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Abstract. We report a construction of a new asymmetric Y-junction beam splitter
with a controllable splitting ratio and simulate this splitter. The splitter is based on
InP, has the area 65.0 pm? and operates at the light wavelengths 1.48 and 1.55 pm.
Under condition of no air-hole defect, the splitting ratio for the output ports 1 and 2
is equal to 92/8 at the both wavelengths. To control the splitting ratio, air-hole
defects with different (diamond, square and cylinder) shapes are introduced at the
junction between the two output ports. Our simulations confirm that the splitting
ratio of the beam splitter can be efficiently controlled by changing the size and the
shape of the air-hole defect. The maximal splitting ratios at our operating
wavelengths are equal to 10/90 and 14/86 and the appropriate average insertion
losses amount to 0.36 and 0.31 dB for all of defect shapes.
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1. Introduction

Optical waveguides represent useful photonic-crystal structures applied in different photonic and
integrated-circuit (PIC) devices. These structures are designed to confine and guide propagation of
electromagnetic waves of either visible or invisible ranges in optical communication networks.
Confining and guiding phenomena in optical waveguides depend on the contrast of refractive indices
of core (70re) and cladding (72.4), which provide the conditions of total internal reflection [1, 2].

Beam-splitting (or power-splitting) optical waveguides are basic components that split or
separate optical waves from an input to two or more outputs. These devices are usually based on
the well-known multimode interference (MMI) or Y-junction (Y-branch) structures. Optical
splitting in the MMI splitters is associated with a self-imaging effect. This structure provides a
large number of output ports with equal intensities at each of them and a highly uniform splitting.
However, the MMI splitters are normally designed for operating in a narrow wavelength region
[3-6]. On the other hand, the Y-junction splitters are aimed to split the light within broadband
wavelength regions, while their splitting ratio can be adjusted either to be uniform or equal to
some specific value by choosing the structure of the Y-junction.

Symmetric Y-junctions based on S-bend waveguides are very interesting for developing 1x2 or
1xN beam splitters. Nonetheless, the symmetric Y-junction structures must have relatively large areas
of square millimetre scales in order to separate optical beams with highly uniform outputs [7-9]. An
alternative method for developing 1x2 beam splitters with different splitting ratios is based upon asym-
metric Y-junctions. A difference in geometric parameters and brunching angles in an output waveguide
can provide non-uniform splitting with different splitting ratios basing on the PIC platform [10-12].
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In the present work, we present a beam splitter designed on the asymmetric Y-junction
waveguide, which reveals an important feature of controllable (including non-uniform) splitting
ratio. Our beam splitter is based on InP and operates at the light wavelengths 1.48 and 1.55 um.
The air-hole defect at the Y-junction can be set to have different sizes and shapes. Simulations
performed using finite-difference time-domain software have demonstrated different adjustable
splitting ratios, in particular non-uniform and uniform outputs. The operating wavelengths of 1.48
and 1.55 um are chosen in order to work with standard erbium-doped fibre-amplifier systems.

2. Modelling and simulation

To operate the beam splitter in uniform and non-uniform regimes at the both operating wavelengths,
we chosen the substrate area of about 65.0 um”. Our beam-splitting waveguide was built on indium
phosphide (the refractive index o =3.16), with the refractive indices of substrate and cladding
being equal to 71¢,q= Hapsrae = 1. Fig. 1 shows a schematic design of our asymmetric Y-junction
waveguide. Its dimensions (widthxthicknessxlength) were 1x1x13 um® and the branching angle
between the output ports 1 and 2 amounted to 45°. An air-hole defect with the refractive index
Ngefeee = 1 Was introduced into the junction between the output ports. Then we measured the optical
transmission of the both ports. We compared the air-hole defects with three different shapes
(diamond, square and cylinder). The size of the diamond-shaped defect was defined as the distance
between the opposite tips, the size of the square-shaped defect as the width of the square, and the size
of the cylinder-shaped defect as the diameter of the cylinder. The sizes of the air-hole defects were
studied in the region from 0.20 to 0.50 um, with the increasing step of 0.01 um. To measure the
ratios of splitting between the output ports 1 and 2, light waves with the wavelengths 1.48 and
1.55 um corresponding to transverse electric TE mode were launched into the waveguide.

7 pm {

Yy X
o
g Diamond shape

A —
Y 1
pm
I i Square shape

X
U Cylindrical shape

Fig. 1. Schematic design of our asymmetric Y-junction waveguide.

The beam splitter was simulated with a standard finite-difference time-domain method [13],
using commercial software OptiFDTD. To study the influence of the air-hole defect on the
asymmetric Y-junction, we compared the optical transmissions at the output ports 1 and 2. The
splitting ratio was found from the relation [14]

%T, = (Fo, ! (Fo1 + Fp2))*x100%, (1)
where %7, is the optical transmission calculated at the output ports 1 or 2, and Py, and Py, are the
output intensities at the ports 1 and 2, respectively.

The insertion loss (IL), an important parameter characterizing performance of an optical
component, was defined as the ratio of the normalized input power (P;,) to the total transmission
power at the both output ports (in decibels, dB):

IL=101og(R, / (Fo; + Fp2)) - (2)
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3. Results

In this section we report and discuss the results concerned with the simulated optical transmissions at
the output ports, and the corresponding splitting ratio. Fig. 2 shows the electric-field propagation
inside the waveguide with no air-hole defect. The optical transmission at the output port 1 is equal to
92% and that at the port 2 to 8% at the both wavelengths 1.48 and 1.55 um. Fig. 2 illustrates also the
electric-field distribution inside the waveguide at the input and output ports.
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Fig. 2. Electric-field propagation at the input and output ports of our asymmetric Y-junction waveguide having no
point defect (the operating wavelengths 1.48 and 1.55 ym). The frames of the waveguide are in white, blue
colour corresponds to low intensities of the TE wave and red to high intensities.

3.1. The operating wavelength 1.48 um

Below we present the simulation results obtained for the three shapes of defects at the wavelength
of 1.48 um. Fig. 3 shows the dependences of optical transmission on the defect size, where black

and red lines refer respectively to the output ports 1 and 2.
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Fig. 3. Dependences of optical transmission on the defect size, as simulated for the asymmetric Y-junction
waveguides with the air-hole defects (operating wavelength 1.48 uym): panels (a), (b) and (c) correspond
respectively to diamond, square and cylindrical shapes of the defect.

At the smallest size of diamond-shaped defect, the optical transmissions at the output ports 1
and 2 are equal respectively to 58% and 42% (see Fig. 3a). With increasing defect size, the optical
transmission decreases at the port 1 and increases at the port 2. On the other hand, the optical
transmission at the output port 2 increases in the region 0.33—0.44 um of defect sizes and reaches
its maximum, 88%, at the size 0.44 pm (see the red arrow in Fig. 3a).

The optical transmission at the output ports 1 and 2 amounts respectively to 87% and 13% at
the smallest size of square-shaped defect (see Fig. 3b). When the defect size increases, the optical
transmission decreases at the port 1 and increases at the port 2. In the defect-size region 0.27—
0.46 pum, the optical transmission at the output port 2 increases. It acquires the maximum of 85%
at the sizes 0.46—0.50 um (see the area between red arrows in Fig. 3b).
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The optical transmissions at the ports 1 and 2 are equal respectively to 87.5% and 12.5% at
the smallest size of defect of cylindrical shape (see Fig. 3¢). Then the optical transmission at the
port 1 (port 2) decrease (increases) with increasing defect size. Finally, the transmission at the
output port 2 increases in the defect-size region 0.26-0.50 um and achieves its maximal value
90% at the size 0.50 um, as shown by red arrow in Fig. 3b.

3.2. The operating wavelength 1.55 um

Now we report the simulation results obtained for the three shapes of defects at the wavelength
1.55 um. Fig. 4 shows the dependences of optical transmission on the defect size, as calculated for

the output ports 1 (black line) and 2 (red line).
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Fig. 4. Dependences of optical transmission on the defect size, as simulated for the asymmetric Y-junction
waveguides with the air-hole defects (operating wavelength 1.55 um): panels (a), (b) and (c) correspond
respectively to diamond, square and cylindrical shapes of the defect.

As seen from Fig. 4a, the optical transmission is 65% at the output port 1 and 34% at the
output port 2 at the smallest size of diamond-shaped defect. In the region 0.20-0.33 pm, increasing
defect size causes decreases in the optical transmission at the output port 1 and its increase at the
output port 2. At the other defect sizes, the transmission increases at the port 1 and decreases at the
port 2. The maximal transmission at the port 2 is equal to 86% in the defect-size region 0.29—
0.33 um (see the area between red arrows in Fig. 4a).

As seen from Fig. 4b, the optical transmissions at the ports 1 and 2 are equal respectively to
94% and 6% at the smallest size of square-shaped defect. When the defect size increases in the
region 0.20—-0.34 um, the transmission decreases at the port 1 and increases at the port 2. At the
other sizes, the optical transmission increases at the port 1 and decreases at the port 2. The
maximal optical transmission at the output port 2 (50%) can be reached at the defect sizes 0.31—
0.34 pum (see the area between red arrows in Fig. 4b).

The optical transmission at the output ports 1 and 2 amount respectively to 94% and 6% at
the smallest size of cylindrical defect (see Fig. 4c). When the defect size increases in the region
0.20-0.36 um, the optical transmission decreases at the port 1 and increases at the port 2.
However, the transmission increases at the port 1 and decreases and the port 2 at the other sizes.
The maximum at the port 2 (50%) corresponds to the defect sizes 0.28—0.36 um (see the area
limited by red arrows in Fig. 4c).

3.3. Field distribution and IL

Fig. 5 shows the field distribution in the X-Z plane simulated for the asymmetric Y-junction beam-
splitting waveguide with the 0.35-um cylindrically shaped defect. Here the field distributions at
the both operating wavelengths correspond to the uniform splitting at the points indicated by blue
arrows in Fig. 3¢ and Fig. 4c. The ILs for this uniform beam splitter are equal to 0.28 and 0.46 dB
at the wavelengths 1.48 and 1.55 pm, respectively.
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Fig. 5. Field distributions inside the asymmetric Y-junction beam-splitting waveguide with the 0.35-um
cylindrically shaped defect: panels (a) and (b) correspond to the uniform output achieved respectively at the
operating wavelengths 1.48 and 1.55 ym.

The IL values calculated for the asymmetric Y-junction waveguide with no defect are 0.05
and 0.09 dB for the two operating wavelengths. After the defect is introduced, the average IL
increases at the both operating wavelengths. The average IL values calculated for the beam
splitters with diamond-, square- and cylinder-shaped defects operating at 1.48 um are 0.42, 0.33
and 0.32 dB, respectively. The same parameters calculated at 1.55 pm are equal respectively to
0.31, 0.20, and 0.41 dB.

4. Discussion

By comparing the optical transmissions at the output ports 1 and 2 (see data of Fig. 3 and Fig. 4),
one can find the corresponding splitting ratios of our splitter. In particular, Table 1 shows some
optical ratios useful for different PIC applications (20/80, 25/75, 30/70, 33/67, 40/60, 50/50, 60/40,
and 75/25).

Table 1. Splitting ratios corresponding to different defect shapes and operating wavelengths.

Defect shape Splitting ratio
Operating wavelength 1.48 um Operating wavelength 1.55 um
Diamond 15/85 33/66, 40/60, 50/50
Square 15/85, 25/75, 30/70 50/50, 60/40, 75/25
Cylinder 10/90, 20/80, 33/67, 40/60, 50/50 50/50, 60/40

At the operating wavelength 1.48 um, the diamond-shaped defect with the size 0.43 um
implies the splitting ratio 15/85. The square-shaped defects with the sizes 0.46-0.50, 0.43-0.44
and 0.37-0.42 um vyield in the splitting ratios 15/85, 25/75 and 30/70, respectively. Finally, the
cylindrically shaped defects with the sizes 0.50, 0.46, 0.42, 0.38 and 0.35 pm correspond to the
splitting ratios 10/90, 20/80, 33/67, 40/60 and 50/50, respectively.

Concerning the operating wavelength 1.55 um, the diamond-shaped defects with the sizes
0.34-0.35, 0.48-0.49 and 0.41-0.42 pm produce respectively the splitting ratios 33/66, 40/60, and
50/50. The square-shaped defects with the sizes 0.31-0.34, 0.35 and 0.45 um correspond to the
splitting ratios 50/50, 60/40 and 75/25, respectively. Finally, the cylindrically shaped defects with
the sizes 0.25-0.35 and 0.42—0.43 pum provide the splitting ratios 50/50 and 60/40, respectively.

As seen from Table 1, control of the size of cylindrically shaped defects can result in both
uniform and non-uniform splitting at the two operating wavelengths, involving various sufficiently
different values of the splitting ratio. This implies that the beam splitters with the cylinder-shaped
defects represent the devices which are the most suitable for various optical PIC components.

In Table 2 we compare the main parameters of our 1x2 beam splitter with those of the
common 1x2, 1x4 and 1xN beam splitters, which are based on different structure types. The beam

146 Ukr. J. Phys. Opt. 2022, Volume 23, Issue 3



splitters known from the literature (see Refs. [4, 7, 10, 15-17]) are designed on MMI-based, two-
folded and Y-junction waveguides. Typically they require large enough areas (more than 1 mm?)
to separate the optical waves at the uniform outputs. On the other hand, the technical solution [18]
requires the operating area of only ~ 60.7 pm?. This is similar to our beam splitter, although the
specific splitting mechanism [18] is associated with the photonic bandgap, which can complicate
the PIC fabrication process.

It is important that the non-uniform splitting regime of our beam splitter is easily achievable
by a choice of size and shape of the air-hole defect (see Tablel). This feature is similar to that of
the splitters reported in Refs. [11, 19]. In particular, the splitting ratio in Ref. [11] can be governed
by relocating a triangular air hole with the size 2 um. There the process of relocation of the air
hole in the range 0.25 um away from the waveguide junction provides different splitting ratios at
the two output ports, with the average IL ~ 0.49 dB. On the other hand, the splitting ratio in
Ref. [19] is controlled by adjusting the size of a nanoscaled air hole at a T-branch of beam-splitter
junction, with the IL being about 0.92 dB.

Table 2. Comparison of different beam splitters known from the literature.

Operating i . .
Reference  Type of structure ~ wavelengt SphtFmg Size of dze vice, IL, dB
h, um ratio pm
20/80, 25/75, ~0.35
. 1x2 asymmetric 30/70, 33/67, _ (1.48 um)
This work Y-junction L48/1.55 - 40/60. 50/50, 65.0 ~0.31
60/40, 75/25 (1.55 pm)
~1.00
[4] PN MMI 1.55 wniform  ~83x10° (1x6 beam
waveguide )
splitter)
[7] 12 symmetric 1.55 uniform  ~ 1.4x10° ~13.00
Y-junction
[oj  Pgammetic s uniform - 5.7x10° ~0.08
-junction
1x2 photonic
bandgap splitter 50/50, 60/40, _ _
(1] with relocated 1.55 70/30, 80/20 34.0 0.49
triangular air hole
1x10 MMI
waveguide with . ~28.7x10° ~0.16 (MMI)
[15] 1x10 directional 1.55 uniform Y000 ~0.54 (DC)
couplers
1x2 two-folded
[16] selfaligned 1.55 uniform  ~33.0x10° ~0.13
pedestal
waveguide
1x2 symmetric
[17] polymer-based 1.55 uniform ~38.1x10° ~3.56
Y-junction
1x2 Y-junction
[18] photonic-crystal 1.55 uniform ~60.7 0
waveguide
20/80,
[19] P2 T-branch 1y 0 ) s 30/70, ~49.0 ~0.92
waveguide mirrors 40/60
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Returning to the result of this work, we remind that our device has a sufficiently small size
(around 65.0 pm?) and can provide a uniform splitting regime at the both operating wavelengths.
After adjusting the defect sizes and shapes, a non-uniform splitting regime can be reached with a
smaller IL (0.35 dB at 1.48 um and 0.31 dB at 1.55 um). Of course, the size of the beam-splitting
device is of great importance for any PIC application. As a matter of fact, a smaller size gives a
possibility to construct a larger number of beam splitters on a single integrated chip, which would
provide different splitting ratios.

5. Conclusions

In the present work, we report a design of the beam splitter with controllable splitting ratio, which
is based on the asymmetric Y-junction waveguide, and simulate the work of this splitter. Our beam
splitter is made of InP and operates at the standard light wavelengths 1.48 and 1.55 pm. The
dimensions of the beam splitter are 1x1x13 pm®. The results of simulations performed with the
finite-difference time-domain software reveal the relations between the size and shape of the air-
hole defect, on the one hand, and the splitting ratio of the beam splitter, on the other hand.

Different splitting ratios that involve both uniform and non-uniform output regimes can be
achieved with our device. At the specific sizes of diamond-shaped defects, the beam splitter can
provide a useful splitting ratio 15/85 at the operating wavelength 1.48 um and a number of ratios
(e.g., 33/66, 40/60 and 50/50) at 1.55 um. The beam splitter with the square-shaped defects can
ensure the splitting ratios 25/75 and 30/70 at 1.48 um and the ratios 50/50, 60/40 and 75/25 at
1.55 um. Finally, different sizes of cylindrically shaped defects also correspond to a number of
useful splitting ratios (10/90, 20/80, 33/67, 40/60 and 50/50 at 1.48 um, and 50/50 and 60/40 at
1.55 pm).

We note that the beam splitter suggested in this work manifests a small enough size and can
be applied for splitting optical beams under condition of controllable splitting ratios. This device is
suitable for various optical communication systems built on PIC technologies.
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Anomauisn. Mu nogioomasieMo npo HO8Y KOHCIMPYKYIIO0 ACUMEMPUYHO20 NOOLTbHUKA 3 Y-no0ionum
nepexoo0om i3 pe2yibo8anum Koeiyicnmom poswenients, a makoic MoOenoeEMo pobomy ybo2o
noodinnuka. Ilodinenux no6yoosanuii na InP, mac niowy 65,0 mky’ i npaywoe na céimii 3
odosorcunamu xeunv 1,48 i 1,55 mxm. 3a ymosu eiocymnocmi Oeghekmy nosimpsinozo omeopy
Koe@iyicum posueniients 0ist 6uxionux nopmie 1 i 2 dopisrioe 92/8 na 060x pobouux 008xicUHAX
xeuni. [ns KOHmMpomo KoepiyicHma po3ujenieHHsi Ha CIMUKY MidC 080MA SUXIOHUMU NOPMAMU
660051Mb 0eheKmu nOSIMPsIHUX OMBEOPIE PIZHUX (POMOIUHOL, K6AOPAMHOI ma YUriHOPUYHoL) popm.
Mooeniosanns niomeepodcye, wo Koe@iyicHm posujenyienHs CeimionoOLIbHUKA MONCHA
ehexmueHo KOHMPONIO8AMU, 3MIHIOOYU po3Mip 1 Gopmy Oedekmy nosimpsiHozo0 0meopy.
Maxcumanvni xoeiyicnmu po3ujenyientss Ha HAWUX poooOUUX O0BICUHAX XBUTL OOPIGHIOIOMb
10/90 i 14/86, a 6ionosioui cepeoni eneceni empamu cmanogisime 0,36 i 0,31 0B ons 6cix ghopm
Odegexmis.
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