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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.

* Electrochemical Society Active Member.

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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friction. However, bulk diamond cannot be engineered
into the many physical configurations required to exploit
all these properties, and the recent advances allowing dia-
mond 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 thick-
ness ~5 pm were studied using shallow angle diffraction.
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

o, = 1.6 X 107 p2\ [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

fayeee = 2m(e? — af)f?

(2]

- cident
rowcen diffracted beam

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

J. Electrochem. Soc., Vol. 143, No. 3, March 1996 © The Electrochemical Society, Inc.

Above a,, penetration into the material increases rapid-
ly with the incident angle. If o is larger than o, but still
small, we have’ : .

2a
tnpuc = L
®

where w 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 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

[3]

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
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Fig. 2. Scanning electron microscopy image of CVD grown dia-
mond film on a 'silicon substrate under the conditions described in
the text {scale bar = 12 pm).

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 pm

by 10 mm is used in shallow angle work to limit contami- ...,

- nation from the straight through beam at the lowest inci-
dent angles. For transmission diffraction, the angle 6 of
the sample, normal to the incident beam, is coupled to the
position of the detector 20; this facilitates sample correc-
tions by producing a simple, cos(d) dependence in the vol-
ume of illuminated sample. The scattered radiation passes
through a simple slit system to the detector where data is
collected sequentially at angles 26 = 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

a high uncertainty in q; and hence on the collected scatter- ’

ing profile. The scattered radiation passes through an
arrangement of horizontal and vertical slits to the detec-
tor. A long slit package reduces the angular spread of scat-
tered radiation incident on the detector and results in a
resolution of ~0.07°. Data is collected in the same angular

crystal
o monochro kapton
—mator foil
—= I~ |
white | I X
beam lits slits off substrate
sH * thin film sample
monitor
crystal X vertical \
monochro  yooron horizontal slxts

s mator foil | 20

detector

I
. thin film sample
slits on substrate

monitor

Fig...3. (Top) The conventional fransmission x-ray diffraction.
arrangement; (below) the arrangement for diffraction at shallow

angles of incidence. .
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range as in the standard transmission case; this is later
converted to scattering vector 1Ql = 4w/\ sin 6.

Data Analysis

There are many texts detailing x-ray diffraction theory,
for example Ref. 8, and this is not 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 polarization
effects.? A further correction is needed in the shallow angle
geometry to account for the fact that the x-ray beam col-
lected at the detector is actually scattered from the
refracted beam in the sample; this produces a small shift
in the measured scattering angle 26.°

More sample-specific corrections, such as sample ab-
sorption and conversion to absolute units, are not includ-
ed in the reduction procedure for the shallow angle tech-
nique; 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 sub-
strate and therefore the contribution to absorption effects
from each. This situation could be clarified if the films
were thick enough to ensure that the incident x-rays did
not penetrate the substrate; this would, however, limit the
usefulness of the technique as a probe sensitive to differ-
ent depths of the thin film, such as surface or interlayer
effects. Reduction of the incident angle or increasing the
incident x-ray wavelength reduces the need for very thick
samples and alleviates this problem somewhat; however,
increasing A decreases the @ range and therefore the real-
space resolution. Subtraction of the background scatter-
ing in the shallow angle geometry can also be problemat-
ie, as it is very difficult 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. The lack of such well-defined corrections means that
the technique still needs development, particularly for
studying amorphous materials, and limits the quantitative
nature of shallow angle measurements: the method is,
however, useful for showing qualitative changes within a
series of films or in a single film following postdeposition
treatment (e.g., annealing). '

Results and Discussion

Diffraction data for the CVD diamond film deposited
onto a silicon wafer was collected at an incident x-ray
wavelength of 0.5 A and at sample angles o; of 2.0° 1.0°%
0.5°, 0.2°, and 0.1°. Figure 4 shows a comparison of the cor-
rected shallow angle scattering profiles, with highest o,
uppermost; Table II gives the positions of the major peaks
in each data set. Tt is immediately clear that the sharp
peaks associated with the silicon substrate, such as those

7.0 1

6.0 I -

50 o A A ]
4.0 - b
3.0 |
20 —__J_/JJ\AM .
1.0 l -
0.0 . . ; A + t .
0 2 4 6 8 10 12 14 16 18 20 22

: Q (A
Fig. 4. Scattering from the CVD diamond thin film sample deposit-

ed on'silicon at a variety of incident angles, from top to bottom o; =
2.0° 1.0°, 0.5°, 0.2°, and 0.1°.

I(Q) arbitrary units
-
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Table Il. Major peak pasitions in the shallow angle data of CVD
diamond deposited on silicon for various a;, with peak
assignments: D, diamond; Si, silicon; Si-C, silicon-carbon.

of Major peak positions in @ % 0.02 (A

2.0, 3.05 4.32 6.15 7.84 8.60

1.0 3.05 4.23 4.98 5.83 6.11 - 7.66

0.5 3.05 4.23 4.98 6.10 6.95 7.66 8.64

0.2 3.02 4.23 4.98 5.83 6.06 7.05 7.66 8.64

0.1 3.05 4.23 4.98 5.83 6.06 7.00 7.67 8.04 8.64
Assignment D Si D D Si D D D D

of Major peak positions in @ = 0.02 (A7)

2.0 9.72 11.56 i4.92 17.11  19.45

1.0 9.12 9.72 11.4614.94 17.10 19.40

0.5 9.16 9.63 10.43 11.42 14.52 17.10 19.35

0.2 9.16 9.67 9.96 10.43 11.42 17.05

0.1 - 9.16 9.63 9.96 10.43 11.13 11.46 17.00

Assignment D Si D D D Si  Si Si/Si-C Si/Si-C

at ~9.7 and ~11.5 A™%, 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
{811} reflections at 3.05; 4.98, and 5.83 A™?, increase as o
approaches a,. The silicon peaks at highér @ 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 follow this
trend, in fact the peaks sharpen at a penetration depth
corresponding to o; = 1.0° and shift to slightly shorter @-
valuies (larger d spacing). This may indicate that the pene-
tration depths associated with this geometry probe a high-
ly ordered Si-C interfacial layer between the silicon and
diamond. (Silicon:carbon interfacial regions have béen
observed by many workers using other probes/methods;
see for example Ref. 9 and references therein.) The peak at
.~6.1 A}, tentatively assigned to silicon, also exhibits
some unusual characteristics: it is broad at higher values
of o, 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 o; =
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 dia-
mond peak at 5.83 A™ on its lower @ 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).

1.0 T T T T T T T

Film B, on substrate

1(Q) arbitrary units

5 6
Q&)

Fig. 5. Scattering from the CVD diamond on steel showing a com-
parison of the two films and the transmission and shallow angle dif-
fraction results. '
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Table lll. Prominent peak positions in the shallow angle data
of film B and C'in the range 2.50 fo 4.50 A™", with -
peak assignments: D, diamond; G, graphite; Fe, iron;
Ni, nickel; ?, unknown.

Film Mode Peaks in @-range 2.50 to 4.50 Alin@ = 0.02 (A")

B Shallow 2.76 2.85 2.98 3.05 3.10 3.32 3.49 3.61 3.70 4.41
C  Shallow 3.06 3.50 3.70

Assignment ? ? G D Fe ? G Ni G PFe

The CVD diamond films on steel disks-were examined
using an x-ray wavelength of 0.7 A, slightly higher than
for film A. A higher incident wavelength means that the
penetration depth for each o is decreased, but the avail-
able @ range measurable is reduced. For materials
exhibiting Bragg scattering this is convenient as structur-

‘al information is concentrated at lower @ values, with the

advantage that the need for thicker films is lessened. Data
was collected at incident angles of 0.05° 0.1°, and 2.0%
however, it was found that at all incident angles a contri-
bution 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. Since the surface of the steel
disk was 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 5 shows scattering from films B and C at a shal-

‘low angle of 0.05° and incident x-ray wavelength of 0.7 A;

compared with transmission diffraction measurements. 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 sur-

face 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 corresponding 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 substrate, the significant peaks
result from diamond reflections, although an additional
peak is clear at 3.49 A™%, thought to result from a graphite
{102} reflection. This suggests that there is indeed a small
amount of graphitic carbon within the sample. The shal-
low angle results for film B, however, clearly show many
strong nondiamond peaks, indicating that even at o; =
0.05° the x-rays have penetrated to the steel substrate.
Table III shows the major peak positions in the region Q =
2.5 to 4.5 A%, together with tentative assignments where
possible. Strong Bragg peaks from graphite, iron, and
nickel are visible, as are several more sharp peaks origi-
nating from other, less easily defined, constituents of the
steel disk. In particular, two additional strong peaks are
present either side of the diamond {111} peak at 3.06 A%,
the graphite {100} peak at 2.98 A™", and the iron {110} peak
at 3.10 A~L. In contrast, the shallow angle diffraction pat-

-tern from film C shows very little contamination from the

steel substrate, 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
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region. It is important to note, however, that these results
are not consistent with there being a significant propor-
tion of iron carbide present in the film.

Conclusion

The novel shallow angle technique has been successful-
ly used to produce a preliminary structural study of a dia-
mond thin film deposited onto a silicon wafer in its as-
deposited state. While the thin film structure has not been
completely isolated at o; = 0.1°, the reduction in scattering
from the silicon substrate is significant; the sample scat-
tering could be isolated further by reducing the angle of
incidence to lower angles (and improving the resolution of
the detector). The data presented here were collected at x-
ray wavelengths of 0.5 A; increasing this would increase
the attenuation coefficient for the film thereby reducing
the penetration depth and achieving the same effect, albeit
at the expense of a reduction in the @ range. For crys-
talline samples this would be the favorable option as
structural identification can be achieved from a more lim-
~ ited 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 convention-
al transmission x-ray diffraction, revealed that the shal-
low 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. Work is underway to study
CVD diamond films on finely polished steel substrates,

which should help solve these problems. The availability .

of high quality shallow angle data for these films, togeth-
er with the transmission data, would be useful in helping
to solve some of the ¢orrection procedures which are at
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present limiting the quantitative nature of the technique,
and thereby allow the method’s full use in the diffraction
study of thin film structures.
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Reactive lon Eiching of 6H-SiC in SF,/O, and CF,/O, with N,
Additive for Device Fabrication
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ABSTRACT

Reactive ion etching (RIE) of 6H-SiC in fluorinated plasmas, such as CF, and SF, with oxygen and nitrogen addition,
has been investigated. Extreme anisotropic mesa structures necessary for p-n diodes were fabricated. The influence of
oxygen and nitrogen gas flow on etching rates and selectivity to Si was examined. For the pure CF, system etching rates
were very small, whereas in pure SF, the results were relatively high (probably due to the higher reactivity of S). As -
expected the etching rates increase drastically in CF, with the addition of O,; in SF; the behavior is more complicated.
The addition of N, to CF,/O, plasmas largely enhances the etching rate, whereas in SFy/O, the etching rates decrease with
N, addition due to formation of complex molecules under F participation. A selectivity higher than unity for the SiC:Si
system was observed for oxygen flows higher than 25 scem (CF,/N,) and 60 sccm (SF,/N,). The etching rate of SiC depends
linearly on applied RF power in CF,; nitrogen addition enhances etching by a factor of approximately 1.4. In SF; nitro-

" gen has only minor effects on etching rates but for applied RF powers higher than 200 W the etching rates increase strong-
Iy, indicating a change in plasma chemistry more suitable for S5iC etching. Atomic force microscopy proved the usefulness

of RIE for surface preparation, like polishing damage remov
ing behavior of the C- and Si-face of SiC samples under cert

three-step etching model for RIE of SiC.

Introduction

Precise control of etching rates and etch profiles is nec-
essary for future commercial device fabrication using SiC.
Due to the chemical properties of SiC, etching in chemical
solutions or molten salts leads to unsatisfactory results,*?
thus leaving reactive ion etching (RIE) as the only practi-
cable means of controlled pattern transfer in SiC process-
ing. RIE of SiC has been reported using various fluorinat-
ed gases, on both a- and B-SiC.*’ ’

al and smoothing for oxidation or epitaxy. Anisotropic etch-
ain plasma conditions give way to the formulation of a new

Typically RIE is used for pattern etching of mesa struc-
tures for fabrication of p-n diodes due to the lack of suffi-
ciently mastered planar techniques.?® RIE also allows easy
surface preparation for epitaxy and oxidation leading to
smooth and homogenous structures. Occurring problems
like surface roughing or micromasking can be avoided
using additives, changing plasma parameters or electrode
configuration.®

In this work RIE of 6H-SiC in CF,/O, and SF,/O, with
addition of N, was performed and etching rates, surface




