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We demonstrate the method of x-ray diffraction at shallow angles of incidence, using

- the intrinsically highly collimated x-ray beam generated by a synchrotron source, to study
the atomic-scale structure of amorphous thin films afid coatings in their as-deposited (i.e.,
on-substrate) state. As the incident angle is decreased, scattering from the film/coating
can be isolated as contributions from the substrate are reduced. Systems studied include
chemical vapor deposition (CVD) diamond films deposited onto both silicon and steel
substrates, where evidence of an interfacial region between the film and silicon wafer has
been observed, but we focus on a range of amorphous films/coatings (mixed TiO; : $i0;
sol-gel spun films, hydrogenated carbon films and “glassy” carbon coatings, silicon:

" germanium semiconducting films and alumina coatings). The data are used both to =

comment upon the systems studied and to elucidate the potential, and the limitations,

of the experimental method.

I. INTRODUCTION

The refractive index of materials at .x-ray wave-
lengths is less than unity; consequently, at incident
angles below a critical value, total external reflection oc-
curs. Below this critical angle, @, limited penetration of
the material is achieved via the evanescent mode, and is
exponentially damped: in principle sampling depths of
~10 A to ~ 1000 A may be achieved. Above a,, the
penetration depth increases rapidly with incident angle,
and inversely with the wavelength of the radiation, and
is limited by photoelectric absorption. Thus, for a given
wavelength, a number of characteristic sampling depths
(length scales) may be achieved by varying the inci-

dent angle.
‘ An experimental method for exploiting this phenom-
enon is the shallow angle diffraction technique, outlined
originally by Lim and Ortiz! in their study of polycrys-
talline films (i.e., giving rise to sharp, Bragg diffraction
peaks) deposited onto glass (i.e., amorphous substrates
giving rise to weak, diffuse scattering only). Since their
study required peak positions only, the method was well-
conditioned for their problem. Even when relative peak
amplitudes are useful, such as when Rietveld profile
analysis of the crystallographic data is used, it is a
relatively straightforward process to isolate the Bragg
from any residual diffuse scattering, and the method has
therefore been widely used in this form. However, a great
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many films and coatings of contemporary importance
and interest are amorphous, and may be deposited onto
(poly)crystalline substrates. Following a feasibility study
by Burke et al,>® we have attempted to explore the
potential of the generic method in this latter context in
the hope of demonstrating that it is possible to isolate the
structure factor and associated pair distribution function
for an amorphous film—or at least to generate useful
semiquantitative approximations. The method relies on
the ability to use an intrinsically highly collimated, low
divergence synchrotron radiation beam at shallow angles
of incidence in order to limit the x-ray penetration depth,
and thereby to render the substrate “invisible”. It is the
aim of this paper to demonstrate the potential, and the
limitations, of the method within the context of a wide
range of thin films and coatings.

Il. THE MATERIALS -

The last two decades have seen a grbwth in our
knowledge of the properties of thin-film amorphous ma-
terials, accompanied by continued technological exploi-

“tation. The complex nature of these materials maintains
their position of fundamental as well as technological in- )

terest, and important questions concerning their proper-
ties remain unanswered. In fact, the range of questions
only increases as new and more.novel materials continue
to be generated.
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A. Amorphous hydrogenated carbon
(a—C:H) and CVD diamond films

Diamond has been used industrially for many years
and has been exploited in capacitors, in the electronics
industry, in bearings, and as high precision cutters. It has
a unique combination of hardness and strength, a large
dielectric constant, and an extremely low coefficient of
friction. However, bulk diamond cannot be engineered
into the many physical configurations required to exploit
all these properties, and the recent advances allowing
diamond to be grown as a thin film or coating have
allowed the material to be used in a whole range of
new areas, such as x-ray windows, electronic packaging
applications, and friction and wear coatings.* Three
diamond films of thickness ~5 um were studied using
shallow angle diffraction®: film A was a polycrystalline
diamond thin film prepared by chemical vapor deposition
(CVD) onto a polished silicon wafer; films B and C

. were both produced by microwave assisted CVD onto

a steel disk: film B onto stainless steel, film C onto

- Invar steel. Two additional identical films were produced -

of film B and film C so that one film of each type
could be removed from the substrate and examined by
transmission diffraction to provide a useful benchmark
for the shallow angle results. A description of the CVD
process parameters is given in Refs. 6 and 7.
Amorphous hydrogenated carbon, a—C:H, is par-
ticularly interesting as it can be prepared harder, denser,
and more resistant to chemical attack than any other solid
hydrocarbon, and this leads to a broad range of potential
technological applications. The macroscopic properties
of a particular material are critically dependent on the
conditions under which it was produced. a—C:H can
be prepared in forms varying from the soft polymeric
or graphitic at one extreme to a so-called “diamond-
like” carbon form at the other. By altering the deposition
parameters it is possible to vary, for example, properties
such as the optical band gap and refractive index.*>®
The a—C: H sample discussed here was prepared using
a saddle-field fast-atom (i.e., neutral particle) source with
propane as the precursor gas; the deposition conditions
pertain to the hard form of the sample (an effective beam
energy of 1.3 kV, and operating at 1.4 X 10™* mbar
system pressure). The macroscopic sample density was
determined as 1.7 gm-cm™> using a residual volume
technique, and the hydrogen content was determined
as 32 at. % using a Carlo-Erba CHN combustion ana-
lyzer. We have undertaken detailed neutron and x-ray
scattering studies of the material in its powder (i.e., off-
substrate) form and have been able to offer a new model

for the atomic-scale structural properties of the material.”

However, it is of interest to be able to study the structure
of the film while still on a substrate, and ultimately to
be able to comment on the effects of different substrates,
heat treatment, etc.
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B. a-Si:C:H and a-Si:Ge:H films

Codeposition with silicon to generate a—Si:C:H
films offers the potential of variable bandgap semicon-
ductors, and is of further interest in its photo-oxidized
form within lithography,® but very little structural work
has been done on these materials beyond spectroscopy'!
for the simple reason that large-volume, off-substrate
samples are difficult to produce. This system is therefore
a candidate for study using the shallow dngle method.
In a similar vein, a-Si: Ge:H, although overshadowed
hitherto by the research on its analogue, amorphous
hydrogenated-silicon, a—Si : H, has enormous potential as
a narrow-gap component of multijunction solar cells and

‘other devices using amorphous semiconductors (Ref. 12

and references therein). Again, little direct (diffraction)
work had been undertaken, although IR and TEM studies
indicated a local structure similar to that of a—Si:H.!?
The a—Si: Ge: H was deposited by a conventional glow
discharge method,'® while the a-Si:Ge:H was pro-
duced by reactive magnetron cosputtering (two thin films
of ~1 pm thickness were deposited at low 1f power,
30 W, onto silicon wafers: a:Ge:H using a substrate
temperature of 200 °C and a—Si:Ge:H with substrate
temperature 225 °C'?).

C. SiOz : TiO, spun sol-gel films

Mixed silica : metal-oxide materials are of significant
technological importance. Silica glasses with a few
mol % TiO, are used as ultralow thermal expansion
(ULE) glasses,"® and mixed titanium: silicon oxides are
important as catalysts and catalytic support materials.!*
In the optical industry they are produced as antireflec-
tive thin film coatings, with tailored refractive indices.
The properties of titania:silica binaries, however, are
strongly dependent on their chemical composition,
homogeneity, and texture. Sol-gel synthesis, based on
hydrolysis of metal alkoxide precursors, and subsequent
condensation, is a relatively new method that combines
atomic level mixing with a high degree of porosity. Ti
and Si alkoxides have very different hydrolysis rates
that can mean phase separation occurs as Ti-rich and
Si-rich regions form. ONMR has confirmed that
atomic mixing occurs in such glasses by revealing the
presence of Ti—O-Si bonds'>!®; in contrast, OTi; and
OTi, features in the NMR spectra!’ of glasses with
higher TiO, content (~ 41 mol ,%) indicate that they are
phase separated.

Although much work exists on the sol-gel process,
details of the atomic-scale structure remain elusive; this
problem may usefully be addressed using advanced
spectroscopic and scattering techniques. Silica and sil-
ica:titania binaries have been studied in their crystalline
phases using x-ray diffraction,’®® but relatively little
work has been undertaken on the gels in their amorphous
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TABLE 1. Compositional information for the four samples studied; the figures in parentheses in column 1 refer to the mol % of TiO;.

Composition, at. % Density © ° 7 FElectrons
Sample Ti Si o c H g-cm™3 (atoms A~3) per A3
1 Pure SiO, 0.0 4.0 16.2 21.6 58.6 2.25 (0.20) - 0.736
2 Low titania, : 0.4 4.7 19.7 20.2 55.5 2.45 (0.19) 0.789
Si0; : TiO, (8%) ‘ .
3 High titania, 0.84 3.8 17.0 21.0 57.3 2.65 (0.22) 0.856
Si0; : TiO, (18%)
4 Phase separated, 4.9 7.0 38.2 7.0 427 3.10 (0.16) 0.954

Si0; ' TiO; (41%)
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