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ABSTRACT

The effect of temperature and angle of incidence on defect modes in one-dimensional
photonic crystal structure for TE and TM polarizations has been studied in 5-9µm
wavelength region. A symmetric Si/air multilayer system, [(Si/air)5Si(air/Si)5] has been
considered in this communication. The refractive index of Si layer is taken to be dependent
on temperature and wavelength simultaneously. As the refractive index of Si layer is a
function of temperature of medium as well as the wavelength of incident light, this results to
the tuning of defect modes. As defect modes are function of temperature, one can tune the
defect modes to desired wavelength. The defects modes can also be tuned by angle of
incidence for both polarizations. This type of tunable filter may be used as thermal sensing
optical device etc.
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1. INTRODUCTION

During the last two and a half decades, photonic crystals (PCs), in particular, photonic band
gap (PBG) materials have become area of interest of considerable number of researchers
leading to various potential applications of photonic crystal based devices [1-4]. The main
attraction of PBGs is the existence of forbidden band gaps in their transmission spectra.
Band gaps in a PC are analogous to the electronic band gap in a solid as there is a similarity
between the structural periodicity of a PC and the periodic potential energy in a solid. Of the
various applications of PCs, some of important applications are trapping of light, optical
switches, resonance cavities and waveguides [5-8]. Recently, many studies have been
focusing on changing the parameters in a PC to fabricate devices with modulation capability.
For example, a slight change of the dielectric constant can be applied to optical switching
devices [9].

In addition to the existence of wide band gaps in some properly designed PCs, the feature of
a tunability of PBGs in PCs attracts the attention of investigators in recent years. PBGs can
be tuned by means of some external agents. For instance, it can be changed with the
variation of operating temperature and we call it T-tuning [10]. A superconductor/dielectric
PC belongs to this type because of the dependence of the properties of such PCs on
temperature. This happens because of the temperature-dependent London penetration
length in the superconducting materials [11-13]. Using a liquid crystal as one of the
constituents in a PC, the T-tuning optical response is also obtainable [14]. Recently, PCs
containing semiconductor as one of the constituents have also been investigated by many
researchers. PCs with intrinsic semiconductor belong to T-tuning devices because the
dielectric constant of an intrinsic semiconductor is strongly dependent on temperature [15].

The idea of doped PCs comes from the analogy between electromagnetism and solid state
physics; and this drew the attention of some investigators to the study of band structures of
periodic materials and further to the possibility of the occurrence of localized modes in the
band gap when a defect is introduced in the lattice. These defect-enhanced structures are
called doped photonic crystals and present some resonant transmittance peaks in the
photonic band gap corresponding to the occurrence of the localized states, which may be
attributed due to the change of the interference behavior of the incident waves [16]. The
defect can be introduced into perfect PCs by changing the thickness of a layer [17], inserting
another dielectric into the structure [18,19] and removing any part of the dielectric from the
geometry [20,21].

The introduction of the defect states within PCs has been perceived as a new dimension in
the study of photonic crystals, especially in 2D and 3D PCs due to numerous possible
applications that can be achieved by using them. In 2D or 3D PCs, it has also been known
that a point defect can act as a micro cavity [22], a line defect like a waveguide [23], and a
planar defect like a perfect mirror [24]. Similar to 2D or 3D PCs, the introduction of the defect
layers in 1D PCs can also create localized defect modes within the one-dimensional PBG
materials. Due to the simplicity in 1D PCs fabrications over 2D and 3D, the defect mode can
be easily introduced within 1D PCs for various applications such as in the designing of
TE/TM filters and splitters [25], in the fabrication of lasers [26], and in diodes for
electromagnetic wave [27].

Although a few works on the temperature dependence of defect modes in one dimensional
photonic crystal has been reported by Hung et al [28] and Chang et al [29], the first work was
in the visible region whereas second one was in the 40-70µm wavelength domain. However,
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the present work deals with the study of 1DPC in the 5-9µm wavelength region and this
range is of particular importance in metrology and other applications. Also, we have
considered the behavior of defect mode in 1DPC at higher temperature range up to 900K.

We consider semiconductor media as one of the constituents of a one dimensional photonic
crystal, since the dielectric property of intrinsic semiconductors depends not only on
temperature but also on wavelength. Here, we consider the Si/air multilayer system with a Si
layer as a defect in the middle of the structure. In this communication, thermal tuning of
defect modes by changing the temperature and the angle of incidence for a one-dimensional
crystal structure with a defect has been studied. The refractive index of air is independent of
temperature and wavelength. But the refractive index of silicon layer is taken as a function of
temperature and wavelength [15]. Therefore, this study may be considered to be physically
more realistic.

2. THEORETICAL MODEL

The schematic representation of one-dimensional photonic crystal with a single defect is
shown in Fig. 1.

Fig. 1. Schematic diagram of 1-D photonic crystal with defect

We consider air/(AB)ND(BA)N/air, in which A and B represents the high and low refractive
index materials, and D is the defect layer. To compute the defect mode in the transmission
spectrum, we employ the transfer matrix method (TMM) [30,31]. In this method, the transfer
matrix for each layer can be written as

1;M Z Pj j j jZ
 (1)

where, j stands for A, B or D layers and Zj and Pj are called the dynamical matrix and the
propagation matrix respectively. The dynamical matrices are given by the following
equations

1 1
cos cosj n nj j

Z
j j  

 
 
 

for TE mode (2)

where, θj is the angle of incidence in the corresponding layer and j stands for A, B or D
layers.
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and
cos cosj j

j n nj j
Z

 




 
  
 

for TM mode (3)

Also, the propagation matrix Pj can be defined as

0

0

i je
Pj i je



 

 
 
 
 

(4)

where the phase is written as

2
cosj

j j j

d
n


 


 (5)

The transfer matrix, for the structure embedded in air, air/(AB)ND(BA)N/air can be written as

 111 12 ( )0 0
21 22

M M N NM Z M M M M MB D BA AM M
Z 

 
 
 

(6)

where, Z0 is called the dynamical matrix for air.
The reflection and transmission coefficients can be written as

( ) ( )11 12 21 22
( ) ( )11 12 21 22

M q M q M q Mif fr
M q M q M q Mif f

  


  
(7)

And 2

( ) ( )11 12 21 22

qit
M q M q M q Mif f


  

(8)

where qi,f=ni,fcosθj,f for TE wave and qi,f= (cosθj,f)/ ni,f for TM wave, where the subscripts i and
f correspond to the quantities respectively in the medium of incidence and the medium of
emergence. In our calculations, we consider both the media to be air. Whereas, the
reflectance and the transmittance of the structure are given by

2 2 and
q fR r T tqi

  (9)

2.1 Proposed Structure and Structural Parameters

We choose Si as the material for the regions A and D, air for layers B and N=5 in Fig. 1. So,
the proposed structure will be [(Si/air)5Si(air/Si)5]. We take silicon and air as the high and the
low refractive index materials respectively and an additional silicon layer (D) as the defect
layer.

The refractive index of air is independent of temperature and wavelength. But the refractive
index of silicon layer is taken as a function of both wavelength and temperature. The
refractive index of Silicon (Si) in the ranges 1.2 to 14 μm and 293-900K can be expressed as
a function of both the wavelength and temperature as [15].
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     
3 ( )/ 2932 4 8 2, 0.8948 4.3977 10 7.3835 102

L T L
e

n T T T T 


 
       (10)

where

  4 6 2 10 311.4445 2.7739 10 1.7050 10 8.1347 10T T T T         
and

( ) 6 9 2 13 30.00071 1.887 10 1.934 10 4.554 10
293

L T
T T T

L
           for 293K ≤ T≤ 900K

Where,
( )

293

L T
L


is the thermal expansion coefficient of the Si layer. The geometrical

parameters are so chosen that the thicknesses of high and low refractive index materials are
same at 293K temperature i.e. d1 = d2 = 1500nm and the thickness of defect layer is taken
2000nm. Thermal expansion coefficient for silicon is taken to be 2.6×10-6/K and melting point
is 1685K [32]. In the thickness of silicon layers, the effect of thermal expansion has been
taken account of by applying the following equation [33]:

( )
( ) 11 293

293

L T
d T d

L


 
 
  
 

(11)

Where, d293 is the thickness of the Si layer at 293K. The absorption in silicon for the
particular range of wavelength considered in our calculation is considerably small; and
hence for the sake of simplicity and for an approximate calculation of the transmittance of
the structure, we may safely ignore the effect of absorption in silicon layers [30].

3. RESULTS AND DISCUSSION

In this section, we present the transmission spectra using equation (9) for defect modes in
one dimensional photonic crystal with defect. The plot of the refractive index as the function
of wavelength and temperature is shown in Fig. 2. From Fig. 2, it is clear that the refractive
index of silicon decreases with the increase in wavelength and increases with increase in
temperature. The increase in refractive index is 0.02/100K and the decrease in refractive
index is 0.001/μm. Therefore the refractive index contrast increases with temperature.

The transmittance spectra of the ideal PC (Si/air)10 at 300K and 900K temperature are
shown in Fig. 3. Our purpose is to produce the defect mode in these spectra, which can be
tuned by the variation of temperature and angle of incidence. The transmittance spectra for
the TE and the TM modes of polarization of the symmetric PC [(Si/air)5Si(air/Si)5] with a
defect at the middle at temperatures 300K and 900K are shown in Figs. 4 and 5 respectively.
The data corresponding to defect modes are tabulated in Table 1. We choose 0°, 30°and
60° as the angle of incidence for both cases.  Due to the Si defect layer, a defect mode is
created at 6.733μm wavelength at 300K and normal incidence.
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Fig. 2. Variation of refractive index of Si (a) with temperature (at constant wavelength) (b) with
wavelength (at constant temperature

Fig. 3. Transmission spectra without defect At T=300k (solid line) and T=900k (Dotted)
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Fig. 4. Transmission spectra of proposed structure for TE-mode of polarization at
T=300K(Solid line) and T=900K(dotted line) \

Fig. 5. Transmission spectra of proposed structure for TM-mode of polarization at
T=300K (Solid line) and T=900K (dotted line)
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Fig. 6. Variation of central wavelength of the defect modes with angle of incidence (a) TE-mode
of polarization (b) TM-mode of polarization at T=300K (Solid line) and T=900K (dotted line)

At normal incidence, the defect modes for both TE and TM polarization modes are found at
the same wavelength. This defect mode can be tuned by variation in temperature and angle
of incidence. The wavelengths like 1.3 micron and 1.55 micron correspond to low loss optical
windows in the optical fiber communication. Whereas, the wavelength corresponding to
defect modes in our calculation falls in the region of wavelength (6.0-7.0µm); and it has
potential applications in metrology and in other fields. From Fig. 4 and Table 1, it is clear that
the transmission peaks are centered at 6.733μm and 6.946μm corresponding to
temperatures at 300K and 900K respectively at normal incidence. Therefore, as we increase
the temperature, the defect mode of transmission shifts towards the longer wavelength
region both for TE and TM modes. The dependence of defect modes on temperature is due
to the two factors. First, it is the thermal expansion of defect Si layer and second, due to the
dependence of refractive index of silicon on temperature as given in equation (10).  The
shifting behavior can be explained by using the phase equation (5). According to this phase
equation, as n(λ,T) increases with temperature, the wavelength must increase accordingly to
keep the phase δ unchanged.

Table 1. Central wavelength of defect modes (in μm) at various angles of incidence

Angle of
incidence

Central wavelength in  μm
(TE Mode)

Central wavelength in  μm
(TM Mode)

300K 900K 300K 900K
0° 6.733 6.946 6.733 6.946
30° 6.587 6.804 6.545 6.757
60° 6.282 6.529 6.875 6.085
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On the other hand, the effect of angle of incidence on the defect mode is also shown in the
figures and Table 1 discussed above. As we increase the angle of incidence, the defect
mode shifts towards the lower wavelength region. The shifting of defect modes with angle of
incidence can be explained by using the phase equation (5). According to this phase
equation, as we increase the angle of incidence, the value of the cosine function on right
hand side decreases. Therefore, the wavelength must decrease accordingly to keep the
phase δ unchanged. The variation of central wavelength of defect modes with angle of
incidence is shown in Fig. 6. It is found that the central wavelength of defect modes does not
change linearly with angle. But the difference between the wavelengths corresponding to the
defect mode peaks is the same for each angle of incidence. This behavior is helpful in tuning
the defect modes.

The variation of central wavelength of defect modes with temperature is shown in Fig. 7. It is
found that the central wavelength of defect modes varies approximately linearly with
temperature. So, we can use the proposed structure as temperature sensing device, narrow
band optical filter, etc. From Fig. 6 and Table 1, it is clearly seen that the defect mode peak
shifts towards the longer wavelength region. Also, it is clear that the average change in
wavelength of defect modes are 0.038 μm/100K and 0.032 μm/100K for TE and TM mode
respectively.

Fig. 7. Variation of central wavelength of the defect modes with temperature (a) TE-
mode of polarization (b) TM-mode of polarization at θ=0° (Solid line), θ=30° (dotted

line) and θ=60° (dashed line)

From Fig. 4 and Table 1, it is clear that the transmission peaks are centered at 6.733μm and
6.946μm corresponding to temperatures at 300K and 900K respectively at normal incidence.
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Therefore, as we increase the temperature, the defect mode of transmission shifts towards
the higher wavelength region both for TE and TM modes

CONCLUSIONS

The effect of the temperature on the defect modes in transmission spectra has been
investigated. The refractive index of silicon layers is taken as a function of temperature and
wavelength both. Therefore, this study may be considered to be physically more realistic.
We can use the proposed structure as temperature sensing device, narrow band optical
filter, wavelength division demultiplexer and in metrology.
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