (THF) on the MoS, nanopar-
ticles and subsequent oxidation of the titanium precursor.
Films grown on 52100 steel again exhibited the crystalline
FeS layer forming between substrate and the MoS,/TiO,
films. No significant improvement in the tribological per-
formance of the films was detected.
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