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Full length article 

Tribological behavior of few-nanometer-thick MoS2 prepared by 
low-temperature conversion of atomic layer deposited MoOx films 

Tomas F. Babuska a, Michael T. Dugger a, Karl A. Walczak b, Ping Lu a, Adam Schwartzberg c, 
Shaul Aloni c, Tevye R. Kuykendall c, John F. Curry a,* 

a Material, Physical and Chemical Sciences, Sandia National Laboratories, United States of America 
b Advanced Mechanical Design, Sandia National Laboratories, United States of America 
c The Molecular Foundry, Lawrence Berkeley National Laboratory, United States of America   

A R T I C L E  I N F O   

Keywords: 
MoS2 

Atomic layer deposition 
Friction 
Low temperature conversion 

A B S T R A C T   

Molybdenum disulfide (MoS2) is a popular lamellar material with desirable properties who’s form, and function 
can vary widely, from particles to monolayer/μm thick films and applications in semiconductors to aerospace 
lubricants and many more. Physical vapor deposition (PVD) is commonly used to produce dense, conformal 
micron thick MoS2 coatings, but lacks the ability to coat more complex geometries due to line-of-sight constraints 
and typically exhibit amorphous or nanocrystalline microstructures. Atomic layer deposition (ALD) has also been 
employed to deposit monolayer to 10’s of nanometers thick lamellar solids like MoS2 & WS2 in transistor, sensors 
or electrocatalyst applications but not commonly for applications as solid lubricants in aerospace like their PVD 
counterparts. While recent work has shown that ALD MoS2 can exhibit favorable microstructures for solid 
lubricant applications and allows for non-line of sight deposition on complex geometries, it has not been widely 
adopted due to high deposition temperatures (>500 ◦C) that can lead to softening of steel substrates. In this 
work, we show one of the first applications highlighting the use of ultra-thin (5–10 nm) low temperature 
(~250 ◦C) MoS2 coatings as a promising solid lubricant for macroscale mechanical interfaces. Post-deposition 
chemical conversion of ALD MoOx to MoS2 by annealing in H2S at temperatures ranging from 200 to 550 ◦C 
resulted in highly-ordered basally-oriented surface microstructures. The results from this work suggest that 
converted-ALD MoS2 coatings can serve as viable solid lubricants for aerospace applications requiring low- 
temperature processing, including those with complex geometries.   

1. Introduction 

Molybdenum disulfide (MoS2) is a 2D lamellar material with a wide 
range of applications from transistors [1], sensors [2], and electro-
catalysts for the hydrogen evolution reaction [3] to low-friction (μ <
0.05) solid lubricants for extreme environments such as aerospace and 
low-earth orbit (LEO) applications [4–6]. Often, the intended applica-
tion dictates the method in which MoS2 is deposited/grown, with 
chemical vapor deposition (CVD) [7,8] and atomic layer deposition 
(ALD) [9–11] methods used in applications requiring the opto-electronic 
properties of single or few-layer MoS2 (i.e., transistors). MoS2 coatings 
used as solid lubricants for mechanical and tribological applications (i. 
e., bearings, journals, gears) tend to be thicker (100 s of nm to micron) 
due to high life-cycle requirements and are deposited by mechanical 
burnishing/impingement [12–14] or physical vapor deposition (PVD) 

techniques [15–18]. Though PVD methods offer excellent thickness 
control and uniformity compared to mechanical burnishing/impinge-
ment, high-aspect ratio features and complex geometries can be difficult 
to uniformly coat with line-of-sight PVD techniques. 

Conformal vapor-phase MoS2 coating techniques (i.e., CVD, ALD) 
provide a unique opportunity for coating complex shapes with solid 
lubricants without disassembly. Recent work has demonstrated growth 
of MoS2 thin films using a two-step deposition process where plasma- 
enhanced ALD (PE-ALD) molybdenum oxide (MoO3) is initially depos-
ited using an organometallic precursor like molybdenum hexacarbonyl 
(Mo(CO)6) and O2 plasma at low temperature (50–300 ◦C) followed by 
sulfurization in H2S or H2 and S at temperatures ranging from 300 to 
900 ◦C [19–22]. Low temperature (250–325 ◦C) single-step thermal ALD 
of MoS2 from molybdenum pentachloride (MoCl5) and hydrogen sulfide 
(H2S) is a common method though chlorine containing contaminants 
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can occur in the coating [23–26]. Additionally, MoS2 can be grown at in 
a single-step at low temperatures (~200 ◦C) through PE-ALD using Mo 
(CO)6 and a H2S plasma [27] though post‑sulfurization at high tem-
peratures (~600 ◦C) is still required improve the stoichiometry and 
crystallinity of the PE-ALD MoS2 coating. 

While literature has mainly focused on growth of ALD MoS2 for ap-
plications in catalysis [28], transistors [29], and sensors [30] etc., solid 
lubrication using ALD MoS2 presents a problem for materials in me-
chanical applications, such as bearing steels, that may potentially soften 
and compromise mechanical properties due to required heat treatments 
at high temperatures (> 500 ◦C) [31–33]. Though partial conversion of 
MoOx to MoS2 at low temperatures (< 500 ◦C) is achievable, the 
structure and tribological performance of ultra-thin few-nanometer ALD 
MoS2 coatings as solid lubricants is not well understood and has been 
mainly studied at the nanoscale [34–36]. In this work, the feasibility of 
using low-temperature processed MoS2 films as a solid lubricant for 
macroscale applications is investigated. Thin (~20 nm) MoS2 coatings 
are converted from ALD grown MoOx through sulfurization in H2S at low 
temperatures from 200 to 550 ◦C (termed converted-ALD), and the 
macroscale tribological behavior and coating morphology is 
investigated. 

2. Materials and methods 

2.1. Materials synthesis 

Molybdenum oxide (MoOx) films, ~20 nm thick, were deposited on 
to SiO2 coated Si substrates utilizing a Bis(t-butylimido)bis 
(dimethylamino)molybdenum(VI) precursor and using ALD deposition 
methods described previously [37]. Oxide to sulfide conversion was 
performed in a 4″ diameter quartz tube furnace (MTI rapid thermal 
processor) at 100 Torr total pressure, utilizing a flowing gas mixture of 
450 sccm Ar, 50 sccm H2, 25 sccm H2S. The reaction temperatures were 
ramped (40 s ramp time) from room temperature to a annealing tem-
perature of 200 ◦C, 250 ◦C, 300 ◦C, 350 ◦C, 450 ◦C and 550 ◦C for 1 h, 
then naturally cooled to room temperature under argon. Annealing 
temperature was varied to investigate the resulting converted-ALD 
coatings microstructure and tribological properties, with a goal of 
finding the lowest annealing temperature that will result in low friction 
MoSx coatings. 

2.2. Mechanical test methods 

The coefficient of friction of the converted-ALD MoS2 samples were 
measured using a flexure-based bidirectional reciprocating tribometer 
[38–40] in a dry N2 atmosphere (O2 & H2O < 50 ppm). It should be 
noted that dry nitrogen was chosen to make assessments about intended 
tribological performance in vacuum because of the performance simi-
larities between dry nitrogen and vacuum [5]. Experiments consisted of 
sliding for 2 mm at a velocity of 1 mm/s for 500 cycles using a 3.2 mm 
diameter 440C steel probe at a normal force of 100 mN (~407 MPa 
maximum Hertzian pressure). A minimum of three tribological experi-
ments were performed on each sample in a new location and with a fresh 
counter body for repeatability. The initial coefficient of friction (termed 
μi) was calculated as the average of the first sliding cycle over each 
experiment. The steady-state coefficient of friction (termed μss) was 
calculated for samples converted at 250–550 ◦C by averaging the last 
200 sliding cycles of each experiment. The steady-state coefficient of 
friction for the 200 ◦C sample was calculated as the average of cycles 
10–100 because the coating failed right after cycle 100. 

2.3. Coating characterization 

2.3.1. Focused ion beam/transmission electron microscopy 
The transmission electron microscopy (TEM) cross-sections were 

prepared by focused ion beam (FIB), using either a protective coating 

consisting of e-beam platinum (Pt) or a carbon layer produced with a 
Sharpie™ pen [41]. The carbon layer produced with a Sharpie™ pen 
was used for the unannealed MoOx sample (Fig. 1a) and samples con-
verted at 200 ◦C (Fig. 1b), 250 ◦C (Fig. 1c) and 300 ◦C (Fig. 1d). Plat-
inum was used for samples converted at 350 ◦C (Fig. 1e), 450 ◦C (Fig. 1f) 
and 550 ◦C (Fig. 1g). A FEI Titan™ G2 80–200 scanning TEM (STEM) 
with a Cs probe corrector and ChemiSTEM™ technology (X-FEG™ and 
SuperX™ EDS with four windowless silicon drift detectors) operated at 
200 kV was used for structural and chemical analysis of the TEM sam-
ples. For STEM imaging, a high-angle annular dark-field (HAADF) de-
tector with a collection range of 60–160 mrad was used. For chemical 
mapping, STEM energy-dispersive x-ray spectroscopy (EDS) spectral 
images were acquired as a series of frames, where the same region was 
scanned multiple times, and spatially drift-corrected to build up spectral 
image data. The spectral image dataset was processed [42] to yield the 
major components of the EDS spectra and their associated spatial con-
centration maps. 

2.3.2. Raman spectroscopy 
Raman spectra were measured on unconverted MoOx as-deposited by 

ALD and converted -ALD MoS2 samples. Raman spectra were acquired 
using a Horiba Yvan confocal spectrometer with a 532 nm laser, a 
neutral density filter of 1, 200-μm hole, grating of 1200, 100× objective, 
and an acquisition of 3 s with 10 integrations. 

3. Results and discussion 

TEM was performed on nanometer-thick MoOx films grown on Si/ 
SiO2 substrates in the unconverted as-deposited state (Fig. 1a) and after 
annealing in H2S at temperatures ranging from 200 to 550 ◦C for 1 h 
(Fig. 1b-g). At 200 ◦C, there is no observable crystalline MoSX structure 
on the surface (Figs. 1b and 2a) and the formation of MoS2 lamella ap-
pears to begin at 250 ◦C (Fig. 1c) where few-nanometer thick (~5 nm) 
basally-oriented (surface parallel lamella) crystallites (i.e., groups of 
individual lamella) start to form on the surface of the MoOx. There is no 
noticeable crystalline structure for the 200 ◦C sample. However, the 
principal spectral components derived from analysis of the 250 ◦C 
sample’s energy dispersive spectroscopy (EDS) data were used to create 
concentration maps of these components in the 200 ◦C sample (Fig. 2b), 
and this suggests the presence of MoS2 on the surface (Fig. 2c). 

Increasing the conversion temperature to 300 ◦C (Fig. 1d) and 350 ◦C 
(Fig. 1e) shows that any MoOx converted to MoS2 is thin (few nano-
meters) and surface limited with a continuous basally-oriented surface 
forming at 350 ◦C. Partial conversion of MoOx to MoS2 throughout the 
entire thickness does not start until 450 ◦C (Fig. 1f), indicated by MoS2 
lamella forming near the MoOx – Si interface and around domains of 
MoOx. Full conversion of the MoOx film to MoS2 occurs at 550 ◦C 
(Fig. 1g) with domains of basally-oriented MoS2 crystallites near both 
surface and substrate as well as vertically-oriented crystallites in the 
bulk. The trend of increased conversion of MoOx to MoS2 with increasing 
temperature is further supported by Raman spectroscopy (Fig. 3), 
showing increasing intensities of the A1g (out-of-plane vibration) and E2g 
(in-plane vibration) peaks associated with MoS2 with increasing tem-
perature. No intensity relating to MoS2 is observed at the 200 ◦C or 
250 ◦C conversion temperature, likely due to a thin or patchy surface 
layer as detected by EDS (Fig. 2c). The onset of weak A1g and E2g peaks 
associated with a thin and continuous surface crystalline layer of MoS2 
(Fig. 1c) do not appear until 300 ◦C, which become progressively more 
pronounced with increasing temperature. The differences in the 
observed microstructures with increasing conversion temperature are 
likely a result of changes in the diffusion, nucleation, and reaction ki-
netics between H2S, H2, and sulfur with MoOx. At low temperatures 
(200–350 ◦C), island growth of MoSx clusters form through surface 
diffusion of precursors reacting with available Mo sites. For MoS2, 
interplanar covalent bonding is more stable than intraplanar Van der 
Waals bonding making basal growth more energetically favorable. As 
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available Mo sites at the surface decrease, diffusion below basally- 
oriented surface MoS2 drives growth deeper. With increasing conver-
sion temperature (450–550 ◦C), partial conversion in the “bulk” results 
from diffusion pathways forming (i.e., cracks) from increased temper-
ature driving MoOx coarsening and reduction of the oxide. Additionally, 
competing growth of MoS2 islands may cause basally-oriented crystal-
lites to bend as they interact. As precursors are able to diffuse to the 
substrate-MoOx interface, we observe basal growth possibly due to the 
substrate preventing vertical diffusion of precursors allowing them to 
diffuse along the interface, once again finding available Mo sites and 
nucleating basally-oriented crystallites. 

The coefficient of friction was measured over 500 sliding cycles for 
the unconverted and converted films (Fig. 5a) and shows a dramatic 
reduction in both the initial (μi) and steady-state (μss) coefficient of 
friction for all converted samples regardless of temperature when 
compared to the as-deposited MoOx film. The as-deposited MoOx coating 
shows an appreciably higher coefficient of friction than any of the 
converted films and has an increasing coefficient of friction throughout 
the duration of testing with a μss ~ 0.8–1 due to film failure. Annealing 
in H2S for one hour at the lowest temperature sample (200 ◦C) decreases 
μi to 0.09 and μss to 0.07 due to the formation of a MoSx surface layer 
(Fig. 3). All samples except for the 200 ◦C film were able to maintain low 

Fig. 1. (A) TEM of ALD grown MoOx on silicon, (B) TEM of converted-ALD MoS2, converted at 200 ◦C, (C) 250 ◦C, (D), 300 ◦C, (E) 350 ◦C, (F) 450 ◦C and (G) 550 ◦C. 
MoS2 crystallites are observed on the surface after annealing MoOx at temperatures between 250 and 350 ◦C and crystallites are observed to form throughout the film 
at 450 ◦C with full conversion of MoOx to MoS2 at 550 ◦C. 
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friction throughout 500 sliding cycles with the 200 ◦C sample failing 
after ~100 sliding cycles, likely due to its limited thickness and coverage 
from minimal oxide conversion at such a low conversion temperature. 
Though μss is nearly identical (~0.06–0.07) for all conversion temper-
atures (Fig. 5), the run-in behavior (transition from μi to μss) and initial 
coefficient of friction (μi) changes with conversion temperature (Figs. 4b 
and 5) with μi being close to μss at 200 ◦C and 250 ◦C and increasing 
above 250 ◦C to values between 0.1 and 0.27. 

We observe that at annealing temperatures below 300 ◦C the initial 
coefficient of friction (Fig. 5) and run-in to steady-state (Fig. 4b) can be 
reduced due to the formation of low shear-strength basally-oriented 
surface MoS2 crystallites. Due to the basally-oriented nanocrystalline 

nature of the converted -ALD MoS2, the observed microstructure of the 
coatings (Fig. 1c-g) mimics those of mechanically-sheared MoS2 surfaces 
on PVD films [43] and highly-oriented nitrogen sprayed films [12] 
which have been shown to decrease initial friction in both inert and 
humid environments and reduce oxidation susceptibility. Above 
annealing temperatures of 250 ◦C we observe an increase in both the 
average initial coefficient of friction and the standard deviation across 
all experiments (Fig. 5), which is unexpected because the amount of 
MoS2 present increases (Fig. 3), and basally-oriented surfaces are 
observed up to the highest annealing temperature (Fig. 1g). Possible 
explanations of this behavior are (1) non-uniform conversion of MoOx to 
MoS2 causing regions of unconverted material, (2) the crystallite size is 
changing with annealing temperature and impacting initial friction 
through shear-strength modifications between lamellae at the sliding 
interface and (3) local variations in crystallite orientation causing 
changes in reorientation and transfer film formation at the sliding 
interface. TEM shows that the surface is fully converted above 350 ◦C 
(Fig. 1e), yet due to the small sample size of TEM it is possible that there 
are regions of unconverted material. Though possible, the position 
resolved friction loops of cycle 1 do not show regions of high friction 
suggesting that the surface is covered or that any unconverted patches 
are small enough to not influence the contact. Additionally, the ability 
for MoS2 and MoS2 debris in/around the contact to transfer and relu-
bricate the contact [44] could cover higher friction unconverted regions 
and provide the sustained low friction observed in Fig. 4. Therefore, we 
expect that the surface coverage is relatively uniform and that the 
dependence on initial friction coefficient with annealing temperature is 
due to changes in crystallite size [45,46] though this hypothesis needs to 
be explored further in future work. 

Results from the tribological testing (Figs. 4 and 5) highlight the 
superb lubricating properties of the ultra-thin converted-ALD MoS2 films 
even at low temperature annealing in H2S and their applications to 
macroscale systems. TEM (Fig. 1) shows that at temperatures below 
450 ◦C, conversion of the top ~5–10 nm of the oxide film to MoS2 
provides low friction for hundreds of sliding cycles suggesting that the 
wear rates are on the order of 5 × 10− 6 mm3/Nm for the 200 ◦C sample 
(failed at ~100 cycles) to <1 × 10− 6 mm3/Nm for samples deposited at 
temperatures above 250 ◦C (samples did not fail after 500 cycles). The 
estimated wear rate range and material removal per sliding pass can be 
estimated using approximate contact widths using Hertzian mechanics, 
cycles to failure, applied normal force and film thickness as the 
maximum wear depth allowed before film failure (i.e., assuming no 
third-body contributions or relubrication from wear debris). Wear rates 
on the order of 5 × 10− 6 mm3/Nm equates to the removal of a single 
layer of MoS2 (0.65 nm thick) for every ~3 sliding passes, while wear 
rates <1 × 10− 6 mm3/Nm mean that a single layer of MoS2 is removed 
after ~16 sliding passes. The low to ultra-low wear behavior of these 
thin films are similar to wear resistant PVD pure and composite MoS2 
coatings typically used in macroscale applications, which have wear 
rates reported to vary between 1 × 10− 4–5 × 10− 8 mm3/Nm [47,48] 
depending on coating morphology. 

Though PVD MoS2 coatings are usually thicker (100 s of nm to 
micron range) than converted-ALD MoS2, leading to longer overall 
lifetimes, problems arise in the deposition of micron thick coatings due 
to columnar growth and voiding causing low-density porous films 
[47,49,50] susceptible to high wear and oxidation. For low cycle ap-
plications (i.e., actuation mechanisms, latches etc.) where long duration 
is not a requirement, converted-ALD MoS2 coatings are good solid 
lubricant candidates that will avoid issues of porosity and columnar 
microstructures due to the film thickness being smaller than the pore 
size. Furthermore, an interesting finding of this work is demonstrating 
how a few-nanometer thick MoOx “bulk” does not appear to inhibit the 
ability for a thin MoSx layer to provide low friction for a few hundred 
sliding cycles. It is possible that the oxide stabilizes the low shear- 
strength oriented MoSx surface layer allowing for the low wear rate 
and enhances adhesion to the substrate. For PVD MoS2 composites, 

Fig. 2. (A) TEM of converted-ALD MoS2 on silicon converted at a temperature 
of 200 ◦C and (B) the corresponding spectral image showing concentrations of 
MoSx, MoOx and SiO2. (C) A line scan of the spectral image showing the surface 
does have MoSx present even though no crystalline structure is observed. 

Fig. 3. Raman spectra for converted-ALD MoS2 films converted at 200–550 ◦C 
and of the unannealed MoOx showing increasing intensity of the A1g and E2g 
modes for MoS2 with increasing conversion temperature. 
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oxide dopants such as Sb2O3 have been shown to stabilize the sliding 
interface while still providing low friction [14,48,51]. For the 
converted-ALD coatings in this study, stabilization of the sliding inter-
face by the oxide may potentially help provide lower wear and friction in 
humid environments, though this would require future work. 

Highly-oriented basal microstructures, as those observed for 
converted-ALD MoS2 coatings, are desirable coating morphologies for 
MoS2 as they have been shown to limit oxidation from water and oxygen 
during storage in oxidative environments (i.e., coating aging) [13] and 
initial coefficients of friction [12]. Growth of basally-oriented MoS2 
microstructures with PVD methods is difficult and mechanical 
burnishing techniques such as nitrogen-spray impingement are the go-to 
leading coating manufacturing methods for highly-oriented MoS2 solid 
lubricants for macroscale applications. Unlike spray impinged films, 
which suffer from coverage and thickness nonuniformity, low- 
temperature converted-ALD coatings of MoS2 provide a new avenue to 
grow basally-oriented MoS2 microstructures (Fig. 1) with macroscale 
applicability. 

While this work has demonstrated that converted-ALD MoS2 is a 
viable and promising solid lubricant for macroscale applications, longer 
overall coating lifetimes using micron thick films for high duty cycle 
applications may prove difficult for converted-ALD MoS2 to achieve. 
While deposition of thick MoOx coatings (100 s of nm) and conversion is 
possible, the slow growth rate of the MoOx coating and long annealing 
times required to drive full conversion would likely require 

temperatures and times that could compromise substrate materials and 
be costly to deposit. A promising new avenue of converted-ALD MoS2 
would be to use it as a secondary deposition technique to PVD MoS2 
coatings to potentially grow highly-oriented surface layers on micron- 
thick nanocrystalline or amorphous MoS2 coatings to improve oxida-
tion resistance and initial coefficients of friction. Additionally, reversing 
the negative effects of aging, which cause surface oxidation and high 
coefficients of friction, using low-temperature annealing of oxidized 
PVD MoS2 coatings in H2S environments could prove a promising 
technique to improving the performance of conventionally processed 
MoS2 coatings and should be explored in future work. 

4. Conclusion 

In this work, we have demonstrated that nanometer-thick (5–10 nm) 
converted-ALD MoS2, prepared by converting ALD-deposited MoOx 
using low-temperature annealing in H2S, can (1) reduce the initial co-
efficient of friction to values <0.1 depending on conversion tempera-
ture, and (2) provide hundreds of sliding cycles of low-friction solid 
lubrication with steady-state coefficients of friction on the order of 
~0.06–0.07. We show that annealing MoOx at 250 ◦C for 1 h in H2S is 
the lowest temperature that can still provide low initial friction (μi ~ 
0.08) and steady-state friction (μss ~ 0.07) for 500 sliding cycles. While 
complete conversion of the MoOx coating is achieved at 550 ◦C, we find 
that annealing at 250 ◦C results in only the top ~5 nm of the MoOx 
coating having been converted to MoS2 and that this ultra-thin layer is 
able to provide macroscale lubrication comparable to micron-thick PVD 
processed MoS2 coatings. This work has shown that utilizing low- 
temperature nanometer-thick converted-ALD MoS2 as a solid lubricant 
coating for mechanical interfaces overcomes two limitations of other 
deposition techniques such as PVD and high-temperature CVD/ALD: (1) 
growth temperatures above 500 ◦C can soften load bearing steels (such 
as bearing steels) compromising the integrity of the mechanical com-
ponents, and (2) coating complex geometries with high-aspect ratio 
features, such as gears, results in large variability in thickness with 
location on the part due to shadowing. 
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