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In the present study, analysis of photonic band gap properties of silicon photonic crystal slab struc-
tures composed of non-circular air holes was performed. In order to estimate the design of the opto-
geometrical parameters for maximizing the photonic band gap, three structures have been proposed and
analyzed in the present study. These three structures comprised elliptical, rectangular, and hexagonal
air holes in a triangular lattice. The band diagrams of electromagnetic waves and photonic band gap
properties of the proposed structures were determined using three-dimensional supercell plane-wave
expansion method. The results obtained indicated that the photonic band gaps for the transverse elec-
tric polarized modes were larger for the structure composed of hexagonal air holes, while the photonic
band gaps were low for the structures composed of elliptical and rectangular air holes. Furthermore,
it was demonstrated that the photonic band gaps of the proposed structures are altered with variation
in the rotation angle of their constituent air holes. These findings suggested that the proposed silicon
photonic crystal slab structures presented significantly large photonic band gaps, and therefore, served
as a promising technology platform for designing photonic crystal cavities and waveguides.
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expansion method

1. Introduction

Several years of great efforts have been devoted
to the study of photonic crystals (PhC) because of
their unique electromagnetic properties and poten-
tial applications in the fields of optoelectronics and
optical communications [1, 2]. The most important
property of the PhC structures is the photonic band
gap (PBG), which represents the presence of a fre-
quency spectrum region in which the propagation
of light is forbidden [3, 4]. Photonic band gaps
in a PhC structure play a vital role in the realiza-
tion of photonic devices, and a large photonic band
gap is required for the various applications of such
structures, for example in defect mode PhC lasers,
high-Q point-defect PhC nanocavities, slotted PhC
waveguides and mid-infrared sensors [5-15].

Recently, several researchers have proposed engi-
neering the photonic band gap of photonic crystals.
Matthews et al. [16] reported band gap engineer-
ing of two-dimensional photonic crystals (2D-PhCs)
constituting of a triangular lattice containing ro-
tated hexagonal holes. The effects of reduced sym-
metry in the unit-cell geometry on the band gap and
frequencies of the localized defect modes were also
studied, and it was observed that maximum PBG
was achieved for an intermediate rotation angle of
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the holes. Kalra et al. [17] studied polarization-
dependent PBGs (TE and TM polarizations) in 2D-
PhCs with square lattices, and the results obtained
suggested that PBG size is affected when the el-
lipticity and rotation angle of the constituent air
holes/dielectric rods are changed. Liu et al. [1§]
proposed a double-hybrid-rods structure composed
of 2D-PhCs with a square lattice, in which a square
dielectric rod was connected with the slender rect-
angular dielectric veins in the center of each side
of the dielectric square rod, and through careful
adjusting of the structural parameters, the band
diagram was engineered to achieve a large PBG.
Hung et al. [19] demonstrated that the variation in
the mid-gap frequency and PBG of elliptical PhCs
against the fluctuation in the fabrication param-
eters indicated good tolerance to fabrication er-
ror and that the proposed patterns possessed good
uniformity and high reproducibility over an area
greater than 2 x 2 cm?.

In another study by Liu et al. [20], it was
demonstrated that the PBG of a 2D-PhC of a
square lattice with dielectric hybrid rods in air
could be tailored and optimized through rotation
of the square rods and the addition of circular
rods to the lattice unit cell. Wang et al. [21] re-
ported the design of GaAs 2D-PhC with square
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lattice which exhibited an absolute large PBG.
It was also demonstrated that through parame-
ter optimization, the absolute band gap of the de-
signed structure could be improved. Furthermore,
Wu et al. [22] analyzed the band gaps of a 2D-PhC
with rhombic lattice and the impact of different lat-
tice angles on the band gaps. Another type of 2D-
PhC, referred to as the core-shell-type PhC, which
is composed of a nanorod heterostructure array in
a square or a triangular lattice, has also been stud-
ied previously [23], and it was revealed that when
the nanorods were covered by other materials, PBG
was considerably enhanced in size for both square
and triangular lattices.

The PBG properties of a 2D-PhC based on
the Thue-Morse sequence have also been studied
previously [24], where it was demonstrated that
by changing certain optogeometrical parameters of
the structure such, as radius and refractive index,
PBG of the proposed structures could be varied.
Serajmohammadi et al. [25] studied the PBG prop-
erties of a 2D square lattice PhC composed of rect-
angular cells, and observed that the density of gaps
in both TE and TM modes was high for the struc-
ture composed of rectangular dielectric rods in air,
while the density was extremely low for the struc-
ture composed of rectangular air pores in a di-
electric material. Furthermore, PBG properties of
horizontal and vertical rectangular lattice 2D-PhC
structures were studied and compared with the con-
ventional square lattice 2D-PhC [26], where the pro-
posed structures possessed two excellent character-
istics: joint band gap regions and having band gaps
at higher normalized frequencies.

More recently, by superposing two specific pho-
tonic structures with independent TE and TM band
gaps, a heuristic design with complete PBG was
created [27] and several innovative structures with
wide complete PBGs were obtained. So far, it was
shown that the band gap widths of asymmetrically-
designed PhCs that consisted of square and hexag-
onal lattices were larger than those of symmetric
ones [28]. More importantly, the largest TM band
gap of the square-lattice PhCs was comparable to
that of the hexagonal-lattice PhCs. In addition,
the optical characteristics of a thin-film PhC that
consisted of three-layer, stacked 2D PhC slabs with
a structure thickness of less than a few wavelengths
were theoretically analyzed with a complete PBG
for both the TE and TM polarization modes [29].
It was shown that a wide PBG can be obtained in
the asymmetrically-stacked PhC structure.

Several researchers have proposed engineering
the photonic band gap of anisotropic photonic crys-
tals [30-33]. Peng Shi et al. [30] reported the PBG
of two-dimensional anisotropic annular photonic
crystal slab structure composed of circular air holes
and dielectric rods with finite thickness in a trian-
gular lattice. Fathollahi Khalkhali et al. [31] ana-
lyzed the PBG of a square and triangular photonic
crystal slabs composed of air holes in an anisotropic
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tellurium background with SiO; as a cladding ma-
terial. The obtained results show that the pro-
posed structures represent a full PBG with notice-
able width. Further, in the paper [32], the authors
indicated that a tunability of complete PBG can be
obtained in both square and triangular structures
with non-circular holes. The analyses of the com-
plete PBG properties of two-dimensional dielectric-
plasma photonic crystals with triangular and square
lattices, composed of plasma rods with different ge-
ometrical shapes in the anisotropic tellurium back-
ground have been also presented [33].

In the above mentioned papers, the photonic
band gap properties of the PhC structures were
studied for different types of anisotropic PhCs with
different lattices and shapes. Alternatively, silicon
photonics has largely applications in near-IR data
communications in the telecommunication wave-
length band. Silicon material is also an optically
transparent material in the wavelength range be-
tween 1.1 pm and 8 um which can be utilized in
many applications such as environmental and bio-
chemical sensing [34]. PhC structures can be fabri-
cated using e-beam lithography or deep UV lithog-
raphy methods [35]. Both methods allow defining
the circular hole patterns in a resist spun on top
of the SOI wafer and induce imperfections and dis-
order in the fabricated PhC structures. Such dis-
order in the circular air-hole geometry can lead to
a reduction of the PBG size and to an increase of
radiation losses and thus to strongly limit the per-
formances of PhC photonic devices [36]. Obviously,
in order to avoid these problems of the fabrica-
tion and maximize the PBG, a new silicon PhC
structure design with optimal structural parameters
is required.

In the present study, PBG properties of silicon
PhCs slab composed of elliptical, rectangular, and
hexagonal air holes in triangular lattice were ana-
lyzed. The impacts of optogeometrical parameters
of the proposed structures on PBG properties were
analyzed using three-dimensional supercell plane-
wave expansion (3D-PWE) calculations, and it was
observed that the TE photonic band gap width
and gap/mid-gap ratio in this silicon PhC slab ex-
hibited oscillatory behavior with changing the ro-
tation angle of the constituent air holes. More-
over, numerical simulations demonstrated the ef-
ficiency of the proposed silicon PhC structures
for application in the design of defect mode PhC
lasers, PhC nanocavities, PhC waveguides and mid-
infrared sensors devices.

2. PhC structures design
and 3D-PWE calculations

In order to analyze the PBG properties of silicon
photonic crystals slab with non-circular air holes,
three PhC slab structures were used. The PhCs
were composed of the triangular lattice with non-
circular air holes. Figure la depicts the model of
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Fig. 1. Schematic configuration of photonic crys-
tal slab consisting of a triangular lattice of (a) ellip-
tical, (b) rectangular, and (c) hexagonal air holes.
The rotating air holes in a triangular lattice, with
angle 0, are defined as the angle between the axis
of the air holes cross-section and the lattice axis.

the PhC slab consisting of a triangular lattice with
elliptical air holes, where R, and R, represented
minor and major radii of the constituent elliptical
holes, respectively. The ellipticity of the air holes
was defined as the ratio of the major axis to the mi-
nor axis. Figure 1b depicts the model of the PhC
consisting of rectangular air holes, where L and
W represented the length and width of the con-
stituent rectangular air holes, respectively, such
that L < W. In case of this particular structure,
B = W/L represented the ratio between the width
and length of the rectangles. Figure 1lc illustrates
the model of the PhC consisting of hexagonal air
holes, where R represented the side of the hexagon.
In the present study, it was assumed that the peri-
odicity of the PhC slab existed in the X—Y plane
and the rotation of the non-circular air holes rel-
ative to the lattice axes was defined by angle 6.
Since silicon is one of the most common materials
used in the design of various devices, the materials
that were used for studying the effects of the opto-
geometrical parameters of the proposed structures
on photonic band gaps consisted of silicon and air,
especially because such structures provided ade-
quate dielectric contrast for obtaining the photonic
band gaps.

Prior to analyzing the PBG of the proposed struc-
tures, band diagram (also known as dispersion dia-
gram) of the proposed structures was obtained using
a structure composed of a silicon slab with a trian-
gular lattice containing air holes and surrounded by
air. The opto-geometrical parameters of the pro-
posed structures have been mentioned earlier, and
the slab thickness obtained was h/a = 0.6. Trian-
gular lattice was used because for a slab with infi-
nite thickness, the band gap is large for both trans-
verse electric (TE) and transverse magnetic (TM)
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Fig. 2. (a) Band diagram for the photonic crystal

slab consisting of triangular lattice of (a) elliptical,
(b) rectangular, and (c) hexagonal air holes where
the blue dotted line indicates the even mode, the
red line indicates the odd mode, and the rectangular
area indicates the photonic band gap. (d) Brillouin
zone of the triangular lattice of air holes.

polarizations. Furthermore, a 2D triangular lattice
with a hexagonal Brillouin zone exhibits extremely
high symmetry in the plane. Therefore, within
the plane of periodicity, such a structure would as-
sist in the formation of forbidden band gaps in all
the directions.

The band diagram illustrating normalized fre-
quency versus the wave vector for the three pro-
posed structures has been presented in Fig. 2.
Band diagrams for both TE (even-modes) and TM
(odd-modes) polarized modes have been depicted.
The projected band diagrams of the proposed PhC
structures were calculated along the I'mK-M-T'
edge of the Brillouin zone, and the full-vectorial
eigenmodes of Maxwell’s equations with periodic
boundary conditions were computed through pre-
conditioned conjugate gradient minimization of
the block Rayleigh quotient for a plane-wave ba-
sis, using a freely available software package [37].
In 3D-PWE calculations, supercell approach was
used, with the assumption that the periodicity
of the PhCs slab lies in the X-Y plane. In
order to reduce the influence of boundaries on
the results, a sufficient amount of cladding mate-
rial was added to the original finite height cell in
the Z-direction as there was no periodicity in this
direction. The band diagrams show a one-frequency
band gap for the TE polarized modes (even-modes)
but no gap for the TM modes (odd-modes), i.e.,
the proposed structures gives rise to a PBG for
the TE-like modes in which the electric field in
the centre of the PhC slab is polarized in the mem-
brane plane. As well, in the band diagram of Fig. 2,
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the fundamental band gap of the proposed struc-
tures is centered near a normalized frequency of
wa/2me = 0.2891, 0.2717 and 0.3294 for elliptical,
rectangular and hexagon air holes, respectively.

3. Analyses and results

3.1. Elliptical air holes

The photonic band gap is extremely sensitive
to variations in the critical structural parame-
ters of PhCs slab, such as hole geometry, slab
thickness, and refractive indices of the slab and
the cladding materials. In the present study, two
opto-geometrical parameters appeared to play an
important role in determining the photonic band
gap in the proposed slab structures: geometry of
the constituent air holes and their rotation angles.
Using the structures that were used to compute
the band diagrams (Fig. 2), the effect of elliptic-
ity of the air holes on the photonic band gap was
investigated.

Figure 3 depicts the variation of TE photonic
band gap width and gap/mid-gap ratio as a func-
tion of ellipticity (n) for the different values of slab
thickness (h/a). The band gap width was deter-
mined by the frequency difference between the up-
per and lower edges of the TE band gap, while
the gap/mid-gap ratio was calculated as the ratio
between band gap width and mid-gap frequency.
As observed in Fig. 3, for a particular slab thick-
ness, there exists a large band gap width with an
optimal ellipticity of holes (7). Figure 3 clearly
indicates that the obtained results were qualita-
tively similar in terms of variations in the band gap
width and gap/mid-gap ratio with an increase in
the ellipticity of the holes, i.e., band gap width and
gap/mid-gap ratio exhibited a considerable increase
initially and decreased subsequently. For instance,
for a slab thickness of h/a = 0.4, maximum band
gap width and gap/mid-gap ratio obtained were
0.06 and 20%, respectively, for n = 0.55. More-
over, in the case depicted in Fig. 3, for a particular
ellipticity of air holes, with an increase in slab thick-
ness, photonic band gap width decreased slightly,
while the gap/mid-gap ratio increase by a slight
margin. Therefore, the Si slab exhibited a large
band-gap width (and a low gap/mid-gap ratio) for
an optimal A. The band gap width decreases as
the slab thickness increases because for a thick slab,
higher-order modes can be produced with little en-
ergy expended. Such modes lie only slightly above
the lowest-order mode and stop the band gap from
opening. However, a weak perturbation of the back-
ground dielectric constant occurs with a thin slab.
The dispersion curve of the guided modes closely
approaches the edge of the light cone and therefore
becomes only weakly guided. As a result, the band
gap disappears [38].
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Fig. 4. Variation of (a) TE photonic band gap
width and (b) gap/mid-gap ratio with the rotation
angle 6 of constituent elliptical air holes. The ellip-
ticity of the air holes is n = 0.5.

Rotation of elliptical air holes is another param-
eter that is critical in determining the band gap.
Figure 4 illustrates the variation in TE photonic
band gap width and gap/mid-gap ratio as a func-
tion of rotation angle () of holes, for the different
values of slab thickness (h/a). Note, that for a par-
ticular value of slab thickness, band gap width and
gap/mid-gap ratio decreased with increase in the ro-
tation angle, reached a minimum value for a partic-
ular € value, and subsequently began to increase; a
large band gap existed only for § = 0° and § = 180°.
This could be attributed to the fact that the an-
gle of rotation would pull down additional modes
below the light line, preventing the formation of
the band gap. According to Fig. 4, for all the values
of slab thickness, band gap width and gap/mid-gap
ratio exhibited two minima at the rotation angles
of # = 60° and 8 = 120°. Therefore, when the ro-
tation angle was # = 60°, the band gap for TE-like
modes could be closed. The band gap could also be
closed when the rotation angles reached 6 = 120°.
However, for a fixed value of rotation angle, slab
thickness did not exert a strong influence on band
gap width and gap/mid-gap ratio.

3.2. Rectangular air holes

A similar analysis as mentioned above was per-
formed for the second structure as well, i.e. the PhC
slab composed of rectangular air holes, as depicted
in Fig. 1b, using the 3D-PWE method. Firstly,
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Fig. 6. Variation of (a) TE photonic band gap
width and (b) gap/mid-gap ratio with the rotation
angle 0 of constituent rectangular air holes. The
width to length ratio is 8 = 0.371.

the impact of the width to length ratio of the rect-
angles 8 on band gap width and gap/mid-gap ratio
was studied. In this case, slab thickness was an ad-
justable parameter. Therefore, photonic band gap
of the structure was investigated for all the possi-
ble values of 3, when a reasonable and fixed value
was selected for slab thickness. Figure 5 illus-
trates the variation of TE photonic band gap width
and gap,/mid-gap ratio as a function of ratio S of
the constituent rectangular air holes. Similar qual-
itative behavior for band gap width and gap/mid-
gap ratio was observed in this structure as well, i.e.
for all the values of slab thickness, band gap width
and gap/mid-gap ratio increased initially with an
increase in ratio of 8, became maximum for a par-
ticular value of 8, and began decreasing thereafter.
In fact, comprehensive investigations have demon-
strated that a large PBG appears in such structures
if the opto-geometrical parameter (3 is in the range
of 0.35 and 0.50. It should be noted that the maxi-
mum band gap width was achieved at 8 = 0.4 for all
the values of slab thickness. Figure 5 also indicated
that as the width of the rectangles approached their
length, PBG was nearly closed.

Subsequently, the effect of the rotation angle of
the rectangular air holes on band gap width and
gap/mid-gap ratio was analyzed. In this case, ra-
tio B of the rectangular air holes was kept constant,
and slab thickness was treated as an adjustable pa-
rameter. Figure 6 illustrates the variation of TE
photonic band gap width and gap/mid-gap ratio as
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a function of the rotation angle of the constituent
rectangular air holes for the three different values of
slab thickness, i.e. h/a = 0.4, 0.6, and 0.8. Results
similar to those obtained for the previously studied
structures were obtained, i.e. for a particular value
of slab thickness, band gap width and gap/mid-
gap ratio of the structure decreased with increase
in the rotation angle of the rectangular air holes,
reached a minimum value for a particular 6 value,
and thereafter began increasing again. The results
obtained were, therefore, compatible with the pre-
viously obtained results. The photonic band gap
width and gap-mid-gap ratio exhibited two minima
at § = 45° and # = 145° when the slab thickness
ranged from 0.4a to 0.8a.

3.3. Hexagonal air holes

Finally, change in the PBG of the PhC slab with
hexagonal air holes was analyzed. Unlike the pre-
vious analyses, in this subsection, the effects of
the hexagon side R and their angles of rotation
on photonic band gap width and gap/mid-gap ra-
tio were studied. At first, the analysis focused on
the effect of the hexagon side. Similar to previous
structures, photonic band gap width and gap/mid-
gap ratio of the structures were investigated for all
the possible values of R associated with the three
values of slab thickness. As observed from Fig. 7,
the TE photonic band gap width and gap/mid-gap
ratio increased initially with increasing R, became
maximum, and decreased thereafter, for all the val-
ues of slab thickness. In brief, the findings may be
summarized as follows: firstly, as depicted in Fig. 7,
for all the values of slab thickness, a large band gap
appeared for R = 0.38, for which the gap/mid-gap
ratio was approximately 37%. Therefore, for this
structure, the effect of hexagon side on the band gap
was different from the effect of ellipticity and that
of the rectangular air holes studied in the previous
structures, because in this case, the photonic band
gap width and gap/mid-gap ratio increased initially,
followed by a decrease. Secondly, the slab thickness
did not exert a great impact on the photonic band
gap width and gap/mid-gap ratio when the hexagon
side R was maintained at a constant level. The
graphs indicated that increasing the slab thickness
led to a slight increase in the band gap width.

In addition, the impact of rotation angle of
the hexagonal air holes on photonic band gap width
and gap/mid-gap ratio was analyzed. In this case,
slab thickness could be varied to optimize the pho-
tonic band gap. The results obtained are presented
in Fig. 8. As observed in Fig. 8, post 180° rota-
tion of the hexagonal air holes, the structure ex-
hibited the same photonic band gap width as it ex-
hibited at the beginning of the analysis. In fact,
for all the values of slab thickness, both band gap
width and gap/mid-gap ratio exhibited an oscilla-
tory behavior with a period of 60°. Comprehensive
investigations revealed that when 6 angles were in
the range of 0° and 180°, photonic band gap width
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and gap/mid-gap ratio curves presented three min-
ima at 8 = 30°, 90°, and 150°, and a large photonic
band gap width could be observed only at § = 0°,
60°, and 120°. These results appeared to be due to
the base of symmetry considerations.

Until now, theoretical and experimental studies
on PhC have almost exclusively concentrated on a
triangular lattice of circular air holes etched in sil-
icon PhC slab. In this study, silicon PhC struc-
tures consist of arrays of non-circular air holes in a
triangular lattice is proposed and analyzed. From
the above analysis, we conclude that the PBG de-
pends mainly on the shape of the constituent air
holes and their rotation angle. It has been shown
that with the proper design of the shape of the con-
stituent objects, the position and size of PBG in
a PhC can be engineered to meet the requirements
of the specific applications. This study set out to
determine that silicon PhC with a triangular lat-
tice of hexagonal air holes has a large PBG in even
modes as their circular counterpart. By increasing
the filling factor, we can thus obtain absolute PBG
in guided modes situated at higher frequencies in
the band diagram. Such structure added some flex-
ibility in design and can prove helpful in the de-
sign of the photonic band gap-based devices. Since
the etch-depth of the circular air holes are finite
in the SiO5 layer, the major fabrication challenge
for the realization of PhC structures is that the re-
alistic implementations are prone to idealities, in-
cluding distortions to the hole shape or positioning
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which can be introduced in the fabrication process.
Therefore, the experimental realization of our pro-
posed silicon PhC structures is generally techni-
cally achievable with classical nanofabrication tech-
niques, such as electron-beam lithography followed
by reactive ion etching [35]. We believe that the re-
sults of this work will be valuable for understanding
the influence of the design parameters on the PBG
proprieties of the silicon PhC structures with non-
circular air holes, and for designing high-quality fac-
tor PhC nanocavities and low loss PhC waveguides.

4. Conclusion

The present study performed a detailed analysis
of photonic band gap properties of the triangular
lattices with elliptical, rectangular, and hexagonal
air holes in silicon photonic crystal slab. Exten-
sive calculations utilizing 3D-PWE method revealed
that PBG depends on mid-gap frequency, which in
turn depends on the ellipticity, rectangularity, and
hexagonality of the constituent air holes and on
their rotation angles. The results of the present
study revealed that the proposed structures pre-
sented a large band gap width and gap/mid-gap
ratio for the optimum values of structural param-
eters. The maximum band gap was obtained for
the triangular lattice with hexagonal air holes, a
structure that exhibited a band gap width nearly 3
times larger than that of the structures composed
of elliptical and rectangular air holes. The pho-
tonic band gap analysis of the structures proposed
in the present study may be able to assist in design-
ing various silicon PBG devices, such as cavities,
waveguides, sensors, and splitter, where the exis-
tence of a large PBG is required to allow strong
photon localization within the gap and a detailed
manipulation of photonic defect states. In addition,
the results of the present study may assist in de-
signing novel coupled-cavity waveguides, the prop-
erties of which could be tuned by using rotated el-
liptical, rectangular, or hexagonal holes instead of
circular holes.
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