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Abstract: Light, sound, and microwave are important
tools for many interdisciplinary applications in a multi-
physical environment, and they usually are inefficient to
be detected simultaneously in the same physical platform.
However, at the microscopic scale, these waves can un-
expectedly interact with the same microstructure through
resonant enhancement, making it a unique hybrid micro-
system for new applications across multiple physical
channels. Here we experimentally demonstrate an opto-
mechanical microdevice based on Brillouin lasing opera-
tion in an optical microcavity as a sensitive unit to sense
external light, sound, and microwave signals in the same
platform. These waves can induce modulations to the
microcavity Brillouin laser (MBL) in a resonance-enhanced
manner through either the pressure forces including radi-
ation pressure force or thermal absorption, allowing
several novel applications such as broadband non-photo-
voltaic detection of light, sound-light wave mixing, and
deep-subwavelength microwave imaging. These results
pave the way towards on-chip integrable optomechanical

solutions for sensing, free-space secure communication,
and microwave imaging.

Keywords: microcavity; multiphysical sensing; opto-
mechanics.

1 Introduction

Sensors, like eyes and ears of human beings, are the most
important sensing units to respond to events in the envi-
ronment, which is highly complex across multi-physical
domains including signals from light, sound, electro-
magnetic waves, thermal, magnetic fields as well as
electrical fields, etc. Previously, sensors can only operate
in one particular physical field for the optimized perfor-
mances and the sole response ofmaterials. For example, a
photodiode can hardly pick up any acoustic wave signals.
Recent emerging developments in remote sensing [1], bio-
medical photoacoustic imaging [2], dual-band radio and
optical communications [3] pose strong demands to
implement hybrid multiphysical and compact devices for
simultaneously sensing multiple waves/fields across
different physical regimes. So far, such a hybrid sensor
has not been demonstrated due to the rigid multiphysical
responses required by materials. On the other hand,
optomechanics, highly hybrid micro-devices, might just
be the solution to the above problem. Previously, opto-
mechanical devices have proved their ultrasensitive
capability in mass sensing [4], force measurement [5], gas
detection [6], as well as motion sensing [7, 8]. They can
even be embedded in liquid environments for viscosity
measurement [9] and particle sensing [10]. Particularly,
incoming light can exert the radiation pressure force to
these micro-devices and excite their optomechanical
motions [11, 12]. Similarly, traditional acoustic fields can
also induce modulations to these structures for sensing
purposes [13]. However, it is not so trivial for microwave
fields. It has been demonstrated that coherent coupling
between microwaves and optical photons can be assisted
by the radiation pressure, though, in vacuum conditions
[14]. It is highly deserved to merge hybrid coupling of
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light, sound, and microwave in the same device for new
functionalities, for example, in piezo-optomechanical
circuits [15, 16].

Among many optomechanical platforms, microcavity
Brillouin lasers (MBLs) can be fabricated in a compact form
based on whispering-gallery resonances [17–19], where
both optical waves and acoustic waves can be circularly
and resonantly trapped to preserve high optical as well as
mechanical Q factors. This greatly reduces lasing threshold
[18, 20], permits ultra-narrow linewidth [21], which makes
these micro-devices extremely sensitive to their sur-
rounding medium for ultra-sensitive detection in massing
sensing [4] as well as for others like force [5], gas [6], vis-
cosity [9], and nanoparticle [10]. Moreover, the ultra-nar-
row linewidth feature and compactness of such MBLs can
empower new types of inertial sensing applications as
chip-scale optical gyroscopes [7]. Unlike traditional types
of lasers sealed to work in a low-pressure condition, MBLs
can be designed to operate in the ambient environment,
which creates an ideal micro-platform for simultaneously
sensing of multiphysical waves in an ambient environ-
ment. Such optomechanical nature and compact form
factors pave the way for such devices’ sensitive applica-
tions in sensing, remote control, and imaging.

In the work, we explore an optical-microcavity-based
compact Brillouin laser system as an optomechanical
probe to sense those induced modulation signals from
external light, sound, and microwave sources in the same
platform. We firstly demonstrate a microcavity Brillouin
laser (MBL) based on a tapered-fiber-coupled microsphere
assisted by itsmechanical cantilevermicrostructure,which
allows sensing the presence of the tiny radiation pressure
force exerted from the external light, altering the lasing
spectrum by precise optical actuation. Such a response can
be resonantly enhanced through several mechanical res-
onances when temporal modulation is applied for both
optical and acoustic fields. We validate the origins of these
mechanical resonances by tuning their natural resonances
through moving a load on the cantilever, effectively play-
ing a micro-guitar string by the light. In the meantime, our
MBL can simultaneously pick up these pressure waves
from both light and sound, and coherently mix them into
optical signals, opening up a unique gate for the dual-
physical-channel communication. Additionally, the MBL
can also react to the external microwave through material
absorption. Based on that, we demonstrate a deep-sub-
wavelength probe for microwave imaging. These results
prove the MBL as a compact versatile tool in hybrid micro-
systems for information processing, sensing, and imaging
applications.

2 Results

2.1 A microcavity Brillouin laser

A Brillouin laser, a unique platform stimulating photons
from coherent phonons, has found its crucial applications
in optical inertial rotation sensing [22], microwave genera-
tion [23], andultrafast amplitudemodulation [24], thanks to
its special features of narrow linewidth, broadband
response, and less-material demand. The first demonstra-
tion of aBrillouin laserwas in anoptical-fiber ring resonator
[25]. With recent developments in micro-fabrication and
nanotechnology, more types of Brillouin lasers have
emerged in a compact form such as MBLs [17, 18]. Like op-
tical-electrostriction-induced stimulated Brillouin scat-
tering in optical fibers [26, 27], both backward and forward
types of Brillouin lasers can be found in these optical
microcavities [28]. However, unlike in the fiber case, the
resonant light field inside the microcavity can also induce
optomechanical vibrations such as breathing modes
through resonance-enhanced radiation pressure [29].
Careful engineering thesemechanical structures can further
permit phonon lasers [30]. Such hybridmicro-systems, with
the coherent interplay between photons and phonons due
to their optomechanical nature, can lead to many scientific
advances and practical sensitive sensing applications.

Here our MBL is realized on a tapered-fiber-coupled

microsphere resonator with Qoptical > 108 in the ambient
environment. Such a microsphere made of a fused-silica
fiber tip can support both optical and acoustic whispering-
gallery type resonances (Figure 1a) where an optical pump
light launched through the input port of the tapered fiber
coincides with one optical whispering gallerymode (WGM)
stimulating the generation of both a Stokes photon and an
acoustic phonon through an electrostrictive-induced
stimulated Brillouin scattering (SBS) process [28]. This SBS
gain enables the observation of the MBL in our system.
Unlike previous Brillouin Lasers from the backward SBS
[18], our MBL is from the forward SBS (verified by a Fabry–
Perot cavity measurement in the supplementary notes),
resulting in a Stokes shift around 66.9 MHz. This MBL,
established from the Doppler-shifted pump light, hits
another optical WGM fulfilling the phase-matching condi-
tion as shown in Figure 1b. In the meantime, the excited
phonon also hits the acoustic WGM (Figure 1a bottom)
which strongly enhances the internal acoustic field. On one
hand, this triple-resonant configuration (i. e., the pump
photon, the Stokes photon, and the acoustic phonon) al-
lows us to observe the MBL at a very low pumping
threshold, as low as 1.25 mW with a steep pump-output
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slope as shown in Figure 1c, where tiny changes may be
reflected in the output power. On the other hand, the rigid
phase-matching condition in this triple-resonant system
can be easily disturbed by thermal, mechanical, or vibra-
tional noises from its surroundings, making it a good
platform for sensitive-detection applications [6, 31]. In our
experimental set-up, both themicrosphere and the tapered
fiber are physically extended from a standard silica fiber
which is very flexible, only 125 μm in diameter; moreover,
our MBL operates near the lasing threshold where even
a tiny external noise may greatly influence this opto-
mechanical system. In the following,wewill experimentally

explore the external light, sound, and microwave sources’
impact on this MBL.

2.2 Radiation pressure induced actuation
in MBL

Firstly, we demonstrate the light-induced radiation pres-
sure sensing capability in our MBL by sensitive detecting
induced actuation (Figure 2). It is well-known that light can
induce the radiation pressure force to matter due to the
conserved photon momentum [29]. However, given the

Figure 1: Conceptual illustration of a
microcavity Brillouin laser (MBL).
(a) A forward SBS laser in a microsphere.
Top: a pump light guided by a tapered fiber
is evanescently coupled into one of the
opticalWGMs of amicrosphere and induces
forward SBS lasing which also resonantly
propagates in another optical WGM. This
signal light is evanescently coupled back to
the same tapered fiber. Bottom: a Rayleigh-
type surface acoustic wave unidirectionally
propagates in an acoustic WGM. Inset: a
photo of the microsphere coupling system.
Scale bar: 20 µm (b) Spectrum diagram of
an MBL in a resonance-enhanced system.
The pump light (blue) is at the center of an
optical WGM. The forward SBS lasing signal
(red) is near the center of another optical
WGM. The frequency differencebetween the

pump and the signal is the frequency of the electrostriction-induced acoustic wave. (c) Pump power versus forward SBS lasing power curve.
The slope efficiency is 0.1. Inset: The optical beating between the pump light and the lasing signal obtained from the electrical spectrum
analyzer. The blue squares are the experimental data and the red dashed line is from the linear fitting.

Figure 2: Tuning MBL by optical radiation
pressure.
(a) Schematic illustration of the gap-
spacing changing between themicrosphere
and the tapered fiber by a CW laser beam
shooting at the microsphere. The coupling
gap is around 200 nm. The distance
between the light actuator andmicrosphere
is 10 µm. The spot size on the microsphere
is around 10 µm. (b) Direct gap-spacing
observation through Newtown’s ring
pattern. (c) Evolution diagram of the MBL
frequency shift induced by optical
actuation. The lasing offset frequency is
around 372.4540 MHz.
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limited power of light sources, such radiation pressure
force is usually weak, only felt by microscopic objects, for
example, optical trapping nano/micro-particles [32]. Here
our MBL is a “mesoscopic” one consisting of a microscopic
microsphere resonator (around 175 µm in diameter) and a
macroscopic long pillar (over 6.2 mm in length). Both of
these features can affect the generation of the MBL in our
experiment. When the MBL is turned on, we shine an
external fiber-coupled laser to the microsphere to investi-
gate such effect as shown in Figure 2a. The main radiation
pressure force (numerically estimated as 1.61 pN for
1.00 mW inputs, see the supplementary notes) performs as
an optical actuator pushing the microsphere at the end of
the cantilever pillar away from its mean position
(Figure 2b). Noticeable variation can be observed in New-
ton’s ring pattern arising from the interference between the
tapered fiber and the microsphere in the evanescent
coupling region, which clearly implies the gap-spacing
changing due to this external radiation pressure force.

Alternatively, we calibrate such gap changing with a
separated experiment using a nanometer-resolution
piezoelectric actuator and find out the actuation to be
around 150 nm for an equivalent 3 mW laser-induced
shift. As a result, the MBL is red-shifted around 5 kHz
spectrally, giving a resolution of 1 kHz which is the line-
width of the MBL (supplement). A similar relationship
between the MBL threshold and the coupling efficiency
has been studied previously in Ref [28]. These behaviors
origin from the gap changing in the evanescent coupling

region causing the small detuning of WGM resonances
[33], which are precisely aligned according to the phase-
matching conditions for both the pump and the Stokes
lasers. Moreover, similar phenomena can be observed
with 633, 1064, and 1550 nm external laser for the optical
actuation (results for 633 nm and 1550 nm are shown in
the supplement). Intuitively, this arises from radiation
pressure from any light despite its frequency. This sensing
scheme effectively offers an alternative non-photovoltaic
solution to the sensitive light-field detection through the
radiation pressure force, which should respond in a
broadband manner other than the material-limited
bandwidth in photovoltaic detection.

2.3 Optical modulation of MBL and
micro-guitar demonstration

More insights can be gained by performing a dynamical
modulation to our cantilever-microcavity optomechanical
system as shown in Figure 3a. The external laser source is
temporallymodulatedwhilemaintaining its power level. By
sweeping the modulation frequency, two resonances
appear at 2.384 and 15.169 kHz (Figure 3c) by reading out the
MBL’s variation signal through a lock-in detection scheme
(method). These resonances are the mechanical responses
from the cantilever pillar excited by the radiation pressure
force, similar to previous works using the AFM cantilever
[34]. Numerically, we verify these two mechanical modes to

Figure 3: MBL optical induced modulation.
(a) Schematic illustration of different
mechanical modes of the cantilever-
microsphere structure excited by a
modulated laser beam shooting at the
microsphere. Coupling gap: around
200 nm. Distance between light actuator
and microsphere: 10 µm. Spot size: 10 µm.
Cantilever length: 6.2 mm. (b) Oscillation
spectrum of two different mechanical
modes from the cantilever-microsphere
structure. The optical modulation depth is
less than 500 µW. Different mechanical
motions via FEM are shown. Inset: diagram
of the mode at 15.169 kHz in detail. (c)
Spectrum of MBL under optical modulation
obtained from the electrical spectrum
analyzer. (d) Micro-guitar demonstration.
The fundamental mechanical mode of the
cantilever-microsphere structure is red-
shifted when a copper ring is getting closer
to the microsphere. Different mechanical

motions of a donut-shaped loading via FEM are shown. The loading position from top to bottom: loading-free; 4.3 mm away from the
microsphere; 2.9 mm away from the microsphere. The scale bar: 1 mm.
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be 2.392 and 15.000 kHz respectively by simulating the
cantilever-microsphere structure via FEM.

Such mechanical oscillations sinusoidally modulate
the MBL exhibiting two beating sidebands in the spectrum
domain (Figure 3d). This effectively constructs an optical
receiver for free-space communication, which is, as
mentioned above, non-photovoltaic and applicable for
almost all wavelengths as long as the radiation pressure is
present. Ideally, our system can reach a sensitivity to read
out even the Brownianmotion of the coupling tapered fiber
[8, 35], but improvements to the system stability and
detection scheme have to be considered for further studies.
In the experiment, we estimate the optical sensitivity at the
modulation frequency of 2.384 kHz. The modulated optical
beam applies a driving force at this natural frequency and
greatly amplifies the mechanical motion. Compared with
the continuous-wave actuation, the enhancement factor is
around 20 according to the quality factor of themechanical
oscillation. Meanwhile, the phase-sensitive lock-in detec-
tion method further improves the signal-to-noise ratio.
Practically, we realize the minimum optical radiation

pressure force of 2fN ⋅ Hz−1/2 with the minimum optical
power fluctuation of 100 nW, which is 1000 times greater
than the sensitivity in the continuous-actuation case
(supplement). Moreover, we can tune the natural fre-
quencies of the cantilever-microsphere structure by either
increasing or redistributing the weight on the pillar,

effectively optically playing a “micro-guitar”. In our
experiment, a thin copper ring is suspended on and oscil-
lates with the pillar. As shown in Figure 3d, by loading and
moving the thin copper ring towards the microsphere side,
the resonance can be tuned from the original 2.384 kHz
(unloaded) to 1.856 kHz (loaded at 4.3 mm away from the
microsphere), and finally reaching 1.212 kHz (loaded at
2.9 mm away from the microsphere), respectively. Mean-
while, a model of a pillar with a donut-shaped load car-
rying similar weight at different positions is established via
FEM and this oscillation simulation coincides well with the
experimental results shown in Figure 3d inset. This is an
important result. On one hand, such cantilever resonances
can directly amplify weak modulation signals at some
specific frequency for enhanced sensitivity. On the other
hand, with the help of such a tuning mechanism, one can
select the interested frequency band to amplify. Moreover,
it opens up a new optomechanical way for sensitive mass-
sensing applications [4].

2.4 Acoustic wave sensing in MBL

Inspired by the above optical modulation experiment, we
also investigate an acoustic way to modulate our MBL by
directly shining an acoustic wave from a micro-speaker as
shown in Figure 4a. This acoustic wave provides the

Figure 4: MBL acoustic induced modulation
and hybrid dual-channel communications.
(a) Schematic illustration of the mechanical
modes of the cantilever-microsphere
structure and the tapered fiber excited by a
temporally-modulated laser beam and a
sound wave, respectively. Coupling gap:
around 200 nm. Distance between light
actuator andmicrosphere: 10 µm.Spot size:
10 µm. Distance between speaker and
tapered fiber: 15 mm. Cantilever length:
6.2 mm. Tapered fiber length: 52 mm. (b)
Oscillation spectrum of different
mechanical modes from the tapered fiber
“string”. Each mode has been verified by
FEM (inset). (c) Demonstration of the dual-
channel communications. Each row
represents a combination of waves acting
on the MBL. OM: optical modulation. AM:
acoustic modulation. The magenta color
represents the generating frequency.
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driving force from the air and fluctuates the MBL structure
to realize the acoustic modulation. Considering the flicker
noise, one of the dominant noises in the acoustic frequency
domain, our system converts this acoustic signal out of the
low-frequency band optically to get rid of the flicker noise.
In the experiment, the tapered fiber is suspended on a D-
shape holder. Only the two ends of the tapered fiber are
stuck throughUV glue, and the distance between these two
ends is viewed as the total length to oscillate. The tapered
fiber is slightly tightened up to stable the MBL and avoid
intensive stress. By beating with MBL’s native resonance,
we can coherently pick up those acoustical signals in a
more sensitive way with sensitivity ∼267 µPa Hz−1/2 (details
in the supplement), comparable or better performed than
other similar optomechanical devices [36]. Here multiple
resonances are observed from the MBL’s spectrum
response during frequency sweeping in Figure 4b. How-
ever, these modes are relatively broad with lower me-
chanical Q factor (∼5) as compared to those in the optical
case (mechanical Q factor ∼50). This is because the
acoustic field is much wider than the laser field which is
more directional and purposely pointed only to the
microsphere resonator. As a result, the tapered fiber with
nearly 5 cm length reactsmuch stronger to this soundwave
due to its micrometer-size width which makes it flexible to
floweven in the air. The greater damping effect arising from
the surrounding airflow degrades its mechanical Q. We
numerically examine these oscillation modes from such
fiber “strings” and find each one’s corresponding reso-
nance as shown in Figure 4b. Similar results have also been
demonstrated in a vacuum environment but with a higher
Q factor [8, 35]. In order to distinguish sensed signals from
light or sound, we note that these resonance peaks are
quite distinct in the frequency domain. For example, only
two resonances with much higher Q factors exhibit for the
optical sensing as compared to eight lower Q resonant
modes in the acoustic case. This feature can be utilized for
separating out sensed signals. Moreover, the optically
induced resonances are tunable as mentioned above in the
micro-guitar experiment, which can be further developed
for the signal decoupling purpose.

Another major feature utilizing this new acoustic tool,
we proceed to demonstrate an interesting dual physical
channel mixing through both optical and acoustic physical
channels shown in Figure 4c. Three types of combinations:
optical-optical, acoustic-acoustic, and optical-acoustic
dual-channel communications are explored, where their
frequency mixing can be clearly illustrated in the MBL’s
beating spectrum (Figure 4c). This is achieved by sending
signals through light and sound simultaneously at those
resonance modes mentioned above, and those off-

resonance signals either through light or sound are less
pronounced. Further, potential crossmodulation is carefully
minimized by positioning the light modulator and the
speaker shown in Figure 4a. Specifically, the inclined light
incidence keeps the light spot away from the tapered fiber.
In the meantime, although the pillar is inevitably and al-
ways covered with the spreading sound wave, horizontally
positioning the speaker greatly eliminates the pressure force
which fluctuates the pillar in the vertical direction and
further suppresses cross modulation (supplement). Here for
the three kinds of modemixings, they all can be understood
as temporal modulations exerted from these external waves
simultaneously, where both optical and acoustic waves can
induce resonant oscillation to the cantilever and the tapered
fiber, respectively, through the sensitive fiber evanescent
coupling scheme. On the other hand, those mixed reso-
nances (highlighted in pink) naturally act as AND gates,
where only if both input channels are present, their sum-
frequency signals can be picked up. Based on this property,
the MBL system acts as the decryption tool to reveal the
information which is encoded from two physical channels
like light and sound. Only if both physical signals are
detected simultaneously via the MBL system, the encrypted
information can be revealed, providing a new way towards
free-space secure communication. Lastly, identical pairs of
MBLs are obtainable to improve bit error rate and relay the
signals. Physical channel calibration can be realized by
adjusting the loading position on the cantilever and gluing
part of the taper-free regions of the tapered fiber (supple-
ment). Previously coupling acoustic and optical signals
together relies on the piezoelectric material [15, 16]. Light
modulation from free space often requires a low-pressure
environment which inherently limits the possibility of
introducing the sound wave [34]. Unlike these prior works,
the sensitiveMBLsystem releases the vacuumconditionand
embraces the pressure waves from the ambient environ-
ment, also possible in a liquid environment [13], making it
more accessible for sensing and free-space communication
applications [37].

2.5 MBL microwave sensing and deep-
subwavelength microwave imaging

At last, we investigate another common electromagnetic
wave, i. e., microwave’s influence on the MBL system. The
MBL is placed nearby a dipole antenna of an external
microwave source (Figure 5a), which is swept continuously
in frequency and gradually pumped up the power level to
probe the response of theMBL.As a result, theMBL’s central
frequency red-shifts up to 20kHzwhen increasing thepower
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of the microwave source to 40mW (Figure 5b). In principle,
this frequency shiftingwill not influence the functionality of
the light/sound sensing since the modulated sideband will
be shifted along with the center frequency (supplement).
Now,MBLcentral frequency tuning, viewed as the signature
of the microwave sensing, potentially completes the last
puzzle to realize simultaneously sensing light, sound, and
microwave. According to the slope of the MBL shifting, the
steepest slope is 2.9029 kHz/mW (supplement). Experi-
mentally the pump light can act as another heat source to
tune the temperature around the microsphere, which adds
another degree of freedom to set theMBL in different phase-

matching conditions. In this way, we can constantly make
use of the steepest slope to improve sensitivity. At micro-
wave frequency of 7.5 GHz, we have realized the minimum
microwave power detection of 0.3 mW which highly
depends on whether the MBL is under the rigid phase-
matching conditions. In the meantime, several resonances
are observed in the response of the MBL’s intensity in
the frequency span from 4.7 to 12.0 GHz during a constant-
power frequency sweeping where a more broadband
response is expected to be revealed in further studies
(Figure 5c). Unlike the previous modulation schemes
through pressure waves, we contribute these behaviors to

Figure 5: MBL microwave-induced
modulation and subwavelength profile
scanning.
(a) Schematic illustration of a microsphere
experiencing thermal effects excited by a
microwave. Coupling gap: contact with
tapered fiber (also workable within
200 nm). Distance between dipole antenna
and microsphere: 1.2 mm. (b) Evolution
diagram of the MBL frequency shift induced
by the microwave modulation. The lasing
offset frequency is around 469 MHz. The
microwave frequency is at 7.5 GHz. (c)
Absorption spectrum of a microsphere
heated bymicrowave. (d) Thermal response
of the MBL by a modulated microwave. The
microwave frequency is at 7.5 GHz. The red
squares are the experimental data and the
blue curve is from the exponential fitting. (e)
Demonstration of 3D microwave profile
scanning. Right: FEM simulation of a
microwave profile from a microwave
antenna. The orientation of the dipole
antenna is shown. The angle between the
antenna plane and the vertical scanning
axis is around 35°. Left: vertical, horizontal,
and longitudinal microwave power
distribution from top to bottom,
respectively. The red lines are from FEM
simulation and the blue squares are from
experimental data.
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the thermal effects caused by the material absorption. Here
the silica microsphere is well-known for being covered with
a thin water layer in the ambient environment [38]. This
layer strongly absorbs the microwave radiation in the
spectrum of several GHz frequencies [39]. Moreover, prior
studies also suggest some resonant peaks in the silica’s
absorption spectrum we’re interested in here [40]. In either
way, such material absorption can lead to the microcavity’s
internal temperature rising, causing the resonances red-
shifting through a thermal-optical effect [41]. We verify the
above proposed theory by performing a temporal modula-
tion experiment and observe a characteristic exponential
decay response of the MBLwhen ringing up themodulation
frequency from 100mHz to 5Hz (Figure 5d),which indicates
a slow thermal effect through heat conduction between the
absorption regime and the optical-mode regime, similar
with the prior studies [42]. Moreover, additional tests are
conducted by adjusting the microwave’s power to observe
the red-shifting of optical modes in our microcavity. These
results verify the thermal-optical nature of the MBL by
heating through a microwave source, much similar to our
previous work of heating microcavity through light [43].
With the help of a numerical tool to simulate the tempera-
ture distribution through heat conduction, we can calculate
the slope efficiency of the temperature variation versus the
inputmicrowave power as 5.23mK/mW (supplement). Such
techniques can be applied for precise frequency-tuning in a
microcavity, which is very crucial for microcavity based
applications since the tuning methods are limited at this
microscale. Prior works using mechanical pulling/
compression through photo-elastic effect has been realized
in hollow bottle-like microresonators (BLMR) [44], while its
tuning resolution proportional to the mechanical stretching
is limited bymechanics.Heremicrowaveheating inourMBL
system offers another approach for fine-tuning in a remote
manner, which may be applicable even in vacuum condi-
tions.

We explore this MBL’s unique response to the micro-
wave as a feasible tool for a deep-subwavelength micro-
wave imaging application. As a proof-of-principle
experiment, we perform a profile scanning near a micro-
wave antenna as shown in Figure 5e. In the experiment we
change the position of the dipole antenna in three di-
mensions to let the MBL experience different parts of the
microwave field. Here the working frequency of the
emitted microwave is fixed at 7.5 GHz, i. e., ∼ 4.0 cm in
wavelength. The microwave receiver based on a silica
microsphere only has a radius of 85 μm, ∼1/250 of the
wavelength. Such a deep-subwavelength microwave
sensor may be beneficial for some critical experiments in
the condensed matter [45], quantum physics [46], and

metrology [47]. In principle, the form factor can be further
reduced if implementing these optomechanical processes
on a chip [29]. After scanning, the obtained MBL power
response can resemble the near-fieldmicrowave profile; as
compared to the numerically calculated emission pattern
near an antenna, our method accurately maps out this
field distribution in all three dimensions. Currently our
MBL records total power in all polarizations. A polariza-
tion-sensitive MBL requires either asymmetric structure
such as microdisk or anisotropic material for material
absorption such as a one-directional nanowire array,
which is worth further investigation. We believe this new
technique can bring a new tool for applications in micro-
wave imaging and spectroscopy.

3 Discussion

In summary, we experimentally demonstrate a compact
optomechanical system based on a MBL, which can sense
induced modulation from external light, sound and mi-
crowave sources through the cantilever-microsphere
structure, the tapered fiber motion and the microwave ab-
sorption, respectively, in the same microstructure. These
independent degrees of freedom naturally distribute sig-
nals to different channels in a distinguishable manner, of-
fering us an opportunity to implement such a hybrid
sensingmicro-platform for new applications. Such a hybrid
sensing ability of our hybrid micro-system can lead to new
revolutionary technologies in many areas. For example, we
have shown acoustic and optical induced mixing in the
MBL, which has the potential in sound-light dual physical
channel communications. This allows information to travel
separately through two physical channels, i. e., optical one
(information) and acoustical one (security key), and finally
combine in the sameMBL sensor. By doing this,we canhide
encrypted information on either channel for security pur-
poses [48]. Moreover, we have also shown the tunability of
the cantilever resonancesby shifting the smallweight inour
MBL. Note that these resonances can also fit into the oper-
ation spectrum of the underwater sonar system [49],
providing a compact and sensitive solution for underwater
navigation and communication purposes. At last, our
demonstration of the deep-subwavelength microwave field
scanner by the MBL is another alternative way for broad-
band microwave sensing with optics, which can operate in
the ambient environment without the extra effort for either
specialmaterials or vacuum isolation,making it feasible for
microwave related applications. In the future, we expect to
merge the three sensing capability into one integrated
platform by optimizing the corresponding microstructures
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as well as the microsphere material, i. e., for fast-response
microwave sensing, such that the interplay of the three
sensing channels will further enable new functionalities.
We believe this new hybrid micro-device will open up new
possibilities in many areas including but not limited to in-
formation processing, sensing, and imaging applications.

4 Materials and methods

Cantilever-microsphere fabrication. A standard single-mode fiber
(G.652.D) without cladding is fused by an electric arc from a fiber
fusion splicer (Ericsson FSU 995 FA) in the ambient environment. A
complete fusion process makes a microsphere with a radius of 85 µm.
We stick this piece of fiber on a heavy post with UV glue andmake sure
the length of the cantilever is around 6 mm.

Tapered-fiber fabrication. A standard single-mode fiber
(G.652.D) without cladding is softened by a hydrogen lamp and is
slowly tapered in both directions at the same speed. A real-time
observation of the light transmission on the oscilloscope is required to
adjust the flame and determine the shut-down moment. The tapered
region is around 4.2 cm. The time cost during the taper process is
within 15 min.

Wave emitters. Our light emitter is a standard single-mode fiber
(G.652.D) with flat ends. No special collimator or micro-lens is added.
Our sound emitter is a commercial headphone unit driven by a func-
tion generator (Siglent SDG5162). Our microwave emitter is a home-
made dipole antenna. Two copper wires aligned with a gap smaller
than 100 µm are connected with the anode and the cathode of an
electric cable. The radius of each copper wire is around 50 µm.

Light tuning experiment. The pump light is from Toptica CTL
and the wavelength is around 1557 nm. The external light is from
Toptica DL Pro and the wavelength is around 1550 nm. A function
generator (Siglent SDG5162) is used to do themodulation. This electric
signal is divided into two channels and one of them is sent to the lock-
in amplifier (SRS SR865A) as the reference signal. We use an EOM to
modulate the external light beam. The modulation depth can be
reduced to 500 nW, as long as the lock-in amplifier can detect the
signal from the noise. In the light-light communication demonstra-
tion, two frequencies from two channels of the function generator are
applied on the same EOM simultaneously.

Sound tuning experiment. The signal from the function
generator is sent to the anode and the cathode of the headphone unit.
A typical value of the signal is below 1 V. The distance between the
acoustic modulator and the microsphere is around 1.5 cm. In the
sound-sound communication demonstration, two frequencies from
two channels of the function generator are applied on the anode and
the cathode simultaneously.

Microwave tuning experiment. The microwave modulator is
placed over 1.2 mm away from themicrosphere to avoid disturbing the
temperature of the surrounding air through thermal conductance
whichwould cool the temperature of themicrosphere unexpectedly. A
microwavemixer (REMECMagnumMC44P-12) is used tomodulate the
microwave signal. Specifically, LO channel is connected with the
microwave generator (Agilent Technology E8257D), IF channel is
connected with the function generator, and RF channel goes through
the microwave amplifier (CTT ALN/079-2025-41) before reaching the
microwave emitter. To obtain Figure 5c and Figure 5e, we generate a

1 Hz sinusoidal signal by the function generator and divide this signal
into two channels, one to IF channel, the other to lock-in amplifier as
the reference signal. The amplitude of the signal is 4 V, which will
modulate the amplitude of the microwave over 20 dB. In both cases,
the power of the microwave is set 18 dBm from the microwave
generator. In the end, theMBL experiences a small disturbance at 1 Hz.
Namely, the intensity of this disturbance expresses the MBL’s
response to the microwave. In our experiment, the frequency filter
from the lock-in is set at 0.3 Hz, which requires the exposure of at least
10 s for one stable and convincing measurement. To plot Figure 5e, it
takes within 15 min to finish all the measurements with adjusting
stage.

Signal processing. To detect the MBLmodulation from a lock-in
amplifier, a square-law detector (AD8310) is used after the beating
signal going through a photodetector.Whenmodulation happens, the
optical beating frequency Ωa with its sidebands Ωa + Ω and Ωa − Ω
goes through the square-law detector, and the envelope is extracted.
This envelope, frequency atΩ, shows themodulationdepth of theMBL
on the lock-in amplifier.
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