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In this study, a new design of 1 x 2 photonic crystal beam splitters is proposed to achieve symmetrically
higher power splitting. Two different splitters based on hybrid couplers made from silicon (Si) and
poly(methyl methacrylate) (PMMA) materials were studied. One splitter had two outputs, and the other had
four outputs. The PMMA temperature was varied from 0 °C to 130 °C to enhance the optical performance of
the proposed splitters. The power intensity and photonic band gap (PBG) values were numerically investigat-
ed using the finite-difference time-domain (FDTD) and plane wave expansion (PWE) methods. The effect of
temperature on these values was also studied to obtain the optimal conditions for high efficiency. The efficien-

cy values were satisfactory. They could reach 49.9 % from the two output ports at a temperature of 80 °C.
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1. INTRODUCTION

Photonic crystals are among the materials that have
been developed using the nanotechnology. They have a
special property that can limit the light flow through
them within a certain frequency band. This phenome-
non is known as photonic bandgap (PBG) [1]. Therefore,
researchers have shown considerable interest in photon-
ic crystal (PhC) technology. This feature has enabled
scientists to control the spread of electromagnetic waves
in photonic crystals. This causes defects in their basic
design, and many optical devices have been designed
based on this basis. An additional benefit of the PhC is
its reduced size compared to its conventional counter-
parts. This property improves the efficiency of integra-
tion density in optoelectronic circuits.

Several studies have been conducted to develop
many of these devices [2-3], including demultiplexers
[4], sensors [5], logic gates [6], and beam splitters [7] for
photonic integrated circuits (PIC) and telecommunica-
tion applications. Most of these devices are designed
using 2D-PhC as a slab, enabling the integration of
silicon-on-insulator (SOI) technology. Moreover, this
technology is less complicated to manufacture [8].

As mentioned above, power splitters are essential in
the development of various devices. They can be de-
scribed as photonic crystal waveguides (PhCWs), either
linked or coupled to each other in a certain way [9] the
number of PhCWs considered as inputs are less than
those considered as outputs, for an equal or different
distribution of power at the outputs.

We aim to achieve the highest power division with-
out reflecting the input field power.

In recent years, numerous researchers have investi-
gated optimal power division by proposing different
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designs. Most of these studies aimed to create photonic
crystal waveguide beam splitters PhCWBSs based on
three different models. The first model depends on cre-
ating a group of PhCWs that are linked together in a
specific area [1, 10, 11], into which the light is divided.
However, when designing PhCWBSs with more than
two outputs, these designs undergo a large size problem.
The second model of PhCWBSs is based on photonic
crysta (PhCRR), in which light is divided at the reso-
nance frequency of the PhCRR. However, this model
still faces challenges at the fabrication level [12]. The
third model of the PhCWBSs is based on photonic crys-
tal waveguide directional coupler (PhCWDC) [1], which
provided a balance in terms of splitting efficiency and
fabrication simplicity. Nevertheless, this model is still
unable to achieve ideal splitting efficiency. This deficit
is due to the optical properties of PhCWs in the coupling
region, especially when using materials with a high
refractive index, such as silicon (Si) and indium phos-
phide (InP).

Therefore, in this study, we propose a new type of
PhCWBS based on directional couplers (DC), a hybrid-
PhCWBS (H-PhCWBS), which consists of a group of
hybrid directional couplers formed from Si and poly
(methyl methacrylate) (PMMA) materials. The PMMA
has a low refractive index, approximately n = 1.49, at
a temperature of 0 °C.

The main idea is to embed the PMMA material into
the coupling region of the splitter to generate a PhCW
from PMMA rather than a PhCW from Si. In proposed
structures, the Si and PMMA are the guest material
and air is the host. This combination of Si and PMMA
provides high power-splitting efficiency. This is because
the PhCWBS based on Si has a large PBG, which guar-
antees more confinement of light. In contrast, the PhnCW
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formed from the PMMA in-coupling region decreases
the mismatching mode between the other PhCWs. How-
ever, it is well known that PMMA is highly sensitive to
temperature changes [13]. The temperature variation
affects both the physical and optical properties of
PMMA. Thus, these changes were reflected in the split-
ting efficiency of H-PhCWBS. our study purposefully
tackles the effect of temperature variation on the split-
ting efficiency of H-PhCWBS with two outputs, the
finite-difference time-domain (FDTD) method was used
to achieve a high-power splitting intensity of 49.95 % at
A =1550 with a bandwidth of 40 nm.

2. DESIGN AND PRINCIPALS

The proposed device is fundamentally based on a
two-dimensional PhC system, which is a hexagonal
lattice from of silicon rods with a refractive index
nsi = 3.4. In addition, the refractive index of the back-
ground nair equal to 1. The cross-section of these rods
forms circles with a radius r = 0.3006a, where a is the
lattice constant.

Three PBGs for TE polarisation were determined us-
ing the plane wave expansion (PWE) method, as shown
in Fig. 1. We chose the second PBG in this band dia-
gram, where the frequency range (a/1) extended from
0.4189 to 0.5376, with A being the free-space wavelength.
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Fig. 1 - The photonic band gaps of the basic model

Fig. 2 — The design of the proposed structure of the H-PhCWBS

The defects in three successive rows of the lattice in
the I'K direction were used to create three PhCWs.

As shown in Fig. 2, the H-PhCWBS can be divided
into three regions. The first region, which contains one
PhCW, is called the input region. The second region
contains three PhCWs. Each of the two PhCWs is sepa-
rated by a single row extending over a certain length,
called the coupling length (Lc), where we add the
PMMA material instead of Si. The third region, which
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contains two separate PhCWs, is called the output
region.

The input field propagates through the first PhWC
in the input region and is coupled with other PhWCs in
the coupling region. L. is the main parameter of this
process, Considering the coupling region as a multi-
mode region and according to self-imagine phenomena
[14], we can determine the Lc as [15]:

T

Lo=-—"—
¢~ BB’

@)
here the f and S are the propagation constants at a
specific a/A.

In this H-PhCWBS, as mentioned previously, the
rods separating the PhWCs in the coupling region are
the poly (methyl methacrylate) (PMMA) source. It is a
common polymer used in waveguides [16].

Similar to most solid materials, when PMMA is ex-
posed to a change in temperature, it expands or contracts
with a value of AL, which can be expressed as [13]:

AL = AT.Ly.,, o)
with
AT =T; — Ty, 3

where Ti and 7o are the changing and initial tempera-
tures, respectively. Lo is the initial length and o; is the
leaner coefficient of thermal expansion (CTE).

In addition, the physical influence and the effect of
the temperature variation extend to the optical proper-
ties of PMMA, where the refractive index varies as a
function of temperature. We have used a model that
expresses this variation as [16]:

n(T) = ny + aT + bT?, 4)
where

ny = 1.49538, a =—-0.000115, b =—5.17358 x 1077

These thermal (optical/physical) effects directly influ-
ence the power obtained at the outputs of the PhnCWBS.
To obtain higher power-splitting efficiency, we heated
the PMMA rods in the coupling region using microlasers
[17] placed above the component, as described in Fig. 3.
The copling length L, = 5.82a =~ 6a for a/1 = 0.4935.

Fig. 4 displays the variation in re/az according to the
change in temperature. We noticed that rz2/az is linear
and it extends from r,/a, = 0.30846 for T; = 0°C to
ry/a, = 0.31107 for T; = 120°. In contrast, ri/a:1 is con-
stant. In Table 1, all structural constants and variables
of the proposed structures are presented.
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Fig. 3 — Visualisation of the process of heating the PMMA
within the coupling region of the proposed 1 x 2 splitter
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Fig. 4 - The remarkable change in the optical properties of
PMMA under the influence of the temperature change applied to it

Table 1 - The design parameters of the suggested 1 x 2
H-PhCWBS splitter structures

Parameter Symbol Value

rods with

Configuration hexagonal
lattice

Fill factor 1 Rilaa 0.3006

Fill factor 2 rolas 0.30846 at 0 °C

Coupling

length L 6a

Sl ro.ds refrac- s 3.40

tive index

PMMA rods neya 1.49538 at 0 °C

refractive index

Air baqurpund i 1.00

refractive index

The 2-Dimension Finite Difference Time Domain
(2D-FDTD) method was used to calculate the power in
the two outputs. It is well known that the time-
sensibility condition must be respected [18]:

1
A< ot ®)

The domain is surrounded by perfectly matched
layers to absorb outgoing waves with minimal reflec-
tions. At the input entrance, we launched a Gaussian
wave with a normalised frequency of 0.4935, and every
lattice constant contained 32 FDTD grid cells

3. RESULTS AND DISCUSSION
3.1 Propagation of the TM into the 1 x 2 H-PhCWBS

Fig. 5 shows the spread of the electric field across
H-PhCWBS along the I'K direction. We can clearly ob-
serve that a Gaussian wave with normalised frequency
a/A = 0.4935 propagates through the single-mode wave-
guide in the input region to the multi-mode region be-
cause it is included in the PBG range. According to L. =
6a corresponding to the normalised frequency a/A =
0.4935 and the power-splitting mechanism for the direc-
tional coupler, the input field is split into two folded im-
ages. Thus, the two modes propagate through two com-
pletely separated waveguides in the output region.

Fig. 5b shows the electric field propagation in the
H-PhCWBS, where the PMMA rods are under the
influence of a temperature of 80 °C. The refractive
indices of the PMMA rods will be npyy4 = 0.48286 and
the r,/a, = 0.3101 at 80 °C. It is clearly seen that the
splitting efficiency is better than it was at a PMMA
temperature of 20 °C, as shown in Fig. 5a.
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Fig. 5 — Electric field propagation in the proposed 1 x 2
H-PhCWBS based on Si/PMMA hybrid for PMMA rods under
a temperature (a) of 20 °C and (b) for 80 °C

3.2 Effect of the Temperature
Coupling PMMA Rods

Change in

Fig. 6 shows the evolution of the power intensity as a
function of the PMMA rod temperature for each of the
two outputs of the proposed 1 x 2 beam splitter. The re-
sults were obtained using the 2D-FDTD method. This
figure shows that the power intensity splitting value
increased from 46.82 % to 49.92 % at each of the two
outputs of the proposed 1 x 2 beam splitter as the tem-
perature of the PMMA rods increased from 10°C to
80 °C. On the contrary, we observed that an increase in
the temperature of the PMMA rods from 80 °C to 120 °C
led to a slight reduction in the power split value from
49.92 % to 49.21 %.

Therefore, the PMMA material with a temperature of
80 °C provides the best opto-geometrical properties and,
consequently, a good coupling feature for obtaining the
highest power splitting efficiency of the proposed 1 x 2
beam splitter.
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Fig. 6 — The change of the power splitting value of the pro-
posed 1x 2 beam splitter compared to the change in the
PMMA rods temperature at a wavelength of 1= 1550 nm

The splitting operation by DC allows an equal energy
distribution over a wide range of wavelengths at each of
the H-PhCWBS outputs. However, the presence of back
reflection always prevents achieving an ideal separation
process of 100 %. This is due to the mismatch between the
input waveguide and coupling region caused by the differ-
ence in optical properties between Si and PMMA. Similar-
ly, changing the temperature of the PMMA rods affects
their optical and radius properties. This change in the
PMMA rod temperature led to an increase in the fill factor
(r2/az) of the PMMA rods from 0.3087 to 0.3102, as shown
in Fig. 4.

Fig. 7a shows the change in the normalised power
splitting in terms of (rz2/az) for the 1 x 2 proposed splitter.
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A linear correlation between the normalised powers (p)
and fill factors (rz2/az) from 0.3085 to 0.3102 for the sug-
gested 1 x 2 splitter is presented in Fig. 8. The linear
curve can be expressed as follows:

T2
p = 1869.72 (a—z) —529.87, (6)
with a correlation coefficient r = 0.994.

In addition, the refractive index of all PMMA rods
embedded in the coupling region of the 1 x 2 beam
splitter was slightly reduced from 1.4942 to 1.4829.

Fig. 7b illustrates the variation in the power split-
ting value versus the neuma, whose change approxi-
mates a linear function for the PMMA temperature
varying from 10 °C to 80 °C as follows:

p = 430.98 — 256.77 X Nppaias ™

with a correlation constant r = — 0.987.

FDTD simulation.
50.0 4 Linear fitting

P = 1869.72x(tyfay) - 529.87

46.5 T T T T T T
03080 03085 03090 03095 03100 03105 03110 03115
e,

(a)

FDTD simulation
Linear fitting

P = - 25677 xtpgus +430.98

47.0

465 T T T T T
1470 1475 1480 1485 1.490 1495 1.500
Refractive index of PMMA

(b)

Fig. 7 — Variation in the normalised power at each output of the
proposed 1 x 2 beam splitter power versus (a) ro/az and (b) nrmu
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Under these conditions, the corresponding refrac-
tive index and radius of the PMMA rods promote effi-
cient coupling owing to a decrease in the mismatch
mode. Therefore 80 °C is an appropriate temperature
that can be provided to reduce the percentage of mis-
matching between the Si and PMMA materials.

Fig. 8 shows the transmission spectra of the power
splitting efficiency of the proposed 1 x 2 beam splitter
based on a hybrid directional coupler from the
Si/PMMA at various PMMA temperatures varying from
0 °C to 120 °C. This figure indicates that the total nor-
malised power average of over 99 % of the two outputs
is obtained from a spectral range up to 40 nm, in addi-
tion to high efficiency at a wavelength of 1550 nm,
reaching 49.9 % at a temperature of 80 °.

We conducted a comparative study with some pub-
lished papers found in the literature that treat various
structures of the 1 x 2 beam splitter to discuss the per-
formances of the proposed structure. The obtained data
were collected at a wavelength around A =1.55 um. The
different performances of the proposed 1 x 2 beam-
splitter structure are listed in Table 2. This Table
shows that the proposed 1 x 2 splitter structure pro-
vides a maximum transmission efficiency of approxi-
mately 49.90 % at each output port (O:1 and Ogz). In
addition, an equal power distribution was achieved for
both the output ports of the proposed structure.

52
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48 —T=120°C
=461
g
£
= 42
40 -
381
36 T T T T T T
1533 1540 1547 1554 1561 1568 1575 1582
Wavelength (nm)

Fig. 8 - The distribution of power intensity along the spec-
trum of the proposed 1 x 2 H-PhCWBS based on Si/PMMA
hybrid for the PMMA rods under various temperatures rang-
ing from 0 °C to 120 °C

Table 2 — The optimal performances of the proposed 1 x 2 splitter structure at a PMMA temperature of 80 °C. versus those of

models in some published works

Computing Transmission efficiency (%) | Total (%)
Ref. Type structure | Materials rods wavelength Output 1 Output 2
A (um)
[19] 1 x 2 Y splitter Si 1.55 49 % 49 % 98 %
o o 1 0, 0, 0,
[20] 1 x 2 splitter i(l)l(llrs)tlcal Si| 1.972 48.15 % 48.15 % 96.30 %
Our work 1 x 2 splitter Si/PMMA 1.55 49.90 % 49.90 % 99.80 %

4. CONCLUSION

This study focuses on creating a new type of photon-
ic crystal beam splitter based on a directional coupler.
It consisted of silicon and PMMA rods anchored in the
air to create a hybrid coupler splitter. Two joints were
created in this regard; the first with two outputs and

the second with four outputs. We can conclude that in
both structures, the PMMA rods were heated in the
coupling region using microlasers, where PMMA was
combined in the coupling region. The beam splitter
properties were numerically investigated using the
plane wave expansion (PWE) and finite-difference
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time-domain (FDTD) methods. The splitting efficiency
for both splitters with and without using the FDTD
and PWE methods was extracted by utilizing the lat-
ter's distinct properties and repeatedly applying a dif-
ferent temperature to the proposed splitters. In short,
the results showed very high splitting values, especial-
ly at the temperature of 80 °C, where power intensity
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Chem.

Bruius remneparypu PMMA Ha ontudni xapakrepucTuku 1 x 2 riopuaaux (pOTOHHUX KPHCTAa-
JIiB XBIUJIEBOJHUX PO3IIEILITIOBAYIB IPOMEHS
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¥ nociipreHH] 3aIIPOIIOHOBAHO HOBY KOHCTPYKINIO 1 X 2 hOTOHHO-KPUCTATIYHUX JIIBHUKIB IIydKa IS
JIOCSITHEHHSI CHMETPHUYHO BUIIOTO POSIOALIY MOTY:KHOCTL. Byso mociimxeHo qBa Pi3HUX pO3rayy:KyBadl Ha
OCHOBI TIOPHIHWX CIIOJYYHHKIB, BUTOTOBJIEHMX 13 MarepiamiB kpemHIio0 (Si) 1 mosi(MeTHIMEeTaKpHiIaTy)
(PMMA). Ogun posrasy:kyBad MaB JIBA BUXOIH, a 1HIMNHM — yotupu Buxoau. Temmeparypy [IMMA aminio-
Bastu Bix 0 1o 130 °C gyis moxpalieHHsI ONTUYHUX XapAKTEPUCTHUK 3aIlIPOIIOHOBAHMX PO3TasIyskyBadiB. HTe-
HCHUBHICTB ITOTY?KHOCTI Ta 3HAYEHHS 3a00poHeHoi 3ouu dororuol 30uU (PBG) Oysm umcenbHO mocimiikeHi 3
BHUKOPHCTAHHSIM KiHI[€BO-PISHUIIEBUX MeToniB y uacosiit obsacti (FDTD) i meromiB po3mimpeHHs IITOCKOL
xuiai (PWE). Takosx 0ysi0 BUBYEHO BIUIMB TEMIIEPATYPH HA Il 3HAYEHHS, 00 OTPUMATH ONTUMAJIBHI yMO-
BHU 1A BUCOKOL edpekTrBHOCTI. [lokasuukn edexTrBHOCTI Oyn 3amoBlibHUMA. Born Moriu mocaratu 49,9%

3 IBOX BHUXITHUX MOPTIB 3a Temnepatypu 80 °C.

Kmiouosi cnosa: Csitnoposaimosay, PMMA, @oronna 3abopoHeHa 30Ha, 3B'a30K, [lepemaua.
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