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Characterization of annealed pulsed laser deposited (PLD) thin films of 
cesium oxythiomolybdate (CS2M0OS3) 
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Abstract 

Ce-sJum osylhiomolybddic (CSnMoOSO is under consiikralLon HS LI high Wniperature solid liibm^ant for ^lilicon nilriik bcsiring^- 
Howcvcr, CsjMliOy, oxidizes below Ihc p[i>|Xi*;cil maxiinum uw leniperaliirc af SOD "Z, and Uie osidalion pruCCK^ l^ complex. 
[n ilie presence of silicon nilnde, ihe oxidaiion reaciions change. The purpose of ihe present TCicarch was lo deieraiinc die 
chemisliy of Ci-MuOS, coalings pown by pulicd liiscr <lcp"hili£iji tPLD) on several subslralc^ (Si-.N^, SiC, Inconcl, AljO, and 
ZiOj), and Wi deiermine ihe chviigc^ m chemi^iry and ciysiai suucEure aficr anneahnfi in air Eo lemperaniECi up lo ^400 '^C. Many 
of [he osidalion prodin:!! idenulied are expected lo be lubiicious ul clcvaied lempeiaiiires © 2002 ElJ;cvier Science B.V, Ail 
[iglils ic^rved. 

Keyw^/tiii.   Cesium oyydiiomDlj'bJaie {Ci-MoOS-^Y. Tfiboiogy^ X-Pay diffraction (>a(D); X-Ruy pholnekdron ■^clroMopy (XPS) 

1, Inlroductton 

Ce^mm oxylhiomolybdaEe (Cs^MoOS^,) is under tun- 
sidtratiod as a hi^li leinperamre solid lubricant for 
silicon nilride bearinfis. King and A^meroin were Ihe 
firsi lo use Cs?MoOS, d'= a lubricant |1], and noled thai 
Cs?MoOS: changes colur rVom its original bilghl red- 
orange to a while pOA'der during high lemperdlure 
testing, indicating a cliaii^e in chemical cumpuaiEiOn. 
Strong et Eil. |2] previously showed that oxidation of 
C&::MoOS* is complex, leading to a variety of products 
in the desired application range of 400-800 "C includ- 
ing; CS2SO4, which further deconiijoses lo cesium oxides 
and SO^ ga&; C&-M0O4 and other complex ce&ium 
raolybdates; and MoOj. 

Tlie Cs;MoOS:^ ponder iroici Dcsilubc, which w£is 
used in this study, did not have the sloichiometry and 
crystal slmcliiTe described in the literature [2-5]. It was 
siLlfur-deficient, and ci>n!iisled of approsi mutely 1/2 
CsjMoOSj, 1/4 CsjSOi, iind the remainder was cesium 
niolybdaies, molybdenum osides, and M0S3- In addition. 

-CorrKpimdiiiE aurhor. Tel.: + I-937-255-^I'M: faic +l-y37-656- 
47U& 

E-iiraiS aifdress: karlji.slrongWwpafljflf mil f.V.L STronpl. 

thermogmvimetrit analysis and Fourier Iran&form infra- 
red spectroscopy (FT-JR) revealed ihaE CsjMoOSj is 
slightly bygrostopic [2]. 

King and Forester suggested that there may be inter- 
action between Cs^MoOS, and silicon nitride snhsJTales 
[6]. To explore this pin^iibilily, Strong el al- heated 
Si,N4 and Cs-,MnOSj powders together in air, and 
analyzed the oxidation products [7|- When healed 
between 600 and SOO "C in the presence ol" silicon 
nitride, many oxidain>n products formed were ihe ^aitu; 
as for pure Cs:rMoOS^ powder. However, cesium oxides 
were not detected, and a significant amount of 
CsjMoO^ was found. MOSE importantly, there was strong 
evidence Lbat oxidation of the Si-^Nj to amorphous 
SiOj in Ihe presence of Ihe alkali cesium ions led lo Ihe 
formation of a cesium silicate glass. 

Cesiam oxythiomolybdate-based lubncanis have been 
applied by burnishing, mixing in greases, continuous 
powder feeding, and matrix binding |a]. However^ these 
deposition methods have noE proven opticnal to prevent 
failure and ensure long wear life. Burnished powders 
and applied greases need to be replenished often. Con- 
linuously supplied powders require a supply system iind 
consume a signirn:arii amouni of powdef over time. 

Oa^eC&HOVi - «« tmal nunei © 2002 El'^'icr Science B.V. All rijshl, received. 
Pll SCKI40-60^0fOI)OI743-6 
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Fig. Ir Puls&J litserilcposlliHMi (?LD) ^y^ttjii. 

BunJ^d dialings may e\hibil pooT adln^'iiGn lo ihc 
subalialc:. A method iif depuMimg Cs^MoOS, cLtalmg'i 
with precise thickne^^, good adhesion, and lubiiciuu^ 
chen>i&lry Wiii desired 

Pulsed la&er depo&ilion (FT.D) is an excel loni melhod 
of depositJLig liitK>logic£Ll films, and ihese films ofleii 
exhibit superior iribolo^icai perfoimniice when com- 
pared [o films deposited by olher melhods |9| r PLD was 
[:hc>sen \i^ ihe dep{>Miii>n meihixi fur Cs^MoOSj in ihis 
study primarily due lo its characierisiic of replicating 
the target chcmiiiry in Ihe film Uiiing Pl.D lo grow 
films wai i^xpcLicd k) iimplify idcnlil'icaliitn of ihe 
coiiipouiids before and after aiiiieaiing. In addition, Ihe 
thickness of PLD films can be coiilrolled from a few 
nanometers to as much as several micromeleis. Also. 
PLD hail been found lo deposlL highly adherent films- 
However, pulsed Jaaer deposited solid films are Ihin, 
and are not suited to long-term use. Instead, PLD filmii 
are most advantageously employed for short-duration. 
One-time applications 

The purpose ol ihe pTesenE research was lo determine 
the chemistry of CsjMoOS, coatings grown by PLD, 
and to determine the changes in chemistry after anntul- 
ing in air to temperatures as high as SOO '^C. Silicon 
nltiide and SiC were used to explore ihc possible 
formaiion of a cesium glass lubricant on the surface of 
Eilicon-conlaining snbstiateSr Alumina (ALO.il, zirconia 
(ZtOjl, and Lnconel were selected lo deiermine if other 
lubricious oxidation products (e.g. Cs?SOj. CS2M0OJ 
and MoO.i) formed when the lilmb were anneaFed 
Analysis concentrated on the Cs:rMoOS./Si-|N4 iyslem, 
smce silicon nitride has excellent properties for bearing 
applications at elevated temperatures [lO]. Understand- 

ing [he thermal cbemislry of ihe film is important to 
elucidate the lubncation mechanism in engineering 
applications. 

2. Experimental details 

2.1. Pulsed Uiser deposiJum 

Cesium oxythiomolybdate powder obtained from the 
Desilube Corporation was cold pressed inio 2^4 cm 
diameter targets for pulsed laser deposition. Other pow- 
ders used as standards (S]3N4, CsjMoOa, MifOj, 
CsjSOj, CsjSiO:, and MoS^) Were obtained from 
Alfa-Aesar, and were repotted as 99.95% pure. Poly- 
crystalline ji-Si^Nj and SiC substrates were obtained 
from International Ceramics Engineering and lnsaco> 
re-spectLvely, and were 99 9*"* pure polycrysialline male- 
rials, lnconel alloy 718 was employed as one substrate. 
The oxide subsiraies were also polytrystallinc and 
99.9% pure. AH substrates were polished lo a l-|xm 
finish. Silica interfaces were crystalline thin film*; (25 
nm) grown on silicon waters and were obtained from 
PRicess Speciallies. These substrates had a surfaee finish 
muth smoother than I |Lm, typical lor the electronics 
industry 

A Lambda Physik KrF excimer laser produced light 
at a wavelength of 24S nm, which was delivered to the 
PLD chamber. A diagram of the system is shown in 
Fig. 1. The laser light reflected off of a progranmiable 
mirror which rasiered the beam across ihe target in two 
dimensions, in itrder to evenly remove material from the 
surface and to minimize pitting. The beam then passed 

through  a  focusing  iens and  a  magnesium  fluoride 
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windov/, which naiismiCLed ^i^'^ of Ihe beam\ inlensily. 
The laser beam slmck ibe largel ill a 4^" angled, and Ihe 
subpiliale was po^ilioned along ihe liir^el noimiil a[ a 
dislaiice of 10.8 cm al an angle of AS" lo ihe target 
normai. The large! and Mibstrale were rolaled during 
deposiiioii lo optimise coaling iiniforniity The beam 
was focused lo a recuingular spol (5r7x I S5 mm) as il 
hit Ihe larger The largel and subblrale were corlained 
in a vacuum chamber with a pressure of 5X |[)~^ loir 
or less. All films were grown using 300 mJ/pulse. and 
a repelilioii rale of 20 Hz. The energy den'^ily was 
approximiilely 2.5 J/cm^ al Ihe larget surface (power 
densily - 1X10^ W/um^). The laser pulpie duralion was 
20 IIS. The la^er, ra'^lenng mirror, and deposition lime 
were controlled by computer To ensure reproducibilityr 
AddiEinnal details of l^e pulsed la'^er dcposidon syslem 
have bi:cn dcscril>ed prevjou'^ly [ll|. 

Before deposition, sub'^trdlts were ultrasonically 
cleaned in acetone for 10 min and methanol for 3 min. 
After positioning in die deposition chamber, the sub- 
strales were cleaned by argon ion sputtering with a 
Kauffnian source for 10 min. CsjMoOS, (ilm^ were 
deposited on Si^N^, SiC, Incone], AljO. and ZrOj 
RLib'^lrales al room temperature. The CsjMoOSi films 
were nominally 1 ^m thick, and required approximately 
15 min to grow. Thin Cs?MoOS, films (150 nm> were 
grown on a SijNj sub'^lralt in order to use X-ray 
photoelectron spectroscopy (XPS) and XPS depth pro- 
filing 10 study Ihe interfacial chemical coniposilion of 
the films after annealing in air. 

To delect ibe background gas species Beneraled during 
PLD, C&jMoOS, was laser ablated m Ihe presence of a 
Fanan Scientific Micropole quadrapole mas^ speclrom- 
eltr. The spectromeler had a masi range of 2-65 amu. 
The PLD system used m this experiment was employed 
al an enei^y density of approximately 2 J/cm" The 
repetition rate wa'i 20 Hz. The background pre^&ure wa^ 
fix 10"'' loir. The mass si)ectrome[er was located 33 cm 
from the target al approximately 45*" from the target 
normal, A plale was installed 2 cm in from of the mass 
spectrometer bead iUth that the line-of-sighl between 
the target and tbc mass spectrometer was ci>rapEetely 
masked. Therefore, only background and scattered gases 
were detected. 

Films deposited on Si^N, were annealed at 300, 600 
and 800 '^C in air Films deposited on other substrates 
were annealed at 600 ""C The films were annealed lor 
6h. 

2-2- Fitm charaderization 

After annealing, films were analyzed by scanning 
electron microscopy (SEM). XPS. X-ray diffraction 
(XRD), and Raman spectroscopy. to detecl changes in 
chemical composition and crystal structure with anneal- 
ing   temperature.   Scanning   electron   microscopy   was 

performed on a LEICA 360 Field Emission scanning 
electron microscope. The samples were coated with a 
few nanomeltrs of gold-palladium for charge 
neutralization 

X-Ray pboLoelcciron spectroscopy was performed in 
a Surface Science Inslruments M-probe XPS instrument 
operated at a base pressure of < I X 10"^ ton. U.'.ing an 
Al anode, a 40UX lOOO \IAW. line spot, and 25 eV pasi 
energy, the full width at half ma»:irnum of the Au Aii/-i 
peak was 0.S5 eV. Binding energy positions were cali- 
brated against the Au 4fj.j peak, and energy separations 
were calibrated using (he Cu 3s and Cu 2p-i/? peaks at 
122.39 and ^32.47 eY respectively. The full width at 
half maximum of die Au 4f,/? peak was 0.71 eV, and 
the detection limit was less than 2.0%. Peiik fitting was 
performed 10 calculate chemical compos it ion, Sample;. 
were typically sputtered for I miti prior to analysis lo 
remove surface carbon and oxygen. Samples wure insu- 
lating, so an elecniin  flood giin was used for chaise 
neutralization, 

A Rigaku D/max-B diffractomeier eijuipped with a 
Ihin film attachment and a monochrnmalor was used to 
perFbrm X-ray diffraction. Chemical phase identification 
was performed using a computer-based system with the 
standard Powder Diffraction File fPDF) library [5J 
embedded in it. Glancing angle XRD was taken at an 
angle of 2-3" with the sub&trale surface lo enhance [he 
signal from the film. 

Micro-Raman spectroscopy was performed with a 
Renishaw Raman microscope, and laser light at 514.5 
nm from an Ar* laser was used in Ibc analyses. 
Calibration was performed with the Si peak at 520,7 
cm"'. In some cases, Raman spectniscopy was per- 
formed on a SPEX 1877 O.'j ra triple spectrometer. The 
resuUs from the two insltumenLs aic direcdy comparable 
when the data are normalized. 

3. Resultb 

BJ. SEM analysis of PLD fiimv 

CsnMoOS. films appeared uniform by visuaf inspec- 
tion upon removal from Ihe PLD chamber. After aging 
in laboratUTy air for several hours, the films became 
molded; films stored in vacuum remained uniform. Fig 
2 ibows SEM micrographs o\ as-deposited (a,b) and 
aged (c.d) films deposited on Si,N4. Upon closer inspec- 
lion at high magnifica[ii>n Cb,d). it is api>aFent that bolh 
films have bump^, cracks, and liny boles, but Ihe as- 
deposiled films are smoother than Ihe aged Hlms. The 
aged film.s al&o have small white areaii which are 
approximately 250 |Lin long and 5n jtm wide. Since 
CsjMoOS^ is hygroscopic [2|, mottling may be caused 
by bydralion of Ihe film surface Pig. 2 also shows SEM 
micrograplis of a film aller annealing to 600 "C (e,f). It 
is also rough, and has white areas (approx. 500^100 

i 
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50.0)1 IT 

¥lg. 2-SEM microBEaphs jf CijM&OSj lilm^ la,h) as-dcpoEiUxl wi SiiN,: (c.d) rtepiMilcd on SL|>J, aniJ ^^eiJ in ■inihicnl air and 1i:,0 deposllal 
un SijNq Jllrf aniicalcd al 600 '^C in air. 

|xm) evenly JiilribuEed across Ihe surlate. Auger elec- 
tron spet:lrO!iOOpy sampling an area of 50x50 |Ani, 
confirmed no sigiiificaiil ditfereni:e in Ihe ctieinlcaS 
cumpo&lEions of l]ie dark and while areas. 

3.2. Mass speclroscopy 

The hackgroiind gases present in the chamber before 
ablating Ihe targcl were pninanly ivalcr vapor and 
oarbon   dioxide.   Species   ai  2R.   32.  48   and  64  aiiiu 
appeared dunng laser ablation of CS2M0OS3. a.s iiho'A'n 

in  Fifi.  3   The  niosl  important observalion  was  that 
Aujfijr was contained in the background gas and wa-s 
likely lu b*^ pumped svsy. leading to a sulfur deficiency 
in [he resulting films Mas'^ei appearing al 32 amu (S). 
4S (SO), and 64 tS?) support this conclusion 

3.3. XPS anofysi.^ 

XPS was used to deteimine film stoichiomelry. Car- 
bon and oxygen were present a^ surface contamination^ 
but were alrno^l cn[irely removed with i^puller etching. 

M 
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Fig. 5. Mai'; spKiio^Hni ur buctcffULiniJ g^ise^ In dcposiiion charahcr 
during laser jiblaiinn of C^jMoOS;. 

Any remaining carbon on Ihe surface was not consideied 
in the analysis. All Ihe oxygen was included in Ihe 
analysis, a& il is difficiiil to differentials O conCamination 
Ihim oxygen contiiined in C^?MoOS, or Ihe oxidi: 
subsfrales. 

Delemiining ihe atomic concenlralions of N, Mo and 
S was difficiili due [o peak overlap. The Mo M,^ iind 
^ds;? pealc^ (230 and 227 eV) nearly oveilnp Ihe Cs 4s 
peak (231 cV} and Ihe S 2s peak (229 eV). Also, the 
S 2p peaks at 164/16^ eV are between the Cs 4p,/j 
and 4pi^2 peaks al [62 and 172 cV respectively. TTie S 
2p peaks were chosen for analysis. Peaks were decon- 
voluled by conslrdining the Cs peaks to remain 10 eV 
apart The N Is peak al 599 eV is close to the Mo 
-Pi/? P^'^^ ^1- ^y^ '^^' compliciiljng the analysis of N 
and Mi>. The Mo 3p|/2 P^^^^ ^' ^^^ ^^ "'^^ selected for 
analysis Peak ■chitting, broadening, and asymmetry 
toward lower binding energy were common due lo 
sample charging and charge neQCralizalion witli the 
electron flood gun. The X-ray apoL was larger Ihan tiic 
while areas on the film^, so [hai only an average soiface 
composilion was rntasiired. 

Chemical [;oniposilion of ihe l-|j,m thick Cs?MoOSj 
films deposited on each substrate, and changes in com- 
position with aititealing teniperalure are shown m Table 
]. As-groivn tilm!^ were delicient in S and Mo, and rich 
in O when contpared to Ihe starting powder In general. 

as Ihe annealing lemperature increased, the pertenlages 
of Cs, Mo and S decreased, and ihai of O increased, 
indicating oxidation Sulfur was nol detected on samples 
healed above room temperature except in filnTi depiksitcd 
on [nconel, which also had high room lemperalurc 
concentrations of sulfur. 

For films deposited on Si-iNj, Si and N were evident 
even before healing, which is consistent wiih the pres- 
ence of cracks and holes as seen in Fig, 2, The presence 
of Ihese defects may indicate poor film adhesion lo the 
^ahsiraLc or excessive film slre'^s al room lemperaUire 
A^ stated above, N was difficult lo detect, and the values 
in Table 1 rellcct that uncerlainiy. When these films 
were heated to 300 "C. the percentage of Cs increased 
and thai of O decreased, contrary to the general results. 
This may have been due to the formation, melting, and 
spreading of ce&ium oxides on Ihe film surface, pre- 
venting detection of the underlying elements. Thi^ trend 
would be expected if the cesium oxides^ such as Cs^O, 
or Cs^O, had a higher concentration of Cs and a lower 
concentration of O than the underlying film. Most 
cesium oxides melt between 4UU and 600 "C [121. 

At annealing temperatures of 600 and 800 "C. the 
sample surfaces contained primarily Si and O. with 
small amounts of Cs anil Mo. The general oxidation 
trend resumed (i.e. the O ci>ncentration incn^ased), 
indicating that Ihe cesium oxides were no longer con- 
eenlialeJ at the surface. Between 6(K) and 800 *'C, there 
was a sharp decrease in Ihe amount of Mo This would 
be expected if MoO^^ was formed m the annealed films. 
This compound sublimes al approximately 700 ''C [13], 

Tablf I 
Ammii: pcrccnl compKilicjn u( pulsed liliei (IfiposLlcd Ci^MoOSj Tilr 
SLIrfibCes iller annealing, af dclcrniLiicd fnnn XPS 

SubElTJIIC Atomic compoiiuon 

Cs Mo a S Si N 

n/a 
EloichiDincliic 

ZS.6 14 J 14 3 4?.9 

n/a 27.6 16.1 25'i ■(fl.5 

5.,N. 75 26.5 li,ll 471 4.1 12.0 2.^ 
S..N. 300 35.7 7.5 39.8 l> 170 0 

SI,N^ 600 n.a 4.4 70.1 0 iy.7 0 

SijN, W) 6.1 02 64.^ 0 2K.2 0 

SJC 
SiC 

25 
600 

.^B.O 
l.'^.d 

1 4 
3? 

52.1 
ai.3 

8.5 
0 

n 
0 

AljO, 25 .■(fl.5 67 56.S 6.1 
AljO, 600 24.1 ■n 66.2 0 

ZEO. 25 ^99 II 4 48.2 0 
ZiOj 600 15.1 13-5 7L.2 0 

InHXniel 
Incoiie] 

2^ 
liOO 

33.6 
17.8 

WO 
2,7 

41.6 
77,6 

13.8 
1.9 

^ 
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Pig. 4   XPS dcpih prolikfi, CSJMHJOSJ depwiiol nn S11N4, I  fLm 
fllms- 

i.4  XPS depth profiles of Cs-MoOSs FLD ihinjUnis 

XPS deplh profiles were perfornied nn I |Lm [hick 
lilmih grown OH SiiNj as-deposiied anJ jl'ier annejling 
al 300 and 600 "C to decermine sub&urfatc sloichioinerry. 
TTiese deplh profrle? are ■^hown in Fig. 4. The comp<^ 
silion of [he film al 25 "C was nearly coiislant [o ^ 
deplh of 14n nm. FilmiJ annealed al 300 and 600 "C 
both showed a decrease in Cs and O and an increase in 
Si and N wiih depEh, implying inrerdiffusion between 
ihe film and Xhd substrate. No S was detected in the 
annealed Tilm^ lo a deplh of 140 nni. 

A I5U nm ihick film grown on SijN^ was depth 
profiled 10 monilor changes in Ihe chemical composition 
ill Ihe filni/subslraie interlace with annealing lempeia- 
lurc.   Analysis  was  perfoimed  immediately   following 

lilm growth, after aging in ambieni air for several weeks, 
and after annealing lo 601) and SOO "C. Deplh puililea 
are shown in Fig. 5- 'Die aa-deposited and aged lilms 
were assessed to delermJne the effect of hydialion on 
the film chemical composition. The deplh proftles of 
the two films were idenucal. The composilion of ihese 
ftims wj', constant lo an appro;<imalc deplh of 150 nm, 
Al Ihal poml, an abropl interface was delected, where 
Ihe conceniralions of Cs and O dropped below 10%. 
and [he concentration of Si was apprdximalcly 90%, 
Nitrogen was woi differenliable from Mo, so neither was 
plotted in Fig. 5 for the room temperature film. F^ak. 
shifting, indicating a change of chemical stale, was not 
detecled except in O in [he lop ^ nm of Ihe ftlni, w]iere 
Ihe peak shifted from 53LI lo ^29 6 eV indicating that 
the O detected at the surface was cunlaminalion (H3O, 
CO2 or Oj). The subsurface O was contained in o\ideg 
and/or sulfales. The shift was apparenl in both aged 
and as-deposited films, which is somewhat surpni^ing. 

im 
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Fig. 4. XPS dqjUi pFi>fil&, CSjMoOS, ilepmilcd on SrjN^, i^O nm 
rilmi. 
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Fig- 6- XRD specira of CsfMoOSj filnii js-deposiicd on icvcrul 

since Ihe a^-depmsiled film bad been exposed lo ambienL 
Eiir for only a lc\v niiiiules during transfer lo the XPS 
chimheT IT. IS appaieni Ihat Cii^MoOS ^ reacts wiih waler 
^]id/or osygcn quickly when exposed [o Ihe jlmoi^pbere 

AlW aniiealirig at 6CM) and 800 "^C, S and Mo were 
undeleclabic in the 150 nni films. Tbe amuuni of O 
greally increased in [be films and inio Ihe ^ubslralt. The 
aniouiil of Cs ai Ihe surface decreased. After annealing, 
3-5 al.% Cs wapi found al a depth grealer than 400 nin, 
much deeper Ihan [be original film ibitikness. It wiis not 
likelv that the ion sputtering caused 'knock in' of the 
Cs (driving ihe Cs into the snb&Trale), since this phe- 
nomenon wai not obser\'ed m Ihe as-deposiled filin'^- 
An InierfaLe was no longer dislinguishiible ai either 
temperaliire. The film annealed al 600 "C ^as pritnanly 
silica lo a depth of 50 nm, and when annealed at SOO 
■^C, tbe silica layer was al leasl 200 nm thick 

One explanalion for the appearance of a gradual 
iiilerface mighl be ihe 'pooling' nl" Ihe film malerial on 
Ihe surface of the sub^trale during healing, fonning 
diiiionlinuous islands of film. Since the XPS sample 
size is Jar^e> it ipi possible ihal the signal deteclcd 
reflecled an average of the islands of film and Ihe 
expo'^ed subslrale. As more of Ihe film wjis sputtemd 
away, Ihe results would indicate a gradual transition 
from Ihe film composition Lii Ihal of the suhstraie, jusL 
as was observed in Ihis case, tlowever. Ihe SEM 
evidence does nol support [his CKplanaiion Fslands are 
nol formed, so interdiffasion between [be film and Llie 
substrate is the likely cxplannlion lor Ihe observed 
compositional variation with spuller depth. 

3.5. XRD analysis 

XRD of as-deposiled Cs?MoOS^ films revealed that 
the cr>slal structure was different from Ih^l of the parent 
matenaU and also different from the piwder diffraction 

file (PDF) standard for Cs^MoOS, [5|. These results 
are shown in Fig. 6. Peak'^ due to CsjMoOS,, MoSj, 
MoOj and Cs^SO^ weie identified. The crystal structure 
of these films was neaily identical on every substrate 
except Inconel As shown in Kig. 6. the film deposited 
on Inconel had a significant MoSj peak, Thi^ i^ull was 
consistent wilh the higher concentration of sulfur iden- 
tified in these films wilh XPS. 

As Ihe films were annealed in air lo progressively 
higher temperatures, [be film structure changed signifi- 
cantly. Fig. 7 ciimpares films deposited on Si^N^ and 
annealed, and also ^hows the peaks of the PDF standard 
for Sin.N4. It was difficult lo identify specific phases 
Irom these spectra due lo the large numt-er of possible 
oicidation products; therefore, the peak assignmenL^ may 
nol be unique. Tbe film annealed Lo 300 ''C contained 
CsjSO.^ Tbe primary compi>unds identified at 600 '^C 
were cesium oxides, molybdenum oxide.s, and 
Cs::Mif04. CsjSOd was no longer apparenl. Crystalline 
SiOn (cristobalile) was identified in the sample heated 
to KW =C. 

The spectra of the films deposited on each of the 
substrates and annealed at 600 "C are compared in Fig. 
S. While each spectrum appears lo be unique, tbey arc 
actually quite similar. Most of the diffen^nces can be 
attributed to peaks associated with the various substrates. 
In each spectrum, cesium oxides, molybdenum oxides 
(including MoO.). and cesium molybdales (including 
CsjMoOj) were identified However, the peak intensities 
for these compounds varied. 

3.6. Raitum analyst 

Raman spectra for Cs^MoOS* films gn>wn on Si^iN^ 
and annealed in air arc shown in Fig 9 Raman con- 
firjned that the crystal structure iif [be paieni material 

' P«H On >^ ^Jt. 

Vig.1 XRDBpccnaofCijMnjOSililrnidcpcBiicd^mSijN,, amicfllcil 

in aic 

^ 
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unnC^ed Jl 600 "C in air 

and [be nunn lemperaliire films were dissimilar The 
spetira weri^ compared lo ^tandardi of SiiNj, C&?MoO^, 
MoO,. CSjSO^, CsjSiOj, MoS^, and the lirerature [i4l. 
Nunc idenlically malched [he films. In spectra for The 
as-dqjo&iled film and [be lilm aniieiiled al 300 '^C, ihc 
large peaks a( 463 and 473 cm ' are characleri&lic of 
pulsed lasei deposited Cs^MoOSj films The olher com- 
pounds ideniilied in Ihc film annealed al 300 "C were 
Cs-:Mn0.i, MdS; and MoO^,. There was a slron^ iiidi- 
calioiL ot CsjMuOj in Ihe film annealed al 600 ^C, as 
was seen in XRD. The unidentilitd peaks in the (300 
and aOO "C specira are likely associated wiili cesium 
oxides, molybdenum oxide',, and cesium molybdaie^ Eiir 
which slandards and literaLurc data were unavailable, 
bul which weie idenliTied in XRD, 

Raman spectra of C&^MoOS, films as-depii'=iled on 
Olher sgbstrat&s (AI^O,, ZrO^, SiC and Enconcl — nor 
shown) conlinn the XRD results. The films were nearly 
identical to ihose deposited i>n Si^N^ ei:cepl Ihe film 
deposiled on Iiiconel. which had iwo major peaks al 
377 and 477 cm"' due to MoS^ [14|. Ai 600 ^C, Ihe 
films changed significanlly. Each spetlnira c>;hibited 
peakb due lo Ihe underlying suk^lrales, along wiih Ihose 
of MoOj, Cs-,Mo04 and olher oxides^ with differing 
inEcnsilies. 

4. Discussion 

This siLidy has shown ihat pulled laser deposilion can 
be uied to deposil thin films ol'Cs^MoOS, on a -variety 
of iubsLrates. They were partially cryslalline, and had a 
different sloichiomelry and crystal siruclnre Irnm both 
Ihe published data kir Cb,-MaOSj. iind the parent malerial 
produced by Ihe Desilube Coiporation. Tht chemical 
comp€>siiion of Ihe films was sulfur-dcficienl and oxy- 
gen-rich. The sulfur deficiency was consistent with Ihe 
mass spectromelry resulls and the low sulfur tuntent of 

Ihe as-received Cs^MoOS-, powder. The increase in 
oxygen is probably due lo reaclinn of the film ivith 
waler and possibly CO^ and O? when exposed lo air. 
Cesium oxylhiomolybdale, Cs^SO^, Mo^z ^"'^ MoOj 
were present in ihe as-deposiled films. 

The crystal struclure of as-deposited films wa.'i the 
same regardless uf Lbe subslrale malerial, with Ihe 
sAteplion of the films deposiled on Inconeh In these 
filma, MoSj was produced preferenlially over 
CsoMnOSj or Cs^SO^- This was evident from Raman 
and XRD resulli The cause ol iht: difference m films 
deposited on InconcI is unknown, but il may be relaled 
lo its nielal content. 

During heating, Cs:vMoOS^ deposited on substrates 
containing no silicon wenl through the same oxidation 
reactions as previously lound for CsjMoOS, powder 
[2]. Oxidation begins at approximately 400 "C. Belween 
400 and 6U0 ^C. CsjMoOS^ oxidized to CsjSO,, which 
further o;<idiied to cesium oxides and SO, gas Cesium 
inolybdales (including Cs^MoOj), and molybdenum 
oxides (including MoO^i) were also formed. 

When CsjMoOSi wai deposited on Si3N4 and SiC 
subslrales, many of Ihe samt oxidalion products were 
identified after annealing al 600 "C. In addilion, films 
deposited on SijNj and annealed to »U0 "C were 
composed primarily of Si and O. with a few percent Cs, 
as shown by XPS. X-Ray diffraction revealed Cristobal- 
ite in ihese lilma The presence of crystalline SiO; 
indicates that at sborlcr limes or al lower lemperatures. 
glassy SiO? e^rsled. 

The mechanism for glass fonnaiion may be as fol- 
lows near 700 "C, Si.Nj is known lo oxidize to 
amorphous SiO:. [15,161. At that point, cesium ions 
Jrom melled cesium oxides on the surface diffused into 
tbe SiOj. likely forming a cesium silicate glass. This 

aiN> 
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dttounls for Ihe decreapie in Ihe percenlage of Cs 
derecled with XPS -A 600 ^C Eind above, (l haa been 
fdiLitd previously iviih Jifferenlial scaiiJimg calonmelry 
(ill combinaliiiji wilh olliei lechriique!;) ihal rni>;lure3 of 
CsjMoOSj and SijN, ptiwdcrs formed a glas^ al approx- 
iniaKly 700 "C, whi<:h Jevilrified (cry^ialljjed) al 
approxiinalely SS,^ ''C |7] While llie role ol sulfur in 
liibricious CsjMoOSj has been debated |1,6,S,I7|, ITI 

d\c presein siudy it was found to be crucia]. The 
oxidation roiile proposed abifve rtquires ihe presence nf 
sjlfiir ill order lo produce cc&iuni oxides and ^ub^enuenl- 
ty, cesium sihcale fila-s& [l^]. 

The presence of Ihe particular oxidaiinn pmducis 
identified is signilieani for Iribological applications. 
Molybdenum disultlde is a well-known lubricant, which 
is useful up Eo iipprodmalely 350 "C |I?J. All of Ihe 
compounds dcKcted al 600 "C are likely to have shear 
SlrengEb low enough a[ [hal lemperalure lo bi: lubricious. 
Fur example, niolybdales and MoO^ have low coeffi- 
cicnls of friclion near 600 ^C [I3J9.20|. Cesium sulfare 
and cesium oxides may acl as lubricanls belween cheir 
formalion lemperalure and dccompo&ilion or melting 
temperatures (apprux. 500-600 ^C) [21]. Also, pulsed 
Jaser depif'^iled sulfates have been shown lu have low 
friction al 600 ^C |22]. 

Tbe cesium silicale glass which was indicated in the 
Si,N'4 system is also likely to be lubncious al elevated 
lemperalure. Alkali ions are known to reduce the vis- 
cosily of silicate glasses [23|, which would reduce ihe 
slieEir strength at a given temperature, and increase Ihe 
lubricity of ihe glass. In fact, glasses have been used as 
iubricanis for steel working for over 50 years [24|. 
Together, ihe combinalion of severEil compounds with 
different melling points may extend the lubncious range 
of Cs^MoOS, from approximately 300 lo appn»Lijna[ely 
soox. 

The formation of a low abear strenglh glass has 
previously been poi^tulaled as Ehe lubrication mechanism 
for cesiuin lungsEale (CsjWOSj) bonded coatings (con- 
taining Na^SiO-^) on silicon nitiide bearings by Rosado 
e[ al. [I7|. Cesium tungslale is comparable lo 
CsjMoOSj, where W is subslituled for Mo in the 
cryslalline lattice. In Rosado's sludy, il was ihoughl Ihat 
al elevated temperature, Cs^WOSj decomposed lo Cs?0 
(mp.=4-95 ''C) [2I| and SOj gas The cesium ions 
fram Ebc melted cesium o\ide were reported to react 
wi[h [he silicate in ihe coating lo Idrin [lit lubricating 
film at elevated tempeiature In Lbe preseni case, the 
silicate binder is not required lo form a cesium silicate 
glass from CsjMoOS^ Hlms deposited on Si^Nj 
substrates. 

To fully understand tbe XPS deplh profile results, an 
understanding uf Ehe film microslnjclure as revealed by 
SEM IS helpful. In as-deposited films, nucleatuin of film 
growth appeared to be random, followed by grou'tb in 
a dendnlic structure until the dendriles grew into each 

other. As the tilm cooled ■from the deposition tempera- 
ture, wbicb was slightly elevated due lo the impingement 
of the film loni, the film cracked. This growth mecha- 
nism results in small holes and tracks in the film at 
room temperature, which would allow the detection of 
the substrate with XPS. As the films were annealed, the 
film Eippears to diffuse across the substrate, 'healing' 
die cracks and holes Thciie features iire no longer 
evident in annealed films. There is no evidence that Ihe 
fdm mEiteriat 'pools' into island-like structures. 

The XPS depth profiled can then be interpreted £is 
representative of a gradaal interface between tbe film 
and the substrate 'Hie gradual interface eliminates the 
possibility of adhesive film failure. Also, during rubbing, 
as small arnounLs uf film are worn away, cesium, which 
diffused deeply into the substrate, would continue lo be 
available lo reduce the viscosity of a continuously 
forming silicale glass, creating a ^self healing' film. 
Clearly, puhed laser deposited CsnMoOS-, films have 
tbe potential lo be excellent lubricants on silicon-con- 
taining substrates, and may perform well al elevated 
Icmperatures on a variety ol sub&trates. 

5^ Conclmluns 

The purpose of the present research was to determine 
the chemistry of Cs?MnOSj coalings grown by Pl-D, 
and to determine the changes in chemistiy and mor- 
phology aflei annealing in air to temperalures as high 
as SOO "C Tlie primary conclusions drawn fnim this 
study were: 

I. As-deposited films of CsjMoOS, were modeiaiely 
tough and cracked, and were not pure crystalline 
Cs^MoOSi. They were partially crystalline, contain- 
ing CsnMoOS,, Cs^S04 MoSj and MoO^ Tbe latter 
three of these eouipounds may be lubricious at room 
lemperalure (MoS?) or elevated lemperalure 
(CS3SO4 and M0O3). The films were likely hygro- 
scopic, which may aflecl performance below 100 "C 
Films deposited on inconel substrates contained more 
MoS? than films deposited on other substrates 

2 When annealed, films oxidized 10 primarily Cs^SOj 
at 300 ^C, which decomposed to cesium oxides and 
SO, below 600 "C Also present at 600''C were cesium 
molvbdates (including Cs^MoOa), cesium oxide-s, and 
molvbdennm oxides (including MoO^) All of Ihe 
solid compi>nnds may be lubricious al elevated 
lemperalure^. 

3. Films deposited on SijN^ and annealed to SOO "C 
also contained crystalline SiO?. wbitb indicated the 
preiience of amorphous silicate glass al lower temper- 
atures or when heated for sborler dmes. The combi- 
nation of silicate glass and melted cesium o»iides al 
temperatures belween 400 and 800 "C is likely to 
create a cesium silicate glass as the cesium ions 
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diffu^ inio the oxiJi;. Tliis glu-vi may be lubricioiis 
al clcvaled [cmperalurcs. 

4. Annealing films deposited on Si^N^ lo 600 "C or 
above caused ihe diffusion of ccsiutn inio ihe .■^ub- 
stiale, eHminaling (he sharp inlerfjift: bcUveen [he 
illm ^nd the subbtmle. This implies ihal [he lllni ^vilJ 
have good adhesion al elevaled lempLTiilure. Cesium 
Was found very deep in the .'.ub^lraie, indicating IhaE 
ihi: formalKin oi ii Li:!hij[n !iihL:ale glas^ surface may 
occur conlinui>jsly during wear, which wruld provide 
a 'self healing' film. 

5. Because each of the compounds formed by the 
decoinposjliofi of Cs^MoOS, films has a diffcrenl 
leinperiiliire range over which il is tubricious. [heae 
compounds may provide conliniious lubricalion from 
300 to SOO ^C. Pulsed laser defKtsiled CsjMoOS^ has 
goiMi piiienlial as a high lemperature solid lubricafil. 
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