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Abstract

Our study has meticulously explored how the angle of incidence influences defect modes in one-dimensional photonic crystals (PCs) with
a central defect. We focused on two types of PCs - those with symmetric and asymmetric configurations, each incorporating a single
defect. In asymmetric PCs, we observed a unique defect mode occurring precisely at the central wavelength. In contrast, symmetric PCs
displayed two separate defect modes near the central wavelength. We discovered that expanding the defect layer allows these two modes
to converge into a unified central defect mode. It is important to note, though, that the intensities of these combined modes are distinct
from those in asymmetric PCs. The transfer matrix method is employed to examine the propagation traits of the structures we proposed.
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Introduction

Since the pioneering work of Yablonovitch and John, the
study of electromagnetic characteristics in photonic crystals
— artificially engineered structures with periodic variations
in dielectric constants — has been a focal point of research
[1-17]. These studies have shown how periodic changes in
dielectric functions significantly alter the spectral properties
of electromagnetic waves. In such structures, the
electromagnetic spectrum shows distinct allowed and
forbidden bands of photonic energy, akin to the electronic
bands in periodic potentials. This has led to the recognition
of these materials, characterized by periodic dielectric
modulation, as photonic band gap (PBG) materials [18].
Intriguingly, fundamental optical properties like band
structure, reflectance, group velocity, and spontaneous
emission rates can be manipulated by varying the dielectric
function's spatial distribution [4, 5].

One-dimensional photonic crystals (1D PCs) are notable for
their array of applications, such as dielectric mirrors, low-
loss waveguides, optical switches, filters, and limiters. Both
theoretical and experimental research confirms that 1D PCs
possess absolute omnidirectional PBGs [19-23]. While
pristine PCs are functional, doped or defective versions
offer enhanced versatility. Semiconductor doping
significantly broadens their application scope. The analogy

between electromagnetism and solid-state physics has led to
investigations into band structures in periodic materials and
the emergence of localized modes within the band gap due
to lattice defects. These doped photonic crystals show
resonant transmission peaks within the band gap, indicative
of localized states [24], resulting from changes in the
interference patterns of incident waves. Modifications to
introduce defects into pristine PCs include altering layer
thicknesses [25], adding new dielectrics [26], or removing
specific layers [27, 28].

The incorporation of defect states in photonic crystals,
especially in two-dimensional (2D) and three-dimensional
(3D) PCs, has attracted significant interest due to their vast
applications. In 2D and 3D PCs, point defects can create
microcavities, line defects can act as waveguides, and
planar defects as perfect mirrors [29, 30]. Similarly,
introducing defect layers in 1D PCs results in localized
defect modes within the PBGs. Given the easier fabrication
of 1D PCs compared to their 2D and 3D counterparts, these
defective modes can be efficiently integrated into 1D PCs
for various applications, including optical filters and
splitters, light-emitting diodes, and lasers [31-33].

In this communication, we focus on the theoretical analysis
of defect mode properties in different materials, examining
these defect modes using the transfer matrix method.
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Theoretical Analysis

Figure 1 depicts a schematic diagram of a one-dimensional
photonic crystal incorporating a defect.

(a) Asymmetric structure
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Figure 1: Schematic diagram of 1-D Photonic crystal (a)
Asymmetric structure (b) Symmetric structure.

Our study examines two types of structures: asymmetric
and symmetric, where 'H' and 'L' denote materials with high
and low refractive indices, respectively. To determine the
transmission spectrum, we utilize the transfer matrix
method (TMM) [34]. Within this method, we can express
the transfer matrix for each layer as follows:
Z; = XK &)

In thls context, 'j' represents either the H or L layers, and the

terms' X ;" and" Y, "refer to the dynamical matrix and the
propagation matrix, respectively. The dynamical matrix for

different polarizations can be defined by the following
equations:

1 1
i = for TE mode (2)
I’lj COSO(J- —I’lj COSO(J-

COos Q; COosS ;
and X; = for TM mode (3)

n; —n;

Also, the propagation matrix " Y'; " can be expressed by the
following relation:
. e’ 0
] _
0 e
Where B; is called phase and can be expressed in terms of

refractive index (ni), thickness of the layer (di) and
wavelength (A) of the incident wave as:

27d,
B :Tn cosq; (5)

For the two types of PCs considered in this study, the
transfer matrix expressions can be written as:

Z Z
Z= Z“ le = XN (ZaZs)" Zo(Z4Z5)" X,
21 22
for asymmetric PC (6)
le ZlZ -1 N N
7= , =X, (Z,Zy) Zp(Z4Z,) X,
21 22
for symmetric PC @)

The transmission coefficient, based on the matrix elements
presented in equations (6 & 7), can be expressed as follows:

20,
= : 8
(2, +8:Z,,)6,+ (25, + 6 Zy,)

In this expression, dif is defined as nj¢(cosajs) for the TE
polarized wave and as (cosajs)/nis for the TM polarized
wave. Here, the subscripts 'i' and 'f' refer to the values in the
medium of incidence and the medium of emergence,
respectively. Meanwhile, the transmittance of the structure
can be determined by the following:

T= §—f|t|2 )
S,

In the following section, we will calculate the transmission

spectra using equation (9), focusing on the photonic crystal

with a defect as illustrated in Figure 1.

Results and Discussion

Consider a conventional photonic crystal denoted as
"air/(AB)*¥/Substrate," known for its photonic band gap in
the ultraviolet and visible regions. For this investigation, B
is identified as TiO,, characterized by a refractive index (n)
of 2.34867, while A is represented by MgF, with an n value
of 1.3855. MgF, is a particularly suitable material for
photonic crystals due to its unique characteristics,
including absorption commencing below 115nm and a
refractive index close to unity. As the substrate, SiO,
(n=1.46) is employed. The thickness of layers A and B in
Figure 1, adheres to the condition of the quarter-
wavelength, specifically, nada=nsds=Ao/4, where Ao
designates the wavelength under consideration, set at
350nm for this study.

1 T T

Transmittance
=
A
1
1
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Figure 2: Transmission spectra of Air/(HL)¢/SiO> structure
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Figure 2 illustrates the transmittance of this structure, as
computed using Equation (9). It is evident from Figure 2
that a comprehensive band gap is present in the vicinity of
the design wavelength, which is 350nm. The main objective
of the present numerical computation is to introduce a
defect in the middle of this structure, both symmetrically
and asymmetrically, and subsequently investigate the defect
modes in both configurations.

Case 1: Symmetric Structure [Air/(HL)®D(HL)?/SiOz]

In the context of the asymmetric structure, we have
presented transmission spectra for various defect materials,
considering SiO, (n=1.46), Al.0; (n=1.66574), BGO
(n=2.13), and ZnS (n=2.58789), at different angles of
incidence (0°, 20°, 40°, & 60°). These transmission spectra
are illustrated in Figures 3 to 6. Notably, these figures reveal
a notable trend: as the angle of incidence increases, the
defective modes gradually shift towards the lower boundary
of the forbidden band gap. Furthermore, the intensity of
these defect modes diminishes as the angle of incidence
increases. It's worth noting that this decrease in intensity is
particularly pronounced for defect materials with refractive
indices that closely approach (ny-n.)/2.

1
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Figure 5: Transmission spectra of Air/(HL)®D(HL)®8/SiOz
structure for D=BGO @different incident angles (a) 0° (b) 20° (c)
40° (d) 60°.

Transmittance

1 1 T
H4 o
Eost E st :
= @ O}
Q 1 I Q L L
200 275 350 425 500 200 275 350 425 500
'\Vm‘elength (nm) Wavelength (nm)
1 1 T T
Eost Eos -
- - (d .| L
g ‘0 4"‘ 500 gO’O 275 350 4“ 500
\\ avelength (nm) Wavelength (nm)

@
800 275 350 425 500 200 275 \0 425 500
Wavelength (nm) Wav elength (nm)
1 T T T 1
o 2
2 2
E 4 Fos
L A I } B
200 275 350 425 500 g 75 :‘0 4 5 5
‘Wavelength (nm) Wavelength (nm)

Figure 6: Transmission spectra of Air/(HL)®D(HL)8/SiO:
structure for D=ZnS @different incident angles (a) 0° (b) 20° (c)
400 (d) 60°.

Case 2: Symmetric Structure [Air/(HL)®D(LH)SiO:]

In the scenario of the symmetric structure, we have
displayed transmission spectra for various defect layers,
including SiO,, Al,O3, BGO, and ZnS, featuring a defect

Figure 3: Transmission spectra of Air/(HL)8D(HL)8/SiO-
structure for D=SiO2 @different incident angles (a) 0° (b) 20° (c)

thickness of do= Ao/4np.
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Figure 4: Transmission spectra of Air/(HL)®D(HL)®/SiOz

Figure 7: Transmission spectra of Air/(HL)®D(LH)®/SiOz
structure for D=SiO. @different incident angles (a) 0° (b) 20° (c)
40° (d) 60°.

structure for D=AI203 @different incident angles (a) 0° (b) 20°
(c) 40° (d) 60°.
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Figure 8: Transmission spectra of Air/(HL)®D(LH)®/SiOz
structure for D=AIl.03 @different incident angles (a) 0° (b) 20°

(c) 40° (d) 60°,
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Figure 9: Transmission spectra of Air/(HL)D(LH)8/SiO2
structure for D=BGO @different incident angles (a) 0° (b) 20° (c)
40° (d) 60°.
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Figure 10: Transmission spectra of Air/(HL)®D(LH)8/SiO-
structure for D=ZnS @different incident angles (a) 0° (b) 20° (c)
40° (d) 60°.

These spectra are presented at different angles of incidence
(0°, 20°, 40° and 60°) and are visualized in Figures 7-10.
These figures clearly show that in this configuration, two
defect modes are noticeable near the edges of the photonic
band gap (PBG) when the incidence angle is normal. As the
angle of incidence increases, the defect mode on the left
disappears, and the one on the right moves towards the left.
Furthermore, as the refractive index of the defect layer
increases, both defect modes gradually disappear. It's also
observed that the intensity of these defect modes diminishes

with a higher angle of incidence.
Notably, the behaviour of these defect modes differs from
the asymmetric case. These two defect modes essentially

disappear when the material ZnS is employed, primarily
because its refractive index closely approximates that of the
H material. Therefore, by deliberately incorporating defects
in a symmetric or asymmetric fashion, we can effectively
create either one or two defect modes as needed. This
approach allows for the tailored design and fabrication of
photonic devices to meet specific requirements.

Conclusion

This research delves into the influence of the angle of
incidence on defect modes within a one-dimensional
photonic crystal (PC) that features a central defect. The
investigation focuses on two distinct configurations of
photonic crystals: symmetric and asymmetric. In the case of
asymmetric PCs, we observe that a defect mode emerges
exactly at the central wavelength. This is contrasted with
symmetric PCs, where two separate defect modes are
identified near the central wavelength. Interestingly, when
the defect layer is expanded in symmetric PCs, these two
defect modes coalesce into a singular mode at the central
wavelength. However, it's important to note that the
intensities of this merged mode differ significantly from
those observed in the asymmetric PCs. This study not only
contributes to a deeper understanding of the behavior of
photonic crystals under varying conditions but also provides
valuable insights that could be instrumental in the design
and development of advanced photonic devices, where
control over such defect modes is crucial for achieving
desired optical properties and functionalities.
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