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High-Sensitive Thermal Sensor Based on a 1D Photonic Crystal
Microcavity with Nematic Liquid Crystal

Haouari Charik1, 2, Mounir Bouras1, 2, *, and Hamza Bennacer1, 3

Abstract—In this study, 1D Photonic Crystal (PhC) with Nematic Liquid Crystal (N-LC) central
microcavity is analyzed and discussed using Rigorous Coupled Wave Analysis (RCWA) method. A
microcavity is inserted into the 1D PhC by the Air Defect, making it ideal for measuring the properties
of an N-LC contained inside the microcavity. Here simulation is considered for NLC (E7) as a thermal
sensor. The principle of photonic crystal thermal sensor operation is studied in the TE mode of the
incident beam. We conduct a detailed study of the thermal sensor with differences in the width of
central microcavity of N-LC. The sensitivity and quality factor are evaluated. Compared to other
photonic crystal sensors mentioned previously, this thermal optical sensor has a much simpler structure
and higher sensitivity.

1. INTRODUCTION

In recent years, PhCs structures have drawn growing interest [1–4]. The PhCs are periodicities of
dielectrics that can control the propagation of electromagnetic wave travelling through them [1]. The
periodic variation of their physical properties (dielectric constant) leads to photonic bands of wavelengths
at which the light can propagate or be reflected [2, 3]. Diverse structures have been investigated as optical
sensors, such as gas sensors [4, 5], mechanical sensors [6], biochemical sensors [7, 8], and refractive index
sensors [9–12]. They are used in light flow control systems, such as waveguides, optical fibres, and
optical filters [13–15].

Optical sensors can be used in a range of electronic, analytical, and environmental applications.
In recent years, their applications as a sensor based on the structure of liquid crystal photonic crystal
have experienced a growing development; these rapid developments in photonic technology have greatly
improved the efficiency of detection, particularly in the areas of light-liquid interaction and system
miniaturization. Any of these optical sensors measure optical property differences as a result of a
difference in the refractive index and the material width of a liquid or gas [16].

To obtain one, two, and three-dimensional photonic crystals, different materials and methods have
been used [17]. The periodic variation of their physical properties (dielectric constant) leads to photonic
bands of wavelengths at which the light can propagate or be stopped [18]. 1D PhCs have gained a lot
of interest for the fabrication of various components in silicon-based photonic integrated circuits at IR
wavelength due to easy fabrication [23, 26]. The study and design of easily produced PhCs with N-LC
central microcavity at optical frequencies have shown increasing interest [27, 28].

PhC doped with N-LC material has recently acquired a great deal of research attention [19–25].
With crystal form orientation, the molecules of the N-LC have a degree of ordering [26]. Because of its
optoelectric qualities and temperature sensitivities, the N-LC has a wide range of applications. The 1D
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PhC described in these studies has two wide photonic bandgaps from 400 nm to 650 nm and 850 nm to
1900 nm wavelength scales.

Besides, the polarization orientation of the light propagated in 1D PhC N-LC can be regulated by
the direction of the applied electric field [21]. Additionally, Lai et al. reported the spectral properties
of an electrically tunable 1D PhC infiltrated with twisted N-LC [5]. Dielectric multilayer structures
containing N-LCs have been used in a wide range of applications [27–30].

In this paper, a 1-D dielectric multilayer with N-LC defect is investigated for a refractive index
thermal sensor of N-LC at an infrared wavelength region. It is necessary for certain photonic devices
operating in the infrared region to understand the N-LC refractive indices in this light region. The
layers of selected materials are used in the present structure to achieve high contrast between the high
refractive index of the layers and to provide a high optical field in the central microcavity [16]. In order
to potentially use the given structure as a thermal sensor, the microcavity is modified with different
values of defect width WLc.

The effect of structural parameters on the efficacy of the design proposed has been investigated.
Meanwhile, by optimizing the parameters of the N-LC central defect layer with different thermal

sensor widths, greater transmission performance can be realized. We can achieve a higher resolution
and broader measurement spectrum of RI with this structure.

2. THEORY AND PRINCIPLE

The structure under study, shown in Fig. 1, a finite-size periodic multilayers structure, consists in the
form of (H)(LH)3(N-LC)(HL)3(H), where H = Si, L = Air and an N-LC layer of type (E7) embedded
at the central defect. Assuming the anisotropic molecules’ optical axis in the X-Z-plane, the N-LC
medium dielectric tensor is given by [31]:
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In the above equations, the angle between the optical axis of the anisotropic molecules and the z-
direction is called tilt angle ∅ [31].

Figure 1. Cross-section of N-LC central defect layer of the 1D PhC structure.

As bias voltage V is applied, under the application of an electric field, liquid crystal molecules
rotate ∅ degrees.

The refractive index for the extraordinary light neff of each layer is changed with the voltage
applied, as well as the light propagating along with the liquid crystal. Their values are given by [32],
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Thus, modulation of the liquid crystal permittivity is realized. That is, the electrical field produced by
the bias voltage changes the permittivity of the liquid crystal [32].
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Thermotropic liquid crystals are used for most N-LC based applications. The electro-optic
properties of liquid thermotropic crystals are temperature-dependent [33, 34].

The refractive indices, in particular, the extraordinary refractive index ne, are also temperature
sensitive. There is no linear relationship between temperature and ne, or between temperature and no.
We will define the resonance wavelength of the thermal sensor of which there is a linear relationship
between the resonance wavelength and temperature [35–38].

In the case of E7, the measured ordinary no and extraordinary ne refractive indices show that ne

still decreases as the temperature rises, while no first decreases modestly and only increases after the
temperature passes 50◦. The effective index is ne when the electric field is added to the N-LC [33]. For
this purpose, the peculiar beam would be used in the method of thermal sensing.

At an operating wavelength of 1550 nm, the extraordinary ne refractive indices decreases from 1,710
to 1,580 by changing the temperature from 15.6◦C to 49.6◦C [33]. The no ordinary refractive indices
vary between increase and decrease as the temperature increases from 1.50 to 1.5180 [33, 34]. The
influence of the N-LC layer’s angle ∅ on the propagation properties of the proposed design will first be
studied.

Due to changes in the rotation angle ∅ of the N-LC layer, the transition between these modes of
operation is ∅ = 0◦, εr =
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while at ∅ = 90◦, εr =
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]
as shown in Fig. 2.

(a)

(b)

Figure 2. Working principle diagram of the N-CL. At the (a) ∅ = 0◦ and (b) ∅ = 90◦ of the 1D PhC
microcavity structure.

3. RESULTS AND DISCUSSIONS

The influence of the geometrical parameters of the structure on the efficiency of the proposed design
has been investigated using 1D PhC N-LC central microcavity content for our transmission calculations
and electromagnetic field sensitivity. The influence of the geometrical parameters of the structure on
the efficiency of the proposed structure has been tested to analyze 1D PhC N-LC defect content for
our transmission measurements and electromagnetic field sensitivity. For an estimate of structure, the
RCWA is conducted, and it is enhanced with Modal Transmission Line (MTL) theory.

By compressing the plot horizontally to a single point, we can represent the band structure as a
series of vertical lines. We can then vary a design parameter and observe how the distribution of gaps
and bands changes.
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Figure 3. 1D PhC bandgap map.

Fig. 3 shows the resulting gap map where for each value of widths of the dielectric layers (Si), the
different colours indicate which polarization of gap, if any, was found. The gap map indicates that the
TE gap (Purple) exists over a much wider bandgap. It is also easy to identify the optimum Wsi for a
joint gap. In this simulation, the width of the dielectric layers (Air) is fixed to 200 nm.

Transmission from the microcavity is seen in Fig. 4, with varying cavity widths. By changing the
cavity width, the wavelength of the cavity mode in the bandgap (shown in Fig. 3) can be adjusted from
0.85 to 1.85 µm.

Figure 4. 1-D photonic crystal air cavity transmission with Wsi = 0.1µm and WAir = 0.2µm. For
cavity lengths of 1.4–1.8 µm, different modes oscillate (from left to right).

One will use an external electrical field on the NLC layer to analyze this structure for N-LC Thermo
sensing applications, as seen in Fig. 2(b), angle of rotation ∅ = 90◦, and εr =

[
n2

e n2
e n2

e

]
is obtained.

A laser diode optical signal is then coupled by a lensed fibre into the photonic crystal microcavity. The
coupling loss would then be minimized, and the signal emitted would be measurable. A microscope
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Figure 5. Wavelength-dependent TE mode transmission at differing temperatures and widths (a)
WLc = 1.4µm. (b) WLc = 1.5µm. (c) WLc = 1.6µm. (d) WLc = 1.7µm. (e) WLc = 1.8µm.
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Figure 6. Resonant wavelength shift as a function of temperature (TE mode).

target absorbs the light emitted from the defect, which is then detected using a photodiode [16].
The thermal sensors are supposed to be in contact with the external electric field. The authorized

transmission modes in 1D N-LC PhC are shown in Figs. 5 and 6 at different N-LC widths. The TE
allowed mode is at N-LC widths of 1.4, 1.5, 1.6, 1.7, and 1.8 µm.

The microcavity, which is shifted into the bandgap as the N-LC widths are modified, enables a
single defect mode. When a different temperature is considered in the defect mode, wavelength shifts
occur. This results in a shift in the range of output propagation that corresponds to the RI change.

Figure 6 indicates that the resonance wavelength is greatly influenced by the variation in the width
and temperature of the design N-LC defect layer. The sensitivity of the proposed thermal sensor would
also be influenced by the width and temperature.

Sensitivity and quality factor are essential criteria for determining the efficiency of a thermal sensor.
The sensitivity S of the thermal sensor is defined by Δλ/ΔT , where Δλ is the wavelength shift of defect
mode, and ΔT is the temperature change and measured in nm/◦C unit.

Figure 7 shows the calculated temperature sensitivity and quality factor of the proposed thermal
sensor with different N-LC defect layer widths for TE mode.

Furthermore, the effect of the change of the defect’s width on the sensitivity of the proposed
1-D PhC is very weak as shown in Fig. 7. A monotonic wavelength response has been declared in
the sensitivity analysis and enhanced by increasing the Width microcavity. Thence to increase the
sensitivity of the present structure, the sensitivity values for the width of microcavity WLc = 1.6µm
(S3 = 1.38 nm/◦C) are higher than the width of microcavity for (1.4, 1.5, 1.7, 1.8 µm) (S1 = 1.23 nm/◦C,
S2 = 1.27 nm/◦C, S4 = 1.33 nm/◦C, S5 = 1.3 nm/◦C), respectively.

The quality factor is seen in Fig. 7 (black line), as a function of the length of the cavity. The quality
factor decreases by increasing the defect width. The offered QF at WLc = 1.4µm is equal to 5012. For
sensing applications, a narrow bandwidth mode is desirable, and we must also select the parameters in
such a way that the quality factor peaks at the operation’s wavelength.

From Fig. 6, if we assume that the relationship between the resonance shift and the RI is roughly
linear, the resonance shift is defined by the following equation for a given liquid index to predict
resonance frequency after linear fitting of simulation data for (WLc = 1.6µm):

y3 [µm] = (−0.0013T + 1.6984) [µm]

We determined the resonance wavelength of the thermal sensor and found a linear relationship between
the temperature and resonance wavelength. The linearity of the resonance wavelength curve is about
R2 = 0.9932, indicating high linearity of the thermal sensor.
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Figure 7. The quality factor and sensitivity as a function of liquid crystal width for TE mode.

In comparison with other thermal sensors using PhCs, our proposed thermal sensor has higher
sensitivity (Table 1).

Table 1. Comparison of the proposed structure with different designs of PhCs sensor.

References Type of device
Sensibility
(nm/◦C)

[1] PhC-1D cavity for central defect layer with a SiO2 0.0037
[1] PhC-1D cavity for one defect layer with a Bi4Ge3O12 0.0050
[3] PhC-1D cavity with a dielectric-superconducting pair defect 0.012
[16] PhC-1D central N-LC defect with MLC-9200 materiel for TE mode 0.328
[16] PhC-1D central N-LC defect with a MLC-9200 materiel for TM mode 0.316
[29] PhC-1D cavity for two defects layers with a Bi4Ge3O12 0.00004

This work PhC-1D central N-LC defect with an (E7) materiel for TE 1.38

4. CONCLUSION

For RI sensing of N-LC at an infrared wavelength field, a 1D dielectric multilayer microcavity is studied.
To create a cavity, an air-central defect is used. The detection theory is based on the resonance shift
of the resonance of the N-LC central defect layer as a function of the RI, which leads to a shift in the
output transmission spectrum. The effect of the adjustment in structural parameters on the proposed
structure has been investigated to provide better sensitivity and quality factor.

To enhance the sensitivity and resolution of the thermal sensor, a method is presented. A thermal
sensor can be obtained in the desired wavelength range by choosing the acceptable value of the geometric
parameters of the structure proposed.

We find that this design has a higher sensitivity and quality factor than the other structures,
and the resonance wavelength changes by 0.1386 nm for n = 0.1◦C. The sensor sensitivity can reach
1.38 nm/◦C, and the transmission efficiency can reach 95–97% in the 15–50◦C temperature range. The
thermal sensor attributed to the largest N-LC defect used here has a simple structure with such a width
of 1.6 µm and can be integrated into photonic circuits based on silicon.
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