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Abstract

Optical patterns as small as 200 nm width have been fabricated in a thin film of amorphous silicon carbide (a—SiC:H)
using a focused ion beam microscope, (FIB). Because of the low electric conductivity of a—SiC:H, the diameter of the
writing ion beam is broadened by the effect of surface charging which was overcome by depositing a thin layer of gold
onto the a-SiC:H film. The topographic and optical contrasts of the patterned thin films have been mapped with
scanning near-field optical microscopy. The optical contrast corresponding to nanostructures is 0.2 with an overall
increase of the optical density contrast of 0.5 in the irradiated areas. The results of the fabrication of patterns created
with FIB on aluminium-coated a-SiC:H films are also briefly presented.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogenated amorphous silicon carbide
(a-SiC:H) alloy films have great technological
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potential as structural materials for high-tempera-
ture electronics and for various optoelectronic
elements and devices designed to operate in
aggressive environments (acid vapours, radiation,
open space, etc.) [1,2]. An important feature

0042-207X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.vacuum.2005.02.001


www.elsevier.com/locate/vacuum

T. Tsvetkova et al. | Vacuum 79 (2005) 100-105 101

underpinning the material’s environmental robust-
ness is the comparatively wide band gap which
may be tailored in the range 1.8-3.0eV.

The material can be prepared in thin film form
on different substrates by chemical vapour deposi-
tion [3], or by employing a radio-frequency
reactive magnetron sputtering method [4]. Me-
chanical, optical and electrical parameters of the
material can be controllably varied by changing
the relative composition of the constituent ele-
ments. In addition, control of electronic and
optical properties of such materials can be
achieved using ion implantation [5,6]. Recently,
using the emerging technology of ion micro-beams
[9], promising results have been obtained for the
possible application of thin silicon carbide films in
high-density optical data storage and sub-micron
lithography [7,8]. This approach has been further
developed, by implementing ion doping with
focused ion beam (FIB) systems that use Ga™ or
other chemically active ion species as implants
[10-13].

The fabrication of nano-scale patterns on
a-SiC:H films with focused ion beams is not
straightforward. Due to the low electric conduc-
tivity of silicon carbide, the surface is easily
charged by the ion-beam irradiation, leading to
the defocusing of the ion beam. Therefore, the first
experiments using FIB-based implantation have
been restricted to micron-scale patterning [8,12].
One of the techniques to avoid charging of the
sample surface is to employ a charge neutralizer,
where an electron beam is used for irradiation of
the surface simultaneously with the Ga ™ ion beam
thus cancelling the net electric charge on the
sample surface. Another technique to avoid the
charge-up problem is to deposit a conductive
layer, such as metal or carbon, on the substrate
surface. This technique is well established and
routinely employed in the field of electron micro-
scopy analysis, and thus suggests its possible
application for surface milling. However, after
patterning, such a metallic layer should be
removed, and it is yet to be verified how the
removal of coating affects the sharpness of
the optical patterns. In addition, since removal of
the metallic coating decreases the transmission of
the sample while ion implantation into the

a—SiC:H layer increases the optical density of the
film, both effects may cancel one another. Thus, it
is necessary to investigate which effect is dominant
after ion irradiation.

In the present work, Au-coated a—SiC:H films
were used to fabricate nano scale patterns using
the FIB technique. The patterns obtained were
first mapped with Atomic Force Microscopy
(AFM) [14,15] to investigate topographic profiles.
In addition, near-field optical microscopy
(SNOM) [15-17] was used to acquire optical
profiles of the samples. Finally the nano-pattern-
ing on Al-coated a—SiC:H is briefly discussed.

2. Experimental

Thin a-Si;_,C:H films (x = 0.15) were depos-
ited onto Corning glass substrates by RF
(13.56 MHz) reactive magnetron sputtering. A
composite target, composed of mono-crystalline
(100) silicon wafer with chips of pure graphite
placed on it, was sputtered in an Ar-20% H, gas
mixture. Typical deposition conditions are RF
power 150 W (power density 1.91 W/cm?), total
gas pressure 1P, substrate temperature 275 °C, and
graphite-to-silicon target ratio 0.025. The film
thickness was determined by Talystep profilometry
and conventional far-field optical absorption
measurements to be ~200nm. Rutherford back-
scattering spectrometry was used to determine the
carbon content, x, of the films.

Focused Ga'-ion beam implantation of the
samples was performed by a computer-controlled
FIB system (model FEI-FIB200-TEM) to produce
various preliminary designed optical patterns. The
a-SiC:H films were over-coated with a thin metal
layer of Au or Al. The thickness of the metal layer
was about 10nm. The metallic coating was
grounded in order to avoid build-up of electric
charge on the film surface during processing with
the focused Ga ™ ion beam.

An AFM (model Dimension 3000, Digital
Instruments) was used to analyse the topography
of the various implanted patterns. A lab-built
SNOM was used to map the optical absorption of
the patterned areas with sub-wavelength resolu-
tion and thus achieve a relevant measure of the
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optical contrast between the ion irradiated and
non-irradiated regions of the sample [18].

3. Results and discussion

In order to check the topographic features of
the patterns, AFM images of three different
patterns are recorded. The results are presented
in Figs. 1-3. These patterns comprise of: a full
square (2x2pm, Fig. 1), an open square
(2 x2pum, Fig. 2) formed with lines of 100 nm
depth and width, and a series of lines with length/
width/depth 2.0/0.1/0.1 um (Fig. 3). Each figure
presents a two-dimensional image and a typical
cross section. The depth of the topographic
features is as large as 100 nm, which is ten times
larger than the thickness of the Au-coating
(10 nm). This confirms that the ion beam reaches
the a-SiC:H layer and that ion-implantation
should occur.

An important feature of these images is that the
edge and line resolution is of the order of
100—150 nm, which is sharper than the line widths
obtained for the combination of charge neutralizer
and bare a—SiC:H surfaces[18], and thus it can be
concluded that by depositing a gold film, nano-
scale patterning in a-SiC:H has been successfully
demonstrated. In addition to the confirmation of
nano-scale patterning, we can discuss the efficiency
of electric grounding by comparing the edge
sharpness between different patterns from the
cross sections of Figs. 1-3. For the filled square
(Fig. 1) and the open square (Fig. 2) the half-width
at half-minimum (HWHM) of the ion-irradiated
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Fig. 1. Topographic image (a) and cross-sectional view (b) of a
full-square pattern (2 x 2pum) in the Au-coated a-SiC:H thin
film, fabricated with FIB system using focused Ga* ion beam.
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Fig. 2. Topographic image (a) and cross-sectional view (b) for
an open-square pattern (2 x 2um) in the Au-coated a-SiC:H
thin film, fabricated with FIB system using focused Ga™ ion
beam.
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Fig. 3. Topographic image (a) and cross-sectional view (b) for a
series of lines (line separation, thickness and depth are 2.0, 0.1
and 0.1 pm, respectively) in the Au-coated a—SiC:H thin film,
fabricated with FIB system using focused Ga* ion beam.

lines is ~80 nm while for the series of lines (Fig. 3),
this value is reduced to ~50nm. It is intriguing
that the HWHM of the filled square, with a large
nonconductive area exposed, is equal to that of
open square, in which exposed nonconductive area
is a closed curve (edges of the square). This can be
explained in terms of the electric connection of
each part of the metallic surface to the ground. In
the open square (Fig. 2), the metallic surface inside
the edges of the square is electrically isolated from
the outer region of the metallic film, leading to the
accumulation of electric charge. Thus it can be
plausible that the amount of the accumulated
charge inside the open square may be as large as
that for the filled square. In contrast, for a series of
lines, the metallic surface is completely connected
to the ground, and thus the efficiency of draining
electric charge is optimized, resulting in the smaller
HWHM (edge sharpness) of the lines. This result
provides us with useful information with respect to



T. Tsvetkova et al. | Vacuum 79 (2005) 100-105 103

the design of more complicated patterns. Namely,
each part of the metallic layer on the surface after
pattern-milling should be electrically connected to
ground, or at least, the milling process should be
so scheduled that electrical connection of the
metallic surface should be as well maintained as
possible while each line is milled.

Fig. 4 presents a topographic image and
corresponding near-field optical image of a set of
gratings fabricated on the surface of Au-covered
a—SiC:H film. The width of the lines is 100 nm and
the separation between adjacent lines is 300 nm.
Both images are simultaneously recorded with the
SNOM. In the topographic image the grating is
well resolved, while in the corresponding optical
image an overall increase of absorption (dark
region) is observed with fine structures corre-
sponding to the nanostructure. Since the whole
area of the surface is initially covered with a gold
layer (partially) blocking the transmission of light,
the transmission of light in the ion-bombarded
region might be expected to be higher due to the
removal of gold layer. Thus the effect of ion-
implantation that results in the increase in optical
density may be cancelled by the decrease in optical
density owing to the ablation of the metallic
coating.

Topography
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Fig. 4. Topographic image (a) and corresponding SNOM
image (b) of a set of gratings created on the a-SiC:H film
pre-coated with a gold layer. The width of the lines of the
gratings is 100 nm and the separation between adjacent lines is
300 nm.

The optical contrast shown in Fig. 4 clearly
illustrates that the effect of ion-implantation is
dominant compared with that of the removal of
gold. Such experimental results may help to
determine the optimum thickness of the metallic
coating and irradiation parameters of FIB process.

A cross section of the SNOM image was used to
examine the fine structure of the optical contrast
(Fig. 5). The grating in the left bottom corner of
Fig. 4 is shown in Fig. 5. It is seen, as in two-
dimensional mapping of the optical contrast, that
the fine structure is coupled to the overall decrease
of the transmission in the irradiated region. The
contrast of the overall decrease in transmission,
which is defined as the contrast between the
average transmission in the irradiated area and
that of the un-irradiated one, is about 0.5. While
the contrast for the fine structure, which is
determined here as the top and bottom of the
modulation of transmission intensity, is about 0.2.
It should be noted that the undulation of the
transmission associated with the nano-scale pat-
tern is only 10% of the overall change of
transmission, but this modulation is sufficiently
pronounced in optical density as long as the
background (overall decrease) is flat. Near the
end of the patterned area, the change of the
background is large compared with the optical
density modulation due to the nano-structure.
Therefore, the modulation due to the nano-
structure is better observed at the centre of the
grating. In order to evaluate the width of the
optical pattern, the full widths at half-maximum
(FWHM) of the dips have been measured related
to the decrease of transmission in the ion-
implanted area. Some of the FWHM are as small
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Fig. 5. A cross-sectional analysis of the SNOM image. The
SNOM image shown in (a) corresponds to the grating located
in the left-hand bottom of the SNOM image shown in Fig. 4.
The cross-section (b) was taken along the line AB drawn in (a).
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as 200nm with a periodicity of 400nm that is
equal to the value estimated from the design of the
grating (100nm in width and 300 nm in separa-
tion). This result demonstrates the formation of
nanometer-scale optical contrasts, although the
line width is twice as designed. There can be two
possible mechanisms that can explain these ob-
servations: (i) convolution of fine and broad
variation of the optical contrasts and (ii) a larger
line width than is expected by the design. One
possible mechanism is that the uncoated optical
fibre probe picks up background signal trans-
mitted through the sample. It is known that
SNOM images recorded with an uncoated fibre
probe in transmission configuration often show
such background resulting from the core diameter
being larger than the size of the very end of the tip.
In such cases, SNOM images show a convolution
of real nanoscopic effects and the far field
contributions from larger and deeper regions of
the sample. The other possibility is the unfavour-
able modification of non-irradiated areas. This
mechanism can be further categorized into two
mechanisms. The first one is beam-broadening due
to charge build-up in the milled region of the
surface, because the sample surface becomes
insulating after removal of the gold Ilayer.
Although the milled region is surrounded by a
gold mask, the insulating part of the surface can
still be charged up weakly. This causes an increase
of the ion-beam diameter at the surface or
unfavourable deflection of the beam, thus leading
to irradiating of a larger area of the sample
surface. The second mechanism is that of sputter-
ing of SiC clusters around the edge of the trenches
of the grating. The FIB process, as shown in
topographic images, also causes the milling of the
surface material in addition to the implantation of
ions. It can happen that a part of surface material
with higher optical absorption is sputtered away
and scattered around the pattern, especially
around the edges of the surface.

Finally, preliminary results of the experiments
on nano-scale patterning with FIB by using Al-
covered a—SiC:H samples are demonstrated. The
secondary ion images recorded immediately after
the FIB-milling in the vacuum chamber are shown
in Fig. 6. Each pattern consists of a set of lines
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Fig. 6. Secondary ion image of (a) the triplet lines pattern
(100nm width, 300nm separation between adjacent lines in
each triplet and 1000 nm separation between triplets), (b) the
low-density set of single lines (100nm width and 900 nm
separation) and (c) the high-density set of single lines (100 nm
width and 300nm separation) in an Al-coated a-SiC:H thin
film, written with FIB system using focused Ga* ion beam.

with 100nm width separated differently. The
secondary ion images show that a line thickness
as small as 100nm has been realized. SNOM
measurements on these samples are now under-
way.

4. Conclusion

By coating thin gold layers on thin films of
a—SiC:H, nano-scale patterning using FIB irradia-
tion has been successfully demonstrated, and an
optical line width as small as 200 nm in FWHM
has been observed with SNOM. According to the
variations in transmission intensity associated with
the nanostructures, the resultant optical contrast is
about 0.2, although the absolute value of these
variations are 10% of the overall decrease in trans-
mission in the ion-implanted area. Using AFM
data, we have also investigated the correlation
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between the sharpness of the edge of the pattern
and its geometrical shape, and have determined
the importance of the integrity of electrical
connections to the metallic surface for creating
finer structures. Finally, we have briefly suggested
the possibility of using a different kind of metal,
such as Al, for obtaining more densely packed
structures. The present results open up the
possibility of a new application of a—SiC:H to
the medium for high-density optical data storage.
At present stage, topographic modification asso-
ciated with ion-irradiation and the convolution of
overall and finer variations in optical density are
important problems to solve. It is now necessary to
optimize the experimental conditions including the
thickness of the metallic coating, the kind of metal
to be coated, irradiation parameters such as
acceleration voltage, ion current and milling time.
It is believed that such optimization will allow
topographically flat and optically sharp nano-
structures to be obtained.
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