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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.

© 1997 Materials Research Society
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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.

J. Mater. Res., Vol. 12, No. 1, Jan 1997
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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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state.?? Transmission x-ray or neutron diffraction can re-
veal structural information averaged over an entire sam-
ple, and is therefore a useful method for studying bulk
material. However, conventional techniques cannot be
used to study thin films or coatings due to the difficulty
in separating the signal arising from the film from that of
the substrate. Shallow angle x-ray diffraction can enable
structural information from a thin film to be isolated.
The SiO,-TiO, mixed gels were prepared by
hydrolysis of titanium n-propoxide (Ti(OPr"),) and
tetraethoxy orthosilicate (TEOS). The sol-gel glasses
were prepared with water and propanol mixtures in
the approximate ratios 1:2:7.5, with varying titania’
contents. Sample 1, labeled ‘pure silica’, contained
no titania, samples 2 and 3 contained small, differing -
. amounts of titania and were labeled ‘low titania’
and ‘high titania’, respectively. Full details of the
sample preparation and characterization are given
elsewhere.!620?!  Table I shows the compositional
information, including mass and electron densities. The
precursor sols were used to produce thin films by the
spin coating method.!* An excess of liquid is dropped
onto the surface of the substrate, and then the sample
is rotated at low speed so that the liquid flows radially
- outward, driven by centripetal force. Surplus liquid
flows to the edge of the substrate and drips off. As the
film thins, the rate of removal of liquid slows down
~as the viscosity increases; in the final stages most of
the thinning occurs by evaporation of volatiles.?? This
" method produces a very uniformly thin coating, and
the process may be repeated several times to build up
a thicker film or, for example, to produce layers with
slightly differing qualities. In the present case, six layers -
- of film were deposited from the same stock mixture to
produce a film ~ 1 wm thick on a polished silicon wafer.
Although the underlying physics and chemistry that
govern growth and gelation are the same for films and
bulk sol-gels, several factors in the evolution of thin
films mean that, structurally, the two forms may be
quite different.!® In bulk systems evaporation usually

occurs after gelation, whereas in thin films the deposition

and evaporation processes occur simultaneously, and

this results in a competition between compaction of
the structure caused by evaporation and the stiffening
(and therefore resistance to compaction) of the material
caused by the structural condensation process. The short
duration of deposition and evaporation/drying in thin
films means that considerably less crosslinking occurs
than in bulk gels, which generally results in more com-
pact dried structures; this is particularly true for films
made by spinning methods. Also, thin films are con-
strained by their geomen'y; and the continued shrinking
causes stresses. It"is likely, therefore, that the rapid
gelation, of thin films will result in a more disordered

- material than in the bulk with a lower concentration of

volatiles.

D. Alumina and “glassy” carbon coatings

Graphite is used as an electrode material in a great
many applications from fuel cell technologies to the

potentially aggressive environments associated with vac-
“uum furnaces, plasma deposition/etching systems, and

so on. Being porous, the material can be problematic in
the context of out-gassing and contaminant ingress; its
structure also leads to problems of particulate generation
within the system. These problems can be significantly
alleviated, and the uniformity of the surface electrical
and thermal conductivity improved, without an asso-
ciated degradation in the levels of chemical purity,
if the graphite surface is suitably treated. We have

-used a sample of a commercially produced “glassy”

carbon coating (~5 wm thick) in which the graphite is
impregnated with a carbon-based solution and then heat-
treated to temperatures of 1800 °C in a high vacuum
in order to explore the potential of the method for
isolating near-surface changes, even for low atomic
number materials.

In a similar vein, protective/functional coatings of
hard, inert materials such as alumina are of interest.
However, these are often required to be very thin and
to be in. a particular chemical/physical state since it is

- the attributes of the substrate that are paramount to the

application and these must not be compromised by the
coating material itself. We have used two electron beam

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 Electrons
Sample Ti Si Y] C H g-cm™? (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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deposited samples of thin (0.5 um thick) Al,O; films on
silicon single crystal substrates produced in an industrial
research laboratory. One of the samples was deposited in
the presence of a 500 kV ion beam (labeled #91), which
on the basis of existing experimental evidence would be
expected not only to result in a denser film, but possibly
also to alter the degree of crystallinity associated with
conventionally deposited films. The shallow-angle-of-
incidence method provides a diffraction pattern which
is a weighted average of the entire probed volume, and
given the large illuminated area (in this case ~5 cm?)
the data will be well-conditioned to reveal the presence
of Bragg-like (crystalline) peaks in an otherwise diffuse

(amorphous) spectrum that might not be revealed by ..

more conventional selected-area probes.

. THE SHALLOW ANGLE TECHNIQUE

When electromagnetic radiation is incident at an
angle «;, upon a material with a critical angle for
external reflection a., it will be affected in one of four
ways: (i) if a; < a,, the radiation is totally externally
reflected; (ii) if @; = a. the refracted beam propagates
parallel to the surface of the sample; (iii) if a; > a.,
the refracted beam passes into the sample, and the near-
surface region will be illuminated to a characteristic
penetration depth ¢, as in Fig. 1; (iv) if a; > a. the
refracted beam penetrates through the sample into the
interface layer or substrate. .

For a material of density p g cm ™, and an incident
wavelength A in A, e, (in radians) is given by:

1 -
> A 1

For an incident angle a; < a., the near surface
region of the materjal will be illuminated to a depth ¢ at
which the electric field vector has fallen to 1/e, where
t is given by:

a,=1.6X107% p

A

L ——
27(a? — a})*

to, < @ =

)

incident .
acted beam

O >0c /N

FIG. 1. Geometry for diffraction to occur at shallow angles of
incidence. ’
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Above a., penetration into the material increases
rapidly with the incident angle. If «; is larger than a.
but still small we have?:

20!,'
td1> o, =
M

where y is the (wavelength dependent) linear attenuation
coefficient given by the product of the mass attenuation
coefficient and the density. '

For example, for a diamond thin film, typically of
density 3.52 g cm™3, at an incident x-ray wavelength of
0.5 A, @, = 1.5 mrad = 0.086° and . = 1.18 cm™.
For a silicon wafer, however, us; = 5.57 cm™!; since
both the mass attenuation coefficient and density for all
steels are high, pseer 1S also large; penetration of x-rays
into steel at shallow angles is therefore negligible.
Table II shows the contrast in penetration depths ¢ for
a variety of incident angles a;, just above a., for this
example of diamond film and substrates. An incident
angle of 0.05° is just below a. for diamond at an x-ray
wavelength of 0.5 A, and hence Eq. (2) would be used
to calculate the penetration depth; ¢ is therefore 1.2 um
in this case.

©))

IV. EXPERIMENTAL METHOD

The conventional @ :26 transmission and shallow
angle- x-ray diffraction data presented here were
collected on Station 9.1 at the Synchrotron Radiation
Source (SRS) at the Daresbury Laboratory, U.K.?* The
intrinsically highly parallel nature of the beam provided
by a synchrotron radiation source is of advantage over
conventional focused laboratory x-ray sources for the
shallow angle technique ‘in that the associated serious
geometric aberration effects are avoided. Further, the
high intensity beam provided by a synchrotron source is
necessary for the relatively weak, diffuse scattering from
the small volume of material sampled in the shallow
angle geometry; the availability of relatively hard x-rays
allows a wide dynamic range (up to ~ 18 A™h).

The conventional (transmission) x-ray diffraction
arrangement is modified to produce the shallow angle
configuration; this instrument configuration is shown

TABLE II. Penetration depth for x-rays incident at an angle a; > a¢’
onto diamond, silicon, and steel.

Incident . o
angle Penetration depth, t umat A = 0.5 A
af Diamond film Silicon wafer Steel disk
2.0 590 125 0
1.0 - 295 62 0’
0.5 148 31 0
0.2 59 12 0
0.1 30 6 0
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crystal horizontal  gjjts
monochromator kapton K %

! = detector
I thin film sample
= slits o substrate

monitor

FIG. 2. The instrumental arrangement for dlffracnon at shallow an-
gles of incidence.

schematically in Fig. 2. In both cases, the white beam
from the synchrotron source is monochromated by a
channel cut crystal and proceeds through a pair of
slits which define the incident beam profile. A slit of
~0.8 mm by 10 mm is used for transmission work to
maximize the scattered beam intensity. A narrow slit
profile of 100 uwm by 10 mm is used in shallow angle
work to limit contamination from the straight through
beam at the lowest incident angles. For transmission
diffraction, the angle § of the sample, normal to the
incident beam, is coupled to the position of the detector
20; this facilitates sample corrections by producing a
simple, cos(f) dependence in the volume of illuminated
sample. The scattered radiation passes through a simple
slit system to the detector where data are collected
sequentially at angles 20 = 2° to 130°.

For shallow angle diffraction, the sample is set
at a fixed, small angle @; to the incident x-rays. An
iterative procedure of height and angle adjustment is
used to define the zero-angle for the sample??; this
procedure is very important given the small angles used
in data collection. It is also essential that the sample
is smooth and flat; any significant irregularity in the
film thickness will produce an uncertainty in «; and
hence on the collected scattering profile. The scattered
radiation passes through an arrangement of horizontal
and vertical slits to the detector. A long slit package
reduces the angular spread of scattered radiation incident
on the detector and results in a resolution of ~0.07°.
Data are collected in the same angular range as in the
standard transmission case, later converted to scattering
vector |Q| = (47/A) sin 6.

V. DATA ANALYSIS

There are many texts detailing x-ray diffraction the-
ory, for example Ref. 25, and this will not be presented
here. Basic data reduction for both conventional and
shallow angle x-ray diffraction can be carried out in a
similar manner; i.e., corrections are made for detector
dead time, changes in incident beam current, and beam
pola.nzatxon effects.”> A further correction is needed
in the shallow angle geometry to account for the fact
that the x-ray beam collected at the detector is actu-
ally scattered from the refracted beam in the sample;

this produces a small shift in the measured scattenng
angle 26.2

More .sample-specific corrections, such as sample
absorption and multiple scattering and conversion to ab-
solute units, are not included in the reduction procedure
for the shallow angle technique. Both are complicated
by unknown factors in the sample geometry, which
means it is difficult to measure the actual penetration
depth into the sample and/or substrate and therefore
the contribution to absorption effects from each. This
situation could be ¢larified’if the films were thick enough
to ensure that the incident x-rays did not penetrate to the
subgtrate. This would, however, limit the usefuliess of
the technique as a probe sensitive to different depths
of the thin film, such as surface or interlayer effects.
Reduction of the incident angle or increasing the inci-
dent x-ray wavelength reduces the need for very thick
samples and alleviates this problem somewhat; however,
increasing A decreases the Q range and therefore the
real-space resolution following Fourier transformation.

Subtraction of the background scattering in the shallow

angle geometry can also be problematic, as it is in
essence impossible to measure. However, for scattering
from crystalline materials, where the bulk of the scatter-
ing is concentrated in sharp Bragg reflections, this does
not reduce the amount of information obtainable from
the data.

VL. RESULTS AND DISCUSSION
A. a-C:H, a-Si:C:H, and CVD diamond films

Diffraction data for the CVD diamond film de-
posited onto a silicon wafer were collected at an incident
x-ray wavelength of 0.5 A and at sample angles «;
of 2.0°, 1.0°, 0.5°, 0.2°, and 0.1°° Figure 3 shows a
comparison of the corrected shallow angle scattering
profiles, with hlghest a; uppermost; Table III gives the
positions of the ‘major peaks in each data set. It is
immediately clear that the sharp peaks associated with
the silicon substrate, such as those at ~9.7 A~! and
~11.5 A7}, decrease rapidly when the incident angle is
decreased (and therefore the penetration depth into the
sample/substrate falls), whereas those associated with the
diamond film, e.g., the diamond {111} {220}, and {311}
reflections at 3.05, 4.98, and 5.83 A~l, increase as «;
approaches «.. The silicon peaks at thher QO become
less sharp and other diamond peaks such as those at
~9 A~! {511} appear as scattering from the thin film
is isolated.
© The two peaks at ~17.1 and ~ 19.4 A ! do not fol-
low this trend: In fact, the peaks sharpen at a penetration
depth corresponding to a; = 1.0° and shift to slightly
shorter Q-values (larger 4 spacing). This may indicate
that the penetration depths associated with this geometry
probe a highly ordered Si—C interfacial layer between

268 . J. Mater. Res., Vol. 12, No. 1, Jan 1997
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25 F -
20 |- ' B
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: .
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‘ 0 12 14 16 18 20 22
. Q&
FIG. 3. Scattering from the CVD diamond thin film sample ‘A’

deposited on silicon at a variety of incident angles; from top to bottom
a; = 2.0° 1.0° 05° 0.2° and 0.1°.

the silicon and diamond. (Silicon: carbon interfacial re-
gions have been observed by many workers using other

probes/methods; see, for example, Refs. 7 and 26 and .

references therein.) The peak at ~ 6.1 A1, tentatively
assigned to silicon, also exhibits some unusual charac-
teristics: it is broad at higher values of «;, but appears
to become sharper as the incident angle is decreased,
suggesting it is a feature associated with the film, not the
substrate. However, its presence in the «; = 2.0° scan,

which has little contribution from the diamond film,
indicates the contrary: it may be that the peak appears
more intense due to the sharpening of the diamond peak
at 5.83 A™! on its low-Q side. Alternatively, this peak
could be near-surface graphitic material which would
exhibit diffracted intensity in the same region (however,
lower order graphitic reflections are not visible, which
casts some doubt on this speculation). 4 .
‘The CVD diamond films on steel disks were ex-
amined using an x-ray wavelength of 0.7 A, slightly
higher than for film A. A higher incident wavelength
means that thé penetration depth for each «; is decreased,
but the available Q-range measurable is reduced. For

.- materials exhibiting Bragg scattering this is convenient

as structural information is concentrated at lower Q-
values, with the advantage that the need for thicker
films is lessened. Data were collected at incident angles
of 0.05°, 0.1°, and 2.0°; however, it was found that
at all incident angles a contribution from the substrate
was visible to some extent. There are several possible
reasons for this: the film could be thinner than estimated
so that incident x-rays always penetrate through to the
substrate below; there could be cracks or irregularities
in the film such that the steel is effectively more visible;
or the surface of the steel could be very rough so that
the interface layer is wide and hence effectively near
the surface. Sinece the surface of the steel disk was

TABLE III. Major peak positions in thé shallow angle data of CVD diamond deposited on silicon for various @;, with peak assignments:

D: diamond, Si: silicon, Si—C: silicon-carbon.

a = Major peak positions in @ = 0.02 (A™YH

2.0 3.0 432 6.15 . 7.84 8.60
5

1.0 3.0 4.23 4.98 5.83 6.11 7.66
5

0.5 3.0 423 4.98 6.10 6.95 7.66 . 8.64

. 5 ‘

0.2 3.0 423 4.98 5.83 6.06 v- 1.05 - -1.66 8.64
2

0.1 3.0 423 498 5.83 6.06 7.00 7.67 8.04 8.64
5

Assignment D Si "D D Si D D D D
@ Major peak positions in @ * 0.02 (A7)
2.0 9.72 11.5 149 17.11 19.45
6 2 “ . -

1.0 9.1 9.72 11.4 14.9 17.10 19.40
2 6 4

0.5 9.1 9.63 ‘104 114 14.5 17.10 19.35
6 3 2 2 , ~

0.2 9.1 9.67 9.96 104 114 17.05
6 3 - 2

0.1 9.1 9.63 9.96 10.4 11.1 114 17.00

6 3 3 6
Assignment DD SiD DD DD DD SiD SiD Si/Si-CD Si/Si~-CD

J. Mater. Res;, Vol. 12, No. 1, Jan 1997 269
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prepared by shock implantation®”’ to enhance nucleation,
the surface will be rough; the latter option is therefore
.considered the most likely. Further work is underway to
study CVD diamond on polished steel.

Figure 4 shows scattering from films B and C at a
shallow angle of 0.05° and incident x-ray wavelength
of 0.7 A, compared with transmission diffraction meas-
urements of identical films removed from the substrate.
Transmission diffraction will give information on the
averaged structure throughout the film; i.e., it is not
possible to distinguish the structure in the bulk of
the film and in the interface or surface regions. The
transmission measurements are therefore expected to
contain information predominantly on the bulk of the
sample, whereas shallow angle measurements will be
sensitive to structural information at a penetration depth
determined by the angle of incidence. This could be
associated with the film, interface region, or substrate,
or most likely as a weighted mean of these components.

The scattering from film B, off substrate, reveals

clear Bragg peaks at positions and reflections corres- -

ponding to a diamond arrangement: 3.06 {111}, 4.98
{220}, 5.86 {311}, 7.04 {400}, 7.70 {331}, 8.62 {422},
9.19 {511}, 9.97 {440}, and 10.41 A~! {531}; there are no
other strong Bragg peaks. Similarly, for film C, off sub-
strate, the significant peaks result from diamond reflec-
tions, although an additional peak is clear at 3.49 A 1,

1.0 T

Film B,‘dh substfate

T l Film B, off substrate
0.0 4 ——r—s

T ﬂ ﬁ ‘ Film C, on substrate
0.0

Film C, off substrate

1(Q) arbitrary units

5 6
Q)
FIG. 4. Scattering from the CVD diamond on steel (samples ‘B’ and

‘C’) showing a comparison of the two films and the transmission and
shallow angle diffraction results.

thought to resuit from a graphite {102} refiection. This
suggests that there is indeed a small amount of graphitic
carbon within the sample. The shallow angle results for
film B, however, show many strong non-diamond peaks,
indicating that even at e; = 0.05° the x-rays have pen-
etrated to the steel substrate. Table IV shows the major
peak positions in the region Q = 2.5 to 4.5 A1 to-
gether with tentative assignments where possible. Strong
Bragg peaks from graphite, iron, and nickel are visible,
as are several more sharp peaks originating from other,
less easily defined, constituents of the steel disk—or just
as likely, one or-more metal carbides (e.g., manganese
carbide). In particular, two additional strong peaks are
present on either side of the diamond {111} peak at
3.06 A1, the graphite {100} peak at 2.98 A~1, and the
iron {1 10} peak at 3.10 A~!. In contrast, the shallow
angle -diffraction pattern from film C shows very little
contamination from the steel substrate, and the visible
Bragg peaks result from the expected diamond structure
but also graphite interlayer distances. The latter peaks are
probably due to graphitic structure in the film, perhaps
in the interface or surface region. It is important to note,
however, that these results are not consistent with there

“being a significant proportion of metal carbides present

in the film.

While the thin film structure has not been completely
isolated at a; = 0.1°, the reduction in scattering from
the substrates (particularly silicon) is significant; the
sample scattering could be isolated further by reducing
the angle of incidence to lower angles (and improving the
collimation package of the detector). The data presented
here were collected at x-ray wavelengths of 0.5 A.
Increasing this would increase the attenuatien coefficient
for the film, thereby reducing the penetration depth and
achieving the same effect, albeit at the expense of a
reduction in Q-range. For crystalline samples this would
be the favorable option as structural identification can
be achieved from a more limited range of reciprocal
space data. The comparison of the CVD diamond films
deposited onto steel disks examined in their as-deposited
state by shallow angle diffraction, and off-substrate by
conventional transmission x-ray diffraction, revealed that
the shallow angle data showed contributions from the
scattering from the steel. This may be due, in part, to the
steel being initially prepared by the shock implantation
of diamond as a base for the CVD process:

TABLE IV. Prominent peak positions in the shallow angle data of films B and C in the range 2.50 to 4.50 A™1, with peak assignments:

D: diamond, G: graphite, Fe: iron, Ni: nickel, and ?: unknown.

Film  Mode Peaks in Q-range 2.50 to 4.50 A~! in 0 * 0.02 (A1)
B Shallow 2.76 2.85 2.98 3.05 3.10 3.32 3.49 3.61 3.70 441
C  Shallow 3.06 3.50 3.70
Assignment ? ? G D Fe ? G Ni G Fe
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Our data relating to a~C: H and a-Si: C: H, which
were found to be very similar in the context of this
project, have been published in detail elsewhere.®!?
A comparison between the pair distribution function
denved from conventional 4 : 26 transmission data from

a “powder” sample and that from the as-deposited ana-
logue derived from shallow angle experiments is shown
in Fig. 5 for the a—C:H case. The conclusions of that
program may be summarized briefly as a confirmation
that there is no significant difference between the atomic
scale structure of the thin-film (as-deposited) material
and its thicker, off-substrate powder analogue. These
experiments did, however, reveal a limitation to the

shallow angle method in that the difficulty of isolating

amorphous film from crystalline substrate becomes very
difficult when using materials of low atomic number.

B. a-Si:Ge:H films
- Data for the a—Si: Ge: H systems are presented here

for the first time. The scattering from each sample,
orientated at angles «; of 5.0°, 2.0°, 0.5°, 0.1°, and 0.05° ‘

to the incident beam, was collected in a scattering angle
range of 260 = 2° to 130°, corresponding to a Q-range of
0.25 to 16.5 A~! for an x-ray wavelength A = 0.69 A
Figures 6 and 7 show the interference functions (i.e.,
our approximation to the structure factor) obtained by
subtracting the Chebyshev polynomial from each set
of data for the two samples, as. detailed above. The
interference functions vary in a similar way, and the
evolution of the interference function for a—Si:Ge:H
is described in detail below.

1. At the shallow angle «; = 2.0°, sharp peaks can
be observed in the interference function corresponding
to Bragg peaks from the crystalline silicon substrate. In

particular, the Si{333} reflection at 6.02 A1 is very
strong and is not present in any of the other data
sets. Wider peaks are also observed at Q = 1.97 and
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Ll b 1111
T
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FIG. 5. A comparison of 8 : 20 (transmission) and shallow angle
interference functions (approximate structure factors) for a~C: H.
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FIG. 6. The measured interference function for the a—Ge:H film
using the shallow angle method.

3.48 A~1; the first of these most probably corresponds
to the Si{111} reflection. However, it is not as clear
what the other feature is associated with. It could be
due to a combination of the Si{220} and {311} reflections
alone, but might conceivably include a contribution from
a {310} reflection arising from a site-disordered Si—Ge
lattice in the interfacial region. Likewise, the peak we
have assigned as Si{111} may have a contribution from
the - reduced-symmetry interface which contributes to
its observed width. The data are somewhat ambiguous,
although we are clearly probing the silicon wafer in this
scan, which is dominating the scattered intensity.

2. At a; = 0.5°, the sharp Bragg peaks from the
silicon wafer at higher values of 26 have significantly de-
creased. However, the first two peaks have increased in
intensity and moved slightly (to 1.94 A~! and 3.51 A7D.
Both these positions are more in line with the {111}
and {310} reflections of a Si—Ge lattice, if we assume
that the Si and Ge sites within the Si (diamond) lattice

0.00 - A A,A
%@WN%QTJL% M
A
BANAINE) .

S(Q)

FIG. 7. The measured interference function for the a—Si: Ge: H ﬁlm
using the shallow angle method. .
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are interchangeable by random substitution, with Just
bond lengths varying according to the pairs of atoms
involved. A sharp peak at 13.48 A~" also appears in this
scan but not in the others; this may be a Si or Si-Ge
Bragg peak. All the features are very sharp, and it is
now highly likely that they include scattering from a
(crystalline) interfacial layer between the Si wafer and
the a—Si:Ge: H film.

3. At a; = 0.1° the structure is evidently more
amorphous with no sharp Bragg peaks present, but the
peak profile is significantly sharper than that expected
from a truly amorphous structure. Peak positions can
still be associated with a Si-Ge diamond-like lattice.

4. By a; = 0.05° the first two main scattering peaks
are much less pronounced and have moved to positions
associated with a Si—Ge structure. Indeed, there is much
similarity between these data and those available for
bulk samples of a—Si:H.?’ The peaks are much wider
and less pronounced than at higher angles of incidence,
which suggests that we have probed to a much shallower
depth and contributions from the crystalline substrate
have indeed been successfully eliminated.

The interference functions for the a—Ge: H sample
are very similar, but there is no peak at ~6 A~!; this
feature results from Si: Si distances. The companson of
the interference functions for the 0.05° shallow angle
scan for both samples is shown in Fig. 8. It is clear that,
at very shallow angles of incidence, the scattering from
these amorphous films can indeed be isolated. These
results suggest, as might be anticipated, that the thin film
of a—Si: Ge: H exhibits an atomic structure very similar
to an amorphous analogue of a diamond-like lattice, with
Si and Ge atoms interchangeable at the sites on a random
substitutional basis. The presence of a more strongly
crystalline interfacial layer is also suggested, where the
crystallinity of the Si wafer imposes some ordering onto
the conformation of the deposited alloy. Further evidence
for this conjecture is of course provided by the Fourier
transform of the interference function, which reveals pair
correlations at those distances one might expect on the
basis of the additive use of published covalent radii,
and bond angles very close to the anticipated tetrahedral
value (Fig. 9).

C. SiO;:TiO; spun sol-gel films
Figure 10 shows the corrected data for the three sol-

gel samples after fitting and subtracting a polynomial

from the data. The scattering from the samples contain-
ing titania looks very similar, but the ‘pure silica’ sample
shows a much stronger scattering across the whole Q-
range. Small Bragg peaks due to the silicon substrate are
visible at 6.0 and 9.5 A1 (the {511} and {800}, respec-
txvely) and at 13.5 A~! in the ¢ pure silica’ and ‘low tita-
" nia’ samples, although only the peak at ~6 A~! appears

0.156

0.10

0.05

S(Q)

0.00°

-0.05

-0.10 L - .
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FIG. 8. A comparison of the interference functions for a~Ge : H and
a-Si:Ge:H at a; = 0.05°.

to be present in the ‘high titania’ sample. This is likely
to be due to the fact that the higher titania film is more
electron-dense and therefore the incident beam is at-
tenuated more strongly. This observation, coupled with
the fact that the silicon peaks are very small, suggests
that the penetration depth covered by the incident x-rays
is only just greater than the thickness of the films, and
so penetration into the silicon wafer is small. The sharp-
ness of the fitst sol-gel peak in the ‘pure silica’ data at
~19 A1 may, in addition, indicate contammatmn from
an underlying residual silicon Bragg reflection.

The interference functions reveal the similarities
between the scattering from all three samples after
the first major peak. It is clear that the visible Bragg
peaks, particularly the one at ~6 A~l, represent a
significant problem if analysis were to continue by
way of conventional -direct Fourier transform to a pair
distribution function, G(r); their presence could lead
to strong silicon correlations in the G(r). However,

~ the rapid decay of the data to the - asymptotic value,

1.10
1.05 |-
= 1.00 F--i--1H--{re- -2
(O]
0.95 |-
0.90 1 ] ) 1 L ] 1 ' L

0 1 2 3 4 5 6 7 8 9 10
r(A)

FIG. 9. A comparison of the (approximate) pair distribution funcnons
for a~Ge:H and a-Si:Ge:H at a; = 0.05°.
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FIG. 10. Corrected interference functions for the three sol-gel films.

after the first sharp peak at ~ 1.8 A! and a small-

second peak at ~4.5 A~!, indicates that all three
samples show a high degree of disorder. This is
demonstrated further in Fig. 11 where scattering from
the ‘high titania’ sample in thin film form (shallow
angle geometry) is compared to scattering from the
bulk (x-ray, transmission geometry?®). Both data sets
are at a similar stage of data reduction. Both curves are
dominated by a first step peak - primarily associated
with Si—O first neighbor correlations, but the bulk
sample also shows definite second and third peaks.
For the thin film sample it is very difficult to determine
any distinct higher-order correlations, although some
evidence of residual structure in that region is visible.
Due to the contamination by silicon Bragg reflections,
and the large amount of statistical noise in the data
produced by scattering from very small effective sample
volumes, the information available from a Fourier
transformation into real space is limited. Figure 12
shows the Fourier transform of the interference function
(i.e., the pseudostructure factor) for the ‘high titania’
sample as an example of the r-space information
obtainable.

"The strong correlation visible at ~ 1.5 A is associ-
ated with the Si-O distance. In bulk silica the Si-O
first neighbor distance is 1.61 A. However, the silicon-
oxygen distance is reduced to 1.50 A when taken out of
the confines of the silica network, for example when part
of an Si(OH), unit. This may be further evidence that
the silica network has become more disordered when
in a thin film, and contrary to the case for the bulk
material, there are few long silicon-oxygen chains and
more hydrogen atoms terminating the network. There is
little order apparent in the “G(r)” after the first main
peak. In paiticular, interatomic distances resulting from
0-Si-0O (2.6 A) and Si-O-Si (3.0 A) bonds which

G(r) arbitrary units

~ki a;

0.20 T T T T T T
shallow angle ——
W 015 transmission - -
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FIG. 11. A comparison. of §:26 (transmission) and shallow . angle

 interference functions for the “high titania” mixed sol-gel glass.
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FIG. 12. Approximate pair distribution function for the “high titania”
mixed sol-gel glass.

are prominent in G(r) data from the bulk silica: titania
sol-gels are not visible here.

D. Alumina and “glassy” carbon coatings

New data are presented here for Al;O3 films on
silicon and for near-surface impregnated and heat-treated
graphite. Table-V shows the calculated characteristic
penetration depths into the alumina coatings as a

P

TABLE V. Characteristic penetration depths for x-rays of various
wavelengths and angles of incidence with respect to the alumina
coatings.

Characteristic penetration depth ¢ A) ]

) (ad) A=07A A=104 A A=154

0.05 0.000873 78.9 (#91) 71.6 (#91, #96) 69.2 (#91, #96)
0.20 0.003491 9.9 um 3.1 wm (#91, #96) 339.8 (#91)
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function of wavelength and angle of incidence: the
use of a synchrotron source enabled this two-variable
investigation and hence allowed an additional check on
the method. Although the use of longer wavelengths
does limit the dynamic range of the data, it proved
valuable for the study of these exceptlonally thin, low
atomic number films. It must be reiterated that ¢ is
defined to be the depth at which the incident radiation
has fallen to 1/e of its original intensity. Some of the
intensity therefore penetrates farther into the sample
before it is absorbed/scattered. At an incident angle of
0.05°; at all wavelengths used, the bulk of the x-rays
penetrates only the very top of the thin film, to char-
acteristic depths up to ~70 A. At &; = 0.2° and the
longest wavelength most of the film is examined, at shor-
ter wavelengths penetration is through the ~ 5000 A
film into the substrate. The coating deposited with addi-
tional ion beam bombardment, labeled #91 in Table V
and subsequent figures, was probed using all three x-ray
wavelengths and at both angles of incidence used
whereas the coating deposited by electron beam
methods alone, labeled #96, was studied using only
the longer wavelengths. Unfortunately, due to the very
small sample volume probed at the lowest angles and
longest wavelengths, the background contribution to
the scattering pattern collected was relatively large and
accurate isolation of the scattering of the coating was not
possible. Figure 13, however, shows the data gathered at
A =1.04 A and at o; = 0.2°. This qulte clearly shows
that there is, in fact, more ordering in the ion beam
bombarded sample, although the peaks are still relatively
broad and it is probable that the crystallites are small.
The two strong peaks at ~3.2 A~! and 4.4 A~! are
attributable to the two strongest Al,O; reflections (see
Table VI). Spectra taken from coating #91 at A = 0.7 A
and at a; = 0.05° further strengthen the conclusion that
this is indeed an ordered coating since the improved

0.16 . - .
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FIG. 13. Interference functions rneasurgd for the electron beam de-b
posited Al;O3; coatings at A = 1.04 A and «; = 0.2° (#91 was
deposited with additional ion beam bombardment),

TABLE VI. Crystalline d-spacings for the principal Bragg péaks
arising from the corundum form of alumina; also shown is the
associated Q-value in the context of the present work.

d &) {hky 2 @AM
4.12 100 1.53
348 012 " 181
2.55 104 2.46
2.38 110 2.64
2.17 . 006 2.90
2.09 - : 113 T 301
196 - - 202 . 3.20
1,74 024 3.61
1.60 _ 116 3.93
1.56 210/211 C 404
1.52 122/018 415
141 214 447
1.34 302/125 4.68
1.28 208 4.92
1.23 119 : 5.09
1.19 220 5.28
1.16 306 5.42
115 223 5.48
1.10 0210 5.72
1.08 134 583 .°
1.05 : 315 6.01 "

data quahty (see Fig. 14) reveals additional Bragg—hke
peaks which are also attributable to the corundum form
of alumina. It is important to keep in mind the fact
that the data here represent an averagé over the whole
volume probed, unlike TEM and related selected-area
approaches, so crystallites included in an amorphous
matrix will easily be observed (this does not, however,
explain the apparent absence of Bragg-like features in the
conventionally deposited sample, which would generally
have been assumed to be polycrystalline. However, it
surely provides évidence for ‘the effectiveness of the
shallow angle method.
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FIG 14. Interference function for alumina coating #91 measured
using A = 0.7 A and a; = 0.05°
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FIG. 15. Interference functions collected at A = 1.04 A and at
a; = 0.05° from the treated and the untreated faces of the graph-
ite plate.

The diffraction spectra collected at A = 1.04 A and

at a; = 0.05° from the treated and the untreated faces of

the graphite plate are shown in Fig. 15. It is immediately
apparent that the impregnation and heat-treated face has
indeed been altered -at the level of atomic structure, but
that it is not truly amorphous (or glass-like) but rather
appears to be a disordered graphitic network. Given the
attributes of the treated surface, the most likely explana-
tion for the significant broadening of the graphite Bragg
peaks is that the treatment induces greater interlayer
binding and distorts the original planar geometry.

VIl. CONCLUSIONS

It will be apparent from the summary given above,
and the publications list, that the method has been shown
to be able to generate results of interest to both the
academic and the industrial materials scientist. However,
there are important limitations that pertain to the method,
at least in its present state of development and for
application to amorphous films and coatings.

(1) The substrate (and the film) must be flat on
the scale of the angle of incidence, be smooth on
the scale of the penetration depth of the x-rays, and
have no macroscopic pinholes or other discontinuities.
This effectively eliminates a great many “real” materials
science samples. The problem is made worse by the need
for these conditions to be satisfied over large areas if
the experimental statistics are to be adequate (remember,
these are diffuse, not Bragg scatterers).

(2) When trying to eliminate the (crystalline, Bragg
scattering) contribution of the substrate from the dif-

fuse spectrum scattered from an amorphous film, if"

is necessary to operate at wavelengths and/or angles
of incidence such that the characteristic penetration
depth for the x-rays is small compared to the physical
thickness of-the film. This limits the applicability of the

method, especially for light-atom systems and for those
films/coatings which cannot be deposited thicker.

(3) The effective minimum angles of incidence are
determined by the need to gather adequate statistics,
and such instrument characteristics as the acceptance
angle of the slit package which acted as the detector |
collimation. Even with the longest slit package available
for this work the acceptance angle was 0.07°, which
meant that, irrespective of any additional limitations
imposed by (1), the minimum angle of incidence was
~0.05°. This limitation is coupled with the need to
use as_.short a wavélengﬂl as is practicable in order
to.get as high a Omax as possible (which is important

- for amorphous materials in the context of the real-

space resolution required). These limitations meant that
it ‘was very difficult to get information from systems
of low atomic number (below Si, O or thereabouts, but
obviously depending on the nature of other scatterers
present in the sample).

(4) The lowest detector angle is limited by simple
geometric/instrumental constraints, associated with the
choice of the angle of incidence and the level of “back-
ground” scattering that arise from it, to about 3-4°,
which necessarily reduces the extent of the scattering
data at the low-Q end of the spectrum. In practice data
were often not usable for this reason, and because of the
associated high background at low angles, until after a
Q value of ~1 A,

(5) The above problems are associated with others
arising from any attempt to extract quantitative infor-
mation from the spectra measured (i.e., to measure a
structure factor on an absolute scale and hence be able to
extract from that a quantitative pair correlation function
by Fourier transformation):

The background scatter is impossible to measure
in any way that is of real use since there is no such
thing as a “null” plate that one could use in place of the
sample. This contribution therefore has to be subtracted
in an approximate fashion, with the result that errors,
particularly at low Q, could be significant. However,
there is no reason to think that this scattering profile
will be anything other than smooth, so in itself it poses
no serious difficulty. '

Basic data reduction for both conventional and shal- .
low angle x-ray diffraction can be carried out in a similar
‘manner: corrections are made for detector dead time,
changes in incident beam current, and beam polarization
effects. A further correction is needed in the shallow
angle geometry to account for the fact that the x-ray
beam collected at the detector is actually scattered from
the refracted beam in the sample; this produces a small
shift in the measured scattering angle 260. However, cor-
rections to the data which rely on a knowledge of the
optical path length associated with the detected x-rays
(absorption, multiple scattering) cannot be carried out
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in practice. Given the fact that the x-rays have a range
of pocsible penetration depths. the straightforward ana-
lytical solutions to this problem (which we did generate
and attempt to use) no longer pertain. It may be possible,
given the time, to correct the data in an indirect fashion
using a Monte Carlo simulation approach, but this does
not seem to be a particularly cost-effective exercise.

Combining these problems, with the general diffi-
culty associated with a lack of knowledge of the actual
density of the films in their as-deposited state, one is
left with only a pragmatic solution based on fitting a set
of Chebyshev polynomials through the data and thereby
isolating an approximation to the structure factor. This
provides data in which the peak positions are reasonably
well defined, but the peak amplitudes are not.

The overall conclusion is therefore that the method
has been shown to have limitations in the study of
amorphous systems as a whole since it is not fully
quantitative, but is entirely adequate, even useful, in the
context of well-defined materials science problems asso-
ciated with suitable samples where differences between
samples, or some other relative effect, is at the root of
the solution.
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