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Optical features of a semiconductor—dielectric photonic crystal are studied theoretically. Alternating layers of mi-
crometer sized SiO,/InSb slabs are considered as building blocks of the proposed ideal crystal. By inserting additional
layers and disrupting the regularity, two more defective crystals are also proposed. Photonic band structure of the ideal
crystal and its dependence on the structural parameters are explored at the first step. Transmittance of the defective crystals
and its changes with the thicknesses of the layers are studied. After extracting the optimum values for the thicknesses of the
unit cells of the crystals, the optical response of the proposed structures at different temperatures and incident angles are
investigated. Changes of the defect layers’ induced mode(s) are discussed by taking into consideration of the temperature
dependence of the InSb layer permittivity. The results clearly reflect the high potential of the proposed crystals to be used
at high temperature terahertz technology as a promising alternative to their electronic counterparts.
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1. Introduction

Nowadays we are witnessing increasing progresses in dif-
ferent branches of the laser and photonic technologies which
are pointing towards the rapid transitions from pure science

=51 However, these successes are not just re-

to experiments.
lated to the advancements in the fabrication techniques alone.
Foundation of new materials and suggestions of more appli-
cable elements have become very influential in these regards.
Photonic crystals (PCs) are undoubtedly one of the structures
The idea of

using two/more dielectrics stacked periodically in one, two,

that many advancements could be related to.

or three dimensions for manipulation of the electromagnetic
waves propagation is not a new idea.!>~"] There exist numer-
ous reports in which optical features of various kinds of these
structures have been investigated.!®~!31 They have been widely
proposed in fabrications of not only light sources such as
lasers/diodes!!*13] but also detectors and transducers,!'®! all
optical filters, mirrors, and switches.[!%20] Nevertheless, these
structures are still on tops of attention for new photonic el-
ements design due to their unique characteristics. Valuable
experimental techniques including chemical/optical methods
and various deposition approaches are also suggested for their

[24,25

fabrication. I Laser technology has been also applied in

this regards following its great successes in material surface
patterning.[26-27]

Needs for tunable components in new generations of op-
tical integrated circuits (OICs) reflect the importance of the
PCs even more evident. This has been an important issue over

the last few years for researchers and manufacturers of pho-

fCorresponding author. E-mail: s.razi @uut.ac.ir
© 2019 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ab4d46

tonic technology. Different structures have been suggested in
this regards by benefiting the temperature dependence of the
refractive index of a specific material,?®! crystals with elec-
tro/magneto optical features,*”! or using some materials with
efficient response to external mechanical tensions.’*’ One
could also refer to the valuable Refs. [30]-{37] for other novel
structures with applications in the visible—infrared range.

In the light of these valuable reports, here in this paper we
propose new structures with interesting optical responses in
terahertz (THz) frequency range. The suggested crystals have
some advantages such as using layers of well-known SiO; and
InSb materials with reasonable thicknesses and having sensi-
ble numbers of periods which are very vital from experimental
points of view. Thus, it seems that their fabrication is com-
pletely possible in reality. The paper is organized as follow:
the mathematical approaches are introduced at first. The one-
dimensional (1D) ideal crystal composed of periodic layers
of SiO; and InSb is presented next and then its optical fea-
tures are explored comprehensively. Special attention is paid
to the dependence of the photonic band gap (PBG) on the lay-
ers’ thickness. In addition, selecting the optimum widths, two
different defective structures are considered and the induced
variations in the PBG and transmission spectrum are studied.
Then, tunability of the optical features of the structures is ex-
tensively investigated by taking into consideration of the crys-
tal thermal response. The results are discussed by focusing on
the well-known physical facts. At last, the dependence of the
proposed crystals’ transmittance on the wave incident angle is
explored.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Methods and materials
2.1. Wave propagation and reflection from interfaces

The incident plane wave on the interface of two isotropic
media splits into two parts (reflected and transmitted waves).
The incident (i), transmitted (t), and reflected (r) plane waves
can be defined as

Ei,t,r =Re {Eei,t,r €xXp [J ((DI - ki,t,r : R)} } 3 (1)

where Eq; . and k; . denote the complex envelopes and wave
vectors, respectively. At the interface, due to the boundary
conditions, we have

(ki R)| o= (kr'R)‘z=0 - (kt'R)|Z=0‘ )

For a slab of dielectric/semiconductor, there exist other field
components (E;, H]) which are the reflections from the sec-
ond interface. Then the total phasor of the electric field can be
written as

z<0,

E. e ikiR | B o—jkrR
E_{ ie +E.e , S 3)

. L,
Ee ikeR L Fle~ikrR

The magnetic field phasor is calculated by using the Maxwell’s
equations®* H, = —j(uw)~'V x E,. According to the
boundary conditions, all tangential components of the elec-
tric and magnetic fields must be continuous. Thus for a TE
polarized wave, we have

E e+ E: 1

€
= E e+ E| 1g, \/ /,Tll (Ei 1+ E;1E)COS 6

&
=/ ;722 (Eute + El1g) cos 5. )

By using Eq. (4), the dynamical matrix of the TE wave is given
by

: E
o (gr)-pa(gr)  ©

where

1 1
D(l)<,/zficosei —\/ECOSGZ'>7 i=12. (6

As in the case of TE wave, according to the boundary condi-
tions and considering the continuity of the tangential compo-
nents and Maxwell’s equations, the dynamical matrix of the
TM wave is derived as

D) (cos 6; cos6; )
i = & & ) l: 1a2 (7)
Vi e

Furthermore, the propagation matrix is defined as!®!
ej 0 0
R—( 0 ejq,,), )

where ¢; = kon;l;cos ;. Associating dynamical and prop-
agation matrices for each layer of the stack, the elec-
tric and magnetic fields at two sides of the unit cell
(Si0,/InSb) could be related via a transfer matrix Mypitcenl =
DSiozPSiozDgil()zDInSbf’InSbDGISb- Thus for the ideal structure
with N periods of SiO,/InSb layers, the total transfer matrix is

given by
M= [D5102PSiozDgi]olenSbPlnSbDEIISb]N-

Similarly, for two proposed defective structures illus-
trated in Fig. 1, we have

M — [DSiOZPSiOZDgié)zDInSbljlnSbDI:\le]N]

X [Dsio, Psio, Dsio, |

X [Dsi0,Ps510, Do, DinsoPias Dinsy ]
M = [Dsi0,P5i0, D50, PinstPinsb Dipsp ]

X [Dinsb Pins Dy Dsio, Psio, D 562] X

X [DSiOZPSiOZDS_ié)ZDInSbPInSbDI_HISb]N 2. )

Extracting the elements of these matrices and implementing

a MATLAB algorithm, reflection R, transmission 7', and ab-

sorption A of the crystals can be calculated by 3331

(mi1 +mi2pps1)po— Mo — Mmoo ppii

R:|r|2, r= , (10)
(my1 +mi2pps1)po+ma1 +mopui

S N o)

22, (TM),

Pn+1

2
= Al : (11)
(my14+miappi1)po+mot +mnpayi

A=1-T—R. (12)

Here po is equal to (\/to/€)cos(6p) in the case of TE
polarization and (y/to/€)/cos(6y) for TM. And p,y1 is
V/lnt1/€n+1€08(0y1) and (/Lnt1/€n+1)/ c08(0,11) for TE
and TM polarizations, respectively. Air is considered in our
simulations as the surrounding input and output medium. &
and &y denote the relative dielectric constants of the input
and output planes, respectively.

2.2. Temperature dependence

Thermal fluctuations can lead to various linear/nonlinear
optical and physical phenomena. Refractive index changes
and material size variations are two famous effects in this re-
gards. Thus it is necessary to include all these dependencies
in the calculations to increase the accuracy of the simulations.
The temperature dependence of the constituent layers’ thick-
nesses due to the possible thermal expansions can be consid-

ered as0

li(T) :l,’70(1+06AT). (13)
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Here o and AT are respectively the thermal expansion coef-
ficient and the temperature changes. Moreover, the thermo-
optical effect of the temperature dependency of the refractive
index is strongly related to the material structure. It has been
proven that for gases, the refractive index always decreases as
the temperature increases (at constant pressure). But for solid
materials, the refractive index can either increase or decrease
with temperature. It seriously depends on the internal structure
of the material. The temperature dependence of the refractive

index of each layer is given by!4"]

ni(T) = n; o+ B AT, (14)
where f is the thermo-optic coefficient of the layer.

2.3. Thermo-optical features of InSb

Being as one of the main building blocks of the proposed
PCs, before discussing the results, it is worth to review the
thermo-optical features of the InSb semiconductor in more de-
tails. It has been proven that its relative permittivity is depen-
dent on the temperature and frequency and can be described
by the Drude model 33!

ep(0,T) = en(0,T) —jep(o,T)
= & — {0y /(0" — joy(T)]}
= & — {0y /[0* +Y(T)*]}
—i{lopy(D))/[@* + y(T)*]}.  (15)

Here & is the high frequency permittivity, y(7') is the damp-
ing factor, and @, is the plasma frequency

Em*

%_Zﬂfp_<

20m3/2 0.26

N(T) =5.76 x 10°°T32 exp <—2KBT) . (16)
where e, &, m*, and K are respectively the electron charge,
permittivity of the vacuum, effective mass of the free carriers,
and Boltzmann constant. 7 in this relation is in units of Kelvin
and the intrinsic carrier density N(7T) is in units of m—3. Tt is
clear that the plasma frequency of InSb depends strongly on
the material temperature. Taking into considerations of the
discussed permittivity (Egs. (15) and (16)), the refractive in-

dex of InSb can be calculated by®!

iip = V Sd((l),T) = nd(w7T) _jkd(w7T)' (17)

The real part is the common refractive index and the imaginary
part is the extinction coefficient.

3. Results and discussion

Figure 1 displays the schematics of the proposed 1D-PCs.
All the layers are considered to be isotropic and the interfaces

of the layers are parallel to the x—y plane. The z-axis is nor-
mal to the structure and N denotes the number of unit cells of
the ideal crystal. Ny and N, are the numbers of periods of the
SiO,/InSb layers without and with the defects. Two defective
crystals, as shown in Fig. 1, are called the first defective PC
(FDPC) and the second defective PC (SDPC) in the follow-
ings.

dsio, dinsp
2 MnSb

?9/; SiOp | InSb - -

ideal PC

first defective PC N
'5; E8i0,|Emsh = 7 =
N, defect layer N,
second defective PC
N
% " L
N, defect layer Ny

Fig. 1. Schematic illustration of the proposed 1D perfect (without any
defects) and defective PCs based on SiO,/InSb alternating layers. The
incident angle is measured respect to the z-axis and dy,sp and ds;o, are
the layers’ thicknesses.

3.1. Ideal crystal

Dependence of the optical features of the ideal crystal
(without any defect) on the thicknesses of the layers is stud-
ied at the first step. Numerical constants are taken as €s;o, = 2,
dsio, =4 pm, diysy =4 pm, Osi0, =5.5x 1077 °C™!, B0, =
107> °C~ !, m* = 0.015mp, and mg = 9.1 x 103! kg in the
simulations. The photonic band structures of the crystal com-
posed of 8 periods of SiO,/InSb layers are presented in Fig. 2.
Figure 2(a) corresponds to the dispersion curves of the crys-
tals with various thicknesses of the SiO layer (the InSb layer
is 4 um). Color maps of the wave vector versus frequency are
also presented for various thicknesses of the layers to show
the dependencies more clearly. It is seen that even at the low-
est thickness of 2 pum, there are two PBGs at ~ 6.8 THz to
~ 8.5 THz and ~ 13.6 THz to ~ 16.6 THz frequency ranges.
The numbers of the gaps at the thicknesses of 6 um and 10 um
increase to 3 and 4, respectively. Figures 2(c) and 2(d) il-
lustrate the dependencies on the thickness of the InSb layer
(the SiO; layer is 4 um). For an InSb layer of 2 um thick,
there exists a single wide PBG of ~ 3.8 THz width. As the
thickness increases, it shifts to the smaller wave vectors and
its width decreases by about 47% at 4 pm. Interestingly, one
more PBG is generated at the frequency range of ~ 11.7 THZ
to ~ 13.8 THZ. Further increase in the thickness (thickness

124205-3
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of the InSb layer = 6 um) results in the generation of three
PBGs. Similarly, shifts towards the smaller wave vectors and
reductions in the PBG widths are also observed. The trend
of the changes is the same at the maximum selected thick-
ness of 10 um. Figures 2(e) and 2(f) present the changes of
the PBGs when the thicknesses of both the layers are equally
changed. For the layers with thicknesses of 2 um, there exists
one structural gap of ~ 4.5 THz width with central frequency

Frequency/10'3 Hz

2
2000
k/cm~!

4000 6000

7 —dpsp, =2 pm
---dsp =4 pm
drnsp =6 pm
St oam g, = 8 pm
dInSb =10 pum

Frequency/10'3 Hz

0.4

2000 4000
k/cm~!

6000

— dsi0y = dpusp =2 pm
=== dsio, = diusp =4 pm
dsio, = disp =6 pm
== dsjo, = dusp =8 pm
dsio, = diysp =10 pm

4000 6000
k/cm™!

Frequency/10'3 Hz

2000

Width of SiO; and InSb layer/pm

at 12.6 THz. Increasing the thicknesses of the layers to 4 um,
a new gap arises at the frequency interval of ~ 5.5 THz to
~ 7.5 THz. Further increasing the thicknesses of the layers
results in red shift besides the appearance of new gap regions
at higher frequencies. The widths of the gaps are also affected
by the layers’ thicknesses and smaller PBGs are observed for

the structures with thicker layers.

b 5000
g o (b)
=
5 4000
=7 3000
9 6
wn
% 5 2000
S 4
= 1000
Z 3
2
0.4 0.8 1.2 1.6
Frequency/10'® Hz
10
g 9
=3
~
ﬁi 8
g
Q
2 6
—_
B 5
% 4
Z 3
2
0

Frequency/10'3 Hz

10N

(f) 7000
9
8
; 5000
ol
5 3000
4
3 1000
2
0.4 0.8 1.2 1.6

Frequency/10'3 Hz

Fig. 2. Photonic band structure of the ideal perfect SiO,/InSb PC. (a)—(d) The dependence of the dispersion on the SiO, and InSb layers’ thicknesses.
Panels (e) and (f) are for the structures having layers of equal thicknesses. Color maps represent the variations of the structure transmittance versus
frequency and thickness of the layers. InSb and SiO; layers’ thicknesses are 4 um in (a), (b) and (c), (d), respectively. The crystal temperature is 300 K

and the incidence angle is normal to the crystal in all cases.

3.2. Defective crystals

Transmittance spectra of the ideal crystal without any de-
fect inside its structure and the first and second defective PCs
are presented in Fig. 3. In all three spectra, there are two PBGs
in the selected frequency range of 0.4—1.6 THz. But the widths
of the gaps are not the same. No resonant peak exists inside the

gaps of the ideal crystal. But in the cases of the first and sec-
ond defective structures, there exist respectively one and two
resonant modes in their PBGs. The second influence of the
defect(s) insertion is the change in the PBGs width. It is clear
that the smallest gaps belong to the ideal crystal and PBGs in

the spectrum of the SDPC are wider than those in the spectrum
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of the FDPC.

1.0

| ---FDPC
0.8+ ---SDPC

Normalized transmittance

-
N

L
(-
Co====

08 12
Frequency/10'3 Hz
Fig. 3. Transmittance of TE polarized wave through the perfect crys-
tal including 8 periods of SiO,/InSb layers, and the FDPC and SDPC

structures with Ny =4 and N, = 3. The thicknesses of the layers are
4 um and the incident angle is normal to the crystal at 7 = 300 K.

First defective photonic crystal structure

0.9
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B
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0.4 0.8 1.2
Frequency/10'3 Hz

For the FDPC, the intensity (height) of the mode in the
second gap (> 80%) is much higher than that in the first PBG
(< 60%). Similar relation is observed between the first and
the third modes of the gaps in the spectrum of the SDPC (the
numbering is from low to high frequencies). But the ratio of
the second modes of the gaps is different and the 4th mode in
the second gap has lower intensity than the 2nd one in the first
PBG.

It is clear that the wide PBGs and the sharp resonant
peaks of ~ 100% transmittance inside the gaps might find var-
ious applications in the fabrication of photonic devices such
as optical filters, switches, wavelength samplers, etc. Thus
the dependence of the optical features of the proposed crystals
on the thicknesses of the layers is studied more systematically
in order to find the optimum thicknesses for those applications.

Second defective photonic crystal structure

0.9
g
=
~
g 0.7
g
Q 0.5
wn
E 0.3
: ¢ |
= 3 0.1
2 N N\
0.4 0.8 1.2 1.6
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2 0.5
=
B
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2
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Fig. 4. Transmittance of a TE polarized wave as a function of frequency and layer thicknesses for the proposed SDPC and DDPC. InSb and SiO; layers’
thicknesses are 4 pm in (a), (b) and (c), (d), respectively. The incident angle is normal to the crystal and the crystal temperature is assumed to be 300 K.

124205-5



Chin. Phys. B Vol. 28,

No. 12 (2019) 124205

Figures 4(a)-4(f) illustrate the color maps of the transmit-
tance versus frequency for different thicknesses of the SiO»
and InSb layers. The graphs in the first column are for the
FDPC and the ones in the second column belong to the SDPC.
The dark regions are PBGs and the bright ones are the propa-
gating bands. The results show that changing the thicknesses
of the layers, not only the central frequency of the defect(s)
induced resonant modes, but also both the PBG frequency in-
tervals and the number of the gaps are changed. Compared to
the InSb layer, dependencies to the SiO, layer thickness are
more complicated for both the FDPC and SDPC structures.
But when the layers have equal sizes, changes are more reg-
ular and predictable. The total PBG intervals experience red
shifts with increasing thicknesses of the layers and the central
frequency of the defect layer(s) induced resonant modes also
shifts to the lower frequencies as a result. Interestingly, the
width of the gaps and the location of the resonant mode(s) (its
distances from the gap edges) remain constant with the thick-
nesses changed. However, the number of the PBGs increases
with the increase of the layers’ thicknesses.

3.3. Temperature dependence

Tunability of the optical features of the proposed crys-
tals is studied in the next step. Figure S illustrates how se-

riously the transmittance through the FDPC depends on the
crystal temperature. Increasing the crystal temperature, a gen-
eral blue shift is observed on the whole spectrum. Figures 5(b)
and 5(c) are the magnifications of the frequency ranges includ-
ing the resonant modes. The result show that the first mode
(peak in the first PBG) is more sensitive to the temperature
than the second mode (peak in the second gap). As the tem-
perature increases, both modes shift to higher frequencies and
their intensities reduce. Alterations are clear for temperature
changes of as small as 30 K. Transmittance as high as ~ 60%
for the first mode and ~ 90% for the second mode is observed
even at T = 310 K. Compared to some of the other proposed

39411 which fail to respond well at high tempera-

structures!
tures, this could be considered as a great advantage of the pre-
sented structure.

As the temperature increases, the whole transmittance
spectrum of the SDPC blue shifts similar to what takes place
for the SDPC. As a result, all the modes shift to higher fre-
quencies with increasing temperature. The intensity (height)
of the modes reduces. But the variations are not the same for
all the modes. The first mode experiences the largest varia-
tions and the second and third ones show the lowest changes.
It is worth noting once more that the numbering of the modes

---T=225K

1.0

1st defect mode

Fm===

Normalized transmittance

g

[V

L 12nd defect mode

0
0.4

e °
i~ >

Normalized transmittance
o
no

Frequency/10'? Hz

.. 1 1
0.6 0.8 .
Frequency/10'3

Normalized transmittance

1.0 .2

1.0 (b)
0.81
0.61

0.4}

1.22 1.24
Frequency/10'3 Hz

1.26

Fig. 5. Transmittance spectra of the single defect 1D-PC consisting of SiO,/InSb alternating layers at different crystal temperatures of 7 =
225 K, 255 K, 285 K, and 310 K. Panels (b) and (c) are the magnifications of the two PBG areas of the spectra. The incident angle is normal to

the crystal and the thicknesses of the layers are 4 um.
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Fig. 6. Transmittance through SDPC for different crystal temperatures of 7 = 225 K, 255 K, 285 K, and 310 K. Panels (b)—(e) are respectively
the magnifications of the frequency intervals containing the first up to the fourth resonant modes. The incident angle is normal to the crystal

and the thicknesses of the layers are 4 um.

is from left side of the spectrum to the right (lower frequen-
cies to higher ones). Except the first mode with transmittance
of ~40% at 310 K, all other modes have values higher than
70% even at room temperature. This reflects the potential of
this structure and its successful performance at high tempera-
tures without any need to cool the systems.

The interesting temperature dependence of the optical
features might be related to the changes of the refractive in-
dex of the InSb layer with temperature. At terahertz frequency
range, the refractive index of InSb is complex valued and
temperature dependent as shown in Eqgs. (15)—(17). Figure 7
shows that both the imaginary and real parts of the refractive

index are positive in the selected temperature and frequency
ranges. This means that InSb behaves as a dispersive and loss
full dielectric material. The extinction coefficient decreases
with increasing frequency but the refractive index increases in
contrast. The refractive index (extinction coefficient) rises (re-
duces) very sharply up to ~ 10 THz and then saturates. The
variations are very slow at low temperatures but quit fast (ex-
ponentially) at high temperatures. The temperature increase
results in increase of the plasma frequency and then reduction
of the real part. However, a growth in the imaginary part is ob-

served. But at frequencies of ~> 12 THz, both the coefficients
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are almost independent of the temperature.
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Fig. 7. Temperature dependence of the (a) real and (b) imaginary parts
of the InSb dielectric permittivity. Inset in panel (a) shows the calcu-
lated plasma frequency of the InSb layer as a function of the crystal
temperature.

Increase in the extinction coefficient results in more loss
and thus the reduction of the crystal transparency. This is in
consistence with the results presented in Figs. 5 and 6, which
show that the intensities of the resonant modes reduce with
temperature. Furthermore, as it was discussed above, the vari-
ation of the imaginary part is fast at lower frequencies, then it
might be the cause for the smaller changes in the transmittance
intensity of the high frequency modes by increasing the crystal
temperature.

3.4. Incident angle dependence

Finally, the dependence of the optical features of the pro-
posed defective crystals on the wave incidence angle is inves-
tigated by exploring the changes of these crystals’ transmit-
tances. Figures 8(a) and 8(b) are the color maps illustrating
the variations of the transmittance versus frequency for dif-
ferent incident angles. It is worth noting that the angles are
measured from normal. It is clear that as the incident angle in-
creases, the PBGs size increases in both crystals. But the left
hand side limits of the gaps are affected much less than the
limit at the high frequencies. Furthermore, as a result, the de-
fect layers’ induced resonant modes shift to higher frequencies

(blue shift). The behaviors are almost symmetric for the posi-
tive and negative angles. Thus besides of their temperature de-
pendency, the optical response of the proposed defective crys-
tals might be efficiently controlled by the crystal orientation
respect to the wave propagation direction.

80

0.9
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2< 0 0.5
<
0.3
—40
0.1
—80
0.4 0.8 1.2 1.6
Frequency/10'3 Hz
0.9
0.7
z 0.5
~
<
0.3
—40
0.1

0.4 0.8 1.2 1.6
Frequency/10'3 Hz

Fig. 8. Variations of the (a) FDPC and (b) SDPC transmittance versus
frequency and the wave incident angle. Crystals’ temperature is 300 K,
N; =4, N, =3, and thicknesses of the SiO, and InSb layers are 4 um.

In order to further discover the sensitivity to temperature
and incident angle, the band gap widths are extracted and tab-
ulated in Tables 1 and 2 for the FDPC and SDPC crystals,
respectively. It is clear that at a fixed temperature, both gaps
of the proposed structures have a same width at positive and
negative values of an angle. However, at all the selected tem-
peratures, deviation of the incident beam from normal (in pos-
itive/negative directions) results in an increase in the width
of the gaps. Furthermore, similar to the normal incidence,
at all positive/negative angles, the width of the gaps does not
change considerably (<~ 2%) with increasing the crystal tem-
perature. The only exception is the second gap of the SDPC
structure for which an increase as high as ~ 27% is observed.
However, the variation is not the same for all angles and with
increasing the angle (from normal), the change of the PBG
width gets less. In t other words, by raising the temperature
from 225 K to 310 K, the largest amount of changes in PBG
width belongs to the normal incidence (~ 27%). On the other
hand, at 8 = +60°, the amount of change in the second gap of
the SDPC structure is ~ 23%.
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Table 1. Width of the 1st and 2nd stop bands of the FDPC structure at various temperatures and incident angles.

Width of the 1st stop band
Incident angle/(°) 1¢th of the 15t stop ban

Width of the 2nd stop band

T =225 T, =285 173 =310 T1 =225 T, =285 13 =310
60 3.36 3.35 3.34 3.53 3.50 3.48
30 3.07 3.06 3.05 3.30 3.28 3.25
0 2.95 2.94 2.93 2.90 2.89 2.88
-30 3.07 3.06 3.05 3.30 3.28 3.25
—60 3.36 3.35 3.34 3.53 3.50 3.48

Table 2. Width of the 1st and 2nd stop bands of the SDPC structure at various temperatures and incident angles.

Width of the 1st stop band
Incident angle/(°) 1¢th oF the st Stop ban

Width of the 2nd stop band

Ty =225 T, =285 I3 =310 T =225 T, =285 173 =310
60 3.78 3.77 3.75 4.19 3.25 3.23
30 3.51 3.51 3.50 3.74 2.92 275
0 3.42 3.4 3.4 3.56 2.79 2.60
-30 3.51 3.51 3.50 3.74 2.92 2.75
—60 3.78 3.77 3.75 4.19 3.25 3.23

4. Conclusion

One-dimensional ideal photonic crystal consisting of mi-
crometer sized SiO,/InSb alternating layers was proposed for
terahertz applications. Optical response of two more defective
structures (FDPC and SDPC), which are producible by dis-
rupting the ideal crystal regularity, were also explored system-
atically besides the perfect PC. The results show that by chang-
ing the layers’ thicknesses, a shift in the dispersion curve of
the ideal crystal is observed. So that with increasing the thick-
nesses of the layers, the PBG intervals red shift and new gaps
are generated at higher frequencies. The amount of changes
is dependent on the amount of thickness changes. Inserting
intentional defects in the crystal structure results in generation
of the resonant mode(s) in the PBGs. Furthermore, the size of
the gaps is also increased (compared to the ideal crystal) but
the number of modes is different for the FDPC and SDPC. The
width, central frequency, and the number of the PBGs of both
defective crystals are seriously dependent on the thicknesses of
the layers. In the case that the layers’ thicknesses are the same,
alterations of the crystals transmittance with the thicknesses of
the unit cells are more predictable. In other words, the PBG in-
tervals experience red shifts with rising the thicknesses of the
layers and the central frequency of the defect layer(s) induced
resonant modes also shifts continuously to the lower frequen-
cies as a result. A blue shift in the total spectra of both the
FDPC and SDPC structures is observed with increase in tem-
perature and as a result defect modes shift to higher frequen-
cies and their height (intensity) reduces. The central frequen-
cies of all the modes are tunable with temperature. However,
the dependence of different modes on temperature is differ-
ent and the modes at lower frequencies are affected to some
extent more. Both the proposed defective structures have a
considerable response at temperatures as high as 300 K. Fur-
thermore, the optical response of the crystals might be well

controlled by adjusting the crystal orientation respect to the
wave propagation direction. So that at entire of the selected
temperatures, deviation of the incident beam from normal (in
positive/negative directions) results in an increase in the width
of the gaps. However, at large angles, temperature dependent
changes of the PBG width become samller. In other words,
as the temperature changes in the range of 225-310 K, the
largest amount of variations (~ 27%) in PBG width belongs to
the case that the light incidence is normal.

The followings are the advantages/excellences of the pro-
posed structures: (i) optical response in terahertz frequency
range, (ii) being made of common semiconductor and dielec-
tric materials (not including materials such as graphene layers
which are hard to be purely synthesized), (iii) reasonable layer
thicknesses (in micrometer range, which is much easier to be
fabricated compared to the nanometer sizes), (iv) low numbers
of layers, (v) response in a wide range of incident angles and
presenting almost omnidirectional band gaps, (vi) easy and ef-
fective tunability of the optical responses, (vii) good perfor-
mance at high temperatures without additional cooling sys-
tems. Thus it seems clearly that these crystals might be af-
fordable for terahertz technology in practice.
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