k/}lxi}(ERIALS RESEARCH _l_l_l

Microstructure of cosputter-deposited metal- and oxide-Mo$
solid lubricant thin films

M. R. Hilton®
Mechanics and Materials Technology Center, The Aerospace Corporation, El Segundo, California 90245

G. Jayaram and L. D. Marks
Department of Materials Science and Engineering, Northwestern University, Evanston, lllinois 60208

(Received 10 March 1997; accepted 15 July 1997)

The effect of cosputtering small amounts of Ni (3%, 9%) and S{D%) on the final
microstructure of Mog lubricant thin films has been studied using a combination

of scanning and transmission electron microscopy imaging, and electron and x-ray
diffraction techniques. The early-growth, near-interface microstructure of both lslio®b
3% Ni—MoS cosputtered films is revealed to be a mixture of (002) basal and elongated,
large-size (100) and (110) edge islands. Cosputtering with 9% Ni induces a dramatic
change in the microstructure, i.e., primarily basal domains with very small isolated
regions of edge islands, while cosputtering with 20% Sp&duces films having no
long-range order. The results are compared with and are consistent with previously
published x-ray absorption fine structure data. The impact of film morphology on
tribological performance is discussed.

I. INTRODUCTION tation for lubrication, since the basal planes are perpen-
dicular to the substrate. During sliding contact, these
solid lubricants on a variety of spacecraft mechani$ms plates_ detach anq reorient into lubricating particles. The

‘porosity of the microstructure promotes detachment near

Most of the early applications included low-cycle : ; : .
devices such as release and deployment mechanisrrtfe film-substrate interface, i.e., most of the film becomes

Sputter-deposited films of MgShave been used as

The earliest generation of these films had strong (100oose particles almost |mme_d|ately. It was recently re-
orted that spallation of MgSilms can occur over large

and (110) crystal orientation parallel to the substrate, .5 feas of contact, generating large debris in addition to the

the low-shear-strength (OQl) orientation was perpendIC%maller debris of the reoriented columnar gramsThis
lar to the substrate, with a columnar plate zone

morphology (Thornton mod@ having ~significant spallation was observed to occur early in rolling element
porosity34 [The zone models use the dominant diffusion bearing tests, which subsequently precipitated significant

: . i . polymer transfer from the bearing retainers, which in turn
mechanism operating during growth as a classificatio o
o . > . caused unacceptable torque ndislthough it is now
criterion. Zone 2 films result when surface diffusion

dominates; this structure consists of well-defined colum?ccemed that MoSfilms lubricate by intercrystalline

. . slip,® the generation of significant film debris early in
nar grains that are generally crystaliine. MoZne 2 ontact has been considered undesirable, because lon
have a columnar-plate structure. A zone 1 structure i§ ’ 9

the result of limited (or absent) adatom mobility that is end_uranc_e becomes_ dependent upon the retention or

. e . recirculation of the film particles in the contact zone,

insufficient to overcome the effect of shadowing favored ; .

at low T/T, (deposition and melting temperatures rather than on .the gra_ldual wearing away.of the film.
oY : ' Recently, films with new types of microstructures

rﬁspectlvelyzc Iand high gas p;elssurez. The rr;]orphc;) logy (Hcave become available and are being investigated for

the zone 1 films consists of large dome-shaped grains. I L

that have poorly defined fibrous interiors. These ﬁlmsﬁlIglher cycle precision applications, such as antenna

) . ) oo
can be amorphous or crystalline. There is also a zone g,}lmbal bearings. For example, Ni or Au-20% Pd metal

(transition) morphology. favored by lower gas pressure%r]nultilayers were used to produce dense microstructures
and a higherT/T,, that has a structure between the aving no (100) and (110) edge-plane orientation, and

zone 1 and 2 structures. The zone T material has th%f)rg:e égf?izztigis?;pl?lg?ﬁ’ ?r?znt?encoenr;t ?ﬁ ﬂfert:sr(r)r::ﬂi%?] by

zone 1 fibrous interior but with flat tops and it is not y aitirs | _ 9 d

porous.] transm|35|ﬁn ehectro_n microscopy ]gHREM)Ostudy, we
In MoS; films, the zone 2 morphology has several reparted that the microstructures of Au-209%RdS,

. L -~ Mmultilayer films consist of basal islands of MpBaving
disadvantages. Most of the film is in the wrong orien short-range ordeit Edge islands are also present, but

their growth is interrupted by the presence of the metal
Author to whom correspondence should be addressed. layers, even if such layers are not continuous; i.e.,
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discrete metal islands at low metal contents (9% to 15%) Recently, two studies reported characterization, via
are observed. x-ray absorption fine structure (EXAFS) and x-ray pho-
An alternative approach to incorporating multilayerstoelectron spectroscopy (XPS), of Mo%ilms incor-
is to use cosputtered dopants, such as Ni, Au, or,SbO porating cosputtered Ni or ShQor multilayers of Ni
The hardware necessary for preparing cosputtered filmsr Au—20%Pd®'” The studies showed that the metal-
is less complex than apparatus needed for making multeontaining films consist of a MaS, O, phase coexisting
layer films. Cosputtered Shdfilms, in particular, are with the MoS phase, consistent with earlier findings
reported to have good tribological performance in slidingon pure Mo$ films!® The MoS_,0, phase exhib-
contact!?1* (Sh,O; powder has been shown to be anited a MoS-like structure, with oxygen substituting for
effective tribological additive in burnished and bondedsulfur atoms in the Mo§ lattice. The amount of the
MoS; lubricant films'®) MoS,_, O, phase could be as high as 25 times that of

TABLE I. List of deposition times (s) of films prepared and estimates of film thickness (nm) based on deposition rates determined from
thicker (1- to 5-micron) films.

Deposition run 1 2 3 4

Film type Time Thickness Time Thickness Time Thickness Time Thickness

Pure Mo$ 16 10.0 16 10.0 50 30.6
S 41 25.0 41 25.0 100 61.2
S .- 65 40.0 65 40.0 150 91.8

3% Ni 25 11.0 23 10.0 50 21.7
55 235 ‘e . 58 24.8 100 435
95 41.0 93 40.1 150 65.2

9% Ni 35 10.0 139 40.0 35 10.0 50 14.4
90 26.0 191 55.0 87 25.0 100 28.7
140 40.0 243 70.0 139 40.0 150 43.0

20% SbhQ 60 11.6 129 25.0 52 10.0 50 9.7
135 26.0 207 40.0 130 25.0 100 19.3
225 435 284 55.0 207 40.0 150 29.0

FIG. 1. Cross-sectional SEM micrographs of thicker Mdins prepared on 440C steel substrates. The cross sections were prepared by brale
indentation. The pure and 3% films have a columnar-plate zone 2 morphology. Increasing the Ni concentration to 9% yields a fibrous zone T
morphology. Cosputtering with 20% ShQ@lso yields a dense morphology that has some cauliflower-like features (zone 1 morphology).
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the MoS phase. Increasing oxygen content (up to 40% I I
UNDOPED

was detected in SbOfilms) correlated with increasing
values ofy in the MoS_,0O, phase as well as with
decreasing relative amounts of the pure Maghase.
Greater amounts of the MeS O, phase corresponded to
greater disorder in the films. For the Ni-containing films,
EXAFS showed that the Ni had not reacted chemically
with either MoS _, O, or MoS;, but formed a disordered
NiO phase. Short-range order decreased slightly witt
increasing Ni content. Films cosputtered with Shtd
little or no short-range order.

These EXAFS studies did not provide data, however
on the effect of the additives on the final microstructure
of the metal cosputtered MgSilms. In this paper, we
report a companion study of the micro- and nanostruc &
tures of these films using scanning electron microscop'=
(SEM) and transmission electron microscopy (TEM),
and HREM, in combination with electron and x-ray
diffraction (XRD). The data on cosputtered Ni- and
SbQ.—MoS; films are compared to our available data
from EXAFS, to SEM and XRD data on similar films
published by Zabinskét al. }* and to EXAFS and HREM ' ' ' !
data from other Mo§g films. 20% SbO,
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II. EXPERIMENTAL PROCEDURES

T T T I T 111

MoS,; films were prepared by direct current (dc) tri- | | [ ::
ode sputtering, using equipment reported previotisH). 0 10 20 30 20 50
Deposition conditions included: substrate temperaturt 26, deg

of 190°C, pressure of 2.9 Pa, and power density OfFIG 2. XRD diffractograms of the films shown in Fig. 1. The bulk of
. . . .2 i grams ilms shown in Fig. 1. u
2 W/sz' Cosputtering was accomplished by Sputterlngthe pure and 3% Ni films have edge-plane preferred orientation. [The

from rod targets of compressed Moowder and of  eak x-ray signal originating from the thin, near-interface structure
Ni or of MoS,—ShkO3. Four nominal compositions were of the films that consists of (002) basal planes and (100)/(110) edge

prepared: Pure, 3% Ni, 9% Ni, and 20%8k. For TEM  planes is not effectively detected by XRD.] The presence of 9% Ni
studies, thin films were prepared on amorphous carbofgsults in a poorly crystalline material with both basal and edge plane

; ; " : ; ; contributions. The mixed orientation suggests that competitive growth,
TEM grids with deposition times as listed in Table I. i.e., domination of one orientation at the expense of others, is sup-

Nominal thicknesses are also listed that are based Qfessed. The films containing 20% Sbée disordered with respect to
deposition rates of thicker films, e.g., 1 togdn. The  XRD—no MoS peaks are observed. Adatom mobility during growth

time of deposition, however, may be a better gaugewpears to have been limited. (Unlabeled peaks represent the 440C

of the amount of material present in the near-interfacétee! substrate.)

films prepared for TEM, since the film growth rates

might differ in the early stages of film deposition. In

all, four groups of de_position runs were prepared OVel| RESULTS

three years. Conventional TEM was performed on films , .

from the first three deposition runs using a Phillips EM-A- Scanning electron microscopy

420 microscope operated at 120 kV, while HREM was  SEM reveals that the pure and 3% Ni films have

performed on films from the fourth deposition run usinga columnar-plate zone 2 morphology (Thornton méydel

a Hitachi H-9000 microscope operating at 300 kV. consistent with other undoped sputter-deposited films
Films, 1 to 5um in thickness, were also prepared grown at this or similar pressures, as shown in

during separate deposition runs, on 440C steel flatgig. 134142223 Highly doped Ni or SbQ cosputtered

(polished using 0.3«m alumina grit). The morphologies films are dense but have a fibrous morphology that

of these thicker films were characterized in cross sectiomight be classified as zone T or possibly zone 1. In

by SEM after indentation fracturé,and the crystalline contrast, multilayer films are also dense (i.e., do not

orientations of these films were assessed using XRD. have obvious pores), but show no apparent strucfure.

1024 J. Mater. Res., Vol. 13, No. 4, Apr 1998



M. R. Hilton et al.: Microstructure of cosputter-deposited metal- and oxide-MoS; solid lubricant thin films

Both the zone 1 and zone T morphologies are indicativéattice images of nominal 40-nm-thick films of the four

of limited adatom mobility during deposition. compositions are shown in Fig. 3. These films were
. _ prepared in Runs 1 and 2. For pure and 3% Ni films, a
B. X-ray diffraction mixture of basal and edge islands is observed via lattice

XRD shows that the crystallites in pure and 3% Niimaging and dark field imaging (not shown), similar to
films have their (100) and (110) planes preferentiallyresults obtained in an earlier TEM study of rf sputter-
oriented parallel to the substrate; the (100) portions ofleposited films that were not metal-dogédrhe edge
the diffractograms are shown in Fig. 2. Diffractogramsislands are anisotropic, in that the width along the basal
of 9% Ni—Mo$ films reveal a predominant (002) orien- plane(001) direction is less than the length along the
tation with a relatively smaller portion having the (100) edge plang100) or (110) directions. The edge islands
and (110) planes parallel to the substrate. The mixe@ppear to be growing above, and shadowing the adjacent
orientation suggests that rapid growth of edge island®asal islands; the edge island density increases with
is suppressed. No long-range order was detected in tiéeposition time for films of a particular composition.
SbQ, films by XRD. For 9% Ni films, the nanostructure consists of edge
islands that are more isotropic in the ba¢a1) and
edge (100)/(110) directions, as shown in Fig. 4. The
edge islands in this case do not appear to shadow the
1. Conventional TEM basal islands; i.e., the basal island growth seems to be

Conventional TEM at 120 kV allows mainly the competitive with edge island growth. The Sb@ms
(002) type lattice fringes to be observed. Plan-viewappear featureless in these TEM micrographs.

C. Transmission electron microscopy

PURE

I T N T T A
0 2040 60 80100 140
nm

FIG. 3. Conventional TEM (002) lattice images of the early-growth nanostructure of Run 1-2 fil@S deposited on carbon as a function

of Ni or SbQ, content. The pure and Ni films have mixtures of edge and basal islands. However, the 9% Ni films have shorter but thicker
edge islands (see Fig. 4). The 20% Sbi®dms have a nanostructure that contains isotropic equiaxed features. This morphology is consistent
with films having limited adatom mobility and poor crystallinity. The films were selected from Runs 1 and 2 and had nominal thicknesses
of 40 nm, based on growth rates determined from thicker films. As noted in the text, these film growth rates may not be valid during the
early phases of growth due to competitive nucleation and growth that occurs, yielding less porous morphologies near the film-substrate
interface than those found in some of the thicker films of different composition. The deposition times (s) for the films are as follows:
pure (65), 3% Ni (95), 9% Ni (140), and 20% Sp@207).
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An assessment of the morphological data and energy
dispersive spectroscopy (EDS) data also obtained in the
TEM of the first three deposition runs indicated that
the estimated film thicknesses for different composi-
tions may be inaccurate, since these thickness values
are extrapolated from interferometric measurements of
thicker films?* These estimates do not account for
differences in porosity that develop in thicker films
of different composition. Deposition rates calculated
from these thick-film measurements do decrease with
increasing Ni or SbQcontent. It is expected that the rate
of film deposition, measured in mass per unit time, can
and does change with target composition at fixed power.
However, due to the dramatic transition from basal to
edge orientation above the substrate in the pure and 3%
30 Ni Ni films, the estimated thicknesses of these TEM film

specimens are probably overestimates. This ambiguity
led to a comparison of films having identical deposition
times, i.e., deposition Run 4.

2. High resolution electron microscopy

HREM images of the Run 4 MgSand Ni—Mo$
films show the coexistence of basal and edge islands, for
all compositions analyzed. The 20% SboS; films
also have some edge islands, but their occurrence is a
few orders of magnitude less than the other films. For a
deposition time of 150 s, nearly identical microstructures
were seen in the case of both pure and 3% Ni cosputtered
MoS, films. The morphology in the two cases was
. dominated primarily by edge islands, with regions of
9% Ni short-range-ordered basal islands, which can be imaged
by HREM. The short-range order of the basal islands
appears to decrease with higher Ni or Sb€bntent,
as will be discussed in the next section on diffraction
results. The microstructural differences are evident in
both Figs. 5 and 6, which are montages of data collected
from the films at low and high magnification, respec-
tively. Figure 5 clearly reveals that the population of
edge islands decreases dramatically on sputtering with
either 20% SbQ or 9% Ni. Figure 6 shows that edge
islands, nearly 10 nm wide and about 40 to 60 nm in
length, are seen in both the pure and 3% Ni films;
i.e., no changes in the microstructure on adding Ni in
this concentration are apparent from the HREM data.
If one assumes that the film deposition rate is similar
for the pure and 3% Ni films in the very early stages
of growth, then there appears to be little difference in
nanostructure between these films. Cross-sectional TEM
would be required to definitely measure these early-
FIG. 4. Conventional TEM (002) lattice images of the pure, 3% Ni, growth film thicknesses accurately. In films cosputtered
and 9% Ni films taken at higher magnification than the micrographs inyith, 9o Ni, edge islands ranged in width from 2.5 to

Fig. 3. The 9% Ni films have edge islands of less length, but greater,

width. The nominal film thicknesses would be 40 nm based on grow’th4 nm and in length from 5 to 7 nm.

rates determined from thicker films. The deposition times (s) for the _|n comparison to films depOSit?d for 150 s, tho_se de-
films are as follows: pure (65), 3% Ni (95), and 9% Ni (140). posited for 50 s show a decrease in both the fraction and
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50nm

(€) (d)

FIG. 5. Montage of HREM images, recorded at low magnification, from Run 4 films of four different compositions, deposited for 150 s: (a) Pure
MoS;, (b) 3% Ni—Mo$S, (c) 9% Ni—Mo$S, and (d) 20% SbO-MoS,. Note the decrease in edge island density in (c) and (d), in comparison
to (a) and (b). For identical deposition times, the edge island densities of (a) and (b) are comparable.

size of edge islands; however, the latter still dominateseen to coexist with an extremely strong (002) ring,
the morphology of pure and 3% Ni films. Edge islandsarising from the dominant edge island morphology. A
are nearly nonexistent in films cosputtered with eithemweak (103) ring, due to regions of near-basal orientation,
9% Ni or SbQ, as seen in Figs. 7 and 8, which showis also seen in these patterns (the feature is poorly
montages of the microstructures of the films observed aransferred in the print reproduction process but was
low and high magnification, respectively. visible in the negatives). Films cosputtered with 3%
Ni show a slight decrease in the intensity of the (002)
o ) . ring, and a sharpening and increase in intensity of
3. Transmission electron diffraction the (103) ring, relative to the pure case. Thus, subtle
Changes in the microstructure as a function ofchanges in the morphology, in the form of a decrease
change in composition (i.e., addition of Ni or Sp@s in the population of edge islands and an increase in
a cosputtering agent) are also apparent from selectatiat of the near-basal islands, accompany the sputtering
transmission electron diffraction (TED) data. Figure 9 isprocess. The dramatic changes in the microstructure seen
a montage of the TED’s obtained from the correspondingn HREM images of the 9% Ni cosputtered films are
images in Figs. 5 and 6 (i.e., for deposition time ofcorroborated by corresponding TED data, which show
150 s); the intensities in the patterns have all been scalesl complete disappearance of both the (002) and (103)
to the same dynamic range to facilitate both qualitativerings, in comparison with the pure and 3% Ni films;
and quantitative comparisons. this is also accompanied by a significant increase in the
The Mo$S films and Ni cosputtered films are highly sharpness and intensity of the (100) and (110) rings.
polycrystalline in nature. In the case of the pure films, TED patterns from films cosputtered with SpGhow
the (100) and (110) rings of the basal islands are clearlgxtremely diffuse, weak rings, suggesting that the grains
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d)
FIG. 6. Montage of HREM images, recorded at higher magnification, from regions in films shown in Fig. 5. Hexagonal basal island domains
coexist with edge islands in (a)—(c), while the extreme short range order of basal islands is apparent in (d).

have very short range order. TED patterns (not shownincreased in the 150 s case but was still very low. The
recorded from these films deposited for 50 s agree welHREM and TED data are consistent with EXAFS, in that
with the corresponding HREM data. little order was detected in the basal island regions of the
SbQ.—MoS; films. There is one aspect of the EXAFS
data that the HREM/TED data cannot confirm—the
IV. DISCUSSION existence of the MoS, 0O, phase. HREM and TED do
The current HREM/TED data on thin films are not have sufficient resolution to distinguish between the
consistent with earlier EXAFS and XPS data collectedMoS, and MoS_,O, phases, which are isostructural.
from thicker films!®1” Incorporation of Ni or SbQ  Furthermore, discernment is strongly complicated by
above a critical amount results in the relative suppressiothe possibility that the two phases could be physically
of edge island growth. For films containing 9% Ni, a pre-overlapping in various regions, and the HREM/TED
dominance of basal islands is observed. The HREM/TEDRJata represent superimposed information through the
data agree with the hypothesis from EXAFS data that théilm regions. Note that the EXAFS data reported in
majority of Ni is dispersed in small disordered clustersRef. 17 indicate that the SRGMo0S; films have a large
of NiO, since discrete regions of Ni or NiO were not concentration of the MoS,0, phase relative to the
detected. The presence of NiO appears to interrupt dvioS, phase, e.g., a ratio 10 to 25:1. The general
suppress the rapid growth of edge islands, which allowslisorder in the SbG-MoS, films may be due, in part,
the basal islands to grow. to the large presence of MeSO, clusters, whose
For films containing 20% SbQno crystalline order formation is promoted by oxygen transfer from ShO
was detected by TED. HREM detected only fragments of  The presence of the (103) TED rings in pure and
edge islands in the 50-s films; the density of these island3% Ni films is consistent with the detection of (103)
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FIG. 7. Montage of HREM images, recorded at low magnification, from films deposited for a total time of 50 s. (a)—(d) represent the same
compositions as in Figs. 5 and 6. Note the generic decrease in edge island density, in comparison to Fig. 5.

XRD rings by the Read thin film camera method in otherrun to run, and that the magnitude of this variation can
(thicker) pure Mo$ films grown by rf-diode sputteringf.  span across the crystalline domain size detection limit of
The presence of the (103) reflection suggests that crys<RD and TED. The relative deposition rate of either Ni
talline registry is conserved between the basal planer SbQ relative to MoS may vary somewhat between
layers; that is, the stacking of atomic layers is notruns. Comparison of the 9% Ni films from Runs 1-2
random. Such random stacking has been reported fand 4 [in Figs. 4(c) and 5(c), respectively] also shows
some Mo$ films deposited by rf magnetron methdds. some variation in edge island content for films nominally
Our SEM observations and XRD data of Ni- and prepared with the same thickness—the Run 1-2 films
SbQ.—MoS;, codeposited films are generally consis-have more edge islands than the Run 4 films. The
tent with recent results reported by Zabingkial. of  differences may stem from subtle variations in metal
films produced by the same manufacturer over a similadeposition rate. It is also possible that the background
time period* They also found increasing densification water vapor pressure may have been (slightly) different
of morphology and decreasing crystalline order withbetween specific deposition runs. Buck has shown that
increasing dopant content. However, there are subtléthe presence of water vapor during deposition can reduce
differences in the XRD results reported here and in theiMoS, film crystallinity .’
study. We were unable to detect any discernable MoS  The lack of crystalline order in as-deposited SbO
peaks in our SbQ codeposited films. They reported films does not appear to be detrimental to tribological
barely discernable, broadened (002) peaks and (10(@erformance. Sliding wear tests have shown that the
peaks in films containing 35% ShOThe difference in  SbQ,—MoS, films have better endurance than the
results suggests that the degree of crystalline order dfli—-MoS, films.!* Rolling element bearing tests in
the SbQ-MoS; films varies somewhat from deposition the Aerospace Corp. laboratory have also shown that
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FIG. 8. Montage of HREM images, recorded at higher magnification, from regions in films in Fig. 7. Primarily basal orientation is apparent in
(c), in contrast to (a) and (b), while the films in (d) seem to have very short range order, similar to ones in Fig. 6(d).

the SbQ—-MoS; films perform better than the Ni-M@S are believed to improve fracture toughness by creating
films.”?® Stress-induced crystallization has been ob-metal-Mo$S interfaces that generate additional surface
served after sliding contact in other zone 1 or Tarea, and hence absorb additional energy, as spallation
morphology films having no detectable long-range orderradial cracks propagate. In contrast, discrete islands of
as determined by XRD, in the as-deposited stafEhe  Ni/NiO or Sb/SbQ have not been observed in the
zone 1 morphologies in these films were promoted byresent study of cosputtered films. For applications in
the presence of water vapor during deposition, whictwhich improved fracture toughness of dense films is
led to formation of cosputtered Ma®°) It remains to  desired, multilayer films may be preferred.
be determined if long-range order develops in the highly
doped SbQ films during sliding or rolling contact.

For applications where lubricant debris is easinV- CONCLUSIONS
ejected, it is desirable that the solid lubricant films wear A combination of electron microscopy techniques
gradually and do not easily spall. Indentation testingand electron and x-ray diffraction methods has been used
has been reported on both Ni- and Sb®0S; cosput-  to characterize sputter-deposited Md#ms containing
tered films and on Ni- and Au/20%Pd—-MgpBultilayer  various amounts of cosputtered Ni or ShQhe early-
films.” The data show that the multilayer films can havegrowth, near-interface microstructure of both pure and
higher fracture toughness, depending upon compositior8% Ni—MoS cosputtered films is revealed to be a
A prior HREM study has shown that the multilayer films mixture of (002) basal and large elongated (100) and
can form periodic (i.e., 5 to 10 nm) layers of continuous(110) edge islands. These films have columnar-plate
metal crystallites or discrete metal islands, dependingnorphologies with porosity between the plates. Cosput-
upon metal conterit These metal layers and/or islands tering with 9% Ni induces a dramatic change in the
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FIG. 9. Montage of TED patterns from corresponding regions in Fig. 6. Insets in all four cases show the region around the transmitted beam,
extracted from patterns recorded at a lower exposure time. The (002), (100), (110), and (103) rings are arrowed for reference in the pure film.
Note the decrease in intensity of the (002) ring and increase in that of the (100) and (110) rings, with increasing Ni content. Disappearance

of the (103) rings between (b) and (c) is indicative of differences in the orientation of the MdBe near interface region, i.e., a primarily
basal-oriented film. Weak and diffuse rings in (d) corroborate the extreme short range order, seen in Fig. 6(d).

microstructure, i.e., primarily basal domains with veryand Manufacturing, Inc.) for preparing cosputtered Ni-
small isolated regions of edge islands, while cosputteringnd SbQ—-MoS; films and Paul Adams (Aerospace) for
with 20% SbQ produced films having no long-range obtaining the XRD data.

order. Both the 9% Ni and 20% Shdadilms have dense
fibrous morphologies. No discrete islands of NiO, or

Sky/SbQ, were detected in the films, in contrast to nano-REFERENCES

structures found in dense Au—20% Pd metal-multilayer
MoS, films. The microscopy and diffraction data on
these cosputtered films are consistent with previouslys.

reported EXAFS data.
3.
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