
ORIGINAL RESEARCH
published: 08 January 2019

doi: 10.3389/fphy.2018.00152

Frontiers in Physics | www.frontiersin.org 1 January 2019 | Volume 6 | Article 152

Edited by:

Yanpeng Zhang,

Xi’an Jiaotong University, China

Reviewed by:

Weifeng Zhang,

University of Ottawa, Canada

Venugopal Rao Soma,

University of Hyderabad, India

*Correspondence:

Venu Gopal Achanta

achanta@tifr.res.in

Specialty section:

This article was submitted to

Optics and Photonics,

a section of the journal

Frontiers in Physics

Received: 05 September 2018

Accepted: 12 December 2018

Published: 08 January 2019

Citation:

Goyal R, Nayak BK, Tulapurkar A and

Achanta VG (2019) Photonic Crystal

Based 2/3/6- Way Optical Splitter and

Demultiplexer. Front. Phys. 6:152.

doi: 10.3389/fphy.2018.00152

Photonic Crystal Based 2/3/6- Way
Optical Splitter and Demultiplexer
Richa Goyal 1,2, Banoj Kumar Nayak 1, Ashwin Tulapurkar 2 and Venu Gopal Achanta 1*

1Department of Condensed Matter Physics and Material Sciences, Tata Institute of Fundamental Research, Mumbai, India,
2Department of Electrical Engineering, Indian Institute of Technology, Mumbai, India

We present 2-, 3-, and 6-way optical demultiplexer and optical filters based on coupled

waveguide and photonic crystal cavities. Demultiplexers with 3 nm channel separation

and optical splitters with different transmission efficiencies are presented. The structures

designed on GaAs wafers having the smallest footprint of 78 µm2, are suitable for

integrating all-optical devices for planar integrated circuits.
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INTRODUCTION

Planar architectures offer compact in-plane circuits that can help miniaturize the photonic devices.
While for classical communication, devices with fine channel separation are interesting [1–4], these
can also have applications in quantum information processing when few photon level responses are
achieved [5–10]. Photonic crystal (PC) based planar designs offer integrated chip architectures in
which by employing non-linear optical materials, one can achieve ultrafast active control and novel
functionalities [11]. Feasibility of PC based planar circuits for quantum information is reported on
InAs/GaAs quantum dot (QD) spin to photon conversion to read out the electron spin state in a QD
by measuring the complete polarization of emitted photon [10, 12]. A coupled cavity architecture
suitable for multi-qubit operations and studying non-local interactions between QDs was also
reported [13]. Thus, PC architectures are interesting for both classical and quantum information
processing.

The performance of PC based demultiplexers/splitters depends on the number of output
channels, crosstalk, channel separation, transmission efficiency, footprint, and ease of fabrication.
A number of proposals have been put forward to improve these characteristics. Barnier et al. [14]
have provided a design based on super-prism with a channel spacing of 25 nm and crosstalk level of
about−16 db. Momeni et al. reported a channel spacing of 8 nm with the highest crosstalk level of
−6.5 db by combining super prism effect with negative diffraction and refraction [15]. Cheng et al.
have proposed a five-channel demultiplexer based on silicon rods of periodic lattice with a channel
spacing of 8 nm [16]. Rostami et al. [17, 18] have proposed a design for 4-channel demultiplexer
by combining a T-branch waveguide with four resonant cavities with a channel spacing of 0.8 nm,
crosstalk level better than −18.8 dB and with a footprint of 536 µm2. A cascaded three PC ring
resonator-based channel drop filters with different refractive indices to realize a four-channel
demultiplexer with a channel spacing of about 6.1 nm with an average transmission efficiency of
95% with crosstalk better than −24.44 dB was reported in a structure with footprint of 294.25
µm2 [19]. Alipour-Banaei et al. [20] proposed a resonant defect structure for designing eight-
channel demultiplexer with the channel spacing of about 1 nm, minimum transmission efficiency
and the largest crosstalk of 40% and −8 dB, respectively, and footprint of 498 µm2. Mehdizadeh
and Soroosh presented an eight-channel demultiplexer design based on defective resonant cavities
in a square lattice with rods-in-air approach [21]. The transmission efficiency was obtained in the
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94–99% range with crosstalk better than −11.2 dB and footprint
of 495 µm2. PC waveguides with phase mismatch introduced by
shifting the waveguide wall airholes with respect to the others
were demonstrated [22]. In these, the phase mismatch leads to
mode splitting which can be employed to achieve fine channel
separation. Efficient PC cavity-waveguide couplers with up to
90% coupling efficiency were shown earlier [23].

In this article, we propose coupled cavity-waveguide
architecture to demonstrate splitters and demultiplexers with
the smallest footprint. Multiple waveguides, each optimized
for different wavelength and, coupled to individual cavities are
designed to demonstrate 2-, 3-, and 6-way splitters and DEMUX
applications. While the waveguides couple radiation from the
central source to different arms, each cavity is useful for out
of plane coupling. Schematic of these structures are shown in
Figure 1. The air in dielectric approach is considered to achieve a
fairly high transmission efficiency, crosstalk better than −2.2db,
and footprint of 78 µm2 which is much smaller than those
proposed so far. The novelty of the design lies in using the same
structure with different parameters to be used as optical splitter
or optical demultiplexer.

NUMERICAL MODELING AND ANALYSIS

The structure consists of air holes (red circles) in GaAs film
(black region) as shown in Figures 1a–d. For simulating these
structures, we used Full-Wave numerical simulation software
Lumerical [24] to implement finite difference time domain
(FDTD). GaAs is chosen as the substrate and the material
parameters given by Palik [25] have been used for simulation.We
considered wafer parameters with 150 nmGaAs in the suspended
air-bridge geometry with air at the top and bottom of the
GaAs [10, 12]. This gives vertical (out of plane) confinement
of the field. While air is at the top, the bottom air gap is
realizable with a sacrificial AlGaAs layer below the 150 nm thick
GaAs film such that the molecular beam epitaxy grown wafer
profile is, GaAs (150 nm)–AlGaAs (1µm)–GaAs (Buffer layer)–
GaAs (substrate). The perfectly matched layer (PML) boundary
condition has been used in the out of plane geometry [26].

The mesh size is taken to be 20 nm, about a/18 where a
is the lattice constant (a = 360 nm). The mesh is conformal.
The simulation time is 10 ps to simulate ∼11 x 11µm area PC
structure. The PC structures consist of hexagonal lattice of air
holes embedded in GaAs substrate. The air-bridge structure is
created with air as cladding on the top and bottom. We have
used two types of monitors: Frequency domain field and power
monitor and timemonitor to determine the transmission spectra,
transmission efficiency and resonance wavelengths. Frequency
domain field and power monitor gives us the field intensity in
a range of frequencies. Frequency-domain field monitors collect
CW, steady state EM field data in the frequency domain from an
FDTD or variable FDTD simulation. Based on the observations,
we determined the coupling efficiency, electric field intensity
profile, transmission spectra, and the resonance wavelength. The
timemonitors provide us with time-domain information for field
components over the course of the simulation. These are used for

extracting the line widths of resonances through Fourier analysis
and thus, are useful in calculating the Q factor and coupling
efficiency.

The proposed demultiplexer/splitter has three main
components: the input cavity, the waveguide section and the
output cavity. Both the input and output cavities are H1 cavities
which are formed by removing a central air hole and varying
the radii and position of adjoining air holes. Optimization
is done to achieve high q-factor of the cavity and match the
emission wavelength of GaAs/InGaAs quantum dot emission.
The quantum dot (QD) emission in the input cavity is simulated
by a dipole source at this location covering the wavelength range
of 900–1,300 nm. To study polarization dependence and also to
mimic the Zeeman split levels, one can use two orthogonally
polarized dipole sources [10]. As is well-known, in the H1
cavity, the cavity mode depends on: (1) radii (r1) of the adjacent
air holes (as r1 increases, λ decreases), and (2) outward shift
(11) of the adjacent air holes which determines the extent of
confinement of a particular mode.

The waveguides couple light from input to the output resonant
cavity. The coupling efficiency is controlled by manipulating
the evanescent field coupling between the cavities and the
waveguides. From design perspective, coupling efficiency as well
as operation (whether optical splitter or DEMUX), depends on
(a) input cavity parameters, (r1, a1 (a1 = a + 11)), (b) output
cavity parameters, (r2, a2 (a2 = a + 12)) (c) radii of air holes
adjacent to the line defect (w1/2/3), i.e., the waveguide parameters
and d) the length of the waveguide. This is illustrated in Figure 2

(11, 12 is the outward shift of the air holes constituting the H1
cavity). Airholes marked h, plays a key role in improving the
coupling efficiency.

The point defect breaks the symmetry of the crystal and
therefore allows out-of-plane coupling. At the input cavity,
energy is excited by the presence of orthogonal dipole sources,
while at the output cavity the energy is picked up for analysis.
Since the size of output cavity (∼1 × 1µm) is very small,
ring couplers (as shown in Figure 1d) are used to collect the
out-coupled energy from the PC [27].

SIMULATION RESULTS

Photonic crystal structures shown in Figures 1, 2 were optimized
by a multi-level process beginning with first determining the
radius of air holes (r) and lattice constant (a) of the PC
such that the bandgap lies around λ = 1µm, which is the
emission wavelength of GaAs/InGaAs quantum dots which
we are interested in Masumoto and Takagahara [28]. The
corresponding r and a are found to be r = 0.13µm, and a =

0.36µm, such that r/a = 0.361 for the regular air holes. Further,
to optimize the Q factor of the H1 cavity, we removed the
central air hole and shifted the next nearest air holes outwards
by 1. This 1 is same for both input and output cavities and
is varied between ±0.1 a. To optimize the structure for high
transmission efficiency, low cross-talk, low channel separation
and low footprint, role of several parameters is systematically
studied such as, the size of air holes in the input H1 cavity,
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FIGURE 1 | Schematic of the structure having multiple cavities coupled by waveguides for: 2-way (a), 3-way (b), 6-way (c) structures and with the ring couplers

[labeled as 1 and 2 in (d)] for out of plane coupling of field. Photonic crystal structures consist of air holes (Red circles) in GaAs film (black).

waveguide, output H1 cavity as well as all those labeled in
Figure 2. In Figure 2 different size holes are marked by different
colors.

By systematic investigation all the PC parameters were
optimized. We began with the parameters of input cavity (r1, a1)
followed by optimizing the parameters of output cavity (r2, a2).
The waveguide is created by removing a line of air holes and
then varying the radii of the nearby air holes to form the line
defect i.e., effectively optimizing the waveguide width, followed
by optimizing the waveguide length. Finally coupling efficiency is
enhanced by modifying the airholes marked “h.” The hexagonal
symmetry of the PC is undisturbed by creating Y-waveguides
with angular separation which is integral multiple of 60◦. Earlier
maximum cavity-waveguide coupling was reported when the
cavity and waveguide were oriented at 60◦ to each other such that
the evanescent tails of the cavity and the waveguide are oriented
[23]. In our case, while retaining the hexagonal geometry of
the lattice, we optimize the structural parameters including the
radii of air holes marked “h,” to achieve high coupling. The final
optimization of r1, r2, w1, w2, w3, and h is achieved by varying the
parameters from 0.38 to 1.15 r. The optimized parameters and the

corresponding transmission efficiencies for r = 130 nm and a =

360 nm are listed in the Appendix under Tables A1–A3.
The main resonance with the highest Q factor is at 1.004µm.

The electric field profile at different heights for this resonance are
shown in Figures 3a–c. Figure 3a shows the field at the center
of the 150 nm thick GaAs film. Figure 3b shows the electric field
profile at a height 400 nm above the GaAs film showing the
vertical coupling. Electric field profile at the central cavity (zoom
in of Figure 3a) is shown in Figure 3c. In addition to this main
resonance, there are 6 more resonances found for this structure.
Transmission spectrum as well as the electric field profiles at
other resonances are shown in Figures 4a–g. The resonances are
labeled in Figure 4a as, (1) λ = 945 nm, (2) λ = 985 nm, (3) λ =

1,004 nm, (4) λ = 1,009 nm,( 5) λ = 1,059 nm, (6) λ = 1,072 nm,
and (7) λ = 1,086 nm. The electric field profiles (Figures 4b–g)
clearly show that not all the resonances are suitable for splitter
function. So, depending on the calculated field profiles and
the efficiency we chose a particular resonance for a particular
functionality.

While designing a 6-way demultiplexer/splitter we have not
modified each of the waveguide dimensions independently,
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FIGURE 2 | (a) Schematic for 2-way optical power splitter made by making air

holes (different color circles) in GaAs (black). (b) Schematic for 6-way optical

power splitter. Different color of the air holes indicate different radius of the

holes. Each hole size is optimized to maximize the coupling efficiency.

instead we have split them into two groups that are angled
from each other by 60◦ as illustrated in Figure 2 (different color
schemes are adopted to indicate the two sets of waveguides
whose parameters w1, and w2 are varied to achieve the desired
functionality–DEMUX or splitter).

It is observed that as the cavity size decreases (i.e., as the
radii r1, and r2 increases) or as the waveguide narrows (w1/2/3

increases) there is a blue shift of the resonance. The optimized
waveguide length (lwg) is 2.52 µm. The cavity gets coupled to
leaky modes which can cause radiation losses. Figure 3 shows
the calculated electric field profile at different positions, on
the surface of the crystal as well as above the crystal, which
can be experimentally studied using near field optical scanning
microscopes.

While studying resonance we have spanned a broad range
of frequencies (0.9–1.15µm, as illustrated in Figure 4a) and
different resonances can be observed. However, the resonances
near 1µm are chosen so that it matches with the InAs QD
emission for which the structures are being designed [29]. For
example, a 3-way optical splitter shows good coupling at λ =

1.004, 1.009, and 1.072µm as illustrated in Figures 3a, 4d,f,
respectively. However, λ = 1.004µm shows the highest coupling
efficiency and thus is chosen over the other two resonances.

RING COUPLER

Efficient out coupling of the field with minimal polarization
distortion is also important for practical use of the designs

FIGURE 3 | (a) Electric field profile for a 3–way splitter at λ ∼ 1.004µm at the

middle of the 150 nm thick GaAs patterned film (b) Electric field profile at

400 nm above the sample surface showing out of plane coupled field from the

cavity regions. (c) Electric field profile of the hexapole mode at the central

cavity shown in (a).

presented. Toward this, we optimized ring couplers at the
end of each waveguide. Figure 1d shows the schematic of the
ring coupler to couple light from the PC waveguide out of
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FIGURE 4 | (a) Transmission spectra of 3-way optical splitter with different

resonances marked 1–7. (b–g) show the electric field profile at different

resonances (labeled on right top of each figure). Electric field profile for

resonance labeled 3 is shown in Figure 3a.

the plane of the crystal. The ring coupler consists of 3 rings
with a pitch given by, λ /(2n) ∼140 nm (λ ∼ 955 nm, nGaAs
= 3.4) The ring coupler is offset from the output port of
the waveguide by λ /(2n) [27] as shown in the schematic of
Figure 1d. FDTD was used to verify the scattering properties of
the ring coupler. Figure 5 plots the electric field profile of the
resonance, illustrating the out coupled light in the z-direction
at different heights above the surface. The coupling efficiency
is determined by comparing the in-plane electric field intensity
at the ring coupler to that of the input cavity. The coupling

FIGURE 5 | Electric field profile to show the response of ring couplers with

monitors kept at different heights, (a) on the surface of the structure (b) at

200 nm above the structure, and (c) at 400 nm above the structure.

efficiency for the ring coupler (calculated at the surface of the
substrate) at Ports 1 and 2 (labeled in Figure 1d) is 8.4 and 24.8%,
respectively. The coupling efficiency of the couplers depends on
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the ring parameters, ring thickness, and the air gap separating the
rings.

While the designs offer smallest footprint reported so far
for DEMUX or splitting functions, the challenges in practically
realizing these structures is the ability to place a quantum dot
(light source is considered as a dipole source in the input cavity)
at the field maxima point inside the central cavity. One way to
place the QD at the center of the cavity is to use an atomic force
microscope (AFM) tip to pick a colloidal QD and place it at
the required position. However, such QD positioning methods
are stochastic and needs to be checked for the presence of a
luminescent QD at the desired location. Out-of-plane scattering
as well as in-plane scattering are the sources of losses in PC
structures. In addition, the input and output coupling losses and
the scattering due to inhomogeneity in the hole size and shape in
fabricated structures limit the efficiency of the PC structures.

CONCLUSION

We propose to use various resonant modes in a coupled
cavity—waveguide structure on a GaAs/InAs/GaAs QD wafer
to realize 2-, 3-, and 6-way optical demultiplexer and splitter.
The structures are optimized by detailed FDTD simulations by
studying the dependence of the air hole dimensions of input
cavity, output cavity as well as the waveguide parameters. The

structures designed are promising with a very small footprint of

78µm2, much smaller than those reported so far. The advantages
of these structures are ease of fabrication, broad spectral coverage
by modifying the structural parameters and high transmission
power. These are suitable for far-field excitation of quantum
dots placed inside the input cavity and coupling the emission to
various channels through the waveguide coupled output cavities.
Thus, these are suitable for quantum information studies as well.
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