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Experimental realization of tunable Fano resonances in two coupled
silicon micromechanical resonators
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Fano resonances originate from the interaction of a discrete state with a continuum of propagation modes.

They have been observed in various quantum and classical systems. Here, we provide experimental observation
of the Fano resonance in two coupled micromechanical oscillator systems. The system consists of a pair of
electrostatically coupled silicon micromechanical resonators. The coupling strength between the two resonators
and their stiffness can be electrically tuned. The damping of one resonator can be regulated by an external

proportional feedback control system. We have achieved the switching from the Lorentzian line shape to the
Fano line shape, indicating that the quality factor of the Fano resonance is more than three times that of the
Lorentzian resonance. This work supplies a flexible platform for exploring the physics of Fano resonances in a
mechanical system and paves the way for developing a new generation of silicon resonant sensors with superior

resolution.
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I. INTRODUCTION

The Fano resonance occurs when a discrete quantum state
interferes with a continuum of states [1]. It was originally
regarded as a feature entirely specific to quantum systems [2].
However, wave interference phenomena are also ubiquitous
in classical optics [3-5]. In particular, the asymmetric line
shape of the Fano resonance promises applications for optical
devices such as sensors, optical filters, switches, broadband
reflectors, lasers, detectors, and slow-light devices [6-8], as
well as metamaterials and metadevices [9—12]. Similarly, the
Fano resonance in classical acoustics has been explored for
basic physics [13,14] and sensing applications [15]. On the
other hand, the Fano resonance in two weakly coupled me-
chanical harmonic oscillators with a periodic driving force
was theoretically predicted about two decades ago [16,17],
and further, the two weakly coupled mechanical harmonic os-
cillators are frequently utilized for illustrating the phenomena
of the Fano resonance in quantum [2] and optical [5] systems.
Here, we provide experimental observation of the Fano res-
onance in a pair of weakly coupled silicon micromechanical
resonators. Our results demonstrate that resonant destructive
interference can indeed be achieved by tuning the damping
and stiffness of one resonator. Consequently, the basic limi-
tations on conventional mechanical harmonic oscillators may
be overcome. This work therefore has broad implications for
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the physics of Fano resonances in a mechanical system and
silicon resonant sensors with superior resolution.

II. AN OPERATION ANALYSIS

Figure 1 depicts a schematic of two coupled silicon mi-
cromechanical resonators. These resonators are with mass
my and my, spring constant k; and k», initial damping coef-
ficient ¢; = ¢; = ¢4, and uncoupled fundamental resonance
frequency fy = wo/2m = +/k/m/2mw where wy is the angular
frequency, respectively. They are coupled with the coupling
spring constant (k.) between the two resonators. Different
from a conventional arrangement, the coupling strength be-
tween the two resonators as well as the stiffness and damping
of resonator 2 can be electrically tuned in this study.

Resonator 1 is driven by a harmonic force fi(t) =
Fy cos wt = Re[Fye''] where Fy and w are the amplitude and
angular frequency. Applying Newton’s law to the two coupled
micromechanical resonators in Fig. 1 yields the following
equations:

d2X1 dx1
mea + - + kixy + ke(x1 —x0) = fi(2),
d2x2 dX2
MZW +C2? + (ko + Ak)xp + ke(xp — x1) = 0, (1)

where x; and x; are the vibration displacement of resonator 1
and resonator 2, respectively. Both resonators with identical
geometric dimensions were designed. Owing to fabrication
tolerances, nevertheless, resonator 1 and resonator 2 are ini-
tially asymmetric. Experimentally, DC biased voltages are
first adjusted so that both resonators achieve nearly the same
amplitude-frequency response. As a result, both resonators are
approximately considered to have the identical mass m; =
my = m and the identical spring constant k; = k, = k. Then
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the stiffness of resonator 2 is subject to a perturbation k; —
k + Ak = k(1 4+ 8) where § = Ak/k is the perturbation.

Taking x,, = a,e’® (n=1,2) for the steady-state solution,
Eq. (1) is rewritten as

L4+ u =27 +ink —n ar] _[%
—i l4+pu—2+8+iprlla| (0]
2

where p = k./k is the coupling strength, A = w/w repre-
sents the scaled angular frequency, and y; = cl/«/nTk and
¥» = ¢2/~/mk denote the loss factor of resonator 1 and res-
onator 2, respectively. For a system in this study, u < 1,
y1 < 1,and y», < 1. We make an approximation, A2 201,
Y1, & y1, and y» A & y,. Equation (2) is then reduced to

14 &2 ) 4 a I}
2 i 20 sl =1E L ©)
-3 I+T—A+§8 ap 0

Solving Eq. (3) yields

1_)“"%""%7”% 2

a) = o
1 (1= 24 il) (1= a4 &40 4n) — (4)22k
ay = % @
(o s e ) - 6

The phase difference between resonator 1 and the driving
signal and that between resonator 2 and the driving signal is
found to be, respectively,

‘Pl=tan_1 yl(l—i_%—i_%_k)
Q+—20)(-1+1)—2-22+)u|
0y = tan~" V1(1+%+%_)‘) '
2—1+M)(=1+r—pw)+8(1—r+1)
(5)

The displacement of resonator 1 and resonator 2 is then
written as, respectively,

x1(t) = |ai| cos (wt + ¢1),
x2(t) = |az| cos (wt + ¢2). (6)

From Eq. (4), the phase difference between resonator 1 and
resonator 2 turns out to be

Y2
9=tan’1 S S . 7
(1+%+§—/\> @

Destructive interference occurs provided that resonator 1
is out of phase (6 = ) with respect to resonator 2, which
requires y» = 0. Taking y; >> y», the amplitude magnitude of
resonator 1 can be approximately regarded as a continuum
and that of resonator 2 can be approximately regarded to be
discrete. The Fano resonance appears when a discrete state
interferes with a continuum state [16,17]. Consequently, two
weakly coupled resonators are expected to exhibit the Fano
resonance when the optimal conditions are satisfied.

Letting ¥, = 0 (it is realized by applying a feedback force
in experiments) and d|a;|/dAx = 0, one obtains a frequency
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FIG. 1. Schematic of two coupled silicon micromechanical res-
onators represented by lumped mass (m), spring (k), damping (c).
Resonator 1 is driven by a harmonic force. The stiffness and damping
of resonator 2 can be electrically tuned.

at which the amplitude magnitude gets its minimum (one
valley),
Amin = 1+ %M + %8’ (3a)

and a frequency at which the amplitude magnitude gets its
maximum (two resonant peaks),

Ao=143u+ 38— 1VA4u> + 682,

Ap=14tu+ 18+ 1v/4p? + 82, (8b)
For the two identical resonators, i.e., § = 0, it is well un-
derstood that two resonant peaks appear at A_ =1 and A4 =

1+ p, and the valley does at Apin = 1+ % u, respectively
[16,17]. Resonator 1 is out of phase (¢; = ) with respect to
the driving signal, leading to the valley at Ay;,. The amplitude
magnitude as a function of frequency shows the Lorentzian
line shape. Besides, the uncoupled fundamental resonance
frequency and coupling strength can be extracted from two
measured resonant peaks under the circumstances. Because
there is a coupling between the two oscillators, the phases
of both oscillators are changed when the driving frequency
passes through the resonances. For y, = 0 and § # 0, the Fano
line shape appears when A, is adjusted to be as close as
possible to A,. For the two identical resonators, i.e., § = 0,
this will not happen. And for y, # 0 and § # 0, the Fano line
shape will gradually disappear as y» increases.

The aforementioned analysis can in principle account for
the Fano resonance in two coupled silicon micromechanical
resonators. On the basis of the equivalent circuit representa-
tion for two coupled silicon micromechanical resonators [18],
we performed simulations using Advanced Design System
(ADS) software to validate the analysis (see Supplemental Ma-
terial S1 [19]). The results of the ADS simulation are generally
in good agreement with the corresponding results predicted
theoretically (Supplemental Material S2) [19].

III. EXPERIMENTAL SETUP

Experimental realization of tunable Fano resonances in
two coupled silicon micromechanical resonators is shown in
Fig. 2. The beam resonator with double ends clamped was
used here. As indicated Fig. 2(a), the coupling between the
two resonators is introduced by DC (direct current) volt-
age (Vi) across them. When the parallel plate capacitance
(C) between the two resonators separated by a small cou-
pling gap (d) is subjected to Vi, the displacement dependent
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FIG. 2. Two electrostatically coupled silicon micromechanical resonators. (a) Schematic of the two coupled resonators. The beam resonator
with double ends clamped was used here. The resonator is driven and sensed using parallel-plate capacitive transduction. Resonator 1 is driven
by a harmonic force. The coupling spring constant can be tuned by V,.. The stiffness of the resonator can be independently tuned by V;; and
Via, respectively. The damping of resonator 2 can be tuned by an external proportional feedback control system. It experiences successively
BPF, AGC, PS, and finally, is applied back as a force to resonator 2. Sensing current due to the resonator motion is amplified by TIA and is
then monitored by a lock-in amplifier. (b) Microscope image of fabricated silicon micromechanical resonators on SOI substrate.

component of the attractive electrostatic force generated
between the resonators results in a mechanical-spring-like
behavior. The electrostatic force is given by [20]

F 1C_, ©)
T 24k
and the equivalence coupling spring constant turns out to be
oF CVi?
kC _———n —— 10
ad d? (19)

The negative effective value of the electrostatic spring
represents the spring softening. Experimentally, V3. = 15 V
yielded k., = 0.5294 N/m.

As indicated Fig. 2, resonator 1 and resonator 2 are biased
by DC voltages Vi and Vj,, respectively. Vi = Vg + Vi
and Vo = Vo + Vyp + AV denote total DC voltages across
resonator 1 and resonator 2, respectively. V;; denotes the DC
bias voltage across resonator 1 for driving, V,;» denotes the DC
bias voltage across resonator 2 for the feedback driving, and
Vas1 and Vy are the voltages across resonator 1 and resonator
2 for sensing, respectively. AV represents the perturbation
voltage across resonator 2 for the stiffness perturbation. Like-
wise, the stiffness of both resonator 1 and resonator 2 can be
adjusted by Vi and Vj,, respectively [21]. Vi and Vi, were
initially adjusted so as to compensate for the slight difference
between k; and k, due to fabrication tolerances. Experimen-
tally, V;1 =54 Vand Vy, =75V yielded two nearly identical
resonators, k| = k, = k = 350 N/m. The stiffness of resonator
2 was then tuned by further regulating Vi, (73, 71, and 69 V,
respectively), and it was accordingly modified to k, = k +
Ak (Ak = 0.56, 0.86, and 1.16 N/m, respectively). The res-
onator is driven and sensed using parallel-plate capacitive
transduction [22].

Both DC bias voltage (V;;) and AC (alternating current)
voltage (V,coswt), where V, is the amplitude, are applied to
the capacitance between the driving electrode (drive) and the
beam plate of resonator 1, as indicated in Fig. 2. The driving
force is given by [20]

~ 1 SAd]
2 d?
_ 1 8Ad1
2 a2
where ¢ is the dielectric constant of vacuum and A,;; and
d are the overlapping area and spacing between the driving
electrode and the beam plate of resonator 1, respectively.
In Eq. (11), the first term is a constant term, which only
adjusts the equilibrium point of the resonator, the last term
is high-frequency components that can be ignored, and the
second term is the AC driving force as required. Then, the
time-varying force applied to resonator 1 is found to be

8Ad1

PR V,.Viicoswt = Fy cos wt (12)
with Fy = eAg1V, Vg /d>. Evidently, a harmonic force is ob-
tained.

The motional displacement of both resonator 1 and
resonator 2 is converted into current by using capacitive trans-
duction. For instance, the sensing capacitance of resonator 2
is given by

F (Va1 + Vacoswt )?

(Vi + 2V Varcoswt + Vicos’wt),  (11)

filt) ~

ASZ L P
d +x,(1)
where Ay, and d are the overlapping area and spacing between

the sensing electrode (sense 2) and the beam plate of resonator
2, respectively. From Egs. (6) and (13), the motional current

Co = 13)
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is given by [20]

L) = 0(Vg2C2) _ 0C (1) 0xa(1)
: at “28%) ot
~ —Vdszw d2 2 |ay| sin (w1 + ¢2), (14)

where V,,, is the DC bias voltage across the sensing capac-
itance. The motional current is then converted into output
voltage by TIA (transimpedance amplifier conversion coeffi-
cient Ar):

Ay
Vi) = —Vypo——— 42

Likewise, the motional current of resonator 1 is also ob-
tained.

The damping tuning is realized by an external feedback
loop, as indicated in Fig. 2(a), where it experiences succes-
sively BPF (band-pass filter), AGC (automatic gain control,)
and PS (phase shifter), and is finally applied back as a force to
resonator 2. From Egs. (6) and (15), taking the total gain (A,)
of feedback loop into account, the feedback voltage applied to
resonators 2 is given by

8AgA52AT dx,(t) . dx,(t)

d? a7 ar
where Ay = VypeAApAr/d 2. Similar to the derivation of
Eq. (11), the feedback force turns out to be

eA dx (t)
fr®) = szd2Af ; cr

Iazl sin (wf + ¢2). as)

vp(t) = Vyp ) (16)

dx,(t)
dt

a7
with
ACf = Vd28A52Af/d2,

where Ay and V;, are the overlapping area and DC bias
voltage between the driving electrode (feedback drive) and
the beam plate of resonator 2, respectively. From Eq. (1), the
vibration displacement of resonator 2 with the initial damping
¢, under the feedback force is written as

d2

d2+(ca

AT 4 (k+ M+ ke —x1) = 0
(18)

It can be seen that the damping of resonator 2 is adjusted
to ¢; = ¢, — Acy, where Acy is equivalent to the negative
damping coefficient. In fact, resonator 2 has been applied by
a feedback force proportional to vibration speed [23]. The
negative damping coefficient can be tuned by regulating the
gain of the AGC and the phase of the PS in the feedback
loop. Overall, the system was designed to allow maximum
tunability.

Figure 2(b) displays microscope image of fabricated
silicon micromechanical resonators on SOI (silicon-on-
insulator) wafers. It utilized a conventional process [24].
A pair of beam resonators with double ends clamped were
electrically coupled [25]. Each of the beams in the resonators
was designed 350 um long. The length of parallel capacitive
plates for coupling was designed to be 260 um. The length of
parallel capacitive plates used for driving and sensing were
designed to be 200 and 260 um, respectively. All the beams
were designed to be 8 wm wide and 25 um thick. All the
capacitance spacings (d) were designed to be 2.5 um. A

fabrication process flow is given in Supplemental Material
Fig. S7 [19].

Micromechanical resonators were placed on a printed cir-
cuit board (PCB) and gold wire bonded to the metal pad on
the PCB to form an electrical connection. They were then
placed in a customized vacuum chamber, which was set to
170 Pa. A high-precision linear DC power supply (RIGOL
DP832A and DP821A) provided DC bias (V., Vi1, Viz) for
the micromechanical resonators and supplied power to the
amplifiers. Vi, was initially set to be 15 V. The lock-in am-
plifier (Zurich HF2LI) provided frequency-sweep signal and
measured the output signal. An AC voltage with the amplitude
of V, (=20 mV) plus DC bias voltage V;; (=27 V) was
applied to resonator 1 while its scanning frequency ranged
106.4-107.4 kHz. With DC bias voltage V;,; =27 V and
Vipo = 20V, the TIA (Zurich HF2TA) was used to translate
current into voltage for the lock-in amplifier to measure or
feed into the feedback loop. Each point was sampled 20 times
and then averaged to improve the accuracy by the lock-in
amplifier. The photograph of the experimental setup is shown
in Supplemental Material Fig. S8 [19].

IV. RESULTS AND DISCUSSION

Initially, one extracted the following parameters from the
measurements: fy = 106.8461 kHz, k. = 0.5294 N/m,
ki =350 N/m, k = 350.56 N/m, y; = 6.4977 x 1074,
y, = 6.2818 x 1074, and u = 0.0015, respectively. Under
these circumstances, the amplitude of both resonators and
the phase difference between the resonator and driving signal
were observed by sequentially adjusting y», 8, and u, respec-
tively.

Figures 3(a) and 3(b) depict the measured output amplitude
of resonator 1 and the phase difference between resonator 1
and the driving signal for different loss factors (y,) of res-
onator 2 at 6 = 0.0016 and u = 0.0015, respectively. For
Y1 & y», two resonant peaks corresponding to A, manifest as
the symmetric Lorentzian line shape, and the phase difference
between resonator 1 and the driving signal is approximately
equal to m at the amplitude minimum, indicating that the
displacement of resonator 1 is out of phase with respect to
the driving signal at Ap;,. For a small loss factor y,, the
second resonant peak corresponding to A is asymmetric. As
predicted by Eq. (7), for y, =~ 0, resonator 1 is out of phase
(60 = m) with respect to resonator 2, and the asymmetric line
shape becomes apparent at smaller loss factor y,, leading to
the Fano line shape. Given that the regulation of the loss factor
y» is achieved by an external feedback loop, the conversion of
the Lorentzian line shape to/from the Fano line shape can be
manipulated by switching on/off the feedback loop.

Figures 3(c) and 3(d) depict the measured output am-
plitude of resonator 1 and the phase difference between
resonator 1 and driving signal for different perturbations to
resonators 2 at © = 0.0015, ¥, = 6.4977 x 107*, and
y» = 0.2911 x 1074, respectively. The resonant frequency
(A4) shifts towards higher values when increasing §, as pre-
dicted by Eq. (8b). Under different coupling strengths (i), the
output amplitude and the phase difference were also measured
(Supplemental Material Fig. S4 [19]). The resonant frequency
(A4) shifts towards higher values when increasing u, too.
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FIG. 3. Measured amplitude and phase difference as a function
of frequency. (a) Amplitude of resonator 1 as a function of frequency
for the different loss factors of resonator 2, y» = 6.2818 x 10~
(blue), 1.5279 x 10~*(green), and —0.0875 x 10~* (red), respec-
tively. (b) Corresponding to (a), phase difference between resonator
1 and driving signal as a function of frequency. Other parameters
for both (a) and (b) are y; = 6.4977 x 107, § = 0.0016, and
© = 0.0015, respectively. For y; = y», it displays the Lorentzian line
shape, whereas for y; > y», it manifests as the Fano line shape. (c)
Amplitude of resonator 1 as a function of frequency for the different
perturbations to resonator 2, § = 0.0016, 0.0025, and 0.0033, respec-
tively. (d) Corresponding to (c), phase difference between resonator
1 and driving signal as a function of frequency. Other parameters for
both (c) and (d) are y; = 6.4977 x 107%, p, = 0.2911 x 107*,
and u = 0.0015, respectively. Both (c) and (d) indicate the Fano line
shape as y; > y,. The resonant frequency (A, ) in (c) shifts towards
higher values as § increases. The quality factor, which is defined as
the resonant frequency divided by the —3 dB bandwidth, is evidently
enhanced for the Fano line shape in comparison with the Lorentzian
line shape.

The resonant frequency shift induced by environments is the
basis of most resonant sensors. Optical sensors with high

resolution have been achieved using the ultrasharp line shape
of the Fano resonance [6-8]. It is therefore significant to
examine a quality factor (Q) in two weakly coupled silicon
resonators. A —3 dB bandwidth method of characterizing the
quality factor at A, is used here. It follows from Fig. 3(a)
that Q = 2277 for the Lorentzian line shape with y; =
6.4977 x 107%, ¥, = 6.2818 x 107*, and § = 0.0016,
whereas from Fig. 3(c), Q = 8235 for the Fano line shape
withy; = 6.4977 x 107%,y, = 0.2911 x 107* and§ =
0.0016. Our experimental observations clearly show that the
quality factor of the resonator is substantially boosted by
exploiting the very properties of Fano resonances.

As shown in Figs. 3(b) and 3(d), corresponding to the Fano
line shape in the amplitude of resonator 1, the phase differ-
ence between resonator 1 and the driving signal also exhibits
the Fano line shape. However, the amplitude of resonator 2
indicates the Lorentzian line shape while its phase difference
exhibits the Fano line shape (Supplemental Material Figs. S5
and S6 [19]). The reason for this is that resonator 1 is out of
phase with resonator 2 as A goes through A, and that, at this
particular frequency, the motion of resonator 1 is quenched
enforced effectively by resonator 2 [16,17].

Previously, Fano resonances were observed in microme-
chanical systems constituted by microcantilever arrays [26].
Nevertheless, the resonant frequency and coupling strength
could be only adjusted via the fabrication of various micro-
cantilevers with different dimensions and spacing. Once they
are fabricated, all cannot be regulated further. In particular,
the damping difference that is dominant cannot be regulated
in experiments. As a result, its asymmetric peak is even 40
dB below the Lorentz peak. Our work differs in that we aim
to demonstrate the Fano resonance in two coupled microme-
chanical resonators, which was long predicted theoretically,
and furthermore, we build a platform of manipulating the Fano
resonance phenomenon.

V. CONCLUSIONS

We show experimentally the existence of the Fano res-
onance in two coupled micromechanical resonators. The
observed effect precisely demonstrates the required interfer-
ence scheme that satisfies the Fano resonance for two coupled
mechanical oscillators. The capability for creating such a
resonance, and for controlling the linewidth of such a res-
onance through tuning, is important for applications such
as tunable bandwidth filters and high-resolution sensors. In
addition, a fully integrated MEMS (microelectro mechanical
system) platform could also be built using application-specific
integrated circuits, instead of external electronic components.
Our system could be of use in the manipulation of mechanical
resonances, and our work opens up an avenue for developing
a next generation of filters and sensors in silicon technology.

ACKNOWLEDGMENT

This work was supported by the National Natural Sci-
ence Foundation of China (Grants No. 61727812 and No.
62074032).

013002-5



XIE, ZHANG, WANG, WANG, AND HUANG

PHYSICAL REVIEW RESEARCH 7, 013002 (2025)

[1] U. Fano, Effects of configuration interaction on intensities and
phase shifts, Phys. Rev. 124, 1866 (1961).

[2] A. E. Miroshnichenko, S. Flach, and Y. S. Kivshar, Fano res-
onances in nanoscale structures, Rev. Mod. Phys. 82, 2257
(2010).

[3] B. Luk’yanchuk, N. I. Zheludev, S. A. Maier, N. J. Halas, P.
Nordlander, H. Giessen, and C. T. Chong, The Fano resonance
in plasmonic nanostructures and metamaterials, Nat. Mater. 9,
707 (2010).

[4] W.D. Zhou, D. Y. Zhao, Y. C. Shuai, H. J. Yang, S. Chuwongin,
A. Chadha, J. H. Seo, K. X. Wang, V. Liu, Z. Q. Ma, and S. H.
Fan, Progress in 2D photonic crystal Fano resonance photonics,
Prog. Quantum Electron. 38, 1 (2014).

[5] M. F. Limonov, M. V. Rybin, A. N. Poddubny, and Y. S.
Kivshar, Fano resonances in photonics, Nat. Photon. 11, 543
(2017).

[6] J. J. Chen, F. Y. Gan, Y. J. Wang, and G. Z. Li, Plasmonic
sensing and modulation based on Fano resonances, Adv. Opt.
Mater. 6, 1701152 (2018).

[7] M. E. Limonov, Fano resonance for applications, Adv. Opt.
Photonics 13, 703 (2021).

[8] L. Cai, S. W. Li, F. C. Xiang, J. Liu, and Q. Liu, Fano
resonance in whispering gallery mode microcavities and
its sensing applications, Opt. Laser Technol. 167, 109679
(2023).

[9] M. Manjappa, P. Pitchappa, N. Singh, N. Wang, N. I. Zheludev,
C. Lee, and R. Singh, Reconfigurable MEMS Fano metasur-
faces with multiple-input—output states for logic operations at
terahertz frequencies, Nat. Commun. 9, 4056 (2018).

[10] S. Xiao, T. Wang, T. Liu, C. Zhou, X. Jiang, and J. Zhang,
Active metamaterials and metadevices: A review, J. Phys. D:
Appl. Phys. 53, 503002 (2020).

[11] J. Y. Ou, E. Plum, J. Zhang, and N. 1. Zheludev, An electrome-
chanically reconfigurable plasmonic metamaterial operating in
the near-infrared, Nat. Nanotechnol. 8, 252 (2013).

[12] J. Zhang, K. F. MacDonald, and N. I. Zheludev, Nonlinear
dielectric optomechanical metamaterials, Light Sci. Appl. 2, 96
(2013).

[13] C. W. Hsu, B. Zhen, A. D. Stone, J. D. Joannopoulos, and M.
Soljacic, Bound states in the continuum, Nat. Rev. Mater. 1,
16048 (2016).

[14] I Deriy, 1. Toftul, M. Petrov, and A. Bogdanov, Bound states in
the continuum in compact acoustic resonators, Phys. Rev. Lett.
128, 084301(2022).

[15] T. Lee, T. Nomura, X. S. Su, and H. lizuka, Fano-like acoustic
resonance for subwavelength directional sensing: 0-360 degree
measurement, Adv. Sci. 7, 1903101 (2020).

[16] C. L. G. Alzar, M. A. G. Martinez, and P. Nussenzveig, Classi-
cal analog of electromagnetically induced transparency, Am. J.
Phys. 70, 37 (2002).

[17] Y. S. Joe, A. M. Satanin, and C. S. Kim, Classical analogy of
Fano resonances, Phys. Scr. 74, 259 (2006).

[18] H. Tilmans, Equivalent circuit representation of electromechan-
ical transducers: I. Lumped-parameter systems, J. Micromech.
Microeng. 6, 157 (1996).

[19] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevResearch.7.013002 for simulation of two
coupled micromechanical resonators; comparison among the-
oretical, simulation, and experimental results; a fabrication
process flow; experimental setup; parameter specifications.

[20] O. Brand, 1. Dufour, S. M. Heinrich, and F. Josse, Resonant
MEMS: Fundamentals, Implementation, and Application (John
Wiley & Sons, Weinheim, 2015).

[21] M. L. C. de Laat, H. H. Pérez Garza, J. L. Herder, and
M. K. Ghatkesar, A review on in situ stiffness adjustment
methods in MEMS, J. Micromech. Microeng. 26, 063001
(2016).

[22] M. N. Zhang, L. Dong, L. F. Wang, and Q. A. Huang,
Exceptional points enhance sensing in silicon micromechanical
resonators, Microsyst. Nanoeng. 10, 12 (2024).

[23] J. M. Lehto Miller, A. Ansari, D. B. Heinz, Y. Chen, 1. B. Flader,
D. D. Shin, L. G. Villanueva, and T. W. Kenny, Effective quality
factor tuning mechanisms in micromechanical resonators, Appl.
Phys. Rev. 5, 041307 (2018).

[24] R. Ghodssi and P. Lin, MEMS Materials and Processes Hand-
book (Springer, New York, 2011).

[25] S. Pourkamali and F. Ayazi, Electrically coupled MEMS band-
pass filters: Part II. Without coupling element, Sens. Actuators
A 122,317 (2005).

[26] S. Stassi, A. Chiado, G. Calafiore, G. Palmara, S. Cabrini,
and C. Ricciardi, Experimental evidence of Fano resonances in
nanomechanical resonators, Sci. Rep. 7, 1065 (2017).

013002-6


https://doi.org/10.1103/PhysRev.124.1866
https://doi.org/10.1103/RevModPhys.82.2257
https://doi.org/10.1038/nmat2810
https://doi.org/10.1016/j.pquantelec.2014.01.001
https://doi.org/10.1038/nphoton.2017.142
https://doi.org/10.1002/adom.201701152
https://doi.org/10.1364/AOP.420731
https://doi.org/10.1016/j.optlastec.2023.109679
https://doi.org/10.1038/s41467-018-06360-5
https://doi.org/10.1088/1361-6463/abaced
https://doi.org/10.1038/nnano.2013.25
https://doi.org/10.1038/lsa.2013.52
https://doi.org/10.1038/natrevmats.2016.48
https://doi.org/10.1103/PhysRevLett.128.084301
https://doi.org/10.1002/advs.201903101
https://doi.org/10.1119/1.1412644
https://doi.org/10.1088/0031-8949/74/2/020
https://doi.org/10.1088/0960-1317/6/1/036
http://link.aps.org/supplemental/10.1103/PhysRevResearch.7.013002
https://doi.org/10.1088/0960-1317/26/6/063001
https://doi.org/10.1038/s41378-023-00641-w
https://doi.org/10.1063/1.5027850
https://doi.org/10.1016/j.sna.2005.03.039
https://doi.org/10.1038/s41598-017-01147-y

