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1.1 General Overview of Silicon Carbide

It is well known that carbon and silicon atoms form similar, covalently bonded and giant
structures, as shown schematically in Figure 1.1a. They are thus called carbon diamond
and silicon diamond. In both diamond structures, each atom is covalently bonded to
four other atoms located at the corner of a tetrahedron. Another diamond-like com-
pound is silicon carbide (SiC), building up with silicon and carbon atoms. In this crystal,
each atom is sp3-hybridized and forms four bonds to four other atoms of the opposite
kind. The tetrahedral arrangement of atoms encountered in the pure carbon and silicon
diamond structures is preserved in SiC (Figure 1.1a).

The existence of a compound containing SiC bonds was proposed in 1824 for the
first time by Jons Jacob Berzelius, a Swedish chemist [1]. In 1905, Henri Moissan, a
French chemist and the Nobel laureate, discovered SiC in nature [2]. In mineralogy,
SiC is therefore known as moissanite [3]. In nature, moissanite SiC is very rare and only
found in certain types of meteorite. The most commonly encountered SiC material is
actually man-made.

SiC exists in about 250 crystalline forms, as variations of the same chemical compound
that are identical in two dimensions but differ in the third. They can be viewed as layers
stacked in a certain sequence. Different stacking sequences of C-Si double layers lead
to different crystalline structures, or so-called polytypes [4]. Therefore, more than 250
polytypes have been predicted [4, 5]. Of these polytypes, only a few of them have been
studied in detail. In principle, only three are of major importance: cubic (3C, or p)-SiC,
4H-SiC, and 6H(a)-SiC, which are shown schematically in Figure 1.1b—d, respectively.
The most commonly encountered polymorph is 6H(x)-SiC, which forms at tempera-
tures higher than 1700°C and has a hexagonal crystal structure (similar to wurtzite)
(Figure 1.1c). Cubic 3C(f)-SiC (Figure 1. 1b) is formed at temperatures below 1700°C
and has a zincblende (ZnS) crystal structure, similar to diamond [6].

1.1.1 SiCProperties

SiCis a fascinating material, although it has quite complicated polytypes. This is because
the type of SiC polytype implies a corresponding set of relevant physical properties.
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Figure 1.1 Chemical structures of carbon diamond, silicon diamond, SiC (a), 3C(p)-SiC (b), 4H-SiC (c),
and 6H(a)-SiC (d) using ball-stick models.

As examples, some important physical properties of 4H-, 6H-, and 3C-SiC are listed in
Table 1.1, compared with those of diamond and silicon.

SiC has been known for decades to be a semiconductor, based on the very first electro-
luminescence (yellowish light) from SiC crystals when subjected to electricity in 1907
[7]. More interestingly, its indirect bandgap is tunable in the range of 2.36—3.23 eV, deter-
mined by the polytype of SiC films. For instance, the bandgaps for 3C-, 4H-, and 6H-SiC
are 2.36, 3.23, and 3.05 eV, respectively. However, SiC can be varied from insulating,
semiconductive, to metallic-like in its properties when the dopants (n- or p-type) and
the doping levels are altered. For example, SiC films can be doped with either n-type
dopants (e.g. nitrogen, phosphorus) or p-type dopants (e.g. beryllium, boron, aluminum,
gallium). Metallic conductivities of SiC films have been achieved by their heavy dop-
ing with boron, aluminum, or nitrogen. For example, at the same temperature of 1.5 K,
superconductivity has been detected in 3C-SiC films doped with aluminum and boron
as well as in 6H-SiC films doped with boron.

In comparison with Si, SiC has a higher thermal conductivity, electric field breakdown
strength, and current density. It features a very low coefficient of thermal expansion
(4.0 x 107% K~!) and experiences no phase transitions that cause discontinuities in ther-
mal expansion. The sublimation temperature of SiC is very high (approximately 2700°C),
which makes it useful for bearings and furnace parts. SiC does not melt at any known
temperature.

SiC is transparent to visible light. Pure SiC is colorless. The brown to black color of
industrial SiC products results from iron impurities. The rainbow-like lusters of SiC
crystals are caused by the passivation layers of SiO, that form on the SiC surface.
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Table 1.1 Basic properties of three kinds of SiC, Si, and diamond.

Property 4H-SiC 6H-SiC 3C-SiC Si Diamond

Energy bandgap at 3.20 3.00 2.29 1.12 5.45

300K (eV)

Intrinsic carrier 5%x107° 1.6x107° 1.5%107! 1x 10 ~107%

concentration at 300 K

(cm™3)

Critical breakdown 2.2 2.5 2.12 0.25 1-10

electric field (MV cm™)

Saturated electron drift 2.0 2.0 2.5 1.0 1.5

velocity (x10” cms™1)

Electron mobility 1000 600 800 1450 480

(cm? V-1 s7h)

Electron mobility 115 100 40 470 1600

(cm? V-1s71)

Thermal conductivity at 3.7 3.6 3.6 1.49 6-20

300K (Wem™ K1)

Coefficient of thermal 4.3 4.3 3.2 3.0 1.0

expansion at 300 K 4.7 4.7

(107¢ K1)

Lattice coefficient (a, ¢ a=3.073 a=3.081 a=4.360 a=5.430 a=3.567

in A) ¢ =10.053 c=15.117

Calculated elastic C,, =600 C,, =500 C,, =352 C,, =167 C,, =1079

coefficient (GPa) Cp,=92 C,=12 C,, =65 Cp, =124
C, =168 C, =233 C, =80 C, =578

SiC is a very hard material. Taking Mohs hardness scale as an example, the value of
talc is given by 1 and diamond is given by 10: SiC has the value of 9.3 [8].

SiC is chemically inert. For example, it is resistive to radiation and many chemicals.
This is because the electron bonds between the silicon and carbon atoms inside SiC are
extremely strong. More importantly, SiC has shown superior biocompatibility and is
non-toxic in both in vitro and in vivo tests. In addition, SiC is multifunctional, originat-
ing from the possibility of adopting both silicon and carbon chemistry on its surface.

In conclusion, SiC is a material with exceptional physical properties (e.g. a low density,
a high strength, a high thermal conductivity, high stability at high temperatures, a high
resistance to shocks, low thermal expansion, a high refractive index, a wide but tun-
able bandgap) and chemical features. They present multiple options for smart devices
through their electrical, chemical, and optical properties [5, 9-15].

1.1.2 SiC Applications

Thanks to its unique physical properties (e.g. electrical, thermal properties), SiC has
found wide and varied applications where high blocking voltages or high switching
frequencies are required [5, 9-15]. Shockley thus predicted in the 1950s that SiC would
quickly replace Si. SiC-based power electronics can greatly reduce the power losses of
electrical energy in most generators and distribution systems. The higher frequency,
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smaller dimensions, reduced cooling requirements, and greater efficiency obtained
with SiC power electronics will give more efficient systems in any application where
AC-DC, DC-AC, or DC-DC conversion is required. One example application of SiC is
for compact power supply units with extremely low losses, which also keep the power
supply network free of electric smog (the unwanted interference frequencies resulting
from the use of computers) [5, 15].

SiC is also suited for space-saving control units and for variable-speed drives, which
are generally mounted directly on the mortars. For these applications, homoepitaxial
SiC films are generally required. However, the typical growth rate for homoepitaxial SiC
layers is 510 pm h™'. Thus, the epitaxial growth of SiC layers is very time-consuming,
making them very expensive for most devices. The long production time and high cost
of these epitaxial SiC layers are thus the main obstacles to overcome, in order to make
SiC power devices more available to market [5, 11, 15]. In contrast, the latest discov-
ery of new forms of SiC (e.g. nanoporous structures, superlattices) has triggered the
development of SiC electronics, and in particular thin-film technologies [11].

Bulk SiC has become a more important compound in materials science, such as a
support for loading heterogeneous catalysts, for hard coating (e.g. for cutting), for
implantable sensors, and for protein separation and micro-fluidic systems where a
porous SiC film is needed. Especially in recent years there has been increased attention
to employing SiC as a valuable material for biomedical applications and as a transducer
for biosensors. This is because SiC has the advantages of its chemical, tribological, and
electrical properties. In addition, it can easily be integrated on a chip into a system.
For example, SiC has been employed as an active material for micro-device fabrication
[13, 14]. In addition, SiC offers an ideal surface to grow graphene, another important
material with superior physical, chemical and electrical properties [16].

1.1.3 Scope of this Chapter

Since the physical and mechanical properties of SiC films and their related nanostruc-
tures (e.g. particles, wires, pores, etc.) as well as their applications in the fields of elec-
tronics, power devices, and biomedical applications have been widely reviewed and
discussed [5, 9-15], we focus in this chapter only on the growth, interfacial proper-
ties, and electrochemical applications of 3C-SiC. The growth of 3C-SiC using various
chemical vapor deposition (CVD) techniques is summarized. After the description of
the interfacial properties (e.g. surface morphology, surface chemistry, and electrochem-
ical properties) of 3C-SiC, the electrochemical applications of 3C-SiC films in the fields
of electrochemical and biochemical sensing, energy storage and conversion are high-
lighted. Finally, we close this chapter with concluding remarks as well as discussion
about the future research directions of 3C-SiC.

1.2 Synthesis of Silicon Carbide

1.2.1 Acheson Process

SiC is traditionally produced through the so-called Acheson process, where an Acheson
graphite electric resistance furnace is required. At very high temperatures (>2500°C), a
solid-state reaction occurs between two precursors, namely silica sand and petroleum
coke, leading to the formation of SiC [15]. Crystalline SiC synthesized by the Acheson
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process features different polytypes and varies in its purity. The common impurities are
nitrogen and aluminum. By altering the heating processes and/or the distances of the
graphite resistor heat source of the Acheson furnace, colorless, transparent, or variously
color SiC films have been synthesized [17]. These manufactured SiC films have large
grain sizes and are invariably contaminated with oxygen. Such an Acheson process is still
used for the production of polycrystalline SiC films, which are often known by the name
carborundum. The as-obtained SiC ceramic is quite suitable for grinding and cutting
applications, such as abrasive and cutting tools. However, the Acheson process requires
excessive energy input during SiC synthesis, and the quality of the synthesized SiC is
rather poor.

1.2.2 Physical Vapor Transport

Several alternative methods have since been developed for the synthesis of pure SiC
films. Physical vapor transport (PVT) is the most popular and successful method
for growing large single SiC crystals [18, 19]. As the first method of the sublimation
technique (also known as the Lely method) [20], the synthesis of SiC with limited crystal
sizes was carried out under argon ambient at about 2500°C in a graphite container. The
formed SiC crystals (or Lely platelets) presented good quality (e.g. micropipe densities
of 1-3 cm~2, dislocation densities of 102~10% cm~2). Unfortunately, this technique has
several major shortcomings, such as uncontrollable nucleation rates and dendrite-like
growth processes. Later, a modified PVT method (also called the modified-Lelly
method or seed sublimation method) was proposed. Such a method controlled SiC
growth and improved the limited adjustment of the gas phase composition between the
concentrations of dopant species and the complements of C and Si [21]. The sources
and the seeds of SiC were placed perfectly in close proximity to each other, where a
gradient of temperatures was established. In such a way, the transport of the material
vapor above the seeds became possible at a low argon pressure. The conventional PVT
method was further refined through a gas pipe between the source and the crucible
into the growth chamber (M-PVT setup) [22, 23]. By use of such a M-PVT setup,
high-quality 4H- and 6H-SiC wafers have been grown, with diameters up to 100 mm.
An additional gas pipe was used to introduce dopant gases and/or small amounts of C-
and Si-bearing gases (SiH,: H, = 1:10, propane). Namely, the gas phase composition
was further controlled. By use of such a modified M-PVT setup, 15R-SiC and 3C-SiC
have been also synthesized [23].

1.2.3 Chemical Vapor Deposition

The CVD technique is another suitable and widely investigated method to produce
SiC samples in various forms (e.g. thin films, powders, whiskers, and nanorods, etc.)
[16, 24-57]. For example, amorphous SiC powders have been prepared by a CVD
method, where SiH, and C,H, acted as the precursors and nitrogen as the carrying gas
[24, 25].

Atmospheric pressure chemical vapor deposition (APCVD) is one of the first CVD
techniques developed to deposit SiC [25]. During deposition, a carbonization process is
initially applied to a clean Si surface, followed by SiC growth using Si- and C-containing
precursors [26-28]. SiC growth rates of up to several pm h™! have been achieved, with
the potential to be doped into n- and p- type materials. An APCVD system is a relatively
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simple and easy setup due to the incorporation of few temperature sensitive compo-
nents. Both epitaxial and polycrystalline 3C-SiC films have been deposited by APCVD.
It is particularly advantageous for SiC epitaxy, where higher temperatures (1300°C) are
typically required for the growth of single crystals of SiC on Si substrates.

Low-pressure chemical vapor deposition (LPCVD) is the second CVD system uti-
lized for the growth of SiC films. Although the growth rates of SiC films during LPCVD
processes are much lower than those in APCVD processes, generally more substrates
can be accommodated in LPCVD systems, especially when resistive heating is used.
Due to the vacuum system involved for a LPCVD system, it has much lower chamber
pressure in comparison with an APCVD system. Therefore, a LPCVD reactor allows
the exploitation of more varieties of precursors, as well as reducing impurity incorpo-
ration in the deposited films. In short, the LPCVD process generates generally higher
quality SiC films with much better uniformity across large substrate areas. By means
of LPCVD techniques, epitaxial 3C-SiC films have been grown on Si wafers [29]. In
recent years, LPCVD has actually become a leading technique for the growth of poly-
crystalline 3C-SiC films on various substrates including SiO, and Si;N,. Doping can
also be achieved during LPCVD processes, conducted by simply adding dopants (e.g.
1,3-disilabutane, nitrogen, etc.) into the feed gases [30—35]. For example, controlled
nitrogen doping has been demonstrated by adding nitrogen or NH, as the precursor
into the feed gases. By varying the fractions of dichlorosilane and 1,3-disilabutane in
the gas mixtures, the residual stress and strain gradient of polycrystalline SiC films has
been tuned [36].

The third CVD technique applied for the synthesis of SiC films is metal organic chem-
ical vapor deposition (MOCVD), which is especially useful for the growth of thick SiC
films on sapphire (001) and silicon (111) substrates. Diethylmethylsilane (DEMS) con-
taining both Si and C atoms was used as an individual precursor. No gas carrier or
bubbler was thus applied. The films grown at low temperatures (850 and 900°C) on both
substrates showed crystalline 3C-SiC in the (111) orientation [37].

Plasma enhanced chemical vapor deposition (PECVD) has been employed to deposit
SiC films at low temperatures. Due to the use of low temperatures during PECVD pro-
cesses, it is feasible to deposit SiC on a variety of materials (e.g. aluminum) that are not
possible during APCVD and LPCVD processes. Commercially available PECVD sys-
tems can thus be utilized for processes that benefit from future mass production of SiC.
The low deposition temperatures also confirm its potential suitability for related pro-
cessing. To grow SiC by means of PECVD, gas precursors such as SiH, and CH, [38, 39]
as well as liquid sources such as C;H1,Si, (hexamethyldisilane) [40] have been used. The
as-deposited SiC films are amorphous, and thus post-deposition annealing is required
for crystallization. Altering deposition parameters such as pressure and gas flow ratios
resulted in the control of the stress in the deposited films during these PECVD pro-
cesses [39]. Moreover, both doped and undoped SiC can be synthesized by PECVD
[41-47]. We have employed microwave plasma chemical vapor deposition (MWCVD)
techniques to grow three different kinds of 3C-SiC films, namely nanocrystalline, micro-
crystalline and epitaxial (001) 3C-SiC films [16]. Table 1.2 lists the depositional condi-
tions we applied for the growth of these 3C-SiC films by means of MWCVD.

Figure 1.2 shows scanning electron microscopy (SEM) and atomic force microscopy
(AFM) images of three 3C-SiC films [16]. The nanocrystalline 3C-SiC film possesses
a crystal size smaller than 50 nm (Figure 1.2a). Its surface is relatively smooth and
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Table 1.2 Depositional parameters for the MWCVD growth of three 3C-SiC films [16].

Microwave Gas T™MS
Film type power (W) pressure (Torr) T, (°Q) content (ppm)
Nanocrystalline 700 20 ~800 290
Microcrystalline 1800 45 ~700 290
Epitaxial 2200 55 ~850 140

Source: Reprinted with permission from ACS publisher.
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Figure 1.2 SEM (a—c) and AFM non-contact mode (d-f) images of a nanocrystalline (a, d), a
microcrystalline (b, e), and an epitaxial (¢, f) 3C-SiC film. The sizes of the AFM images are 5 x 5 pm? [16].
Source: Reprinted with permission from ACS publisher, Copyright 2015.

has a root-mean-square (RMS) roughness of only 12.6nm, as estimated from its
AFM non-contact mode image shown in Figure 1.2d. The average crystal size of the
microcrystalline 3C-SiC film is ~200 nm (Figure 1.2b). Its larger crystal size results in
its higher surface roughness, which is measured to be 22.9 nm from the AFM image
(Figure 1.2e). The SEM image of the epitaxial 3C-SiC film (Figure 1.2c) shows densely
packed 3C-SiC crystals lying along the {110} directions of the Si wafer, presenting the
very typical nature of heteroepitaxially grown 3C-SiC crystals on (001) Si [16, 48]. Its
surface roughness is comparable to that of the microcrystalline 3C-SiC film, which is
20.6 nm determined by the AFM measurement (Figure 1.2f).

Remote microwave hydrogen plasma chemical vapor deposition (RPCVD) has been
applied to grow amorphous hydrogenated SiC (a-SiC: H) films. Dimethylsilane (DMS)
or tetramethylsilane (TMS) was used as a single-source precursor [49]. The Arrhenius
plots of substrate temperature dependencies of the thickness-based film growth rate
implied that the investigated RPCVD for DMS precursor is a non-thermally activated
process, whereas for TMS precursor it is an adsorption-controlled one. An increase in
the substrate temperature from 30 to 400°C caused the elimination of organic moieties
from the films and the formation of SiC networks. These a-SiC: H films proved to be
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useful as scratch-resistant protective coatings for optical glass elements and various
metal surfaces [49].

Some other CVD techniques have been employed to grow 3C-SiC films. For example,
the halide CVD process was applied to fabricate oriented stoichiometric 3C-SiC films
in a rapid way. During such a process, the flow rates of precursors (SiCl, and CH,) were
controlled [54]. The (110)-oriented stoichiometric 3C-SiC films with lower densities of
defects were obtained when the molar ratios of C precursor to Si precursor were in
the range of 0.86—1.00. The maximum deposition rate was 883 pm h~! when the molar
ratio of C precursor to Si precursor reached 1.00, leading to a thickness of 1.7 mm in
a deposition time of two hours. A twin plane propagation model has been proposed
to explain the formation of ridge-like morphologies of SiC films. Another example, the
low pressure hot-wall CVD technique, has been used for the growth of 3C-SiC films
on Si (100) substrates [55]. The C/Si ratio played an important role in the crystalline
quality and surface morphology of 3C-SiC films. Comparisons indicate that the optimal
C/Si ratio for high crystalline quality of 3C-SiC films is 4.5. Noticeably, the polycrys-
talline grains of 3C-SiC films exhibited an epitaxial nature with irregular shapes and
random distribution. Pyramid-like shapes and regular distribution were found along the
{110} directions, dependent on the C/Si ratios. The changes in crystalline quality with
increasing C/Si ratios were attributed to the competition of the formation of defects by
excess carbon species with the etching of the atomic hydrogen. Meanwhile, the changes
of surface morphology were due to the changes in secondary nucleation rates.

In past decades, more efforts have contributed to achieving homoepitaxial CVD
growth of 3C-SiC films. Typically, it was done using silane (SiH,) as the silicon pre-
cursor, and light hydrocarbons (e.g. ethylene or propane) as the carbon precursor. In
some cases, only TMS was used as the precursor. Hydrogen gas, sometimes mixed
with some argon, was used as carrier gas. The growth temperature and pressure were
usually between 1500 and 1650°C and 100—-1000 mbar, respectively. For example, the
laser CVD technique has been applied for the epitaxial growth of 3C-SiC thin films on
Si(001) substrates [50]. The epitaxial relationship was 3C-SiC(001){111}//Si(001){111}
and multiple twins {111} planes were identified. The maximum deposition rate was
23.6 pm h~!, which is about 5-200 times higher than that of conventional CVD meth-
ods. The density of twins increased with an increase in the thickness of 3C-SiC films.
The cross-section of the films exhibited a columnar structure, containing twins at {111}
planes that were angled at 15.8° to the surface of Si(001) substrates [50].

Conventional CVD equipment (c-CVD) was also employed for the growth of
epi-SiC/Si-wafer/epi-SiC [51]. The Si wafer was double-side polished and mounted
with a suspension mode in the c-CVD chamber. Homogeneous 3C-SiC (100) films were
heteroepitaxially grown simultaneously on both surfaces of the suspended Si (100)
wafer. Each film was uniform and continuous, with same trend of slight degradation
from the inner to the outer region of the wafer. This technique offered a possible way
to mass-produce high-quality 3C-SiC films on Si wafers in one run. The potential
applications of 3C-SiC films (e.g. sensors, etc.) were thus also expanded.

Using PECVD techniques, the epitaxial deposition of 3C-SiC films has been achieved
on (100) Si substrates [52]. A high density of defects (e.g. misfit dislocations, stacking
faults, and twin boundaries) was generated in the film. Defect-induced strain distri-
bution in the 3C-SiC film was analyzed by the geometric phase analysis method com-
bined with X-ray diffraction (XRD) and Raman spectroscopy. The strain analysis at an
atomic level revealed that periodic misfit dislocations at the interface generate high local
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compressive strain (>20%) around the core of the dislocations in the SiC film, relaxing
a major part of the intrinsic strain. A highly compressive interfacial layer was found to
form between the SiC film and Si substrate, regardless of the carbonization temperature.
This interfacial layer was linked with the carbonization step of the film growth process.
In addition, twins and stacking faults provided a complementary route for strain relax-
ation during the film growth process. More strain was accommodated at the matrix/twin
interface during twin nucleation rather than that at the growth stage.

The controlled growth of heteroepitaxial 3C-SiC films was achieved by use of a
915 MHz MWCVD reactor [53]. TMS and hydrogen were used as the resource gases.
With an increase in MW power, the morphology of the SiC crystals evolved from
randomly oriented nanocrystals to well-oriented pyramid-shaped crystals. Suggested
from the rocking curves, the 3C-SiC film deposited at a MW power of 9kW and a gas
pressure of 50 mbar remained epitaxial in nature. An increase in TMS gas flow rates
did not affect such an epitaxial feature. Uniform heteroepitaxial deposition of 3C-SiC
film on 4-in. silicon wafer was then realized at a low deposition temperature (~860°C).

Various SiC nanostructures have been grown using CVD techniques [56, 57]. For
example, the morphology control of one-dimensional (1D) SiC nanostructures was
achieved by manipulating the composition of the catalysts (e.g. Fe;Sis, Fe;Si) during
MWCVD processes. Iron silicide was found to be the main catalyst to initiate the growth
of 1D SiC nanostructures. As confirmed by high-resolution transmission electron
microscopy (HRTEM), the stoichiometry of iron silicide governed the final morphology
of 1D SiC nanowires (N'Ws). For the growth of SiC N'Ws, the catalyst is Fe;Si;, while it is
Fe,Si for the growth of SiC nanoneedles. A special orientation match between iron sili-
cide catalyst and SiC N'Ws was observed during the growth of 1D SiC nanostructures,
due to different etching resistivities of the catalyst particles under H, plasma [56]. Direct
synthesis of ordered 3C-SiC nanosheet arrays has been also realized in a MWCVD
reactor through utilizing planar defects formed during hetero-epitaxial growth of
crystals with close-packed lattices [57]. TMS was used as a single source precursor and
diluted in hydrogen gas. The plasma with a high MW power (e.g. 2500 W) was applied
to activate the gas phase reaction. With a very low concentration of TMS (e.g. 140 ppm),
the growth of the 3C-SiC epitaxial layer was achieved at a low growth rate (~50 nm h™!).
The grown 3C-SiC nanosheet arrays are well oriented on (001) and (111) Si substrates.
The planar defects and the plasma environment were identified as key factors
to determine the resulting 2D nanosheet arrays. Consequently, a “planar defect
induced selective growth” effect was proposed to elucidate the corresponding growth
mechanism [57].

In summary, various 3C-SiC films and nanostructures have been grown at differ-
ent sizes (>3in.) by altering CVD techniques, substrates, and growth parameters
(e.g. power density, gas pressure, type and concentration of precursors, and growth
temperature, etc.).

1.3 Properties of Cubic Silicon Carbide

1.3.1 Surface Morphology

From further analysis of growth conditions summarized in Table 1.2, one can see that
the changes in morphology of three 3C-SiC films are possible by controlling the MW
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powers, gas pressures, and the concentrations of TMS precursors during MWCVD
deposition [52]. For example, at low MW powers and high TMS concentrations,
nanocrystalline 3C-SiC films are grown. This is because of high secondary nucleation
rates under these conditions. An increase in the MW power enhances the concentration
of atomic hydrogen, which is an important species in determining the crystallinity
of a 3C-SiC film during MWCVD deposition [52, 58]. It removes the defects and
amorphous phase in a 3C-SiC film through a continuous etching process [52, 58]. The
higher the concentration of atomic hydrogen, the stronger the etching will be. Since
the defects and amorphous phase can serve as sites for secondary nucleation, their
effective removal will improve in turn the crystallinity of the 3C-SiC films [52, 58]. As a
result, microcrystalline 3C-SiC films with larger crystal sizes and higher crystal quality
are formed at high MW powers. Further increase in MW power or reduction of TMS
concentrations led to the epitaxial growth of 3C-SiC films on the (001) Si wafer [52].

More detailed information about the composition of nanocrystalline, microcrys-
talline, and epitaxial 3C-SiC films has been revealed by XRD measurements. 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. However, certain differences are observable.
For both nanocrystalline and microcrystalline 3C-SiC films, strong (111) reflex exists.
Weak (220) reflex is only observed for the microcrystalline 3C-SiC film: an indication
of 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
are present, indicating its perfect (001) orientation [16].

Except for the 3C-SiC crystals, it is well understood that amorphous phases normally
form at the grain boundaries during the CVD growth of 3C-SiC films [52]. Such infor-
mation for these three 3C-SiC films was confirmed using micro-Raman measurements
[16]. For all 3C-SiC films, the characteristic Raman peak at ~800 cm™! is observable,
corresponding to the transverse optical (TO) phonon of SiC. The full width at half
maximum (FWHM) of this SiC TO peak for nanocrystalline, microcrystalline, and
epitaxial 3C-SiC films is >40, 17, and 24 cm™}, respectively. In comparison with that
for a nanocrystalline 3C-SiC film, the SiC TO peaks for both microcrystalline and
epitaxial 3C-SiC films are sharper, indicating their better crystallinity. In addition
to the SiC TO band, peaks corresponding to the existence of an amorphous carbon
phase are also observable at ~1320 cm™! (D band) and ~1600 cm™! (G band) for both
nanocrystalline and microcrystalline 3C-SiC films. Nevertheless, since the Raman
efficiency of SiC is only a tenth of that of the amorphous carbon [59], the strong D and
G bands do not imply an extremely large amount of amorphous carbon phase in the
3C-SiC films. A broad peak positioning at ~900 cm™! is attributed to the Si-C rocking
in Si-CH, [60-63]. The existence of the C-H bonding has been further confirmed by
the secondary ion mass spectrometry (SIMS) measurements [64]. Such an observation
indicates the presence of the amorphous SiC phase in both 3C-SiC films [60-63].
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 of 3C-SiC
crystal. Furthermore, a shift in the position of this SiC TO peak is observed. For the
microcrystalline and nanocrystalline 3C-SiC films, it shifts to lower wavenumbers
in comparison with that of the epitaxial 3C-SiC film, indicating reduced crystallinity
for both microcrystalline and nanocrystalline 3C-SiC films. However, a slight upshift
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of this SiC TO peak for a nanocrystalline SiC film in comparison with that of a
microcrystalline SiC film is reasonable. This is because the nanocrystalline 3C-SiC film
contains more amorphous phase, whose thermal expansion coefficient is different from
that of a microcrystalline 3C-SiC film. Moreover, the thickness of the nanocrystalline
3C-SiC film is different from that of the microcrystalline 3C-SiC film. These factors lead
to the different stress levels in the nanocrystalline 3C-SiC film, resulting in the upshift
of its Raman peak in comparison with that of the microcrystalline 3C-SiC film.

To get deep insight into the microscopic structures of nanocrystalline, microcrys-
talline, and epitaxial 3C-SiC films, their transmission electron microscopy (TEM)
images were recorded. As shown in Figure 1.3, the difference in crystal sizes of these
3C-SiC films is clearly seen even from their low magnification TEM images. For the
nanocrystalline 3C-SiC film, two kinds of crystals are present but with significant differ-
ence in their sizes, as indicated in Figure 1.3a with arrows. The small crystals are about
~5nm in size, whereas the large ones are tens of nanometers in size. They were con-
firmed to be 3C-SiC crystals by HRTEM measurements. As shown in Figure 1.3d, the
typical lattice fringes of these 3C-SiC crystals feature an interplanar spacing of 0.252 nm
for their {111} planes. Moreover, a certain amount of planar defects (twins and stacking
faults) is found in these crystals. Those twins and stacking faults lie parallel to the {111}
planes, as denoted by the circles in Figure 1.3d. Regardless of their higher crystallinity,

Figure 1.3 Low magnification TEM images of a nanocrystalline (a), a microcrystalline (b), and an
epitaxial (c) 3C-SiC film; HRTEM images of one typical 3C-SiC crystal in the nanocrystalline (d) and
microcrystalline (e) 3C-SiC film. The arrows in (a) indicate the 3C-SiC crystals with different sizes in the
nanocrystalline 3C-SiC film. The arrows in (b) and (c) indicate the existence of planar defects in the
microcrystalline and epitaxial 3C-SiC films. The circles in (d) denote the existence of planar defects, of
which positions are indicated with dashed lines in (e) [16]. Source: Reprinted with permission from ACS
publisher, Copyright 2015.
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planar defects (arrows) are also observed in the microcrystalline (Figure 1.3b) and
epitaxial (Figure 1.3¢) 3C-SiC films. Figure 1.3e shows the HRTEM image of one typical
3C-SiC microcrystal with planar defects indicated by the dashed lines. The formation of
planar defects is difficult to avoid. It is a very common phenomenon during the growth
of various SiC structures [56, 64]. This is because the formation energies of these planar
defects are low. During MWCVD processes, the energy generated by the mismatches
(e.g. lattice mismatch, thermal expansion coefficient mismatch, etc.) between the SiC
film and the substrate is sufficient to trigger the formation of these phase defects, lead-
ing to their high concentration in the crystals. Even though the existence of the planar
defects is clearly observable throughout the whole film, no small angle grain boundaries
exist in the epitaxial 3C-SiC film. This indicates such an epitaxial 3C-SiC film can be
viewed as a single 3C-SiC crystal but with a high density of planar defects. This result
is in good accordance with the Raman observation, where the epitaxial 3C-SiC film is
found to be composed solely of the 3C-SiC crystal without any amorphous phase.

Therefore, there are significant differences in the compositions of the nanocrystalline,
microcrystalline, and epitaxial 3C-SiC films. Both nanocrystalline and microcrystalline
3C-SiC films consist of amorphous carbon, amorphous SiC, and 3C-SiC crystals, while
the epitaxial 3C-SiC film is composed solely of 3C-SiC crystals. Moreover, there are
big differences in the crystal sizes of the nanocrystalline and microcrystalline 3C-SiC
films. Furthermore, both nanocrystalline and microcrystalline 3C-SiC films are poly-
crystalline, while the epitaxial 3C-SiC film shows perfect (001) orientation. In addition, a
large number of planar defects are incorporated in the 3C-SiC crystals for the nanocrys-
talline, microcrystalline, and epitaxial 3C-SiC films [16].

1.3.2 Electrochemical Properties

Understanding the mechanisms of charge transfer across the interfaces of various SiC
films and the electrolytes is of importance and significance. It is a basic prerequisite for
exploring the practical applications of these SiC films [65].

SiC has been tried more than 70 years ago as an electrode. Single crystalline SiC film
behaved in a similar way to a noble electrode [66]. Single SiC films were used to con-
struct impedance and temperature sensors. SiC based biomedical needles were used
for open-heart surgery monitoring and graft monitoring of organs during transporta-
tion and transplantation [67]. However, it was troublesome to get the right contacts due
to low conductivities of these films. Later, the nanocrystalline 3C-SiC film was found
to exhibit much higher electron mobility than a single crystalline SiC film [68, 69]. It
was thus employed as a novel electrode material for electrochemical applications (e.g.
for electrochemical sensing applications) [55, 70]. Moreover, the properties of 3C-SiC
films, especially their electrochemical properties, were found to be tunable through con-
trolling the microstructures of 3C-SiC films (e.g. crystallinity, crystal sizes, defects, and
composition, etc.) [16]. For example, by manipulating the deposition conditions (e.g.
power density, growth temperature, etc.) during MWCVD processes, the nanocrys-
talline, microcrystalline, and epitaxial (001) 3C-SiC films have been grown with altered
electrochemical properties [16].

First, these 3C-SiC films exhibited different electrical conductivities, as measured by
a four-point-probe technique. Both nanocrystalline and microcrystalline 3C-SiC films
possess a sheet resistance of ~3300Q cm~2, whereas the epitaxial 3C-SiC film only
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shows a sheet resistance of 86 Q cm~2. Their conductivities result from the existence of
defects in the 3C-SiC films (e.g. planar defects, grain boundaries, and the amorphous
phases). The average oxygen concentration of the nanocrystalline 3C-SiC film was
enhanced, and then the oxygen accumulated at crystal defects, resulting in much better
conductivity [68, 69]. According to experimental investigation [71] and theoretical
simulation [72], the planar defects in 3C-SiC films have high electrical conductivities,
which are even higher than those of heavily nitrogen doped (5x 10 cm™2) 3C-SiC
films. In contrast, the amorphous phases show low electrical activities [73, 74]. Even
though the nanocrystalline and microcrystalline 3C-SiC films contain significant
amounts of planar defects, the existence of amorphous phases at the grain boundaries
might resist the passage of the electric current between the SiC crystals, resulting
in increased resistivity. For the epitaxial 3C-SiC film, it is free of the amorphous
phases. In addition, anti-phase boundaries normally exist at the boundaries between
the (001)-oriented SiC crystals, which give a further rise in its electrical conductivity,
making the film even metallically conductive [75]. In this context, the epitaxial 3C-SiC
film presents a higher electrical conductivity in comparison with the nanocrystalline
and microcrystalline 3C-SiC films. Note that those 3C-SiC films were undoped.
However, according to the values of their electrical conductivities, these 3C-SiC films
could be applied as electrodes.

Prior to examining electrochemical properties of the nanocrystalline, microcrys-
talline, and epitaxial (001) 3C-SiC films, they were carefully cleaned to remove inorganic
and organic contamination. After that, the films were treated in a hydrofluoric acid
(HF) solution, resulting in OH-terminated surfaces [76, 77]. The double layer capacitive
behavior of these 3C-SiC films was investigated using cyclic voltammetry in both
aqueous (0.1M H,SO,) and non-aqueous (0.1 M tetrabutylammonium tetrafluorob-
orate in acetonitrile) solutions (Figure 1.4). The calculated double layer capacitances
of the epitaxial 3C-SiC film were 6.3 and 5.2pFcm™ in aqueous and non-aqueous
solutions, respectively. Higher capacitances of 14.2 pF cm™2 in the aqueous solution
and 10.9 pF cm™ in the non-aqueous solution were obtained for the microcrystalline
3C-SiC film. Taking into consideration the surface roughness of a microcrystalline
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Figure 1.4 Cyclic voltammograms of an epitaxial (1), a microcrystalline (Il), and a nanocrystalline (I1l)
3C-SiC film at a scan rate of 100mVs~"in 0.1 M H,SO, (a) and in 0.1 M tetrabutylammonium
tetrafluoroborate dissolved in acetonitrile (b). The currents were normalized with the geometric areas
of the 3C-SiC films [16]. Source: Reprinted with permission from ACS publisher, Copyright 2015.
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3C-SiC film, its specific capacitances were double those of an epitaxial 3C-SiC film.
The nanocrystalline 3C-SiC film possessed the highest double layer capacitances
(e.g. 72.7 uFcm™? in aqueous solutions and 48.5 uF cm™? in non-aqueous solutions,
respectively). Once the real surface area of this nanocrystalline 3C-SiC film was taken
into account, the corresponding capacitances were 56.8 and 37.9 uF cm~2, respectively.
Depending upon MWCVD deposition conditions for the nanocrystalline 3C-SiC
films, their double layer capacitances varied in the range from ~40 to ~100 pF cm—2.
In contrast to the nanocrystalline 3C-SiC film, the double layer capacitances of the
microcrystalline and epitaxial 3C-SiC films exhibited much narrower distributions [16].

The electrochemical activity of the nanocrystalline, microcrystalline, and epitaxial
(001) 3C-SiC films was examined in water-soluble redox probe (e.g. [Fe(CN),]>~/4~
[Ru(NH,)¢]**/3*) contained aqueous solutions as well as in organic solvent-soluble
redox probes (e.g. ferrocene and quinone) contained non-aqueous solutions [78].
Figure 1.5 shows cyclic voltammograms of four redox probes on the nanocrystalline
3C-SiC film. Well-defined redox waves are seen for all cases. The values of AE, (the
difference of the anodic peak potential from the cathodic peak potential) and 7,%/I Pred
(the ratio of the anodic peak current, Ipox, to the cathodic peak current, Ipred) are
130 mV, 1.0 for Ru(NHj;)42*/3* redox couple (Figure 1.5a); 120 mV, 1.0 for Fe(CN)3~/4~
redox couple (Figure 1.5b); 150mV, 1.0 for quinone (Figure 1.5¢); and 140 mV, 1.0
for ferrocene (Figure 1.5d), respectively. Both /7, and Ipred are proportional to the
square roots of scan rates from 10-200mV s~!. These results indicate that on the
nanocrystalline 3C-SiC film these four faradaic reactions are quasi-reversible and
controlled by the diffusion of those redox probes. Consequently, the nanocrystalline
3C-SiC film can be applied as a novel electrode material.
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Figure 1.5 Cyclic voltammograms of a nanocrystalline 3C-SiC film at a scan rate of 10mV s~ in 1.0mM
Ru(NH,)¢2*/3* (a) and 1.0 mM Fe(CN),3~4~ dissolved in 0.1 M KCl solution (b), as well as in 1.0 mM
quinone (c) and 1.0 mM ferrocene (d) dissolved in 0.1 tetrabutylammonium tetrafluoroborate solution
[78] Source: Reprinted with permission from Wiley. Copyright 2012.
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For the microcrystalline and epitaxial (001) 3C-SiC films, well-defined redox waves
are also observed in water-soluble redox probes (e.g. [Fe(CN)]3~/4~, [Ru(NH,),]**/3%)
containing aqueous solutions as well as in organic-solvent soluble redox probes (e.g.
ferrocene and quinone) containing non-aqueous solutions [78]. The peak currents are
proportional to the square roots of scan rates, indicating that the faradaic reactions
of those redox probes are controlled by their diffusion. Moreover, the reversibility of
the redox probes on all 3C-SiC films in aqueous solutions is better than that in the
non-aqueous solutions, judging from their values of AE, and E, —E,, (the difference
of anodic/cathodic peak from its half-peak potential). Further comparison of AE, and
E,—E,, for the same redox probe on different 3C-SiC films 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. The difference in the
reversibility of the redox probes originates from different charge transfer resistances
of these 3C-SiC films. For example, the lowest charge transfer resistance is about
580 Q for the epitaxial 3C-SiC film and the highest value is about 3300Q for the
nanocrystalline 3C-SiC film [16]. In conclusion, the measurements of four different
redox probes featuring varied electrode kinetics (e.g. the appearance of redox waves in
different potential ranges) on three 3C-SiC films suggest that three 3C-SiC films can be
applied in different media as well as in different potential ranges. However, the epitaxial
3C-SiC film presents the lowest double-layer capacitance and the highest reversibility
of redox probes, because of its perfect (001) orientation and high phase purity. The
highest double-layer capacitance and the lowest reversibility of redox probes have
been realized on the nanocrystalline 3C-SiC film, due to its concentration of grain
boundaries, amorphous phases, and high diversity in crystal sizes.

The electrochemical potential window of a nanocrystalline 3C-SiC film was further
measured in an aqueous solution (0.1 M H,SO,). The obtained cyclic voltammogram
was featureless in the scanned potential range [70], indicating that the SiC/electrolyte
interface is almost polarizable. The currents were stable with repeated sweeps and inde-
pendent of the composition and pH value of the electrolytes. As shown in Figure 1.6, the
capacitive current of the nanocrystalline 3C-SiC film is about 3-5 times smaller than
that of a glassy carbon electrode, but 20-50 times larger than that of a boron-doped
diamond electrode. Here, the boron concentration of this boron-doped diamond

Figure 1.6 Cyclic voltammograms of a 0.3
nanocrystalline 3C-SiC film (a), a glassy carbon
electrode (b), and a boron-doped diamond
electrode (c) in 0.1 M H,SO, at a scan rate of
100 mV s~'. The boron concentration of the
boron-doped diamond electrode is

5x 10%° cm~3 [70]. Source: Reprinted with
permission from from ACS. Copyright 2011.
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electrode is 5% 10% ¢cm™. Moreover, the increase in anodic current on this heavily
boron-doped diamond electrode is much faster than that on the nanocrystalline 3C-SiC
film when the potential is higher than 1.2 V. The decrease in cathodic current on this
heavily boron-doped diamond electrode is much faster than that on the nanocrystalline
3C-SiC film. Defined by a current density of 0.1 mA cm™ as the threshold, the deduced
potential window for a nanocrystalline 3C-SiC film SiC is about 3.0 V, which is slightly
narrower than that of the boron-doped diamond electrode (3.2V), but much wider
than that of a glassy carbon electrode (2.2 V).

Fundamental electrochemical studies on n-type 6H-SiC and 4H-SiC electrodes have
also studied the ferri-/ferrocyanide redox couple contained aqueous electrolytes [79].
To determine the energetic positions of the SiC band edges, as well as to investigate
the electron-transfer kinetics between SiC and the ferricyanide molecules, cyclic
voltammetry and impedance spectroscopy measurements were performed over a wide
potential range. For both n-type 6H-SiC and 4H-SiC electrodes, a broad distribu-
tion of surface states with energy levels close to the conduction band was found to
mediate electron transfer. This results in deviations of the observed charge transport
characteristics from the predictions of well-established models. Detailed evaluation
of the impedance data clarified further the correlation of the charge-transfer resis-
tances of ferricyanide reduction reactions with the potential-dependent distribution
of surface states [79]. The stability of n-type 6H-SiC photoelectrodes in buffered
aqueous electrolytes was also investigated using cyclic voltammetry [80]. In pure Tris
buffer, photogenerated holes accumulated at the interface under anodic polarization,
resulting in the formation of a porous surface oxide layer. To significantly enhance
the stability of the SiC photoelectrodes, two possibilities were then proposed. As
the first approach, redox molecules were added to the buffer solution and then hole
transfer to these molecules was kinetically facilitated. The second approach was to
induce water oxidation through depositing a cobalt phosphate catalyst on the SiC
surface. AFM and X-ray photoelectron spectroscopy (XPS) measurements confirmed
that both approaches effectively suppressed photocorrosion of the SiC electrodes [80].
Furthermore, surface polishing of n-type polycrystalline 3C-SiC film was achieved by
means of electrochemical etching, conducted in diluted HF solution under constant
applied current density. No UV illumination was applied [81]. Such electropolishing
led to a smooth 3C-SiC surface, which was flat and featureless. There was no sign of
intergranular corrosion or other degradation phenomena related to the polycrystalline
structure. After optimizing etching conditions (e.g. HF concentration, current density,
and etching time), the roughness of this polycrystalline 3C-SiC film was reduced by
more than half compared with its initial value [81].

1.3.3 Surface Chemistry

To expand the applications of SiC films, especially their electrochemical and biochemi-
cal applications, the surfaces of SiC films have been decorated with various terminations
and/or organic molecules [82-88].

1.3.3.1 Surface Terminations
Since SiC possesses both silicon and carbon atoms, SiC films have different surface
terminations. For example, cleaning (001) 3C-SiC films using HF as an oxide removal
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agent yielded Si-OH and C-H terminated surfaces [89]. Hydrogen passivation of SiC
surfaces by high-temperature hydrogen annealing has been theoretically discussed [90].
Hydrogenated hexagonal SiC {0001} surfaces offer the interesting possibility of gaining
insight into the formation of silicon- and carbon-rich reconstructions. This is due to
the fact that, to date, hydrogenation is the only method of providing oxygen-free sur-
faces with a C to Si ratio of 1: 1. The electronic properties of hydrogen-free SiC {0001}
surfaces are eluded. SiC {0001} surfaces are the only known semiconductor surfaces
that can be prepared in their unreconstructed (1 X 1) state with one dangling bond per
unit cell by photon-induced hydrogen desorption. These surfaces give indications of
a Mott-Hubbard surface band structure. Hydrogenation of 6H-SiC was also achieved
experimentally by high-temperature hydrogen treatment [91]. Hydrogenation was con-
firmed by the observation of sharp Si-H stretching modes on SiC(0001). The surfaces
showed no sign of surface oxide in XPS even after two days in air. The treated surfaces
showed a low-energy electron diffraction pattern, representative of unreconstructed
surfaces of extremely high crystallographic order. The absence of surface bending for
n- and p-type SiC films is indicative of electronically passivated surfaces with densities
of charged surface states in the gap of below 7 X 10'° and 1.7 X 102 cm~2 for p- and for
n-type SiC films, respectively [91].

A plasma-based method has been utilized to yield chlorine-terminated SiC surfaces
[92]. During such a process, the surface roughness of 6H-SiC film was not affected. A
significant reduction in oxygen and a corresponding rise of chlorine core level intensities
were found in the XPS results. These indicated halogen termination. Contact potential
difference and surface photovoltage measurements showed the formation of negative
surface dipoles and approximately flat band surface potentials after chlorine termination
of (0001) n-type 6H-SiC [92].

1.3.3.2 Surface Functionalization
Due to the existence of Si and C phases, both silicone and carbon chemistry have been
utilized for surface functionalization of various SiC films and nanostructures. Figure 1.7
summarizes some reported functionalization strategies.

A 3C-SiC surface has been thermally functionalized with 3-aminopropyl triethoxysi-
lane (APTES). In a sealed chamber, the SiC surface was coated with 200 ul APTES.
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Figure 1.7 Reported strategies for surface functionalization of various SiC films and nanostructures.
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The chamber was then heated up to 60°C for 10 minutes at 6 mbar and then further
increased to 150°C for 1 hour. Prior to such functionalization, SiC substrates were
cleaned in 50% HF solution with the intention of removing the native oxide on the
SiC surface. Meanwhile the hydroxyl-terminated surface was obtained. The XPS of
functionalized SiC films showed a prominent peak positioned at about 400 eV. This
approach was also conducted on SiC epi-layers. Thermal grafting of both alkylated
and fluorine-containing 1-alkynes and 1-alkenes onto SiC has been realized [93]. XPS,
infrared reflection—absorption spectroscopy (IRRAS), and near-edge X-ray absorption
fine structure (NEXAFS) spectroscopy measurements indicated that acetyl groups were
presented at the organic—inorganic interfaces of alkyne-modified SiC surfaces. The
static water contact angles measured on these interfaces were up to 120°. Using AFM,
the tribological properties of these organic monolayers were also explored. The fluo-
rinated monolayers exhibited significant reduction of adhesion forces, friction forces,
and wear resistance compared with non-fluorinated molecular coatings, and especially
bare SiC substrates. The successful combination of hydrophobicity and excellent
tribological properties makes these strongly bound, fluorinated monolayers promising
candidates for applications in high-performance microelectronic devices [93].

The wet-chemical functionalization of n-type (100) and (111)3C-SiC surfaces
has been demonstrated with self-assembled monolayers (SAMs) of amino-
propyldiethoxymethylsilane (APDEMS) and octadecyltrimethoxysilane (ODTMS)
[94]. These organic layers were found to be smooth and densely packed on 3C-SiC
surfaces. Confirmed from combined contact potential difference and surface pho-
tovoltage measurements, the heterostructure functionality and surface potential of
these SAMs were found to be tunable once different organosilane precursors were
utilized. Molecular dipoles significantly affected the work functions of the modified
surfaces. The magnitude of the surface band bending was reduced on the hydroxylated
surfaces with organosilanes, indicating that partial passivation of electrically active
surface states is achieved. Self-assembly of APDEMS and ODTMS onto 6H-SiC films
was also demonstrated [83]. The structural and chemical properties of these layers
were studied by contact angle measurements, AFM, thermal desorption, and XPS.
The organic layers were smooth and the wetting angles were up to 100°. Desorption
temperatures in the range of 557°C proved the covalent bonding of the organic silane
molecules to the SiC surface. The monolayers of 11-hydroxyundecyphosphonic acid
and 9,10-diphenyl-2,6-diphosphonoanthracene have been self-assembled on 6H-SiC
films [95]. Structural and chemical properties of these monolayers were investi-
gated through contact angle measurements, AFM, XPS, and Fourier transformation
infrared (FTIR) spectroscopy. Covalent bonding of the phosphates to both (0001)- and
(000-1)-oriented 6H-SiC crystal faces was confirmed. Electrical characterization was
achieved through contact potential difference and surface photovoltage measurements,
which revealed significant changes in the work functions of the substrates by monolayer
formation.

A short chain molecule of allylamine has been photochemically attached to 3C-SiC
films, as confirmed by SIMS and XPS measurements [96]. The maximum coverage
of allylamine on a 3C-SiC surface was achieved after four hours of UV illumina-
tion. With further UV illumination, allylamine cross-polymerized slightly with each
other. The allylamine dense monolayer was formed under UV illumination for four
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hours. From its XPS results, the maximum surface density was calculated to be
~4 x 10" molecules cm™.

The nanocrystalline 3C-SiC film has been modified using an electrochemical
approach, namely by means of electrochemical reduction of diazonium salts [70].
The attachment was confirmed by electrochemical, time-of-flight secondary ion mass
spectrometry (ToF-SIMS), and XPS measurements. Figure 1.8a shows voltammograms
for the reduction of 4-nitrobenzene diazonium salt on a nanocrystalline 3C-SiC
film. An irreversible reduction peak centered around —440 +60 mV (vs. Ag/AgCl) is
detected during the first cycle. The cathodic peak potential shifts toward more negative
potentials in subsequent cycles. The peak disappears after more than 10 cycles (dashed
line). The peak arises by the reduction of diazonium salt cations, yielding radical species
that covalently bind to the SiC surface. The decreased cathodic peak current and the
negative shift of the cathodic peak potential indicate the formation of an insulating
film, where either the reduction is halted or the electron transfer through the formed
film is kinetically slowed down as a function of time [97-99]. Moreover, the redox
currents of Fe(CN)>~*~ on a nitrophenyl layer functionalized SiC surface was strongly
suppressed. As shown in Figure 1.8b, such a functionalized surface exhibited in the
first cycle a large irreversible reduction peak at —1.10+0.05V (vs. Ag/AgCl) in the
aqueous solution of ethanol:water (V:V = 1:9). This is due to the electrochemical
reduction of nitrophenyl (Ar-NO,) groups to amine (Ar-NH,) or hydroxyaminophenyl
(Ar-NHOH) groups [97-99]. In the second and subsequent cycles, this reduction
peak was drastically diminished, indicating that nearly all electroactive nitrophenyl
groups are reduced in the first scan. The reversible couple at E,,, =—350+30mV
(vs. Ag/AgCl) appeared only after the first cycle, indicating an incomplete reduction
process of -Ar-NO, to -Ar-NH, [97-99]. The density of nitrophenyl on the SiC
surface, evaluated from the charge transferred for the wave at —1.10V (vs. Ag/AgCl),
was 3.1x 10 cm™ or 5.1%x 107 molcm™2. In SIMS, nitrogen-related characteris-
tic peaks (CN-, CNO~, NO,~, C.H,NO,~, and -OC,H,NO,") are clearly seen in
the functionalized areas. The XPS of a nitrophenyl-grafted SiC surface did present
a broad N peak where two sharp peaks at 399 and 406eV were simulated [100],
assigned to the NO, group and some reduced nitrogen-containing functionalities,
respectively.
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1.4 Electrochemical Applications of Cubic Silicon Carbide
Films

3C-SiC films feature wide potential windows, stable capacitance currents, and good elec-
trochemical response toward electroactive species. Therefore, they have been employed
as the electrode materials for various electrochemical applications.

1.4.1 Electrochemical Sensors

3C-SiC thin films have been used to construct electrochemical sensors. As an environ-
mentally friendly and alternative electrode material, nanocrystalline 3C-SiC film has
been employed as an electrode for anodic stripping voltammetric detection of trace
metal ions [101]. The obtained detection limits for Cu** and Ag* ions were as low as
6 and 4 ppb, respectively. In addition to the individual detection of these metal ions, the
3C-SiCelectrode also showed good capability and good reproducibility for simultaneous
detection of Cu** and Ag™ ions [101].

An electrochemical dopamine sensor was fabricated using epitaxial 3C-SiC film
[16]. This is because epitaxial 3C-SiC film shows a lower background current and
better reversibility for the redox probes in aqueous solutions than a nanocrystalline
SiC film [16]. In pH7.4 phosphate buffer solution containing 100 uM dopamine, a
well-defined oxidation peak appeared at 0.4 V. A small reduction peak was observable
at ~OV. An increase in the scan rates led to the proportional enhancement of the
anodic peak current densities. These results implied that irreversible oxidation of
dopamine on the epitaxial 3C-SiC film is a diffusion-controlled process, instead of
an adsorption-controlled one. Differential pulse voltammetry was adopted for the
monitoring of dopamine. The anodic peak current density was linearly enhanced with
the concentration of dopamine in the concentration range of 2—200 pM. The detection
limit was determined to be 0.7 pM or 0.1 mg1~! [16]. Although the limit-of-detection
of dopamine on the epitaxial 3C-SiC film was not as low as that obtained on other elec-
trodes reported in the literature [102], the workable concentration range for dopamine
detection on the epitaxial 3C-SiC film was still one to two orders lower than its concen-
tration in tissue (4—10 mg17!) [103, 104]. Therefore, the epitaxial 3C-SiC film is a suitable
and promising electrode material for electrochemical determination of dopamine.

1.4.2 Biosensors

Surface functionalized SiC films have been applied for biochemical applications. For
example, by utilizing self-assembled layers with functional terminal groups, immobiliza-
tion of proteins was demonstrated [83, 94, 95]. The bio-application of a nanocrystalline
3C-SiC film was also tested by attaching DNA [70]. The probe DNA was labeled with
a redox center of ferrocene moiety. The complementary DNA was labeled with a red
fluorescent marker of Cy5 dye. As shown in Figure 1.9a, the fluorescence image of a
bare 3C-SiC film shows no emission of red light, indicating no adsorption of DNA on
the surface of the film. After electrochemical grafting of a nitrophenyl layer and fur-
ther hybridization of probe DNA with complementary DNA onto the nanocrystalline
3C-SiC surface, the functionalized area showed a high intensity of red fluorescence,
indicating complementary DNA has been immobilized. The voltammogram of probe
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Figure 1.9 (a) Fluorescence microscopy image of a double-stranded DNA functionalized SiC
electrode, and (b) cyclic voltammograms of single-stranded DNA (solid line) and double-stranded DNA
(dashed line) modified 3C-SiC film in pH 7.4 phosphate buffer at a scan rate of 50 mV s~' [70]. Source:
Reprinted with permission from ACS Publisher, Copyright 2011.

DNA (single-stranded DNA) immobilized 3C-SiC film (Figure 1.9b) showed a couple
of redox waves of ferrocene moiety centered at £, = 0+ 5mV (vs. Ag/AgCl) and with
AE of 50 + 10 mV. These waves became smaller or even disappeared after hybridizing the
probe DNA with complementary DNA (double-stranded DNA). A decrease in the redox
current specifically indicates the presence of complementary DNA. Since the hybridized
DNA has increased rigidity, the access of the terminal ferrocene moiety to the 3C-SiC
surface is thus inhibited, leading to a reduced or absent redox current from the ferrocene
moiety of probe DNA. This method was simple, since either labeling target DNAs or
adding external electroactive species were needed.

The label-free electrical detection of DNA molecules has been reported using SiC
nanowire based field effect transistors (NWFETSs) [105]. Non-intentionally n-doped
SiC N'Ws with a length of approximately 2 pm and a diameter ranging from 25 to 60 nm
were grown using a bottom-up vapor-liquid—solid mechanism. The SiC NWFETSs were
fabricated and further functionalized with DNA molecules via covalent coupling of
an amino-terminated organosilane. The drain current vs. drain voltage characteristics
obtained after the DNA grafting and hybridization were measured and compared. As
a representative result, the current was lowered by 22% after probe DNA grafting,
and by 7% after target DNA hybridization. The current decrease confirmed the field
effect induced by the negative charges of DNA molecules. Moreover, the selectivity,
reproducibility, reversibility, and stability of the NWFET devices were studied by
dehybridization, non-complementary hybridization, and rehybridization experiments.
This first proof of concept opens the way for future developments using SiC-N'W based
sensors [105].

1.4.3 Energy Storage

SiC has been employed for the construction of supercapacitors and batteries as well as
for the loading of catalysts. For example, an electrochemical capacitor was constructed
using a nanocrystalline 3C-SiC film. This is because the nanocrystalline 3C-SiC film
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shows not only a relatively high double layer capacitance (40—100 pF cm~2, depending
on the growth conditions), but also long-term stability of its capacitance. Moreover,
SiC features high thermal and long-term chemical stability in harsh physicochemical
environments [65, 106, 107]. Figure 1.10a depicts the cyclic voltammetric curves of
nanocrystalline 3C-SiC film in 0.1 M H,SO, at different scan rates [16]. For all the scan
rates considered, the quasi-rectangular shape of the curves is clearly observable in the
potential range scanned. The curves are symmetric, as expected for a typical electrical
double layer capacitor (EDLC). Its charging—discharging behavior at different current
densities (4—80 uA cm~2) is shown in Figure 1.10b. For all current densities tested, the
anodic charging segment is symmetric to the cathodic discharging counterpart, indi-
cating the high reversibility of this EDLC. Its specific capacitance was calculated to be
70 pF cm™2 at a scan rate of 10 mV s™!. Nevertheless, only 34% reduction in its capac-
itance is observed, even with a 20-fold increase in the scan rate. As summarized in
Figure 1.10c, the specific capacitance decreases by only 25% (from 65 to 43 pF cm™2)
in the case of altering charging current density from 4 to 80 pA cm~2. Therefore, an
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Figure 1.10 The performance of a nanocrystalline 3C-SiC film based EDLC in 0.1 M H,SO,: (a) cyclic
voltammetric curves at different scan rates, from inside to outside: 10-200 mV's™'; (b)
charging-discharging curves with different current densities; (c) specific capacitance as a function of
scan rates and charging current densities; (d) the variation of capacitance with charging-discharging
cycles. The current densities were normalized with the real surface area of the nanocrystalline 3C-SiC
film [16]. Source: Reprinted with permission from ACS Publisher, Copyright 2012.
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excellent rate performance has been achieved on the nanocrystalline 3C-SiC film based
EDLC. In addition to its high specific capacitance, the cyclic stability of the 3C-SiC
film based EDLC was examined. As shown in Figure 1.10d, the nanocrystalline 3C-SiC
retains 94.8% of its initial capacitance after 10 000 cycles. These results are comparable
with those constructed using carbon materials (>80%) [108, 109], indicating a very high
cyclic stability of the nanocrystalline 3C-SiC film based EDLC.

To further improve the capacitances of SiC-based supercapacitors, the usage of
thin SiC films with high geometric areas or SiC nanostructures (e.g. wires, particles,
etc.) has been proposed. For example, an activated carbon-derived SiC nanoparticle
showed a specific capacitance of 114.7 Fg~! at a current density of 0.12 A g~! [110]. A
CVD-fabricated SiC NW showed an areal capacitance of 240 pF cm~? at a scan rate of
100 mV s~! [111].In 0.1 M H,SO, solution, a 3C-SiC NW synthesized on graphite paper
(GP) by a carbothermal reduction method exhibited specific capacitances of 25.6, 37, 28,
and 28 mF cm™2 at current densities of 0.2, 0.3, 0.5, and 2.0 A cm~2, respectively. These
values remained unchanged even after 2000 cycles, showing excellent capacitance reten-
tion [112]. A SiC nanocauliflower featured a specific capacitance of up to ~300 Fg~! at
a scan rate of 5mV s~1. With a working voltage of 1.8V, a fabricated symmetric super-
capacitor device delivered a specific capacitance of 188 Fg~! at a scan rate of 5mV s,
capacitance retention of 97.05% after 30 000 cycles, an energy density of 31.43 W h kg1,
and a power density of ~18.8kWkg™! at 17.76 Whkg™! [113, 114]. However, it is
still a great challenge to fully utilize active SiC electrode materials [114—116]. Further
integrating SiC nanostructures with other metal oxides or conducting polymers is
proving to be an alternative approach for further enhancement of the performance of
SiC-based supercapacitors. For example, coating SiC NWs with Ni(OH), and MnO,
improved the specific capacitances up to 1724 and 273.2 F g™}, respectively [117, 118].

Besides electrochemical capacitors, SiC films have been identified as possible anode
materials for rechargeable lithium batteries [119-121]. Note that SiC bulk is generally
regarded as electrochemically inactive in lithium-ion batteries (LIBs). However, very
recently, a few reports revealed that SiC could serve as an anode material for LIBs.
For example, a nanocrystalline SiC film grown on metallic current collector substrates
by means of modified PECVD exhibited a reversible reaction with Li ions [119]. The
CVD-grown SiC film consisted of nanocrystalline 4H-SiC surrounded by amorphous
SiC networks. As the anode, such a film exhibited a specific discharging capacity of
309 mA hg™!, which was stable over 60 cycles at different charging and discharging
rates. The formation of Li,C layers in lithiation was proposed. Cubic nano-SiC,
prepared by a CVD method, has also been used as an anode for lithium insertion. A
reversible lithium insertion was reported with a capacity of about 1200 mA h g™ over
200 cycles [120]. Bead-curtain shaped, SiC-coated SiO, (by convention, SiC@SiO,)
core-shell nanowires (SiC@SiO,-CSN'Ws) have been synthesized on GP [121]. Bare
SiC N'Ws (SiCNWs) were also fabricated on GP. These as-prepared SiCN'Ws and
SiC@SiO,-CSN'Ws (without addition of binder or electron conductive materials) were
directly used as working electrodes for lithium batteries. For example, SiCN'Ws exhib-
ited high specific capacities and good cycling stabilities, ascribed to the unique NW
structure, effectively buffering volume changes upon repeated alloying and de-alloying.
Comparatively, SiC@SiO,-CSNWs presented much better electrochemical properties.
The conducted intensive TEM and FTIR measurements revealed that the SiO, shell
effectively separated the direct contact between active SiC and the electrolyte, thus
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suppressing the rapid growth of solid electrolyte interface film in repeated cycling,
and stabilized the structure of active material [121]. SiC@Si core-shell NWs have been
synthesized on carbon paper via a two-step CVD method. Without any additional
binder, they have been further employed as a hybrid anode for lithium-ion batteries
[122]. Silicon was selected because it is considered one of the most promising anode
materials for next-generation LIBs due to its high theoretical capacity. However, its
large volume changes during electrochemical cycling limit its commercial applica-
tion. The synthesized SiC@Si NWs exhibit high specific capacity, high coulombic
efficiency, and good cycling stability. After 50 cycles, the discharge capacities remained
2837 and 1809 mAhg™! at rates of 0.1 and 0.5C, respectively. The influence of the
growth time of SiC N'Ws and the thickness of Si film on the performance of LIBs was
also considered [122].

Combining these results with the high cyclic stability of SiC films and nanostructures,
one can believe that they are very promising candidates for the construction of stable,
reversible, and long lifetime capacitors and batteries. There is tremendous potential for
SiC films and their nanostructures as electrodes in energy storage and conversion appli-
cations.

1.4.4 Other Applications

SiC films and their nanostructures have been used for electrocatalytic and related
applications. For example, core-shell structured SiC@C (namely a nanoscale SiC core
and a graphitic carbon shell) has been used as a support to load electrocatalysts for
direct methanol fuel cells [123]. The SiC@C was prepared by graphitization of nano-SiC
under a vacuum of 1073 Pa at 1500°C. The epitaxially grown carbon layer had a high
conductivity and an affinity for Pt metal catalysts, while the SiC core retained its high
stability. Pt electrocatalysts supported on SiC@C (Pt/SiC@C) were prepared using a
microwave heating method. The Pt/SiC@C electrocatalyst had much higher catalytic
activities than the Pt/SiC electrocatalyst toward methanol electro-oxidation and
oxygen reduction reactions. More significantly, the Pt/SiC@C electrocatalyst showed
greater stability in comparison with the traditional Pt/C. The superior electrocatalytic
performance of Pt/SiC@C has been ascribed to a high dispersion of Pt nanoparticles
on the SiC@C support, and high stability of the SiC@C support in acid solutions.
Bio-inspired N-doped SiC/Mo composite has proved to be a green and cost-effective
alternative for practical desulfurization of fuel [124]. This is because M0oO,, Mo,C, and
MoSi, particles dispersed well on the surface of N-doped SiC composite. It has shown
superior catalytic properties in oxidative desulfurization of model fuel (99.6%).

1.5 Conclusions

By use of different techniques and under different growth conditions (e.g. growth tem-
perature, power density, precursor, etc.), various 3C-SiC films and nanostructures have
been grown. These materials feature changed properties, ranging from their morphol-
ogy (e.g. crystallinity, defects, phase composition, roughness, etc.), conductivities, and
interfacial properties (e.g. surface reactivity, capacitive and faradaic behavior, etc.). The
structural heterogeneity of SiC films actually determines their properties. For example,
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surface conditions of the SiC films (e.g. crystal orientation, composition, surface
functional groups, etc.) drastically affect the formation of electrical double layers and
charge transfer kinetics during electrochemical processes. Therefore, the performance
of the applications (e.g. detection limits for electrochemical sensing, capacitances for
electrochemical capacitors, etc.) of different SiC films and nanostructures is varied. For
example, a high-performance supercapacitor and a sensitive dopamine electrochemical
sensor were demonstrated using a nanocrystalline 3C-SiC film and an epitaxial 3C-SiC
film, respectively.

However, more detailed and in-depth studies are still required in order to explore
various SiC films and nanostructures for different applications. Regarding the growth
of SiC films and their nanostructures, currently established methods always involve
toxic reagents and solvents. Moreover, some byproducts always remain that might limit
the overall performance of SiC materials, especially SiC nanomaterials. With respect to
the characterization and property investigation of SiC films and their nanostructures,
most of them are only qualitatively discussed. Quantitative studies are of course
needed in some cases to distinguish clearly their property differences (e.g. crystallinity,
crystal orientation, phase composition, defects, roughness, surface reactivity, surface
functional groups, capacitive and faradaic behavior, etc.). For example, the sources
of the conductivities of various SiC films, as well as how to further improve or tune
their conductivities, have to be clarified. Doping of SiC films and their nanostructures
with different dopants needs to be conducted, and their conductivities as well as
electrochemistry (e.g. electrochemical potential window, double-layer capacitance,
and redox activity, etc.) should be investigated. To compare with previously reported
robust electrodes such as boron-doped diamond electrodes, the effects of surface
termination, the conductivities (resulting from dopants and doping levels), and crystal
structures/polytypes of SiC films on the electrochemical properties of SiC films and
nanostructures need to be investigated. The stability of SiC films and their nanos-
tructures at high positive potentials or with strong oxidative reactants (namely the
oxidation of silicon atoms on the surface of SiC films and their nanostructures), various
approaches to modify SiC films and their nanostructures by use of silicone and/or
carbon chemistry (more exactly the reaction sites — carbon or silicon atoms during
functionalization processes), and the employment of functionalized SiC surfaces for
electrochemical and biochemical applications should be considered. As for the applica-
tions of SiC films and their nanostructures, more strategies are still needed. Taking the
construction of SiC-based supercapacitors as an example, only the surfaces of active
SiC materials contribute efficiently to the total capacitance, while most of SiC materials
below the surface do not take part in the electrochemical processes, leading to lower
specific capacitances than expected. For SiC-based lithium batteries, the interaction
of lithium ions with active SiC materials has not been clarified. For the biosensors
and biointerfaces based on SiC films and their nanostructures, more experiments are
still required to evaluate their performance with respect to sensitivity, stability, and
detection limits. In particular we require more knowledge of the reaction efficiency of
SiC films and their nanostructures with biomolecules (e.g. DNA), investigation of the
linker density, and the reaction conditions (e.g. reaction time, reaction temperature,
the concentration and amount of biomolecules, etc.).

In summary, SiC films and their nanostructures are fantastic materials featuring
many unique physical and chemical properties. More applications of SiC films and
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their nanostructures in different fields are highly expected, such as in the fields of
electrochemical and biochemical sensing as well as electrochemical energy storage and
conversion.
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