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ABSTRACT: We proposed and realized an all-in-fiber polymer microdisk
whispering-gallery mode (WGM) resonator, which is composed of a nanoscale
polymer waveguide in conjunction with a polymer microdisk. The resonator is
manufactured by femtosecond laser-induced two-photon polymerization inside a
single-mode optical fiber, and its transmission spectrum has been investigated
theoretically and experimentally. The WGM resonance was excited successfully,
exhibiting a high Q factor of 2.3 × 103 at a resonant wavelength of 1416.6 nm. The
temperature and humidity responses of the resonator were tested as examples of
possible application. Temperature sensitivity of −96 pm/°C when the temperature
increased from 25 to 60 °C and humidity sensitivity of 54 pm/%RH when the
relative humidity increased from 30 to 90% were obtained. The proposed in-fiber
microdisk resonator is highly suitable for detection of microorganisms, bacteria,
and single molecules.

KEYWORDS: polymer resonator, whispering-gallery mode, two-photon polymerization, optical fiber sensing, temperature sensing,
humidity sensing

1. INTRODUCTION

Because of their extremely narrow mode linewidths, extremely
high photon state densities, extremely strong mode light
energies, and high-quality factors, whispering-gallery mode
(WGM) microcavities are widely employed in low-threshold
lasers, high-sensitivity sensors, optical filters, nonlinear optics,
and other applications.1−5 In recent decades, WGM micro-
cavities based on polymeric, semiconductor, and crystalline
materials have been studied widely.6−9 For sensing applica-
tions, the sensitivity of WGM resonators depends on several
factors, such as the structure, size, material, noise, and
experimental setup.10,11 Among these, polymer-based WGMs,
in particular, have been pursued and enable to provide higher
sensitivity because of their beneficial physical and chemical
properties, such as high elasticity and thermo-optical
coefficient, simple surface modification/postmodification, and
good plasticity and biocompatibility.12−14 However, the
complex excitation and detection devices required for WGM
resonators lack flexibility for use in practical applications.
Therefore, a more flexible and robust way to realize high-
efficiency excitation and detection of WGM signals is being
sought.
Recently, on-chip polymer microring/disk/toroid WGM

resonators have been intensively investigated owing to their
planar geometry and ease of fabrication. However, an
additional coupling fiber or a fiber taper with a narrow waist
is usually used for WGM excitation.10,14−16 This configuration

is fragile, encounters alignment issues, and may be affected by
external airflow or contaminants. Alternatively, fiber optic
approaches exhibit a suite of prominent merits, which include
compact size, high flexibility, capable of alignment-free
integration, and easy connection with optical fiber sys-
tems.17−20 Therefore, direct integration of the WGM resonator
with an optical fiber represents one ingenious way to achieve
this goal. In 2015, Shi et al. fabricated a microdisk WGM
resonator in an optical fiber by direct femtosecond (fs) laser
ablation, while its Q factor is significantly limited by the surface
roughness.21 In 2018, Wang et al. realized a WGM resonator
by directly embedding barium titanate glass microspheres into
the air hole of a tapered hollow annular core fiber, and excited
various WGMs via changing the resonator size and location.22

Subsequently, Mallik et al. demonstrated two fiber-tip hybrid
resonators based on silica microspheres coated with different
polymer layers for multiparameter sensing, and their WGMs
were excited simultaneously with the help of an external fiber
taper.23 Wei et al. proposed a polymer microring resonator for
ultrasound detection, which was connected to a single-mode
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fiber (SMF) using a curable optical adhesive and aligned by a
five-dimensional positioning stage.24 To further simplify the
experimental setup, in 2019, Markiewicz et al. pasted two
SMFs side by side and directly printed a polymer WGM
resonator on the fiber end face.25 Similarly, by replacing a pair
of SMFs with a multicore fiber, a polymer WGM resonator on
the end face of a multicore optical fiber was printed for vapor
sensing.19,20 Nevertheless, integration of a high-quality WGM
resonator into a conventional SMF is a very significant and
challenging task.
In this work, we propose a hollow-core fiber (HCF)

internally integrated polymer microdisk WGM resonator
composed of a polymer waveguide and a polymer microdisk
that is printed by fs laser-induced two-photon polymerization
(TPP). In terms of geometry, as illustrated in Figure 1, both
the waveguide and the microdisk are well integrated within a
single optical fiber, realizing an ingenious combination of the
polymer WGM resonator and the optical fiber. The polymer

waveguide connects the cores of SMFs on both sides to
transmit optical signals and is particularly designed in
nanometer size to provide a sufficiently large evanescent
field. The polymer microdisk is in very close proximity to the
waveguide and operates as a resonator cavity. The light
propagating in the waveguide will be partly coupled into the
microdisk through the evanescent wave of the nanoscale
waveguide and excite WGMs in the resonator. A high Q factor
of 2.3 × 103 at a wavelength of 1416.6 nm is achieved by taking
advantage of the smooth surface of the fs laser-polymerized
architecture. The optical characteristics of resonators with
various sizes, refractive indices, and gap spacings are evaluated
by a numerical simulation. Its sensing performance of
temperature and humidity has also been studied experimentally
as a preliminary attempt.

Figure 1. Schematic diagram of the proposed in-fiber polymer microdisk WGM resonator.

Figure 2. Flow diagram of the device fabrication process. (a) Short HCF section is spliced between two SMFs. (b) Angled platform (90°) is ablated
in the HCF using a fs laser micromachining technique. (c) PR is fully filled into the platform and the designed nanoscale waveguide and the
microdisk are then printed via TPP. (d) Uncured PR is cleaned and removed using a mixed solution of acetone and isopropanol.
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2. DEVICE FABRICATION

Figure 2 shows the device fabrication process, which can be
divided into the following four steps. First, a section of 130 μm
HCF (internal/external diameters = 9/125 μm, respectively) is
spliced between two thin-core SMFs (internal/external
diameters = 3.8/125 μm, respectively), as shown in Figure
2a. The HCF is notably utilized to obtain two smooth
interfaces at the SMF cores, which is pivotal to reduce of the
connection loss between the polymer waveguide and the SMF.
The sample is then fixed on a glass slide using an ultraviolet-
curable adhesive to keep the fiber sample both straight and
unstressed. Second, the HCF is ablated precisely using the
focused fs laser beam to open a 90°-angled platform for
polymer microstructure fabrication, as illustrated in Figure 2b.
The bottom of the platform is designed to be located 15 μm
lower than the height of the SMF core. After fs laser ablation,
the fiber sample must be washed in an ultrasonic cleaning
process to remove residual debris from the platform. Third, a
photoresist (PR) is fully filled into the platform and covered
using a standard cover slide. The PR used in this experiment is
a negative resin (type: PP-1; purchased from Zhichu Optics
Co., Ltd., Shenzhen, China), and its material composition is
elaborated in ref 18. The dispersion of the PR material in the
wavelength range from 1507 to 1615 nm was measured in our
previous work.26 The fs laser pulses used in this process have a
central wavelength of 1026 nm, a pulse width of 250 fs, a
repetition rate of 200 kHz, and a pulse energy of 12 nJ and are
focused using a 50× objective (numerical aperture NA = 0.42)
during laser polymerization.
The fiber sample on the glass slide is mounted on a three-

dimensional (3D) air-bearing translation stage (Aerotech,
ABL1500) with an accuracy of ±200 nm, as shown in Figure
S1a, which allows precise positioning of the fiber sample and
translation in accordance with the predetermined path and
velocity. To ensure that the printed polymer waveguide is in

good alignment with the fiber core on each side, with the help
of a top-view vision system, each core is reliably aligned in
relation to the focused laser beam with an accuracy of ∼500
nm. Under this condition, as indicated in Figure S1b, the fs
laser beam can be precisely focused on the interface at the fiber
core as the starting point for processing, and laser scanning is
then carried out along the aligned path to form the polymer
architecture. As shown in Figure 2c, the polymer microdisk is
printed in a layer-by-layer polymerization manner on the
surface of the platform from bottom to top along the z-axis.
The height of the microdisk is 25 μm, and the slicing step is set
to 500 nm, which is implemented by a servo controller
(Aerotech Inc.) and its corresponding software (SCA lntro
v2.6). The polymer waveguide is subsequently printed using a
single scan with the same velocity of 200 μm/s. The waveguide
must be very close to the microdisk to excite the WGM
resonance efficiently. After laser polymerization, the printed
structure is immersed in a developer solution (acetone and
isopropanol mixture with a volume ratio of 1:4) for 2 min to
remove any uncured PR and obtain the designed polymer
microstructure, as illustrated in Figure 2d.
An optical microscopy image and a scanning electron

microscopy (SEM) image of the top (x−y plane) view of the
microdisk WGM resonator fabricated inside an SMF are
shown in Figure 3a,b, respectively. The details of the
microdisk, nanoscale waveguide on the left side, and waveguide
on the right side are given in Figure 3c−e, respectively. As
presented in Figure 3a,b, the straight polymer waveguide is
connected correctly to the cores of the SMFs on both sides and
is perfectly tangential to the polymer microdisk. The length of
the polymer waveguide is measured to be 128 μm.
Figure 3c shows that the waveguide is slightly fused into the

microdisk and supported by it, which helps to improve
mechanical stability.23 For sensing applications, it has been
demonstrated that the environment-induced refractive index
(RI) change is more significant than the geometric

Figure 3. Top (x−y plane) view of the fs laser-printed microdisk WGM resonator comprising a polymer waveguide and a polymer microdisk in an
SMF. (a) Optical microscopy image. (b) SEM image of the entire resonator and details of the (c) microdisk and (d) waveguide on the left side and
(e) right side.
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deformation.11,15 Therefore, it has a minor effect on the
sensing performance. The diameter of the polymer microdisk is
measured to be 39.4 μm, and a very smooth surface can be
observed, which is essential for realizing the high-quality factor
of the WGM resonator. Figure 3d,e show that the polymer
waveguide is tightly attached to the sidewalls of the laser-
ablated fiber. Owing to the large depth of focus of the 50×
objective, the height of the waveguide is approximately 10 μm,
which, in turn, helps to support the waveguide by the bottom
fiber cladding and enhances the robustness of the printed
architecture. The polymer waveguide is slightly bent and
deformed, with thickness varying from ∼700 to ∼850 nm. This
is mainly because the waveguide is printed in the suspended
state, and during the last cleaning step, it is difficult to avoid
the suspended polymer waveguide being bent and attached to
the microdisk as a result of volatilization and surface tension of
the cleaning solution.24 The optical guiding properties of the
waveguide are also simulated, and the result is presented in
Figure S2, where transverse electric (TE) and transverse
magnetic (TM) modes are well confined. Generally, the
printed structure is consistent with the theoretically designed
structure and the structure’s size deviation is acceptable. The
laser printing accuracy is affected by several factors, including
the performance of the translation stage, the TPP parameters,
and the cleaning method used.

3. NUMERICAL SIMULATIONS
When broad-band light is coupled from the left SMF into the
nanoscale polymer waveguide, a strong waveguide evanescent
field will be generated. When the integral multiple of the
wavelength is equal to the optical path length of the microdisk,
the light corresponding to that wavelength will stably exist and
excite WGM resonance on the microdisk. The relationship
between the parameters of the microdisk and the resonant
wavelength is given by

π λ=nd m (1)

where n and d denote the effective RI and the diameter of the
microdisk, respectively. The effective RI of the polymer
material used in this work is ∼1.543 (at λ = 1507 nm),
which is much higher than that of silica to ensure light guiding
inside the polymer layer.26,27 λ is the resonant wavelength of
the light and m is the azimuthal number, which is a positive
integer. From eq 1, the free spectral range (FSR) of the WGM
resonance can be deduced to be

λ
π

=
dn

FSR
2

(2)

The Q factor is a key parameter of the WGM resonator. It
represents the light energy storage property of the resonator
and is defined as Q = λ/Δλ, where Δλ denotes the full width at
half-maximum (FWHM) of the wavelength.
To better understand its optical characteristics, the micro-

disk WGM resonator with different gap spacings (g), RIs (n),
and diameters (d) is estimated using FDTD Solutions, a
commercially available modeling tool based on the finite-
difference time-domain method. The calculation results are
shown in Figure 4a−c. In the simulation, it is simply assumed
that the polymer material has no material dispersion, the
waveguide width is 900 nm, and the gap spacing between the
waveguide and the microdisk is defined as g. For the case of g =
0, the waveguide is just in contact with the microdisk.

Figure 4a plots the calculated transmission spectra of the
microdisk WGM resonator when g = 0 to 1500 nm, while
maintaining d = 40 μm and n = 1.543. The inset of Figure 4a
shows the mode field at a resonant wavelength of 1417.7 nm
when g = 0. It is observed that the light propagates in the
waveguide and is also partly coupled into the microdisk
through the evanescent wave of the nanoscale waveguide that
causes further excitation of the WGM resonance on the
microdisk, while the mode field is mainly distributed in the
boundary. The modulation depth, defined as the intensity
contrast at the resonant dip, is observed to drop sharply from
0.893 to 0.049 when g increases from 0 to 1000 nm, by virtue
of the attenuated evanescent field and resulting in less coupling
between the waveguide and the microdisk. For g = 500 and
1000 nm, the WGM resonance of the fundamental mode is
suppressed as g increases, however, its resonance of high order
mode is remarkably enhanced. For g > 1000 nm, there are
almost no interactions between the mode in the microdisk and
that in the waveguide, thus no excited WGM resonance in the
transmission spectrum. This might be attributed to the leakage
of all coupled modes on the microdisk as a result of surface
scattering.21 Nevertheless, the resonant wavelength is almost
steady, exhibiting a negligible wavelength shift, which is less
than 1 nm. Furthermore, for the case of g = 0, the calculated
FSR at 1417.7 nm is 12.3 nm.
Figure 4b plots the calculated transmission spectra of n in

the range of 1.523 to 1.543, given d = 40 μm and g = 0. As
presented in the inset of Figure 4b of the Lorentzian fitting
curve, the resonant wavelength shifts toward shorter wave-
lengths and modulation depth reduces with decreasing n,
which is in good agreement with the prediction based on eq 1.
The resonant wavelength and the modulation depth for n =
1.543, 1.533, and 1.523 are (1417.9 nm, 1410.3 nm, 1402.7
nm) and (0.906, 0.812, 0.736), respectively, exhibiting a ratio
of wavelength shift to RI of 760 nm/RIU. On top of the blue-

Figure 4. Calculated transmission spectra of the microdisk WGM
resonator with various (a) gap spacings of g = 0 to 1500 nm, (b) RIs
of n = 1.523 to 1.543, and (c) diameters of d = 38 to 42 μm. The top
insets of (a)−(c) show the mode field at λ = 1417.7 nm and the
Lorentzian fitting curves of the corresponding WGM resonance
appearing in the red dashed box, respectively.
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shifted wavelength and reduced optical intensity, the
bandwidth of the transmission spectrum broadens with
decreasing n to deteriorate the Q factor. The corresponding
Δλ is 2.4, 3.6, and 4.7 nm, respectively.
Moreover, as plotted in Figure 4c, the effect of d on the

resonant characteristics is also simulated when n = 1.543 and g
= 0. The inset of Figure 4c shows the Lorentzian fitting curve
of the corresponding WGM resonance appearing in the red
dashed box, where the wavelength is in the range of 1400 to
1430 nm. The resonant wavelength shifts to shorter wave-
lengths when d increases from 38 to 42 μm, while the FSR and
bandwidth are both shrunken, providing an improved Q factor.
This illuminates that the optical mode coupling between the
waveguide and the microdisk is rarely affected by d, and the
excited WGM resonance corresponds to different azimuthal
numbers of m = 129, 133, 137, 140, and 144, respectively, for d
= 38 to 42 μm.

4. EXPERIMENTAL RESULTS AND DISCUSSION
Figure 5 shows the measured transmission spectrum of the prepared
all-in-fiber polymer microdisk WGM resonator with a designed

diameter of d = 40 μm, using a broad-band light source (FiberLake,
ASE-1250-1650) and an optical spectrum analyzer (Yokogawa,
AQ6370C). In the spectrum, multiple resonances, as well as
nonuniform modulation depth can be observed, indicating multimode
interference of the transmitted signal in the polymer waveguide. This
is because the polymer waveguide itself constructed in SMF also
constitutes a Fabry−Perot interferometer, which typically generates
multimode interference, as elaborated in our previous work.26 The
insertion loss was measured to be as large as 20 dB; this loss mainly
results from mode-field mismatch and RI differences between the
polymer waveguide and the silica SMFs on both sides. However, the
insertion loss can be reduced by printing tapers at both ends of the
straight polymer waveguide to overcome the mode-field mismatch.
The FSR at λ = 1416.6 nm was 11.5 nm, which differs slightly from
the measured value in Figure 4; this may be the result of RI
differences caused by material dispersion and dimensional errors in
the micromachining of the structure. The Q factor was calculated to
be 2.3 × 103 at λ = 1416.6 nm, which is lower than that of
conventional silica WGM resonators. The low Q factor may result
from a comprehensive effect, such as the absorption loss of the
polymer material,14 the imperfect surface roughness of the micro-
disk,21 and the overcoupling between the waveguide and the
microdisk,16,28 which are in contact with each other. But it can be
improved by annealing the polymer microdisk to improve its surface
quality or changing to another PR with lower light absorption.
The WGM resonators are highly sensitive to the surrounding

medium and have been widely used in various sensing applications.
When compared with silica, most polymer materials have higher

thermo-optic and thermal expansion coefficients, which is favorable
for temperature sensor applications. The temperature response of the
prepared WGM resonator has thus been investigated experimentally.
During the test, the device was placed in a column oven with a
temperature accuracy of 0.1 °C. The temperature was gradually
increased from 25 to 60 °C in steps of 5 °C and maintained for 20
min in each step (at 55% RH). The resonant dip at a wavelength of
1416.6 nm was used to monitor temperature changes.

Figure 6a shows the transmission spectra acquired at different
temperatures. As the temperature increases, the spectra are shown to
shift toward shorter wavelengths (blue shift) and the modulation
depth of the resonant dip declines dramatically. For the case of 60 °C,
the WGM resonance is quite weak because the WGM excited by the
evanescent field of the nanoscale waveguide almost leaks out of the
microdisk due to surface scattering,21 as described above in Figure 4a.
Simultaneously, the bandwidth of the transmission spectrum broadens
with increasing surrounding temperature to deteriorate the Q factor.
This can be the result of the reduced RI of the polymer as
temperature increases,26 which is consistent with the analytical
calculation in Figure 4b. Furthermore, since the polymer may soften
when heated, the contact points of the polymer waveguide and the
SMF cores, as well as the microdisk may be slightly separated as
temperature increases, resulting in an increase in coupling loss,
thereby weakening the WGM resonance. The relationship between
the dip wavelength and the oven temperature is depicted in Figure 6b,
where a good linear response with a sensitivity of −96 pm/°C was
obtained. As temperature increased from 25 to 60 °C, the resonant
dip shifts from 1417.89 to 1414.46 nm, with a wavelength shift of 3.43
nm, which corresponds to an RI change of 4.51 × 10−3 according to
the calculation in Figure 4b. To quantify the range of temperature
sensitivity, a similar test was carried out using a different microdisk
WGM resonator S1, and the experimental results are shown in Figure
S3a,b, providing a sensitivity of −95 pm/°C.

Theoretically, the wavelength shift (Δλ′) of the resonant dip
caused by the temperature change can be described by29

λ λΔ ′ = [ · ·Δ + · ·Δ ]
n T

n T
d T

d T
1 d

d
( )

1 d
d

( )
(3)

where ΔT is the temperature change, d(n)/dT is the thermo-optic
coefficient of the polymer (of the order of −10−4 K−1), and d(d)/dT
is the thermal expansion coefficient of the polymer, which has a
positive value. In the experiment, the resonance spectrum exhibits a
blue shift with increasing temperature, demonstrating that the
thermo-optic effect is more significant than the thermal expansion
effect and thus plays a dominant role in the spectrum shift. Assuming
that there is no thermal expansion effect, the thermo-optic coefficient
for RI change with temperature is calculated to be −1.07 × 10−4 K−1.

In addition to temperature-sensing applications, polymer-based
devices also offer great advantages in humidity sensing. Therefore, the
humidity response of the prepared WGM resonator was hereby
explored. Before the experiment, the sample was first placed in a
drying oven for 24 h (relative humidity of 20%, temperature of 21°C),
and a humidity sensing experiment was then performed at a constant
temperature of 25 °C. The test chamber humidity slowly increased
from 30 to 90% in steps of 10% and each humidity state was
maintained for 20 min to ensure that the humidity in the test chamber
was sufficiently stable. The resonant dip at the same wavelength of
1416.6 nm was used to monitor humidity changes. Figure 6c shows
the spectral evolution when the ambient humidity increased from 30
to 90%, which demonstrates that the spectra shift toward longer
wavelengths (red shift). In addition, contrary to the temperature
response, the modulation depth and bandwidth of the transmission
spectrum get higher and narrower as the humidity increases,
respectively, rendering an improved Q factor. This is because when
the humidity increases, the polymer material will absorb the water
molecules to increase its RI.30 Moreover, the diameter of the polymer
microdisk will also increase because of polymer swelling caused by
water absorption.31 Both mechanisms lead to the red shift of the
transmission spectrum, while it has been proved that the RI effect in
polymer materials is two orders of magnitude higher than the

Figure 5. Experimental transmission spectrum of the prepared in-fiber
polymer WGM microdisk resonator, which has a diameter of d = 40
μm.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c14499
ACS Appl. Mater. Interfaces 2021, 13, 48119−48126

48123

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14499/suppl_file/am1c14499_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c14499/suppl_file/am1c14499_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14499?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14499?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14499?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c14499?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c14499?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


diameter effect,15 especially for the non-free-standing configurations,
where the microdisk is fully attached to the rigid supporting
substrate.31 Therefore, for the proposed WGM resonator, RI changes
are the leading mechanism that affects the humidity response. The
relationship between the dip wavelength and the ambient humidity is
shown in Figure 6d, in which the dip wavelength shows a good linear
response to the ambient humidity and a sensitivity of 54 pm/%RH,
which is competitive in the previously reported polymer WGM
resonators.30,32 In addition, we tested the humidity response with
another device S2 under the same conditions, as shown in Figure
S3c,d, exhibiting a sensitivity of 55 pm/%RH. As humidity increased
from 30 to 90%, the wavelength shift is 3.36 nm and an RI change of
4.42 × 10−3 is thus predicted. Similar to the thermo-optic coefficient,
the hygroscopic coefficient for RI change with humidity is calculated
to be 6.10 × 10−5 %RH−1, which is basically consistent with the
previous report based on an SU-8 polymer.15

5. CONCLUSIONS

In summary, we have demonstrated an all-in-fiber polymer
microdisk WGM resonator fabricated using fs laser-induced
TPP technology. When compared with previously reported
optical fiber-based WGM resonators, the greatest virtue of the
proposed device is that both the waveguide and the microdisk
are integrated well within a conventional silica optical fiber.
This method realizes a perfect combination of the WGM
resonator and the optical fiber and provides a flexible and
robust way for efficiently exciting and detecting WGM signals.
A comprehensive numerical calculation has been carried out
for the WGM resonator with various dimensions, RIs, and gap
spacings to provide insight into the influence of the Q factor. A
high Q factor of 2.3 × 103 has been achieved by taking
advantage of the smooth surface of the fs laser-polymerized
architecture. As examples of possible application, the sensing
performance of the resonator has been studied experimentally
and temperature sensitivity of −96 pm/°C and humidity

sensitivity of 54 pm/%RH were obtained. This all-in-fiber
polymer microdisk resonator, which is ultracompact in size and
highly integrated within an optical fiber, may find further
promising applications in fields including optical fiber sensors
and optical communication devices.
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