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4H-Silicon Carbide as an Acoustic
Material for MEMS

Yaoyao Long™, Zhenming Liu, and Farrokh Ayazi, Fellow, IEEE

Abstraci—This article discusses the potential of 4H-
silicon carbide (SiC) as a superior acoustic material for
microelectromechanical systems (MEMS), particularly for
high-performance resonator and extreme environments
applications. Through a comparison of the crystalline
structure along with the mechanical, acoustic, electrical,
and thermal properties of 4H with respect to other
SiC polytypes and silicon, it is shown that 4H-SiC
possesses salient properties for MEMS applications,
including its transverse isotropy and small phonon
scattering dissipation. The utility and implementation
of bonded SiC on insulator (4H-SiCOIl) substrates as
an emerging MEMS technology platform are presented.
Additionally, this article reports on the temperature-
dependent mechanical properties of 4H-SiC, including
the temperature coefficient of frequency (TCF) and
quality factor (Q-factor) for Lamé mode resonators.
Finally, the 4H-SiC MEMS fabrication including its deep
reactive ion etching is discussed. This article provides
valuable insights into the potential of 4H-SiC as a
mechanoacoustic material and provides a foundation for
future research in the field.
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Index Terms—4H-SiC, 4H-SiCOIl, 4H-SiC high-aspect-ratio (HAR) deep reactive ion etching (DRIE), acoustic
materials, elastic anisotropy, elastic constants, frequency split, HAR DRIE, high Q-factor, mechanical materials,
mechanoacoustic material, microelectromechanical systems (MEMS), MEMS resonators, silicon carbide (SiC), silicon
carbide-on-insulator (SiCOIl), smart cut, temperature coefficient of frequency (TCF), temperature coefficient of quality

factor (TCQ), transverse isotropy.

I. INTRODUCTION

OR decades, silicon has served as the backbone of

the modern electronics industry due to its exceptional
electrical, mechanical, and acoustic properties. However,
as technological boundaries continue to be pushed, sil-
icon has revealed limitations in high-performance and
extreme-environment applications. As an alternative material,
monocrystalline silicon carbide (SiC) has emerged as a
compound semiconductor of interest with industrial substrates
available in various sizes, including 6” and 8” wafers. SiC
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exhibits a unique combination of mechanical, acoustical,
electrical, and chemical properties, including high elastic
modulus, high fracture strength, chemical inertness, excellent
thermal conductivity, high acoustic velocity, and a wide
bandgap, as summarized in Table I [1], [2], [3], [4], [S],
(61, [71, (81, [9], [10], [11], [12], [13], [14], [15], [16],
(171, (18], [19], [20], [21], [22], [23], [24], [25], [26], [27],
[28]. These attributes make SiC a pre-eminent contender
in microelectromechanical systems (MEMS) applications,
such as radio frequency communications [29], sensors and
actuators [3], and nanophotonic structures [30]. Remarkably,
the array of characteristics inherent to SiC endows it with
high resistance to extreme temperatures, pressure, cOrrosive
chemicals, high power, high radiation, large vibration, and
high shock, all of which are typically encountered in
harsh environments, such as aerospace, nuclear, oil and gas
industries, and defense and automotive applications [13],
(311, [32], [33], [34], [35], [36], [37], [38], [39], [40], [41],
[42], [43]. Owing to its exceptional characteristics, SiC has
garnered burgeoning interest as a mechanoacoustic material
for applications that demand top-tier performance even in the
most challenging and rigorous conditions.
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Highlights

« This pioneering study reveals temperature-dependent properties of 4H-SiC, enhancing understanding of its

behavior as a superior acoustic material for MEMS.

« 4H-SiC demonstrates transverse isotropy, superior temperature-dependent mechanical properties, SiCOI, and DRIE
availability, highlighting its potential as an advanced acoustic material for MEMS.

o This paper emphasizes 4H-SiC’s paramount role as an acoustic material for MEMS, revolutionizing
high-performance resonators in extreme environments.
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Hz third-generation semiconductor material boasts exceptional

* No data available in bending test, only compressive facture strength
at 24 GPa.

** The e33 is under 3C-SiC trigonal structure symmetry with the z-axis
along (111).

MEMS technology enables the implementation and inte-
gration of microscale mechanical acoustic components and
sensors with electronic circuits. Over the years, silicon MEMS
sensors and actuators have found numerous applications in
various domains, such as healthcare, automotive, defense,
and consumer electronics, among others [44], [45], [46],
[47], [48], [49], [50], [51], [52]. MEMS resonators use
mechanoacoustic vibrations of a lithographically defined
micro- or nanostructure with integrated transducers. The
quality factor (Q-factor) is an important parameter that
characterizes the energy dissipation of a resonator [53].
A high Q-factor indicates that the resonator can store
energy efficiently and has a longer ringing time. In other
words, the higher the Q-factor, the better the performance
of the resonator [54]. In MEMS resonators, a high Q-factor
is particularly important because it directly affects the
resonator frequency stability, noise level, and sensitivity [55].

material characteristics that make it a promising material
for the development of ultrahigh-Q resonators, exceeding the
capabilities of Si. Compared to Si, SiC has higher density,
higher Debye velocity, and lower phonon relaxation time.
These superior material properties confine the anharmonic
phonon—phonon scattering of SiC to be ultralow in the
Akhiezer regime with the fQ product of SiC being at
least 10-fold greater than that of single crystal silicon
(see Table I), which makes SiC a remarkable candidate for
ultrahigh- Q applications compared to other mechanoacoustical
materials [48], [53], [59]. Fig. 1 provides a graphical summary
of measured Q factors from a number of published SiC
microresonators spanning a wide frequency range. As shown,
the fQ of monocrystalline 4H-SiC resonators has exceeded
1 x 10" [60], which is already significantly beyond the
Akhiezer limit of silicon, which is in the order of 1 x 10'3.
Note that the fQ product depends heavily on the value of the
Gruiineisen parameter, which is mode dependent and hard to
ascertain [60]; therefore, a range is given in Table 1.

SiC is a well-known polytypic material with over
250 polytypes [61], and the most prevalent polytypes are 6H,
4H, and 3C [62]. The letters H and C indicate whether the
overall lattice type is hexagonal or cubic. The carbon atom

Authorized licensed use limited to: BEIJING INSTITUTE OF TECHNOLOGY. Downloaded on September 07,2024 at 06:24:17 UTC from IEEE Xplore. Restrictions apply.



LONG et al.: 4H-SILICON CARBIDE AS AN ACOUSTIC MATERIAL FOR MEMS

1191

(d)

Fig. 2. Unit cell of (a) Si, (b) 3C-SiC, (c) 4H-SiC, and (d) 6H-SiC.
The blue atoms represent the Si*t sites, and the black ones are
C*- sites. Both Si and 3C-SiC have cubic cells. Si has a diamond
structure, and similarly, 3C-SiC has a zincblende structure. Si and
3C-SiC may therefore share similar characteristics. Both 4H-SiC and
6H-SiC have hexagonal cells and similar characteristics; however,
4H-SiC may have slightly less anisotropy due to a more symmetric bond
ratio.

Basal Plane
\
a ‘a,

Fig. 3. Hexagonal system of 4H-SiC and the carbon (C) atoms site
locations (A, B, and C) in the [1100] plane.

is posited at the center of the tetragonal structure forming by
four nearby silicon atoms in all SiC polytypes (polyhedral in
Fig. 2). SiC molecules are stacked on top of one another in
a particular arrangement to create polytypes. Fig. 3 clearly
demonstrates the hexagonal system, where three distinct atom
pair double layers stacking positions are labeled as A, B,
and C. The stacking sequence of the biatom layers of the SiC
structure defines these polytypes [63].

With a stacking sequence of ABC, 3C-SiC [see Fig. 2(b)]
is the only cubic crystal lattice form among all the SiC
polytypes [63], with only zincblende bonding. The other
SiC polytypes consist of a combination of zincblende and
wurtzite bonding [70]. 4H-SiC [see Fig. 2(c)] is a moissanite-
4H hexagonal structure, with two inequivalent Si** sites and
two inequivalent C*~ sites, composed of an equal number of
cubic and hexagonal bonds arranged in an ABCB stacking
sequence [63]. 6H-SiC [see Fig. 2(d)] is a moissanite-6H
hexagonal structure, with three inequivalent Si** sites and
three inequivalent C*~ sites, consisting of two-thirds cubic
bonds and one-third hexagonal bonds stacked in the order
ABCACB [63].

Various structures and stacking sequences will have a
substantial effect on the electrical and mechanical properties
of SiC polytypes (see Table I), which will have an impact

9°  75° 90°  75°
] 60° T 60°
S
& 45° 5 45°
R _ o
2 E - 30°
£ -
= g
éu 15° 5 15°
=
S

0° 0°
0 200 400 600 0 0.1 0.2 0.3
FE v

90°  75°
_ 60°
S
A
g 45°

8]
O o
2 30 —— (000 1)4H-SiC
3 ——  (100)Si
=] 15° — (111
5
3 \
w

o
0 100 200 300
Gi2

Fig. 4. Elastic anisotropy of monocrystalline Si and 4H-SiC. The in-
plane Young’s modulus (E), Poisson’s ratio (v), and shear modulus (G12)
of (100) Si (similar to 3C-SiC) can vary by up to 45%, while (111)
Si and (0001) 4H-SiC are consistent in all directions. The three wafer
directions of [100], [112], and [1120] correspond to 0° for Si and 4H-SiC,
respectively [72].

on their mechanoacoustic behavior for MEMS. The following
section will compare 4H-SiC with the other most common
SiC polytypes (3C-SiC and 6H-SiC) as well as Si in
terms of the transverse isotropy and the impact on MEMS
application. In addition, this work will investigate the
elastic anisotropy, elastic constant, and temperature-dependent
mechanical properties of 4H-SiC. Finally, the fabrication
process for 4H-SiC MEMS devices will be discussed.

[l. TRANSVERSE ISOTROPY

Transverse isotropy is a type of crystal anisotropy, in which
the material has an axis of symmetry for which the properties
of the material are isotropic in the plane orthogonal to this
direction. All crystalline materials with a hexagonal crystal
system are part of this category [71]. As depicted in Fig. 2,
both 4H-SiC and 6H-SiC are hexagonal crystal structures
with transverse isotropy. The C-axial is the axis of symmetry,
and the material properties are isotropic in the basal plane
(000 1) (see Fig. 3), which is the same as the standard on-axis
4H-SiC wafer. Moreover, 4H-SiC may have a higher degree of
symmetric properties compared to 6H-SiC, because cubic and
hexagonal bonds are equal in 4H-SiC. In Fig. 4, the in-plane
elastic modulus of 4H-SiC is azimuthally invariant in the (0 0
0 1) plane, similar to (1 1 1) Si [72].

However, 3C-SiC is a cubical material without transverse
isotropy, elastically similar to (1 0 0) Si. As a result,
the 45° in-plane rotation and corresponding basis change
must be taken into consideration while developing MEMS
devices using substrates like 3C-SiC and (1 0 0) Si [72].
Furthermore, due to the in-plane anisotropy of these materials,
the fabrication of consistently high Q width extensional beam
resonators will become more challenging, where Q along
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(c) (d)

Fig. 5. Anisotropy of (a) (1 0 0) Si and (b) (1 0 0) 3C-SiC
leads in nonuniform radial displacement and necessitates the strategic
arrangement of electrodes for tuning; (1 0 0) 3C-SiC has less symmetric
than (1 0 0) Si, which results in a worse nonuniform. (c) (0 0 0 1)
4H-SiC and (d) (0 0 0 1) 6H-SIiC as transverse isotropic materials
create symmetric resonant modes and facilitate electrode placements
(D+ stands for drive and S+ stands for sense.)

[l 1 O] can vary by up to 50% with a 0.1° azimuthal
misalignment [72], [73]. However, 4H-SiC can avoid this issue
as a transversely isotropic material and keeps the general
benefits of SiC. Experimentally, the transverse isotropy of 4H-
SiC has been demonstrated in reducing the consequences of
misalignment in the piezoresistive effect of p-type epitaxial
4H-SiC [74] and mitigating frequency split in gyroscopic
modes of a disk resonator utilizing bulk acoustic wave (BAW)
modes [75]. Resonant gyroscopes based on the Coriolis effect
depend on both high Q and frequency-degenerate symmetric
gyroscopic modes [S57]. As such substrates with transverse
isotropy such as 4H-SiC are prime candidates for gyroscopic
applications.

For cubic material without transverse isotropy like (1 0 0) Si
and 3C-SiC, the even-ordered gyroscopic modes will suffer a
rather large frequency split as a result of anisotropy, while
the odd-ordered modes remain degenerate [72], [76]. Even
though the frequency is fully degenerate in odd-order modes
of transverse anisotropic materials, the substrate anisotropy
still complicates gyroscopic operation and requires rigorous
electrode design [57], [77], aiming to minimize and avoid the
coupling of the quadrature and frequency mismatch tuning
that affects gyroscope stability [49]. As depicted in Fig. 5,
the (0 0 0 1) 4H-SiC is a prime candidate for electrode
design simplification with its azimuthal isotropy and consistent
radial periodicity. In addition and quite importantly, (0 O
0 1) 4H-SiC is considerably more resistant to out-of-plane
wafer cut misalignments than even (1 1 1) Si, significantly
exceeding wafer specifications [72] (see Fig. 6). Fig. 7 shows
the optical picture of a capacitively transduced 4H-SiC disk

o 8
S g
g 51
8 4 -
= 0.5
g ~
S 2 4
< 0 ] ] 1 ] ] 0 T —
-4 =2 0 2 4 -4 -2 0 2 4
Cut Misalignment 3 (°) Cut Misalignment 3 (°)
(a) (b)
90°  75° 90°  75°
=7 60° = 60°
=¥ =%
g 45° e 45°
Sy S
2 30° 3 30°
= =
=] =}
= p=p
o 15° - 15°
en en
=1 =}
= =
= o F e
0 50 100 150 200 0 200 400
E (blue) and Fo (red) Ey (blue) and Es (red)
(©) (@)
Fig. 6. In degenerate m = 3 mode disk resonator, the polar cut

misalignment simulation. (a) In (111) Si, significant nondegeneracy
occurs with frequency splits reaching nearly 1000 ppm, whereas (b) in
4H-SiC, the frequency split is significantly lower as a function of cut
misalignment. The flatness between —3° and 3° is likely due to meshing,
and it should be noted that the two y-axes are not commensurate with
each other. (c) In-plane young’s modulus displays a substantial degree
of splitting in 4° off-axis (111) Si. (d) Despite being cut at a 4° angle,
4H-SiC remains almost isotropic [72].

resonator gyroscope operating at around 3 MHz. Even with
the presence of process variations, the design can achieve
a frequency split as low as 0.33 ppm at m = 3 elliptical
mode [75] (see Fig. 7). The Q of this design was measured
to be around 1.5M, limited by the substrate decoupling beam
network around the central anchor of the device. A slightly
larger solid BAW disk resonator without a decoupling network
fabricated on a phononic crystal substrate and operating at
a higher order mode (5.3 MHz) exhibited a much higher
QO of 18M (see Fig. 8).

[11. ELASTIC ANISOTROPY AND ELASTIC
CONSTANT OF 4H-SIC

In the last section, 4H-SiC has been demonstrated to be a
perfect acoustic mechanical material. Therefore, it is crucial
that the anisotropy and elastic constant of 4H-SiC be well
comprehended prior to design. Furthermore, as discussed
in [11], [60], [69], and [72], attaining an ultrahigh Q is
challenging due to anchor losses, which require a solid
understanding of the stiffness of 4H-SiC to meet the rigorous
frequency requirements of various decoupling strategies.

For hexagonal crystalline materials like 4H-SiC, the
anisotropic fourth-order stiffness matrix C consists of five
independent elements, as shown in the following equation
(Voigt notation is adopted throughout) [72]:

o1 CiCpCi3 0 0 O &1
(op) C11 C13 0 0 0 &
03 _ C33 0 0 0 &3 (1)
04 C44 0 0 &4
05 C44 0 Es
06 Ces 1 L &6
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Fig. 7. (a) As-born frequency response of the gyroscopic m = 3 BAW
mode of a disk resonator, exhibiting a frequency split of 0.33 ppm.
(b) Optical image is presented showcasing the wirebonded gyroscope
for testing purposes. It is noteworthy that this particular gyroscope
represents a significant achievement as the first-ever high-Q disk BAW
gyroscope in 4H-SiC, featuring exceptional linearity and a low angle
random walk (ARW) of 0.03°/./h [75].
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Fig. 8. High-performance 4H-SiC BAW disk gyroscope. (a) SEM of
SiC disk resonator. (b) Optical microscope image of the BAW disk gyro.
(c) Frequency response of gyroscopic m = 8 BAW mode of a 4H-SiC
disk resonator [69].

where Cg¢¢ = (C1; — C12)/2. The tensor can also be written
with compliance matrix S in terms of Young’s modulus (E),
shear modulus (G), and Poisson’s ratio (v), expressed in the
following equation [72]:

r 1l —v —v3
€1 E;Jl Ell Ev3 0 00 (o]
—vp 1 —uy
%) 11;1 Evl 11;3 0 00 02
—vi3 —vz I
S l_| B E b 000 o3 )
&4 GL 0 0 o
23
&5 L 0 05
g6 s o6
L G

Consequently, the in-plane Young’s modulus (E;) is equal
to 1/811; shear modulus (G ;) is equal to 1/Se6; Poisson’s ratio
is equal to vy = —81/811.

As shown in Table II, there is a lack of consensus
for the wvalues of elastic constant of bulk monocrys-
talline 4H-SiC between the measurements by optical Brillouin
scattering [78] and Lamé mode square and elliptical

TABLE Il
BULK MONOCRYSTALLINE 4H-SiC ELASTIC CONSTANTS (GPa)

Ref. Year Cui Cn Ci G Cu Ce
[19] 1995 Cal. 537 156 108 605 170 191
[79] 2007 Cal. 534 96 50 574 171 219
[80] 2014 Cal. 498 91 52 535 159 204
[81] 2015 Cal. 503 92 48 533 161 206
[82] 2021 Cal. 509 94 52 557 164 208
[83] 2022 Cal. 488 105 52 533 158 192
[78] 1997 Exp. 507 108 52 547 159 200
[62][79] 2020 Exp. 517 110 52 547 159 204

mode disk resonator extraction [72] and between the
first principal calculations by density functional theory
(DFT) [19], [79], [80], [81], [82], [83]. A portion of the
nuance in elastic constant may come from the C face having
higher values for hardness and elastic modulus than the
Si face in 4H-SiC, where Si-core dislocations in the Si
face are easier to slide and nucleate than those in the C
face [84]. Another may be caused by the variance in substrate
composition. Notably, in [59], [60], and [72], the resonators
are made by the fusion-bonded monocrystalline 4H SiC-on-
insulator (4H-SiCOI) substrate, which consists of a Si substrate
and 4H-SiC layer bonded through an intermediate silicon
dioxide layer. The 4H-SiCOI substrate has intrinsic advantages
over amorphous or epitaxial thin-film substrates, which
not only enhance the thickness limitation with amorphous
substrates but also mitigate the interfacial defects during
the growth process, harming the Q-factor [72]. Additionally,
it provides a robust pure monocrystalline 4H-SiC substrate
that supports electrically isolated electrodes [69]. Moreover,
to accurately analyze and model mechanical behavior of 4H-
SiCOI resonators as well as various loss mechanism, including
the impact of thermoelastic damping (TED), anchor loss,
and Akheiser phonon scattering dissipation (see Fig. 9), it is
imperative to comprehend the intricate elastic and material
properties of the 4H-SiC as it can be a phenomenal candidate
for cutting-edge advancements in MEMS technology, ushering
in a new era of precision sensing and measurement with
unprecedented levels of accuracy and sensitivity.

Having said that, the Lamé mode square resonator [72]
is well-suited for accurately determining the in-plane shear
modulus G, and its orientation dependence, as the resonant
frequency is purely correlated to the in-plane shear modulus
G2 in the following equation:

i’ _ b G _ 1 G _ 1 | E
e AN e 2L\ e V2LV 20(+vp)
3)
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Fig. 9. On the Q analysis of 4H-SiCOI resonators and acoustically

engineered substrates. (a) SiC BAW disk resonator. (b) Acoustic
isolation is completely achieved in m = 3 modes of a solid disk by
using phononic crystals in the handle layer with (c) negligible anchor loss
(Qanchor ~ 10'%) and a TED-limited @, with (d) surface-TED identified as
the main loss mechanism [85].

where p is the density of the structural material and L is the
length of the square plate. In addition to that, the ultrahigh Q
factor (Q = 20 x 10 in Fig. 10) is advantageous in accurately
measuring resonant frequencies without any interference from
extraneous modes that may affect the desired mode [72].
Meanwhile, the primary displacement of a disk resonator
breathing mode is radial, which indicates a significant reliance
on Cy;. The resonant frequency of a solid disk resonator in its
mth wineglass mode is expressed in the following equation:

ok, E )
I = 2rR\ (1 —v?)p @)

where R is the disk outer radius, and E is the effective in-plane
axial Young’s modulus; the dimensionless frequency parameter
k,, is primarily determined by the elasticity of the material;
m is the eigenvalue of each mode. Conversely, the elliptical
modes of higher order exhibit more shear displacement,
indicating a dependence on Cg. Besides, the disk resonators
are resilient to discrepancies that may arise during fabrication,
such as misalignment or variations in pedestal diameter, device
thickness, and sidewall tapering [72]. By using information
extracted from these two types of resonators, a more precise
estimation of the elastic properties of the 4H-SiCOI substrate
can be obtained, as listed in the last row of Table II.

IV. TEMPERATURE-DEPENDENT MECHANICAL
PROPERTIES OF 4H-SIC

The temperature coefficient of frequency (TCF) is a
significant metric for measuring the frequency stability of
resonators, which is the rate of frequency change with
temperature compared to a standard frequency. A resonator
with a TCF of zero is capable of delivering the utmost
stable frequency response amid fluctuations in temperature.
Considerable attention has been directed toward examining
the frequency response of silicon and quartz crystal resonators
under temperature fluctuations, as conventional quartz crystal
tuning forks exhibit a TCF value close to zero, with a
parabolic coefficient of approximately 0.04 ppm/K? [86],
making them highly sought-after in applications that demand
critical frequency stability. As silicon is the most widely
utilized semiconductor, it is desirable to have temperature
stable silicon acoustic resonators; however, the typical
TCF range for a silicon resonator falls between —20 and
—30 ppm/K [87]. Nonetheless, studies exploring the frequency
stability of 4H-SiC resonators in the context of temperature
fluctuations have been scarce. This section will present a novel
investigation into the TCF of 4H-SiC resonators, focusing
specifically on Lamé mode and BAW disk resonators.

The 4H-SiC Lamé mode resonator [as depicted in
Fig. 11(a)] exhibits a resonant frequency of approximately
6.23 MHz, alongside a Q factor surpassing the 1 million marks
at standard room temperature. Notably, the resonator length
spans around 935 pum. Based on the resonant frequency of
Lamé mode resonator in (3), the TCF of Lamé mode resonator
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can be expressed in the following equation:
TCE

LafLame ~ lafLame% ~
fret 0T 2 9E, T 2

where TCE is the temperature coefficient of Young’s modulus
of the resonator.

4H-SiC BAW disk resonators with a radius of approximately
1500 um [see Fig. 11(b)] are also fabricated and tested
with respect to m = 2, m = 3, and breathing modes. The
resultant resonant frequencies for each mode, measured at
room temperature, are, respectively, determined to be 1.82,
3.01, and 2.56 MHz, with Q-factors exceeding 1 million across
all modes.

Similarly, based on the disk resonator frequency in (4), the
TCF of BAW disk resonator can be expressed as follows:

1 df, 10fydE _ TCE
frt 0T 2 0E 0T 2

Through the analysis of the TCF using (5) and (6) for the
Lamé mode and BAW disk resonator, it can be established
that the TCF for both resonators approximates to be half of
the thermal coefficient of elasticity (TCE). This phenomenon
is attributed to material softening, which leads to a decrease
in frequency. Notably, the TCE for 4H-SiC can be calculated
using the following equation, as highlighted in [88] and [89]:

1 OE B - T, T, .
e — jexpl ——
Eref oT Eref T P T

where E.¢ is Young’s modulus at 0 K, which is 449 GPa for
4H-SiC. B and Ty are the temperature-independent constants,
equal to 0.0324 GPa/K and 640 K for 4H-SiC [88], [89].
At room temperature, the TCE of 4H-SiC is around
—26.53 ppn/K, which generated the TCF of both Lamé
mode and BAW disk resonator to be around —13.27 ppm/K.
In Fig. 12, our TCF measurements for both the Lamé mode
and BAW disk resonators are depicted, revealing a TCF of
approximately —13.3 ppm/K. Notably, this value closely aligns
with the TCE-predicted ones. Specifically, the TCF for the
Lamé mode resonators remains consistent at —13.33 ppm/K
across the temperature range of —30 ° to 85 °C (243-358 K),
as well as the higher temperature range of 27 °C-225 °C
(300-498 K). Similarly, the TCF for the m = 2, m = 3, and
breathing modes of the BAW disk resonators was measured at
the same temperature ranges, and all modes exhibited a TCF
of approximately —13.39 ppm/K. In general, the TCF of 4H-
SiC Lamé mode and BAW disk resonators is lower than the
6H-SiC piezoelectric resonators (—18.8 ppm/K) [90] and 6H-
SiC torsional resonators (—52 ppm/K) [91]. Additionally, it is
worth noting that the TCF of 4H-SiC Lamé mode and BAW
disk resonators is slightly less than the value of quartz crystal
Lamé mode resonator (19.4 ppm/K) [92] and nearly half of
the silicon Lamé mode resonator value (—30 ppm/K) [93].
The temperature coefficient of Q-factor (TCQ) represents
the change in the Q-factor with temperature. The significance
of TCQ lies in its capacity to influence the stability and
precision of resonant circuits across an extensive spectrum of
temperatures [56]. In applications such as precision frequency
standards, filters, and oscillators, the TCQ must be carefully
considered to ensure that the circuit maintains its performance

TCFlLame = &)

TCFpisk = 6)

TCE =

(a)
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Fig. 12.  TCF measurement for various 4H-SiC resonators. (a) Lamé
mode square resonator, (b) disk resonator in breathing, (c) m = 2, and
(d) m = 3 BAW mode, indicating a linear TCF of —13.4 ppm/C. The
orange data points are measured from —30 °C to 85 °C (243-358 K),
and the blue data points are measured from 27 °C to 225 °C

(300-498 K).
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Fig. 13.  Measured behavior of Q across temperature for 4H-SiC

Lamé mode resonator of Fig. 11(a) in the temperature range of —35 °C
to 85 °C (resonators 1—4 have identical design). Further research is
needed to explain the positive TCQ in 4H-SiC resonators.

over the required temperature range [56]. The existence
of pronounced temperature dependence in the Q-factor of
a resonant circuit can offer the possibility of utilizing it
as a direct temperature sensing mechanism and employing it as
a means of temperature compensation [94]. For the first time,
the TCQ of 4H-SiC Lamé mode resonators is reported in this
article. As shown in Fig. 13, the Q-factor of the 4H-SiC Lamé
mode resonators increases with the increasing temperature
from —35 °C to 85 °C, which derives the TCQ a positive value
in this range, while Si Lamé mode resonators show an opposite
Q-factor behavior with increasing temperature, where the TCQ
is negative [95]. It should be noted that centrally anchored 4H-
SiC disk resonators also show a positive TCQ trend, while
the TCQ of the double-clamped 4H-SiC beam resonator is
measured to be negative. Further research is needed to explore
the cause of positive TCQ in 4H-SiC resonators, which could
be due to surface loss effects.
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Fig. 14. Si/4H-SiC wafer bonding by (a) oxidation and fusion bonding
and (b) Smart-Cut' process [99]. (c) Oxidation thickness of the C-face is
substantially thicker than the sidewall, indicating C-face has the highest
oxidation rate. The C-face is terminated by carbon atoms and Si-face by
Si atoms. Nonpolar faces like a-face and m-face have equal number of
Si and C atoms.

V. FABRICATION

As expounded in Section III, the 4H-SiCOI substrate
holds tremendous potential as a versatile technology platform.
Integral to the realization of this substrate is the crucial
bonding and grinding processes. Notably, there exist two
prominent methods for fabricating 4H-SiCOI substrates. The
first involves the wet oxidation of 4H-SiC and its fusion
bonding with a silicon substrate [see Fig. 14(a)]. Interestingly,
it has been discovered that the oxidation rates of the Si-face,
C-face, and a-face vary significantly, with the highest on the
C-face than a-face and Si-face, and all being consistently
slower than in Si [96], as demonstrated in Fig. 14(c).
As such, bonding through LPCVD SiO, intermediate layers
like TEOS has been recently explored with good success.
The second method is the Smart-Cut' process, entailing
hydrogen ion implantation on a SiC wafer, followed by
treatment with oxygen plasma, annealing, and splitting.
Despite the most application of the Smart-Cut' process
to 6H-SiC within the SiC materials system [97], recent
research has aimed to extend the process to the creation
of 4H-SiCOI substrates [98], [99], [100] [see Fig. 14(b)].
However, noteworthy results presented in Fig. 14 indicate
that the fusion bonding approach may produce a 4H-SiCOI
substrate of superior quality with fewer blisters, while the
blister generated during Smart-Cut! is due to the presence
of a large number of platelets and microsplittings, confined
to the depth of maximum hydrogen concentration and the
hydrogen diffusion [101]. Besides, due to the limited hydrogen
implantation depth, the Smart-Cut! process is more suitable
for the thin device layer 4H-SiCOI substrates (i.e., less
than 1 pum).

@ © 0
© M )
vt T LT R
Dice, Anneal, RTP [Tsie] [ ni
(T T so, |
()] (k)

Fig. 15.  Cross-sectional schematic view of a generic 4H-SiC micro-
machining process flow. (a) Polysilicon pad patterning. (b) Cr/Au seed
layer deposition. (c) Thick photoresist patterning. (d) Ni maskelectro-
plating. (e) lon milling. (f) 4H-SiC DRIE. (g) Ni mask and seed layer
removing. (h) Backside PECVDSIO2 patterning. (i) Bosch process.
(j) Dicing, annealing. (k) Releasing.

However, in order to realize the full potential of 4H-SiC
devices as envisioned, it is critical to achieve precise
fabrication as per the design specifications. Nevertheless,
in the case of fabricating devices using 4H-SiCOI substrate,
there still exist multiple obstacles, including the limitation of
thermal budget for processing arising from the coefficient of
thermal expansion (CTE) mismatch between Si and SiC and
the difficulty of removing NiCxFy passivation by-products in
high-aspect-ratio (HAR) deep reactive ion etching (DRIE) of
4H-SiC [59], [102].

The fabrication of 100-mm 4H-SiCOI wafer involved
bonding of a 4H-SiC wafer onto a silicon substrate with the aid
of TEOS SiO; as an intermediate bonding agent, followed by
subsequent wafer grinding and polishing. The final 4H-SiCOI
wafer is characterized by a device layer of 45 um thickness
comprising 4H-SiC, a buried SiO, layer of 3 um thickness,
and a Si handle layer measuring 500 pum in thickness.

Fig. 15(a)—(i) shows the 4H-SiCOI substrate low-
temperature wafer-level fabrication process flow, utilizing a
three-mask technique. Initially, a thin layer of in situ-doped
polysilicon is shaped into electrode pads for wire bonding
on the SiC surface [see Fig. 15(a)]. Subsequently, the Cr/Au
seed layer is deposited [see Fig. 15(b)], followed by the
creation of a SiC trench feature through the thick photoresist
pattern [see Fig. 15(c)]. The Ni electroplating process [see
Fig. 15(d)] generates a hard mask for HAR DRIE of 4H-SiC,
as shown in Fig. 16(a).

Ni is a suitable material for patterning SiC with high fidelity
and vertical and smooth sidewalls both in 4H-SiC substrate
and 4H-SiCOlI [see Fig. 16(b)—(d)], but it presents challenges
as the sputtered Ni particles tend to polymerize volatile CxFy
etch by-products, resulting in a metallofluorocarbon NiCxFy
passivation layer that progressively builds up on the trench
sidewalls, highlighted in Fig. 16(b). Unlike the Bosch process
used for Si DRIE, the DRIE of 4H-SiC has yet to attain
this level of cleanliness. A comprehensive analysis of the
DRIE lag, knifing, and notching effects can be found in [59]
and [102].

The photoresist is then removed, and the exposed seed layer
is eliminated via ion milling [see Fig. 15(e)]. The SiC device
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Fig. 16.
nickel mask on the top, after DRIE [102]. (b) Trench created by DRIE on
4H-SiC substrate, where the highlighted parts are nonvolatile NiCxFy
passivation, generated during DRIE [102]. (c) Trench created by DRIE
on 4H-SiCOI [102]. (d) Vertical and smooth sidewall of the trench after
DRIE [69].

(a) SEM picture of the 4H-SiC structure with an electroplated

/

Fig. 17. Picture of a whole 4” 4H-SiCOIl wafer having gone through the
wafer-level fabrication including SiC DRIE [102].

layer is then etched using a high-density inductively coupled
plasma etching instrument designed to etch materials with
strong bonds, like Si-C bonds in 4H-SiC, such as the SPTS
Synapse’ module [see Fig. 15(f)]. Fig. 17 depicts the first
whole 4H-SiCOI wafer after the DRIE of 4H-SiC. After SiC
DRIE, the leftover Ni mask and seed layer are removed [see
Fig. 15(g)], and the wafer is inverted for backside processing,
beginning with PECVD SiO, patterning [see Fig. 15(h)]. The
releasing structure for access to the buried oxide is etched
in the Si handle layer using the standard Bosch process
[see Fig. 15(1)].

Due to the CTE mismatch between Si and SiC in the
heterogeneous 4H-SiCOI substrate, the whole 4H-SiCOI wafer
cannot be annealed at temperatures substantially above 700 °C
without severe wafer warping or cracking. However, in order

to prevent delayering of the 4H-SiCOI substrate during
HF etching, an annealing duration of 1 h at 1100 °C is
necessary for effective densification of the buried oxide layer.
Additionally, the high work function of 4H-SiC necessitates
the deposition and high-temperature annealing of conductive
thin films for the formation of ohmic contact between the
aluminum wire bonds and the SiC electrodes and devices [59].
Therefore, the succeeding stages were executed at the die level.
Each die underwent annealing at 1100 °C for 7 h, followed
by 4 min of rapid thermal processing (RTP) at 1200 °C to
establish an ohmic contact between the doped polysilicon and
the wideband SiC [see Fig. 15(j)], and released in HF [see
Fig. 15(k)].

VI. CONCLUSION AND FUTURE TRENDS

The monocrystalline 4H-SiC material boasts exceptional
mechanical, acoustic, electrical, and thermal properties,
thereby positioning it as a highly promising acoustic
material for employment in MEMS, an advanced technology
platform that operates in demanding environments and high-
performance scenarios. This article reveals that the transverse
isotropy of 4H-SiC can significantly enhance the design and
fabrication of MEMS resonators. Additionally, the elastic
anisotropy and elastic constants of both pure 4H-SiC and
4H-SiCOI material systems, which are critical parameters
in optimizing device performance, have been summarized
herein. The significance of 4H-SiCOI has been underscored.
Furthermore, the temperature-dependent mechanical proper-
ties, including the 4H-SiC TCF and Q-factor, have been
systematically analyzed, as they are fundamental to achieve
stable operation in varying thermal conditions. Finally, this
article has analyzed and summarized the formation of the 4H-
SiCOI substrate and the 4H-SiC MEMS fabrication process,
which is a significant step toward showcasing the potential of
4H-SiC as the next-generation acoustic material for MEMS
and a platform for extreme environment sensors.

While the 4H-SiC MEMS fabrication process using
4H-SiCOI substrate shows promise, there are still significant
challenges to overcome, including lagging, notching, and
knifing effects, as well as NiCxFy passivation during HAR
DRIE of 4H-SiC. Future research efforts should focus on
overcoming these fabrication obstacles, improving masking
material, wafer-level packaging, temperature studies, and
the integration of sensor arrays for ultrahigh-performance
inertial sensors and timing applications. The integration of
the high-performance 4H-SiC gyroscope with accelerometers
can pave the way for the development of a precision
inertial measurement unit (IMU) that can withstand harsh
environmental conditions. Given the significant TCF of
MEMS resonators that leads to total frequency drifts of
approximately 1600 ppm over the industrial temperature range
(=40 °C to 85 °C), which is substantially higher than
uncompensated quartz crystals [103], the creation of a turnover
temperature point, where the local TCF equals zero, can be
beneficial to allow for highly stable oscillators to be achieved
within the industrial temperature range. By incorporating a
heater and temperature sensor, the temperature stability of
the 4H-SiC resonator can be maintained at the turnover
point, thus enabling the realization of a single-chip oven-
controlled crystal oscillator (OCXO) that boasts exceptional
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stability and performance in extreme conditions. This, in turn,
could facilitate the development of a high-performance
single-chip timing and IMU (TIMU) based on 4H-SiC
technology. Considering the observation of the TCF turnover
temperature point in highly doped Si MEMS resonators at low
temperatures [104], there is an eagerness to conduct research
on 4H-SiC MEMS resonators to identify opportunities to
create zero-TCF and thereby enhance the performance of
4H-SiC as a mechanical acoustic material for a broad range
of high-performance applications.
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