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Abstract

Large-scale porous SiC was fabricated by a combination of Pt-assisted etching and reactive
ion etching. It was found that the surface roughness of combined etchings increased
dramatically in comparison with metal-assisted etching or reactive ion etching only. To reduce
the surface energy, the porous SiC surface was functionalized with perfluorooctyl
trichlorosilane, resulting in a superhydrophobic SiC surface with a contact angle of 169.2° and
a hysteresis of 2.4°. The superhydrophobicity of the SiC surface showed a good long-term
stability in an 85 °C/85% humidity chamber. Such superhydrophobicity was also stable in
acidic or basic solutions, and the pH values showed little or no effect on the SiC surface status.
In addition, enhancement of porosity-induced photoluminescence intensity was found in the
superhydrophobic SiC samples. The robust superhydrophobic SiC surfaces may have a great
potential for microfluid device, thermal ground plane, and biosensor applications.

Online supplementary data available from stacks.iop.org/Nano/23/255703/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

Silicon carbide (SiC) has unique physical properties such as
wide bandgap, high breakdown electric fields, high electron
saturation velocity, and high thermal conductivity [1]. It
has promising applications for high power semiconductor
microelectronics, bright blue LED photodiodes, sensors,
etc [2, 3]. The reliability of SiC-based devices is an important
issue in practical applications, yet has rarely been addressed
in the literature. One of the general and most important
issues for semiconductor device reliability is water/moisture
uptake/absorption [4]. It has been proposed that introducing
hydrophobicity or superhydrophobicity to semiconductor
surfaces will improve the device reliability and performance
under hostile environments, such as high humidity, chemical
contamination and thermal stress [5].

Superhydrophobic surfaces, which display water contact
angles larger than 150° with self-cleaning properties [6-8],
have been widely used in anti-stiction and anti-contamination
films in opto-electronics, biochemical sensors, and micro-
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electromechanical systems (MEMS). To prepare a super-
hydrophobic SiC surface, surface chemistry and roughness
are the two key factors to manipulate [9-12]. Surface
chemistry of SiC can be tailored relatively easily by chemical
modifications [13]. In comparison, surface roughness control
of SiC has been fairly difficult mainly due to the high chemical
stability of Si—C bonds. Although superhydrophobicity has
been reported for films/nets composed of surface-modified
SiC nanowires on Si wafer [13, 14], where the surface
roughness was realized by synthesized nanowires, no success
has ever been reported on creating a superhydrophobic surface
on a bulk SiC.

To generate desired surface roughness on a bulk SiC, wet
chemical etching and dry etching are feasible [1, 15, 16]. Wet
chemical etching of SiC can be realized in alkaline solutions at
elevated temperatures, or with photoelectrochemical etching
atroom temperature [1, 17, 18]. The need for high temperature
(typically higher than 600 °C) and electrical contacts in the
anodization process limits the large-scale production of etched
SiC [19]. Alternatively, electroless chemical etching with

© 2012 IOP Publishing Ltd Printed in the UK & the USA
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metal catalysts, called metal-assisted etching (MAE), has
been developed [16, 20]. Platinum (Pt) is a typical catalyst
for MAE of SiC [21, 22]. Rittenhouse et al [20] used a
solution containing HF and K5S,Og as the etchant to generate
porous SiC structure. In the Pt-assisted etching process, UV
illumination injects holes in the valence band of SiC, and then
the holes are involved in the oxidation process.

Being different from the wet chemical etching, dry
etching such as reactive ion etching (RIE) [23] has the
capability of etching SiC precisely and anisotropically in both
large and small dimensions [24]. RIE in fluorinated plasma
has been widely applied for electronic device fabrication
at room temperature. Both physical and chemical processes
occur during the etching. It is reported that SiC RIE
in fluorine-based plasmas produce anisotropic etching and
submicron patterning with etching rate 100-1000 A min~"'.
The etchant gases such as CHF3, CBrF4, CF4, SF¢, and NF3
are commonly used [24].

In the present study, we develop an efficient etching
method by combining MAE and RIE, which can be used for
large-scale fabrication of a porous SiC surface. The surface
roughness and air trapping volume are enhanced significantly
through the combined etching. After surface functionalization
of the etched SiC with perfluorooctyltrichlorosilane (PFOS),
the contact angle increases up to ~170° with a small contact
angle hysteresis of 2.4°. The superhydrophobicity of the SiC
surface is highly stable under hostile environment, such as
in an 85°C/85% humidity chamber and corrosive acid/base
solutions. Moreover, the luminescent intensity of porous
superhydrophobic SiC is enhanced in comparison with the
pristine bulk SiC.

2. Experimental details

The Pt-assisted etching was performed using HF and K5S,>0g
etchant at room temperature. 10 nm Pt was coated on a 6H
n-type SiC wafer using the e-beam evaporation method. The
wet etchant used was concentrated HF etchant consisting of
6.3 M HF and 0.1 M K,S,0Os. Ultraviolet irradiation, required
to form the porous morphology, was applied using a 150 W
Hg arc-lamp. The arc-lamp emission was filtered to expose
the wafer to about 32 mW cm™? at full spectrum. The distance
between arc-lamp and SiC substrate is 10 cm. After etching,
the remaining Pt was removed by sonication in aqua regia for
30 min.

Reactive ion etching (RIE) was conducted on SiC in
a plasma thermal reactive ion etcher using fluorinated gas
SFe and noble gas argon. Etching was operated at 50 mTorr
pressure and 150 W power for 30 min. Etching gases were
SFg:Ar = 1:3 (10 sccm SFg and 30 sccm Ar). After etching,
wafers were cleaned in ethanol.

A 3 mM solution of PFOS in hexane was used
for hydrophobic treatment. Specifically, the etched silicon
carbide wafers were immersed in the solution for 30 min
followed by a heat treatment at 150°C in air for 1 h to
complete the hydrophobic surface modification. Contact angle
measurements were performed with a Rame-Hart goniometer
that had a CCD camera equipped for image capture. A

Leo 1530 scanning electron microscope (SEM) and Veeco
Dimension 3100 atomic force microscope (AFM) were
used to measure the surface morphology and roughness of
porous SiC samples. Thermo K-Alpha x-ray photoelectron
spectroscopy (XPS) was carried out for element composition
and analysis. The fitting to XPS data was analyzed by
XPSPEAKA41 software. Photoluminescence was measured in
a Shimadzu FP-5301PC spectrofluorometer.

3. Results and discussion

In the MAE process, Pt was deposited on SiC, which assists
the chemical etching of SiC in the solution of HF and K»S,0g
under UV irradiation. The proposed mechanism is described
as follows:

Cathode (Pt):

v, Pt cat

48,0% " 850,
880, + 8¢~ — 8O3 ™.
Anode (n-tpye SiC):

SiC + 4H,0 + 8h™ — SiO, + 8HT + CO,
SiO, 4+ 6HF — H,SiF¢ + 2H50.

Overall:

48,03~ + SiC + 2H,0 + 6HF — 8503~
+ 8H™ + CO, + H,SiFg.

The photochemistry of peroxydisulfide was reported by
Bardwell et al [25]. The portion in the UV light with
wavelength shorter than 310 nm generates sulfate radicals
from peroxydisulfide. The sulfate radicals are catalytically
reduced at the surface of the Pt nanoparticles by obtaining
electrons, which generates holes in the valence band of SiC.
The holes in the SiC are chemically equivalent to dangling
bonds. The dangling bonds are attacked by H,O, which
is a nucleophilic species. The resulting SiO, was easily
dissolved/etched by HF [26].

3.1. Surface morphology and roughness

The surface morphology has a great influence on the
hydrophobicity. SEM and AFM were used as primary tools to
investigate the surface morphology and roughness. The pore
size and etching depth are studied and discussed in detail to
elucidate the characteristics of MAE and RIE in producing
surface roughness on SiC.

SEM and AFM analysis in figures 1 and 2 show a porous
SiC surface after MAE, and the porosity existed mainly in
the near-surface region, confirmed by a small peak to valley
depth (table 1). It is found that the surface roughness increased
with the etching time (table 2). The mean roughness (R,;) and
root mean square roughness (R;) were both ~10 nm after
60 min etching. The average feature size of pores was around
150 nm.

Reactive ion etching on SiC was conducted using
fluorinated gas SFg and Ar. Ar, a typical noble gas, is
added to facilitate the ignition of plasma and to enhance
the ion-assisted component of the etching. Some reports
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Table 1. Roughness of textured SiC using different etching methods measured by AFM.

Root mean square

Mean roughness Maximum peak to valley

Etching method roughness (R,) (nm) (R,) (nm) height (Rp,x) (nm)
MAE only 9.11 7.68 55
RIE only 41.9 33.2 340
MAE + RIE 72.3 59 471

Figure 1. SEM images of SiC using different etching methods
(a) MAE, (b) RIE, and (c) combined MAE and RIE.

Table 2. Surface roughness of Pt-assisted etching of SiC for
different times.

MAE-SiC
Etching RMS roughness Mean roughness
time (min)  (R,) (nm) (R;) (nm)
15 1.34 0.93
30 4.24 2.62
60 9.11 7.68

indicate the addition of noble gas enables more efficient
power deposition and greater ion/radical production, which
also help increase the sheath potential for larger self-biases
under the same gas pressure [27, 28]. Compared with MAE,
RIE generates a higher density of porous structure and larger

etching depth. The R, was ~40 nm when etching time was
30 min, and the maximum peak to valley height (Rpax)
increased to 340 nm compared with 55 nm of MAE. The
averaged pore size was about 50 nm.

To fabricate superhydrophobic SiC surfaces, it is essential
to control the surface roughness and morphology. Therefore
we combined two etching methods to increase the surface
roughness significantly. Since the feature surface (e.g. along
the wall) by MAE etching may have more dangling bonds,
so the exposed surfaces that are generated by the MAE
etching but located beneath the top surface may exhibit higher
chemical reactivity. Therefore the etching depth of combined
etchings was greatly enhanced compared with RIE or MAE
only. The R; and Rpax are 72.3 and 471 nm, respectively.
Moreover, the pore size increased to ~100 nm, which allows
more air to be trapped within the unit structures.

3.2. Surface treatment

The silane treatment was performed to further lower the
surface energy of porous SiC (figure 3). The surface treatment
of PFOS is critical to achieve superhydrophobic surfaces.
XPS was used to study the surface chemical composition
before and after silane treatment. Figure S1 (available
at stacks.iop.org/Nano/23/255703/mmedia) shows the XPS
survey of porous SiC with combined etchings before and after
hydrophobic treatment. The Si, C, O, and F peaks have been
identified in both untreated and treated SiC spectra. The Oq,
peaks of ~533.3 eV indicates that the surface oxygen exists
in the form of hydroxyls, which are capable of reacting with
PFOS. The Fjs peak in untreated SiC may be due to the
etchant residual (HF or H,SiFg). After treatment, the Fig peak
becomes intense as a result of the introduction of the PFOS
layer which contains CF, and CF3 groups. The existence
of the PFOS layer is also confirmed by high resolution Cj,
spectra as show in figure 4. Before treatment, only peaks from
SiC (283.4 eV) and CH;, (285.6 eV) groups are observed.
After treatment, new peaks of 293.9 and 291.6 eV appear
which can be attributed to CF3 and CF;, groups. Moreover,
the peak of SiC is suppressed after treatment, possibly due to
the dense PFOS coating.

We compared the contact angles on SiC fabricated by
different etching methods. After hydrophobic treatment, the
contact angle of MAE-SiC was 110.8°. For RIE-SiC, the
contact angle was 168° with a large hysteresis of ~28.4°, as
shown in table 3. The high contact angle and low contact angle
hysteresis indicate a combined Wenzel-Cassie state (drops
that are partially in the Cassie and partially in the Wenzel
state), which is probably due to the low etching depth. Thus
there is not enough air trapped in the gap between etched
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Figure 2. Three-dimensional and one-dimensional AFM images of SiC using different etching methods (a) MAE, (b) RIE and
(c) combined MAE and RIE.
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Figure 3. Illustration of PFOS treatment on SiC.
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Table 3. Contact angle and hysteresis of hydrophobic treated rough
SiC surfaces.

MAE RIE MAE + RIE
Contact angle 1179+1.1 168.1+0.8 169.7+0.9
(deg)
Contact angle — 28.4+£0.7 244+0.2

hysteresis (deg)

structures to achieve low hysteresis superhydrophobicity.
After combined etchings and silane treatment, the contact
angle was 169.7° and hysteresis reduced to only 2.4°. This
low hysteresis indicates a Cassie state, and a self-cleaning
porous SiC surface. The increased surface roughness and pore
size greatly enhanced the air trapping volume within each unit
structure, which contributes to the high contact angle and low
contact angle hysteresis.

The effect of combined etchings could also be explained
in terms of Laplace pressure. The Laplace pressure maintains
a composite interface by confining the water at the air/water
interface, which can be described as [9]

y cos(f — «)

A fd — = —
P=p—Ppo Ry + htan

walls. (b) Laplace pressure (p) changes with height (/) and half
width of two adjacent inclined walls (Ry).

where y is the surface tension of water, 6 is Young’s contact
angle of liquid on the surface, « is the inclination angle, &
is the height as illustrated in figure 5(a), Ro is half of the
width between base edges of two adjacent inclined walls, p
is the pressure on the liquid side of the meniscus, and py is
atmospheric pressure.

Superhydrophobicity is achieved through the formation
of a composite interface (solid/water and air/water interfaces)
with air trapped within the structure. The Laplace pressure
can affect the hysteresis and the transition between a Cassie
state and a Wenzel state. For two inclined walls with a
certain inclination angle o and Young’s contact angle, the
increase of Rg or h increases the Laplace pressure and
allows more air trapping between unit structure, and therefore
prevents the meniscus approaching the structure bottom. As a
result, surface hydrophobicity was enhanced, and an increased
apparent contact angle and reduced contact angle hysteresis
(reduced contact area) will be achieved. The Laplace pressure
of RIE and combined etching are estimated to be 1.07 x 10* Pa
and 3.83 x 10* Pa respectively. Compared with RIE only,
the combined etching increases both Ry and h, therefore
Laplace pressure is increased (figure 5(b)) and contact angle
hysteresis was reduced significantly. But we need to notice
that the parameter Ry cannot be increased too much without
increasing h, otherwise the central part of the droplet will
touch the bottom of the structure, and the Cassie state will
be lost.
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Figure 6. The relationship between pH and the CA on a porous SiC
surface by MAE and RIE combined etching.

3.3. The robustness of superhydrophobic SiC

In order to test the robustness of superhydrophobic surfaces,
the superhydrophobic SiC was put in an 85/85 (85°C,
85% humidity) chamber. It was found that after four weeks
the surface maintained the superhydrophobic property and
showed a water contact angle (CA) of 165.2°.

The SiC surface also showed superhydrophobicity to
corrosive acid/base solutions with pH ranging from 1 to 14.
Figure 6 shows the relationship between pH and CA on the
superhydrophobic SiC surfaces. CAs remained larger than
160° when the pH of the droplet varied from 1 to 14, and
no obvious fluctuation was observed. This indicates that pH
values of the aqueous solution have little or no effect on CAs
for superhydrophobic SiC surfaces.

3.4. Luminescence property

Bulk SiC has a low emission intensity due to its indirect band
gap. It is expected that nanoporous SiC exhibits a similar
emission peak or shifted new emission peaks, because of
the decreased particle size to the nanometer regime [29].
The luminescent spectra of porous SiC usually span a wide
spectrum range from near UV to 600 nm. Many studies
reported an increase in photoluminescence intensity was
found in the 460-500 nm region of the spectrum upon
etching [30]. In our study, the peaks for both bulk SiC and
the porous SiC after combined etchings are at 471 nm, and
no obvious peak blue shift was observed. This may be due to
the large size of the porous structures generated by combined
etchings, and therefore no quantum confinement effect was
generated [31]. The luminescence intensity is increased three
times compared with the bulk one (figure 7). The increasing
PL intensity reflects the nanocrystalline size of the pores,
and is related to the number of nanocrystals. Since SiC has
good biocompatibility, the high surface area and efficient
luminescence of porous SiC may have potential applications
in biolabeling and biosensing areas.

Figure 7. PL intensity of bulk SiC and etched porous SiC (etched
by combined MAE and RIE).

4. Conclusions

In summary, a large-scale superhydrophobic porous SiC was
fabricated by combining Pt-assisted chemical etching and
RIE. The surface roughness and air trapping volume of
SiC increased significantly after combined etching. As a
result, a high contact angle of 169.7° and low hysteresis of
2.4° self-cleaning SiC surface was generated, which is very
stable in different pH solutions. The luminescent intensity
of porous SiC was enhanced compared with bulk materials.
Such stable superhydrophobic porous SiC surfaces may have
potential applications for microfluid channels, thermal ground
planes, sensors, etc even under hostile environments.
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