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Abstract

The purpose of this research was to get the optimum design of materials that
can be used as a sensitive sensor. In this study, a micro-ring resonator was used
as a model. This resonator was utilized because it is more sensitive in sensing
biomolecules than other types of sensors. Two types of micro-ring resonator
were simulated: full etching and half etching. To achieve the optimum design of
a micro-ring sensor, both models were tested with different dimensions,
including waveguide width, gap, ring of radius, and etching depth. These
dimensions were evaluated to get the free spectral range (FSR) and quality
factor (Q-factor). The high value of FSR indicates sensor sensitivity, whereas
Q-factor replies sensor accuracy. We found that both models can obtain the
optimum value by providing specific dimensions.
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1. Introduction

Current sensors are needed in large quantities, including physical and chemical
sensors. Physical sensors are found in temperature sensors, whereas chemical
sensors are found in gas sensors [1]. However, current sensors have limitations in
the deficiencies of the conductivity sensors, corrosion, less sensitiveness, and
detection range. Among various chemical sensors, micro-ring resonator for sensor
application is the most sensitive. Chenyang explained that their micro-ring
resonators were good for increasing the sensitivity of sensors based on
wavelength shift measurement [2]. But they did not evaluate the value of FSR.

They only calculated the Q-factor; thus, the sensitivity was quite low.
Donzella [3] explained that micro-ring resonator sensors were good for
fabricating water sensor and air sensors. However, Donzella’s design uses only
one straight line; thus, both values of FSR and Q-factor were not high. Wright
described that the micro-ring resonator is a good sensor with regard to sensitivity
for biological sensing applications [4]. But, the sensor design evaluated only the
Q-factor and used one straight line on the micro-ring resonator. Another group of
researcher showed that the micro-ring resonator can be used for sensor
applications to evaluate the light wavelength signal [5, 6]. However, they did not
calculate the values of FSR and Q-factor.

Among several studies, none has focused on the design of the micro-ring
resonator sensors, which optimized the values of FSR and Q-factor by adjusting
the dimensions. Therefore, the purpose of this study was to simulate the micro-
ring resonator and optimize the values of FSR and Q-factor by adjusting the
dimensions, which is necessary to enhance the performances of the micro-ring
resonator sensors [7]. In this research, we used two models of the micro-ring
resonator: Model 1 with a full-etching process and Model 2 with a half-etching
process, as shown in Fig. 1. We also evaluated some dimensions of the micro-
ring (e.g., the waveguide width, gap, and ring radius) to obtain the high values
of FSR and Q-factor.

FSR of the micro-ring resonator in the sensor determines the detection range,
and the Q-factor shows the sensor sensitivity [8]. The result of the simulation
suggested that both models had optimum FSR and Q-factor values for the best
adjustment of micro-ring resonator dimensions. To simulate the shape or model of
the micro-ring resonator, we used the software based on the finite-difference
time-domain, such as XFDTD, SEMCAD, Rsoft [9], and Lumerical. But in this
research, we used the Lumerical software because of the mesh refinement factor
in which, the result more accurately since the device structure in a tiny dimension.

Based on the study by Talebifard, the Lumerical software has the ability to
produce simulation results, which are close to the experimental results [10].
Therefore, the simulation results in this work are expected to provide the
approximation of experimental results. Comparison between the current and
previous works was also done to validate the simulation results in this work.

2. Method

In this research, we have investigated different configurations of micro-ring
resonator based on silicon on insulator, as shown in Fig. 1. Figure 1(a) shows the
configuration of the common type of micro-ring resonator, called Model 1, which
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has a fully etched Si layer, except for the waveguides with certain dimensions.
While in Fig. 1(b), we propose different configurations of a micro-ring resonator,
we called Model 2, which the Si layer besides the waveguides structure is not
fully etched to left certain level of Si etching depth (H) above the SiO, layer. Both
of these models were simulated using the finite-difference time-domain method
on Lumerical software (Lumerical Inc., USA).

(@) (b)

Fig. 1. Two models of micro-ring resonator with differences in the dimension layer:
(a) Model 1, ring resonator and signal waveguide are separate parts,
(b) Model 2, the ultimate layer connected ring resonator and signal waveguide.

We simulated the two different configurations of a micro-ring resonator with
several modified dimensions, as can be seen in Table 1, to investigate them. Both
models were simulated for the same propagation light wavelength around 1500
nm, which the light of this wavelength interact well with the analyte [11]. The
length of gap, ring radius, and waveguide width of Model 1 and Model 2 were
modified with the same dimensional variation of 50-140 nm, 4.5-12 um, and 450-
550 nm, respectively. The difference between Model 1 and Model 2 is the
structure of the Si layer. For Model 1, the etching depth of Si layer is 0 nm,
whereas for Model 2, the etching depth varied from 40 to 120 nm. These two
different models are created to observe the characteristics of the optimum values
of FSR and Q-factor.

Table 1. The dimensions of micro-ring resonator.
Symbol Unit  Model 1 Model 2

Wavelength A nm  1400-1600 1400-1600
Waveguide height h nm 220 100-180
Etching depth H nm 0 40-120
Total Si layer height - nm 220 220
Length of gap g nm 50-140 50-140
Ring radius r um 4.5-12 4.5-12
Waveguide width A nm 450-550 450-550

3. Results and Discussion

The simulation results obtained different FSR and Q-factor values, depending on
the dimensions of micro-ring. Q-factor is the parameter of the micro-ring
resonator to the sensitivity of micro-ring sensors. The Q-factor of a given device
is a measure of the resonant photon lifetime within a microstructure (the higher
the Q-factor, the longer the lifetime) and Q-factor is corrected for the number of
times a photon is re-circulated and allowed to interact with the analyte [12].
Therefore, larger Q-factor means higher sensitivity. The FSR is the distance
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between two resonance peaks adjacent [13]. A higher FSR value gives
information about larger detection limit. This is because the distance between the
two maximum resonance peaks is wider hence more wavelength shift can be
distinguished. The explanation of the result of the effect of the dimensions on the
FSR and the Q-factor value is described in the following.

3.1. Waveguide width

Figure 2 shows the effect of waveguide width variation on the values of FSR
and Q-factor for Model 1 (Fig. 2(a)) and Model 2 (Fig. 2(b)). The waveguide
width varied from 450 to 550 nm, whereas the other parameters were
controlled to have a fixed dimension of 50 nm gap and 4.5 pm ring radius for
both models. The etching depth of Model 1 is 0 nm, so that the waveguide
height is 220 nm, whereas the etching depth and waveguide height of Model 2
are 40 and 180 nm, respectively.
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Fig. 2. The waveguide width optimization of micro-ring resonators
for FSR and Q-factor results in: (a) Model 1 and (b) Model 2.

The FSR values of Model 1 and Model 2 relatively increase with respect to
the increasing waveguide width. The FSR value of Model 1 increases from 18.66
to 21.04 nm, whereas the FSR value of Model 2 increases from 19.41 to 21.07
nm. The waveguide widths for the optimum value of FSR for Model 1 and Model
2 are 480 and 550 nm, respectively. Larger FSR means that more signal can be
accommodated in one channel at once. However, it must be remembered that the
width cannot be too narrow or too wide [14, 15]. If the waveguides are too wide,
then the evanescent waves could not extend more into the outside of the
waveguides to interact with the analyte. Hence, the evanescent waves cannot
create a larger impact on modifying the refractive index effective of waveguides
and so the sensitivity will be decreased. On the other hand, we also need to keep
in mind that the waveguides cannot be too narrow due to an increase of the
propagation loss.

The Q-factor value is also affected by the change on the waveguide width
dimension, which leads to the increasing value of Q-factor respectively to the
increasing value of waveguide width. This result was in agreement with that of
the previous study conducted by Mulyanti [16]. The Q-factor in Model 2 has a
higher value than Model 1. In Model 1, the value of the Q-factor increased from
712.94 to 1832.21 when the width values were between 450 and 550 nm, whereas
in Model 2, the value of the Q-factor is in the range of 2024.35-4667.98. Both
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Models 1 and 2 have the same waveguide width of 550 nm to obtain the optimum
value of Q-factor. The loss in micro-ring resonator can be reduced by using wider
waveguides for better optical confinement, which provides a higher Q-factor
value by sharpening the resonance peak. Mahmudin et al. [17] mentioned that,
however, the waveguides should not be too wide [17].

3.2. Gap

The FSR and Q-factor values of Model 1 and Model 2 are observed in Fig. 3(a)
and Fig. 3(b), respectively, by altering the length of the gap. The gap varied from
50 to 140 nm for both models. The other parameters of Model 1 and Model 2
were set to have a fixed value. For Model 1, the values of the ring radius,
waveguide width, waveguide height, and etching depth are 4.5 um, 450 nm, 220
nm, and 0 nm respectively whereas for Model 2 are 4.5 pm, 450 nm, 180 nm, and
40 nm, respectively.
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Fig. 3. The gap optimization of micro-ring resonators for
FSR and Q-factor results in (a) Model 1 and (b) Model 2.

The FSR value of Model 1 is constantly around 19.00 nm for the gap length
variation of 45 nm to 100 nm then gradually increases with linear-like pattern
with sharp gradient for the gap length variation of 110 to 140 nm with the highest
FSR value of 20.24 nm. The FSR value of Model 2 increases to 21.30 nm when
the gap length is 80 nm and decreases when the gap length value varies from 90
to 140 nm. Theoretically, the reason why high FSR value occurs in Model 2 for a
gap of 80 and 90 nm is that the reference gap is able to reduce the coupling
scattering, hence optimizing the value of FSR [18]. The change of the gap values
also affects the value of the Q-factor. The values of Q-factor in Model 1 and
Model 2 are increasing alongside the increasing gap length. The Q-factor value of
Model 1 varies from 1157.49 to 6456.72, whereas that of Model 2 varies from
1081.36 to 4361.94. Hence, we can see that the Q-factor value of Model 1 is
higher than that of Model 2. The optimum FSR and Q-factor values of Model 1
are obtained with a gap length of 140 nm, whereas for Model 2, the optimum FSR
value is obtained with a gap length of 80 nm.

3.3. Ring radius

We observed the correlation between the ring radius and values of FSR and Q-
factor in the two types of the different configurations of micro-ring resonator,
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namely, Model 1 (Fig. 4(a)) and Model 2 (Fig. 4(b)). The ring radius for Model 1
and Model 2 varied from 4.5 to 12 um, whereas the other parameters, such as
waveguide width, waveguide height, gap length, and etching depth, are set to be
constant. We set the waveguide width and gap length to be 220 and 50 nm,
respectively, for both Model 1 and Model 2. The difference between Model 1 and
Model 2 is the etching depth. Model 1 has an etching depth of 0 nm; hence, the
waveguide height is 220 nm. Model 2 has an etching depth of 40 nm; hence, the
waveguide height is 180 nm.
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Fig. 4. The ring radius optimization of micro-ring resonators
for FSR and Q-factor results in (a) Model 1 and (b) Model 2.

The increase of the ring radius leads to the decrease of the FSR value for both
Model 1 and Model 2. By altering the ring radius between 4.50 and 12 pm, the
FSR value decreases in Model 1 and Model 2, respectively, between 19.43-9.47
nm and 19.78-7.90 nm. This result corresponds to that of the previous study
conducted by Mulyanti [19] and Aziz et al. [20]. The FSR values affected by the
ring radius due to the FSR as the width of the pass band area generate by the
filtering of the micro-ring resonator [21]. Thus, to obtain a micro-ring resonator
with a high FSR value, the radius value should be smaller. However, this is more
difficult to do for fabrication due to the limitations of the tools used.

The Q-factor values for both models were irregular. But, the value of the Q-
factor in Model 2 was higher than that in Model 1. The changes of the radius
value between 4.5 and 12 um enabled Model 1 to have a maximum Q-factor of
3228.15 nm and minimum Q-factor of 2865.49 nm, whereas Model 2 has a
maximum Q-factor of 4554.90 and a minimum Q-factor of 3440.27. The value of
the Q-factor was influenced by the radius value, but the change of the Q-factor
value was not linier along with the increases of the radius value [22], because the
radius value depends on closed or widened the resonance value. Thus, the
accuracy of the sensor adjusted to the radius micro-ring value.

3.4. Etching depth

We investigate the optimized values of FSR and Q-factor as shown in Fig. 5 by
altering the etching depth of the Si layer in Model 2. The etching depth varied
from 40 to 120 nm while the total Si layer height was fixed at 220 nm. The ring
radius, waveguide width, and gap length were fixed at 4.5 pm, 450 nm, and 50
nm, respectively.
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The Q-factor increased relatively when the entire surface of the micro-ring
resonator was etched. This is because the Q-factor is influenced by the distance
formed from the etching result. Thus, the gap is formed, producing the Q-factor
value for the micro-ring [19]. The etching depth optimization is obtained on an
etching depth of 60 nm with the Q-factor and FSR values at 7184.16 and 20.75
nm, respectively.
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Fig. 5. Etching depth optimization for Model 2.

3.5. FSR and Q-factor values based on the optimized parameters

We obtained the optimized parameters based on the optimization of micro-ring
resonator parameters for Model 1 and Model 2. From the previous parameter,
optimization results show that Model 1 has the optimum value when using the
dimension of the micro-ring resonator of waveguide width, gap, and ring radius at
480 nm, 140 nm, and 4.50 pm, respectively. Model 2 has the optimum value in
the dimension of the micro-ring resonator when setting waveguide width, gap,
ring radius, and etching depth at 550 nm, 80 nm, 4.5 pm, and 60 nm, respectively.

Table 2 shows the comparison between the optimum FSR and Q-factor values
for Model 1 and Model 2. The FSR values of Model 1 and Model 2, which has
been optimized for all the parameters, provide FSR value nearly 20 nm, which is
sufficient for the purpose of biosensors because it has a relatively large FSR [21],
whereas for the Q-factor value, Table 2 shows that both Model 1 and Model 2
provide higher Q-factor values compared with the rest, whereas Model 1 has a
higher Q-factor value than Model 2. According to Chalyan et al. [23], larger Q-
factor is needed for better sensitivity of micro-ring resonator-based sensor.

The originality of this study is that it explores the influences of the addition of
etching depth to the configuration of micro-ring resonator on Model 2 by
comparing the values of FSR and Q-factor in Model 1 and Model 2. Based on this
study, it has been known that both models provide FSR values near 20 nm, which
shows that both models have a fine FSR for sensors and also the addition of
etching depth does not significantly affect FSR. As for the value of Q-factors,
Model 1 has larger value than Model 2 with the difference about 3000. These
results shows that Model 1 has better sensitivity and also the addition of etching
depth will reduce the performance of micro-ring resonator sensors by decreasing
its sensitivity.
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Table 2. Optimize values of FSR and Q-factor for Model 1 and Model 2.

Parameter Optimization Model 1 Model 2
FSR (nm) Q-factor FSR (nm) Q-factor
Waveguide width 21.05 1823.08 21.07 4657.69
Gap length 20.24 6425.87 21.77 4358.491
Ring radius 19.37 3224.63 19.72 4543.695

Etching depth - - 21.94 7184.16
Every parameter optimized 19.61 10559.10 20.73 7294.51

4. Conclusions

Both models of the micro-ring resonator have high values of FSR and Q-
factor, which depend on the micro-ring dimension. The simulation has been
conducted by changing some dimensions in both models, including the
waveguide width, gap, radius, and etching depth. The results show that Model
1 has the optimum values of FSR and Q-factor of 19.61 and 10559.10 nm,
respectively, whereas Model 2 has the optimum values of FSR and Q-factor of
20.73 and 7294.51 nm, respectively. We also found that the addition of
etching depth could produce higher FSR value, but unfortunately, it can
reduce the value of Q-factor. However, both models successfully produced
sufficient values of FSR and Q-factor; hence, both Model 1 and Model 2 can
be used as sensors with good sensitivity.
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Nomenclatures

g Length of micro-ring gap, m
H Total of upper layer, m

h Etching depth, m

r Ring radius, m

w Waveguide width, m

Greek Symbols

A Wavelength, m.
Abbreviations

FSR Free Spectral Range
Q-factor  Quality factor

Si0, Silicon oxide
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