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ABSTRACT An array of troughs was prepared on a 6H-SiC(0001) surface using fo-
cused ion beam (FIB) patterning. Troughs were etched with various ion doses and
close-to-circular voids of increasing depths for larger ion doses were obtained. The
samples were then etched in a hot-wall reactor at a hydrogen partial pressure of
13 mbar at 1800 °C. The resulting morphological reorganizations have been studied
by scanning electron and atomic force microscopy. Very regular hexagonal voids with
facets oriented perpendicular to the surface were obtained after hydrogen etching. The
voids were surrounded by regular secondary facets of lower inclination. Whereas the
depth of the voids increases with ion dose, the void diameter and facet sizes stay con-
stant. This effect is explained by surface diffusion during hydrogen etching. The FIB
technique in combination with hydrogen etching allows the preparation of very regu-
lar surface patterns and highly ordered wells and tubes for nanometer-sized sieves and

photonic crystals.

PACS 47.70.Fw; 68.37.-d; 68.37.Hk; 68.37.Ps; 81.65.Cf

Silicon carbide (SiC) is known as an
interesting semiconductor material due
to its characteristic electrical and me-
chanical properties. Introducing mate-
rial porosity to standard semiconduc-
tors has turned out to be a promis-
ing approach to obtain new physical
properties for applications like pho-
tonic crystals [1]. The preparation of
pipes has been reported for materi-
als like silicon, alumina or gallium
phosphide [2-5]. Their applications as
membranes, sieves or photonic crys-
tals, for example, has been discussed
during the last years. The preparation
of the pipes generally consists of com-
plex, multiple-step methods. The spatial
distribution of the pipes is often only
poorly ordered and the tubes obtained
frequently show an irregular morph-

ology [6]. The side walls of the pipes
are not always smooth and the align-
ment of the pipes vertical to the ini-
tial surface is difficult to obtain. An
ordered spatial distribution of the pipes
is of crucial importance for photonic
applications. We report the fabrication
and characterization of a highly regu-
lar network of nanometer-sized pipes
on a 6H-SiC(0001) surface. The com-
bination of this versatile semiconductor
material with an array of regular perfo-
rations is expected to lead to interest-
ing potential applications. We present a
preparation technique to obtain a regu-
lar network of pipes with flat and steep
side walls. The diameter, chosen to be
several hundred nanometers in this ex-
periment, can easily be tuned, as can
be the pipe arrangements. The evolu-
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tion of the structures during the different
processes, i.e. focused ion beam (FIB)
sputtering and H; erosion, has been fol-
lowed by scanning electron microscopy
(SEM) and atomic force microscopy
(AFM).

The samples were cut from an on-
axis, nitrogen-doped, n-type (resistivity
0.03-0.12Qm™") silicon-terminated
6H-SiC(0001) wafer [7]. An array of
10 x 10 circular holes each 200-nm
wide was prepared by FIB in the area
mode. The beam voltage was 30 keV
and the beam current 200 pA. The pitch
between the holes was 3 um in the
x and 2 pm in the y direction. The ion
dose used for etching the first hole was
1.5 x 10° C/m? and this value was sys-
tematically increased by a factor of
1.2 from one hole to the next in the
x direction and by an additional fac-
tor of 1.5 for the holes in the y di-
rection. Increased etching leads to de-
pressions with increasing depth. The
so-prepared samples were imaged with
SEM before and after additional hy-
drogen erosion. Figure la reproduces
a SEM overview of the array after etch-
ing. Clearly, the regularly spaced holes
are visible. The depressions of the low-
est sputter dose are in the upper left
and the ones of the highest in the lower
right corner. Figure 1b shows a se-
lected area of the array (white box in
Fig. 1a) before etching. Slightly irreg-
ular holes with diameters of 200 nm
can be seen. After FIB preparation
and SEM imaging, hydrogen etching
was performed in a horizontal graph-
ite hot-wall chemical vapor deposition
(CVD) reactor [8] at a hydrogen par-
tial pressure of 13 mbar, with no other
gas added. The samples were heated



412

Applied Physics A — Materials Science & Processing

FIGURE 1
b, ¢ are zoomed in as indicated by the white box in (a)

for 5 min to 1800 °C at a hydrogen flux
of 61/min. This flux was also applied
during heating and cooling. We esti-
mate a SiC etch rate of approximately
10 pm/h for these experiments. These
conditions have been chosen based on
our previous experiments on concave-
shaped SiC surfaces [9, 10] and on the
etching behavior of micropipes [11].
The etching results in the formation
of flat surfaces on SiC(0001) [12, 13].
The array of holes was imaged again
after etching and a magnified image
of six holes is depicted in Fig. 1c. The
regular positions of the holes remain,
but their diameter slightly increased.
Also, their shape has become more
regular.

Figure 2a—c show three individual
holes with increasing dose from the
left to the right. They represent the
three typical morphologies that were ob-
served. For doses below 11 x 10° C/m?
the holes reorganize to simple depres-
sions of hexagonal shape. The outer
diameter of the hexagonal depressions
varies only a little from 650nm for
a dose of 1.5 x 103 C/m? to 750 nm for

SEM images of the FIB patterned depressions after (a, ¢) and before hydrogen etching (b).

a dose of 10.5 x 103 C/m?. The diam-
eter is much larger than the initial hole
after FIB of 200 nm. This reorganiza-
tion can be explained by etching at high
temperatures, which drives the surface
to its lowest-energy state, i.e. the flat
surface. The hole is smoothed out and
the surface area around the hole ap-
proaches the (0001) orientation. In the
center of the depression, a flat (0001)-
oriented area can be found for the very
low doses. Besides removal of mate-
rial due to etching, surface diffusion
is the most important mechanism for
the expansion of the whole diameter of
the depressions. The almost constant
diameter is most likely related to the
limited surface-diffusion length during
the etching. Furthermore, the shape of
the depressions changes from nearly
circular to hexagonal. This is in agree-
ment with surface diffusion, as the ther-
modynamics of the step edges should
reflect the hexagonal crystal structure
of SiC. The sides of the hexagon run
along (1120) directions. Steps along
these directions are close packed and
minimize the step energy, i.e. they re-

FIGURE 2 SEM images of the patterned depressions after hydrogen etching. The FIB dose varied be-
tween a 1.5, b 11.2 and ¢ 150 x 10° C/m>. For the lowest dose, only a smooth depression is observed
while, for the higher doses, the depression consists of an outer set of six facets and a hexagonal central
hole with perpendicular side walls

flect the Wulff construction. This in-
dicates that step-edge diffusion is ac-
tive on the length scale of the facets
of the hexagon, in agreement with the
previous consideration on the surface-
diffusion length. For the critical dose of
11 x 103 C/m?, the depression consists
of six facets without a flat area in the
center. When the dose is increased fur-
ther, the structure of the voids becomes
more complex. In the center of the void,
a secondary hexagonal hole is found,
as depicted in Fig.2b. The diameter
of this central hole is ~ 275 nm, while
the outer diameter of the total struc-
ture stays unchanged. With increas-
ing dose, the central hole gets deeper.
The sides of the hole are perpendicu-
lar to the SiC(0001) surface, i.e. hex-
agonal pipes evolve. The diameter of
the pipes is independent of the dose
and varies only slightly with a statis-
tical spread of 20 nm. Also, the outer
diameter of the whole structure stays
unchanged over the full range of the
studied dose.

Figure 3a and b show SEM im-
ages with the sample tilted with respect
to the electron beam to get a three-

FIGURE 3

Inclined SEM view of a several
nano-pipes and b a close up of one nano-pipe
after hydrogen etching. The nano-pipes are highly
regular and six well-oriented facets are clearly vis-
ible surrounding the central holes
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dimensional impression of the holes.
The sharp and perpendicular walls of the
inner pipe are clearly visible. Around
the central pipe, six facets can be seen.
We studied these facets in more detail
with AFM and found that above the crit-
ical dose of 11 x 10° C/m?, the facets
have a constant angle of 24° with re-
spect to the (0001) surface. For smaller
doses, the facet is less inclined. For
higher doses, the central pipe evolves.
This hints at the formation mechanism
of the pipes. Initially, the increasing
depth of the sputtered hole just leads to
an increasing depth of the depression
of the hole, while the outer diameter of
the depression stays unchanged due to
the limitation of surface diffusion. At
a critical dose, the facets reach an angle
which represents a stable or low-energy
facet. We suggest that instead of a fur-
ther increase of the facet’s slope with
increasing dose, it is more favorable to
split the total depth of the depression
into two stable facets, one of 24° in-
clination and the other, steeper one, of
the low-energy [1120] facets. In this
way, the inner pipes are formed. With
further increase of the FIB dose, only
the depth of the pipes is increased. Un-
fortunately, we were unable to image
the bottom of the pipes with our AFM,
as the tips were not sharp enough to
reach the bottom. From the AFM and

the SEM images, however, a minimum
depth of 300 nm of the pipes has been
observed.

The formation of very regular pipes
with perpendicular walls is related to
the symmetry of the directional sur-
face free energy of hexagonal or hcp
crystals. Hexagonal columns are ener-
getically favored due to the minimum
surface free energy of their facets. Anal-
ogously, the growths of hcp materials
often leads to the formation of long,
hexagonal needles. The same mechan-
ism may be used to produce regular
and very deep pipes in SiC(0001), e.g.
for photonic applications, micropipes
and sieves or nozzles. We have demon-
strated that these pipes can be formed
with diameters of less than 300 nm. We,
however, think that this is not the min-
imum diameter. Pipes with a smaller
diameter, possibly 100 nm, may be ob-
tained when the initial holes are fine
enough and the etching temperature is
slightly decreased.
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