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ABSTRACT

Accurate determination of light power and wavelength is fundamental to nearly all optical and laser applications. However, simultaneous and
precise measurements of these two parameters remain a critical challenge due to intrinsic cross-sensitivity in conventional devices. Here, we
propose and demonstrate a dual-parameter decoupling strategy based on photothermal whispering gallery mode (WGM) microcavities,
enabling parallel measurements of both optical power and wavelength without cross-sensitivity. Optical absorption of the pump light by the
composite microcavity produces increased temperatures that are proportional to the pump power and wavelength of the light, resulting in a
wavelength shift in the WGM resonance of the microcavity. We demonstrate a record-high photothermal tuning sensitivity of ~—4 nm/mW
and an ultralow detection limit of thermal power down to 4 uW, both of which surpass all previous schemes by more than an order of magni-
tude. With a linear response to the pump wavelength, the designed microcavity allows for near-infrared wavelength measurement over a
broad bandwidth from 780 to 1064 nm. Importantly, by introducing the decoupling strategy that employs spectral changes of two microcav-
ities with asymmetric responses, we demonstrate parallel measurements of both optical power and wavelength with high accuracy. As the first
proof-of-principle demonstration of a single optical power-wavelength measurer using optical microcavities, our work could advance various
applications relying on miniaturized and precise optical metrology devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0268412
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I. INTRODUCTION

Optical power and wavelength are crucial parameters in optical
signal analysis and measurement. Accurate determination of these two
parameters is fundamental to applications in fiber optic communica-
tion," optical sensing,” and laser processing,’ ensuring precision and
consistency of data transmission and device production. In scientific
research and analysis, simultaneous measurements of optical power
and wavelength are of particular significance in terms of improving
measuring efficiency and accuracy, as well as revealing transient pro-
cesses and physical mechanisms of light-matter interaction. Moreover,

it plays an especially crucial role in the emergent quantum research,
where concurrent and precise control of the laser power and wave-
length is essential for experiments associated with quantum informa-
tion, computing, and sensing.“’ However, simultaneous and precise
determination of optical power and wavelength persists as a significant
challenge in optical and photonic metrologies, as conventional
approaches are constrained by the tradeoffs between performance,
complexity and functionality. Consequently, separate devices, such as
optical power meters and wavemeters, are used to measure one of the
two. The optical power meters can operate with high accuracy only
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when the wavelength of the source being tested is known, and a slight
wavelength deviation could lead to an acute power reading error, that
is the so-called cross-sensitivity. For the wavemeters, although state-of-
the-art techniques relying on speckle patterns and frequency combs
can offer ~femtometer resolution’ ” and kilohertz-level precision,m 12
these approaches necessitate complex calibration protocols, such as
transmission matrix reconstruction and dual-laser stabilization, and in
particular, lack the ability to accurately measure optical power.
Moreover, the accuracy of the wavemeters is generally affected by the
laser power, manifesting as significantly degraded accuracy at low and
high powers. Even integrated spectrometers leveraging disordered scat-
tering media, metasurfaces, and programmable photonic circuits prior-
itize spectral analysis rather than absolute power quantification,'” '
also demanding periodic and complex calibration. The limitations in
all these existing techniques stem from a pervasive optimization para-
digm of a single parameter in optical sensing, where the advances in
the measurement performance and miniaturization come at the
expense of functional versatility.

Optical whispering-gallery-mode (WGM) microcavities have
advanced the developments in fundamental science and technology in
the past decades, including optomechanics,”’ >’ non-Hermitian phys-
ics,”! frequency combs,”” imaging,23 lasers,”* >’ and sensors.”* ' The
WGM microcavities,”” which confine resonant photons in a highly
confined volume for a long period of time, strongly enhance the inter-
action of light with analytes, leading to ultrasensitive sensing.””** The
microcavity-based sensors generally exploit the changes in their spec-
tral characteristics induced by the signal of interest, such as broaden-
ing,”” splitting,”**” and wavelength shift’* " of the resonant modes.
Photothermal regulation of the mode shift is highly attractive due to its
distinctive merits of high tuning speed and large tuning range,””*’ and in
particular, the great potential in developing all-optical tunable photonic
devices."' In addition, simultaneous measurement of multiple parameters
has recently become the subject of growing interest in the field due to the
quest for acquiring multi-dimensional information in practical scenarios.
A self-referencing strategy employing two selected cavity modes has been
proposed to precisely decouple different physical quantities."”"”
However, the potential of microcavity-based strategies with optical signal
decoupling capability remains to be sufficiently explored.

In this work, we address the aforementioned challenge by propos-
ing a novel dual-WGM-microcavity architecture that enables
decoupled optical power-wavelength measurement, for the first time
achieving high-precision parallel metrology within a single compact
device. The architecture leverages a composite microcavity fabricated
through the integration of magnetic nanoparticles (MNPs) into a
polymer-coated silica microsphere. The incorporation of MNPs
imparts spectrally broadband photothermal responsiveness to the
microcavity, facilitating all-optical tuning of the WGM resonance.
With the formation of the WGM resonance in the polymer coating,
the composite microcavity features a high quality (Q) factor in excess
of 10%, which is used as a sensitive detector for pump power measure-
ment. We demonstrate a photothermal sensitivity of ~—4nm/mW
and a detection limit of thermal power down to 4 uW. Compared to
all previous works based on photothermal microcavities,””*"** >* our
implementation achieves more than an order of magnitude improve-
ment in both sensitivity and detection limit. Remarkably, we highlight
the response of the photothermal microcavity to the pump wavelength,
which was neglected in previous works.””***>* We demonstrate that
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the microcavity can exhibit linear and broadband spectral responses to
the pump wavelength, enabling near-infrared (NIR) wavelength mea-
surement ranging from 780 to 1064 nm. Remarkably, by developing a
decoupling strategy that employs spectral changes of two microcavities
with asymmetric responses, we realize parallel measurements of the
laser power and wavelength with high accuracy. Our technique opens
up new avenues toward miniaturized and precise optical metrologies,
and holds great potential for a broad range of applications, such as the
actively developing quantum technologies requiring simultaneous laser
power and wavelength quantification””* and industrial laser process-

ing demanding real-time monitoring.” ™

Il. RESULTS AND DISCUSSION
A. Microcavity fabrication and characterization

The developed microcavity is composed of a MNP-doped silica
microsphere and a polymer coating, and its fabrication procedures are
shown in Fig. 1(a). A fiber tip with a diameter of approximately 10 um
was first fabricated by heating and pulling a single-mode fiber with an
oxyhydrogen (OH) flame [steps (i) and (ii), see Sec. IV A for details]. The
tapered region was subsequently coated with MNPs through deposition
of the mixed MNP solution [step (iii)]. Upon CO, laser ablation, a silica
microsphere containing internally doped MNPs with uniform surface
morphology was formed [step (iv)]. The microsphere then underwent
repeated immersion in poly(methylmethacrylate) (PMMA) solution for
polymer coating [step (v) and inset]. The spectral characterization of the
microsphere cavity was performed using the experimental setup sche-
matically illustrated in Fig. 1(b). The microcavity was probed by either a
broadband light source or a tunable laser via tapered-fiber coupling (see
Sec. SIV and Fig. S1 in the supplementary material), and the transmission
spectrum of the microcavity was monitored in real time. NIR pump
lasers (with wavelengths in the linear absorption range of MNPs) were
chosen as heat sources, which were axially injected into the microcavity
through the fiber stem to trigger the photothermal effect. Decoupling the
pump and probe in our two-beam configuration facilitates easy regula-
tion of pump power without affecting probe beam coupling. Note here
that the power of the probe light was kept at a low level to avoid interfer-
ence from thermal effects. In addition, the WGM resonances can be well
confined within the polymer coating of the microcavity (see numerical
demonstrations below), implying that the probe light at the resonant
wavelengths can hardly be injected downward along the fiber stem. Even
if any probe light at the non-resonant wavelengths entering the silica
microsphere is absorbed by the MNPs, the resulting photothermal heat-
ing of the microsphere and the subsequent effect on the resonance of
microcavity would be negligible due to the extremely low probe power.
The microcavity—fiber coupling [top left inset in Fig. 1(b)] was monitored
under an imaging system. The device was placed inside a home-built
chamber to minimize the interference from air flow and contaminants.

Figure 1(c) shows the transmission spectrum of an 81-ym-diame-
ter microsphere cavity (featuring a 75-um-diameter silica core and a
3-um-thick PMMA shell), where typical WGM resonant modes are
revealed. The free spectral range (FSR), determined by the spectral
range between the lowest radial modes, is found to be 6.54nm.
Theoretically, the FSR in a circular WGM resonator can be expressed
by FSR ~ 7% mnegD, where A, neg and D are the central wavelength of
the resonance spectrum, effective refractive index and diameter of the
microcavity, respectively. The theoretical FSR is calculated to be
6.53nm, which is very close to the experimentally measured value.
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FIG. 1. Fabrication and spectral characterization of the microcavity. (a) Micrographs showing the fabrication procedures of the polymer-coated microsphere (u-sphere) cavity
doped with MNPs. Scale bars: 30 um. (b) Schematic of the experimental setup for characterizing and implementing photothermal tuning of the microsphere cavity. The top box
illustrates the imaging system for monitoring in real time the microcavity (xC) coupled to the tapered fiber, and the left insets show, respectively, the dark-field micrograph and
the SEM image of the microcavity. Scale bars: 100 um. TDL: tunable diode laser; OS: optical switch; PC: polarization controller; OPM: optical power meter; OSA: optical spec-
trum analyzer; AWG: arbitrary waveform generator; PD, photoelectric detector; OSC: oscilloscope. (c) Transmission spectrum of an 81-um-diameter microsphere cavity (with a
75-pm-diameter silica core and a 3-um PMMA shell), with FSR of 6.54 nm. (d) and (e) Numerical simulations showing electric field |E| distributions on the x-z and x-y planes

of the microsphere cavity with the same size as in (c).

For the proposed polymer-coated microsphere cavity, the WGM fields
are well confined within the PMMA layer due to a higher refractive
index (n.s=1.49) than the silica core (ng = 1.45). This is further veri-
fied by numerically simulating the electric field distribution in the
microcavity (see details in Sec. SII of the supplementary material).
Figures 1(d) and 1(e) show the cross-sectional views of the electric field
distributions inside the microcavity. As expected, the light fields are
almost entirely confined in the PMMA layer, with only a few (about
6%) leaking into the adjacent domain (Fig. S2, supplementary material).
This implies that the probe light at the resonant wavelengths can
hardly be injected downwards along the fiber stem. Such an efficient
confinement of light contributes to the formation of high-Q WGM res-
onance. Moreover, the PMMA-coated microcavity has an extremely
smooth surface and a nearly perfect circular boundary [see the SEM
image in Fig. 1(b)], which also facilitates the improvement of the Q
factor.

The Q factor of the microcavity was characterized based on the
experimental setup shown in Fig. 1(b). Four types of microcavities
with different structures [insets in Fig. 2(a)] were prepared for Q-factor
measurement. In experiments, resonance modes with the highest Q
factors were extracted separately from the transmission of ten micro-
cavities of each type (Sec. SIII, supplementary material). The results of
the measured Q factors are summarized in Fig. 2(a). The raw silica

microspheres exhibit a mean Q factor exceeding 2.6 x 10°, with typical
transmission spectra being illustrated in Fig. 2(b). A representative
ringing phenomenon in the tail of the transmission is observed, reveal-
ing an ultrahigh Q factor of 2.69 x 10® (corresponding to a cavity pho-
ton lifetime of about 450ns). The limitation of such a Q factor
includes the scattering due to the surface roughness and the absorption
in the silica. In comparison, the silica microspheres after the PMMA
coating exhibit reduced Q factors [Fig. 2(c)] with a mean value of
1.2 x 10%, which is due to a higher absorption loss of the PMMA. This
means that the additional coating cannot lead to a significant decrease
in the Q factor, confirming geometrical perfection of the coating. In
contrast, the Q factors of the microspheres after doping MNPs (with a
concentration of 5wt. %) are significantly degraded to the level of 10*
[Fig. 2(d)], which is caused by the extremely strong absorption from
the MNPs. Further increasing the concentration of the doped MNPs
leads to a further deterioration of the Q factor (Fig. $4, supplementary
material). By coating these low-Q microcavities with a PMMA layer,
their WGM fields can be well isolated from the internally doped
MNPs [Figs. 1(d) and 1(e)], keeping the MNPs away from the mode
volume of WGMs. With remarkably reduced absorption loss, ultrahigh
Q factors exceeding 10° are observed as expected [Fig. 2(e)], which is
comparable to those without MNP doping [Fig. 2(c)]. Note that such a
high Q factor is within reach even for a higher doping concentration
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(for example, 20 wt. %) of MNPs (Fig. S4, supplementary material).
This reveals an extraordinary capability of the proposed polymer-
coated microcavity in conserving high Q factor. As the Q factor rele-
vant to the accumulation of light (i.e., optical field intensity) within the
microcavity is crucial to the sensing performance, the proposed micro-
cavity enables enhanced sensitivity in the photothermal tuning (as dis-
cussed below). It is noted that the evanescent field intensity in
proximity to microcavity surfaces also plays a crucial role for optimiz-
ing sensing capabilities. Experimental evidence demonstrates that
coating silica microspheres with a high-refractive-index polymer
layer of subwavelength thickness can substantially enhance sensing
sensitivity.”’

B. All-optical photothermal tunability

Next, we demonstrate the feasibility of constructing all-optical
tunable devices using the proposed microcavity. The basic idea is to
transfer optical absorption of the microcavity to its resonance modula-
tion via synergizing photothermal and thermo-optic effects.
Specifically, a 980-nm pump laser as a heat source is axially injected
into the microcavity and then absorbed by the MNPs to induce local-
ized photothermal heating. Thermal energy transferred to the PMMA
layer alters its refractive index via the thermo-optic effect, thereby
modulating the WGM resonance wavelength. Real-time readout of
resonance shift enables to derive optical excitation onto the microcav-
ity. In experiments, the microcavity was kept in a thermostatic cham-
ber to eliminate the influence of environmental thermal fluctuations.
Figure 3(a) shows the absolute value of the wavelength shift |AZ| vs the
pump power for the microcavities with different structures as demon-
strated in Fig. 2. The MNP-doped microcavities (circles and squares)
exhibit an evident shift in the resonant wavelengths (Sec. SIV,
supplementary material). For the microcavities without MNPs (dia-
monds and hexagons), however, their responses to the pump laser are
extremely weak, even when increasing the pump power to 100 mW.
To quantify the capability of the spectral tuning, we introduce the pho-
tothermal tuning sensitivity, which is defined as the ratio of A4 to the
pump power (unit: nm/mW). The experimental observation shows
that the doped MNPs are indispensable for high tuning sensitivity.
Moreover, the tuning sensitivity of the PMMA-coated microcavities is
much higher than that of the uncoated microcavities. Among the four

variants of microcavities, the composite microcavity (with both
PMMA and MNPs) has the highest tuning sensitivity of approximately
—4nm/mW, which is at least an order of magnitude higher than that
of the existing devices (see Sec. SV in the supplementary material for
detailed comparison). As for the tuning range (i.e., the largest wave-
length shift), a maximal value exceeding 13 nm is achieved for the
MNP-doped microcavity without a coating under a pump power of
100 mW. This tuning range is comparable to that of the reported tun-
able microcavity devices (Table S1, supplementary material). In partic-
ular, a larger tuning range can be expected by further increasing the
pump power. Note here that the composite microcavity was photo-
thermally tuned within a narrow pump power range (less than 2 mW)
to suppress thermal deformation-induced spectral fluctuations in the
polymer coating. The power range could be extended by suitably
decreasing the doping concentration of MNPs in the microcavities.
The unique property of the composite microcavity promises a
high sensitivity and a low limit for measuring the pump power. To
characterize this, we measured the wavelength shifts vs the pump
power for three composite microcavities with different doping concen-
trations of MNPs. As shown in Fig. 3(b), the absolute values of the
wavelength shifts increase monotonically with the pump power.
Controlling the pump power within a small range (0-50 £W), an ultra-
high sensitivity up to approximately —13.5 nm/mW is achieved for the
microcavity with the highest MNP concentration of 20wt. %.
Decreasing the doping concentration of MNPs leads to a lower light-
to-heat conversion, resulting in the reduction in the tuning sensitivity.
Despite this, a high sensitivity of approximately —3.6 nm/mW is still
achievable for the microcavity with 5wt. % MNPs. For a relatively
small range of the pump power, the resonance of the composite micro-
cavities can be tuned with a high linearity exceeding 0.99. As the pump
power increases, the resonance shift gradually levels off, exhibiting a
behavior akin to approaching steady state (due to the saturation of
thermo-optic effect under high temperature). For practical measure-
ment of the pump power, a linear response of the microcavity is highly
desirable, which in turn requires linear tuning of the microcavity reso-
nance. In our experiments, the linear tuning (i.e., power measurable)
range was optimized by choosing suitable concentrations of the MNPs
doped in the microcavities (see details below). In addition, the limit of
detection is evaluated by further decreasing the pump power, followed
by statistically analyzing the wavelength shifts. As shown in Fig. 3(c),
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mean wavelength shifts of —36 and —105 pm are detected at the pump
powers of 3 and 4 uW, extracted from the composite microcavity with
20 wt. % MNPs. For the pump power of 0 uW, a mean wavelength
fluctuation of —17 pm is identified, which is a consequence of the
thermal-refractive noise induced by the ASE source and the pump
laser jitter. Notably, for the pump power of 3 uW, the wavelength shifts
are mostly buried in the intrinsic wavelength fluctuations, which are
too small to be resolved. When further increasing the pump power to
4 uW, distinguishable wavelength shifts are observed, unveiling the
detection limit of the pump power. In comparison, for the composite
microcavity with a lower MNP concentration of 10 wt. %, the detection
limit increases to 10 uW (Sec. SVI, supplementary material).

C. Parallel measurement

The MNPs employed in the experiment can efficiently absorb
light over visible, near-ultraviolet, and NIR bands. The energy of the
absorbed light is then converted into heat, resulting in resonance shifts
of the microcavity. The amount of conversion is generally character-
ized by the photothermal conversion efficiency (PCE) that reflects the
percentage of absorbed photons converted into heat. It is known that
the PCE is dependent on the wavelength of the pump light, which
increases linearly in the NIR band (700-1300 nm) for the MNPs used
in the experiment.” To explore the effect of the pump wavelength on
the tuning performance, we measured the wavelength shift of the com-
posite microcavity under several pump lasers of different wavelengths,
with the pump power being fixed. One sees in Fig. 4(a) that for a cer-
tain pump power, the amplitude of the wavelength shift increases line-
arly with the pump wavelength, consistent with the trend of the PCE
of MNPs. Also, for a larger pump power, the slope of the linear fitting
line, defined as wavelength sensitivity, increases accordingly. This is

reasonable because the PCE remains constant for a given pump wave-
length. Therefore, proportional increase in the pump power inevitably
leads to the wavelength shift increasing in the same trend. This can be
seen more clearly by plotting the wavelength shift vs the pump power
at different pump wavelengths (Sec. SVII, supplementary material).
The linear dependence is of particular significance since it enables
determination of the pump wavelength (within a certain range) by
extracting the wavelength shift, thereby allowing for practical applica-
tion to wavelength measurement. Moreover, acquiring the dependen-
ces of the resonance shift on the pump power [Figs. 3(a) and 3(b)] and
the pump wavelength [Fig. 4(a)] provides pre-calibration procedures
for practical measurements. It should be noted that although different
fiber-stem geometries could induce distinct pre-calibration results,
high-precision measurements remain achievable provided the depend-
ences are acquired in advance.

The resolution of the wavelength measurement can be estimated
via the wavelength sensitivity and the mode linewidth. The latter deter-
mines the smallest detectable resonance shift induced by the wavelength
variation, which is typically 1/50 of the mode linewidth d..” For the
fabricated high-Q microcavity, the measurable 6/ in current experi-
ment is limited by spectral resolution of the OSA, which is considered
as 0.02 nm. Taking the wavelength sensitivity of 6.7 pm/nm [extracted
from the green line in Fig. 4(a)] as an example, the wavelength resolu-
tion is then deduced to be 0.06 nm. A lower wavelength resolution is
expected by alternatively using a PD to enable high-resolution readout
of the resonance shifts, which could be down to the level of tens of
femtometers by assuming a modest mode linewidth of 4 ~15fm
(Q ~10%. With optimized means of signal amplification and noise
suppression, * further improvement of the performance could be feasi-
ble, promising a sub-femtometer-level resolution that is comparable to
state-of-the-art speckle- and frequency comb-based wavemeters."’
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FIG. 4. Parallel measurements of optical power and wavelength. (a) Wavelength shift AZ vs five different pump wavelengths for the microcavity with 20wt. % MNPs. The
straight lines are linear fitting to the experimental data. (b) Schematic diagram of the experimental setup for parallel measurements of power and wavelength using a couple of
microcavities. The probe light emitted from the ASE source is evenly divided into two beams that are coupled respectively to the two microcavities, and the transmission is
recorded by an OSA. The pump laser to be measured is evenly divided and injected into the two microcavities through their fiber stems. (c) Power sensitivity Sp; of two micro-
cavity (doped, respectively, with 4 and 2wt. % MNPs) under a 780 nm reference light. (d) Gain factor k,, vs pump wavelength. (e) RMSE of the measured power P; and wave-
length /. The microcavities are pumped by an 830-nm laser with powers of 0.5, 1.0, 1.5, and 2.0 mW. (f) Wavelength shift of the microcavity vs five heating and cooling cycles.
The green and yellow spheres mark the times at which the pump laser is turned on and off, respectively. Typical steady states during heating and cooling processes can be
clearly identified. (g) Resonant wavelength and transmission intensity of the microcavity vs pump time. Despite continuous ongoing of the heating, the resonant wavelength can
reach a steady state within seconds, which is a consequence of the thermal equilibrium established in the microcavity after a certain heating time.

Perhaps more interesting is the capability of the proposed com-
posite microcavity for parallel optical power-wavelength measurement.
Note that although these two parameters are involved in the spectral
characteristics of a single microcavity as demonstrated above, it is still
difficult to distinguish them from the spectra due to cross-sensitivity.
We overcome this by engineering a dual-cavity configuration where
spectral responses (i.e., power and wavelength sensitivities) of the two
microcavities can be regulated on demand. With this strategy, the light
to be measured induces different degrees of spectral variations in the

two microcavities, based on which the power and wavelength of the
light can be accurately decoupled. More details about the decoupling
scheme are presented in Sec. SVII of the supplementary material.
Experimentally extracting the wavelength shifts of the two microcavities
allows for simultaneous readout of the unknown power and wave-
length. The parameter equation established for dual-parameter decou-
pling has the form of (Sec. SVII, supplementary material)

SPth[éj(ﬂt —Jin) + 1] = Ady, (1)
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where Sp; denotes the power sensitivity of the microcavity j (j=1, 2)
when subjected to a reference light with wavelength of 4;, =780 nm,
P, and /, represent, respectively, the power and wavelength of the
pump light to be measured, &; is a given parameter that is introduced
to correlate P and A, (Sec. SVII, supplementary material), and A4y is
the experimentally measured wavelength shift of the microcavity j. In
experiments, a dual-channel system was constructed to characterize
the two microcavities, as schematically illustrated in Fig. 4(b).
Alternatively, transmission spectra and resonance shifts of the two
microcavities can also be recorded individually using two PDs to
enable simultaneous measurement. The two microcavities were fabri-
cated with low doping concentrations of MNPs, namely, 4% (1C,) and
2% (uC,), to ensure high linearities in their power sensitivities, which
is important for high-precision measurement. Figure 4(c) shows the
dependence of the wavelength shift of the two microcavities on the
pump power when the pump wavelength is fixed to A;,. The power
sensitivities are Sp;=—14nm/mW and Sp,=—0.64nm/mW,
respectively, with linearities both exceeding 99.99%. Figure 4(d) shows
the gain factor k,, defined by k,=AA,/AZ;, (with the subscript
w denoting an arbitrary pump wavelength > 1;,), vs the pump wave-
length, where &; =6.26 x 10 *nm™" and & =141 x10">nm™" for
the two microcavities can be derived (Sec. SVII, supplementary
material). The feasibility of our scheme for parallel measurement is
then explored by axially injecting a pump laser with a wavelength of
830nm and different powers into the two microcavities [Fig. 4(b)].
Figure 4(e) shows the root mean square errors (RMSE) of the mea-
sured power and wavelength (Sec. SVIIIL, supplementary material),
indicating reasonably good agreement with the true values. For practi-
cal applications, the reproducibility and stability of the microcavity are
further examined, as shown in Figs. 4(f) and 4(g). The microcavity
exhibits excellent reversibility and reproducibility, validated by
unchanged wavelength shift in five cycles of consecutive heating-cool-
ing-heating [Fig. 4(f)]. Furthermore, extremely small fluctuations of
the resonant wavelength (<0.03nm) and the extinction ratio
(<0.1dB) are observed in 30 min, demonstrating excellent temporal
stability of the microcavity.

11l. CONCLUSIONS AND OUTLOOK

In conclusion, we have developed photothermal WGM microcav-
ities that facilitate unprecedented tuning performance and accomplished,
for the first time, all-optical parallel measurements of optical power and
wavelength. The developed composite microcavities feature ultrahigh Q
factors up to 10%, enabling a photothermal tuning sensitivity of ~—4 nm/
mW and a thermal power detection limit of 4 uW. The linear response of
the microcavity to the laser wavelength was experimentally verified for
broadband wavelength measurement. By engineering a dual-channel
setup that employs two microcavities of different responses, parallel mea-
surements of both optical power and wavelength were achieved with
high accuracy. Furthermore, excellent reproducibility and stability of the
microcavity were demonstrated, making it suitable for practical use.
With these excellent functionalities, the developed technique not only
eradicates the dependence of optical power measurement on accurate
determination of wavelength but also surmounts the hurdles of insuffi-
cient precision and limited efficiency that are intrinsic to existing
technologies.

The long-term reliability of microcavity-based devices in complex
environments critically depends on stable packaging architectures.
Existing encapsulation techniques, including wholly package, spot

pubs.aip.org/aip/are

package, and holder package methods, provide critical insights for our
future explorations to advance packaging designs of the developed
device.”” °' Our technique for high-performance parallel measurement
is highly versatile and has broad compatibility. Through controllable
adjustment of the concentrations and formulations of photothermal
nanoparticles, both the detection range of optical power and the wave-
length responsivity can be flexibly tuned, thereby enabling operation
across broader spectra, e.g, extending to the visible and infrared
regimes. Moreover, featuring uW-level detection capability of weak
optical signal over a broad bandwidth, the developed dual-parameter-
decoupling technique holds great potential for applications to diverse
technological fields, particularly the rapidly emerging quantum tech-
nologies, advanced laser processing, and clinical therapeutics.
Specifically, it opens up new opportunities for high-precision power-
wavelength co-measurement, facilitating multiple functionalities
including the control of single-photon source in quantum experi-
ments,””"* dynamic calibration of integrated photonic chips,”*"’ and
real-time monitoring of industrial laser processing.”””*"* Moreover,
upon operating within the NIR wavelength band, our device addresses
unique demands in photothermal therapy that require simultaneous
laser power and wavelength quantification.”” " The inherent compati-
bility with standard NIR therapeutic wavelengths (e.g., 808 and
1064 nm) establishes the device as a compact and integrated platform
for monitoring the therapeutic effects of laser-based tumor cell treat-
ments, ensuring localized heating to therapeutic levels while minimiz-
ing the damage to surrounding healthy tissue.

IV. METHODS
A. Microcavity fabrication

The proposed microcavity is fabricated in a five-step process, as
illustrated in Fig. 1(a). First, a single-mode fiber (SMF-28, Corning) with
the coating being removed is fixed to two stepper motors. Then, an oxy-
hydrogen flame is used to heat the fiber while the stepper motors are
electrically controlled to exert two opposite pulling force on the fiber,
thereby forming a uniform tapered region [step (i)]. Upon controlling
the stepping distance, a tapered region with a length of approximately
1 mm is finally achieved, characterizing a sharp tapered transition and a
uniform elongated tapered waist [step (ii)]. For preparing the MNP-
doped microcavity, iron oxide (ILIII) nanoparticles (30 nm average par-
ticle size, purchased from Sigma-Aldrich), de-ionized water, and cyclo-
hexane are first mixed with a weight ratio of 1:3:16, and the mixed
solution with uniformly dispersed MNPs (5 wt. %) is then obtained after
ultrasonically treating for 30 min. Subsequently, the mixed solution is
dropped onto the tapered region of the fiber tip on which MNPs are
uniformly distributed [step (iii)] after cyclohexane evaporates. Next, a
carbon dioxide (CO,) laser (Ti60, Synrad) beam is focused on the
tapered region where MNPs are attached [Fig. Sl(a), supplementary
material]. Under the ablation of the CO, laser, a silica microsphere with
a uniform surface and MNPs doped inside is formed [step (iv)] due to
surface tension. Tuning the waist diameter and length of the tapered
region allows precise control of the size of the MNP-doped microsphere;
For example, a 75-um-diameter microsphere is obtained for a waist
diameter and taper length of about 10 yum and 1 mm, as shown in the
insets in Fig. 1(a). Upon finely optimizing the parameters of the CO,
laser, the fabricated microspheres exhibit excellent spherical morphology
without apparent deformation. This implementation prevents the deteri-
oration in the measurement accuracy caused by deformation-induced
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mode splitting of the microcavity. In addition, for preparing the polymer
coating of the microsphere cavity, poly(methylmethacrylate) (PMMA,
Sigma-Aldrich) is first dissolved in tetrahydrofuran and then a PMMA
solution is obtained after ultrasonic treatment for 2 h. The integrated
fiber tip-microsphere structure provides a simple method for coating the
PMMA onto the microsphere’s surface, allowing us to flexibly submerge
the microsphere into the polymer solution to complete uniform coating
coverage [step (v)]. Also, it allows for triggering the photothermal effect
of the doped MNPs by simply injecting the pump lasing through the
fiber stem. The PMMA coating of different thickness can be deposited
onto the microcavity by simply controlling the number of times of
immersion in the polymer solution.

B. Experimental setup

A tapered fiber with a waist diameter of 2 um is produced by
heating and stretching the single-mode fiber using an oxyhydrogen
flame, which is then fixed on a holder. A signal light emitted by an
amplified spontaneous emission (ASE) light source (ASE-C+L-N,
Hoyatek) is passed through a polarization controller (PC, FT-T56-PC,
LBTEK) and transferred into the tapered fiber to excite the WGMs in
the microcavity [Fig. S1(b), supplementary material]. A tunable diode
laser (TDL, CTL1550, Toptica) is used for characterizing the Q factor
of the microcavity, which is driven by a triangular wave signal from an
arbitrary waveform generator (AWG, 33520B, Keysight) to perform
wavelength scanning. The transmitted light from the microcavity is
directed into a 90/10 fiber coupler. The 10% output port is recorded by
an optical spectrum analyzer (OSA, AQ6370D, Yokogawa), whereas
the 90% port is collected by a low-noise photodetector (PD, PDB450C,
Thorlabs) and analyzed by an oscilloscope (OSC, DLM3034,
Yokogawa). To photothermally tune the microcavity, several pump
lasers with wavelengths of 780, 850, 940, 980, and 1064 nm are, individu-
ally, axially injected into the microcavity through the fiber stem to act as
heating sources and thereby trigger the photothermal effect. An optical
power meter (OPM, PM100D, Thorlabs) is used to record the pump
power exerting on the microcavity. The evanescent coupling between
the microcavity and the tapered fiber is controlled by adjusting the dis-
tance between them, which can be accomplished by using a three-
dimensional motorized translation stage (NanoMax 300, Thorlabs). The
adjusting process is monitored in real time under an imaging system
consisting of a CCD camera and a 10x objective (NA =0.28). A dark-
field micrograph illustrating the microcavity coupled to the tapered fiber
is given in the top left inset of Fig. 1(b) in the main text. The
microcavity-based coupled device is placed inside a home-built chamber
to minimize the interference from air flow and contaminants.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional microcavity fabri-
cation and experimental setup, numerical simulation of optical reso-
nance in the microcavity, Q-factor characterization, transmission
spectra, performance comparison of photothermal tunable microcav-
ities, detection limit of the pump power, principle of the decoupling
strategy for paralle]l measurement, and calculation of RMSE.
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