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ABSTRACT
We have demonstrated a method of producing nanoplatelets or complex well-ordered nanostructures from silicon carbide (SiC) whiskers.
Preferential etching of SiC whiskers in a mixture of hydrofluoric and nitric acids (3:1 ratio) at 100 °C results in the selective removal of cubic

SiC and the formation of complex structures resembling a pagoda architecture. Possible mechanisms governing selective etching are discussed.
Reproducible results on SiC whiskers manufactured in different laboratories suggest that the self-patterning phenomena are common in SiC
whiskers, and the same electroless etching procedure can be used to synthesize various complex nanostructures from more conventional
nano- and microscale objects for use as building blocks in the fabrication of sensors, cellular probes, and electronic, optoelectronic,
electromechanical, and other devices.

The development of low-cost lithographical patterning velocity (2 x 10 cm s™Y), a large band gap (2.3 eV for cubic
processes on the nanoscale level remains a great technolog8C SiC and 3.2 eV for the hexagonal 4H polytype), and a
ical challenge, particularly when complex three-dimensional high thermal conductivity (400 W & m~1).% Despite its
(3D) nanostructures are to be obtained. Self-assembly or self-excellent electronic properties, the fabrication of SiC elec-
organization mechanisms have been applied successfully taronic devices with novel designs has been hindered by the
the growth of OD and 1D nanostructures using spontaneouschemical inertness of this material. Several dry-etching
surface patterns, such as surface reconstruétisurface methods have been proposed and are used commonly for
steps? or ordered dislocations at the surfac&he growth the fabrication of SiC devices® However, because of the
of more complex 3D nanostructures with ordered features strong physical component in dry etching, it has a low-etch
remains a challenge, and the development of new techniqueselectivity between materials and can cause surface dam-
that can manipulate matter on a nanoscale level mayage?'°® Wet chemical etching is a desirable substitute for
potentially be used for the fabrication of nanosized device the dry-etching method because it produces negligible
components. Many applications require making not only damage, can be highly selective, is relatively inexpensive,
small regular structures with shallow features but also nano-and can be done with simple equipment. In general, the wet
objects with larger voids that can capture molecules or etching of semiconductors involves oxidation of the surface
nanoparticles; however, research in this area has been veryand subsequent dissolution of the oxidized species. Oxidation
limited. requires holes to be supplied to the surface either via
An on-wire lithography process was proposed recéntly electrochemical circuit or chemically (by a strong oxida#t).
for making segmented nanowires with nanoscopic gaps.As such, wet electroless chemical etching is thermodynami-
However, it is limited to easily etchable bimetallic structures. cally possible only if the potential of the semiconductor is
Complex shapes, such as spikes with protruding barbs, havdower than the redox potential of an oxidizing agent (in other
been fabricated of Si at the microscale leVelowever, this ~ words, if the semiconductor has a smaller affinity for
method is applicable only to silicon, and no nanoscale €lectrons and is prone to giving away electrons to the
structures could be produced. SiC has attracted significantoxidant). Similarly, the etching rate depends on the position
attention as a potential material for high frequency, high of the semiconductor energy band relative to the energy
power, and high-temperature applications because of itslevels of the redox couple in the solutién.
unique electrical and thermal properties, such as a high In this work, we demonstrate a method for the low-cost
electric field at breakdown (& 10°V cm™), a high electron large-scale production of intricate 3D objects and hexagonal
platelets by wet chemical etching of self-patterned SiC
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and experimental whiskers produced by carbothermal syn-
thesis on carbon felf Whiskers were etched electrolessly
in the 3:1 mixture of 4752% HF (Fisher Scientific) and
70% HNG; solutions (Acros Organics) at 10@ for 3 h.
After etching, whiskers were subsequently washed with DI
water and collected on a polypropylene membrane with a
pore size of 0.2m. Because the results obtained in the study
are very similar for both types of SiC whiskers, the analyses
of only one kind of whiskers (Figures13) will be demon-
strated in this paper.

The morphology of the samples was studied by scanning
electron microscopy (SEM), transmission electron micros- .
copy (TEM), and Raman spectroscopy. To separate thef
agglomerated whiskers, we ultrasonically dispersed them in
ethanol for 1 min. Subsequently, a droplet was deposited on i
a lacey-carbon coated copper grid (200 mesh) for TEM .
analyses, on Si substrate for SEM, and on an Au-coated
substrate for Raman spectroscopy studies.

SEM was performed using a Philips XL-30 environmental
field-emission SEM. A 200-kV field-emission TEM (JEOL
2010F) with an imaging filter (Gatan GIF) was used for TEM
analyses. Micro-Raman analysis was done using a Rama74%
scope 1000 Raman micro spectrometer (Renishaw, U.K.). ¥ &
An Ar ion laser ¢ = 514.5 nm) was employed as an §
excitation source for Raman studies.

Morphology. Figure la-d shows the SEM and TEM
micrographs of as-grown SiC whiskers with a hexagonal S
cross-section, diameter of 50000 nm, and an average |
aspect ratio of 2640. The dark lines perpendicular to the J
axis of the nanowhisker (Figure 1d) and the streaks in the &8
selected area diffraction (SAD) pattern of the section shown .
in Figure 1d suggest the presence of stacking faults alongp®
the growth direction. The presence of stacking faults in the
grown SiC whiskers is a common phenomenon. The exten-(9)
sive studies of various cubic SiC whisk&rsdé revealed that
the primary defects in these whiskers are stacking faults
distributed periodically (or nearly periodically) on the (111)
planes perpendicular to the whisker growth axis.

Typical SEM and TEM images of the whiskers after |
etching are shown in Figure 1e and g, respectively. Clearly, % = =
the etching process was very selective to some parts of the =~
whiskers, resulting in the formation of very unusual ordered =
nanostructures (Figure 1f and h), consisting-d0-nm-thick >
platelets that are strung through an SiC rod. The formed ‘_1&'“_ ;
nano-objects mimic some advanced architecture such as :
Japanese pagodas. Figure 1. SEM (a and b) and TEM (c and d) micrographs of as-

Figure 2a and b shows the SEM and TEM images of received 3C-SiC whiskers. the inset in d shows an SAD pattern of
hexagonal platelets separated from the whiskers duringthe selected area. SEM and TEM micrographs of etched SiC
etching. The contrast variations within the platelets observed Whiskers are shown in e and f and g and h, respectively.
by both methods may indicate some thickness variations etching. The Raman spectrum of the original whiskers
caused by the etchant. HRTEM analysis (Figure 2c) con- (Figure 3a) showed a single strong peak centered at around
firmed that the produced platelets oriented along the basal794 cnt?. The position of this peak and the absence of
planes are SiC crystals. The EDS analysis (not shown) of additional peaks of sufficient intensity at lower wavenumbers
whiskers also showed that they are composed of Si, C, andindicate the cubicf or 3C) structure of SiC whiskers (Table
O and there is no significant difference in the chemical 1). However, the small downshift of the peak fron796
composition of as-grown and etched whiskers. cm! and asymmetric broadening suggests the presence of

Raman Analysis. Figure 3 shows the representative stacking fault¥’ (which can also be viewed as inclusions of
Raman spectra of single SiC whiskers before and after other polytypes), confirming the results of SAD and TEM.
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100 nm

Table 1. Position of Raman Bands for Common SiC Polytypes
within a 600-1100 cnt! Range According to Reference®5

Raman band position, cm™!

SiC

polytype TA LA TO LO

3C (B 796 972

2H (a) 264 764, 799 968

4H (a) 196, 204, 266 610 776, 796 838, 964

6H () 145, 150, 236, 504,514 767,789, 797 889, 965
241, 266

15R () 167, 173, 255, 331, 337, 569, 767, 785, 797 800, 932, 938,
256 577 965

a Stronger bands are underlined.

{_):Cubic SiC

@ stacking Faults(hexagonal SiC)

Figure 2. SEM (a) and TEM (b) images of a free-standing SiC
platelet showing hexagonal cross section of the etched whiskers.
(c) HRTEM image of the framed corner of the hexagonal platelet
shown in b.

(b)

mws Figure 4. Schematic showing the transformation of an as-grown
: SiC whisker (a) to a nanostructured pagoda-like object (b) by
selective etching of-SiC.

The suggested reaction for the SiC etching process could
be expressed through several steps:

reaction 1: SiC+ 2HNO;+ 2H,0 —
2HNO, + 40H + Sic*

Intensity (a.u.)

«
|‘.....'.-soo'

reaction 2: Si¢"+ 40H — SiO, + CO, + 2H,

reaction 3: SiQ+ 6HF — H,SiF, + 2H,0

200 300 400 500 600 700 800 900 1000

Raman Shift (cm™) Holes produced by the oxidizing agent, HY@reaction
1) assist the oxidation (reaction 2). HF dissolves the formed
oxide (reaction 3). The overall reaction with SiC is as
follows:

Figure 3. Raman spectra of as-grown (dotted) and etched (solid
black line) SiC whiskers.

Upon etching, although no peaks disappeared completely,
the whiskers showed a markedly different intensity of Raman
peaks. The peak at 794 cibecame more broadened and
downshifted to lower frequency, where-SiC polytypes’
peaks appear (Table 1). Additional characteristic peaks of Differences in the sensitivity ofi- and3-SiC to etching
the alpha phase emerged at low frequenciez60 and 600 is known from several literature reports. Studies by Krasot-
cm™t). Comparison of the observed spectra to the typical kina et al'® revealed thati-SiC is stable against etching in
Raman spectra of the most common SiC polytypes (3C, 2H, the boiling mixture of concentrated HF, HNCand HSO,

4H, 6H, and 15R) reported in the literattfrsuggests that  acids, whereag-SiC could be etched easily by such a
the etched whiskers consist mainly of 4H-SiC. Clearly, the mixture. Similar results were obtained by Lutsenko et%?,
etching dissolved most of th® SiC present in the as-grown  who showed thaf3-SiC could be completely dissolved in
whiskers as shown schematically in Figure 4, leaving the mixture of HF and HNg) whereas technical SiC powder
stacking fault areas, which can be consideredoaSiC consisting of a mixture ofx- and -SiC could be etched
interlayers, behind. only partially.

reaction 4: SiC+ 2HNO,+ 6HF—
H,SiF;+ 2HNO, + CO, + 2H,
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Other etching methods could also express a large differ- This process can be scaled up easily, and the proposed
ence in the etching rate betweenand-SiC (or between etching procedure can be employed in large volume produc-
B-SiC and stacking faults) and thus potentially produce tion of SiC nanostructures. The produced complex SiC
structures similar to those described in our paper (Figure 1). nanostructures have potential for use as building blocks in
Each SiC polytype, for example, has different rates of nanodevices. The capability of controlling the growth and
electrochemical (e.g., anodic or photoelectrochemical) etch-etching of SiC whiskers can be applied to the fabrication of
ing.® Electrochemical etching completely remoyeSiC but SiC-based devices including sensors and cellular probes.
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