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ABSTRACT
We demonstrate the method of diffraction at shallow angles of incidence, using the intrinsically highly collimated x-

" ray beam generated by a synchrotron source, through the study of'diamond thin films in their as-deposited (i.e., on sub-

strate) state. As the incident angle is decreased, scattering from the diamond film can be isolated as contributions from

“the substrate are reduced. Diamond films deposited onto both silicon and steel substrates have been examined, evidence

of an interfacial region between the film and silicon wafer has been observed, and conventional transmission x-ray dif-
fraction has been used as a complement to the shallow angle results from the films deposited on steel.

Introduction

The refractive index of materials at x-ray wavelengths
is less than unity; consequently, at incident angles below a
critical .value total external reflection occurs. Below this
critical angle, a,, limited penetration of the material ‘is
achieved via the evanescent mode, and is exponentially
damped: in principle sampling depths of ~10 to ~1000 &
may be achieved. Above o, the penetration depth increas-
es rapidly with incident angle, and inversely with the
wavelength of the radiation, and is limited by photoelec-
tric absorption. Thus, for a given wavelength, a number of
characteristic sampling depths (length scales) may be
achieved by varying the incident angle.
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An experimental method for exploiting this phenomenon
is the shallow angle diffraction technique, designed by Lim
and Ortiz* and recently developed for disordered thin films
by Burke et al.** 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 demon-
strate the potential, and the limitations, of the method
within the context of the contemporary interest in chemical
vapor deposition (CVD) grown thin films of diamond.
Diamond has been used industrially for many years and
has been exploited in capacitors, in the electronics indus-
try, 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
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Film A was a polycrystalline diamond thin film prepared
by chemical vapor deposition onto a polished silicon
wafer. Films B and C were both produced by 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. The availability of conventional x-ray diffrac-
tion data provides a useful benchmark for the shallow
angle results. A description of the CVD process parameters
is given in Ref. 6, but for illustrative purposes sample A
was prepared using a microwave-assisted method
(microwave power ~500 W) with 0.5% methane in hydro-
gen at ~45 mbar total pressure and with the substrate held
at 1000°C; the {100} Si wafer was mechanically scratched
with diamond dust to promote nucleation. Diamond depo-
sition on stainless steel is problematic since there is a ten-
dency to form carbides and an associated catalytic forma-
tion of graphitic rather than diamond-like carbon sites;
this is due especially to the nickel and cobalt components.
One way of overcoming this is to etch out the catalytic
components, but this can weaken the surface. An addi-
tional problem arises from the rapid diffusion of carbon in
steel which leads to a slow buildup of carbon on the sur-
face and delays the formation of diamond nuclei. To over-
come this in the context of steels and other biomedical
materials we have used the shock tube technique.?

The Shallow Angle Technique

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

For a material of density p g cm™, and an incident wave-
length \ in angstroms, a, (in radians) is given by

a, = 1.6 X 107% p2\

ke M MAa e ey m————

[1]

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

fajce = 2m(e? — af)f?

(2]
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Fig. 1. Geometry for diffraction to occur at shallow angles of
incidence. '

coefficient and the density.

For example, for a diamond thin film, typically of den-
sity 3.52 g cm™, at an incident x-ray wavelength of 0.5 4,
a, = 1.5 mrad = 0.086° and ., = 1.18 cm™. For a silicon
wafer, however, pg = 5.57 cm™; since both the mass atten-
uation coefficient and density for all steels are high, pyea IS
also large; penetration of x-rays into steel at shallow
angles is therefore negligible. Table I shows the contrast in
penetration depths ¢ for a variety of incident angles o, just
above a,, for the diamond film and substrates. The inci-
dent angle of 0.05° is-just below o, for diamond at a wave-
length of 0.5 A, and hence Eq. 2 is used to calculate the
penetration depth; ¢ is therefore 1.2 pm in this case.
However, it is important to note that since problems such
as any slight curvature or irregularity in the film (or sub-
strate) surface will result in slight differences in film
thickness, it is possible that both the detector (20) scan at
o, = 0.1° and at o; = 0.05° will show contributions to the
scattering simultaneously from above and below the criti-
cal angle. In addition, we note the obvious point that these
films are polycrystalline in nature; however, none of the
films have been grown epitaxially and we therefore expect
no preferred orientation. Hence, even at the lowest angle
of incidence used, where the characteristic probe depth is
less than the grain size and overall film thickness (see
Fig. 2 and Table I) the diffraction spectrum will be an
average over crystalline orientations. The related nature of
surface roughness is also of importance at the very lowest
angles of incidence; Fig. 2 illustrates the situation with
respect to sample A, showing surface roughness to be of
order 1 to 2 pm. It is, therefore, possible that the film’s
scattering cannot be separated quite as clearly as might be
hoped. The much smaller penetration depths for the sili-
con and steel means that any x-rays which pass through
the thin film are quickly absorbed by the substrate.

Experimental

Both the transmission and shallow angle x-ray diffrac-
tion data were collected on Station 9.1 at the Synchrotron
Radiation Source at Daresbury Laboratory, UK. 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 neces-
sary for the relatively weak scattering from the small vol-
ume of material sampled in the shallow angle geometry;
the availability of relatively hard x-rays allows a wide
dynamic range (up to ~18 A™).

The conventional (transmission) x-ray diffraction
arrangement is modified to produce the shallow angle
configuration, and both- instrument configurations are
shown schematically in Fig. 3. In both cases, the white
beam from the synchrotron source is monochromated by a
channel cut crystal and proceeds through a pair of slits

Table 1. Penetration depth for x-rays incident at an angle
o, > &, onto diamond, silicon, and steel.

Penetration depth, ¢ pm at A = 0.5 A

Incident angle
of 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 0

30 6













