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In this paper, photonic band gap (PBG) properties and electric field distribution of a one-dimensional
multiperiodic photonic crystal were theoretically calculated based on a 2 x 2 transfer matrix method (TMM)
using MATLAB software. Stacked layers of Nb,Os, Si and TiO, were designed as a new model of the one-
dimensional three-periodic photonic crystal. The results show that by changing parameters such as the layers
order, number of periods, thickness of layers, defect layer thickness and the angle of incident, it is possible to

engineer the width and position of PBG while also increasing the electric field intensity inside the photonic
crystal. It is shown, that the [NS]? [T]! [NS]® structure (N = Nb,Og, S = Si and T = TiO,) has a wider photonic
band gap (PBG) allowing for applications such as laser eye protections. The [NS]? [T]? [NS]® structure is found
to be the highest in terms of localization of light in defect layer and being suitable for use in the photocatalysis

field.

1. Introduction

During the last decades, a great deal of attention has been devoted
to photonic crystals (PCs) as a new type of materials [1-4], whose
optical properties are used to manipulate the light on the scale of
the wavelength. Photonic crystals materials, also known as photonic
microstructures or photonic bandgap (PBG) structures, are periodic op-
tical structures in one, two, and three dimensions (1D, 2D, and 3D) with
a lattice constant comparable to the wavelengths of electromagnetic
waves (EMWs) propagating through the structure [5-10]. In analogy
to the forbidden energy (the band gap) for electrons in semiconduc-
tors, such materials can show a forbidden spectrum of photons where
the light cannot propagate through the crystal. Causing the unique
property, many one-dimensional photonic crystal (1D-PC) [11-16] was
explored such as reflector [17], omnidirectional reflector [18], multi-
plexer [19], switches [20], resonator [21], polarization controller [22],
filter [23,24], structural colors [25] etc. For example, this type of
filter can be used to fabricate laser eye protection glasses [26]. In
the eye, visible and near infrared radiation passes through the cornea,
and is focused on and absorbed by the retina, it is known as the
“retinal hazard region”. Also, Ultraviolet radiation may cause negative
effects such as increased pigmentation, skin burns, skin aging and skin
cancer [27].

TiO, in different types and forms has shown great advantages as
ideal and powerful photocatalysts [28-30] on account of its chemical
stability, nontoxicity, high reactivity and low cost. Photonic crystals
(PCs) are also found to be capable of localizing light coherently when
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the disorder is introduced into the structure, thus making the defect
layer break its periodicity, and act as an optical cavity [31-33]. In
turn, this allows for a strong interaction between the light and mat-
ter. In recent years, TiO, has been widely used as a defect layer
in PC structures [12]. However, the recombination rate of photo-
generated hole-electron pairs on TiO, is very high, which greatly
reduces the photocatalytic efficiency and limits the industrial applica-
tion of TiO,. To control this concern, many different methods have
been proposed in the research of TiO, photocatalysis, for example,
loading some amounts of metal or metal oxide, known as co-catalyst,
on the surface of TiO, [34,35], or employing TiO, with a wide range
of materials [36,37], e.g., niobium oxide (Nb,O5) [38]. Among oxide
semiconductors, Nb,Os is a promising n-type transition metal oxide
with numerous significant photocatalytic activities, due to its low
extinction coefficient, and high transparent ratio in the UV-vis-NIR
(ultraviolet-visible near-infrared) region [39-41]. To the best of our
knowledge, Nb,O5/TiO, layers as promising composite photocatalyst
for application in industrial photocatalysis has not been studied well.
Many theoretical and numerical tools have been developed to under-
stand EMWs propagation through PC. One of them is transfer matrix
method (TMM), a simple, accurate, low-computer-time formalism and
low matrix dimensionality [42-46].

The purpose of this work is modification of eye protection glasses
and photocatalytic efficiency. To achieve this goal, we propose a new
PC to study and ameliorate the transmission spectra of different mate-
rials, thicknesses and angles. The second novelty is that we discussed
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Fig. 1. The schematic representation of reflection and transmission of the TE mode by 1D-PC. The respective wave numbers of the incident, transmitted, and reflected waves are
k;, k;, and k;, and k,,. The incident, transmitted and reflected angles are denoted as: 6, 6, and 6,, respectively. The electric field amplitudes are E;, E,, E,, and E,,, and the
magnetic field amplitudes are B;, B,, B, and B,,. The parameters D and P represent the dynamical and propagation matrices, respectively.
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Fig. 2. The schematic representation of reflection and transmission of the TM mode by 1D-PC.

increasing the interaction of light with matter by using the localization
of light, so we studied variation of the electric field intensity as a
function of the thickness using the method of the transfer matrix.

2. Theory

Using the TMM method, the transmission spectrum and electric
field distribution can be considered in 1D-PC. In this respect, the
characteristic matrix corresponding to one stack is initially calculated,
and then distributed to a PC. Here, a homogeneous and isotropic film
with refractive indices n; and n, is assumed to be deposited on a
substrate with the refractive index n, placed in a medium with ng,
as schematically depicted for transverse electric (TE) and transverse
magnetic (TM) modes in Figs. 1 and 2, respectively. As the incident
beam (6;) hits the air/first layer interface (#1), some of it is reflected
from the medium. Meanwhile, the transmitted beam undergoes an
internal reflection at the first layer/second layer interface (#2).

When the free charge density or current density at the dielectric
boundary is O, the tangential components of the electric field are

continuous across the interface, as expressed in Eq. (1):
Il I
E1 - E2 =0 (€8]
Therefore, the electric field can be written as follows:
Ei + Elr = El + E2r (2)

where E; is the incident amplitude, E;, is the reflected amplitude
from the first interface (#1), E, is the transmitted amplitude, and
E,, is the reflected amplitude from the second interface (#2). As the
light propagates in the layers, a phase shift [being proportional to
the layer thickness and inversely proportional to the wavelength (¢ =
2T”nd cos 0)] occurs due to the geometric path difference between the
reflected or transmitted waves. Accordingly, the layer thickness and
the wavelength can influence the results. Similarly, according to the
boundary conditions of the magnetic field given by Eq. (3), all the
tangential magnetic field components are also continuous as expressed
in Eq. (4):

Il Il
5 B, 3)
H o H2
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— B;cos§; + By,.cost; = —B,cosb, + B,,.cosb, )

where B; is the incident light wave amplitude, B,, is the reflected
light wave amplitude from the interface (#1), B, is the transmitted
light wave amplitude, and B,, is the reflected light wave amplitude
from the interface (#2). Next, one can assume u; = p, and 6; = 0,
(according to the Snell’s law). By taking into account B = EE, the
following expression is obtained:

n;E; cos 0, — n;E |, cos §; = n E;, cos 6, — n E,, cos 6, 5)

The above-mentioned formulations relate the field components of
the first boundary to those of the second one, which can be written in
the matrix form as follows:

1 1 E; _ 11 E,
n;cos®; —n;coso; E,, )\ njcosd, —n cosb, E,,

(6)

The same calculations are required for the TM mode, as given below:

E;cos; + E;, cos §; = E, cos 6, + E,, cos 6, (@]
B; —Bj; =B, - By (8)
0B — 0By =By —n By (C)

cos6;cos0; > < E; > ( cos6,cos0, > ( E, )
= (10
< = n; E,, n—m E,,

Now, a 1D-PC consisting of N periodic arrays of alternating layers is
taken into consideration. Here, it is assumed that the layered structure
is periodic in the z direction, and homogeneous in the x-y plane. Each
stack layer is associated with two kinds of matrices: the dynamical
matrix D, and the propagation matrix P. The dynamical matrix (D;,
in which j represents the medium) for TE (s-polarization) and TM
(p-polarization) modes is given by Egs. (11) and (12), respectively:

1 1
D, = [ ] an
J kjcost; —k;cosb;
D, = cosej cosé'j a2)
k; —k;

The translational matrix (P;, in which j is the layer number) is
expressed as follows:

—ik;d, 0
Py = [ 0 oHikid; ] 13)
where d; is the thickness, 0; is the incident angle, and kj is the
wavenumber s = 2';“’ ). The transfer matrix of each layer can be
represented by:

_ -1
M; = D;P;D; as
The total transfer matrix of the structure is written as follows:
M=< M, M, ) (15)

My My

The transmission and reflection coefficients of the structure are pro-
vided with the elements of the transfer matrix as follows:
1 My

t=——,r=
Mll Mll

(16)
Finally, the transmission and reflection can be calculated based on the
following relations [16,42-46]:

2

L R=ppp=

ngcosf It =
M,

2
ngcosf M,,

My,
where 0 and S denote air and substrate, respectively.

On the other hand, the electric field intensity in a PC can be
calculated by estimating the matrix M (varying depending on z) inside
the structure, as given below:

17

nycos nycost,

Mg = Dy~ [ D Py ™ (DRPEDE ™) (18)
j
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These equations allow for deducing the total electric field expression
of the TE and TM polarizations as follows [45,46]:

1] < [ B
o=l ] 0

SS

where E* is the forward propagating electric field components, and
E~ is the backward propagating electric field components of the whole
structure:

E, =E! +E; (20)
I, =|E,[’ @1

Similarly, the following expressions can be considered for the p-
polarization:

1 — E;;
REAE: @
pp P z=F
E, =E +E; 23)
1= )Ep‘z (24

3. Results and discussion

The propagation of light through a PC is impacted by compositional
parameters. Therefore, the transmittance spectrum is modified by ma-
nipulating, for instance, refractive indices, layers arrangement, number
of periods, thickness of layers, and angle of incident of the constituent
materials (Egs. (11)-(13)). A wide width PBG is formed when the
refractive index contrast of the constituent materials is high. Let us
consider a 1D-PC structure, which comprises Si for high refractive index
layer [47] and Nb,Os as a low refractive index layer, due to its bandgap
in visible radiation [39-41]. Also, TiO, is chosen to be a defect layer,
due to its wide band gap in ultraviolet radiation and photocatalytic
behavior [28], and Si3N, as a substrate layer. To fabrication of 1D-PC
in such way leads to low processing cost, the starting precursors, from
which part that has more layer and if successful, the rest of the layers
are made.

1D-PC with two various designs based on the layer arrangement and
the number of periods is introduced as {A[NS]* [T]! [NS]? /Sub} and
{A[NS]® [T]? [SN]? /Sub}, where A means the air, N is Nb,Os, S is Si, T
is TiO,, and Sub denotes SizN, as substrate. Also, « and f denoting the
number of periodicities for the top, and bottom layers of the defects,
respectively. Each sub-structure [NS]* and [SN]# possesses its own PBG
in the considered wavelength range. Combination of these structures
in a complex three-component three-periodic structure can give both
broadening of the PBG and essential modification of the inside PBG
modes. The qualities utilized for the simulations are as follows. The
optical thickness of each layer is denoted by nd cos 8 = 4,,/4 (Bragg con-
dition) where 1,, is the reference wavelength in conformity with He—Ne
laser (4,, = 632.8 nm) [48], which determined physical thicknesses of
the layers.

In addition, the refractive index is a function of wavelength (1) [47,
49-51]. In what follows we shall investigate PBG based on the calcu-
lated compositional-dependent transmittance for both PCs structures.
Light passed vertical incident through the air (n=1) with 6;, = 0 to the
PC and after a propagation inside a photonic crystal, inserted to the
substrate layer.

Fig. 3 displays the transmittance spectrum of the [NS]* [T]! [NS]?
structure. One can clearly see that the increase in the periods leads
to the formation of the gap in the visible light ranges. In comparison
with Fig. 3(a), Fig. 3(b) would show a wider PBG. Basically, since the
refractive indices and the number of periods determine the position
and the width of PBG, the more stacking of PC layers with different
refractive indices would induce a broad PBG. Also, it can be observed
from Fig. 3(c) that two PBGs would exist when a« = 3. However, a
transmission peak (TP) is present between them, being unsuitable for
the laser eye protection filters. In addition, increasing the number of
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Fig. 3. Transmittance spectra of the [NS]¢ [T]' [NS] # structure calculated for f=1, 2 and 3 at: (@) e=1, (b) « =2, and (¢) a =3.
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Fig. 4. Transmittance spectrum for the [NS]? [T]! [NS]? structure at § =2, 4, 6, 8 and 10.

layers in front of the incident wave causes the transmitted wave to
be attenuated. Therefore, it is preferred to fix the period a (¢ = 2),
while also varying the period g (8 = 2, 4, 6, and 8) in order to achieve
a wider PBG in Fig. 4. At [NS]? [T]' [NS]® structure, the PBG with
transmittance less than 2% is located in the wavelength range of 571-
711 nm, having a width of 140 nm. This is the working range of
Krypton laser, Ruby laser, and Diodes laser [48]. A forbidden region
with transmittance less than 2% takes place in the ultraviolet region,
having a wavelength of less than 400 nm. The above results help us to
choose the appropriate number of stacks for PBG. It is also interesting
to note that the transmission spectra are similar for both [NS]% [T]!
[NS]8 and [NS]2 [T]! [NS]1O structures.

In Fig. 5, a = 2 was chosen for the same reason as given for the
[NS]2 [T]! [NS]® structure. The number of defect layers and position of
each layer in the sub-structure g were changed in Fig. 5 and it is evident
that as the g increases (f = 2, 4, 6, and 8), PBG become wider. At
[NS]2[T]%[SN]® structure, the PBG is located in the wavelength range
(575-705 nm) with a width of 130 nm. For this PBG, the propagation
of light is nearly forbidden. It can be seen that the transmission spectra
are similar for both [NS]2 [T]2 [SN1® and [NS]2 [T]2 [SN]1° structures.

Next, we discuss the thickness effect of all layers on the PCs. In
Fig. 6, the PBGs slightly shift toward lower wavelengths when de-
creasing the thickness. In other words, it is also found that increasing
the thickness shifts the PBGs toward longer wavelengths. For instance,
in the case of the [NS]? [T]' [NS]® structure with 4, = 632.8 nm,
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Fig. 6. Simulated transmittance spectrum for the [NS]? [T]! [NS]® structure at different thicknesses.

and d = 2 (dy = 70.39 nm, dg = 4628 nm, d; = 56.95 nm and
A =dy +dg = 116.68 nm), the PBG prevents the propagation of the
wave at the corresponding wavelength range of 571-711 nm, having a
width of 140 nm (Fig. 6(a)). For d + 5% (being insufficient to change a
PBG width), we see that the PBG positions remain almost the same.
For 4, = 569.52 nm and d — 10% (dy = 63.35 nm, dg = 41.65 nm,
dr = 5126 nm and A = dy + dg = 105.01 nm), the location of the
gap gradually blue shifts to the wavelength range of 514-640 nm,
having a width of 126 nm. This results in a narrower band gap width,
being the working range of the Rhodamine 6G laser and copper vapor
laser [48]. In the working range of 514-640 nm, a part of the red, blue,
green and yellow lights can be efficiently filtered. For 4,, = 696.08 nm
and d + 10% (dy = 77.43 nm, dg¢ = 5091 nm, dy = 62.65 nm and
A = dy +d; = 128.34 nm), the location of the gap red shifts to the
wavelength range of 628-782 nm, having a width of 154 nm. This
results in a wider band gap width, being the working range of the
Alexandrite laser and Ruby laser [48]. In this region, orange, yellow

and red lights can be filtered well. The optical path length changes with
changing the layer thickness, giving rise to a shift in the position of the
PBG of the whole structure.

For [NS]% [T]? [SN]® structure with 1, = 632.8 nm, the PBG
prohibited the propagation of wave at a corresponding wavelength
range (575-705 nm) with a width of 130 nm. For 4, = 569.52 nm and
d — 10% the location of the gap gradually blue-shifted to wavelength
ranges (517-635 nm) with a width of 118 nm. For 4, = 696.08 nm and
d+10% the gap location red-shifted to wavelength range (632-776 nm)
with a width of 144 nm. (Table 1)

In Fig. 7, we have plotted the relative PBG width versus working
wavelength for both structures. One can see that the PBG width in-
creases with increasing the working wavelength and follows the linear
fitted equations: Y = —2.58+0.22 X, and Y = 0.29+0.20 X. These results
help us to choose the appropriate working wavelength for PBG, which
may provide further opportunities in the design and optimization of
PCs.
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Table 1
PBG location and width at different thickness for the [NS]2 [T]2 [SN]® structure.

PBG width (nm)

Thickness (nm) PBG location (nm)

d - 5% [546-670] 124
d + 5% [603-741] 138
d-10% [517-635] 118
d + 10% [632-776] 144
d - 15% [489-600] 111
d + 15% [661-811] 150
d - 20% [460-564] 104
d + 20% [690-846] 156
1707w [NSP’[T]' [NST*
e [NSP[TJ*[SNT*
160
;5, 150 ~
=
e 4
2 140
0]
2 1304 Y =022X-2.58
= +
120 - Y =0.20X+0.29
110 1

T T T T T T T T T T T T T
450 500 550 600 650 700 750 800
Working wavelength (nm)

Fig. 7. Relative bandwidth of the PBG as a function of working wavelength.

Fig. 8 shows that the [NS]2 [T]! [NS]® structure has a forbidden
region under 518 nm, whereas the forbidden band occurs under 515 nm
for the [NS]2 [T]12 [SN]® structure. In other words, when d decreases
more than 27%, the band gap will disappear, thus disturbing the
performance of the PC due to the fabrication error of more than + 26%.

Further to clarify how the TiO, thickness affects the PCs perfor-
mance and optimize performance of PCs, the simulated transmittance
spectrum of [NS]2 [T]! [NS]® structure (Fig. 9) and [NS]? [T]% [SN]®
structure (Fig. 11) with different dr,,,, displayed in Figs. 9-11. Defin-
ing the dr;p, as the +5% rise from d = 4,/4n. At [NS]? [T]! [NS]®
structure, and from Fig. 9, it is clear that increasing the thickness of
the TiO, thin film almost does not change the positions of the PBG and
also the PBG width keeps constant, whereas, the width of PBG show a
noticeable change with the increasing in TiO, thicknesses as + 10%, as
shown in Fig. 10. So, Fabrication error by + 10% decrease the width
of PBG, whereas the PBG width remains steady at + 5%.

The effect of fabrication error by + 5% at [NS]? [T]2 [SN]8 structure
specifically investigated in Fig. 11, It is clearly noted that the structure
has the PBG with slightly bending edges, the width of PBG decrease
and disturb the performance of the PC.

To examine the effect of incident angle on the band gap width,
the variation diagrams of band gap from 0° to 60° for both TE and
TM modes and for both PCs were obtained by calculations. With the
increase of the incident angle from 0° to 60°, the bad gap width became
wider. As the result in Fig. 12(a), the gap width was 140 nm at 0°,
171 nm at 30°, and 234 nm at 60°. In Fig. 12(c), the gap width was
130 nm at 0°, 172 nm at 30°, and 239 nm at 60°. This showed that
the incident angle affected the PBG width, and the band gap width
reached the maximum at TE mode when the incident angle 6 was 60°.
In Fig. 12(b), the gap width was 147 nm at 30°, and 239 nm at 60°. In
Fig. 12(d), the gap width was 142 nm at 30°, 121 nm at 60°.
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Fig. 8. Simulated transmittance spectrum for both PCs at d - 27%.

In this second part, we will localize and enhance the electric field
intensity in a defect layer (TiO,). We demonstrate that the electric field
intensity depends on the number of periods, the thickness of layers,
and the angle of incident. We assume that 4,, = 632.8 nm, # = 0 and
d = ’1—’:’ The index of refraction of the layer is ny = 2.3, ng = 3.8
and ny = 2.6. The variation of the electric field intensity showed in
Fig. 13 indicates that the intensity increases in the TiO,, arising from
the strong resonant scattering and interference effects. Furthermore
the electric field intensity decreased in the bottom sub-structure with
low oscillations, so second sub-structure acted as a Bragg mirror to
reflect the light back, which caused the electric field decayed on these
layers. Furthermore, the optimal configuration is [NS]? [T]? [SN]®
structure corresponding to strong localization of light in defect layer.
This permits a strong interaction between light and matter, which is
important for enhancement of function of semiconductor photocatalyst.

To study the impact of the number of periods we present the
maximum electric field intensity for various number of period ¢ and
p, with other parameters being the same as in Fig. 13, with ¢ = 1 and
with varied g the maximum electric field intensity it is too weak and
gradually tended to be stable in both structures. It should be noted that
the colors represent the maximum electric field intensity. In the case of
a = 2 and vary f, the maximum electric field intensity increases as f
increases; while, the effect of § on the maximum electric field intensity
is very inconsiderable after a certain number, § =5, in the [NS]* [T]!
[NS]# structure and # = 6 in [NS]® [T]? [SN]# structure. (Fig. 14)

The transmittance under various optical thickness of defect-layer
for both structures is depicted in Fig. 15. Defect layer thicknesses are
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= Q i i, w1t is interesting to see that the light harvesting even number of the first thickness (i.e., d = tu ’17“’, ...). This is

> 2n 2n’
of T102 in the [NS]2 [T]' [NS]® structure disappears when d is an o o ) o
because more destructive interference is involved in the interior of the
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structure, and localize at TiO% layer when d is an odd number of the To investigate the angle dependent optical properties of PCs and
1 1 1 All) jll/ 1 . . ITREE B . . .
first thickness, (i.e., d= 3%, —',...). Moreover in [NS]* [T]* [SN]® discuss its possibility of desired photocatalytic photonic crystal, the
structure the number of the envelop oscillations increases by increasing simulated electric field intensity under different incident angles have
the defect-layer optical thickness. been calculated and shown in Fig. 16. It can be clearly seen that,



F.S. Saeidi and M. Moradi

Optics Communications 493 (2021) 126999

4.340

3.664

[NS] [T]' [NS]®

2.988

2312

1.636

0.9600

4.320

3.600

[NS][TT*[SN]"

2.880

2.160

1.440

0.7200

Fig. 14. The maximum electric field intensity versus the number of periods.

[NSJ* [T]' [NS]*
——d=(/n)

——d=(3) /4n)
———d= (2} /4n)
—— d=(1 /4n)

Electric field intensity (a.u.)

Mo

T T T
400 600 800 1000

[NSJ* [T] [SNT*
——d=(\/n)

———d=(22 /4n)
/\/w/\/\’\—_‘ ——d=(. /4n)

20 460 660 800 1000
Thickness (nm)

o
)
S 4
S

Electric field intensity (a.u.)

f

o
S

Fig. 15. Electric field intensity versus the various defect-layer thickness d =
Ay A A

A
fw fw Zfw 2w for both structures.
4n’ 2n’ 4n n

w
<

compared to the TM modes, at TE modes the electric field intensity
significantly decreased as the incident angle increased. Also, it can be
seen that the [NS]% [T]' [NS]® structure-TE has an intensity equal to
4.3 and [NS]? [T]' [NS]® structure-TE has an intensity equal to 4.2
under normal light, which decreased to 2.29 in TE mode for both
structures and 1.44 for [NS]% [T]! [NS]8-TM structure and 1.33 in
[NS]2 [T]' [NS]8-TM structure , when the incident angle 8 was 60

degree, so best enhancement effect can be achieved under the normal
incident light.

4. Conclusion

A new design of the one-dimensional three-periodic photonic crystal
was proposed, and the influence of different parameters on the photonic
band gap and electric field distribution was analyzed. The theoretical
calculations based on transfer matrix method were carried out using
MATLAB software. Two various structures based on the layer order
and the number of periods were introduced as {A[NS]* [T]' [NS]?
Sub} and {A[NS]® [T]2 [SN]? Sub}. When the number of periods
was [NS]2 [T]! [NS]® and [NS]2 [T]2 [SN]8, two PBGs were located
in the ultraviolet and the visible regions. For strong localization of
light in the defect layer, the optimal configuration was found to be
[NS]% [T]? [SNI® structure. The PBG red-shifted and the gap width
increased with increasing the layer thickness, whereas, the location
of the gap gradually blue-shifted and the gap width became narrower
when decreasing the layer thickness. When the defect layer thickness
increased, the PBG width decreased in both structures, but having
different quantities. For [NS]? [T]' [NS]® structure, the light harvesting
in the TiO, layer disappeared when d was even number of the first
thickness, and localize at TiO, layer when d was an odd number of the
first thickness. Moreover for [NS]2 [T]2 [SN]8 structure, the number of
the envelop oscillations increased by increasing the defect-layer optical
thickness. The incident angle affected the PBG width, and the band
gap width reached the maximum at the TE mode when the incident
angle # was 60°. The electric field intensity significantly decreased as
the incident angle increased.
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