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ABSTRACT

We demonstrate a silicon carbide (SiC) zipper photonic crystal optomechanical cavity. The device is on a 3C-SiC-on-silicon platform and
has a compact footprint of ~30 x 1 um. The device shows an optical quality of 2800 at telecom and a mechanical quality of 9700 at 12 MHz
with an effective mass of ~3.76 pg. The optical mode and mechanical mode exhibit strong nonlinear interaction, namely, the quadratic
spring effect, with a nonlinear spring constant of 3.3 x 10* MHz*/nm. The SiC zipper cavity is potentially useful in sensing and metrology in

harsh environments.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0010078

Silicon carbide (SiC) is well known for its exceptional thermal,
mechanical, and chemical properties' and has been widely utilized in
microelectromechanical systems (MEMS) sensors,” particularly in
harsh environments™ and in biotechnology.” Among its ~250
polymorphs, 3C, 4H, and 6H are studied the most." 3C-SiC thin films
can be epitaxially grown on silicon substrates, while 4H and 6H thin
films are typically grown in bulk wafer and transferred to a silicon on
insulator (SOI) platform. In addition to these crystalline polymorphs,
the amorphous SiC film fabricated by plasma enhanced chemical
vapor deposition (PECVD) is also of interest given its low cost and
convenience in growth. In the past decade, these SiC materials have
been extensively explored in nanophotonics’ > and the optical quali-
ties of photonic devices have improved to over 10° in various plat-
forms, including microdisks,'® double microdisks,”” and microrings”*
in PECVD SiC, microrings in 3C-SiC,”* and photonic crystal cavities”®
and microrings” in 4H-SiC. Importantly, the recent advance in
4H-SiC (above 6 x 10° in the photonic crystal cavity”® and 7.8 x 10°
in the integrated microring”’) is particularly inspiring and has estab-
lished SiC as a promising material platform.

While most previous studies focus on utilizing SiC photonic
structures for nonlinear optics'*'**"”**” and quantum optics,'>'**
cavity optomechanics has only been explored in SiC by only a few
studies to date."”'”* Cavity optomechanics™ confines both optical

and mechanical modes in micrometer (micro-disks/rings) or nanome-
ter (photonic crystal cavities) cavities and can potentially enhance the
performance of various SiC MEMS applications.” * Among these cavi-
ties, the zipper photonic crystal optomechanical cavity””™ [Fig. 1(a)]
can accommodate specific sensing functionalities, using its ~10 MHz
frequency, picogram-level mass, and strong optomechanical interac-
tion. For example, a high-resolution accelerometer has been developed
on a chip based on zipper cavities’' and a gyroscope has been pro-
posed based on zipper cavities that are coupled with disk vibrational
modes.”” The zipper cavity is in analogy to the double microdisk
cavity” in that optomechanical coupling depends on the gap, rather
than the dimensions of the cavity. But the zipper cavity has much bet-
ter confinements both optically and mechanically than the double
microdisk cavity. However, despite its usefulness, the zipper cavity has
not been demonstrated in SiC yet, in part due to the requirements of
geometry accuracy and straight sidewalls during nanofabrication. In
contrast, many other optomechanical structures have already been
demonstrated in SiC, including nanobeam cavities,”” microdisks,"”
and double microdisks.”’

In this paper, we demonstrate a SiC zipper photonic crystal cavity
using the 3C-SiC-on-silicon platform. The device has a compact foot-
print of ~30 x 1 um. The device shows an optical quality of 2800 at a
telecommunication wavelength for the fundamental transverse-electric
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FIG. 1. Zipper photonic crystal optomechanical cavity. (a) Scheme of a zipper cav-
ity. Such a cavity is a mechanical resonator and a photonic crystal cavity at the
same time. The air holes are chirped and form an optical potential well to confine
optical modes around the center. (b) Light confined in the optical modes exerts
forces on the two nanobeams. For bonded modes, where top and bottom fields are
in phase, the force is attractive. The field profile is plotted in color for fundamental
transverse-electric bonded mode, simulated by finite-element methods (FEMSs), in
the cross section indicated by the vertical dashed line in (a). (c) A scheme shows
that mechanical force is generated when one nanobeam is deformed from its sta-
tionary position, e.g., indicated by the lateral dashed line in (a).

bonded (TE1B) mode. In particular, the device has a mechanical qual-
ity of 9700 operating at 12 MHz for the fundamental differential (D1)
mode with a small effective mass of ~3.76 pg. This mechanical quality
is the highest among the reported SiC optomechanical devices.”'”*
We observe a strong nonlinear interaction between the optical mode
and the mechanical mode, namely, quadratic spring softening. We
attribute such a response to nanoscale geometrical nonlinearity” and
characterize the quadratic spring constant to be 3.3 x 10* MHz*/nm.
The demonstrated SiC zipper cavity, with its strong optomechanical
interaction, tight mode confinements, mechanical robustness, and
chemical stability, has great potential in microchip sensing and metrol-
ogy in a harsh environment.

The zipper cavity is coupled photonic crystal cavities in optical
design. Meanwhile, it is also a coupled doubly clapped nanobeam in
mechanical design. The photonic crystal cavity is created by patterning
the nanobeams with periodic holes. The periodicity (i.e., lattice con-
stant) decreases harmonically toward the center of the beam to form
an optical potential well for localized modes to be confined in the
center.”” The two nanobeams can have fields in the same or contrary
phase parities, corresponding to bonded modes or anti-bonding
modes. For the bonded mode, the optical force (F,) is attractive, as
illustrated in Fig. 1(b). F, = —Nhgom, where N represents the intra-
cavity photon number and goy represents the optomechanical cou-
pling constant, which can be estimated as Jw,/0x when the
geometrical coupling is in dominance. In Fig. 1(c), a scheme of the
spring-mass system shows that a single doubly clamped nanobeam is
oscillated in the direction along the width of the nanobeam. The other
nanobeam can move in phase or out of phase to this nanobeam,
namely, common or differential modes. The mechanical displacement
changes the optical resonance of the mode and modulates the light
inside the cavity. Therefore, the mechanical modes can be character-
ized by the optical transmission when being analyzed in the radio fre-
quency spectrum.

The device is fabricated on a single-crystalline (100) 3C-SiC thin
film, which is epitaxially grown using atmospheric-pressure chemical
vapor deposition on a silicon wafer. The film is thinned down to
(300 = 10) nm by chemical-mechanical polishing. A 200nm thick
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Chromium (Cr) is then deposited on top at a pressure of 3 mTorr as a
hard mask. ZEP520A, an electron-beam resist, is spin-coated with a
thickness of about 750 nm for the etching mask of Cr. This thick resist
is coated in two steps and baked in between to avoid cracking. The
resist is then exposed with proximity effect correction and then devel-
oped. The Cr hard mask is etched using chlorine-based reactive-ion
etching (RIE). The etched patterns are then transferred to SiC by
inductively coupled plasma RIE with the CF,/Ar gas mixture. The
metal hard-mask is chemically removed by a Cr etcher, CR-14.
Finally, the device is released by etching the underlying silicon sub-
strate isotropically using XeF, vapor. We note that this recipe has bet-
ter verticality and resolution but worse smoothness in sidewalls
compared to the aluminum oxide recipe25 and is, therefore, more suit-
able for photonic crystal cavities than microdisks/rings. A tapered
optical fiber is used to couple the laser in and out of the device. The
mechanical mode and the optomechanical interaction of the device
are measured in vacuum to eliminate squeezed-film gas damping.

To characterize its in-plane geometry, the fabricated device is
imaged by scanning-electron microscopy from top, as shown in
Fig. 2(a). The parameters are labeled in the image. For a device with a
lattice constant of a = 540 nm, a beam width of w = 530 nm, and a slot
gap of s=130nm, Fig. 2(b) shows the measured transmission spec-
trum of the fundamental bonded mode (TE1B), which exhibits an
intrinsic Q-factor of 2800 at a resonance wavelength of 1483 nm.
Figure 3(c) shows the FEM-calculated mode profile of TEIB with a
mode volume of V, ~ 0.084 /° and the mode is largely confined in
the gap. Using a near-field probing technique,” we identify the mode
parity by the scattering of the optical modes.

We have also fabricated single nanobeam cavity with the same
parameters for a comparison with the zipper cavity. With appropriate
lattice constants, the single nanobeam can have optical resonances in
the laser tuning range (1470 nm-1545nm). For a lattice constant of
a=>580nm and a beam width of w = 540 nm, we measure the funda-
mental mode (TE1B) at 1496 nm, which exhibits an intrinsic optical
quality factor of Q, =~ 2900. In simulation, such a nanobeam photonic
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FIG. 2. Optical characterization of the SiC zipper cavity. (a) Top-view scanning
electron microscope (SEM) images of a SiC zipper photonic crystal cavity. Besides
the thickness th, other important parameters are labeled in the image, including the
lattice constant (a), the beam width (w), the slot width (s), and the widths of the air
holes (hy, hy). (b) Optical transmissions of the fundamental transverse-electric
bonded mode (TE1B) at 1483 nm, with a Lorentzian fitting of intrinsic Q of 2800. (c)
Dominant (in plane) electric field profile of the TE1B mode simulated by finite ele-
ment methods.
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FIG. 3. Mechanical characterization of the SiC zipper cavity. (a) Scanning electron
microscopy image of the whole nanobeam. (b) Mechanical displacement of the
in-plane fundamental common (C1) and fundamental differential (D1) modes, simu-
lated by finite element methods. The mode at 8 MHz might be a common mode in
the vertical direction, but bears further investigation. (c) Measured radio frequency
spectrum of the zipper cavity in the optical transmission shows the thermal
Brownian motion of the mechanical modes. Detector noise floor is displaced in
gray. The inset shows a zoom-in spectrum of the D1 mode and the fitting of a
mechanical Q of 9700.

crystal cavity has a radiation-limited Q-factor of up to 2 x 10°, which
suggests that the measured Q is likely limited by the scattering loss
from the sidewall roughness. The nanobeam cavity has an effective
volume of V,, ~ 0.049 1>,

The zipper cavity supports two types of mechanical modes: com-
mon modes and differential modes. For example, Fig. 3(b) illustrates
mechanical modes of the fundamental common (C1) and fundamen-
tal differential (D1) mechanical modes, simulated by finite element
methods. Because the clamping position is different, as shown in
Fig. 3(a), C1 mode has an effectively longer beam length and, there-
fore, exhibits a smaller mechanical frequency than D1 mode.

Thanks to the strong optomechanical coupling, the thermal-
Brownian mechanical motion can be directly observed by continuous-
wave light. By locking the laser wavelength at the side of optical reso-
nance, the thermal Brownian motion is translated into the fluctuation
of transmitted light. We measure the optical transmission using a fast
photodetector and analyze its radio frequency spectrum, as shown in
Fig. 3(c).

We identify C1 and D1 modes using the FEM calculations with a
Young’s modulus of 390 GPa and a Poisson’s ratio of 0.17, previously
verified for 3C-SiC."” Compared to C1 mode, D1 mode exhibits a
much larger signal because of its higher optomechanical coupling rate.
For the D1 mode, we fit the resonance amplitude with the Lorentzian
function and obtain a mechanical quality factor Q,, of 9700 in vac-
uum. The pressure is ~ 107 Torr, and Q,, is not sensitive to pressure
at this pressure level. In air, the mechanical damping is dominated by
the squeeze film and air damping and has Q,,, = 42.

Conventionally, cavity optomechanics has a linear response
between the light and the mechanical spring, which is known as the
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linear optical (LO) spring effect.”® The frequency shift of the mechani-
cal spring linearly depends on the optical power. The frequency shift is
given by

nCﬂVA h gg)M (1)

SOO(A) = ;
m (4) (T1/2)* 4 A? Meft O

where 7y, i, and gom represent the intracavity photon number,
reduced Planck constant, and optomechanical coupling strength,
respectively. A is the laser-cavity detuning, and a positive/negative A
represents a blue-/red-detuning laser. I'; represents the loaded cavity
linewidth, which is given by w,/Q;, where w, is the optical frequency
and Q; is the loaded cavity quality factor. m.f is the effective mass. Q,,
is the natural mechanical frequency. This spring effect has two signa-
ture features. First, the mechanical frequency shift is zero at zero-
detuning. Second, the spring is hardened (an increase in frequency)
when blue-detuned (A > 0) and softened (a decrease in frequency)
when red-detuned (A < 0).

Figure 4 shows the measured radio frequency spectra in different
laser-cavity detuning with TE1B cavity resonance. In contrast to linear
optomechanics predicted by Eq. (1), the frequency shift is maximal
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FIG. 4. Optomechanical coupled mechanical nonlinearity. (a) and (d) Intensity
images of the measured radio frequency spectra of the D1 mechanical mode as a
function of laser-cavity detuning. (b) and (e) Measured and modeled RF amplitude
as a function of cavity detuning. At zero detuning, the signal vanishes because
there is no optomechanical transduction (the derivative of Lorentzian is zero). At
large detuning, the signal vanishes because light is not coupled into the cavity. The
asymmetric experimental data in (e) are due to the thermal bistability created by
higher optical power, which are not considered in our theory. (c) and (f) Measured
and modeled mechanical frequency as a function of cavity detuning. (a)—(c) corre-
spond to low optical input power (P; = 14 uW). (d)—(f) correspond to high optical
input power (P; = 224 uW). Blue dots are the measured data. Red curves are the
model fitting results with mechanical nonlinearity. Green curves are the calculation
results with the optical spring effect. Red dotted lines are the calculated thermal
amplitude (x2) = kgT/k at T = 300K.
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(and nonzero) at zero-detuning; the spring is always softened for both
blue-detuned and red-detuned cases, as shown in Fig. 4(c). Indeed, the
spring softening (i.e., decrease in frequency) is the largest when detun-
ing is 0. We note that the spring softening/hardening is comparable to
original frequency without light input (or the laser is off resonance).
Here, we only input a small amount of optical power P, = 14 uW.
This power level corresponds to only about 70 photons in the cavity
on average. We observe that D1 mode shifts to the lower frequency
by Af,, = —2.3kHz at zero-detuning. For higher optical input power
(Pin = 224 uW) as shown in Figs. 4(d)-4(f), a larger mechanical reso-
nance shift is observed with Af,, = —60kHz.

The softening of the mechanical resonance is likely due to the
nanoscale geometric nonlinearity, which was previously reported in a
doubly clamped cantilever nanotube system,” where the high-order
spring constant is more dominant in the system that is asymmetric
and on the nanoscale. The loaded mechanical frequency (€2 ) has a
frequency shift (6Qy,) from the nature frequency (€2,) due to the geo-
metric nonlinearity and also the LO spring effect,

Q)7 = Q2+ 2Bx0 + 302 + 20, 0QC(A). )
Here, the first term represents the natural mechanical frequency, the
second term is related to the frequency shift due to the second-order
mechanical nonlinearity induced by the optical force, the third them is
related to the frequency shift due to the Duffing parameter (a), and
the last term is the optical spring effect induced by linear optomechan-
ical coupling, where 0Q.,(A) is given previously. x, represents the
static mechanical displacement induced by the intracavity optical

ncavthM

power, given by xo = . By fitting the optical transduction

power of the mechanical modes, as shown in Figs. 4(b) and 4(e), we
obtain a linear optomechanical coupling coefficient of gom/(27)
~ 17 GHz/nm for the D1 mode. This value is consistent with the
FEM-calculated value, that is, gom/(27) = 20 GHz/nm for a device
gap of s=130nm. In Figs. 4(c) and 4(f), the red curves indicate the
model fitting of the mechanical resonance shift with f# = 3.3 x 10*
MHz*/nm. The nonlinear spring constant is, therefore, k' = meg 8
= 0.14 nN/nm’. The nonlinear spring effect is very large and domi-
nates over the linear optical spring effect. For reference, we show the
calculated resonance shift contributed by the optical spring effect [cal-
culated from Eq. (1)] by green curves.

Figure 5 shows the power-dependent measurement of the fre-
quency and linewidth tuning of the mechanical resonance. Each mea-
surement data point is taken at the optimal detuning point of
A=T,/ 24/3. We avoid the red-detuning side (A < 0) where detun-
ing suffers from resonance jitter due to the thermal-refractive effect, as
shown in Figs. 4(a) and 4(b). In Fig. 5(a), the softening of the mechani-
cal resonance linearly depends on intracavity photon number rgy.
The red curve shows the model fitting with f = 3.3 x 10* MHz*/nm.
Note that the Duffing nonlinear term (o = 0) is not observed because
the quadratic contribution is negligible. In Fig. 5(b), the linewidth nar-
rowing of the mechanical resonance scales linearly with the photon
number. We attribute the linewidth tuning to the mechanical damping
nonlinearity, where the renormalized mechanical damping (I" ’m) is
given by

[, =T+ {xo +nxg + 0TEO(A). (3)
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FIG. 5. Nonlinear mechanical spring and damping. Renormalized mechanical fre-
quency (a) and mechanical linewidth (b) as a function of intracavity photon number.
Blue dots are the measured data at the optimal detuning (in terms of maximum opti-
cal transductlon of 2A’/Ty = 1/+/3. Red curves are the model fitting with
B=233x10 (MHz)Zlnm and { = 5.2MHz/nm (o« = 5 = 0). Green curves are
the calculated results with the optical spring effect (a) and dynamic backaction (b).

Here, the last term represents dynamic back-action from linear opto-
mechanical interaction.”® The model fitting (red curve) shows the
first-order coefficient of nonlinear damping, { = 5.2 MHz/nm, sugges-
ting the amplification of mechanical motion. In this case, second-
order nonlinear damping (1) is not observed. The red dashed line
shows the threshold of the parametric amplification at N ~ 2500.
Green curves show the contribution from linear optomechanical cou-
pling, ie., optical spring effect and dynamic back-action, which are
again negligible. The mechanical nonlinearity overtakes the linear
optomechanical effects, and such a strong nonlinear response can find
application in sensing and metrology.

In this Letter, we demonstrate a 3C-SiC zipper photonic crys-
tal optomechanical cavity with a high mechanical quality of 9700
and a large quadratic spring softening effect. The demonstrated
SiC zipper cav1ty is potentially useful for sensing in a harsh envi-
ronment.”"*" In particular, the zipper cavity is not suitable for
operation that requires both a high mechanical Q factor and an
ambient environment at the same time. It is suitable for chemical/
particle sensing under low pressure or motion sensing with vac-
uum packaging at high temperature.
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