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ABSTRACT: Single-crystal cubic silicon carbide has attracted
great attention for MEMS and electronic devices. However,
current leakage at the SiC/Si junction at high temperatures
and visible-light absorption of the Si substrate are main
obstacles hindering the use of the platform in a broad range of
applications. To solve these bottlenecks, we present a new
platform of single crystal SiC on an electrically insulating and
transparent substrate using an anodic bonding process. The
SiC thin film was prepared on a 150 mm Si with a surface
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roughness of 7 nm using LPCVD. The SiC/Si wafer was bonded to a glass substrate and then the Si layer was completely
removed through wafer polishing and wet etching. The bonded SiC/glass samples show a sharp bonding interface of less than 15
nm characterized using deep profile X-ray photoelectron spectroscopy, a strong bonding strength of approximately 20 MPa
measured from the pulling test, and relatively high optical transparency in the visible range. The transferred SiC film also
exhibited good conductivity and a relatively high temperature coeflicient of resistance varying from —12 000 to —20 000 ppm/K,
which is desirable for thermal sensors. The biocompatibility of SiC/glass was also confirmed through mouse 3T3 fibroblasts cell-
culturing experiments. Taking advantage of the superior electrical properties and biocompatibility of SiC, the developed SiC-on-
glass platform offers unprecedented potentials for high-temperature electronics as well as bioapplications.
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S ilicon carbide with its superior physical and chemical
properties, has been considered a versatile material for a
broad range of applications, including high power electronics,
high temperature sensors, and bio sensing devices.' > Because
of the large energy band gap ranging from 2.3 to 3.4 eV and
high breakdown voltage, SiC has been employed in commercial
diodes and transistors with an operating voltage ranging from
600 to 1200 V.** In addition, the thermal stability of SiC also
allows the development of sensors for high temperature
operations which exceed 500 °C. For example, numerous
sensing effects including the piezoresistance and thermoresist-
ance in SiC have been utilized to develop Micro Electro-
mechanical Systems (MEMS) transducers which can be
operated in harsh environments.”'" Furthermore, because
SiC is almost transparent to the visible light and also chemically
stable, numerous SiC-based in vivo medical devices have been
developed."'~'® For instance, SiC has been utilized as coating
layers for surface passivation of invasive devices,'” substrates for
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Silicon carbide exists in more than 200 poly types.”>**

Among these, a-SiC (e.g,, 4H-SiC, 6H-SiC) and f-SiC are the
most well-known crystals. Compared to a-SiC, S-SiC (also
known as 3C-SiC) is more favorable for MEMS devices since it
can be grown on a Si substrate.”>~*” The use of a Si substrate
enables large scale deposition of 3C-SiC thin films, which could
significantly reduce the cost of 3C-SiC wafers in comparison to
a-SiC. In addition, SiC-on-Si wafers can also be patterned using
standard micromachining processes, whereas the fabrication of
bulk SiC wafers is relatively challenging due to their chemical
inertness. However, current leakage between SiC and Si due to
thermal excitation, and plastic deformation of Si prevents the
use of SiC/Si at high temperatures.”*”” A number of attempts
have been made to transfer SiC onto different substrates. These
attempts have relied on the diffusion bonding (poly Si to poly
Si bonding) or thermal bonding (SiO, to SiO, bonding) to
form SiC on insulator wafers (SiCOI of SiC/SiO,/Si).”" —>*
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The requirement for an ultrasmooth buffer layer such as SiO,
formed by sputtering/oxidation and polishing or SiO,/poly-Si
typically complicates the bonding process. In addition, as Si
absorbs visible wavelengths, the SiC/SiO,/Si template
eliminates the transparency-advantage of bulk SiC wafers.*’
Furthermore, to date, there has been no report of bonding SiC
wafers with diameters above 4 in., which is critical for low-cost
and batch fabrication of MEMS devices.

Here we present a new platform of single-crystalline 3C-SiC
on glass, which is a transparent and -electrical-insulating
substrate, formed by the anodic bonding technique. This
technique allows direct bonding of large scale wafers with
diameters of 6 in. without the requirement for any buffer layer.
The fabricated SiC/glass wafer showed a sharp bonding surface
characterized using deep profile XPS, as well as good
crystallinity measured using Raman spectroscopy. The adhesion
strength between the two substrates was also investigated using
a pulling test, showing a high tensile strength of 20 MPa. In
addition, the excellent electrical insulation of the substrate as
well as the transparency of SiC/glass indicate the potential of
the developed platform for high-temperature electronic as well
as bioapplications.

Single-crystalline 3C-SiC thin films were grown on Si
substrates using a low pressure chemical vapor deposition
process (LPCVD). Prior to the deposition, Si wafers were
cleaned using a standard RCA process. The growth process was
then conducted in a hot wall chamber SPT EpiFlx, at a
temperature of approximately 1000 °C. Alternating supply
epitaxy (ASE) was employed as growth process, with SiH, and
C;Hg as the precursors for Si and C atoms, respectively. Our
LPCVD reactor could deposit SiC films on both sides of at least
50 Si wafers in one process (see the Supporting Information).
The grown 3C-SiC films exhibited unintentional n-type
conductivity, which is considered to be due to the presence
of nitrogen residual gas. A detailed description of the SiC thin
film characterization can be found elsewhere,>> where the SiC
epilayer was confirmed to be single crystal aligning in [111]
directions, based on a 6-20 Rocking scan. The thicknesses of
the films were measured to be approximately 300 nm using
NANOMETRICSNanospec/AFT 210. Figure la shows an
AFM image of a S ym X 5 um area of the as-grown film
measured using a noncontact mode with ParkNX20. Accord-
ingly, the surface roughness of the SiC film was found to be
approximately 7 nm, which is typically sufficient for a standard
anodic bonding process.

The as-grown SiC/Si wafers were then subjected to the
anodic bonding process, performed using EVGS20IS hot
embosser at a pressure between 1.5 and 2.5 kN and bias
between —200 to —1000 V. Prior to the bonding step, all wafers
were piranha (H,SO,:H,0, with a ratio of 3:1) cleaned to
reduce surface contamination. The anode electrode was then
applied to the SiC/Si wafer while the cathode electrode was
connected to the glass wafer (6 in. 1 mm thick Borofloat 33
from University Wafers), Figure 1b. The positive charges in the
glass wafer were attracted to the cathode, leaving a depletion
layer at the SiC/glass interface. As a result, the oxide negative
charges in the glass moved toward the anode and diffused into
the SiC to form chemical bonding between the SiC and glass
substrate.”” Figures lc—e show SiC/Si wafers bonded to glass
wafers with different parameters, listed in Table 1. It can be
seen that increasing pressure resulted in a larger bonding area.
In addition, the plasma treatment using OxfordNGP80 with 50
W RF power, and 20 sccm O, flow rate for 60s also significantly
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Figure 1. Anodic bonding process. (a) AFM image of a SiC film prior
to bonding; (b) configuration of the bonding process; (c—e)
photograph of wafers bonded with different parameters.

Table 1. Bonding Parameters of SiC/Si Wafers to Glass
Wafers

sample 0, HT time piston

number  cleaning plasma  voltage step (V) (min) force (N)
1 yes no —200/—400/— 10/10/20 1500
600
2 yes no —200/—400/— 5/5/10/20 2500
600/—800
3 yes yes  —200/—500/— 5/5/10/20 2500
700/—1000

enhances the bonding surface of the wafers. As such, using a
high pressurized force of approximately 2.5 kN and the O,
plasma treatment, 98% of the SiC surface area was successfully
bonded to the glass surface. There was no crack and no
significant wafer bow in the bonded 150 mm-diameter wafers.

To form SiC on insulator (ie., glass), the top Si layer was
completely removed using the mechanical polishing followed
by wet etching. In the mechanical polishing step, the pressure
applied to the Si/SiC/glass sample was set at approximately
170 kPa, whereas the rotational speed was 40 rpm. The Si
removal rate was measured at 10 gm/min with a calcined
aluminum oxide powder. The polishing process was stopped
once the thickness of Si layer reached S to 10 pm, and then the
remaining Si was completely removed using wet etching in a
HNA solution (HF:HNO,;:CH;COOH with a ratio of 2:2:3) at
room temperature. Because of its chemical inertness, SiC was
not attacked by HNA solution. Figure 2a shows a bonded Si/
SiC/glass chip, and a SiC/glass sample after Si removal. It
should also be pointed out that the SiC films bonded to glass
substrate was reflected with respect to the original SiC films on
Si wafers. This means that, the high-density-of-defect SiC layer
at the vicinity of the initial SiC and Si interface™® is on the top
surface after bonding and Si-removing. Subsequently, this
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Figure 2. (a) Fabrication of SiC/glass chip (It should be noted that
since SiC was deposited on both sides of a Si wafer, the initial
configuration of the bonded chip was SiC/Si/SiC/glass. The top SiC
layer and the Si layer underneath were then removed using wafer
polishing). (b) Setup for transmittance measurement. (c) Trans-
mittance of SiC/glass measured at different wavelengths of 485, 532,
and 633 nm, respectively.

highly density defect layer could be simply removed using a
top-down etching process, improving the uniformity and
quality of bonded SiC layer. Further investigation into the
electrical properties of SiC/glass before and after removing the
high density of defect layer will be carried out in the future
work.

SiC/glass exhibits excellent transparency at visible wave-
lengths. The optical transmittance of the SiC/glass was
measured using the experimental setup shown in Figure 2(b),
where the intensity of transmitted light through SiC/glass was
monitored using a photo detector. Experimental data show that
the SiC/glass film exhibits relatively large transmittance of 63%,
86%, and 60% at wavelengths of 485 nm (blue), 532 nm
(green), and 633 nm (red), respectively, as shown in Figure 2c.

In addition, the dependence of the transmittance on different
wavelength also indicates the possibility of using this new
platform for optical filtering applications.

The X-ray photoelectron spectroscopy (XPS) analysis of the
bonded wafer was performed using a KratosAXIS Ultra under
ultrahigh vacuum conditions, where the X-ray radiation was
generated from a monochromatic Al X-ray source at 225 W. Ar
ions were utilized to etch the layers of interest with an etching
rate of 1.92 nm/min for SiC and 3.6 nm/min for the glass layer.
Figure 3a shows a 3D-plot of the XPS depth profile of a 100 ym
X 100 pm area, after a total etching time of 10,000 s. The
layer=by=layer XPS survey scan was performed for each 100 s
etching cycle, showing the binding energies of the constructing
element (e.g, Si, C, O). The profile of each layer can also be
differentiated from the binding energy with its corresponding
atomic concentration. The similarity of the binding energies
peaks also indicates the uniformity of the films (e.g., the SiC
films plotted with the blue curves). Figure 3b—e show the XPS
spectra of the top layer, the bulk SiC layer, the SiC/SiO2
interface, and the bulk SiO2 layer, respectively, which were
extracted from Figure 3a. Accordingly, a binding energy peak at
530 meV corresponding to the oxide element was found in the
top layer of the SiC film (less than 3 nm), indicating that the
SiC film was slightly oxidized (see Figure 3b). However, when
removing the top layer through the first Ar ion bombardment
step, the peak at 530 eV disappeared, and only Si and C
element was detected in the bulk SiC layer. When the ion
etching reaches the interface, all O 1s (530 eV), C 1s (285 V),
and Si 2p (100 eV) peaks were clearly observed (see Figure
3d). Finally, when etching through SiC layer and deep into the
SiO, layer, the binding energy at 285 eV corresponding to C 1s
disappeared, leaving the peaks corresponding to Si and O
elements. Furthermore, from the atomic concentration of
elements against the etching depth plotted in Figure 3e, the
thickness of the bonding interface was found to be less than 15
nm, which is much smaller than that of the SiC films on glass
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Figure 3. Depth profile X-ray photoelectron spectroscopy of the bonded SiC/glass sample. (a) 3D plot of the XPS along the deepness of the SiC
films; XPS survey spectra for different layers: (b) top SiC surface, (c) SiC film, (d) interface and (e) bulk glass; (f) atomic contribution of Si, C, and

O.
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substrates. The thin bonding area is favorable because it is
expected not to induce significant damage into the entire film.

The crystallinity of the SiC films was also investigated using
Raman scattering with a RenishawinVia Raman microscope at a
wavelength of 514 nm. Figure 4 shows the Raman shift of the
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Figure 4. Raman spectroscopy of prebonding and bonded SiC films.

SiC film before and after bonding (with Si layer being
removed). For the SiC film grown on Si substrate a transverse
optical phonon peak at 796 cm™ and a longitudinal optical
phonon at 960 cm™ was observed. However, the LO peak was
relatively broad which is considered to be caused by the
influence of the silicon second phonon peak at 950 cm™". This
effect typically causes the signal obtained from the LO peak of
the epitaxial 3C-SiC to be less informative for film analysis. In
the transferred film, both TO and LO peaks were clearly
observed, indicating a good crystallinity. In addition, since the
Si layer was removed, the influence of the Si substrate on the
SiC layer was completely eliminated. The sharp TO and LO
peaks in the transferred film effectively enable further
investigation into the properties of films (e.g, residual strain,
and thermally induced strain) which can be performed using
the Raman shift.

The bonding strength between SiC and glass was evaluated
by a pulling test with a tensile pulling machine ShimadzuAG-X
(see Figure Sa). In this experiment, Si/SiC/glass chips with a
surface area of 10 mm X 10 mm were attached to the copper
jigs of the pulling tester by epoxy as shown in Figure Sb. The
applied tensile stress was recorded until the sample reached the
fracture point. Experimental data showed that the tensile
strength of all samples ranged from 20 to 25 MPa. It should be
noted that, the fracture surface occurred in the glass layer,
indicating that the tensile strength of the anodic bonding
between SiC and glass could be well above the tensile strength
of glass. Our data are in good agreement with those reported
for anodic bonding of Si wafers.”” The result indicates the
excellent bond strength of SiC/glass interface, which is suitable
for the development of MEMS mechanical sensors.

The transferred SiC films with their high optical trans-
mittance and mechanically strong bonds are ideal for MEMS
sensing applications. The following experiments were carried
out to demonstrate SiC/glass as thermo-based sensors utilizing
the thermoresistive effect of the SiC films. A 200 nm Ni layer
was sputtered (using SurreyNanoSystems-y) and then

SiC
| |
Si
—
. Glass
‘j =
Bonding
interface

Glass layer

Figure S. Evaluation of bonding strength by pulling test. (a) Schematic
sketch of experiment setup; (b, c) Fracture surfaces occurred in the
epoxy and glass layers, respectively.

patterned using lift-off (photoresist AZ6612) to form electrical
contact with the transferred SiC films. Figure 6a shows the
current—voltage (I-V) curves of SiC resistors with a width of
10 mm, while the length varying from 1 to 3 mm, measured
using a power device analyzer AgilentB150SA. The linearity
between the applied voltage and the measured current
indicated that a good Ohmic contact was formed between Ni
and n-type SiC. The proportion of the current and the length of
the SiC resistors also indicates a low resistance contact of below
100 € using the transmission line method. Because glass is an
excellent insulating material, the current leakage from SiC to
the substrate was found to be extremely low; below 10 pA at
room temperature and up to 300 °C. In addition, the resistance
of SiC films returned to its initial value after several heating
cycles (where the temperature was increased to 300 °C and
then returned to 25 °C). The excellent long-term stability of
SiC resistance at high temperatures is attributed to its extremely
low oxidation rate in comparison to that of Si (see the
Supporting Information). Furthermore, no crack was generated
in the SiC films throughout the heating and cooling
experiments, indicating its mechanical robustness for high-
temperature applications.

The SiC on glass was patterned into resistors which can
perform as a highly sensitive thermal sensor. The relationship
between temperature and resistance changes of n-type 3C-SiC
was plotted in Figure 6b. Evidently, the resistance of the n-type
3C-SiC significantly decreased with increasing temperature.
This result is attributed to the fact that the conduction of the n-
type SiC film was thermally activated because of the ionization
of impurities, leading to an increase in the carrier concen-
tration.*” The magnitude of the thermoresistive effect of n-type
3C-SiC can also be quantified using the temperature coefficient
of resistance (TCR): TCR = (AR/R,)/AT. As shown in Figure
6¢, the TCR of the transferred film was found to be —20 000
ppm/K at room temperature and dropped to —12 000 ppm/K
at 70 °C. This TCR is comparable to that of amorphous Si but
the thermoresistance of transferred SiC offers several
advantages over Si.*' As such, the SiC resistance exhibits
excellent temperature-stability under visible light due to its
large optical band gap of 2.94 to 3.5 eV in comparison to the
photon energy in the visible range of 2 to 2.5 eV. This allows
SiC/glass-based temperature sensors operating under visible
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Figure 6. Electrical properties of the bonded films. (a) IV characteristic; (b) change of resistance against temperature; (c) temperature coefficient of

resistance; (d) Demonstration of SiC/glass heater.
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Figure 7. Cell morphology and growth on the SiC surface. (a) Photograph of a SiC/glass chip with a PMMA reservoir. Cell growth with (b) the
SiC/glass template and (c) control, showing that 6 h after cell seeding, cells were attached onto the surface. After 12 and 18 h, further adherence and

cell-to-cell contact was observed. Scale bar: 100 ym.

light illumination (e.g., microscope) without the requirement
for photon compensation.*

As well as temperature sensing, the transferred film can also
be used as a heater for bioapplications such as thermal therapy
devices. The elimination of the leakage current to the glass
substrate enables the application of a large current through a
SiC resistor, generating relatively high temperatures caused by
the Joule heating effect. As a proof of concept, we applied
relatively high voltage to the SiC resistor with dimensions of 10
mm X 1 mm. The temperature distribution on the SiC heater
obtained from an IR camera demonstrated the capability of
generating the temperature of SiC above 100 °C with a
sufficiently high voltage (e.g,, 57 V). It is also evident that the
temperature of the heater is controllable by varying the applied
voltages.

The biocompatibility of the SiC/glass platform was
demonstrated in the following cell culturing experiments. A
PMMA reservoir with a diameter of 6 mm was attached to a
SiC/glass chip with dimensions of 10 mm X 10 mm, as shown
in Figure 7a. The transparency of the SiC/glass chip enables
observation of cell growth under a typical inverted optical
microscopy. Prior to cell culturing, the surface of SiC was
cleaned and treated with ethanol and UV exposure.
Subsequently, mouse 3T3 fibroblasts cells were grown on SiC
surface and a standard cell culture dish for comparison. A
detailed description of the methodology used for cell culture
and imaging is presented in the Supporting Information. Figure
7b shows the growth and adhesion of the fibroblast cells on the
SiC substrate for every 6 h within a period of 18 h using a
NikonEclipseTs2 microscope. Phase contrast imaging of cells,
over 6 h culturing on the SiC film showed that fibroblast cells
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closely attached to the SiC surface. After 12 h, the healthier cell
adhesion was observed and cell morphology appeared to be the
typical fibroblast. Evidently, these cells extensively spread their
cytoplasmic projection, which is important to anchor them to
the SiC surface. As expected, after 18 h, cells were able to
sustain adherence and established contact with neighboring
cells. Similar observations were also recorded in cells grown in a
standard cell culture dish, which is represented as a control
surface, as illustrated in Figure 7c. The resulting morphologies
and cell behavior reveal the cyto-compatibility of the SiC
substrate as well as its potential for the integration of
electronics and cell culture.

In conclusion, we demonstrated for the first time the large-
scale transfer of a single-crystalline 3C-SiC thin film on an
electrically insulating and optically transparent glass substrate,
using anodic bonding. The bonded SiC films show excellent
crystal quality and relatively sharp bonding interface with an
excellent adhesion between the SiC and glass, which is suitable
for MEMS mechanical sensors. The good electrical con-
ductivity, stability under visible light, relatively high TCR, and
biocompatibility making the developed SiC on glass a
promising platform for future development of not only high-
temperature sensing and electronics but also bioapplications.
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