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Many metal alloys are susceptible to corrosion, film of stainless steel could have significant
particularly after processing steps such as technological impact. An important example of
welding. Chemical vapor deposition (CVD) is such surface modification involves the use of
an effective way to modify metal surfaces and silicon, which forms a protective oxide coating on
impart specific physical and chemical proper- steels and inhibits oxidation, nitridation, erosion,
ties. A hydrophobic, nanosegmented silicon corrosion and carbonizatich2The formation of a
oxide coating derived from the discrete cluster thin, adherent Si® film, either by using silicon
molecule HSigO15 has been shown to chemisorb present in solid solution in the alloys or by
to 302 and 304 stainless steel. To understand depositing silicon on the surface from an 3iH,
better how this cluster binds to steel, a compre- mixture, has been vigorously pursued by Cabrera,
hensive study of these clusters adsorbed on Kirner and co-workers and is the basis of a
chromium oxide was undertaken. IR, XPS and commercial procesS Deposition of silicon onto
valence-band spectroscopies show convincingly the surface avoids compromising the bulk steel
that the clusters are chemisorbed intact on this properties, which can be impaired when too high a
surface. The coating also readily forms on percentage of silicon is incorporated as part of an
molybdenum, tungsten, iron and nickel oxides, alloy composition. Another approach to the forma-
promising general application to a wide variety tion of SiO, films on surfaces has involved
of metal alloys. Copyright © 1999 John Wiley &  spherosiloxane clusters and resins. For example,
Sons, Ltd. the spherosiloxane clusterg8igO;, (1) has been
used as a chemical vapor deposition precursor for
the generation of amorphous Si@iims.***° In
addition, a considerable number of patents have
been filed relating to protection of metals using
silsesquioxane polymePs.indeed, much of the
previous work in this area has been disclosed in the
patent literature rather than in scientific journals;
for examples, see Refs 16-20.
Coating steel surfaces with spherosiloxane
INTRODUCTION clusters, molecules of the general formula
(HSIO, 5), such as |Sig01,,2* > provides several
Design and control of the surface properties ofadvantages as a method for silicon oxide film
metals is critical for imparting desirable properties formation. First, while silicon oxide surfaces are
such as erosion and corrosion resistance whildéypically hydrophilic, the spherosiloxane clusters
maintaining important bulk properties such asare intrinsically hydrophobic, yielding significantly
strength and ductility= Coatings of molecular different surface tribology. Second, the ambient-
thickness capable of providing protection over atemperature gas-phase chemical vapor deposition
wider range of potentials than the passive oxide(CVD) method described below generates a layer
~6 A thick, making the process appropriate for
* Correspondence to: M. M. Banaszak Holl, Chemistry Depart- _appllcatlon to mlcrOf-abrlcated parts_, samples with
ment, University of Michigan, Ann Arbor, MI4,18109—1055, USA. iregular morphologies or the insides of tubes.
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amorphous silicon oxide which is composed of aSpherosiloxane-coated samples of stainless steel
distribution of ring-sizes. Fourth, the spherosil- were made by resistively heating the sample to
oxane clusters are highly stable in acidic condi-approximately 560C under 1x 10> Torr oxygen
tions; in fact they are made in the presence of eithefor 5 min to remove hydrocarbon contamination
concentrated hydrochloric or sulfuric adt?®  and provide an active surface for the binding of the
Fifth, in contrast to a brittlex-SiO, layer, a film  clusters. The samples were then exposed to
consisting of discrete spherosiloxane clusters con5 x 10~ Torr of HgSigO;, for 20 min at ambient
tains many intercluster regions where the film cantemperature to form the spherosiloxane coating.
flex without breaking. Unlike the methods utilizing This did not result in completely even heating and a
oxidation of silane and/or metal silicides, we aretemperature gradient typically existed of approxi-
kinetically controlling the structure and content of mately 50°C. Temperatures were routinely mea-
the silicon oxide film, and therefore many of its key sured using a Minolta—Land infrared pyrometer
properties, by choice of cluster precursor (Klem-(Cyclops 52, emissivity setting 0.4) that had been
perer et al. have made extensive use of the calibrated using a thermocouple directly attached to
spherosiloxane cluster to control solid-state siliconthe steel sample and was accurate 4d0%.
oxide structure; lead references include Refs 244nfrared spectroscopy was performed with a
26). Reported herein are initial results regarding theBioRad FTS-40 FTIR spectrometer, on samples in
formation of nanosegmented, hydrophobic, ceramian UHV environment with the surface normal
silicon oxide films on a variety of the metal oxides rotated 81 from the incident IR beam. Details of
that play a role in the passive layer of steels.this exgerimental apparatus are described else-
Chromium oxide is highlighted because of the well-where?® Experiments typically involved taking a
known correlation between the percentage chrobackground spectrum, performing the desired CVD
mium concentration at stainless steel grain boundand then taking a second spectrum. The ratio of this
aries and corrosion resistanté. second spectrum to the background was then
calculated to arrive at the final plot. No other
software manipulations were performed. All single-
beam spectra represent a signal averaging of 256
EXPERIMENTAL scans taken with 8 cnt resolution.

X-ray photoelectron spectroscopy (XPS) was

performed using a PHI 5000C spectrometer and

soft X-ray photoelectron spectroscopy (SXPS) wasRESULTS AND DISCUSSION

performed at beamline U8b at the National

Synchrotron Light Source, Brookhaven National Initial binding studies were performed on a
Laboratory. These facilities have been describecchromium oxide surface with saturating doses of
previously?” Pure chromium oxide films were HgSigO;,. Figure 1 shows the photoemission
prepared on silicon wafers by sublimation from anspectra observed for the S02nd O Ecore levels
ingot of chromium (99.998%) using a resistively of the HSigO;,-modified chromium oxide surface.
heated tungsten basket, followed by oxidation usingrhe 104 eV shift observed for the reactionlofith
dioxygen (99.998%) or water. The films were the chromium oxide surface is consistent with the
judged to be clean of carbon and other impurities bypresence of HSiQand/or SiQ fragments. These
XPS and were then exposed tox5l0~’ Torr of  structural moieties are known to have essentially
HgSigO1» at ambient temperature to form the identical binding energy (BE) shifts. The O &
spherosiloxane coating. All sample transfers werecore-level spectrum shows two distinct peaks.
performedin situ in a system of ultrahigh-vacuum These are assigned as chromium oxide and
(UHV) chambers with a base pressure of better thanigSisO, -derived oxygens at 530.5 and 532.5 eV,
5x 10 *°Torr.  Nickel  (99.9994%), iron respectively. Based upon the core-level shifts
(99.9975%), molybdenum (99.9%) and tungstenalone, we cannot strictly rule out cluster decom-
(99.95%) foils were obtained from Alfa—Aesar and position on the surface to form an amorphous
converted to clean oxide surfaces by heating asiloxane network. However, soft X-ray photoemis-
560°C under 1x 10 ° Torr oxygen. Two types of sion studies of the valence-band region do provide
0.125 mm stainless steel foils were used, SS-AlShdditional evidence that the clusters have remained
T302 from Precision Brand and SS-AlSI 304, intact. Inspection of the Cr@2core level shows an
Fe/Crl8/Nil0 from Goodfellow Corporation. asymmetric shoulder on the high-BE side of the
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2 the chromium oxide contribution can be effec-

[ (a) hv=1253.6 eV J tively removed, leaving only the cluster-based
] contributions to the valence-band region. The effect

HgSigO12 Si2p of attenuation on the chromium oxide signals
derived ] caused by the cluster overlayer was compensated

silicon for by setting the Cr 8 peak intensity equal for both
spectra. The resulting cluster-derived valence-band
features are shown in Fig. 2(b) spectrum 3, along
with a series of comparison spectra. Note that for
the intact, physisorbed clusters on Si(111)-H (Fig.
2b, spectrum 5), there are five readily discernible
features in the valence-band region corresponding
110 108 106 104 102 100 98 96 to the H-Si and Si—-O bonding molecular orbitals.
Binding Energy (eV) All of these features are maintained whénis

chemisorbed by reaction of a single cluster Si—H
bond with the surface dimers present on the Si(100)

Photoemission Intensity (a.u.)

~1 ® | 2 x 1 surface, resulting in a symmetry reduction
3 hu=1253.6 eV from Oy, to Cy, (Fig. 2b, spectrum 4}/ For the case
= 0 1s 1 of the cluster chemisorbed on t_he chromium oxu;le,
-‘§ [ HgSigO12 features | and Il are clearly still present and sig-
2 | derived nificant intensity is still present in regions IlI-V,
< | oxygen Chromium | although the features no longer stand out distinctly
2 Oxide ] from one another. Spectrum 6 is from a film derived
@ derived from HgSigO1> on Si(100) in which the cluster
E oxygen structure has been destroyed by heating and an
2 amorphous hydrogen-containing siloxane network
& has been formed. Note that all the valence-band
features associated with the high-symmetry

538 536 534 532 530 528 526 524 HsSigO,, cluster are now gone. In fact, the valence
Binding Energy (eV) band of this film is identical to amorphous SiOn
summary, the valence-band spectra are consistent
Figure 1 XPS spectra of (a) Sigand (b) O Bcore levels for  with the HSigO4o clusters being largely, and
the HsSigO1-modified chromium oxide surface. possibly wholly, intact and bound via an Si-O
linkage to the chromium oxide surface.

For a greater understanding of the binding
pure metal peak. The spectra can be nicely fittedgeometry, reflection absorption infrared spectro-
with two peaks, one shifted roughly 3 eV higher scopy (RAIRS) was used. Surfaces were prepared
than the known pure chromium metal BE. The by evaporating~40 A chromium (as judged by the
shifted peak is assigned to chromium(lll), mostattenuation of the Auf4peaks) onto a gold surface.
likely in the form CpO3.2° The RAIRS spectrum of a thin chromium oxide film

Valence-band (VB) spectra shown in Fig. 2 wereon chromium is shown (Fig. 3, spectrum 1). A
obtained at the National Synchrotron Light Source,characteristic Cr—O stretch is observed at
Brookhaven National Laboratory, in the following 1013 cm™*. Exposure to a saturating dose of
fashion. First, a chromium metal film was evapo- HgSigO1- clusters results in the observation of
rated and oxidized. The valence-band spectrum oSi—H stretching and bending modes at 2283 and
the chromium oxide film was then obtained using a889 cm* respectively. The cluster-derived Si—O
photon energy of 170 eV (Fig. 2a, spectrum 1). Thestretch was observed at 1175¢th The RAIRS
chromium oxide surface was then dosed withspectrum is consistent with intact discrete clusters
HgSigO1» and the VB spectrum taken again (Fig. as shown by Calzaferréet al. in solution®° and
2a, spectrum 2). The convolution of the cluster-others on an Si(100) surfateAll of these features
based valenceband features and the chromiumare consistent with the presence of Hg@oups on
oxide-based valence-band features made it difficulthe surface and the Si—O stretching frequency of
to assess the structural fate of the clusters directlyl175 cm® is indicative of intact spherosiloxane
However, by subtracting spectrum 1 from spectrumclusters and not amorphous $i€}*° The single
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(a) huv=170eV (b) O 2p “lone pairs”

H-Si and Si-O
bonding MOs

Cr3ad HgSig012 bulk Si

6
heated to 630 °C

on Si(100)
HgSigO12 on 5
Chromium Oxide condensed on Si
Chromium Oxide on Si(100)

! ) . n
150 155 160 165
Kinetic Energy (eV)

on Cr oxide

L 1 ; 1
150 155 160 165
Kinetic Energy (eV)

Figure 2 (a) Valence-band spectra of thg$kO,-modified chromium oxide (spectrum 2) and clean chromium surfaces (spectrum
1). (b) Spectrum 3 was obtained by subtracting spectrum 1 from spectrum 2. For compagSi@); ficlusters chemisorbed on
Si(100) (spectrum 4), physisorbed on Si(100) (spectrum 5) and thermally decomposed on Si(100) (spectrum 6) are shown.

peak is also inconsistent with amorphous networksemember that we cannot distinguish this geometry
of HSIO; fragments, which typically give a broad from one that has two, three or four vertices bound
range of Si—O stretching frequencies varying fromto the surface.
1265 to 941 cm* 3! It is worth noting that an alternative physisorp-
The sum total of the core-level XPS, valence-tion binding geometry was considered which
band and RAIRS data can be simply interpreted asnvolved a Lewis acid/Lewis base type of inter-
the clusters bound via one or more silicon verticesaction between the cluster and the surface. It was
to surface oxygen atoms. In principle, the Si—H proposed that one oxygen atom from the cluster
bending mode can provide information on the(base) donated a lone pair into the acidic
symmetry of the bound cluster, and therefore thechromium(lll). Both this model and the previously
coordination mode to the surface. For example, thalescribed chemisorption geometry are consistent
cluster modified at a single vertex reported bywith the XPS and RAIRS data. However, it can be
Calzaferriet al.,CgH3(H7SigO15), shows a distinct  seen in the VB spectra (Fig. 2b) that the chromium-
splitting of the single Si—H bending mode of the oxide-modified surface (spectrum 3) does not
On-HgSigO1» cluster into three peaks. Although  contain many of the sharp spectral features
the broadening we observe in the Si—-H bendingobserved forl physisorbed on an Si(100) surface
region is suggestive of such a change, the resolutiofspectrum 5). Moreover, there is a strong correla-
and signal/noise ratio obtained in the RAIRS tion between the chromium-oxide-modified surface
spectra do not allow any firm conclusions to beand 1 chemisorbed onto an Si(100) surface
reached regarding the number of vertices activatedispectrum 4). It is concluded, therefore, that the
A possible structure of this adsorption geometry ischemisorbed model best represents the binding
shown in Fig. 4; however, it is important to geometry in this system.
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Figure 3 RAIRS spectrum of a thin chromium oxide film on chromium (spectrum 1), as8IgB;, absorbed on chromium oxide

Q).

The reaction of the gBigO,, cluster with iron, The particular 302 and 304 stainless steels that we
nickel, molybdenum and tungsten metal oxide filmsobtained were coated with a layer of organic
were also examined. These reactions were pemnaterial that persisted upon ultrasonic cleaning in
formed by oxidizing the pure metal foils ins@&nd a variety of solvents, preventing reaction with the
exposing than to a saturating dose of§ig0O.,  cluster (Fig. 5a). However heating the steel to
clusters. Although the absolute coverage of the560°C under 1x 10> Torr O, for 5min signifi-
clusters varied, the Sip2core-level XPS data cantly reduced the carbon content while greatly
contained a single peak at 104 eV in all cases. Thisncreasing the chromium oxide content at the
indicates that the cluster binding geometry on theseurface (Fig. 5b). Note that an increase in iron
metals is similar to that observed for the chromiumand manganese oxides was also observed Exposure
oxide surface. of the activated steel surfaces tox3l0 ' Torr

Stainless steels were also chosen as substratddgSigO;- clusters for 20 min resulted in spherosil-
oxane film formation on the steel surface (Fig. 5c).
The cluster-based Sip2and O & core levels are
identical in terms of both binding energy shift and
intensity to those observed on the pure chromium
oxide surface. The 304 results are similar, although
the Si D core-level region is more difficult to
interpret because of the presence of amorphous
SiO,, leading to overlapping spectral features. Once
again, core-level XPS results were analogous to
those obtained for chromium oxide. Analysis of the
tungsten, and to a lesser extent nickel, oxides were
complicated by adventitious silicon oxide films
present on the foils when received. For these cases,
observation of the O dcore level was the most
Figure 4 Proposed binding geometry forgBigO;, chemi-  informative method. The §8igO1, cluster reacts
sorbed via an oxygen atom to the chromium oxide surface. With a variety of metal oxide surfaces, including

Chromium Oxide
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silicon oxide. The chemical vapor deposition
coating method makes this thin coating an inter-
esting candidate for the protection of complex
micromachined metal parts and tools.
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