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ABSTRACT: Microstructures of the materials (e.g., crystallinitiy,
defects, and composition, etc.) determine their properties, which
eventually lead to their diverse applications. In this contribution,
the properties, especially the electrochemical properties, of cubic
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capacitance and the lowest reversibility of redox probes have been
realized on the nanocrystalline 3C-SiC film. Those are ascribed to
its high amount of grain boundaries, amorphous phases and large diversity in its crystal size. Based on their diverse properties, the
electrochemical performances of 3C-SiC films are evaluated in two kinds of potential applications, namely an electrochemical
capacitor using a nanocrystalline film and an electrochemical dopamine sensor using the epitaxial 3C-SiC film. The
nanocrystalline 3C-SiC film shows not only a high double layer capacitance (43—70 uF/cm?) but also a long-term stability of its
capacitance. The epitaxial 3C-SiC film shows a low detection limit toward dopamine, which is one to 2 orders of magnitude
lower than its normal concentration in tissue. Therefore, 3C-SiC film is a novel but designable material for different emerging
electrochemical applications such as energy storage, biomedical/chemical sensors, environmental pollutant detectors, and so on.
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1. INTRODUCTION

Through engineering the microstructure (e.g.,, crystallinitiy,
defects, composition, etc.) of a material, its basic properties can
be manipulated which in turn lead to its diverse performance.'
As a result, emerging applications have been continuously
explored from traditional materials. For instance, diamond has
recently been employed in high-performance biosensors>* and
quantum computer applications* besides its conventional usage
in industrial drills; understanding the electrical conductivity of
polymers has made the flexible display possible,5 and so on.
Silicon carbide (SiC), a famous traditional material, has been
considered of great technical importance since the 1890s, soon
after its successful commercial production.® Because of its high
hardness and good chemical stability, it was utilized at the
beginning only as the abrasive. Later on, the successful wafer
scale production of single-crystalline SiC widened its
applications nowadays in semiconductor industry,” mainly as
substrates for high temperature and high power electronics.®
Nevertheless, because of its combined advantages of high
chemical stability, high electron mobility (cubic polytype),
good mechanical robustness, diverse surface chemistry, good
biocompatibility, etc, its potential is being continuously
exploited.”™"* Its cubic polytype, denoted as 3C-SiC, has
been demonstrated recently as a novel electrode in electro-
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chemistry.">~'®> Meanwhile, it is well-known that 3C-SiC can be
synthesized with different forms, i.e., bulk crystals,” thin films,'®
(zero-dimensional) nalnoparticles,17 (one-dimensional) nano-
wires,"® and (two-dimensional) nanosheets.’® These different
forms lead to their diverse physical and chemical properties.”>*!
In this context, before its full implementation, the relationship
between the properties and the microstructures (i.e., crystal-
linity, defects, composition, etc.) of SiC needs to be well-
understood. Following this argument, in the present study, we
systematically studied the influence of microstructure (i.e.,
crystallinity, defects, composition, etc.) on the electrochemical
properties of 3C-SiC films. We controlled the microstructure of
the 3C-SiC films by means of manipulating their deposition
conditions in the chemical vapor deposition (CVD) process.
The different microstructures in turn lead to their diverse
electrochemical properties. On the basis of their properties, the
3C-SiC films are believed to be applicable in various
electrochemical applications. In order to shed some light on
their possible future applications, the performance of 3C-SiC
films in two example electrochemical applications are
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Table 1. Deposition Parameters and Characteristic Properties

MW power gas pressure T, TMS content
film type w) (Torr) ) (ppm)
nanocryst. 700 20 ~800 290
microcryst. 1800 45 ~700 290
epitaxial 2200 SS ~850 140

of the 3C-SiC Films

thickness growth rate surface roughness (R,  sheet resistance (Q/
(nm) (nm/h) nm) sq)
700 ~120 12.6 3316 + 76
580 ~100 229 3392 + 220
300 ~50 20.6 86 + 7

Figure 1. (a—c) SEM surface and (d—f) AFM noncontact mode images of (a, d) nanocrystalline, (b, e) microcrystalline, and (¢, f) epitaxial 3C-SiC

films. The size of the AFM images is S pm X 5 ym.

demonstrated: (1) using the nanocrystalline 3C-SiC film as a
substrate for supercapacitor and (2) the epitaxial (001) 3C-SiC
film as an electrode for sensing.

2. EXPERIMENTAL SECTION

Chemicals. H,SO,, H,0, (35%), ferrocene, NaH,PO,, Na,HPO,,
K,Fe(CN),, K;Fe(CN)g Ru(NH,)(Cl;, dopamine hydrochloride,
tetra-n-butylammonium tetrafluoroborate (TBABF,), and acetonitrile
were obtained from Alfa Aesar. HF (>48%), p-benzoquinone, and KCI
are purchased from Sigma-Aldrich. All chemicals are used as
purchased. Dopamine solutions with concentrations ranging from 2
UM to 200 uM are prepared by dissolving dopamine hydrochloride in
0.1 M phosphate buffer (pH 7.4). All the aqueous solutions are
prepared using Milli-Q water.

Preparation of 3C-SiC Films. The 3C-SiC films were grown on
single-crystalline (100) Si substrates using microwave plasma chemical
vapor deposition technique. The reactive gas features a mixture of H,
and tetramethylsilane (TMS). By varying the deposition parameters,
i.e., microwave power, gas pressure, substrate temperature (monitored
by an optical pyrometer) and gas phase composition, 3C-SiC films
with different structures can be obtained. Table 1 listed the detailed
deposition conditions for the nanocrystalline, microcrystalline and
epitaxial 3C-SiC films used in the present study.

Structural Characterization. Scanning electron microscope
(SEM, Zeiss Ultra SS) was used to obtain the plane and cross-
sectional microstructures of the samples. To determine the phase
composition and orientation of the samples as well as their variation
with different deposition conditions, we performed X-ray diffraction
(XRD, PW3040 X'Pert MPD) measurements in the 26 range of 34—
105° with a step size of 0.05°. The standard JPCDS card (No. 29—
1129) was used for indexing the observed diffraction peaks. The
spectra in the 26 range of 65—75° are excluded due to the strong Si
(400) diffraction peak. Micro Raman scattering studies are carried out
to understand the phase purity of the films. The 532 nm line of a
Nd:YVO, diode-pumped solid-state laser was used as the excitation
source. Transmission electron microscopy (TEM, Philips CM20 and
Tecnai G2 F20) was utilized to acquire crystal information on the 3C-
SiC films.

Electrochemical Measurements. Before the electrochemical
measurements, the 3C-SiC films are first cleaned in piranha solution
(H,SO4H,0, = 3:1) to remove any inorganic or organic
contaminations on the surface. Afterward, the wafer is dipped into
5% HEF solution for 3 min to remove the SiO, surface layer followed by
ultrasonic cleaning in distilled water, rendering OH-terminated 3C-SiC
surface.”® All the electrochemical measurements are carried out on a
potentiostat (CHI 660E). A three-electrode configuration with 3C-SiC
film as the working electrode, platinum wire as counter electrode and
Ag/AgCl (3 M KCl) as the reference electrode was used in the present
study. Standard cyclic voltammetry was used to evaluate the
performance of the 3C-SiC films in different redox solutions.
Differential pulse voltammetry was applied for the detection of
dopamine on the 3C-SiC electrode with the following parameters: a
pulse height of 50 mV, a step height of 2 mV, a pulse width of 50 ms,
and a cycle period of 100 ms.

3. RESULTS AND DISCUSSION

3.1. Structures of the SiC Films. In the present study,
microwave plasma chemical vapor deposition (MWCVD)
technique was employed for the fabrication of 3C-SiC films.
The detailed deposition conditions for the films are listed in
Table 1. Three kinds of 3C-SiC films have been grown, namely
nanocrystalline, microcrystalline and epitaxial (001) 3C-SiC
films. Figure 1 shows the scanning electron microscopy (SEM)
and atomic force microscopy (AFM) images of the surface of
all the films. As depicted in Figure 1a, the nanocrystalline 3C-
SiC film possesses a crystal size smaller than 50 nm. Its surface
is relatively smooth and has a root-mean-square (RMS)
roughness of only 12.6 nm, as estimated from its AFM
noncontact mode image shown in Figure 1d. The average
crystal size of the microcrystalline 3C-SiC film is ~200 nm (see
Figures 1b and 3b in the following). The larger crystal size
together with the low full width at half-maximum (fwhm) of its
SiC transverse optical (TO) Raman peak (see Figure 2b in the
following) leads to the conclusion that the microcrystalline 3C-
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Figure 2. (a) XRD patterns and (b) Raman spectra of (I) epitaxial,
(II) microcrystalline, and (III) nanocrystalline 3C-SiC films.

SiC film has a much better crystallinity in comparison with the
nanocrystalline 3C-SiC film. Its larger crystal size results in its
higher surface roughness, which is measured to be 22.9 nm
from the AFM image (Figure le). The SEM image of the
epitaxial 3C-SiC film is shown in Figure 1c. Densely packed 3C-
SiC crystals lying along the (110) directions of the Si wafer is
observable, presenting a very typical nature of the hetero-
epitaxially grown 3C-SiC crystals on (001) Si.'®** Its surface
roughness is comparable to that of the microcrystalline 3C-SiC
film, which is 20.6 nm determined by the AFM measurement
(Figure 1f). The cross-sectional SEM images of the samples are
shown in Figure SI in the Supporting Information. The
thicknesses and growth rates of the films were obtained and
have been summarized in Table 1.

From Table 1, it can be seen that the change in the
morphology of the above films was achieved by controlling the
microwave power, gas pressure and the concentration of TMS
(the precursor for the growth of 3C-SiC in the present study)
during deposition. The mechanism for the above variation has
been discussed in detail in one of our previous publications.'®
Briefly, at low microwave power and high TMS concentrations,
nanocrystalline 3C-SiC films form because of the high
secondary nucleation rate. An increase of the microwave
power enhances the concentration of atomic hydrogen in the
plasma. In MWCVD, the atomic hydrogen is an important
species in determining the crystallinity of the film.'®** It
removes the defects and amorphous phase in the film through a
continuous etching process.'®>* The higher the concentration
of atomic hydrogen, the stronger the etching will be. Since the
defects and amorphous phase could serve as the sites for
secondary nucleation, their effective removal could in turn
improve the crystallinity of the 3C-SiC films."*** As a result,
microcrystalline 3C-SiC film with larger crystal size and higher
crystal quality forms at high microwave powers. Further
increase in the microwave power and decrease of the TMS

concentration lead to the epitaxial growth of the 3C-SiC film on
the (001) Si wafer.'®

More detailed information about the composition of the
films has been revealed by the X-ray diffraction (XRD) and
Raman measurements. Figure 2a presents the XRD patterns of
the above films. Peaks positioning at 35.6, 41.4, 60.0, and 90.0°
are indexed to the (111), (200), (220), and (400) reflexes of
3C-SiC, respectively, indicating the formation of 3C-SiC in all
films. However, certain differences are still observable. For both
nanocrystalline and microcrystalline 3C-SiC films, strong (111)
reflex exists. Weak (220) reflex is observed in the microcrystal-
line 3C-SiC film, indicating its polycrystalline nature. The
intensity of the (220) reflex is much weaker in the
nanocrystalline 3C-SiC film. For the epitaxial 3C-SiC film,
only (200) and (400) reflexes present, indicating its perfect
(001) orientation.

Except for the 3C-SiC crystals, it is well understood that
amorphous phases normally exist at the grain boundaries during
the CVD production of 3C-SiC films.'® To access this
information on our 3C-SiC films, micro-Raman analysis was
carried out. Figure 2b shows the obtained Raman spectra. For
all films considered, the characteristic Raman peak at ~800
cm™! is observable, corresponding to the TO phonon of SiC.
This peak confirms the formation of SiC in all samples. The
fwhm of the SiC TO peaks are >40, 17 and 26 cm™! for
nanocrystalline, microcrystalline and epitaxy 3C-SiC films,
respectively. The sharper SiC TO peak of the microcrystalline
and epitaxial 3C-SiC films in comparison to that of the
nanocrystalline 3C-SiC film indicates their better crystallinity.
In addition to the SiC TO band, peaks corresponding to the
existence of amorphous carbon phase are also observable at
~1320 cm™ (D band) and ~1600 cm™ (G band) in the
nanocrystalline and microcrystalline 3C-SiC films. Such a
phenomenon hints the existence of the amorphous carbon
phase in both films. Nevertheless, since the Raman efficiency of
SiC is only 1/10 of that of the amorphous carbon,* the strong
D and G bands do not imply an extremely large amount of
amorphous carbon phase in the films. A broad peak positionin
at ~900 cm™ is attributed to the Si—C rocking in Si-CH,.*™?
The existence of the C—H bonding in the film has been
confirmed by the secondary ion mass spectrometry (SIMS)
measurement in our previous studies.'* Such an observation
indicates the presence of the amorphous SiC phase in both
films.”*">° However, these three peaks completely disappear in
the epitaxial 3C-SiC film. This result indicates strongly that no
amorphous phase is incorporated into the epitaxial 3C-SiC film.
In other words, the epitaxial 3C-SiC film is composed solely by
3C-SiC crystal. A shift in the position of the SiC TO peak is
also observed for the samples. It shifts to lower wavenumbers
for the micro- and nanocrystalline 3C-SiC films in comparison
with that of the epitaxial 3C-SiC film, indicating their reduced
crystallinity. However, a slight upshift of the SiC TO peak of
nanocrystalline SiC film in comparison with that of the
microcrystalline SiC film also presents, reasonably due to the
different stress levels in the films. This is because the
nanocrystalline SiC film contains more amorphous phase
whose thermal expansion coefficient is different to that of the
3C-SiC crystallites. Moreover, the thickness of the nanocrystal-
line SiC film is different from that of the microcrystalline SiC
film, too. These factors lead to the different stress levels in the
nanocrystalline 3C-SiC film, which cause the upshift of its
Raman peak in comparison to that of the microcrystalline 3C-
SiC.
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To get deep insight into the microscopic structures of those
films, their transmission electron microscopic (TEM) images
were recorded. Those images are shown in Figure 3. The

Figure 3. (a—c) Low-magnification TEM images of (a) nanocrystal-
line, (b) microcrystalline, and (c) epitaxial 3C-SiC films; (d, e)
HRTEM images of one typical 3C-SiC crystal in (d) nanocrystalline
and (e) microcrystalline 3C-SiC films. The red arrows indicate the 3C-
SiC crystals with different sizes in the nanocrystalline 3C-SiC film, the
yellow arrows indicate the existence of planar defects in the
microcrystalline and epitaxial 3C-SiC films, the circles in d denote
the existence of planar defects, and the dashed lines in e indicate the
position of planar defects.

differences in crystal size of the films are clearly seen even from
their low magnification TEM images in Figure 3a-c. For the
nanocrystalline 3C-SiC film (Figure 3a), two kinds of crystals
present but with significant differences in their sizes. As
indicated by the red arrows, the small crystals feature a size of
~S nm whereas the large ones are tens of nanometers in size.
The crystals were further confirmed to be 3C-SiC crystals by
the high-resolution TEM (HRTEM) measurement in Figure

3d. The typical lattice fringes of 3C-SiC with the interplanar
spacing of its {111} planes being 0.252 nm are observed.
Moreover, a certain amount of planar defects (twins and
stacking faults) exists in the crystal, too. Those twins and
stacking faults lie parallel to the {111} planes, as denoted by the
red circle in Figure 3d. Regardless of their higher crystallinity,
planar defects are also observed in the microcrystalline (Figure
3b) and epitaxial 3C-SiC (Figure 3c) films. Some of them are
marked by the yellow arrows in the images. Figure 3e shows the
HRTEM image of one typical 3C-SiC microcrystal with planar
defects, whose positions are indicated by the dashed lines. The
formation of planar defects is actually difficult to be avoided
and thus a very common phenomenon during the growth of
various SiC structures.”*° This is because of their low
formation energy. During growth, the energy generated by
the mismatch (i.e, lattice mismatch, thermal expansion
coefficient mismatch, etc.) between the SiC film and the
substrate is sufficient to trigger their formation, leading to their
high concentration in the crystals. The cross-sectional TEM
image of the epitaxial 3C-SiC film is shown in Figure S2 in the
Supporting Information. Even though the existence of the
planar defects is also clearly observable throughout the whole
film, no small angle grain boundaries exist in the film, indicating
that the epitaxial 3C-SiC film can be viewed as a single 3C-SiC
crystal but with a high density of planar defects. Such a result is
in good accordance with the Raman observation, in which the
epitaxial 3C-SiC film is composed solely by the 3C-SiC crystal
without any amorphous phase.

From the above structural characterization, it is reasonable
for us to conclude that (1) there are significant differences in
the film compositions: the nanocrystalline and microcrystalline
3C-SiC films are composed by amorphous carbon, amorphous
SiC, and 3C-SiC crystallites, while the epitaxial 3C-SiC film is
composed solely by 3C-SiC crystallites; (2) large differences in
crystal size exist between the nanocrystalline 3C-SiC film and
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Figure 4. CV of (I) epitaxial, (II) microcrystalline, and (III) nanocrystalline 3C-SiC films at a scan rate of 100 mV/s in the solution of (a) 0.1 M
H,SO,; (b) 0.1 M TBABF, in acetonitrile; (c) 1 mM [Fe(CN)¢]** in 0.1 M KCL (d) peak current density vs the square root of scan rate in
[Fe(CN)¢]*™/4. Here, all the current densities are normalized to the geometrical area of the electrodes.
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the microcrystalline 3C-SiC film; (3) both the nanocrystalline
and microcrystalline 3C-SiC films are polycrystalline, while the
epitaxial 3C-SiC film shows perfect (001) orientation; and (4) a
large number of planar defects are incorporated in the 3C-SiC
crystals in all the films. Please note that the structural
information here is only qualitatively discussed. Because the
films show significant differences between each other, such a
qualitative study is sufficient to distinguish them and draw the
main conclusions in the present study.

3.2. Properties of the SiC Films. The significant
differences in the composition and crystal size of the above
films could have a drastic influence on the properties of the
films. In the following, the correlation between the structure
and the properties of the films was investigated. We paid more
attention to their electrochemical properties.

Prior to electrochemical experiments, the electrical con-
ductivities of those films were measured by four-point-probe
technique. The results are summarized in Table 1. Both of the
nanocrystalline and microcrystalline 3C-SiC films possess a
sheet resistance of ~3300 Q/sq, whereas the epitaxial 3C-SiC
film shows a much lower sheet resistance of 86 Q/sq. In the
view of electrical conductivity, all films are thus suitable to be
applied as the electrodes for electrochemical experiments.

Please note that all the films used in the present study were
undoped. Their conductivity is attributed to the existence of
defects in the films, i.e., planar defects, grain boundaries and the
amorphous phase, as evidenced from the TEM and Raman
results. According to Song et al.’s experimental investigation®"
and Tsuboi et al.’s theoretical calculation,®” the planar defects in
3C-SiC have high electrical conductivity, which is even higher
than that of the heavily nitrogen doped (S X 10'® cm™) 3C-SiC
layers. The amorphous phases, however, show low electrical
activity.>>** Even though the nanocrystalline and microcrystal-
line 3C-SiC films contain significant amount of planar defects,
the existence of amorphous phases at the grain boundaries
could resist the passage of the electric current between the SiC
crystals, increasing their resistivity. In contrast, the epitaxial 3C-
SiC film is free of the amorphous phases. In addition, antiphase
boundaries normally exist at the boundaries between the (001)-
oriented SiC crystals, which could further give a rise to its
electrical conductivity, making the film even metallically
conductive.*® In this context, the epitaxial 3C-SiC film presents
a higher electrical conductivity in comparison with the
nanocrystalline and microcrystalline 3C-SiC films.

The electrochemical properties of the films were charac-
terized using cyclic voltammetry. The double layer capacitances
of the 3C-SiC films were first evaluated in both aqueous
solution (0.1 M H,SO,) and nonaqueous solution (0.1 M
tetrabutylammonium tetrafluoroborate (TBABF,) in acetoni-
trile). Figure 4a, b shows the voltammograms at a scan rate of
100 mV/s. The background currents of the epitaxial 3C-SiC
film at 0 V were measured to be 0.63 yA/cm® in aqueous
solution and 0.52 uA/cm?* in nonaqueous solution. Its double
layer capacitances (C, uF/cm?) were calculated by using the
equation of C = j/v (j is background current density in uA/cm”
and v is scan rate in V/s). They were 6.3 uF/cm? and 5.2 uF/
cm? in aqueous and nonaqueous solutions, respectively, as
summarized in Table 2. These values are close to those of the
heavily boron doped diamond electrode (2.1—4.5 uF/cm?),
hinting the possibility to adopt the epitaxial 3C-SiC film as the
electrode for electrochemical analytical applications. Higher
capacitance values of 14.2 yF/cm? in the aqueous solution and
10.9 uF/cm? in the nonaqueous solution were obtained for the

Table 2. Double-Layer Capacitances of the 3C-SiC Films®

aqueous nonaqueous
Ca Ca
geometrical Cy real geometrical Cy real
film type (uF/cm?) (uF/cm?) (uF/cm?) (uF/cm?)
nanocrystalline 72.7 56.8 48.5 379
microcrystalline 14.2 10.8 109 8.3
epitaxial 6.3 S4 52 4.5

“The values are obtained based on the CV curve in Figure 4a, b.

microcrystalline 3C-SiC film (Table 2). Taking into consid-
eration of the surface roughness of the films (estimated from
the AFM measurement in Figure 1d-e), the specific double
layer capacitance over the real surface area was also evaluated
and is shown in Table 2. The specific capacitances of the
microcrystalline 3C-SiC film are twice as high as those of the
epitaxial 3C-SiC film. Among all 3C-SiC films studied, the
nanocrystalline 3C-SiC film possesses the highest double layer
capacitances of 72.7 uF/cm? in aqueous solution and 48.5 uF/
cm’ in nonaqueous solution (corresponding to 56.8 and 37.9
uF/cm? while taking into consideration the real surface area).
Please note that slight variations in the deposition conditions of
the nanocrystalline 3C-SiC films result in a change in their
double-layer capacitances. As shown in Figure S3a in
Supporting Information, their double layer capacitances are in
the range from ~40 to ~100 uF/ cm?, with an average value of
70 uF/cm® In contrast to nanocrystalline 3C-SiC film, the
double-layer capacitances of the microcrystalline and epitaxial
3C-SiC films exhibit much narrower distribution (Figure S3b, c
in the Supporting Information). Nevertheless, because of the
high specific capacitance of the nanocrystalline SiC film, its
application for super capacitor applications is already promising
(see the discussions below in the performance part).

The electrochemical activity of the 3C-SiC films was further
examined by using redox probes of [Fe(CN)¢]*/*" or
[Ru(NH;)s]**/** in aqueous solutions as well as ferrocene
and quinone in nonaqueous solutions. Figure 4c shows the
exemplary cyclic voltammograms (CV) of [Fe(CN)4]*™* on
the 3C-SiC films. CVs of other redox probes are shown in
Figure S4 in the Supporting Information. Well-defined redox
waves are clearly observable in all cases. The AE, (peak
difference of the anodic peak potential from the cathodic peak
potential), E,—E,, (the peak differences of anodic/cathodic
peak from its half-peak potential) and the dependence of peak
currents on the square root of the scan rate (i, vs v"2) in all
cases were plotted and estimated, as summarized in Table 3.
For all SiC films, the peak currents are proportional to the
square root of the scan rate (see Figure 4d and Figure SS in the
Supporting Information), indicating that the electrode process
of those redox probes is controlled by their diffusion. Judging
from the values of AE, and E, — E,/, one can tell that the
reversibility of the redox probes on all films based electrodes is
higher in aqueous solutions in comparison with that in the
nonaqueous solutions. Comparing the AE, and E, — E,,, of the
same redox probe on different electrodes leads to the
conclusion that the best reversibility of redox probes is on
the epitaxial 3C-SiC film and the worst reversibility of redox
probes is on the nanocrystalline 3C-SiC film.

It is known that the differences in the reversibility of the
redox probes originate from their different charge transfer rates
on different substrates. To shed deeper light on this issue,
impedance analysis was conducted on all SiC electrodes. The
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Table 3. Electrochemical Behavior of Different Redox
Probes on Different 3C-SiC Films

film type redox probes (rﬁf’) E(pm]i%z lmvev?i}lxt};g £ 2
nanocrystalline [Fe(CN)(]>"* 96 69 v
[Ru(NH,), 2> 88 68 v
quinone 141 85 \/
ferrocene 150 85 \/
microcrystalline  [Fe(CN)4]*/* 79 64 \/
[Ru(NH,)]>/3* 81 65 v
quinone 126 81 \/
ferrocene 143 82 \/
epitaxial [Fe(CN) >+ 63 59 v
[Ru(NH,) % 69 59 v
quinone 83 66 \/
ferrocene 127 80 \/

corresponding impedance spectra are shown in Figure S6 in the
Supporting Information. The lowest charge transfer resistance
is about 580 Q obtained on the epitaxial 3C-SiC film based
electrode and the highest value is about 3300 €2 obtained on
the nanocrystalline 3C-SiC film-based electrode. The low
charge transfer resistance of the epitaxial 3C-SiC film leads to
the best reversibility of redox probes on it during the cyclic
voltammentric measurements.

It is well-understood that surface conditions of the electrode
(e.g, the crystal orientation, composition, surface functional
groups, etc.) drastically affect the formation of double layer and
charge transfer in an electrochemical process.’®*” In the
present study, the epitaxial 3C-SiC film shows high phase purity
and perfect (001) crystal orientation (see XRD and Raman
measurements). As a result, its properties are expected to be the
closest to those of perfect single-crystalline 3C-SiC among all

films in the present study. The microcrystalline 3C-SiC film,
however, has a different film composition. It contains not only
SiC crystals but also a significant amount of amorphous phases.
Moreover, the SiC crystals in the microcrystalline 3C-SiC film
are randomly oriented with a large amount of grain boundaries
in the film. All these factors lead to a higher heterogeneity at
the micrometer scale in the microcrystalline 3C-SiC film in
comparison to the epitaxial 3C-SiC film. They influence the
overall properties of the film, leading to their deviation from the
epitaxial 3C-SiC film. As a result, an increase in the double-layer
capacitance and slower charge transfer of the redox reactions on
the microcrystalline 3C-SiC films are observed. An even higher
degree of heterogeneity is expected in the nanocrystalline 3C-
SiC film, because a wider range of distribution in the size of 3C-
SiC crystals (from ~S nm to tens of nanometers) as well as
more grain boundaries and amorphous phases (due to the
decreased size of the 3C-SiC crystals) present, resulting in a
further increase in its double layer capacitance and irrever-
sibility of the redox behavior on its surface.

All the above results clearly indicate that, by engineering their
microstructure (crystallinitiy, defects and composition), tunable
electrochemical properties of the 3C-SiC films are achieved.

3.3. Performance of the SiC Films. Because of the
tunable electrochemical behaviors of the SiC films, they can be
designed to suit varieties of electrochemical applications. In the
following, the performance of 3C-SiC in two kinds of
applications, namely super capacitor (using nanocrystalline
3C-SiC film) and electrochemical sensor (using epitaxial 3C-
SiC film), are investigated in detail.

3.3.1. Supercapacitor. The nanocrystalline 3C-SiC film is
expected to be a promising candidate for super capacitor
applications, since it shows a relatively high double layer
capacitance (40—100 uF/cm’ depending on the growth
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conditions). In order to further confirm this, the capacitive
behavior of the nanocrystalline 3C-SiC film shown in Figure 1a
was characterized. It has to be pointed out that the current
density and the capacitance in the following measurements
have been normalized to the real electrode area based on the
AFM measurement (Figure 1d).

Figure Sa depicts the CV curves of the nanocrystalline 3C-
SiC film in 0.1 M H,SO, at scan rates from 10 to 200 mV/s.
For all the scan rates considered, quasi-rectangular shape of the
CV curve is clearly observable in the potential range scanned.
The CV curve is symmetric, as expected for a typical
characteristic of a capacitor. The charge—discharge behavior
at different charge/discharge current densities (4 to 80 uA/
cm?) is shown in Figure Sb. For all current densities tested, the
anodic charging segment is symmetric to the cathodic
discharging counterparts, indicating the high reversibility of
its capacitive behavior. The specific capacitance was thus
calculated from the CV curves (C = j/v, j is the background
current density in gA/cm* and v is the scan rate in V/s) and
the charge—discharge curves (C = jAt/AV, j is the charging
current density in A/ cm?, AV is the potential range in V and
At is the charging time in s). As shown in Figure Sc, the highest
specific capacitance reaches 70 yF/cm? at a scan rate of 10 mV/
s. The same as other capacitors, its specific capacitance
decreases with an increase of the scan rate or charging current
density. Nevertheless, only 34% reduction of its capacitance is
observed even with 20-fold increase of the scan rate. In the case
of charging current density, the specific capacitance decreases
by only 25% (from 65 uF/cm® with a charging current density
of 4 uA/cm? to 43 uF/cm® with a charging current density of
80 yA/cm?). Therefore, an excellent rate capability has been
achieved on the nanocrystalline 3C-SiC film. In addition to its
high specific capacitance, the cyclic stability of this capacitor,
another important factor in evaluating a capacitor, was
examined. As shown in Figure 5d, the nanocrystalline 3C-SiC
retains 94.8% capacitance after 10 000 cycles. Such a result is
comparable with the ones obtained using carbon for super-
capactior applications (>80%),***" indicating a very high cyclic
stability of the nanocrystalline 3C-SiC electrode.

Table 4 lists specific electrical double layer capacitances
(normalized to the real surface area) of several different
materials (none pseudocapacitive materials) currently applied
frequently for supercapacitor applications. Among them, the
electrode based on the nanocrystalline 3C-SiC film shows the
highest specific capacitance. Normally during the fabrication of
supercapactiors, the positive and negative electrodes as well as
their separator are together rolled or folded into a cylindrical or
rectangular shape.® In this context, the usage of thin
nanocrystalline 3C-SiC films with high geometrical specific
capacitance would be beneficial in minimizing the device size.
Moreover, the capacitance of SiC can be further improved via
integrating its surface with metal oxides or conducting
polymers. It is already reported that coating SiC nanowires
with Ni(OH), and MnO, can improve the specific capacitance
to 1724 and 273.2 F/g, respectively.*>** Combining these with
its high cyclic stability, nanocrystalline 3C-SiC film is a very
promising candidate for the construction of stable, reversible
and long lifetime capacitors. To fabricate useful supercapacitor
device from the nanocrystalline 3C-SiC film, however, more
efforts need be taken in the future. For example, the active
surface area of the nanocrystalline 3C-SiC film needs to be
increased via introducing pores as well as by rolling-up of very

Table 4. Specific Capacitances of the Typical Materials Used
for Double-Layer Capacitor Applications”

double-layer capacitance (real

electrode material electrolyte surface area) (uF/cm?) refs
activated carbon 30% KOH 15-20 40, 41
1 M H,S0, 10-14 41
pyrolytic graphite 0.9 M NaF 20-70 42, 43
carbon black? 0.1 M HCl <10 44
carbide derived ionic liquid 7-14 45, 46
porous carbon
graphene 6 M KOH 2.5-12.5 47
diamond® 0.1 M H,SO, 4 48
pt? 1 M H,S0, 17-30 49
Au? 0.5 M H,SO, 1560 50
or HCIO,
SiC film*® 3.5 M HCI 6.3 S1
nanocrystalline 0.1 M H,SO, 43-70 this
3C-SiC work

“All the capacitances listed are normalized to the real surface area.
Also in 0.1 M NaF and 0.1 M NaOH solutions. “Also in 0.1 M KCl,
0.1 M NaF and 0.1 M NaNO; solutions. “The capacitance values are
highly dependent on the potential; metal oxides readily form at high
positive potentials. “The polytype of the SiC film is not mentioned in
the literature.

thin freestanding 3C-SiC films (<20 nm thickness), which is
currently being undertaken in our laboratory.

3.3.2. Electrochemical Dopamine Sensor. The epitaxial 3C-
SiC film has shown a low background current and good
reversibility for the redox probes in aqueous solutions.
Combining these properties with its good chemical and
mechanical stability as well as its good biocompatibility, it
could be a potential candidate for electrochemical and
biomedical sensor applications, e.g., for in vivo testing.

We have thus chosen dopamine, a common neurotransmitter
in the human brain, for a proof-of-concept experiment to
elucidate the performance of epitaxial 3C-SiC film in
electrochemical sensor applications. Figure 6a shows the
voltammetric behavior of 100 yM dopamine on epitaxial 3C-
SiC film at different scan rates. The experiment was conducted
in a phosphate buffer solution (pH 7.4). Well-defined oxidation
peak are observed at 0.4 V, which does not appear in the blank
buffer. A small reduction peak is observable at ~0 V, indicating
irreversible redox behavior of dopamine on the SiC surface. An
increase in the scan rate leads to an enhancement of the peak
current density. Figure 6b presents the proportional relation-
ship between the peak current and the square root of scan rate,
implying that the oxidation of dopamine on the SiC electrode is
a diffusion-controlled process, instead of an adsorption-
controlled one. Consequently, dopamine is irreversibly oxidized
on the epitaxial 3C-SiC film based electrode and the sensing of
dopamine on the epitaxial 3C-SiC film is thus possible to be
achieved.

Differential pulse voltammetry (DPV) were adopted for the
sensing of dopamine. Figure 6¢ shows the DPV of dopamine at
different concentrations after optimization of the detection
conditions. The anodic peak current density, j,,, shows linear
relationship with the concentration of dopamine, ¢, in the
concentration range of 2—200 yM. As shown in Figure 6d, the
linear regression equation is expressed as j,, (uA/ cm?) =
(—0.34) + 0.068¢ (uM). The coefficient factor is 0.998 (n = 9).
The detection limit was determined to be 0.7 uM or 0.1 mg/L
(based on S/N = 3 of 7 measurements in the solution

DOI: 10.1021/acsami.5b02024
ACS Appl. Mater. Interfaces 2015, 7, 10886—10895


http://dx.doi.org/10.1021/acsami.5b02024

ACS Applied Materials & Interfaces

Research Article

—~
V)
~

H
o

T
\

200 mV/s

w
o

-
o

Current density (uA/cm?)
N
o

o

-0.2 0.0 0.2 0.4 0.6 0.8

Potential (V vs. Ag/AgCI)
er 200 uM /
141 / \
12 / A

Current density (pA/cmz) L

0.0 0f3 0j6
Potential (V. Vs Ag/AgCl)

(b)_

—~
o

Peak current density (WA/cm
S
\

0 4 8 12 16
Square root scan rate (V“zls”z)

g 1af

(&}

< 12} /)
2 -
310- P |

= 7

g o =

o 6f P

€ 4l -

o A

E a

o |

o | §

~x OfmM

©

O 2l 1 L " "
o 0 50 100 150 200

Concentration (uM)

Figure 6. Dopamine sensing using epitaxial 3C-SiC film: (a) CV curves in 100 #uM dopamine with different scan rates; (b) peak current density in
the CV curve vs square root of scan rate; (c) DPV curves of dopamine with different concentrations; (d) peak intensity in the DPV curve vs
concentration. Here, the current densities are normalized to the geometrical area of the electrodes.

containing 10 uM dopamine). Although the limit-of-detection
(LOD) of epitaxial 3C-SiC film is not as low as that obtained
on other electrodes reported in literature,>® the workable
concentration range for dopamine detection on the SiC
electrode is still one to two orders lower than its concentration
in tissue (4—10 mg/L).**>” Therefore, the SiC film-based
electrode is suitable and promising as an electrochemical sensor
for biomedical sensing of biomolecules (i.e., dopamine). Future
investigations are needed to fabricate SiC based dopamine
sensor, for example, the interference study of other molecules
such as uric acid and ascorbic acid as well as the in vivo testing.
These activities are of great importance and form the aim of our
future study on the electrochemical applications of the SiC
films.

4. CONCLUSIONS

The structure and the electrochemical properties of different
3C-SiC films have been studied. The relationship between their
microstructures (e.g,, crystallinitiy, defects, and phase compo-
sition) and their electrochemical properties has been discussed
in detail. The differences in their microstructures result in their
different electrochemical behaviors. For example, the epitaxial
3C-SiC film shows the lowest double layer capacitance and the
highest reversibility of redox probes; the nanocrystalline SiC
film shows extremely high double-layer capacitance with only
quasi-reversible behavior of the redox probes. The structural
heterogeneity is considered as the main reason for the different
electrochemical behaviors. On the basis of their different
electrochemical properties, their performances in two different
applications, namely supercapacitor and electrochemical sensor
for dopamine detection, have been demonstrated using
nanocrystalline 3C-SiC film and epitaxial 3C-SiC film,
respectively. Future works are still needed to focus on the
structuring of those films with aid of nanotechnology as well as
their further surface modification to improve and broaden their
applications.
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SEM and TEM cross-sectional images of the 3C-SiC films,
cyclic voltammetry and peak intensity vs square root of scan
rate of ferrocene, quinone and [Ru(NH;)s]**/** on different
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