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ABSTRACT: In this paper, an omnidirectional reflection band of a one-dimensional 
periodic structure (1DPS) of Si and SiO2 with a nematic liquid crystal (5CB) as a defect 
layer, i.e., (Si|SiO2)3|NLC|(Si|SiO2)3, is investigated. The geometry of the 5CB molecules 
NLC is optimised with the help of density functional theory (DFT) using Gaussian 09 
Software packageA02 and the order parameter (S) of the 5CB molecules is calculated. 
The S value for the 5CB molecules is found to be 0.53 for the range of the applied electric 
field and confirms the nematic phase of the liquid crystal at the microwave region. By 
taking average of the ordinary and extraordinary refractive indices of the 5CB molecules 
NLC, the refractive index has been calculated. The optical properties of the 1DPS of 
Si and SiO2 with a 5CB molecules NLC defect layer are calculated to study the optical 
defect mode as well as the bi-channelled omnidirectional reflection behaviour of the 
1DPS (Si|SiO2)3|NLC|(Si|SiO2)3 and tuned by the electro-optic property of 5CB NLC. Such 
omnidirectional reflecting behaviour of the considered structure may be used to design 
b-channelled omnidirectional reflector and defect mode filter and others.
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1.	 INTRODUCTION

Photonic crystals (PCs) are a unique class of optical media which have a periodic 
arrangement of dielectric materials in one-dimension (1D), two-dimension (2D) 
and three dimensions (3D). Photonic crystal has the special property of the 
optical band gap and such property can be used in optical devices. Generally, the 
transmission property of the photonic crystal depends on the geometry and the 
refractive index of dielectric materials. PCs exhibit the photonic band gap (PBG) 
region in transmission spectra of the photonic crystal. The PBG is a forbidden 
region where no frequency or electromagnetic wave can propagate inside the 
crystals. Due to such characteristics in the transmission spectra, PCs are very useful 
in optoelectronic devices.1,2 It has been shown that 1D photonic crystal can be used 
as a reflector for transverse electric (TE) and transverse magnetic (TM) modes with 
the variation of incident angle. The common reflection bands found in reflection 
spectra for both TE and TM polarisations are called an omnidirectional reflection 
bands and can be used to fabricate omnidirectional reflectors and filters.3–6

Liquid crystals (LCs) are organic molecules having an intermediate phase 
between liquid and crystalline state. LCs have liquid like flow property and 
crystals like periodic arrangement of atoms or molecules. LCs have the nonlinear 
optical characteristics and various applications in display technology, nonlinear 
devices, optical devices, optoelectronic devices, etc. Generally, LCs are found in 
three types: lyotropic, thermotropic and metallotropic. But we are interested to 
study the electro-optical properties of the thermotropic liquid crystal which are 
responsible on the application of temperature and electric field, and such LCs 
changed their phases and optical properties when we apply the temperature and 
the electric field. Therefore, thermotropic liquid crystals exhibit different phases 
are called nematic, cholesteric and smectic phases.7–10 Liquid crystal has a large 
dielectric anisotropy and response to the temperature and electric field. On the 
basis of dielectric anisotropy of the liquid crystal, the photonic crystals have been 
proposed by considering opal or inverse opal infiltrated with liquid crystals.11–15 
PCs with a defect layer of liquid crystal shows tunable transmission with defect 
mode wavelength in PBG region and such defect mode wavelength peaks can 
be controlled by application of electric field. The application of low voltage is 
demonstrated by the electro-optic switching, the defect mode lasing in 1D periodic 
structure with liquid crystals as a defect layer.16–20 The liquid crystal are anisotropic 
molecules having extraordinary refractive (ne) and the ordinary refractive indices 
(no). Another hand, order parameter (S) is a very important parameter for the liquid 
crystal to characterise the phase of liquid crystals. The value of S is 0 and 1 for pure 
liquid state and perfect crystal state, but S lies between 0 and 1 which indicates 
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the liquid crystalline state, respectively. For nematic phase of the liquid crystal, 
order parameter is found to be near about 0.5. The S value of LC depends upon the 
director tilt angle and the polarizability of liquid crystal molecules.21–23

In the present paper, we studied the omnidirectional reflection properties of 
a periodic structure with liquid crystal (5CB) as a defect layer where liquid 
crystal sandwiched between the semi-finite periodic structures of the Si and SiO2 
materials, i.e., (Si|SiO2)3|NLC|(Si|SiO2)3. The geometry of the 5CB molecule was 
optimised by density functional theory (DFT) using Gaussian 09 software package 
A02 and the order parameter of the 5CB molecule was calculated to characterise 
the phase of the LC. The optical properties of the 1DPS (Si|SiO2)3|NLC|(Si|SiO2)3 
were studied using transfer matrix method (TMM) and such optical properties is 
useful to design omnidirectional reflector with defect mode filter as well as tunable 
bandwidth application.

2.	 theory and methodology

Firstly, we optimised the geometry of 5CB molecules using Gaussian 09 Software 
package A02 with the help of DFT using B3LYP method and 6-31G** basis  
set.24–27 Further, we calculated S value of the 5CB molecules, which is an important 
parameter to explain the phase behaviour of liquid crystals. The calculated S value 
of the 5CB liquid crystal is found to be 0.53 which shows the nematic phase of 
5CB liquid crystal in the microwave region. Now, 5CB NLC is inserted between 
the semi-finite periodic structure of the Si and SiO2 materials in one direction as 
shown in Figure 1. 

Figure 1:	 Schematic diagram of 1D periodic structure containing the defect of nematic 
liquid crystal with structure (Si|SiO2)3|NLC|(Si|SiO2)3.
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To calculate the optical properties of the periodic structure of Si and SiO2 with 5CB 
NLC as defect layer, we have considered the refractive indices of the Si and SiO2 

materials to be 3.4 and 1.5, respectively. However, the refractive index of liquid 
crystal depends on the extraordinary and ordinary refractive indices of the liquid 
crystals. In our calculations, we have considered the average refractive index of the 
liquid crystal (nLC) represented as Equation 1. The thicknesses of dielectric layers 
Si and SiO2 follow the relation represented as Equation 2, where wavelength (λ) 
is taken as 0.55 µm for propagation of the wave inside the periodic structure. The 
thickness of the liquid crystal layer is taken as 100 nm. The extraordinary (ne), 
ordinary (no) and the average refractive indices of liquid crystal are 1.81, 1.56 and 
1.64, respectively.28 Therefore, the refractive index of the LC is:
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To study the optical properties of the structure (Si|SiO2)3|NLC|(Si|SiO2)3, we have 
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where cosn d2i i i i� � � �� ; Di is the dynamical matrix; Pi is the propagation  
matrix for the ith layer of periodic structure; ni and di are the refractive index and 
layer thickness of ith layer, respectively, θi is the incident angle for ith layer; λ is 
the wavelength; N is the number of layers; and subscript s stands for subtracting 
layer in consider structure. D0 and Ds stand for the dynamical matrix for air and 
subtract layers, respectively.

3.	 RESULTS AND DISCUSSION

It is found theoretically that the maximum value of the order parameter of 5CB 
molecules is 0.53 for the range of electric field, i.e., 0.05–0.12 a.u. The 5CB 
molecules show the nematic phase of the LC. Therefore, 5CB molecules are treated 
as the nematic liquid crystal 5CB NLC. The behaviour of order parameter (S) of 
the 5CB NLC under electric field is shown in Figure 2.

Figure 2:  Order parameter of the 5CB molecules (NLC) under applied electric field (a.u.).

The average refractive index and the thickness of the 5CB NLC are taken as 1.64 
and dNLC = 100 nm, respectively. The effect of electric field on the 5CB NLC is 
analysed by considering the periodic layers of Si and SiO2 materials with 5CB 
NLC as defect layer, i.e., (Si|SiO2)3|NLC|(Si|SiO2)3 structure as shown in Figure 1. 
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The transmission and reflectance of the considered structure are calculated using 
the TMM method.29 The refractive indices and thicknesses of Si and SiO2 are  
nSi = 3.4, nSiO2 = 1.5, dSi = 40.4nm, and dSiO2 = 91.66 nm, respectively. These data 
are used to calculate the transmittance behaviour of a 1D periodic structure of  
Si/SiO2 materials without and with a defect layer of 5CB NLC, i.e., (Si|SiO2)6  
and (Si|SiO2)3|NLC|(Si|SiO2)3. 

The transmission of the periodic layers of Si/SiO2 materials without and with a 
defect layer of the 5CB NLC versus incident angle for TE mode are shown in 
Figure 3. From Figure 3(a), it can be seen that there exists a photonic band gap 
(PBG) region between 0.4 µm and 0.75 µm wavelength for periodic structure 
(Si|SiO2)6. This PBG region varies with incident angles (θ) of the electromagnetic 
wave. The transmittance of the periodic structure with 5CB NLC as defect, i.e., 
(Si|SiO2)3|NLC|(Si|SiO2)3, as shown in Figure 3(b). There is an enhancement in 
the PBG region with defect mode wavelength peak at 0.5 µm in the transmission 
spectra. The behaviour of defect mode wavelength peak with the incident angle is 
also investigated. It can be easily seen from Figure 3(b) that a shifting of defect 
mode peak is obtained towards lower wavelength with low transmission as the 
incident angle increases. The shifting of the defect peaks is shown at three different 
incident angles i.e. 0°, 45° and 89°. This study shows that the defect mode of the 
5CB NLC in the periodic structure alters the PBG region due to the presence of the 
defect layer in the symmetric periodic structure (Si|SiO2)6.

Figure 3:	 Transmission versus wavelength at different incident angles for (a) (Si|SiO2)6, 
and (b) (Si|SiO2)3|NLC|(Si|SiO2)3.
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Figure 4 shows the transmission spectra of the periodic structure with 5CB NLC 
as defect, (Si|SiO2)3|NLC|(Si|SiO2)3, for both TE and TM modes at three different 
incidence angles, i.e. 0°, 45° and 89°. For TE mode, the defect mode wavelength 
peak with lower transmission at high incidence angle shifts towards low wavelength 
as shown in Figure 4(a). Similar behaviour find for TM mode which is shown 
in Figure 4(b). Although, the defect mode wavelength peak for the TM mode is 
shifted towards the low wavelength region for high incidence angle. But the high 
transmittance is obtained for TM mode in comparison to TE mode.

Figure 4:	 Transmission versus wavelength of (Si|SiO2)3|NLC|(Si|SiO2)3 at different 
incident angles, i.e., 0°, 45° and 89° for (a) TE mode, and (b) TM mode.

Now, the omnidirectional band gap (OBG) of the periodic structure is calculated 
by taking common PBGs for TE and TM modes. Figure 5 clearly shows the PBG 
for TE mode which is larger than TM mode. The common PBG for both TE and 
TM modes can be used as an omnidirectional reflector at microwave region. 
Similarly, we have studied the PBG for the (Si|SiO2)3|NLC|(Si|SiO2)3 structure for 
both modes. Such periodic structure has also OBG with a defect mode wavelength 
peak in PBG as shown in Figure 6. The defect mode can be used as a bi-channel 
omnidirectional reflector at microwave wavelength region.
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Figure 5:	 2D image of wavelength versus incident angle of the (Si|SiO2)6 for TE and TM 
mode (full-coloured illustration is available in the digital version).

Figure 6:	 2D image of wavelength versus incident angle of the (Si|SiO2)3|NLC|(Si|SiO2)3 

for TE and TM mode (full-coloured illustration is available in the digital 
version).

The PBG and bi-channel property of the (Si|SiO2)3|NLC|(Si|SiO2)3 are easily 
understand with 3D image of the reflectance versus wavelength at different 
incident angles. Figure 7 shows a bi-channel omnidirectional reflection band of 
the periodic structure (Si|SiO2)3|NLC|(Si|SiO2)3 and concludes that the reflectance 
of defect mode wavelength peak for TE mode decreases for the high incident 
angle. But the reflectance of defect mode wavelength peak for TM mode increased 
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with higher incident angle where the reflectance again decreased at 60° incident 
angle. Comparative 3D image of reflectance spectra for (Si|SiO2)3|NLC|(Si|SiO2)3 

is shown in Figures 7 and 8 for TM and TE modes which shows that PBG regions 
are different, respectively.

Figure 7:	 3D image of reflectance versus wavelength (Si|SiO2)3|NLC|(Si|SiO2)3 with 
different incident angles for TE mode (full-coloured illustration is available in 
the digital version).

Figure 8:	 3D image of reflectance versus wavelength of (Si|SiO2)3|NLC|(Si|SiO2)3 at 
different incident angles for TM mode (full-coloured illustration is available in 
the digital version).
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Further, transmissions of defect mode wavelength peak of the periodic structure 
(Si|SiO2)3|NLC|(Si|SiO2)3 are studied with high incident angle. The transmission for 
TE mode is continuously decreased with high incident angles but the transmittance 
in cases of TM mode is increased initially with high incident angle and reached to 
the maximum value to 60° incident angle and then transmission further is decreased 
as shown in Figure 9.
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Figure 9:	 Comparative transmission of defect peak versus incident angle for TE mode 
and TM mode for (Si|SiO2)3|NLC|(Si|SiO2)3 structure.

4.	 CONCLUSION

It is well known that the photonic crystals are very useful to design the optical 
devices due to exhibiting of the PBG in the transmission spectra. The PBG materials 
are used to fabricate optical devices like filters, omnidirectional reflectors, etc. In 
our paper, we have chosen 5CB NLC as a defect layer in the periodic structure 
of Si and SiO2 and have calculated the order parameter of the 5CB NLC with 
help of Gaussian 09 Software package A02. The calculated order parameter 
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shows that the 5CB NLC is the nematic phase for 0.05–0.12 a.u. electric field. 
By taking the average of the ordinary and the extraordinary refractive indices of 
5CB NLC, average refractive index of the 5CB NLC is calculated. The optical 
properties of the 1DPS of Si/SiO2 with defect mode of the 5CB NLC are calculated 
using the well-known TMM. A 100% reflectance of the one-dimensional 
periodic structure of Si/SiO2 dielectric materials for TE and TM modes shows the 
omnidirectional reflection behaviour at the microwave region. Periodic structure 
(Si|SiO2)3|NLC|(Si|SiO2)3 has bi-channelled omnidirectional reflection band when 
defect 5CB NLC is introduced as defect layer in the symmetric semi-finite periodic 
structure of Si and SiO2. The omnidirectional reflecting behaviour with defect mode 
of the 1DPS (Si|SiO2)3|NLC|(Si|SiO2)3 may be considered to design bi-channelled 
omnidirectional reflector which is tuned by the electro-optic behaviour of the 5CB 
NLC. The 100% reflectance of the considered structures may be used to fabricate 
the photonic for omnidirectional reflector and filter.

5.	 ACKNOWLEDGEMENTS

Pawan Singh acknowledges Babasaheb Bhimrao Ambedkar University, India for 
financial assistance through Non-NET University Grants Commission (UGC) 
fellowship and Narinder Kumar thanks to UGC, New Delhi, for awarding National 
Fellowship for Scheduled Caste (NFSC).

6.	 REFERENCES

1.	 Joannopoulos, J. D., Meade, R. D. & Winn, J. N. (1995). Photonic crystals: 
Molding the flow of electromagnetic wave. Princeton: Princeton University Press.

2.	 Sukhoivanov, I. A. & Guryev, I. V. (2009). Physics and practical modeling.  
New York: Springer.

3.	 Yablonovitch, E. (1987). Inhibited spontaneous emission in solid-state physics 
and electronics. Phys. Rev. Lett., 58, 2059–2062, https://doi.org/10.1103/
PhysRevLett.58.2059.

4.	 Srivastava, R. et al. (2008). Omni-direction reflection in one-dimensional photonic 
crystal. Progr. Electr. Res. B, 7, 133–143, https://doi.org/10.2528/PIERB08020601.

5.	 Fink, Y. et al. (1998). A dielectric omnidirectional reflector. Sci., 282, 1679–1682, 
https://doi.org/10.1126/science.282.5394.1679.

6.	 Thapa, K. B., Singh, S. K. & Ojha, S. P. (2006). Omnidirectional high reflector for 
infrared wavelength. Int. J. Infr. Mil. Waves, 27, 1257–1268. 

7.	 Chandrasekhar, S. (1992). Liquid crystals. New York: Cambridge University Press.
8.	 Khoo, I. C. (2007). Liquid crystals. New Jersey: Wiley.
9.	 Blinov, L. M. (2011). Structure and properties of liquid crystals. New York: 

Springer.



Omnidirectional Reflection Band of 1DPS	 128

10.	 de Gennes, P. G. & Prost, J. (1993). The physics of liquid crystals. New York: 
Clarendon.

11.	 Yoshino, K. et al. (1999). Tunable optical stop band and reflection peak in synthetic 
opal infiltrated with liquid crystal and conducting polymer as photonic crystal.  
Jpn. J. Appl. Phys., 38, L961–L963.

12.	 Ozaki, M. et al. (2002). Electric field tuning of the stop band in liquid crystal-
infiltrated polymer inverse opal. Adv. Mater., 14, 514–518.

13.	 Bush, K. & John, S. (1999). Liquid-crystal photonic-band-gap materials: The 
tunable electromagnetic vacuum. Phys. Rev. Lett., 83, 967–970, https://doi.
org/10.1103/PhysRevLett.83.967.

14.	 Miroshnichenko, E., Pinkevych, I. & Kivshar, Y. S. (2006). Tunable all-optical 
switching in periodic structure with liquid-crystal defects. Opt. Exp., 14, 2839–
2844, https://doi.org/10.1364/OE.14.002839.

15.	 Yoshino, K. et al. (1999). Temperature tuning of the stop band in the transmission 
spectra of liquid crystal infiltrated synthetic opal as tunable photonic crystal.  
Appl. Phys. Lett., 75, 932–934, https://doi.org/10.1063/1.124558.

16.	 Ozaki, R. et al. (2003). Electrically color-tunable defect mode lasing in one-
dimensional photonic-band-gap system containing liquid crystal. Appl. Phys. Lett., 
82, 3593–3595, https://doi.org/10.1063/1.1577829.

17.	 Ozaki, R. et al. (2004). Electrically tunable lasing based on defect mode in one-
dimensional photonic crystal with conducting polymer and liquid crystal defect 
layer. Appl. Phys. Lett., 84, 1844–1846, https://doi.org/10.1063/1.1686891.

18.	 Ozaki, R. et al. (2005). Tunable defect mode in one-dimensional photonic crystal 
with liquid crystal defect layer. Mol. Cryst. Liq. Cryst., 433, 247–257, https://doi.
org/10.1080/15421400590957792.

19.	 Leonard, S. W. et al. (2000). Tunable two-dimensional photonic crystals using 
liquid-crystal infiltration. Phys. Rev. B, 61, R2389–R2392, https://doi.org/10.1103/
PhysRevB.61.R2389.

20.	 Kang, D. et al. (2001). Electro-optic behavior of liquid-crystal-filled silica photonic 
crystals: Effect of liquid-crystal alignment. Phys. Rev. Lett., 86, 4052–4055,  
https://doi.org/10.1103/PhysRevLett.86.4052.

21.	 Kanwar, A. (2013). Measurement of order parameter, birefringence, and 
polarizability of liquid crystals. J. Opt., 42, 311–315.

22.	 Du Pre, D. B. & Chapoy, L. L. (1979). Measurement of order parameter in a room 
temperature liquid crystal. J. Chem. Edu., 56, 759–761, https://doi.org/10.1021/
ed056p759.

23.	 Kumar, A. (2007). Calculation of optical parameter of liquid crystals. Acta. Phys. 
Polon. A, 112, 1213–123.

24.	 Frisch, M. J. et al. (2009). Gaussian 09. Wallingford, CT: Gaussian.
25.	 Becke, A. D. (1993). Density-functional thermochemistry. III: The role of exact 

exchange. J. Chem. Phys., 98, 5648–5652, https://doi.org/10.1063/1.464913.
26.	 Lee, C., Yang, W. & Parr, R. G. (1988). Development of the Colle-Salvetti 

correlation-energy formula into a functional of the electron density. Phys. Rev. B, 
37, 785–789, https://doi.org/10.1103/PhysRevB.37.785.



Journal of Physical Science, Vol. 30(3), 117–129, 2019	 129

27.	 Hay, P. J. & Wadt, W. R. (1985). Ab initio effective core potentials for molecular 
calculations: Potentials for K to Au including the outermost core orbitals.  
J. Chem. Phys., 82, 299–310, https://doi.org/10.1063/1.448975.

28.	 Stephen, M. J. & Straley, J. P. (1974). Physics of liquid crystals. Rev. Mod. Phys., 
46, 617–704, https://doi.org/10.1103/RevModPhys.46.617.

29.	 Yeh, P. (1988). Optical waves in layered media. New York: John Wiley & Sons.


