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Abstract: Light confinement provided by whispering gallery mode (WGM) microresonators is
especially useful for integrated photonic circuits. In particular, the tunability of such devices has
gained increased attention for active filtering and lasering applications. Traditional lithographic
approaches for fabricating such devices, especially Si-based ones, often restrict the device’s tuning
due to the material’s inherent properties. Two-photon polymerization (2PP) has emerged as an
alternative fabrication technique of sub-diffraction resolution 3D structures, in which compounds
can be incorporated to further expand their applications, such as enabling active devices. Here,
we exploited the advantageous characteristics of polymer-based devices and produced, via 2PP,
acrylic-based WGM hollow microcylinders incorporated with the azoaromatic chromophore Disperse
Red 13 (DR13). Within telecommunication range, we demonstrated the tuning of the microresonator’s
modes by external irradiation within the dye’s absorption peak (at 514 nm), actively inducing a
blueshift at a rate of 1.2 nm/(Wem™—2). Its thermo-optical properties were also investigated through
direct heating, and the compatibility of both natural phenomena was also confirmed by finite element
simulations. Such results further expand the applicability of polymeric microresonators in optical
and photonic devices since optically active filtering was exhibited.

Keywords: tunable optical microresonators; two-photon polymerization; whispering gallery mode;
thermo-optic coefficient; thermal expansion; optical filter

1. Introduction

Ultrashort laser processing of materials, enabling precise patterning of both two-
dimensional (2D) and three-dimensional (3D) micro/nanostructures, has become a fun-
damental technology with widespread applications in academic research and engineer-
ing [1]. One extensively utilized technique within ultrashort laser-based fabrication is
direct laser writing through two-photon polymerization (2PP) [2]. In contrast to tradi-
tional micro/nanofabrication methods, 2PP stands out as a maskless patterning tool that
operates without the need of stringent processing conditions or the use of cleanrooms [3].
Leveraging the nonlinear nature of two-photon absorption, 2PP excels in fabricating 3D
polymeric microstructures featuring arbitrary geometries and sub-diffraction features [4].
Such arbitrary shapes achieved by 2PP can be very useful for integrated photonics, enabling
the fabrication of structures that can be very challenging to achieve in Si-based techniques.

The spatial confinement achieved through 2PP, which enables the fabrication of 3D
microstructures, stems from the nonlinear nature of the two-photon absorption (2PA)
phenomenon. This 2PA phenomenon involves an electronic transition excited by the
combined action of two photons [5], where the sum of the energy of the individual photons
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must resonate with the transition energy [3]. The 2PP technique harnesses high-intensity
pulsed lasers, leading to the observation of multi-photon absorption phenomena in the
irradiated area. Hence, polymerization of small volumes (referred to as voxels) occurs
only near the focal spot, granting the fabricated structure finer resolution, below the
diffraction limit [6]. By moving the laser beam within the sample, the fabrication of three-
dimensional structures becomes feasible without shape limitations, enabling the creation of
intricate contours.

The versatility of 2PP extends to its wide suitability for a diverse range of materials
as photoresists and their incorporation with specific functional materials, allowing for the
tailoring of the physical, chemical, or biological properties of microstructures for different
applications [7,8]. These applications extend across various domains, encompassing pho-
tonics [9-13], biosciences [13-15], and micromechanical systems [16,17]. Within the realm
of photonics, 2PP has been instrumental in the precise fabrication of photonic crystals [18],
waveguides [19], photonic wire bonding [20], free-form coupling elements [9], and optical
microresonators [21]. Furthermore, 2PP has demonstrated its capability in the fabrication
of active photonic structures [20-23]. The advantageous features of 2PP, which include the
precise tuning of structure dimensions and the seamless integration of fabricated structures
into various substrates, as well as its material versatility, have significantly advanced the
design possibilities and potential applications in photonics. Furthermore, 2PP’s material
flexibility, coupled with its 3D capability and gentle processing conditions, renders it highly
suitable for such applications.

Over the past few years, femtosecond laser-induced 2PP has emerged as an alternative
method for fabricating Whispering Gallery Mode (WGM) microresonators. In addition to
its advantages in resolution and geometry versatility, 2PP offers the capability to incorpo-
rate various materials into the polymeric matrix, including organic dyes and nanoparticles.
This feature expands the potential applications of microresonators. The direct writing
of high-performance polymeric microrings using 2PP was showcased in 2008 [24]. Sub-
sequently, this method has enabled the fabrication of high-Q microresonators in hybrid
materials [25,26] and in resins incorporating functional materials [23,27]. Despite these
advancements, there is still a demand for the development of active polymeric WGM
microresonators, whose properties can be controlled by external means.

Active WGM resonators fabricated in inorganic materials have been successfully
demonstrated, achieving tunability through mechanisms such as mechanical stretching,
electrical field interaction, heating, direct changing of pressure and refractive index, as well
as nonlinear light effects—all of which have been induced in both monolithic and coated
microresonators [28-33]. Such active devices can have broad applications in photonic
circuits. Real case examples include “IOU” geometries, such as those produced by Li
et al. [24] In this case, when large band light is coupled into the system, most of its multiple
frequencies are discarded, but selected ones are confined within the resonator to couple
into the output. The integration of an active resonator permits the dynamical tuning of the
output frequencies, which can be useful for optical filtering applications in diverse fields
such as telecommunications, spectroscopy, and imaging.

Despite these achievements and promising applications, the fabrication of inorganic
resonators pose significant challenges, particularly when incorporation of compounds is
required to enhance desired effects, which typically involves a series of complex chemical
and thermal treatments. Achieving a broader tuning range can be also difficult for such
devices due to their typical low expansion coefficient [34]. Alternatively, many works
achieved tuning in the order of 102 nm by exploring QBIC resonances [35-37]; however,
they employed phase change materials and liquid crystals. To the best of our knowledge,
optically active WGM Si-based devices have been achieved using azobenzene monolay-
ers [33] with a maximum 4 nm blueshift. As far as the authors are aware, analogous
optically active devices had not been produced using 2PP or even polymeric materials.
Therefore, the ease of incorporating compounds into polymeric microstructures, such as
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WGM resonators, presents a promising alternative to be explored in order to overcome the
challenges of inorganic platforms to produce optically active devices.

Here, 2PP was used to manufacture high-Q WGM acrylic-based polymeric hollow
microcylinders containing the azoaromatic chromophore Disperse Red 13 (DR13) in order
to tune the microresonators resonances by external light excitation at 514 nm, which is
resonant with DR13 absorption. The microresonators were optically coupled through
the evanescent field, in the telecommunication range, using tapered optical fibers. The
mode tuning, resulting from thermo-optical effects caused by the DR13 absorption, was
investigated as a function of the external light irradiance, and the results were interpreted
using finite elements simulations.

2. Materials and Methods

For the 2PP fabrication, a Ti:Sapphire oscillator emitting 100-fs laser pulses at 780 nm
with an 86 MHz repetition rate was employed. Laser intensity modulation was achieved
through a half-wave plate and a polarizer. To enhance fabrication resolution, the inten-
sity was finely adjusted near the resist polymerization threshold. The laser beam was
focused onto a photoresist sample using a 0.25 NA microscope objective, and the focus
position in the X, y planes was manipulated by a pair of galvanometric mirrors. The z
position of the sample was controlled by a motorized stage, allowing a layer-by-layer
fabrication process. Further details about the fabrication process can be found in other
references [6,10]. The undoped photoresist comprised two monomers, dipentaerythritol
pentaacrylate (SR399—Sartomer®, Exton, PA, USA) and tris(2-hydroxy ethyl)isocyanurate
tryacrylate (SR368—Sartomer®), in a ratio of 90/10. Additionally, Irgacure TPO-L was
used as a photoinitiator and added at 3% of the total weight. These proportions had
been previously optimized [10] to produce structures with good structural quality and
low surface roughness. To incorporate DR13 into the photoresist, the dopant was first
dispersed in ethanol and subjected to ultrasonication to create a homogeneous solution.
This solution was then mixed with the undoped photoresist in a proportion of 1 wt%,
and the mixture was subjected to magnetic stirring at 65 °C for 2 hours to ensure the
uniform dispersion of the dopant and facilitate ethanol evaporation. Light coupling into
the resonators was accomplished using an evanescent wave from a tapered optical fiber, as
illustrated in Figure 1a. The fabrication of the taper involved employing two motorized
stages that gradually stretched the fiber, while a small flame generated a heat zone in the
targeted tapered region. The final diameter of the taper could be adjusted by controlling
the amount of stretching [38], aiming for taper diameters of approximately 3 um. To bring
the tapered fiber into contact with the resonator, translational stages were employed to
control the X, y, z positions of both the tapered optical fiber and the substrate containing
the resonators. Furthermore, the rotation of the taper was also controlled in order to ensure
orthogonal positioning concerning the z-axis of the resonators, minimizing the presence of
spiral leaky modes. The entire process was monitored using a stereo microscope coupled
with a CCD camera.

To access the resonant modes of the structures, the tapered fiber was coupled to a high-
resolution tunable semiconductor laser source, and the output power was continuously
monitored using a diode photodetector. Initially, a calibration run was conducted by
sweeping the laser source across the spectral region of interest while the tapered fiber
was positioned far from the resonator. This step allowed for the measurement of the
uncoupled transmission spectra of the system. Subsequently, the tapered optical fiber was
brought into close proximity to the resonator, and a second sweep was performed. The
transmittance spectrum of the coupled system was then defined as the ratio of the coupled
run to the calibration run, where the resonant modes of the resonator appeared as sharp
Lorentzian dips.
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(a) (b) (c)

Figure 1. (a) lllustration of the evanescent coupling of the resonator using a tapered optical fiber.
(b) External excitation of the WGM resonator using an Ar-ion laser at 514 nm. (c) Schematic represen-
tation of heating the microresonator using a ceramic resistor.

To actively change the resonances of the microstructure by thermo-optical effects, a
514 nm line from an Ar-ion laser was directed towards the resonator, perpendicular to its
z-axis, as displayed in Figure 1b. Laser intensity was controlled using a polarizer and a
half-wave plate. The laser beam spot diameter was approximately 3 mm, ensuring that the
entire structure experienced relatively uniform laser irradiation. Alternatively, a ceramic
resistor was positioned near the resonator, producing heat by Joule effect, as illustrated
in Figure 1c. Temperature control was achieved by adjusting the voltage applied to the
resistor and was monitored using a thermocouple.

Imaging and optical analysis were also performed on the microstructure. Scanning
electron microscopy (SEM) was employed to assess resonator parameters such as height
and radius. An auxiliary software integrated into the SEM equipment (3D-Image Viewer
Version 2.3) was used to construct a 3D image of the resonators and estimate their surface
roughness. The linear absorption spectrum of the doped photoresist was carried out in
films approximately 10.5 um thick, cured under UV light. The absorption spectra were
measured using a commercial spectrophotometer SHIMADSZU™ UV-1800. The same
spectrophotometer was used to estimate the refraction index of the acrylic resin, performing
a fitting parametrized by the Sellmeier equation.

For thermodilatometry measurements of the photoresist, macroscopic samples of both
the undoped and doped resists were polymerized into millimetric blocks using either an
He-Cd laser source (at 325 nm and 442 nm) or a 15W UV lamp, and the measurements were
conducted using 402 C equipment (NETZSCH, Selb, Germany), with temperatures ranging
from 20 °C to 110 °C at a rate of 7 °C/min.

The finite element software COMSOL Version 5.6, using the “Heat Transfer in Solids”
module, was employed to simulate the expected thermomechanical behavior of the fabri-
cated resonators. The structures were modeled as 67 um tall cylinders, with an external
radius of 26.7 pm and an internal radius of 16.7 pm. One of the faces along the z-axis was
constrained to a fixed size, simulating attachment to the substrate. The remaining portion
of the cylinders was left free to undergo thermal expansion. The expansion coefficient
was used from the thermodilatometry measurements (4.3 x 107°/°C), while density val-
ues were determined as the weighted mean values of the monomers, as provided by the
vendor [39].

3. Results and Discussion

A SEM micrography of a typical microresonator produced via 2PP is depicted in the
inset of Figure 2. The device measures approximately 85 pum in height, featuring a diameter
of 53 um and walls that are 10.5 um thick. A surface roughness of at most 15 nm was
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estimated with the SEM equipment’s 3D analysis software, indicating that the resonators
are suitable for applications in the near-infrared spectral region.
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Figure 2. Absorption spectra of a 15 um thick polymerized film doped with DR13. The inset
displays a SEM micrography of a microresonator sharing the same composition, fabricated by direct
femtosecond laser writing via 2PP.

The absorption spectrum of the doped photoresist, depicted in Figure 2, shows an
absorption peak near 514 nm, attributed to DR13 [40], and a broad transparency window in
the near-infrared region, which is a known feature of this photoresist [41]. From the sample
absorbance at 514 nm, we were able to determine the linear absorption coefficient of the
resist as o = 1070 cm~!. Considering the wall thickness and neglecting fluorescence from
the DR13, it is expected that 95% of the energy from a laser source incident perpendicularly
on the resonator will be absorbed and converted into thermal energy.

Figure 3a displays the microresonator’s spectra collected over seven minutes. No
changes in the modes’ spectral positions were observed over time (shift was smaller than
0.1 nm), confirming the spectrum stability when no external irradiation was applied.
Also, from the consecutive azimuthal modes identified in the spectrum, we determine the
resonator’s free spectral range (FSR) as 9.3 nm. Using FSR = %, in which A is the mode
wavelength, a is the resonator’s radius, and # is its index of refraction (considered here to
be n = 1.54), we determined that the FSR = 9.13 at 1530 nm, which is in good agreement
with the observed experimental one.

An asymmetric Lorentzian fit was used to determine the Q-factor of the resonances [25],
as shown in Figure 2. The Q-factor is described by Q = A¢/AA, correlating the resonance
wavelength (1g) and its linewidth (AA). Using AA = 21 pm, determined from the fitting,
we calculated that Q = 7.1 x 10* for the deepest resonance (~1516 nm). It is important
to note that the incorporation of DR13 did not negatively affect the microresonator’s
light confinement, since the Q-factor values observed here are in the same order as those
observed for other polymeric microresonators previously reported [8,25], which reinforces
2PP’s advantages of incorporating different organic compounds to obtain distinct properties
without needing additional post-processing steps.

As can be seen in Figure 4a, a blueshift of the modes is observed when the mi-
croresonator is irradiated at 514 nm (as illustrated in Figure 1b), correlated with the laser
irradiance. Specifically, for the resonance located at 1515.8 nm, a maximum blueshift of
0.8 nm was achieved for the higher irradiance employed (0.67 W/cm?). To ascertain the
reversibility of this process, we initiated the resonator excitation with the higher irradiance
and systematically decreased it. As shown in Figure 4b, the spectrum reverted to its initial
position (without external irradiation), within the experimental error. Figure 4c displays the
resonance shift as a function of the external laser irradiance when it is increased (blue) and
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decreased (red). The data reveal an approximately linear relationship, with a slope of about
—1.2/(Wem™2). The observed shift in the microstructure resonances is associated with
thermal-induced changes in the resonator’s radius and refractive index upon excitation
with the Ar-ion laser.
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Figure 3. (a) Transmission spectra of a 2 pym waist taper coupled to a DR13-doped polymeric
microresonator for seven minutes. The free spectral range values of ~9.3 nm are displayed. (b) Zoom-
in at the deepest resonance (shaded in part a) along with the Q-factor and full width half maximum
obtained by fitting.
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Figure 4. Transmission spectra of the DR13-doped polymeric microresonator for increasing (a) and
decreasing (b) external irradiances (Ar-ion laser at 514 nm). (c¢) Resonance (1515.8 nm) shift as a
function of the external laser irradiance increase (blue) and decrease (red). The blue and red arrows
are guides to the eye, respectively, for increasing and decreasing irradiation.
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Before further discussing the thermo-optical processes leading to the modes’ frequency
shifts, we performed a direct temperature change experiment on the resonator to study the
magnitude of thermal effects. Similarly, multiple spectra were captured, and the position of
a resonance peak (1519 nm at room temperature) was tracked for each different temperature
in the range of 3044 °C. As seen in Figure 5, we observed a blueshift of the spectra when
the temperature increases and a redshift when it decreases, reinforcing the thermal nature of
the phenomenon previously induced by the Ar-ion laser. A linear fit of the dataset yielded
a slope of —0.2 nm/°C. Relating it with the slope previously obtained in the irradiation
experiment, one can estimate that each 1 Wem 2 of irradiance can induce a heating of
approximately 6 °C in the microresonator.
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Figure 5. Resonance (1519.47 nm) shift as a function of the temperature increase (blue) and decrease
(red). The blue and red arrows are guides to the eye, respectively, for increasing and decreasing
temperature.

The spectral dependency of the WGM's resonance shift with the temperature can be
modeled as [42-45]:
AA/AT = A6+ B) (1)

where the wavelength shift (AA) for a given temperature shift (AT), at an initial resonance
wavelength (A), is described by two intrinsic characteristics of the material: its linear
expansion coefficient (§) and its thermo-optic coefficient (dn/dT, being B = n~'dn/dT).

Dilatometry of the cured doped photoresist was performed, yielding the value
5= (4340.1) x 1075/°C. Rewriting Equation (1) as:

1dn
A)\-A(J—i—nﬂ)AT (2)

the thermo-optic coefficient of the material can be obtained by a linear fit of the data
presented in Figure 5 (solid line), revealing the value of dn/dT = (2.36 £ 0.03) x 10-%/°C.
Since, to the best of our knowledge, there are no data available for this specific doped
photoresist, we highlight that the results are in the same order of magnitude as those found
in the literature for PMMA, which is also an acrylic material [46,47].

Additionally, we performed a finite element method (FEM) simulation of the radial
displacement of the resonator when irradiated by a heat source coming from one side
of its external walls (Figure 6a). This simulation was performed to ensure that there
was no significant difference due to a possible asymmetric heating, which could lead to
an incompatibility of the results obtained by laser irradiation and resistor heating. As
shown in Figure 6b, after 3 seconds of heating, there is a 0.1 °C difference from one side
to another of the cylinder, which is expected to lead to a negligible asymmetry in the
radial shape, as confirmed in Figure 6¢c. The model also considered the constraint of the
structure to the substrate, as can be seen in the low radial displacement in the base of the
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resonator in Figure 6¢. Simulation data, for the same range of temperatures used in the
experiments, show that this constraint does not significantly change the radial expansion
of the central region of the resonator, which can be considered to behave the same way as a
free space structure.

105m 2 2 x105m

0

(a)

Figure 6. (a) Geometry of a simulated microresonator along with the region in which its heat source
from irradiation is defined; (b) temperature map of the resonator submitted to an arbitrary irradiance
after transient time; and (c) radial displacement map of the same resonator.

4. Conclusions

Two-photon polymerization was performed to fabricate polymeric WGM microres-
onators containing azoaromatic chromophore Disperse Red 13. Low surface roughness
devices were obtained, which presented high-Q WGM modes that can be promising in
sensing, filtering, and lasering applications. We have demonstrated the tunability of the
resonator’s modes by exposing the device to an Ar-ion laser beam, operating at 514 nm.
A blueshift of about 1.2/(Wem™2) was achieved, which we concluded to be related to
thermal optical effects associated with the DR13 absorption. Direct heating of the mi-
croresonator helped in understanding the principles of this modal shift, and, together
with the dilatometry of the resonator’s compound, provided an estimation of the doped
polymer’s thermo-optic coefficient, consistent with the literature data for similar materials.
Ultimately, we verified that our direct heating method induces a symmetrical displacement
of the resonator, thus confirming its equivalence with the laser heating method. These
findings broaden the potential applications of polymeric microresonators in optical and
photonic devices.
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