UC Davis
UC Davis Previously Published Works

Title
Acoustic Resonance Tuning by High-Order Lorentzian Mixing.

Permalink
bttgs:ééescholarshiQ.orgéucgitem425v957wg
Journal

Nano Letters, 24(24)

Authors

Kim, Hyeongpin
Seong, Yeolheon
Kwon, Kiwon

Publication Date
2024-05-13

DOI
10.1021/acs.nanolett.4c00335

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2sv957w0
https://escholarship.org/uc/item/2sv957w0#author
https://escholarship.org
http://www.cdlib.org/

NANO ETTERS
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

pubs.acs.org/NanoLett

Acoustic Resonance Tuning by High-Order Lorentzian Mixing
Hyeongpin Kim, Yeolheon Seong, Kiwon Kwon, Taek Yong Hwang, and Heedeuk Shin*

Cite This: Nano Lett. 2024, 24, 7143-7149 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: Nanoscale mechanical resonators have attracted a
great deal of attention for signal processing, sensors, and quantum
applications. Recent progress in ultrahigh-Q acoustic cavities in
nanostructures allows strong interactions with various physical
systems and advanced functional devices. Those acoustic cavities
are highly sensitive to external perturbations, and it is hard to control
those resonance properties since those responses are determined by
the geometry and material. In this paper, we demonstrate a novel
acoustic resonance tuning method by mixing high-order Lorentzian
responses in an optomechanical system. Using weakly coupled
phononic-crystal acoustic cavities, we achieve coherent mixing of
second- and third-order Lorentzian responses, which is capable of the
fine-tunability of the bandwidth and peak frequency of the resonance
with a tuning range comparable to the acoustic dissipation rate of the device. This novel resonance tuning method can be widely
applied to Lorentzian-response systems and optomechanics, especially active compensation for environmental fluctuation and
fabrication errors.

KEYWORDS: photonic integrated circuits, silicon photonics, acousto-optic effects, on-chip Brillouin scattering, optomechanics

dvances in high-quality mechanical oscillators in nano- methods limit the choice of materials such as piezoelectric and

structures enable strong interaction between mechanical 2D materials, so those are not suitable for wide applications.
oscillators and various physical systems.'~* Using the universal In this paper, we present the first demonstration of acoustic
interactions, mechanical oscillators play important roles in resonance tuning by mixing high-order Lorentzian responses

by using forward stimulated Brillouin scattering in telecom-
band lasers and GHz acoustic modes. We fabricated three
coupled phononic crystal acoustic cavities that are colocated
with three optical waveguides and weakly coupled to each
other to avoid mode splitting. The device coherently mixes
second- and third-order Lorentzian responses and shows
discrete bandwidth tuning and continuous peak frequency
tuning comparable to the dissipation rate of acoustic cavities.
In addition, we generalize our concept to higher-order

various applications such as sensors,””'> RF and optical signal
processing,*~>° and quantum transduction.”’ " While high-Q
acoustic cavities show interesting applications, one of the main
challenges in implementing such systems is the sensitivity of
the resonant frequency to environmental conditions and
fabrication errors. Given that high-Q acoustic resonators have
a highly narrow bandwidth, such deviations can result in out-
of-band operation. Active control of mechanical oscillators, for

instance, the peak frequency and bandwidth, can be a solution Lorentzian functions, and this significantly enhances the tuning

to compensate for such errors. In addition, peak frequency range. Notably, our method of high-order Lorentzian

shifting can enhance operation ranges. Bandwidth is related to responses enables the active tuning of mechanical resonators

the quality factor, and controlling it switches between high without changes in mechanical properties. We demonstrate our

signal-to-noise ratio and high-speed operations. idea in the Brillouin optomechanical system, but it can be
To change the properties of mechanical oscillators, changes generalized to various applications of mechanical oscillators,

in physical parameters such as stiffness, surface stress, and especially active compensation of environmental fluctuation,

dimensions are required but challenging since those are fixed at laser heating, and fabrication errors.

a choice of materials and geometries, so postlithographic

trimmings are typically required.”** On the other hand, there Received: January 22, 2024

are some strategies to allow active control such as stiffness,> Revised:  April 19, 2024

surface stress,’® thermal effects,””>® and acoustic nonlinear Accepted: April 24, 2024

effects.””*” Such mechanical parameter modulations can be Published: May 13, 2024

demonstrated using piezoelectric materials. Also, recently low-
dimensional materials show great tunability.' However, these
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Figure 1. Acoustic resonance tuning by mixing of second- and third-order Lorentzian responses. (a) Schematic illustration of an optically tunable
acoustic resonance on a silicon-on-insulator chip. Here, telecom-band lasers and GHz acoustic modes are used. The device consists of three
acoustic cavities defined by phononic crystalline defects that confine transverse acoustic waves (yellow surfaces) and three optical waveguides
colocated with the acoustic cavities. The acoustic cavities are weakly coupled through phononic crystals with coupling strengths of J; and J,.
Oscillating pumps (represented by blue lines) are injected into channels 1 and 2 with a relative phase between them, ¢, and a continuous-wave
laser (represented by red lines) on the probe channel is scattered by the acoustic waves. The Stokes signal of the scattered probe has a Lorentzian-
shaped spectrum with a peak frequency ©, and a bandwidth [, (b) The cross-section of the demonstrated device. Three rib-type optical
waveguides correspond to Probe, Ch.1, and Ch.2. Phononic crystals are fabricated beside optical waveguides to define acoustic cavities. The top
silicon membrane is floating to prevent acoustic leakage through the buried oxide layer. (¢, d) Simulation results of the normalized Stokes output
spectra. The ratio of balanced input powers S, and S, is varied, and the relative phase is set in (c) ¢ = 0 and (d) ¢ = =, respectively.

Figure 1a,b displays the schematics of our optically tunable
acoustic resonance device. The device consists of a phononic
crystal (PnC) membrane that incorporates three rib-type
optical waveguides embedded at the center of the PnC line
defects. Oscillating pump light signals P, and P, are injected
into channels 1 and 2, while continuous-wave laser light is
introduced into the probe channel. The frequency of the
oscillating pump is adjusted to match the compressive acoustic
resonant frequency of the PnC line defects, thereby confining
the transverse acoustic waves (illustrated on yellow surfaces).
The three acoustic cavities, weakly coupled through the
acoustic leakage in the PnC structure with coupling strengths
denoted as J; and J,, allow the acoustic fields excited in
channels 1 and 2 to couple with the probe channel
Subsequently, the continuous-wave laser in the probe channel
experiences scattering due to photoelastic effects, generating
new frequency components. The spectrum of the Stokes field,
being the frequency-downshifted scattered component, ex-
hibits a Lorentzian shape with the center frequency €, of the
acoustic resonant frequency and the bandwidth Iy, the
dissipation rate of the acoustic wave.

Here we demonstrate adjusting of the acoustic bandwidth
and peak frequency. In this system, the acoustic field in the
probe channel is approximately described by

B> ~ S, + 2,8,/ (1)
where y, and y; are the second- and third-order Lorentzian
responses defined by {[(AQ — J)* + (Io/2)*][(AQ + ])* +
(To/2)° 7 and {[(AQ — ))* + (I/2)’][(AQ)* + (T/
2)M[(AQ + N)* + (Ig/2)*]}7", respectively. AQ is the
detuning from the acoustic resonant frequency. J in eq 1 is
defined as J = (J3 + J3)'/% ¢ is the relative phase between the
two pump lights. We define the balanced input powers as S; =
I'y/2 X Py and S, = ] X P,. Since the acoustic modes excited
from channels 1 and 2 have unequal energy distributions on
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the probe channel, we define the balanced powers to make the
distribution equal and the analysis easy.

In this paper, we limit our study to a weakly coupled regime,
J < Ty/2, to avoid peak splitting. When two modes are
hybridized, the avoided mode crossing is proportional to the
coupling strength, but if the spectra of modes are broad, we
cannot distinguish the modes. Mathematically, the peak
positions can be found by the zeros of the derivative of the
response functions, which means the points where the slopes
are zero. This inequality satisfies the solutions of the derivative
are imaginary numbers, then peak splitting is avoided. I'y/2 is
an upper bound of the coupling J. In silicon forward Brillouin
scattering, it has a value of several MHz, ¢~ 1842% byt the same
rule can be applied to other mechanical systems. The detailed
theoretical analysis is presented in the Supporting Information.

The proposed acoustic-resonance tunable device, featuring
three coupled acoustic cavities, enables the tuning of
bandwidth and peak frequency by varying the optical power
ratio between the input pump channels. When only channel 1
is excited, eq 1 shows a wide second-order response of y,. In
contrast, when only channel 2 is excited, the system exhibits a
narrow third-order response of y;. These two different
Lorentzian responses have different bandwidths. The peak
frequency can be tuned by coherently mixing the second- and
third-order responses. By modification of the mixing ratio and
the relative phase between input pumps, the center frequency
can be continuously altered.

We calculate the resonant response to observe its bandwidth
and peak frequency tuning capabilities. Figure 1c,d shows the
calculated results of the normalized Stokes output in three
coupled acoustic cavities with different relative phases of ¢ = 0
and 7, respectively. The two acoustic-wave cavities have
identical resonant frequencies, dissipation rates, and Brillouin
gain coefficients. We designed the phonon dissipation rate I’
to be equal to twice the coupling strength J, I'y = 2] = S MHz,
to prevent mode splitting and maximize the tuning ranges for

https://doi.org/10.1021/acs.nanolett.4c00335
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Figure 2. Device design. (a) Cross-sectional view of the optically tunable on-chip acoustic-resonance device showcasing the three optical
waveguides, three line defects, and phononic crystals fabricated on the top silicon layer with the buried oxide layer being wet-etched. The numbers
of PnC layers at the end sides, between channels 1 and 2, and between channel 1 and the probe channel are 8, S, and 6, respectively. (b) The
geometry of the square-shaped phononic crystal unit cell. (c) Dispersion curves of the phononic crystals, showing the bandgap in the range of
2.73—4.12 GHz. (d) Electric field of the fundamental TE mode, (e) Acoustic displacement of the 3.1 GHz compressive acoustic mode on a
waveguide, with its cross-section indicated by the white dotted box in (a). (f) Three acoustic supermodes across the three coupled acoustic cavities,
with Modes 1—3 corresponding to the modes at Q, — J, €, and €, + ], respectively. (g) Variation of coupling strength between two cavities as a
function of the number of PnC layers. The experimental data points are extracted from the data fitting based on results shown in Figures 3 and 4.
(h) Top-down view from a scanning electron microscope of the fabricated sample, showing oscillating optical pumps 2 and 1 injected into channels
2 and 1, respectively, and the continuous-wave probe injected into the probe channel.

both bandwidth and peak frequency. We set the sum of S, and
S, as constant and calculate the normalized Stokes output
while varying the power ratio between S; and S,. The
bandwidth of the acoustic resonance can be adjusted by
exciting second- and third-order responses, having bandwidths
of V2T, and 0.867T, respectively. Moreover, compared to the
single-pole Lorentzian response with a bandwidth I, the third-
order response enables a 13% improvement in narrow-band
operation, even with the same dissipation rate.

The device can adjust the peak frequency by coherent
mixing of two Lorentizan responses, y, and y;. Figure lc,d
shows continuous tuning of the peak frequency with the
maximum shifting +0.27"y when §;:S, = 70:30. Considering
that the dissipation rate of acoustic waves in forward Brillouin
scattering typically spans several MHz, our device is able to
modify its bandwidth and peak frequency within a similar
range. Further details of the theoretical models are provided in
the Supporting Information.

The design of the optically acoustic-resonance tunable
device is shown in Figure 2. Figure 2a illustrates the schematic
cross-sectional view of three rib-type optical waveguides
situated on a floating membrane with PnC structures. The
phononic crystals, positioned beside the waveguides, consist of
a square lattice of square-shaped holes, as shown in Figure 2b.
Their period, hole size, and thickness are 660, 460, and 70 nm,
respectively. Figure 2c presents the PnC dispersion curve
displaying a bandgap in the range of 2.73—4.12 GHz, which
effectively confines the transverse acoustic modes within the
line defect range. The detailed analysis of phononic crystals
and acoustic modes is displayed in the Supporting Information.

Figure 2d,e illustrates the optical field and acoustic
displacement in the cross-section of the waveguide (indicated
by the white dotted box in Figure 2a). We utilize the
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fundamental TE mode, as shown in Figure 2d, and a 3.1 GHz
compressive acoustic mode, which has repeatedly compressed
and expanded displacement over the cross-section of the
waveguide, as shown in Figure 2e. The three optical
waveguides are identical, with a thickness of 260 nm, a width
of 1.4 yum, and an etching depth of 190 nm. The three PnC line
defects, each with a width of 4.1 um for the acoustic-mode
wing, as seen in Figure 2e, confine the 3.1 GHz compressive
acoustic modes, serving as acoustic cavities. These cavities are
weakly coupled via phononic crystals, resulting in three
acoustic supermodes, as shown in Figure 2f. However, the
three acoustic supermodes overlap because the coupling
strength ] is equal to or smaller than the dissipation rate I'y/
2, so we cannot observe the mode splitting.

The coupling strength between two acoustic cavities can be
controlled by varying the number of PnC layers, as shown in
Figure 2g. With an increase in the number of PnC layers, the
coupling strength decreases discretely. To minimize acoustic
leakage at the end sides, we have employed 8 layers of
phononic crystals, as shown in Figure 2h. The couplings
between the three acoustic cavities are asymmetric, featuring 5
PnC layers between channels 2 and 1, and 6 PnC layers
between channel 1 and the probe channel, resulting in
corresponding coupling strengths of 2.3 and 1.2 MHz,
respectively. This asymmetric coupling design aims to fulfill
two conditions: ['y/2 = J = (J2 + J)/? and control of the split
ratio between S; and S,. The first condition ensures the
avoidance of mode splitting and maximizes the tunability. For
simpler optical power control, we set [,/2 = J; > J,, which
simplifies the balanced split ratio to become S,:S, = P;:P,.
However, because ], is directly proportional to the Stokes
signal on the probe channel, a small , results in low efficiency
of acoustic-wave probing. Therefore, we designed asymmetric

https://doi.org/10.1021/acs.nanolett.4c00335
Nano Lett. 2024, 24, 7143-7149
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Figure 3. Bandwidth tunability and tuning speed. (a) Experimental output Stokes spectra for wide (S;:S, = 100:0) and narrow (S;:S, = 0:100)
resonances. Red (blue) circle (square) markers and solid (dashed) lines are experimental data and fitted curves for the narrow (wide) Lorentzian
responses. (b) Magnified view of the spectra near the peak. The vertical green dashed line indicates the detuning frequency of —4.1 MHz. (c)
Measurement of bandwidth tuning speed against the modulation frequency at a detuning frequency of —4.1 MHz. The graph includes a curve from

a numerical simulation of coupled acoustic cavities for comparison.
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Figure 4. Frequency tunability in our system. The output Stokes spectra for various pump power ratios between S, and S, are presented: (a) 0:100,
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scenarios where the pump is inserted into the single pump channel, rendering the relative phase irrelevant. (fg) Collections of fitting curves from

(a—e) for relative phases of 0 and 7, respectively.

couplings of J; and J,. The coupling strength simulation is
described in the Supporting Information.

The photonic waveguides in our design have a total length of
about 1.2 cm and are floated over a span of S mm. They exhibit
propagation losses of about 0.7 dB/cm, and the grating coupler
efficiencies for fiber-to-chip coupling are around 54% per facet.
We determined the acoustic properties of our sample by fitting
the experimental results. The Brillouin gain coeflicients,
dissipation rates, and coupling coeflicients were extracted by
fitting the experimental data to a model based on eq S13 in the
Supporting Information. The resulting Brillouin gain coef-
ficients are [510, 580, 310] W' m™, and the dissipation rates
are [5.4, 4.7, 53] MHz, respectively, with an average
dissipation rate of 5.13 MHz. The coupling strengths J, and
J, are [2.3, 1.2] MHz, respectively (displayed in Figure 2h).
The target acoustic resonant frequency was set at 3.135 GHz
for 4.1 um line defects, but fabrication errors caused the
resonant frequency deviations of channels 2, 1, and the probe,
measured as [—0.98, —0.74, 0.15] MHz, respectively. These
nonidentical values result in the asymmetric peak shape
observed in Figure 3b. The detail of the experimental setup is
described in the Supporting Information.

First, we examined the bandwidth tunability of the device.
Figure 3a shows second- and third-order response spectra
when the input pump is injected into channel 1 or 2, while
Figure 3b provides a magnified view near the peak. When the
pump is excited only in channel 1, the spectrum follows a
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second-order response, y,, but when it is excited in channel 2,
it adheres to a third-order response, y;. The fitting curves,
based on the model of the corresponding response functions,
are well-matched with the experimental data. When channel 1
or 2 is excited, the 3 dB bandwidths are 5.75 and 4 MHz,
respectively, resulting in a bandwidth that is 1.43 times wider
compared to y;.

Next, we assessed the bandwidth-tuning speed of our device
by observing the RF power of the output Stokes light in the
time domain. We utilize the zero-span feature of a spectrum
analyzer with an 8-MHz resolution and video bandwidth for
this purpose.'® As seen in Figure 3b, the RF powers of Stokes
light for narrow bandwidth operations S;:S, = 100:0 and wide
operations S;:S, = 0:100 are similar at the peak resonant
frequency but exhibit a contrast of 4.7 dB at —4.1 MHz of the
detuning frequency from the center, as seen in Figure 3b.

To estimate the bandwidth-tuning speed limit, we insert a
—4.1 MHz detuned oscillating pump and measure the RF
power of the output Stokes light in the time domain while
rapidly switching the input pump ports fast sinusoidally using a
variable beam splitter. Due to the bandwidth limitation of the
spectrum analyzer in the experimental setup, the modulation
frequencies were observable only up to 5.3 MHz. By fitting a
simulation curve to the experimental data, as seen in Figure 3c,
we extrapolated a 3 dB bandwidth of 5.66 MHz. This
modulation speed has a few MHz dependence on the detuning,
but this finding indicates that the acoustic resonance tuning

https://doi.org/10.1021/acs.nanolett.4c00335
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coupled acoustic cavities are shown. The index E1 represents the channel nearest to the probe, with higher indices indicating channels further from
the probe, as seen in the insets of (a) and (b). Blue dashed lines correspond to El, green solid lines correspond to E2, red dotted lines correspond
to E3, and black dash-dotted lines correspond to E4. Normalized Stokes output spectra with different pump power ratios, P;:P, values for (c) four-
coupled and (d) five-coupled acoustic cavities are also presented. The relative phase of the two pumps is fixed at 7.

can alternate between narrow- and wide-bandwidth operations
at speeds of around S MHz.

In addition, we measured the peak frequency tunability of
the device. Our system has high-order Lorentzian responses, so
we focus on the peak frequency, which has the maximum value
on the frequency response, rather than the center frequency of
the Lorentzian function since this point has the maximum
signal-to-noise ratio. Spectra are obtained by varying the power
ratio between S, and S, while keeping the sum of S; and S,
constant, as shown in Figure 4. Due to different Brillouin gain
coefficients on the pump channels, we redefine §; = gI'y/2 X
P, and S, = g,] X P,, where g; and g, represent the strengths of
Brillouin interaction in channels 1 and 2, respectively. In the
experiment, we measure a dip in the output spectrum at a 5:5
ratio and ¢ = —/2, as shown in Figure 4c. The dip occurs
when the contribution to the acoustic field on the probe
channel from channel 1 is destructively interfered with that
from channel 2, as in eq 1. The dip measurement confirms the
power balance between S; and S,. Subsequently, we alter the
ratio of S; and S, while maintaining their constant sum.

Figure 4a—e shows peak-frequency-shifted spectra for
various pump ratios, with relative phases ¢ between S, and
S, set at 0, m, and —x/2. The spectra are normalized to the
peak value of Figure 4a. Due to the nonidentical nature of the
acoustic cavities, the right-shifted peaks (¢ = 0) are smaller
than the left-shifted peaks (¢ = 7) by 2 dB. The results show
that when the power ratios are 3:7, 5:5, and 7:3, the peak
frequency shifts with relative phase [z, 0] are [—0.6, 1], [—1,
1.75], and [—0.8, 1.2] MHz, respectively. A maximum peak
frequency shift of 2.75 MHz is achieved, corresponding to 53%
of an average dissipation rate of 5.13 MHz. Furthermore, the
2.75 MHz tuning range exceeds the resonant frequency
deviations caused by fabrication errors in our system. While
the peak frequency is varied, the corresponding peak power
level varies by less than 2 dB. Figure 4f,g shows the collections
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of fitting envelopes for ¢ = 0 and 7, respectively. The tunings
of the peak frequency and bandwidth are clearly observed, as
illustrated in Figure 1c,d, which represent ideal cases.

Greater tunability can be achieved by incorporating higher-
order Lorentzian responses. As shown in Figure Sab, the
bandwidth tunability of the multiport device is calculated for
four- and five-coupled acoustic cavities, respectively. With a
dissipation rate of S MHz, the acoustic resonant responses are
calculated by extending the three-acoustic-cavity system model.
The coupling strengths (J;) between the cavities are numeri-
cally determined using differential evolution and Nelder—
Mead algorithms to optimize the bandwidth tunability without
splitting the resonant response peak.’* For four-coupled
acoustic cavities, when exciting E1, E2, and E3 individually,
coupling strengths of [J5, J,, J;] = [6.89, 4.17, 1.28] MHz are
obtained, yielding bandwidths of 3.90, 13.41, and 4.29 MHz,
respectively, as seen in Figure Sa. For five-coupled acoustic
cavities, exciting E1, E2, E3, and E4 individually, optimized
coupling strengths of [],, J5, J,, and J|] = [1.34, 7.49, 4.66, and
2.50] MHz are achieved, with bandwidths of 6.12, 18.46, 7.19,
and 4.28 MHz, respectively, as shown in Figure Sb. Figure Sc¢,d
shows greater frequency tunability in four- and five-coupled
acoustic cavities. In these figures, high-order Lorentzian
responses excited from E1:E2 in four-coupled and five-coupled
cavities are coherently mixed with a relative phase of 7z,
respectively. We also observe that the peak frequency is shifted
in the negative direction when the relative phase is zero. The
maximum peak shifts are about +2.55 MHz (0.51T, four-
coupled cavities) and +4.46 MHz (0.892I;, five-coupled
cavities). These results clearly indicate that the tunable range
can be significantly enhanced with multiple acoustic cavities,
and the engineering of output spectra is highly feasible since
the relative phases and power ratios of oscillating input pump
lasers can be easily controlled.
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In this paper, we demonstrate a novel method of acoustic
resonance tuning by mixing high-order Lorentzian responses.
Here, our active tuning is achieved without controls of
mechanical parameters but with redistribution of mechanical
modes (mixing of high-order Lorentzian responses). The mode
redistribution may alter the response of mechanical oscillators,
for instance, efficiencies and bandwidths. We can minimize
such alternations by designing coupling strengths through
phononic crystals. In our device, the weakly coupled scheme
reduces the effect of energy redistribution on the probe
channel during the changes in power ratios, so the efficiency
changes by less than 2 dB. Also, the bandwidths are almost
unchanged while the frequency shifting is maximized (Figure
S4c—e in the Supporting Information). Therefore, proper
device designs are required to achieve stable operations with
energy redistribution between acoustic supermodes.

In summary, we have demonstrated for the first time an
optically tunable acoustic resonance based on high-order
Lorentzian mixing. Active control of acoustic resonators is
typically challenging without piezoelectricity or large thermal
effects. Here, our device is capable of adjusting its bandwidth
and peak frequency simply by coherently mixing two
Lorentzian responses in silicon without piezoelectricity and
with a small thermal expansion coefficient.”> This approach
paves the way for innovative tuning methods in comple-
mentary metal-oxide-semiconductor (CMOS) compatible
mechanical devices and optomechanics.
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