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In this paper, based on the transfer matrix method, the transmission properties in the infrared (IR)
region for one-dimensional binary and ternary photonic crystals under the effect of temperature
variations have been theoretically studied. Both thermal expansion effect and thermo-optical effect
are considered simultaneously. The numerical results show that the photonic band gap can be
significantly enlarged compared to the photonic band gap at room temperature. Furthermore, the
calculated transmission characteristics in the wavelength domain demonstrate that, ternary structure
has a significant effect in the width of the photonic band gap compared to the usual binary photonic
crystals. The roles played by the related parameters, such as the thickness of the constituent

materials will be discussed and illustrated.
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1. INTRODUCTION

In the last decades, a new class of materials had been
discovered which have the ability to control the optical
properties of materials. Such new materials have been
called the photonic materials. They are now known as the
photonic crystals (PCs). PCs are periodic, dielectric, and
composite structures in which the interfaces between the
dielectric media behave as light scattering centers. In gen-
eral, PCs can be classified into three types, i.e., the one
dimensional (1D), the two dimensional (2D) and the three
dimensional (3D) PCs."”> The common property among
these three types of PCs is the existence of some pho-
tonic band gaps (PBGs) in which an electromagnetic wave
with certain frequency within one of the PBGs is prohib-
ited to propagate through the structure.’ Owing to the
appearance of the PBG, PCs have inspired great interest
of researchers from both fundamental and practical view-
points in optical devices during the last two decades.’°

A large PBG is the cornerstone for various appli-
cations such as the omnidirectional high reflector,'”
high-Q microcavities,'' optical switches,'® and optical
transistors.'* Once the PC has been fabricated, the optical
properties of PCs remain unaltered.

Reliance to this fact, many attempts had been oper-
ated for changing the width and the optical properties
of the PBGs especially in 1D and 2D PCs. In 1D PCs,
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ternary structures have a great influence on the properties
of the PBGs as compared to binary structures.'>™'® In addi-
tion, thermal or thermo-optical effects have a tremendous
effects on the PBG properties of 1D structure due to the
influence of temperature on the properties of the con-
stituent materials of PCs.'*?° This effect comes in the form
of changes within the refractive indices and the thicknesses
of these materials. The changes within these parameters
have a great effect on the value of the central frequency
of the PBGs of PCs.

In this paper, we tend to modify the IR-transmission
characteristics in a 1D binary PCs by adding a third sand-
wiched between the two constituent dielectric media, giv-
ing rise to a 1D ternary PCs from which its PBG can
be significantly enhanced. Moreover, the effects of tem-
perature on the width of the PBG and the transmission
properties depending on the remarkable effect of the tem-
perature on the thicknesses and the refractive indices of the
constituent materials have been demonstrated. From the
numerical analysis, many applications in IR region such as
electromagnetic waves sensor, optical switches, and filters
can be designed.

2. THEORETICAL MODEL

Let us consider a 1D binary PCs which is modeled as an
N-period layered structure shown in Figure 1, in which
each period has two constituent layers. The refractive
indices and thicknesses of the two dielectric layers are
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my, = —ip, sin B, cos 3, — ip, cos B, sin 3, (2—¢)
m,, = cos 3, cos B, — Pt Gin B, sin B, (2-d)
2
Where:-
2md 2md
B, = 3 Ln,cosl,, B,= 21, cos 0, (3)
and,
Fig. 1. Schematic diagram of 1D-binary structure; the thicknesses of py=mnyc0s0;,  p,=nycosb, )
its constituent materials are denoted by d, and d,, respectively, and the for TE wave, whereas
corresponding refractive indices are separately indicated by ng, n,, n,, 9 0
and n, where n, is the index of the air and n, is the index of substrate. _ cosu, _ o8t (5)
P = o’ Py = "
1 2

denoted by d,, d, and n,, n,, respectively. In the other
hand, the ternary structure is designed by sandwiching a
third dielectric layer between the two dielectric layers in
binary structure as shown in Figure 2. The refractive index
and thickness of this dielectric layer are denoted by n,
and d, respectively. The binary and the ternary structures
are situated between the vacuum and the substrate. For the
dielectric media, their values of refractive indices n,, n,,
and n, are available in Ref. [21].

The optical properties, such as the wave reflection and
transmission, for a 1D binary and ternary periodic lay-
ered system can be calculated based on an elegant trans-
fer matrix method (TMM), and the Abeles theory (AT).?
According to AT, the single period characteristic takes the
following form for binary structure:

—i
M(a) my My cos B, p_SIHBI
a) = = 1
Mo Mo —ip,;sinfB,  cosf,
i
cos 3, —sinf3,
X 2 (1)
—ip,sinf3,  cosf,

Since a = (d, + d,) is the lattice constant. The elements
my, my,, m, and m,, were computed by using the fol-
lowing equations:
my, =cosﬁlcos[32—&sinﬁ1 sin 3, (2-a)
P

—i i
my, = p_ sin 3, cos B, — — cos B, sin 3, (2-b)

1 2

Fig. 2. Schematic diagram of 1D-ternary structure, in which the thick-
nesses of the three constituent layers are denoted by d,, d,, and d,. The
corresponding refractive indices are separately indicated by n,, n,, n,, n,,
and n,, where n, =1 is taken for free space and n, is for the substrate.

2

for TM wave.

For a system of N periods the total characteristic matrix
M (Na) can be obtained using the same expressions which
are used in Eq. (2). The reflection coefficient » and the
transmission coefficient 7, can be written as:

_ (M, + M, f)) fo — (Myy + My, f)
(M + M, f) fo + (My + My f)

o 2y
(Mll + MlZfr)fO + (MZI + MZZfs)

Where, the expressions for f, and f, are defined as
following:-

fo= \/ino cosf, and f, = \/ﬁnx cosf, (7)
Mo Mo

Finally the reflectance and the transmittance are given by

(6-a)

(6-b)

R=17 T=27 ®)
fo
While for ternary structure, we have:-
M(a) = (’"11 m12>
My My
—i
| cosB, —sin 3,
- 1
—ip;sinf3;,  cosf,
—i
cosf3, —sin B,
) Pa
—ipysinfB,  cosf3,
—i
cosfB —sinf
? P> ? )
—ip,sinf3,  cosf,

Where M(a) is the matrix for one period and a = (d, +
d,+d,) is the lattice constant. The elements m,, m,,, m,,
and m,, were calculated by:

my, = (cos B, cosB,cosf,) — &(sinﬁl sin B, cos B,)
P

el (cos B, sin B, sin B3,)
Da

— %(sinﬁ1 cos B, sin B,) (10-a)

1
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Fig. 3. Transmission spectra for 1D binary Si/SiO, PBG structure for
d, =117 nm and d, = 150 nm at different values of AT =10 °C, 25 °C,
125 °C, 225 °C and 325 °C, respectively.

my, = Pa (sin B, sin B, sin B,) — L(sinﬁl cos B, cos3,)
PP P
— L(cos B, sin B, cosfB,)
Pa
— L(cosﬁl cos B, sin 3,) (10-b)
)
my, = 1P (sin B, sin B, sin B,) — ip, (sin B, cos B, cos B,)

Pa
—ipy(cos B, sin B, cos B,)

—ip,(cos B, cos B, sin B,) (10—¢)

my, = (cos B, cos B, cos B,) — &(Sin B, sin B, cosfB,)
Pa

_Pa (cos B, sin B, sin 3,)
)2

— %(Sinﬁl cos B, sin B,) (10-d)

Table I. The dependence of the PBG width on the temperature at d, =
150 nm for 1D binary structure.

Temperature (in °C) Width of PBG (in nm)

10 600
25 600
125 840
225 850
325 860

J. Nanoelectron. Optoelectron. 10, 1-6, 2015

Fig. 4. Transmission spectra for 1D binary Si/SiO, PBG structure with
d, =117 nm, d, =200 nm and N =10 at AT =10 °C, 25 °C, 125 °C,
225 °C and 325 °C respectively.

Where:-
2ard

J

B, = j=1,d,2, (11)

njCOSOj,

Fig. 5. Transmission spectra for 1D binary Si/SiO, PBG structure with
d, =117 nm, d, =265 nm and N =10 at AT =10 °C, 25 °C, 125 °C,
225 °C and 325 °C respectively.
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Table II. The dependence of the PBG width on the temperature at
d, =200 nm for 1D binary structure.

Temperature (in °C) Width of PBG (in nm)

10 700
25 700
125 1000
225 1010
325 1020
and

p;=n;cos; for TE-waves

cos Oj . (12)
p;= - for TM-waves, j=1,d,2

J

Then the matrix for the whole structure can be obtained
by the same method which is used for binary structure.
To include the effect of temperature, it well known that
the thickness and the refractive index can be changed due
to thermal expansion effect and the thermo-optic effect as
follows:-
d=d,+ad,AT (13)

where (d,) is the thickness of the layer at room tempera-
ture, « is the thermal expansion coefficient of the medium
and AT is the variation of the temperature. The refractive
index of the medium is depends on temperature according
the thermo-optical effect as follows,

n=n,+Bn,AT (14)

Where n, is the refractive index at room temperature
and B is the thermo-optic coefficient. Then by inserting
Eqgs. (13), and (14) inside Egs. (3), (4), (5), (11), and (12),
we can obtain the effect of temperature on 1D binary and
ternary PCs.

3. RESULTS AND DISCUSSION

We now tackle the numerical results of TE wave’s propa-
gation through the 1D PCs under IR radiation. We start our
analysis by studying the transmittance characteristics of
1D binary PCs as a function of temperature. Here, two dif-
ferent dielectric media, i.e., Si(d, = 117 nm, n, = 3.3) and
SiO, (d, = 150 nm, n, = 1.46),*' are taken for our sim-
ulation because of the high index contrast between these
two materials. In addition, we demonstrate the transmis-
sion response at different values of d, for different values

Table III. The dependence of the PBG width on the temperature at
d, =265 nm for 1D binary structure.

Fig. 6. Transmission spectra for 1D Ternary Si/Bi,Ge;0,,/SiO, PBG
structure with d; = 117 nm, d, = 10 nm, d, =265 nm, and N = 10 at
AT =10 °C, 25 °C, 125 °C, 225 °C and 325 °C, respectively.

of temperature. Here, we set the thermo-optic coefficients
for Si and SiO, are 1.86 x 107*/°C and 6.8 x 107/°C,
respectively.?!*2? Then, the thermal expansion coefficients
for Si and SiO, are 0.5 x 107%/°C and 2.6 x 107, respec-
tively. The substrate is taken to be glass with a refractive
index of n, = 1.5. The number of periods, N = 10, is
implemented in our results).

The calculated normal incidence transmittance spectra
of a 1D binary PCs at different values of temperature vari-
ations has been shown in Figure 3. It is found that, as the
temperature increased 10 °C over the room temperature,
there exist a wide PBG within IR region whose bandwidth
is 600 nm. This wide PBG may be expected due to the high
index contrast between SiO, and Si. For further increase in
the temperature, the PBG expands towards the far IR due
to the increment in the index contrast between SiO, and Si
as a power result of the thermo-optic effect especially in
the high temperature values such as 125 °C, 225 °C, and
325 °C. Table I indicates the transmission response of 1D
binary structure through the temperature variations.

Table IV. The dependence of the PBG width on the temperature at
d, =265 nm, and d, = 10 nm for 1D ternary structure.

Temperature (in °C) Width of PBG (in nm)

Temperature (in °C) Width of PBG (in nm)

10 840 10 866.672
25 840 25 866.672
125 1150 125 916.67
225 1210 225 966.668
325 1230 325 1016.666
4 J. Nanoelectron. Optoelectron. 10, 1-6, 2015
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Fig. 7. Transmission spectra for 1D Ternary Si/Bi,Ge;0,,/SiO, PBG
structure with d; = 117 nm, d, =20 nm, d, =265 nm and N = 10 at
AT =10 °C, 25 °C, 125 °C, 225 °C and 325 °C respectively.

To investigate the perfect effect of temperature in the
PBG characteristics, we study the dependence of the
PBG on the thickness of one of the constituent materi-
als in the presence of temperature variations as shown in

Fig. 8. Transmission spectra for 1D Ternary Si/Bi,Ge;0,,/Si0O, PBG
structure with d, =117 nm, d, =30 nm and d, =265 nm, N = 10 at
AT =10 °C, 25 °C, 125 °C, 225 °C and 325 °C.

J. Nanoelectron. Optoelectron. 10, 1-6, 2015

Table V. The dependence of the PBG width on the temperature at d, =
265 nm, and d, =20 nm for 1D ternary structure.

Temperature (in °C) Width of PBG (in nm)

10 883.338
25 908.337
125 950.002
225 2266.656
325 2299.988

Figures 4 and 5. Here, we change the thickness of SiO,
material only. In comparable with the results investigated
in Figure 3, as d, increased to 200 nm, the PBG expanded
toward the far IR with a remarkable increment in its width
to reach 700 nm at AT = 10 °C. In addition, the increase
in the width of the PBG becomes larger at high values of
AT as indicated in Table II. This obvious increment in the
width of the PBG may be due to the thermal expansion
effect which leads to a larger increase in the thickness of
the SiO, layers as comparable to the state in Figure 3.
Then, as d, increased to 265 nm, the shift towards the far
IR increased with a wider PBG of width 840 nm at AT =
10 °C. This effect stills valid at high values of temperature
variations as indicated in Table III.

Turn to the case of 1D ternary PCs in which Bi,Ge;0,,
is sandwiched between Si and SiO, to form the ternary
structure. Here, we set n, =2.05, and d, = 10 nm. In addi-
tion, the thermo-optic coefficient and the thermal expan-
sion coefficient of Bi,Ge;0,, are 3.5 x 107/°C and 6.3 x
107%/°C, respectively.?!?

The transmittance spectra for 1D ternary structure at
normal incidence in the presence of temperature variations
has been illustrated in Figure 6. It’s seen that, the PBG is
shifted more towards the far IR. Furthermore, the width
of the PBG increased as comparable to the case of the
binary structure to reach 866.672 nm at AT = 10 °C. This
remarkable increase in the width of the PBG may be due
to two reasons. First, the increase in the amount of waves
interfering constructively leads to a wider PBG. Second,
the influence of temperature to ternary structure is larger
than that for binary structure. Then, the width of the PBG
stills increase as the temperature variations increase as pro-
nounced in Table IV.

Finally, we investigate in Figures 7, and 8 the depen-
dence of the PBG width on the thickness of Bi,Ge;0,,.
At d, =265 nm, As the thickness of Bi,Ge;0,, increases
from d, = 10 nm to 20 nm, the PBG raises up to

Table VI. The dependence of the PBG width on the temperature at
d, =265 nm, and d, =30 nm for 1D ternary structure.

Temperature (in °C) Width of PBG (in nm)

10 900.004
25 933.336
125 983.334
225 1049.998
325 1099.996
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883.338 nm and at d, =265 nm, d;, =30 nm ar d, =
265 nm, the PBG becomes 900 nm.

By increasing the thickness of Bi,Ge;O,, layer, it can
be seen that the band edge has been significantly moved
to the region of far infrared regions, causing the PBG to
be widened and consequently to reach the far IR region as
elucidated in Tables V and VL

4. CONCLUSIONS

A theoretical analysis of the transmission properties in IR
region for a 1D binary and ternary PCs has been inves-
tigated in the presence of temperature variations. It is
noted that the temperature variations has a pronounced
influence in the PBG structure. The enhancement of PBG
can be achieved by increasing the temperature values over
the room temperature due to the change in the contrast
between the refractive indices of the constituent materi-
als. Furthermore, the width PBG is strongly depending on
the thicknesses of the constituent materials. Moreover, the
ternary structure has a remarkable effect on the width of
the PBG as comparable with binary structure. Using the
effect of temperature, we can produce stop bands which
may be useful in many applications such as filters and
electromagnetic waves Sensors.
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