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Abstract

This article analyzes the propagation of electromagnetic
waves in multilayer systems using the transfer matrix
method (TMM). Some fundamental optical properties,
which include transmittance and reflectance, are examined
in dielectric materials and photonic crystals; the influence
on radiation propagation associated to some system
variables, including the number of layers, their thickness,
and stratified deposition, is analyzed. Our main results
include the identification of transmission and reflection
bands, the influence of the system geometry and periodicity
on the optical efficiency, and the viability of the TMM,
which can be accomplished by comparing our results
with experimental data. In addition, sets of optimal
configurations of multilayer systems are presented that
show how transmittance is maximized within the optical
spectrum. These findings highlight the versatility of the
TMM in order to design coatings of high transmittance
(or reflectance) and advanced photonic devices, which have
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several applications, including the areas of photovoltaic cells
and optical sensors.

Keywords:  electromagnetic radiation, thin films, matrix,
transmittance, propagation.

Resumen

Este articulo analiza la propagacion de ondas
electromagnéticas en sistemas multicapa mediante el
método de matriz de transferencia (MMT). Se examinan
propiedades Opticas fundamentales, como la transmitancia
y la reflectancia, en materiales dieléctricos y cristales
foténicos dieléctricos (CFD), evaluando cémo pardmetros
como el grosor de las capas, su numero y su disposicién
estratificada afectan la propagacién de la radiacién. Los
resultados principales incluyen la identificaciéon de bandas
de transmisién y reflexion, el impacto de las caracteristicas
geométricas y periédicas de las capas en la eficiencia éptica,
y la validacién del MMT, en comparacion con métodos
experimentales. Asimismo, se presentan simulaciones que
evidencian cémo configuraciones O&ptimas de sistemas
multicapa maximizan la transmitancia dentro del espectro
visible. Estos hallazgos subrayan la versatilidad del MMT
para el diseno de recubrimientos de alta transmitancia
(o reflectancia) y dispositivos foténicos avanzados, con
aplicaciones en celdas fotovoltaicas y sensores 6pticos.

Palabras clave: radiacion electromagnética, peliculas delgadas, matriz,
transmitancia, propagacion.

Introduction

A photonic crystal (PHC) is a device composed by several materials
with different dielectric properties arranged periodically. Due to
their important properties of controlling the propagation of light
through stratified media [I], such devices have greatly attracted
the attention of the scientific community since the works of B.
Bykov in the 1970s [2] and the theoretical and experimental works
of Yablonovitch during the 1980s [3]. PHC have a great potential
in the development of new optoelectronic devices, including optical
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fibers, sensors, optical circuits, metallic-dielectric arrays, frequency
filters, films with high and low transmittance, among others [4, [5].

In order to study electromagnetic propagation through stratified
media, several authors use the plane-wave expansion method
(PWM), which helps to determine the propagation eigenmodes
[6, [7]. The finite-difference time-domain method FDTD [§], on
the other hand, focuses on the dynamical behavior of the wave
propagation without making special assumptions on the studied
system; this property, in turn, allows to analyze several systems
and so compare the transmission efficiency among complex optical
structures.

Nonetheless, other authors [9] have considered the implementation
of a matrix theory and use its mathematical properties to define
operators that can determine the transmission and reflection
(absorption, in some instances) amplitudes. Such formalism has
been consolidated in the TMM [10, 11], so providing an alternative
method to study wave propagation [12, 13] and encompassing
the mathematical and numerical simplicity associated with a
matrix theory. Additionally, this method allows us to study how
the initial frequency of the wave influences its behavior in the
media; numerically, the complexity of the calculations only varies
logarithmically with the size of the system [14].

This document analyzes the dynamical behavior of the propagation
of the electromagnetic radiation in stratified structures by means
of the TMM [I5]. Although a general analysis includes multilayer
systems with dielectric, conductor or semiconductor materials (or
a combination of them), we focus on dielectric materials. We study
how some variables, such as the width of the layers, the number
of layers in the periodic array and how they are organized in the
system, and the dielectric constants associated with the materials,
influence the propagation of electromagnetic radiation in PHC’s.
Those are the variables usually studied by most authors and that
can be controlled by the TMM [16]. We briefly discuss how some
of the systems that are analyzed can be used in current technology
and compare some of our results with the ones of other authors.
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Plane wave propagation through an interface by means of
the TMM

We will start explaining the formalism that describes how the
propagation of an incident wave is influenced when it passes
through an interface. Figure [1| graphically describes this system
and shows the notation that will be used. The initial and final
media are dielectric semi-infinite media. Important results obtained
by the academic community in this area include the study of
semiconductor structures, such as porous silicon [I7], Raman
spectroscopy [18], and the analysis of morphological parameters of
surfaces in multilayer systems [17]. We will now present how the
transmission and reflection coefficients in the TMM are obtained.
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FIGURE 1. Graphical description of the propagation of an electromagnetic wave
through an interface. The dielectric media are characterized by the permitivity
and permeability constants constants €1 and 2, and py and po, respectwely
The subscripts “1” and “27 will refer to the ﬁrst and second media; E and H
denote the electric and magnetic fields, k denotes the wave vector.

The key point is to apply the continuity conditions for the
longitudinal (“||”) and tangential (“L”) components of the
electromagnetic fields respect to the interface [19]. Let us thus
consider an electromagnetic wave represented by the field Em =
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Epeilkr=i For simplicity, the electric fields will be considered to
be perpendicular respect to the interface, so E=E . Notice that
Faraday’s law implies that kx E = %ITI and so the magnetic fields
can be determined in terms of the electric ones. Hence, we can
deduce the following relations

W o= -

%Hﬁr - kBT, (1)
W — =

%HH’ =tk E. 2)

According to figure [, and using “+” to denote the fields
propagating from left to right and “—” the fields propagating from
right to left, the continuity conditions at the interface imply that

Ef +Ef = Ef + E;, (3)
Hj + Hy = Hy + Hy (4)

which can be represented in matrix form as

k1 ki — ] = _ koo kot —_].
e tw/ B w T/ P2

The column vectors at the left and right side of previous equation
represent the amplitudes of the incoming and outgoing fields at
each side of the interface: medium 1 and 2, respectively. Equation
(5) can, in turn, be reorganized in terms of the transfer matrix
M _,5, which can be expressed as

+ ok - pok +
(EQ) — 1 1+ Zéﬁ;i 1 ﬁ;;’ii <E1> ) (6)
E2 \2 1- le;i L+ le;i | El
M?:2

The transfer matrix M;_,o stores the physical information of
the media and the geometry associated with the propagation of

the incident wave (k. = ). For the particular case of two
semi-infinite media it coinciJ(ries with the interfgce matrix between
. E E .
media 1 and 2, where 2 ) = M,_s - [, ) and the matrix
E; Ej

elements of M;_,5 are M_,, = ((M1—>2)11 (M1—>2)12)‘

(M1%2)21 <M1ﬁ2>22
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When the electromagnetic radiation comes exclusively from the left
to the interface, we have F, = 0. The transmission and reflection
coefficients can thus be found using the linear system previously
described; their respective probabilities are given by

ES 2usk
ty = _i _ H2R1L 7 (7)
E; pikar + pokiy
ET ki1 — ik
rig = 1 M2Ri1 — fiRa1 (8)

_E_f B pakar + pokiy

where equations @ and are usually called the Fresnel
coefficients [19] and can be used to write the interface matrix as

MHQZL( ! —) (9)

t19 \—T12 1

and can also be related to the matrix elements of the form

P det| M, | (M1 9)21
12= 77— YAV
(Mi2)2 (M152)22

The transmittance and reflectance functions are finally defined as

(10)

s and T = —

T, — p1 Re ko
12 = —
o Re kit

|t12|2 s and R12 = ‘7’12’2 . (11)

Notice that the transmittance and reflectance function described
in equation depends on initial variables such as the frequency
and normal angle of the incident wave. The dependence on the
physical properties of the media, including their permitivities and
permeabilities, is also clear by also noticing the dispersion relation

in terms of the refractive index n; as k;| = @

Plane-wave propagation through an intermediate barrier

The following step is studying a system where the two semi-infinite
media of previous section are separated by an intermediate barrier;
this is graphically represented in figure [3] This is an expansion
of previous system, which, in turn, can be generalized when an
arbitrary number of barriers is introduced. We now have three
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Transmittance
and
Reflectance

FI1GURE 2. Variable relation in the transfer matriz.

media labeled by the indices {1, 2, 3} from left to right. Notice
that we now have two interfaces, given by (1 — 2) and (2 — 3).
This configuration is usually called a rectangular barrier and has
been studied in [20H22], where the authors also mention some of its

applications [12].

FI1GURE 3. Graphical description of the wave propagation through a barrier
of thickness a, whose dielectric are given by €2, po. The orientation of the
incoming and outgoing fields in the three media are also shown.

In the system, as represented in figure |3 we once again assume that
the incoming radiation comes from the left exclusively and advances
in ascending numerical order (from 1, to 2, to 3). The new transfer
matrix is thus the combination of two propagation matrices (from
1 to 2, M;_» and from 2 to 3, Ms_,3) and a propagation matrix
M, (the subscript “2” refers to the second medium where the wave

D2
propagates) describing the propagation along the barrier. Therefore
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Mp,

A\

E¥ g cikLa 0 E¥
(Ez) e M2—>3 : ( 0 e_ikLa) 'M1—>2 . <Ei) 9 (12)

-~

M3

E)-meE)

The propagation matrix M,, considers multiple internal reflections
within the homogeneous barrier (second medium) by means of plane
waves of the form Fy = (Eg ek217 4 Fyemh217) e~ g Using the
results stated in equation and , the new transmittance and
reflectance functions can be defined as

_ &Re (ks1)
M3 Re (ku_)

T13 |1513|2 s and ng = |7“13|2 . (14)

If we consider a wave phase as ¢y = ko a, with ko = 27”712 cos 0
for the propagation matrix M,, within the second medium, it is
possible to determine how the period of ¢ will be 7 according to
the angle of the incident wave within the range —7/2 < 0 < 7/2.
Therefore, by considering monochromatic incident light, constant
thickness and refractive indices, it is possible to define the average

transmission range within the barrier acccording to the condition
AN

When last condition is satisfied, the wave oscillates within the
barrier and generates interference. Otherwise, the system generates
no interference and the transmittance function will show an
approximate constant value. We can thus establish a condition
for the maximum thickness necessary to obtain multiple reflections
within the barrier, it is:
)\2

< 2n9 AN cos 0

For instance, for light in the middle of the optical spectrum, with
a wavelength of A = 580nm, within the usual optical visible range
of AN = 400nm, starting from air and passing through a medium

d (16)
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with a refractive index of ny = 1,50 under the condition of normal
incidence, the maximum thickness satisfies the condition d,,.. <
0,280um. This explains why, for the appropriate functioning of some
optical devices, the thickness used in the fabrication of thin films
must lie in the range of the wavelength of the incident light.

Simulation of transmittance spectra for optoelectronic
systems

We can apply the previously explained results in order to model
the transmittance function when a dielectric barrier of thickness
a and refractive index nsy is introduced in a homogeneous medium
such that ©y = ps = ps = 1; radiation propagates normally so
ki, = ksi. According to [14] the transmittance function can be
written analytically as

1
Tstap = 5 - (17)

1+ }lsin2 (koia) [Z—f — IZ—;}

€

However, we can express previous function explicitly in terms of
some of the parameters that describe the physical properties of the

materials, so that
1

1+ Lsin? (#2q) (22 — my*

(18)

Tslab =

It is important to mention that the transmittance has a maximum
value as the phase ¢ = *:2a = 0, or, in other words, as
“r2¢ = mm, with m € Z. This maximum value will manifest
periodically, so defining a period in the frequency domain where

this is accomplished; this value is
e

Aw = . (19)
an“/;‘—f —sin? 6,

Previous studies [23] have determined that a wavelength of A =
580nm passing through a glass barrier (ny = 1,50, the initial
and final media are air) shows a condition of maximum thickness
given by dpe: < 0,280um under normal incidence. A value of
ne = 1,5 was used because it is the typical refractive index
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FIGURE 4. Transmittance (continuous line) and reflectance (dashed line) for a
dielectric barrier of thickness 270 nm and refractive index no = 2,4 immersed

in vacuum (nqy = ng = 1,0). The graph was obtained by the authors using the
formalism explained above.

of glass, a common dielectric. Figure 4| shows the behavior of
the transmittance function (and its associated reflectance) for a
dielectric barrier immersed in vacuum and in presence of radiation
in the optical range (from 400nm to 700nm), according to the
thin layer condition expressed in [I6] for a layer thickness of
a = 270nm with normal incidence. Although the authors in [16]
used a different refractive index than that used in [23], interesting
facts can be observed from the former data. Under these conditions,
we can also observe the existence of regions where the minimum
and maximum transmission and reflection alternate. This effect is
caused by the configuration of physical parameters for the barrier,
as anticipated in equations and . The set of results obtained
for such systems using the TMM can be extended to the study
of some applications in daily life like coverings for photovoltaic
cells (by means of multilayer systems), waveguides, and sensors.
The characterization of optical materials can also be implemented
via the Swanepoel method [24, 25], where the results obtained for
the transmittance and reflectance are used to obtain information
about energy gaps, dielectric function, and average thickness of

the barrier, which are necessary variables to model optoelectronic
devices.
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Nowadays, the design of covering layers in optoelectronic systems
demands models suggesting characteristics such as small reflectance
(high transmittance) [26], a system that satisfies this condition
is usually called an anti-reflective (AR) film. For instance,
increasing the efficiency in photovoltaic systems depends on
how we take advantage of the high-energy photons within the
ultraviolet spectrum; it has been observed how coverings with high
transmittance increase the efficiency of such systems between 2 %
and 17 % [21].

An additional barrier can be added to the system, similarly
to the analysis presented in equation (12); we now must take
into account three interface matrices and two propagation ones.
This will allow us to study a system composed by a high
transmittance film deposited on glass substrate. The main objective
behind this idea is maximizing the transmittance function so that
T (Nair, Mfitms Nglasss W, A) — 1| < €, where € is a small enough
number, so obtaining AR properties. For a thin layer deposited
on a common glass substrate, the parameters associated with the
materials must maximize the transmittance function [I7]; in order
to accomplish this, the values shown in [1| will be assumed, see
[28-30] for more details.

Substrate N Film Incident
thickness fitm thickness a angle

1,52 1 mm V/Mair - Nfim | 100 nm | 1 0°

TABLE 1. Physical parameters used to model a high transmission dielectric film
deposited in a substrate.

Nglass

Once the system is simulated using the parameters shown in
table [1, and satisfying the condition previously mentioned, the
results obtained for the transmittance and reflectance are shown in
figure o] It is important to mention how the transmittance slightly
exceeds the value 0,95 (continuous line) for an approximate value
of A = 480nm. In other words, the transmittance is maximized
for wavelengths close enough to such value, which lie in the blue
regime of the optical spectrum. Nonetheless, figure [5 also shows
how the transmittance significantly decreases far enough from such
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wavelength; this decrease goes down up to an approximate value of
0,7 in average.

Validation of the TMM for an AR multilayer

Aiming to confirm the accuracy of the TMM just proposed, we
now pretend to extend the model to include 5 different layers. The
objective is to test if the regions where the maximum transmittance
is obtained can be extended to include a wider range of wavelengths
that induce such condition. The finite difference method in the time
domain FDTD has initially been used in [26] to accomplish this. A
graphical description is shown in figure [6(a)] comparing with figure
6(b)l, which provides a graphical description of the approach using
the TMM. Table 2| summarizes the optimal values found in [26]
using the FDTD method; the 5-layer-model implemented using the
TMM will assume the same values.

Figure [7] shows the spectra for maximum transmittance according
to the mentioned parameters. While the figure in the left shows the
experimental results found in [26], the one in the right shows our
results obtained using the TMM. Nonetheless, figure shows
several spectra, each one corresponding to the number of cycles
used in the deposition of thin films of (YVO4:Eu) and (HSNPs), as
proposed in [26].

Transmitance & Reflectance

T(\)
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0.6
0.4

0.2

450 500 550 600 650 B ‘7(‘)0)\(11111)

FIGURE 5. Transmittance (continuous line) and reflectance (dashed line) for
an anti-reflective film with a thickness of 200nm and refractive index of n =
1,23 deposited in an ordinary glass substrate with ngiass = 1,50 introduced in
VaACUUM.
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Film | Refractive index | Thickness (nm)
1 1,36 104
2 1,76 100
3 1,80 343
4 1,76 102
5 1,36 109

TABLE 2. Values that have been used for the refractive indices and thicknesses
in the system of five layers that has been analyzed, according to [26], where the
model FDTD was tmplemented.

(a) Model for 5 dielectric layers found using (b) Graphical description of the model
the FDTD method, according to [26]. This | implemented using the TMM for a system of
method was used to predict optimal values | 5 dielectric layers. The physical parameters

for the transmittance function. that have been used are also shown.

FIGURE 6. Graphical comparison between the FDTD method and the TMM for
a dielectric multilayer system that maximizes transmittance.

The transmittance found using the TMM and shown in figure
is similar to that found (experimentally) in figure for
1 cycle (black line). When the system is replaced by a single
layer of ordinary glass, an approximate constant transmittance
of about 0,94 is found, according to [3I] (green line in figure
; this value determines a maximum limit that should not be
overcome in a system that includes additional layers. Comparing
the results previously shown in figure 5| with those that have just
been presented, it is important to emphasize how the transmittance
has increased, in the optical spectrum, in the multilayer system.
The inclusion of additional layers in the substrate decreases the
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FI1GURE 7. Comparison between experimental results and the ones obtained by
the TMM for a multilayer system mazximizing transmittance.

total reflection due to the internal reflections taking place in the
different dielectric layers.

PHCs wave guides

The next step associated with the analysis of the transmittance
and reflectance in stratified media with dielectric media that are
organized periodically is including the so called unidimensional
photonic crystals PHCs [32, B3]. The PHCs are created by
superposing homogeneous thin films (as defined in with
well-known refractive indices. Such materials can have dielectric,
conducting, or semiconducting properties [12]. First, an unitary
cell is composed by n layers, dielectric in this case. Afterwards, N
unitary cells are periodically superposed to create a large enough
array. This final device exhibits useful properties, such as the
appearance of very well-defined transmission forbidden/allowed
energy bands [34] and a minimum interaction between radiation and
the medium, which can be explained though a null (or negligible)
absorption in the frequency domain of interest. The appearance of
transmission bands also emulates the behavior of semiconductors
(respect to the electric charge transport) for certain potential
values, called activation threshold [2]. That is why PHCs currently
arise as one of the best candidates in the evolution of information
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transport; additional advantages include larger bandwidths for
information transport, the possibility to modulate operational
frequencies, low fabrication costs, and the possibility of creating
devices that can operate at very low length scales [35H37].

The mathematical modeling of PHCs using the TMM is a
generalization of the method used to analyze a barrier immersed
in a homogeneous medium, which was explained before. Now, we
build a unitary cell composed by n layers (see ﬁgure for a graphical
representation, where a barrier is composed by two kinds of layers).
If the barriers appear in the PHC with a periodicity A, the refractive
indices satisfy the periodic condition n, = n,, 5. Excluding the
medium in which the PHC is immersed, the behavior of each unitary
cell, with n barriers, and located at position m, is represented by
the matrix

Um = (Mpl . M1_>2 . Mp2 . M2—>3 et Mpn . Mn—>n+1) (20)

m’

where, in terms of the perpendicular wave vector en medium j with

thickness d;,
eikjj‘dj 0
ij - ( O efik‘jj_dj (21)

is a propagation matrix that account all the possible reflection
within each particular barrier and (M, sn41)m = (M, _1)m when
1 <m < N -1, while (M, spns1)m=~ = Mn_ny1 when m = N.
Notice that, according to the notation that has been used and the
periodic conditions, we have the restrictions Uy = Uy = - - = Un_1;
Uy differs, as it takes into account the interaction of the PHC
with the medium where it is immersed. Here we have also used
the index “N 4 1”7 to refer to the rightmost part of the system,
which corresponds to the medium where the PHC is immersed
(right limit); the index “0” will also refer to its counterpart (left
limit).

Following this notation, the total matrix, the transfer matrix, can
be written as

Mo N1 = Moy - [ ﬂ Um] , (22)

m=1
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FIGURE 8. Graphical representation of a unitary cell composed by two different
materials (n = 2) with thicknesses di and do respectively. There is a total of
N wunitary cells.

so that the initial and final fields that propagate through the
medium where the PHC is immersed are related by the equation

Exa _ Ey
(ENH = Moova-\ g ) (23)
The transmission and reflection functions of the entire system are
just an adaptation to equations and , SO

2

Ty vy = po Re(kns1r) |det| Mooyt (24)
O v Re(kor) | (Mosng1)2a |
u 2
Rooas = ‘V—Zj; (25)
—

Notice that last relations do not necessarily assume that the
medium from which the wave comes (left limit) and where it finishes
(right limit) are the same. When they are, previous relation are
greatly simplified.

Previous results can also be studied using the Bloch formalism,
which focuses on the behavior of a single unitary cell and can also
predict the appearance of forbidden/allowed bands. In this case,
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the electric field (magnitude, the field point in the y-direction, in
our case) satisfies the relation

E.(z+A) = E. (x) , (26)
where A represents the spatial periodicity.

Therefore, for a wave that propagates within the jth layer, the fields
satisfy the relations eigenvalue relation

(o ma) ()= (2) e

g

Um

with solutions such that

= = L (W W) (W + W) 1.

(28)
taking into account that det|U,,| = 1.

For a particular case, where we have a unitary cell composed by two
layers (labeled by indices “1” and “27), the real part of previous
expression satisfies the condition (A = dy + d»)

cos (kA) = cos (ki1 dy + ko ds)

(ki = kau)” Ky dy)sin (ko d 29
—msm(u 1) sin (ka1 dy) (29)

so the Bloch number finally takes the form

k(A w) = %cos_1 %((Um)n + (Um)22) (30)
Equation determines the conditions under which the Bloch
wave propagates across the medium. When %((Um)n—k(Um)m) > 1,
the eigenvalues are real, thus providing the regimes where a wave
does propagate; otherwise, when the eigenvalues are imaginary, the
amplitude of the wave rapidly decreases and so a set of forbidden
bands arises.
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The behavior of the Bloch wave vector and the transmittance for
a system with an unitary cell composed by two layers is shown in
figures [9 and [I0] The refractive indices are n; = 72, the thicknesses
are equal, d; = dy = 7 and we used N = 5 unitary cells. The
PHC is immersed in air and the frequencies of the incident wave
are considered within the visible spectrum. We can also observe,
from figure [9 how the Bloch vector is bounded (0 < k < ) for
allowed frequencies out of which the band behavior arises. This
band behavior defines regions of total transmittance or reflectance.

kA
- ™
] ! | ! ! [ ] !
30 1 . Vo o oo
| ! | ! | ! ) ! | !
A
[ | | |
2.5 ! \ ! 1 : \ : \ ! \
| \ ) ! | \ | \ ) \
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FIGURE 9. Behavior of the Bloch wave wvector for energetic configurations
allowed and forbidden for a unitary cell with two layers such that n; = 1,5,
ny = 6,0 and di + do = N. We used a normalized value for x in which A = 1.

On the other hand, figure[11| describes the same behavior than that
shown in figure [10| but taking into account N = 10 unitary cells.
We can now appreciate a large number of resonances (compared to
the last one) in the transmission band; however, their values and
positions in the frequency domain do not change (the resonances
are enveloped by the same curve).

Finally, figure shows the transmittance of a Bloch wave for a
system with a unitary cells composed by two materials with n; =
%ng. The thicknesses are also equal (d; = ds) and N = 100. We
can appreciate how the widths of the band gaps decreases as the
difference between the refractive indices also decreases (the media

behave similarly).
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e Bloch wave vector normalizado (kK\) for energetic

configurations allowed and forbidden for a unitary cell with two layers such that

F1GURE 10. Behavior of th

A. We used N = 5. We used a normalized

value for k in which A

6,0 and di + do

ny = 1,5, no

1.

T

===
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FIGURE 11. Behavior of the Bloch wave vector for energetic configurations

allowed and forbidden for a unitary cell with two layers such that nq

1,5,

ng = 6,0 and dy +do = N. We used N = 10. We used a normalized value for
K in which A = 1.

From a theoretical perspective, mathematical modeling using the

transfer matrix method provides a powerful tool to understand
the interaction of light with periodic stratified structures. This

approach enables us to predict and analyze phenomena such as
transmission and reflection bands, as well as resonances that arise

in these systems. From a practical standpoint, PHCs offer a range
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of technological advantages, such as the ability to control light
transmission in specific frequency ranges, making them promising
candidates for applications in optical devices, communications, and
Sensors.

3 4 5 @wo

FIGURE 12. Behavior of the Bloch wave vector for energetic configurations

allowed and forbidden for a unitary cell with two layers such that ny = 1,5,

ny = 3,5 and di +de = A. We used N = 100. We used a normalized value for
K in which A = 1.

5 o

FIGURE 13. Behavior of the Bloch wave vector for energetic configurations

allowed and forbidden for a unitary cell with two layers such that n; = 1,5,

ng = 2,5 and di + do = A. We used N = 100. We used a normalized value for
K in which A = 1.
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Conclusions

The TMM offers the possibility of studying the characterization of
optical materials with different construction properties, materials,
and purposes. The mathematical simplicity of this method is
evident; once the formalism for a single barrier is understood, and
analytical expression are found, the generalization for several layers
and unitary cells is straightforward. Although numerical methods,
including the one studied in this document, give great advantages
to approach the study of real systems, there exist other analytical
models that allow to include the effects of different parameters,
each one implemented according to experimental needs and that
could provide a better approximation level [14]. Nonetheless, the
simplicity behind the formalism, is an important first step to
anticipate which kinds of materials and configurations may generate
devices with the properties that are needed in current technology.

The comparison between the plane-wave expansion method and
the TMM highlights advantages and specific limitations associated
with each formalism in th analysis of periodic structures and
wave propagation. The former method turns out to be more
exact to compute dispersion bands in infinite periodical systems;
however, the more complex the structure to be analyzed, the more
computational cost is demanded. On the other hand, the TMM
is more efficient to study finite multilayer systems, a limitation
arises as errors accumulate in multilayer systems, though. Selecting
the most appropriate method depend on the characteristics of the
system; a combination between both methods can be sometimes
implemented to take advantages of such approaches [38] 39].

Independently of the theoretical method used, PHC offer a
great alternative to create new materials that enable to transmit
information more efficiently. Some of the advantages of these
systems include the modeling of the wave guide, as well as allowing
the introduction of new applications in optoelectronics.

For a set of stratified media, the transmission band structure
and the forbidden gap, associated with how a PHC reacts to the
propagation of light was numerically determined. The behavior of
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these bands was analyzed, showing how the dielectric properties
of the media, the geometry of the PHCs, as well as the number
of unitary cells taken into account affect them. This shows the
possibility of adjusting such parameters to construct a particular
device, with the set of properties needed for a particular task.
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