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Abstract

In the present work, we have investigated the optical properties of various one-
dimensional photonic crystals composed of alternate material layers of silicon diox-
ide (SiO,) and gallium phosphide (GaP). The choice of GaP material is due to its
larger bandgap property with better thermal stability. It belongs to the category of
an indirect bandgap semiconductor is commonly used in light-emitting diodes. The
optical characteristics of various one-dimensional PCs consisting of different period
number N have been investigated by using the transfer matrix approach. The trans-
mittance and absorption characteristics of all structures have been examined. The
present study also includes characteristics of the reflectance phase and relative per-
centage reflectance of all photonic structures. The dependence of the transmission
characteristics of all structures on the thickness of SiO, and GaP material layers as
well as on the incident angle corresponding to TE wave only have been also dis-
cussed in this work. Unlike two-dimensional and three-dimensional PCs the fabrica-
tion of one-dimensional photonic structures is easier. Any of the suitable thin film
deposition techniques available at present can be used for the realization of such
structures.

Keywords Photonic crystals - Gallium phosphide - Silicone dioxide - Transfer
matrix

1 Introduction

Optical materials of size nano or micro level are named as photonic crystals (PCs)

made up of periodically arranged dielectric. They have special ability of restricting
light of specific frequency or wavelength depending upon the polarization condition
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of the light passing through them [1, 2]. The restricted frequency or wavelength
regime of light is defined as photonic bandgap (PBG), which helps in determining
the characteristics properties of PCs. The periodic arrangement of the dielectrics in
space is used to categorize them as a one-dimensional (1-D), two-dimensional (2-D)
& three-dimensional (3-D) PCs [1-5]. The fraction of incoming light incident on
the PC is reflected by the interface between the periodically arranged alternating
layers of the structure. The superposition between the incident and reflected waves
is responsible for the formation of standing waves inside photonic structures.
Any modification in the sequencing of the nanostructured composite layers of the
structure yields the change in the optical response of the structure [6-9]. Besides
this they also have tremendous ability of modulating the propagation of light passing
through them. This unprecedented control over the propagating light makes them
suitable to be used in numerous potential applications such as designing of optical
filters, photonic switches, dense wavelength division multiplexers, optical sensors
and so on [10-17]. The biosensors composed of 2-D square photonic lattice for
detection of concentration of Glucose and Creatinine in blood has been studied by
Rafiee [18]. Rafiee et al. suggested a photonic power splitter suitable for integrated
photonic circuits can be used to drive multiple optical devices [19]. Some other
useful applications of 2-D PCs as a ring shaped demultiplexer and optical add drop
filter have been realized by Rafiee et al. in references [20] and [21] respectively.

The present technological developments of material science opens new gate-
way of designing conventional and unconventional photonic devices of extraordi-
nary caliber due to the availability of various novel materials. Gallium phosphide
(GaP) is amongst such materials which has emerged as a significant player in the
field of photonic engineering since 1960s. Despite of having an indirect gap, GaP
is used prominently in the variety of light-emitting products, such as green LEDs
[22]. Its larger band gap characteristics with better thermal stability is amongst the
most suitable feature of GaP which encourage the researchers to use this material
extensively in designing of various optoelectronic devices of diversified nature [23].
The nano-photonic devices consisting of defective GaP material are extensively used
as a fluorescent and nitrogen vacancy center emitters [24, 25]. These defective struc-
tures are very useful for illustrating their application as a spectrometer [26], second
harmonic production [27, 28] and some of nonlinear optical phenomenon like sum-
frequency generation (SGF) [29]. Actually persistent behavior of GaP due to its non-
centrosymmetric crystalline nature is responsible for achieving accurate measure-
ment of second-order susceptibility in visible and infrared nonlinear crystals [30],
micro hardness value of 9450 N/mm?, Debye temperature of 446 K with thermal
expansion coefficient of 5.3x107% K=! at room temperature [23]. The bandgap of
GaP is 2.24 eV which is large and responsible for reducing the thermal and other
losses associated with the photonic devices whose operating wavelength is more
than 1100 nm in the infrared wavelength regime. The presence of GaP material as a
constituent material in the design of photonic devices allows them to function in the
visible range of electromagnetic spectrum. Moreover, the significantly higher refrac-
tive index value of 3.05 at wavelength 1600 nm, makes GaP as a promising candi-
date to confine the optical photon in low refractive region regions [26-30].
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In the present study, silicon dioxide layers are alternated with gallium phosphide
layers to form the proposed structures of different period numbers (N). The optical
characteristics of proposed 1-D photonic structures are investigated by using transfer
matrix approach. The dependence of the optical characteristics as a function of
thicknesses of layers SiO, and GaP, period number of the structure and incident
angle corresponding to TE-polarized light have also included into the present work.
This work claims the feasibility of designing a 1D photonic structure composed of
SiO, and GaP material layers in the infrared region of electromagnetic spectrum.
As per our best of knowledge, numerical investigations of this kind of photonic
structures containing semiconductors have rarely explored. In addition, the present
work also includes the comparison analysis pertaining to the structures composed of
different semiconductors.

2 Structure and Method

This section of the manuscript deals with structural details of the proposed 1-D
PC design composed of isotropic and homogeneous layers of materials SiO2 and
gallium phosphide GaP as shown in Fig. 1. The architecture of the proposed 1-D
photonic design is defined as (Si02/ GaP)Y, where N is the period number of the
structure. The thicknesses and refractive indices of alternated layers of material SiO,
and GaP are denoted as d; & d, and n; & n, respectively. The alternate layers of
materials SiO, and GaP of the structure are periodically arranged along z-direction
whereas both the layers are homogeneous along x- and y-directions. To make our
work simple the plan wave propagation along z-direction has been considered.

Next efforts have been given to introduce the theoretical formulation of the
proposed work. All the simulations of the proposed work have been done by
using MATLAB software as a computation tool to extract the reflectance and
transmittance properties of the proposed designs. The transfer matrix method
(TMM) which is one of the precise, simple and suitable approach for simulating
results of finite sized 1-D photonic structures has been adopted for getting

B sio: GaP
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s
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Fig. 1 A schematic diagram of 1-D PC composed of SiO, and GaP material layers shown in dark green
and yellow colours respectively. Periodicity of the structure is along z-direction
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MATLAB results. It is amongst the most intriguing techniques for analyzing
the interaction of an electromagnetic waves with the interfaces of the periodic
multilayer structure. This technique utilizes the continuity condition for
establishing the relations between the tangential and normal components of both
electric and magnetic fields at the interface separating the two material layers of
the structure. The transfer matrix of any {." layer of the design can be written as

[32, 33]
cosé lsinf
Te=| = % (1)
—ik,sin, cosg,
where, &, = 2710 i the phase angle associated with '™ layer of the structure

(=1, 2). The symbols n, dé and Gg are used to represent refractive index, thick-
ness and ray angle inside {™ layer of the structure. The symbol A is used for free
space wavelength. For TE polarized wave k, =n,cos6,. The resultant transfer matrix
of entire 1-D photonic structure can be obtained by multiplying transfer matrices of
each layer of the structure one by one as

T=(T,-T,-..)" 2)

Here notations T, T,, ... are being used to represent the transfer matrix of first,
second,... layer respectively of the structure. The symbol N is representing period
number of the structure. The transmittance (-¥), and reflectance (R) of the entire
structure can be obtained from the following relations as

2k;
= ! 3
(X11 + KkX1) K + (X + K,X0) ®
and
_ (X1 + 5. X 1)K = (Xo) + 6,X5,) : = R|¢* @)
(Xll + KsXIZ)Ki + (le + stzz)

Here X, X|,, X,; and X,, are elements of the transfer matrix representing the
entire structure [34].

The notations «; and «, used in Eqs. (3) and (4) are corresponding to incident
and exit media respectively. The air has been considered as media both sides of
the structure. The absorptance (A) of the 1D PC design can be obtained by using
the following relation as

A=1-R-7J (5)

The reflectance phase ¢ associated with the reflected wave from the proposed
structure can be according to Eq. (6) as [35-38]

¢ = arg(R) £ mx ©)

@ Springer



Sensing and Imaging (2024) 25:25 Page50f15 25

The relative percentage reflactnce (R) of the proposed structure has been
defined as

R

S ®+D ¢

where, m=0, 1,2, 3, ...

3 Results and Discussions

First, we have initially chosen the thicknesses d; and d, of material layers of SiO,
and GaP of the proposed 1-D photonic structure as 87 nm and 35 nm respectively.
The period number of the structure has been fixed to 4. The transmittance of the
various photonic structures of d; =87 nm and d,=35 nm, 55 nm, 75 nm, and 95 nm
have been plotted by using Egs. (1) to (7). The transmittance of the all photonic
structures with d, =35 nm, 55 nm, 75 nm and 95 nm are shown in Fig. 2.

The proposed work deals with the wider range of an electromagnetic spectrum
extending from ultraviolet to infrared region ranging from 300 to 1800 nm. It has
been observed that as thickness d, increases from 35 to 95 nm in steps of 20 nm, the
higher edge of respective photonic bandgaps (PBGs) start shifting towards higher
wavelength side as evident in Fig. 2. Moreover, the change in thickness of d, layer
from 35 to 55 nm results the shift in the position of PBG from ultraviolet to visible
region of electromagnetic spectrum. Further increase in the thickness d, from 55 to
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Fig.2 Transmittance of proposed 1-D photonic structure (SiO,/GaP)* corresponding to d; =87 nm and
d,=35 nm, 55 nm, 75 nm, and 95 nm at normal incidence. The solid black, red dotted, blue solid and
pink dashed dotted lines are corresponding to d,=35 nm, 55 nm, 75 nm and 95 nm respectively (Color

figure online)
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75 nm results the shifting of PBG towards infrared region in such a way that almost
50% of PBG containing lower band edge remains in the visible region whereas as
50% of the PBG containing higher edge of PBG falls into infrared region of electro-
magnetic spectrum. As the thickness d, reaches to 95 nm the entire PBG shifted into
the infrared region of electromagnetic spectrum.

Next, attention has been given to examine the effect of change in the incident
angle corresponding to TE wave only, on the transmittance of the 1-D photonic
structures of period number N=1, 2, 4, 6, 8, 10 and 12. For this purpose, the incident
angle has been varied from 0° to 90° in steps of 10°. The thicknesses of SiO, and
GaP material layers have been fixed to d; =87 nm and d, =55 nm respectively. The
transmittance spectra of structures of period number N=1, 2, 4, 6, 8, 10 and 12
corresponding have been plotted in Fig. 3. It shows that the transmittance of 1-D
photonic structure with N=1 shown by dashed red line curve remain nearly 55%
corresponding to change in the incident angle from 0° to 80°. Further increase in the
incident angle from 80° suddnely reduces the transmittance which reaches to zero
at 90°. Almost similar behavior has been noticed for the structures with N=2 and
N=3. Though the transmittance of structure with N=2 varies between maximum of
30% to minimum of 26% corresponding to change in angles from 0° to 80° which
becomes zero at §=90°. The structure with N=4 shows the sudden and significant
fall in transmittance which varies between 17% at 6=0° to 10% at 8=280°.
Transmittance gradually decreases and becomes 0 at #=90°. Further increase in the
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Fig.3 Angle dependent transmittance of proposed 1-D photonic structures (Si02/GaP)" of SiO, layer
thickness d; =87 nm and GaP layer of thickness d,=55 nm corresponding to different period numbers
N=1,2,4,6,8, 10 and 12. The angular transmittance of all structures is calculated only for TE polarized
wave
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period number from N =4 possess significant down fall in the transmittance between
the angle #=27° to #=90° due the increase in the number of interfaces between the
layers of the structure. This improvement results the enhancement in the reflection
range of the wavelength resulting PBG. The structure corresponding to N =12 shows
PBG of sharp edges which is terminated at §=90°. This observation explores the
possibility of using proposed structure of N=12 as a broad band angular reflector
[39].

Next, we turn our attention to examine (a) reflection phase and the relative
percentage reflectance as defined by Egs. (6) and (7) respectively, (b) transmittance
and the relative percentage reflectance as defined by Eqgs. (3) and (7) respectively
along with (c) absorptance and the relative percentage reflectance as defined by Eqgs.
(5) and (7) respectively, of the 1-D PC design of period number N=1 composed
of SiO, and GaP layers of thickness 55 nm and 87 nm respectively with respect to
free space wavelength with the help of plots shown in Figs. 4a—c respectively under
normal incidence.

As evident from Fig. 4a the polarity of the reflectance phase shift changes at
the edges of PBGs of 1-D PC structure. This behavior is similar to the behavior
reposted in Ref. [38]. The sudden change in the reflection phase (¢) is noticed at
the lower and higher band edges of both the PBGs as shown in Fig. 4a. The relative
percentage reflectance R shows a sharp dip at the lower edge of second PBG. The
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Fig.4 Dependence of a reflection phase and the relative percentage reflectance, b transmittance and the
relative percentage reflectance and ¢ absorptance and the relative percentage reflectance on the free space
wavelength of 1D photonic crystal (N=1) of alternating layers of materials SiO, and GaP of thicknesses
55 nm and 87 nm respectively under normal incidence
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dip reaches to its maximum value around 600 nm inside second PBG which reaches
to its minimum value at 1800 nm.

Next, we have studied the how J and R of the structure changes with the free
space wavelength. These various are being plotted in Fig. 4b. It shows that the
nature of change in J and R dependent upon free space wavelength is opposite to
each other. The value of 7 reaches to minimum whereas R reaches to maximum at
the free space wavelength around 450 nm. This property can be utilized for design-
ing of an optical switch as well as antireflection coatings.

Finally, an attention has been paid to examine the absorption characteristics of
the structure depending upon the wavelength in contrast to the wavelength depend-
ent properties of R. These variations are being shown in Fig. 4c. Figure 4c¢ shows
that the absorptance of the structure reaches to zero from 490 to 1800 nm i.e. our
structure possesses zero absorptance in the entire infrared region as well as most
of the part of visible part of an electromagnetic spectrum. The relative percentage
reflectance starts to reduce and becomes minimum at the lower band edge as free
space wavelength increases from ultraviolet to visible part of the spectrum. Further
increase in the wavelength results the increase in value of R which is reached to
maximum value of 60% around 600 nm. The value of R can be further reduced to
28% at 1800 nm. This variation is due to the significant increase in the value of an
extinction coefficient of material in ultra violet to lower part of visible spectrum.

Next, the effect of incident angle on the wavelength dependent transmittance
characteristics of 1-D photonic structure composed of alternating material layers of
SiO, and GaP of period number N=1 have been studied. This purpose has been
fulfilled by plotting a 3-D plot showing the effect of change in the incident angle on
the wavelength dependent transmittance characteristics of 1-D photonic structure as
shown in Fig. 5. It can be clearly seen that under normal incidence the transmittance
of the structure shows sharp single peak which becomes wider with an increase
in the incident angle corresponding to TE polarized wave. The transmittance
characteristics of the structure can be easily explained with the help of interference
phenomenon between rays reflected from the various interfaces between any two
adjacent layers of the structure.

Further we have focused our attention to study the effect of changing thickness
d, of material layer SiO, of the photonic structure (SiO2/GaP)" with N=1
under normal incidence. For this study Fig. 6 has been plotted. It contains five
transmittance plots shown in black solid line, blue solid line, red solid line, pink
solid line and blue dashed line corresponding to thickness 20 nm, 40 nm, 60 nm,
80 nm and 100 nm of SiO, material layers of structures with d,=95 nm, N=1
and #=0°. It has been observed that the increase in the thickness of SiO2 layer the
transmittance of the respective structure improves and becomes maximum at fixed
value of wavelength corresponding to the structure with d; =100 nm. Additionally,
PBG corresponding to all structures remains almost same.

Finally, we have examined the effect of increasing the number of unit cells
(N) on the transmittance spectra of the structure (SiO2/GaP)" with d; =87 nm,
d, =55 nm, N=1 and 6=25° corresponding to TE polarized wave as shown in
Fig. 7. The transmittance of 1-D photonic structures of period number N=1,
2,4, 6,8, 10 and 12 have been shown by solid green line, solid red line, solid
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Fig.5 An effect of incident angle on the wavelength dependent percentage transmittance of 1-D photonic
structure composed of alternating material layers of SiO, and GaP of period number N=1

blue line, red dashed line, pink dashed line, blue dashed line and black dashed
line respectively in Fig. 7. The transmittance of the 1-D photonic structure
N=1 shown in green colour contains a single transmittance peak of almost
unit transmittance at lower wavelength region. Further increase in N results
the decrease in the transmittance which reaches to minimum and again start
increasing with wavelength. The structure with N=2 results the increase in
the number of transmission peaks but still no clear PBG is obtained in visible
region. For higher values of period number from N=4 to N=12, the second
PBG is formed. The widths of PBGs of structures of N=4 to N=12 are almost
unchanged and become independent of number of unit cells (N). The number of
transmission peaks towards infrared wavelength range also increases with the
increase in N, which is similar to Ref. [41]. The reason behind the existence
of increased transmission peaks is due to interference between the reflected
light form the interfaces of the structure. The transmittance of PBG region
reduces to zero for higher values of N along with sharp boundary edges as
evident from Fig. 7. The scattering losses in the present calculations have been
neglected. Authors have only focused on the reflectance phase, transmittance
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Si02(20nm)/GaP(95nm),N=1,Normal
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Fig.6 Transmittance of the 1D photonic structures (SiO2/GaP)" with SiO, material layer thickness as
d; =20 nm, 40 nm, 60 nm, 80 nm and 100 nm whereas the thickness of GaP layer of all structures is
fixed to d,=95 nm, N=1 and §=0°
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Fig.7 Transmittance of 1-D photonic structures (SiOZ/GaP)N of period number N=1, 2, 4, 6, 8, 10
and 12 shown by solid green line, solid red line, solid blue line, red dashed line, pink dashed line, blue
dashed line and black dashed line respectively. The thickness of layers SiO, and GaP are d; =87 nm and
d, =55 nm respectively at §=25° corresponding to TE wave only
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and absorbance characteristics of the present work due to the weak scattering in
the proposed structure. In future work scattering may also be considered.

4 Conclusion

In conclusion, we have demonstrated the feasibility of building a 1-D photonic
structure composed of alternate layers of silicon dioxide and gallium phosphide
materials. The optical characteristics of the proposed 1-D photonic structures
(Si02/GaP)" of different period number N have been studied by employing the
transfer matrix technique. The utilization of GaP material in the design of the
proposed structure is due to its exceptionally good performance in a variety of
applications such as mid-IR frequency combs, ultra-broadband supercontinuum
generation, waveguide sidewall roughness reduction and improvement in disper-
sion architecture. The 1-D photonic structures of this work can be used for design
and development of the versatile photonic devices. Such structures may be very
useful for regulating and enhancing the luminescence of nanostructures com-
posed of GaP and/or SiO, materials due to large photonic band gaps.
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