
IEEE PHOTONICS JOURNAL, VOL. 14, NO. 1, FEBRUARY 2022 6610806

Thermal Reflow Effect in Multi-Mode Waveguide of
S-Bend Resonator With Mode Discrimination

Yong-Jin Kim , Seok-Ho Hong , Jae-Sang Lee , Su-Jin Jeon , Woo June Choi , and Young-Wan Choi

Abstract—Polymer-based S-bend optical resonator consisting of
multi-mode waveguide has been used as refractive index sensing
devices due to their cost-effectiveness and ease of fabrication.
However, during fabrication, the thermal reflow that occurs during
the baking process and overdevelopment induces an inclination
in the sidewalls of the waveguide. The construction of the angled
sidewalls can influence the propagation mode properties of the
waveguide, such as the evanescent field and loss. Hence, in this
study, we designed and analyzed S-bend resonators to investigate
the influence of the sidewall slope on the optical modes of the wave-
guide and the sensing performance of the resonator with respect to
the variation of slope angles. The simulation results revealed that,
as the sidewall slope deviated from the right angle (90°–65°), the
sensitivity of the device increased by a factor of 1.8 due to the field
leakage, whereas, the extinction ratio and Q-factor decreased by
54% and 37%, respectively. The results indicated that the sidewall
slope induces a trade-off between the resolution and the sensitivity
of the S-bend resonator. The findings of this study can be used as
a reference for further research on MMW-based optical sensors
using polymer materials.

Index Terms—Multi-mode waveguide, optical refractive index
sensor, sidewall slope, S-bend resonator, thermal reflow.

I. INTRODUCTION

O PTICAL sensors that measure changes in the refractive
index have attracted considerable interest, as they can

rapidly and effectively detect gases or biomaterials. In addition,
there has been an increase in the need for efficient material detec-
tion through the mass production of optical sensors. Integrated
label-free optical sensors have been extensively studied with
respect to medical, environmental monitoring, and biochemical
analysis applications that require sensitive and rapid analysis
tools [1]. Accordingly, optical sensor devices with various struc-
tures have been proposed, such as the ring resonator [2], [3],
micro-disk resonator [4], Mach–Zehnder interferometer [5], [6],
Fabry–Perot interferometer [7], optical coupler [8], and surface
plasmon resonance sensor [9]. Among them, optical resonator
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sensors detect changes in the external effective refractive in-
dex by measuring the shift in resonant wavelength peaks due
to changes such as antigen–antibody reactions, temperature
changes, and protein binding in the sensing region [10].

Optical ring resonators have been developed based on single-
mode waveguides (SMWs) with low modal dispersion charac-
teristics, low propagation losses, and small sizes, to improve
sensitivity [11], [12]. To realize a low fabricating cost and mass
production, a multi-mode waveguide (MMW)-based resonator
with a line width of several micrometers should be designed [13].
However, it is difficult to use this resonator as a sensor, given
that the modal dispersion causes multiple peaks in the output
transmission spectrum. An S-bend resonator can be used to solve
this problem by removing multiple peaks through the mode
discrimination technique, which was presented in a previous
study [14].

Mode discrimination is a phenomenon in which the multiple
peaks of the transmission spectrum are removed by eliminating
the higher-order mode using the difference in the effective
refractive index between the fundamental mode and higher-order
modes in a specific waveguide structure with propagation loss.
The transmission spectrum of the S-bend resonator with mode
discrimination has characteristics similar to those of the SMW-
based ring resonator. The S-bend resonator is designed based
on a MMW with a line width of several micrometers to enable
contact lithography. The fabrication process of silicon photonic
sensors is basically composed of deposition, photoresist spin
coating, E-beam lithography, development, dry etching, and
photoresist removal [3]. However, the S-bend resonator that can
be fabricated with a polymer uses photolithography instead of
E-beam lithography, and deposition, dry etching, and photoresist
removal are excluded. Accordingly, it is possible to fabricate at a
low cost and also to reduce the fabricating time, thereby enabling
mass production. Furthermore, it consists of MMWs that have
larger areas of contact with the external environment than those
consisting of SMWs. Therefore, it might be effective in terms
of measurability and ease of measurement of the substances.

The waveguide constituting the S-bend resonator is designed
in a ridge structure using SU-8 polymer (negative photoresist),
which is capable of contact lithography and exhibits high op-
tical transparency [15], [16]. However, SU-8 is an amorphous
polymer with glass transition characteristics; therefore, it tran-
sitions from a glassy state to a rubbery state by heat treatment
during the post-exposure bake process for cross-linking after
ultraviolet (UV) light exposure in the fabricating process. Under
this condition, thermal reflow may occur; this reflow gradually
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Fig. 1. Schematic of the S-bend resonator where N is the number of bending
waveguide layers and R is the radius of the bending waveguide.

assumes a round shape due to surface tension as it melts from
the edge of the photoresist because of continuous heat or high
temperature. Thus, the waveguide constituting the resonator is
fabricated differently from the designed structure [17]–[19]. In
addition, this phenomenon is exacerbated by overdevelopment.
This mismatch with the originally designed structure changes
the resonance characteristics of the resonator. Furthermore, with
an increase in the severity of thermal reflow, the waveguide
sidewall angle decreases, which results in a greater change in the
resonance characteristics of the resonator. If a slope is formed
on the sidewall of the waveguide, the confinement factor (CF)
of the propagation mode decreases, and the light loss increases.
This increase in light loss can deteriorate the extinction ratio
(ER) and Q-factor of the resonator. Conversely, an increase in
light loss indicates an increase in the range and intensity of
evanescent waves, and this can enhance the sensitivity of the
resonator. Therefore, a trade-off between the light loss and the
sensitivity of the resonator is expected, and a detailed analysis
with respect to the optimized angle of the sidewall slope is
required.

In this study, analysis was performed using MODE solu-
tion based on the variational finite-difference time-domain by
Lumerical Inc. First, the sidewall slope angle (θ) was defined by
modeling the cross-section of the waveguide by thermal reflow.
Then, the characteristic change of the MMW, the multi-mode
interference (MMI), and the bending waveguide constituting the
S-bend resonator were analyzed with respect to the θ. Finally,
we investigated the characteristics of the transmission spectrum
of the S-bend resonator with respect to changes in the θ of the
waveguide.

II. ANALYSIS OF SIDEWALL SLOPE EFFECT IN MMW ON THE

S-BEND RESONATOR

As shown in Fig. 1, the S-bend resonator consists of a MMI
coupler and bending structure based on the MMW [14]. Differ-
ent from the SMW-based resonator, higher-order modes may be
present in the waveguide of the S-bend resonator. The S-bend
resonator uses mode discrimination in a multi-bending structure
to eliminate higher-order modes of light. Mode discrimination is
a phenomenon in which higher-order modes are removed based

Fig. 2. (a) Cross-sectional field-emission scanning electron microscopy image
of the fabricated MMW with thermal reflow, and (b) model of MMW with slope
angle (θ).

on the differences in the effective refractive index and losses
between the fundamental mode and higher-order modes [14].
In this study, we considered an MMW-based S-bend resonator
based on an SU-8 polymer, which can be fabricated through
a photolithography process at a low cost. The low-viscosity
SU-8 2002 polymer was used because the waveguide width
and height could be designed with a low aspect ratio of several
micrometers. Changes in the waveguide sidewalls or fabrication
mismatches can influence the performance and characteristics of
the resonator. Therefore, it is necessary to analyze the internal
higher-order mode change and the performance of the S-bend
resonator depending on the cross-sectional shape of the wave-
guide.

A. Analysis of Mode Profiles in an MMW

Because of thermal reflow and overdevelopment, the width of
the waveguide gradually decreased from the bottom to the top
formed the sidewall slope. A cross-section of the waveguide was
approximated with a trapezoidal structure for simple analysis,
and each structure of the S-bend resonator was analyzed based
on θ. Fig. 2(a) presents a field-emission scanning electron mi-
croscopy image of a cross-section of the waveguide with a slope
in the sidewalls caused by thermal reflow, and (b) illustrates the
ideal waveguide structure (blue dotted line) and an approximated
trapezoidal waveguide structure.

If the sidewall of the waveguide is fabricated with a sloped
structure, the characteristics of the waveguide, such as the num-
ber of modes and confinement factor (CF), are different from the
ideal condition (θ= 90°). The nominal waveguide was assumed
to have a width and height of 3 μm and 2 μm, respectively,
and the refractive indices of the SU-8 and SiO2 substrates were
assumed to be 1.57 and 1.46, respectively (at 1550 nm) [20]. The
CF of cross-sectional MMW was obtained using the definition
of the following equation.

CF =
Power of waveguide

Total guided power
=

∫∫ Re

inside

(
�E × �H∗

)
· ẑdxdy

∫∫ Re

total

(
�E × �H∗

)
· ẑdxdy

(1)

Fig. 3 presents the number of modes, the electric field (E-
field) profile of each mode, and the CF with respect to θ. The
waveguides were analyzed at intervals of 5° from 90° to a
minimum of 60°, given that the loss of higher-order modes was
large or non-existent when θ < 60°. There were eight modes
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Fig. 3. E-field intensity profiles (|E|2), CF and effective RI of the propagation modes of MMW with respect to θ.

in the designed rectangular waveguide. With a decrease in θ,
the upper width decreased, thus resulting in a relatively small
waveguide width. As expected, the number of modes present
inside the smaller waveguide width decreased. From θ = 80°
downward, several higher-order modes were eliminated, and
only five modes were present in the waveguide with θ = 60°.
Furthermore, with a decrease in θ, the CF, which is the power
ratio of the modes in the core area, decreased in the same mode,
as shown in Fig. 3. When θ = 90°, the CFs were 96% and
92.8% in the TE0 and TM0 modes, respectively. Moreover, when
θ = 60°, the CFs in the same mode were 91.9% and 85.6%,
respectively. The CF differences were 3.9% in the TE0 mode
and 7.2% in the TM0 mode. In the TE1 and TM1 modes, when
θ = 90°, the CFs were 94.3% and 89.7%. When θ = 60°, the
CFs were 78.7% and 56.0%, respectively, and the CF differences
were 15.6% and 33.7%, respectively. These results indicate that
the decrease in the CF due to structural changes was greater in
higher-order modes than in the fundamental mode, thus resulting
in more loss of light in higher-order modes within the same
structure. Therefore, the relatively large loss of higher-order

Fig. 4. Schematic of the multi-mode interference.

modes according to the reduction of θ may influence the mode
discrimination phenomenon.

B. Characteristic Analysis of MMI and Bending Waveguide
With Respect to the Sidewall Slope Angle

Fig. 4 presents the schematic of the MMI coupler constituting
the S-bend resonator. The width and height of the MMI were
10 µm and 203 µm, respectively. It was designed for a 50:50
coupling ratio of waveguides with vertical sidewalls. When the
S-bend resonator was fabricated through the photolithography
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Fig. 5. Coupling ratio, total loss, and E-field intensity profiles (|E|2) of MMI
with respect to θ with an MMI length of 203 μm.

of the SU-8 polymer, the MMI characteristics were analyzed
by θ generated in the waveguide. Fig. 5 presents the coupling
ratio, total loss, and E-field profile of the MMI with respect
to θ. A reduction in θ decreased the coupling length of 3
dB, which satisfied the 50:50 coupling ratio, thus resulting in
back-reflection and an increase in the total loss of the MMI
output power. In particular, the total loss increased significantly
at angles of θ = 75° or less. However, given that the coupling
ratio of the MMI did not deviate significantly from 50:50, the
MMI can be used as a coupler.

The deformation in the shape of the waveguide can influence
the light loss of each propagation mode within the bending wave-
guide. Thus, the bending loss of each mode was analyzed with
respect to θ and the number of bending waveguides. Fig. 6(a)
presents a schematic of the bending waveguide with a radius of
10 μm. Fig. 6(b) and (c) indicate the loss with respect to the
slope angle θ of the bending waveguide in the TE0 and TM0
modes, which are fundamental modes, and the TE1 and TM1
modes, which are higher-order modes.

When the light passed through the bending waveguide once,
the losses of the TE0 mode were 1.9% and 5.6% at θ = 90°
and θ = 60°, respectively, and the difference in the losses was
only 3.7%. On the other hand, the losses of the TE1 mode were
8.6% and 35.2% at θ = 90° and θ = 60°, respectively. When θ
> 70°, the loss of the TE1 mode rapidly increased, and the loss
difference between θ = 90° and θ = 60° was 26.6%, which was
much larger than that of the TE0 mode.

When passing through the bending waveguide six times, the
losses of the TE0 mode were 24.9% and 58.4% at θ = 90° and θ
= 60°, respectively, and the difference in the losses was 33.5%.
The losses of the TE1 mode were 39.7% and 93.7% at θ = 90°
and θ = 60°, respectively, and the difference in the losses was
54.0%. As shown in Fig. 6(c), a similar tendency is also observed
for the TM mode. The above results demonstrate that the bending
loss increases as θ is reduced. Above all, regardless of θ, there
is still a difference in bending loss in the fundamental mode

and second-order mode, which means that mode discrimination
could occur. At θ = 80°, a large bending loss occurs due to a
phenomenon such as a mode conversion, but in Fig. 6(b) and
(c), it can be seen that the tendency of bending loss inversely
proportional to θ is maintained.

III. ANALYSIS OF TRANSMISSION SPECTRUM AND DISCUSSION

Fig. 7 presents the transmission spectra of the S-bend res-
onator at a center wavelength of 1550 nm with respect to θ
and the number of bending waveguides. The intensity of the
transmission spectrum is defined as a normalized value ranging
from 0 to 1. The black and red lines represent the transmission
spectrum of the resonator at external refractive indices of 1.00
and 1.01, respectively. The sensitivity of the resonator was
obtained from the shift in the resonance wavelength. To precisely
compare the output performance of the resonator with respect
to θ, the comprehensive results of the Q-factor, free spectral
range (FSR), ER, and sensitivity of the transmission spectrum
were obtained, as shown in Fig. 8. The CF decreased as the θ
of the waveguide decreased, as can be seen from Fig. 3. The
decrease in the CF caused an increase in the propagation loss
of light, which led to a decrease in the ER. When N = 3 (six
bending structures), the ER was 8.88 dB at θ = 90° and 2.60 dB
at θ = 60°. Meanwhile, the Q-factor decreased with an increase
in the propagation loss of light. In Fig. 8(a), when N = 3, the
Q-factor at an ideal θ (90°) was 2.1× 103, whereas at θ = 60°,
it decreased to 0.6× 103. The trends of the Q-factor and ER
with respect to θ are shown in Fig. 8(a) and (c), respectively.
In contrast, with a decrease in θ, the sensitivity of the resonator
gradually increased. When N= 3, the sensitivity was 25 nm/RIU
at an ideal θ and 98 nm/RIU at θ = 60 °. Given that the intensity
of the evanescent field near the waveguide increased as the CF
decreased, the resonator was more sensitive to changes in the
refractive index outside the waveguide.

The sensitivity of the resonator increased as θ decreased, as
shown in Fig. 8(b). Given that the FSR of a resonator is related
only to the wavelength of light and length of the resonator, it
is not influenced by the sidewall slope of the waveguide and
is therefore constant. The Q-factor, ER, FSR, and sensitivity
exhibited the same trend for N = 3 as that for other values of N.
In Fig. 2(a), the θ of the waveguide constituting the resonator
was 65°, and the ER of the corresponding transmission spectrum
was smaller than that of the resonator at θ = 90°. However, the
sensitivity was higher than that at θ = 90°. Thus, even when θ
is approximately 65°, it can be used as a resonator sensor.

Based on the results presented above, there is a trade-off
relationship between the Q-factor, ER, and sensitivity of the
resonator. If the ER and Q-factor of the resonator transmission
spectrum decrease due to a decrease in θ, it can be difficult to
distinguish the resonance wavelength shift. However, the sensi-
tivity of the resonator can be increased, and the material can be
detected more effectively. Therefore, we have considered that it
is able to present a tolerance range for θ referencing this trade-off
relationship when we fabricate a multi-mode waveguide-based
resonator.
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Fig. 6. (a) Bend structure of the waveguide with radius R; losses of fundamental and second-order (b) TE and (c) TM modes when light passes bend waveguide
(m: the number of bending waveguide).

Fig. 7. Transmission spectra of the S-bend resonators with respect to the θ and the number of bending waveguides. The x-axis and y-axis represent wavelength
(λ) from 1.525 μm to 1.56 μm and normalized transmission intensity (T), respectively. The black and red lines of the graph represent the transmission spectrum
when the external refractive indices are 1 and 1.01, respectively.

IV. CONCLUSION

In this study, we analyzed the performance of an S-bend
resonator with respect to the slope angle θ of the waveguide
due to the thermal reflow of a low viscosity SU-8 polymer. It
was found that the slope angle θ of the MMW decreased the
number of propagation modes and the CF inside the waveguide.
This decrease results in a decrease in the Q-factor and ER of
the transmission spectrum in the S-bend resonator. Moreover,
a decrease in the sidewall angle θ increases the extent and
intensity of the evanescent field. This leads to an enhancement
of the sensitivity of the resonator due to changes in the external

refractive index. As a result, when the θ of the MMW was
reduced from 90° to 65°, the ER and Q-factor decreased by
54% and 37% on average, respectively. However, the sensitivity
of the resonator was increased by a factor of approximately 1.8
due to an increase of range and intensity in the evanescent field
of the waveguide. Therefore, it was concluded that there may
be a trade-off between the light loss due to the sidewall slope
and the sensitivity of the resonator. If the appropriate value of
the sidewall angle of MMW is determined by adjusting the hard
bake time, we think the resonator sensor can be ideally used
depending on the application field. The analysis results can serve
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Fig. 8. Performance of the S-bend resonator with respect to θ: (a) Q-factor,
(b) sensitivity, (c) ER, and (d) FSR.

as a criterion for determining the tolerance of θ in the MMW cor-
responding to a higher sensitivity of the sensor. The appropriate
application of this tolerance can render the MMW-based optical
sensor more insensitive to process errors, thus increasing the ease
of fabrication of optical sensors. Moreover, the findings of this
study can serve as a basis for further research on MMW-based
optical sensors using polymer materials.
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