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Abstract: Photonic crystal channel drop filters (CDFs) play a vital role in optical communication
owing to their ability to drop the desired channel. However, it remains challenging to achieve
high-efficiency CDFs. Here, we demonstrate a highly efficient three-channel CDF with both high
transmission and high quality (Q) factor based on a novel ring resonator that is in the middle of
two waveguides. A dielectric column with a large radius replaces the homogeneously distributed
dielectric columns inside the ring cavity to modulate the coupling ratio with a straight waveguide,
thereby enhancing the transmission and Q factor. The transmission and Q factor of the single-cavity
filter are 99.7% and 12,798 4, respectively. The mean value of the three-channel filter based on the basic
unit can reach up to 94.6% and 10,617, respectively, and a crosstalk between —30.16 and —50.61 dB
is obtained. The proposed CDFs provide efficient filter capability, which reveals great potential in
integrated optoelectronics and optical communication.

Keywords: photonic band gap; photonic crystal; triangular lattice; channel drop filter; ring resonator

1. Introduction

Photonic crystals (PhCs) [1] are artificial materials composed of homogeneous and
periodic dielectric nanostructures that exhibit the capacity to operate the spread of light ow-
ing to their unique properties of photonic localization [2] and photonic band gap (PBG) [3].
Hence, PhCs are propitious for the design and fabrication of optical devices, for instance,
optical switches [4], optical sensors [5], optical logic gates [6], optical analog-to-digital
converters [7], optical polarizers [8-10] and optical CDFs [11,12]. There are methods for
preparing photonic crystal devices, such as photolithography [13] and ion beam etch-
ing [14].

Optical filters are widely used in optical communications, optical sensors, laser sys-
tems, spectral imaging systems [15] and other fields due to their ability to filter certain
wavelengths. Currently, there are numerous techniques available for fabricating optical
filters, including ring resonators [16], waveguide Bragg gratings [17,18], array waveguide
gratings [19,20], Mach—Zehnder Interferometers [21] and PhCs. However, the devices
fabricated with photonic crystals typically exhibit nanoscale dimensions, resulting in small
size and high integration density. Moreover, PhCs’ periodic arrangement facilitates trans-
formation, and their capability to accommodate fill media simplifies their structural design,
rendering them both straightforward and versatile. Currently, there are numerous tech-
niques available for fabricating optical filters. Due to the special characteristics of PhCs
mentioned above, a considerable number of recent works have been dedicated to improv-
ing the performance of CDFs, which has proven to be a research hotspot. PhC CDFs
with a ring resonator in [22] obtained nearly 100 transmissions, but its 1 nm bandwidth
resulted in a low quality (Q) factor of 1613, which requires improvement. Eight-channel
CDFs with eight PhC ring resonators result in a high Q factor of 5150 and a low average
transmissivity of 70.4%, causing high energy consumption [23]. Recently, a ring resonator
optical cavity with a square lattice was proposed with a transmittance of 97.4% and a Q
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factor of 4268, but the characteristics of the multi-channel remain to be investigated for
improving utilization efficiency [24]. CDFs with three channel sections and line-defect
waveguides has been proposed, and an average drop efficiency of 88% and a Q factor of
4783 have been achieved [25], which has enormous potential to make further progress.
Hence, based on the existing research, there is room for improvement in PhC channel drop
filters in terms of narrower bandwidth and higher drop efficiency.

In this study, a novel and compact CDF based on a ring resonator and a three-channel
CDF obtained by stringing the fundamental element with high transmission and a high Q
factor is proposed. By arranging a dielectric rod with a large radius to replace the uniformly
arranged dielectric columns inside the ring cavity, the coupling ratio, which is the ratio of
the intensity of the optical signal between the resonant cavity and the straight waveguide, is
modulated, thereby enhancing the transmissivity and Q factor. Thus, the proposed optical
CDFs have significant applications in photonics and optical communication.

2. Description of the CDF Configuration

The proposed two-dimensional CDF is based on the coupling effect [26] between
straight PhC waveguides and a ring resonator to achieve the frequency selection of light.
To design the PhC CDEF, the first step involves extracting the material’s band structure
and obtaining the PBG. The fundamental photonic crystal structure is composed of GaSb
dielectric rods located in an air medium with a triangular lattice constant of 2 = 635 nm. The
refractive index and radius of the dielectric rods are n = 3.9 [27] and r = 106 nm, respectively.
Using the Plane Wave Expansion (PWE) method [28], the corresponding band structure of
the photonic crystals with the above-mentioned parameters is shown in Figure 1.
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Figure 1. Band structure of the GaSb photonic crystal.

Figure 1 shows that both the TM mode (red areas) and the TE mode (blue areas)
have photonic band gaps (PBGs). The PBGs of the TM mode are located in the range of
0.852 < a/A <0.911, with corresponding wavelengths of 697.1 nm < A < 745.3 nm. The
PBGs of the TE mode are located in the range of 0.271 < a/A < 0.473, with corresponding
wavelengths of 1342.5 nm < A <2343.2 nm. Due to the broad band gap of the TE mode,
the following simulations will be conducted in the TE mode.

COMSOL Multiphysics is used to analyze the transmission characteristics of the
proposed photonic crystal filters. The structure of the proposed CDF is represented in
Figure 2. It consists of GaSb dielectric rods with four different radii. The radius of the
scattering rods shown in black is R, = 115 nm, the radius of the green rods is R = 180 nm,
and the radius of the dark-green large rods is R, = 607 nm. The two-line defects in the
structure are treated as bus waveguide and dropping waveguide, and the ring-type defect is
treated as the resonant cavity. During operation, TE-polarized Gaussian beams are incident
from port A, which are coupled into the ring cavity and then coupled out to the other three
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ports. The ring resonant cavity is designed by arranging a dielectric rod with a large radius
to replace the uniformly arranged dielectric rods to achieve high transmission and a high Q
factor. The structural parameters of the CDF in the simulation are shown in Table 1.
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Figure 2. Diagram of the CDF. (a) Macroscopic view of the configuration and (b) the ring resonator
inside the cavity.

Table 1. The structural parameters of the CDF in the simulation.

Parameter Ilustration Value
a Lattice constant 635 nm
Common dielectric rods refractive index 3.9
1o Air refractive index 1
r Common dielectric rods radius 106 nm
R Intracavity light-green dielectric rods radius 180 nm
Ry Intracavity dark-green large dielectric rods radius 607 nm
R. Scattering dielectric rods radius 115 nm

The transmission spectra of the CDF at ports B, C and D are shown in Figure 3. Ata
wavelength of 1535.8 nm, the transmittance at port C approaches 99.7% (T = Poyut/Pin,
P,y is the output power of the output port and Pj, is the input power of the input
port), with a full width half maximum (FWHM) of 0.12 nm and a Q factor of 12,798.4
(Q=fo/Af = Ay/AA, fp and A are the resonant frequency and resonant wavelength, re-
spectively, and AA is the FWHM). This is because the resonant frequency of the cavity
corresponds to a frequency of 1535.8 nm, thus the incident light is almost completely cou-
pled into the cavity and coupled out to port C. However, light with a wavelength different
from the resonant wavelength is unable to couple into the ring cavity, thus resulting in a
drop in the spectrum at port B. The transmittance at port D approaches zero even at the
resonant wavelength, which is the idle port. The distribution of the electric fields of | E, |
at 1530 nm and 1535.8 nm is displayed in Figure 4a,b, which show that there is a strong
resonance at 1535.8 nm for the CDF and minimal light coupling at 1530 nm.

In order to investigate the effect of structural parameters on the performance of the
CDF, we vary the three structural parameters a, n and Ry, respectively. The effect of different
structural parameters on the spectra at port C and the resonant wavelength of the CDF
are shown in Figure 5. Figure 5a reveals that a change in a has an impact on the resonant
wavelength. When a changes from 631 to 639, the corresponding resonant wavelength
shifts from A = 1534.3 nm to 1536.7 nm. During this process, there are significant changes in
the transmittance and FWHM, with perfect performance observed only when a = 635 nm.
Figure 5b shows that when # is increased from 3.88 to 3.92, the resonant wavelength shifts
from 1525.8 nm to 1542.9 nm. The overall transmittance fluctuates significantly, with a
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significant decrease of only about 70% compared to other situations when # is 3.88 and
3.89. However, the changes in FWHM and Q factor are not significant. When the radius
Ry is increased from 605 nm to 610 nm, the resonant wavelength shifts from 1531.4 nm
to 1541.9 nm, as shown in Figure 5c. The transmittance fluctuates greatly under different
R;, but there is a transmittance of over 90% between 607 nm and 610 nm. Meanwhile,
with an increase in Ry, an increase in FWHM leads to a corresponding decrease in the Q
factor value. The relationship between different parameters and the resonant wavelength
is almost a straight line, as can be seen in Figure 5al-c1, except for when a2 moves from
631 nm to 633 nm, where the central wavelength exhibits a faster rate of displacement.
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Figure 3. Normalized output spectrum of the CDE.
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Figure 4. Distribution of the electric field at (a) 1530 nm and (b) 1535.8 nm.

During the process of fabricating photonic crystals, inevitable errors always occur.
Therefore, research on the robustness of the performance to fabrication tolerance is essential.
We discuss the performance when the radius of the integral dielectric column of the device
changes by =15 nm and 10 nm.
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The output spectra of different integral radii (+15 nm and £10 nm) are shown in
Figures 6 and 7. It can be seen that the filtering performance of the radius within £15 nm
is not satisfactory, with the transmittance only about 60% and 75%. However, when the
integral radius varies by +10 nm, the transmittance reaches over 90%, and the filtering
performance is favorable at this time. Therefore, when considering the robustness of the
performance to fabrication tolerance, the proposed filter maintains a preferable filtering
performance within a range of 10 nm as the integral radius changes, and filtering artifacts
are also evident within a range of =15 nm. In the actual processing process, in addition to
the nanoscale changes in the device, environmental factors and manufacturing processes
can also affect the performance of the filter.
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Figure 6. The output spectra of different integral radii. (a) +15 nm and (b) —15 nm.
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Figure 7. The output spectra of different integral radii. (a) +10 nm and (b) —10 nm.

3. Description of the Optimal Three-Channel Filter

Based on the study of the above single resonant cavity, the enhanced three-channel
CDF configuration is obtained by cascading three basic units, which is shown in Figure 8.
The cascaded filter consists of three cavities, one main input waveguide and three output
waveguides that export from port A, port B and port C, with a high coupling efficiency
between the waveguides and the ring cavities for wavelength selection. The large dielectric
rods inside the three-ring cavity have different R, values of 607 nm, 608 nm and 609 nm,
respectively. The number of dielectric rods N between the output port and idle port is 15,
and the corresponding output spectra are shown in Figure 9. The transmittances and the
Q factors at ports A, B and C are 88.06%, 95.46% and 89.59% and 12,780, 10,252 and 7333,

respectively.
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Figure 8. Schematic of the three-channel filter.
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By adjusting Ny and comparing the performance with different structures, the three-
channel CDF structure can be optimized. The output spectra at Ny = 13 and Ny = 11 are
shown in Figure 10. When Ny = 11, the transmittances at the output port are 92.54%, 97.43%
and 89.34%, respectively. The transmittances and the Q factors are 92.55%, 99.44% and
92.07% and 13,354, 10,985 and 7512, respectively, when Ny = 13. As a result, the opti-
mized three-channel CDF is achieved at Ny = 13 with resonant wavelengths of 1535.8 nm,
1537.9 nm and 1539.9 nm. The distribution of the electric fields diagram is shown in

Figure 11.
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The output spectra on a dB scale are illustrated in Figure 12. From the figure, the
spectra show an asymmetric profile with several valleys. The spectra at port B and port
C have valleys at the same wavelength as the resonant wavelength of the first cavity,
while the spectrum at port C has a valley at the same wavelength as the resonant wave-
length of the second cavity, which is attributed to a significant decrease in transmittance
when light passes through the other ring resonators. The crosstalk values, denoted as
Xij (i, j ranges from 1 to 3), between various channels are listed in Table 2, with the defi-
nition of X = 10 1g(Pat/ Pt), where P; and Py are the power at the output channel and the
power at the other channels. From Table 2, the highest crosstalk value is —30.16 dB, while
the lowest crosstalk value is —50.61 dB, which indicates a high degree of isolation.

0

Transmission (dB)

1530 1535 1540 1545
Wavelength (nm)

Figure 12. Output spectra of the three-channel filter on a dB scale.

Table 2. The calculated values of crosstalk of the three-channel filter.

Xij (dB) Port A Port B Port C

Port A —48.80 —50.61
Port B —38.10 e —40.28
Port C —30.16 —45.71 —_—

By discussing the output spectra and the crosstalk of the proposed CDFs, the perfor-
mance of high transmission, high Q factor and low crosstalk could be accurately obtained.
The optimal transmittances of the high-efficiency three-channel CDF are 92.55%, 99.44%
and 92.07%, with Q factors of 13,354, 10,985 and 7512. Meanwhile, the channel crosstalk
between —50.61 dB and —30.16 dB is acquired by changing the number of dielectric rods
between the output port and idle port waveguides. In addition, the device includes only
three resonators and main waveguides with an area of only 312.62 um?, which greatly
scales down the size of the integrated device.

A comparison of the performance parameters of the designed multi-channel CDFs
with those of other existing multi-channel filters is listed in Table 3. The proposed CDFs rely
on a circular resonant cavity with a dielectric rod arranged with a large radius to replace the
uniformly arranged dielectric columns inside the ring cavity and to modulate the coupling
ratio between the straight waveguide and the ring cavity to improve the coupling efficiency,
ultimately achieving a high Q factor and high transmittance filtering function.
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Table 3. Comparison of our CDFs with those of other works.

Ref. Cavity Shape Transmittance (%) Q Factor Tran sﬁi{gﬁg e (%) Average Q Factor
[22] Octagonal ring cavity 99.9 3883.2 99.45 1613 (four-channel)
[23] Regular hexagona%ring cavity 50 5000 70.4 5150 (eight-channel)
[24] Nested circular ring cavity 97.4 4268 —
[25] Line defect cavity —_— —_— 88.0 4783 (three-channel)
A dielectric column with large
Proposed radius inside hexagonal 99.7 12,798.4 94.6 10,617 (three-channel)

ring resonator

4. The Scalability Analysis

Based on the simplicity and miniaturization characteristics of the cavity structure,
expanding the three-channel CDF is a straightforward process. For the sake of simulation
accuracy and duration, we analyze the structure extended to a five-channel structure in this
section. By changing the radius of the dielectric rod Rj, a new five-channel CDF structure
with five output wavelengths is obtained, as shown in Figure 11, and the corresponding
output spectrum is shown in Figure 13.

©c0000
o0 @O0@® 00000000000
©0 000000000

Figure 13. Schematic of the five-channel filter.

As shown in Figure 14, the transmission efficiencies and the Q factors of the structure
in the five-channel filter still reaches 92.13%, 99.37%, 92.28%, 88.28% and 89.77% and 10,970,
10,252, 7897, 5818 and 4411, respectively. The average interval between the five wavelengths
is 2 nm, indicating strong scalability.
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Figure 14. Output spectra of the five-channel filter.
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5. Conclusions

In this paper, a three-channel CDF applying ring resonators is proposed to obtain a
high transmission efficiency and a high Q factor. Based on the dielectric columns inside the
ring resonant cavity, a particular ring resonator arranged as a dielectric rod with a large
radius structure is introduced to trap light efficiently and to add certain scattering nanorods
inside the cavity to reduce light scattering, thus enhancing the transmission and Q factor.
By discussing the influence of different numbers of dielectric rods between the output port
and idle port, we optimized the structure of the three-channel CDF. The results show that
the proposed single-channel CDF has 99.7% transmittance and a Q factor of 12798.4. The
three-channel CDF achieves high transmission efficiencies of 92.55%, 99.44% and 92.07%,
high Q factors of 13,354, 10,985 and 7512 and channel crosstalks between —50.61 dB and
—30.16 dB. The proposed PhC CDFs have remarkable performance and ensure minimal
interference between optical signals of different wavelengths during transmission, which
could facilitate frequency-division multiplexing and wavelength-division multiplexing,
and they have potential applications in optical communication systems.
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