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I. INTRODUCTION

The reactivities in humid and dry atmospheres of thin films of molybdenum
disulfide prepared by rf sputtering were recently found to be substantially
greater than that of the bulk (powder) material.l The nature of the oxidation
reaction at room temperature for the thin films (~2000 A thick) was deter-
mined to be conversion from MoS, to MoO3 with no evidence of sulfite or
sulfate species on the film surfaces in agreement with the similar reaction
that occurs on the powder.2 The reported depths of film oxidation were
estimated to be in excess of 100 A from empirical correlations of the changes
in peak-to-peak heights of Auger electron spectra to changes in MoS, stoichio-
metry ({.e., S:Mo atom ratios)., Those changes in the films' chemistries were
then correlated to variations in their tribological (lubrication) properties
under conditions of sliding contact between lubricated surfaces. Oxidation of
the MoS, films completely destroyed their desirable lubrication qualities,

reducing their wear lives by a factor of 50 or more.

Subsequently, MoSz films have been produced, by the same rf sputtering
technique, that have considerably different chemical and trib~logical
ptoperties.3 Those films exhibit very little oxidation under more severe
conditions than those reported previously; under no standard environmental
conditions (i.e., varying relative humidity at room temperature) are the newer
films oxidized to any significant depth (>10-15 A). Auger and X~-ray photo-
electron spectroscopy data for all of the HoSz films have been fit to a model
describing the surface oxidation process. The results of depth-of-oxidation
calculations based on that idealized model are presented here. The differences
in the reactivities of the two types of films and the influence of crystallite

orientation on reactivity are then discussed.
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II. EXPERIMENTAL SECTION
A MoS, films were prepared by rf sputtering according to the same
procedures as described pr:ev:l.ously.l’3 Two different sputtering targets were
' used, one from Materials Research Corporation that produced the first set of
*y
. films with the relatively high reactivities,l and the other from Cerac, Inc.,
o that produced the second relatively inert set.3 Both targets were made from

hot-pressed MoS, powder (99.9% pure), and the sputtering parameters (i.e., rf
power, argon pressure) were the same regardless of which target was used.
Films were made on primarily Cl018 or 440C steel substrates and were

~2000 A thick. A few depositions of ~750-A-thick films were done onto carbon-

coated copper transmission electron microscope grids.

Following their preparation, films were stored in various environments
(air of different relative humidity) for times ranging from 2 weeks to
16 wonths. Films were stored in crystallizing dishes over solutions that were
used to maintain the appropriate relative humidity. Watch glasses were placed
over the crystallizing dishes and the seams taped with electrical tape. The
indicated relative humidities were maintained with the following saturated
solutions: 512—Cu(NO3),°4Hy0; 84X-—KBr; 98%--CaSO4°5H70. In addition, some
films were stored over distilled water (100% RH) and some in a desiccator over
dry CaSO0,.

Auger electron spectroscopy (AES) was performed with a Physical

Electronics Industries Model 590 scanning Auger microprobe, using the same

operating conditions as previously described. ! X-ray photoelectron spectra
(XPS) were taken with a GCA/McPherson ESCA-36 spectrometer that had been
modified by the addition of a position-sensitive, multichannel detector.a The
modified detector system increases the signal-to-noise ratio and decreases
considerably the time to obtain a spectrum. MoSz powder (ultrapure acid
washed) and molybdenite single-crystal samples were analyzed as standards by
both AES and XPS. The single crystals were obtained from Ward's Natural

.‘. -.. o'. -~ l.' l.. V'

Science Establishment, They were cleaved with an X-acto knife immediately
prior to AES or XPS analysis.
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ITII. RESULTS

The oxidation chemistry of the sputtered MoS, thin films was studied by
exposing the films to atmospheres of differing relative humidity for varying
lengths of time and then analyzing the surface compositions by Auger electron
or X-ray photoelectron spectroscopy. Considerable AES and XPS data on MoS,

are available in the literature primarily because of MoS, use in t:atalys:l.ss'8

but also in connection with its lubrication properties.g"ll The spectra for
molybdenite are shown in Fig. 1. The samples were oriented so that excitation
and emission occur on the basal planes of the hexagonal crystals. One of the
objectives of this study is to prepare, for lubrication applications, ﬁosz
thin films with spectra as close to those of the crystal as possible. As a

general rule it appears that those filas whose spectra are most like those of

greatest resistance to oxidation.

!

%ﬁ the basal plane of the crystal have the besi lubrication properties and the
5

‘i There are significant features in both the XPS and AES spectra thst are
!

indicative of the purity of the MoS, surface peing analyzed. The presence of

»; impurity peaks, of course, indicates oxidation or surface adsorption of, for

example, carbon compounds. But, in this study, attention is paid to the
shapes and intensities of the sulfur and molybdenum peaks and the information
that such peaks can provide about the stoichiometry of the MoS, as a function
of depth into the film. The XPS spectrum of Fig. la shows the impressive
quality of the 3d electron doublet for the crystal. The integrated intensity
ratio for the 3d5/2 to 3d3/2 peaks 1s 1.55:1 in agreement with the theoretical
prediction of 1.5:1., The peak-to-peak intensity ratio is approximately

1.8:1. The latter ratio, though slightly less accurate, is used subsequently

to determine the degree of oxidation of the MoS, thin films because of its
ease of determination,

Oxidation of MoS, to MoO; results in a second Mo 3d doublet shifted to
higher binding energy by ~3 eV, which is also the value of the doublet
splitting for MoS,. The consequences of this shift are shown in Fig. 2, in
particular Figs. 2b and 2d, where three Mo 3d peaks are observed, the middle

11
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Fig. 1. (a) X-ray photoelectron spectrum of MoS, single crystal
(molybdenite); (b) Auger spectrum of MoS, single crystal.
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one corresponding to the overlap of the Mo(IV) 3d3/2 and the Mo(VI) 3d5/2
peaks. The extent of reaction of MoS, has been determined from spectra such
as those of Fig. 2 by assuming that there are only two emitting Mo speciles,
the Mo(1V) of MoS, and the Mo(VI) of MoO3. The aforementioned peak ratios are
used to resolve the middle composite peak, and the relative amounts of Mo(1IV)
and Mo(V1) are estimated and tabulated in Table I, column 5. (A film that is
totally oxidized so that only the Mo(VI) peaks of MoOj are observed has a
3d5/2:3d3/2 peak ratio of 1.51:1, which has been accounted for in the data of
Table I.) In view of the broadening of the peaks, other molybdenum species
have probably formed on the surfaces of the films., However, the trends in the
data and the differences among various films are considered large enough to
justify this method of interpreting relatively gross differences in the films

and their reactivities.

The S peak for the single crystal (Fig. la) depicts the partial resolu-
tion of the S 2p3/2’1/2 doublet, the splitting here being only ~1 eV, The
analogous peaks for the sputtered films are broadened and not well resolved.
The extent of asymmetry of the S peak primarily on the high binding energy
side varies from film batch to film batch. This S peak broadening is believed
to be caused by the presence of elementél S in the sputtered films in a manner
analogous to the situation observed for MoS3.7 (This compound is believed to
be MoS, with elemental § interspersed in the crystal lattice.)

The Auger spectra of molybdenum-sulfur compounds are particularly useful
for the determination of surface reactivities and reaction depths because of
the fortunate occurrence of two sets of Mo and S peaks and the closeness of
their respective energies. The sulfur LMM(LVV) and the molybdenum MNN peaks
are at 151 and 186 eV, respectively, and the sulfur KLL and molybdenum LMM
peaks are at 2117 and 2044 eV, respectively, as shown in Fig. 1b. Values of
the peak~to-peak "intensity"” ratios of the S to the Mo signals for the
sputter—~deposited films have been compared with the value for the molybdenite
crystal to assess the magnitude of changes in MoS, stoichiometry. (Various
precautions, related to chemical shifts, and advantages of this procedure are

reported in Ref. 1.) The oxidation reaction, that which produces Mo(VI) as

observed in the XPS data, produces primarily volatile sulfur products and

B A i
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Table I. Chemical Properties of Sputtered MoS, Films

Film Type/Conditions®  S:Mo(L)P S:Mo(H)S  0:Mo(H)d  Mo(IV):Mo(VI)®

Type 1
initial 7.5 1.‘55 509 >3
0.5 month at 0% RH 8.0 1.25 5.9 ~1.6
9 mnths at Oz RH 6.6 0095 809 ~0.6
l month at 511 RH 6.9 1008 9.4 ~0.8
9 mnths at 511 RH 7.1 1002 904 ~0.6
9 months at 84 RH 5.5f 0.98f 13.2 <0.1
0.5 month at
98-100%2 RH 4.1 0.58 12.6 <0.1
f
Type I1
initial 9.0 1.6 1.2 >6
1 month at O% RH 8.7 1.58 1.8
2 months at 0% RH 7.6 1.53 1.9
12 months at 0% RH 7.8 1.55 3.5 ~3
1 month at 512 RH 9,2 1.55 2.6 ~5
2 mnths at Slz RH 702 1.51 306 "‘2.5
1 month at 841 RH 6.8 1037 3.8
2 months at 842 RH 8.1 1.63 2.7 ~2
- 1 month at 98% RH 8.8 1.52 2.7
; 2 months at 982 RH 5.4 1.46 4,2 ~1
& MoS, powder 8.9 1.7 0 »
~
e MoS, crystal 8.5 1.64 0 o
Qz 8RH = relative humidity, air atmosphere.

= ' bags peak-to-peak height ratios for low—energy sulfur and molybdenum peaks.

CAES ratios for high-energy peaks.
AES ratios for oxygen peak at ~530 eV to Mo high-energy peak.

€Ratios of different Mo oxidation states obtained from XPS peak heights.,
Large values of S:Mo represent a surface of Mo0O, covered/mixed with
polysul fur (Ss) as determined from S binding energy (164 eV) from XPS.

. .




nonvolatile MoO3. Therefore, changes in the S:Mo Auger peak-to-peak ratios

indicate the extent of the oxidation process.l

The depth, beneath the film surface, from which an Auger electron or
photoelectron escapes is a function of the energy of the electron.12’13 The
inelastic mean free path (IMFP) of the electron in the solid is a measure of
the escape depth (A). The dependence of A on electron energy has been
described with different functions; the one used for this work is an empirical
f1elé for inorganic solids and electron energles greater than 150 eV and is

given by
A(A) = 0.96 E0* (1)

A summary of the escape depths for the various electron emissions of signifi-
cance for MoS, 1s presented in Table II. The values vary from ~10 A for the
low-energy S and Mo Auger peaks to over 40 A for the high-energy Auger peaks.

Variations in the AES data for different MoS, films and for films stored
under different conditions are shown in Fige. 3 and in Table I. Peak-to-peak
height ratios for S and Mo peaks were calculated from spectra such as those in
Fig. 3. Selected data are given in Table I, whereas data for numerous films
are plotted in Fig, 4., It is clear from these data and from the XPS data that
the sputter-deposited MoS, films fall into two distinctly different
categories: ome group that is relatively easily and substantially oxidized
(designated Type I), and one that appears to be oxidized only at the outermost
film surface (Type II), The S:Mo ratios for the Type I films decrease by 50
to 602 from their initial values, and there is almost no detectable Mo(IV) in
the XPS for the most heavily oxidized films, those stored for 2 weeks at
987 RH., Conversely, the high-energy S:Mo AES ratios for the Type II films
decrease by less than 15% and the Mo(IV):Mo(VI) ratio reaches a minimum value
of ~1:1 for films stored up to 2 months at 982 RH. These data are interpreted
in terms of a model, described in the following section, that is based on
differences in depth of oxidation for the two film types. The lines drawn in
Fig. 4 are calculated from the proposed model. The differences in depth of

oxidation are attributed to differences in orientation of the crystallites

16
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Table II. Inelastic Mean Free Paths of Electrons in Hosz

Kinetic Energy

Element Process/Transition (ev) A(R)®
Mo Auger/MNN 186 13
Mo Auger/1MM 2044 43
Mo XPS/3ds,, 1020 31
S Auger/IMM 151 12
[ Auger/KLL 2117 44
s XPS/2py /5 1086 32

2Based on Eq. (1) in text.
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Fig. 3. Auger spectra of rf sputter-deposited MoS, thin films after 1 year of

storage in dry air: (a) Type I film; (b) Type II film,.
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that make up the thin films. The transmission electron micrographs (TEM),

B TAACASS Ml A

shown in FPig. 5, depict a random orientation of crystallites with exposure of
the edge planes to the outer surface for Type I films and a regular planar
orientation with basal planes exposed for Type II films. The electron
diffraction pattern for Type I films is diffuse with only carbon rings in
evidence; the pattern for Type II films clearly displays the rings of MoS,.
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(a) Type I film, random crystallite
parallel orientation. Shown in the
patterns

Transmission electron micrographs of rf sputter-deposited MoS
orientation; (b) Type II film,

corner of each micrograph are the electron diffraction
measured for that film.

on carbon substrates.

Fig. 5.
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IV. MODEL FOR SURFACE OXIDATION

y Figure 6 presents a schematic of an idealized MoS, surface that is
partially oxidized. This picture has been used to develop a simplified model

i of Hosz oxidation in an attempt to explain the data of Fig. 4. From the
represented MoS, film (layer B) covered with a layer (A) of oxidized material

- of thickness t(A), the following assumptions were made to calculate variations

, in AES or XPS peak intensity ratios: (1) The thickness (t) of the oxidized

;. layer was selected and held constant while the fraction of oxide in the layer

%: was varied from 0 to l. (2) The composition of the overlayer A was assumed to

;' be limited to mixtures of just two compounds, MoS,; and MoOj; i.e., the sum of

o sulfide and oxide mole fractions always equalled one. (3) While the sulfide

_; and oxide concentrations in layer A varied, the total Mo concentration

i remained constant. (4) The oxide and sulfide concentrations within layer A

: were assumed to be uniform throughout the entire layer. A more realistic

o model would incorporate a concentration gradient within the overlayer, but,

k because the assumption of uniform concentration produced very good fits to the
data, further refinements in the calculations were not implemented. (5) The
escape depths ()A) for the Auger electrons and photoelectrons were assumed to

A depend only on the electron energy [see Eq. (1)] and not on the composition of

,}_ the overlayer.

? The procedure for performing the calculations was to set an overlayer

= thickness and then calculate the S:Mo Auger peak intensity ratios relative to
that of pure MoSz as a function of increasing oxide concentration. The
calculations were done discretely for oxide concentrations of 10, 25, 50, 60,
70, 80, and 100 molZ% and thickness t indicated on the lines in Fig. 4. A
standard expression [Eq. (2)] was used to calculate the intensity of an

.3 emitted electron attenuated by an ovetlayet.15 In the case of S,

N '
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Fig. 6. Schematic of oxidized layer on top of an MoS, film. Electron escape
depths for the low- and high-energy Auger electrons from S and Mo are
indicated.
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where the proportionality includes terms for the ionization cross section of
the electron ejected from the emitting atom by the incident excitation, param-
eters for the spectrometer, and the flux of incident radiation; the first term
on the right side represents emission from layer A, where Xg is the fraction
of sulfide in the layer and AS the escape depth for S electrons; and the sec-
ond term represents emission from the bulk MoS, (layer B) attenuated by the
overlaier A. A similar expression may be written for emission by Mo, but
since the Mo concentration is assumed to be uniform regardless of oxidation,
the intensity of Mo electron emission is equal to that for pure MoS,.
(Strictly speaking, this derivation holds for the Auger emission; a slightly
different situation pertains to XPS, where relative amounts of Mo(IV) and
Mo(VI) are calculated. For both, the value of t used in the appropriate
equations must be corrected for the takeoff angle of the respective
spectrometer,) If all the factors included in the proportionality of Eq. (2)
and the preexponential A are accounted for by setting them equal to Ig, the
intensity of emission from pure MoS,, the following expression for the ratio
IS/IMo may be written:

1 °

=== (xta- e t/Ag) + 7tg) (3)
[0 S

Mo In

Equation (3) was used to calculate values of the Auger peak intensity
ratios for both low-energy (150-186 eV) and high-energy (2044-2117 eV) S and
Mo peaks by selecting the proper A from Table I1 and allowing Xg to vary as
described previously. The lines drawn on Fig. 4 for oxide layer thicknesses
ranging from 3 to » 300 A result from these calculations. The calculated
lines converge at t = 300 A; the line for t = » ig essentially identical to
that for t = 300 A. The termini of the lines for t = 3, 6, and 12 A represent
the situation for 1002 oxidation of the layers of those thicknesses. The
lines do indeed stop rather than continue beyond those roints. The data of
Fig. 4 demonstrate that the Type I films are oxidized to depths of 300 A or

more, whereas, conversely, Type II films are oxidized to only ~10 to 12 A.

The ability to obtain this type of depth-of-oxidation information results
from the fact that sets of low- and high-energy Auger peaks exist for the




elements of interest—a somewhat rare occurrence but one that permits analysis
of the surfaces to depths far exceeding the escape depths of the respective

electrons.

The XPS data for Types I and II films corroborate the Auger data.
Similar intensity expressions were used to calculate oxide layer thicknesses

required to obtain the measured Mo(IV):Mo(VI) ratios. The Auger data for

Type I films indicate that the most severely oxidized samples have 80 to 90%
oxide to depths exceeding 300 A. The XPS data suggest that the depths of
oxidation for the same films are >150 A, whereas the depths of oxidation for
100% oxidation for the Type II films are ~15 A.
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V. DISCUSSION

The data described in Section IT and the calculations of Section IV point
toward the occurrence of sputter-deposited MoS, films with widely differing
reactivities, vis a vis oxidation, resulting from major differences in the
structures and morphologies of the films. Spalvins has shown that sputtered
MoS, films can be amorphous if deposited at low temperature and that only
crystalline films are good lubricants.ll Both types of films studied in this
work are good lubricants (although Type II films are superior), but the Type

11 films have vastly superior resistance to oxidation prior to use.

We interpret these results to mean that the crystallites of Type II films
are oriented parallel to the substrate surface immediately upon deposition,
whereas those of Type 1 films are not oriented. The crystal structures
of the individual platelets are probably hexagonal in both cases, but the
platelets (crystallites) present either edge (Type I) or basal (Type II) faces
to the reactive oxygen and water-vapor molecules of hostile environments. It
is known that such gases will be adsorbed on the edge face of molybdenite but

not on the basal plane.s'9

We conclude that the crystallite orientation of Type II films provides
the observed resistance toward oxidation, because penetration to the Mo(1IV)
reaction sites can occur only at grain boundaries or at other imperfecticns in
these films. The 10- to 15-A depth of oxidation is equivalent to penetration
of two to three crystallographic layers, the Mo-Mo spacing in the C-axis
direction being 6.16 A.16  Other investigators have demonstrated that the
crystallites of sputter-deposited MoS, films can be oriented by burnishing
(rubbing) the films after preparation; the films' appearance changes from
matte black to shiny, silvery black. However, to our knowledge this is the
first case where the films come out of the sputtering chamber with the
oriented configuration., We are still determining the preparation conditions
that produce the planar versus the random configuration and expect them to be

the subject of a subsequent report,
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting
experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military space systems,
and flexibility have been developed to a high degree by the laboratory person-
nel in dealing with the many problems encountered in the nation's rapidly

Versatility

developing space systems. Expertise in the latest scientific developments is

vital to the accomplishment of tasks related to these problems. The labora-

tories that contribute to this research are:

Aerophysics Laboratory: Launch vehicle and reentry fluid mechanics, heat
trangfer and flight dynamics; chemical and electric propulsion, propellant
chemistry, environmental hazards, trace detection; spacecraft structural
mechanics, contamination, thermal and structural control; high temperature
thermomechanics, gas kinetics and radiation; cw and pulsed laser development
including chemical kinetics, spectroscopy, optical resonators, beam control,
atmospheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemical reactions and radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry,
laser optoelectronics, solar cell physics, battery electrochemistry, space
vacuum and radiation effects on materials, lubrication and surface phenomena,
thermionic emission, photosensitive materials and detectors, atomic frequency
standards, and environmental chemistry.

Computer Science Laboratory: Program verification, program translation,
performance-gensitive system design, distributed architectures for spaceborne
computers, fault-tolerant computer systems, artificial intelligence and
microelectronics applications,

Electronics Research Laboratory: Microelectronics, GaAs low noise and
power devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, and electro-
optics; communication sciences, applied electronics, semiconductor crystal and
device physics, radiometric imaging; millimeter wave, microwave technology,
and RF systems research.

Materials Sciences Laboratory: Development of new materials: metal
matrix composites, polymers, and new forms of carbon; nondestructive evalua-
tion, component failure analysis and reliability; fracture mechanics and
stress corrosion; analysis and evaluation of materials at cryogenic and
elevated temperatures as well as in space and enemy-induced environments.

Space Sciences Laboratory: Magnetospheric, auroral and cosmic ray phys-
ics, wave-particle interactions, magnetospheric plasma waves; atmospheric and
fonospheric physics, density and composition of the upper atmosphere, remote
sensing using atmospheric radiation; solar physics, infrared astronoamy,
infrared signature analysis; effects of solar activity, magnetic storms and
nuclear explosions on the earth's at phere, 1 phere and magnetosphere;
effects of electromagnetic and particulate radiations on space systems; space
instrumentation,.
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