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Abstract 

The study employed polydimethylsiloxane polymers with the purpose of developing an optical 

temperature sensor. It will have practical uses in biosensing and temperature-sensing. The PDMS 

polymer will be applied onto the photonic crystal hole and subsequently filled with it. When the 

voids in the polymer are filled, a functional layer will form on the surface of the photonic crystal, 

despite the polymer's inherent liquid state and flexibility. In order to test bio-sensing capabilities, 

we subjected polymers to a controlled temperature variation environment, which resulted in a 

change in the reflective index as a result of temperature. Low temperatures result in a high 

reflecting index, whereas high temperatures lead to a low reflective index, causing transparency 

owing to light. The unit cell design will be subjected to experimental modifications to enhance the 

accuracy of the results, utilizing Meep Python, a simulation program 
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Introduction 

Optical thermal sensors have garnered significant attention due to their numerous advantages, 

including immunity to electromagnetic interference, rapid response times, heightened sensitivity, 

non-intrusive detection, and the capability to measure temperature distribution in their immediate 

vicinity, among other benefits. Optical thermal sensing refers to a method that categorizes 

temperatures by analyzing the luminescence, fluorescence lifetime, or other luminous 

characteristics of optical materials. The utilization of temperature sensors has experienced an 

increase [ 5] . Optical temperature sensors are a specialized type of sensor that utilizes optical 

technology, typically fiber optics, to measure temperature. Recently, several researches have 

suggested the use of optical fiber for refractive file detection. Plasmonic sensors, detection 

recording, exceptional safeguards, Fano-reverberation enabled sensors, fiber-optic-based 

detection, and nanocavity-based detection are all techniques that have been considered for optical 

temperature sensing. Additionally, studies have demonstrated that thermally responsive 

substances, such as ethanol and PDMS, can be utilized alongside plasmonic waveguides for the 

purpose of detecting heat. [1] 

Three-dimensional photonic crystals (PhCs) have been extensively studied for various sensing 

applications, such as temperature monitoring, biological sensing, bacteria detecting, fluid sensing, 

gas sensing, and refractive index sensing in general[6]. Recently, Optical-fiber-based refractive 

index sensing has been proposed in numerous research studies [2]. Plasmonic waveguides have 
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been utilized in conjunction with thermally sensitive substances like ethanol and PDMS to 

showcase thermal sensing capabilities. PDMS is renowned for its outstanding rheological 

characteristics, commonly referred to as flow properties. PDMS exhibits a transparent appearance 

and is inherently non-toxic, innocuous, and non-combustible. PDMS possesses several physical 

qualities, including as its remarkable elasto-optic and thermo-optic capabilities, high optical 

transparency, low absorption across a wide range of wavelengths, and biocompatibility [7]. 

Polydimethylsiloxane can be employed in various temperature-sensing applications due to its 

affordability, uncomplicated production method, and high thermo-optic coefficient. This includes 

scenarios that require a high level of sensitivity [3]. This polymer exhibits a distinctive 

amalgamation of characteristics due to the presence of both an inorganic siloxane backbone and 

organic methyl groups bonded to silicon. A low glass transition temperature renders the 

substance in a fluid state at ambient temperature. The fluid substance can be rapidly and easily 

transformed into a solid elastomer by the process of cross-linking. PDMS-based devices exhibit 

significant sensitivity to temperature variations due to their elevated thermo-optic coefficient [4]. 

This work reports a numerical investigation of a temperature sensor designed using 3D PhC 

structures based on low-index dielectric materials, i.e, niobium pentoxide (Nb2O5) and silicon 

dioxide (SiO2). The sensor operates based on the principle of refractive index sensing using Fano-

resonance in the near-infrared wavelength region. A PDMS functional layer is applied on top of 

the waveguide layer, and its physical properties undergo changes in response to temperature 

fluctuations. The change in temperature causes a variation in the refractive index of the PDMS 

layer, which in turn is detected by a shift in the resonant wavelength λres. The sensor device's 

performance is assessed based on the shift in λres, alteration in the linewidth of the resonant 

modes, sensitivity (S), and figure-of-merit (FOM). The device has excellent performance and 

utilizes a straightforward light-coupling approach. This positions it as a formidable competitor to 

several complicated sensing devices, like MIM-waveguide-based temperature sensors. 

 

Materials and Methods 

The finite-difference time-domain (FDTD) method was utilized for numerical modeling and 

simulation. This was carried out in MEEP, an open-source software platform developed at MIT 

University specifically for electromagnetic equation propagation. MEEP-FDTD utilizes 

Maxwell's equations to compute the propagation of the electromagnetic (EM) field within the 

medium. A Gaussian pulse source is employed to compute the system's response across a broad 

spectrum of frequencies in a single execution. The simulation is initialized with a center 

wavelength of the source, λc, set to  

1.46 nm, and a pulse width, df, of 0.15 in terms of frequency. The flux is calculated at numerous 

frequency points, nf, with a total of 6000 points. The simulation domain was established with a 

resolution of 30, which was sufficient to capture the smallest structural feature and calculate the 

lowest wavelength component. Figure 1a displays a 3D representation of the sensor design. In this 

design, the waveguide layer is placed on top of the SiO2 substrate, and air-hole-based photonic 

crystal (PhC) elements are arranged across the waveguide layer. 

The SiO2 substrate has a refractive index of 1.5, whereas the Nb2O5 waveguide has a refractive 

index of 2.2 in the 1500 nm spectral range. The refractive index values are obtained as a point of 

reference from sources [2,4]. The lattice constant of the structure (Figure 1a) is set to a value of 

1000 nm in order to facilitate the operation of the device within the near-infrared spectral range. 

Figure 1b illustrates a simplistic unit cell simulation model employed in this study. The 

simulation cell is bounded by perfectly matched layer (PML) boundary conditions in the top and 
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lower Z-directions. The PML layer has a predetermined thickness of  nm in order to fully absorb 

the entire electromagnetic spectrum produced by the source at the borders. Furthermore, the unit 

cell model is replicated in the horizontal (X and Y) directions by employing periodic boundary 

conditions (PBC) offered by the simulation software. The plane wave excitation source is 

positioned directly above the structure (Figure 1b), whereas the transmission and reflection flux 

of the resonant modes are estimated below and above the waveguide, respectively. The 

software allows the user to provide a custom-configured monitoring point for field decay, 

which will end the simulation when the required field decay condition is met. A field decay 

monitor point is positioned beneath the transmission monitor layer, as depicted in Figure 1b. The 

software automatically converts the simulation results from the time domain to the frequency 

domain using a Fourier transform in order to facilitate their viewing. 

 

 

 

 

 

Figure 1: Simulation model of proposed thermal sensor (a) A 3D model of thesensor device 

with an indication of substrate, waveguide, air hole, and lattice constant (b)Unit cell simulation 

model of PhC Structure in HD5 file 

 

Sensing mechanism 

The design parameters of the PhC structure were initially optimized to achieve an effective 

wavelength filtering mechanism, resulting in the emergence of a narrowband Fano resonance at 

λres =1470 nm. The waveguide's thickness was set to 330 nm based on optimum design 

parameters. A layer of PDMS was applied onto the waveguide layer, allowing the PDMS material 

to infiltrate and occupy the air holes. The PDMS layer served as a functional layer, exhibiting 

varying physical qualities in response to changes in the surrounding temperature. In order to 

optimize the process, certain parameters are simulated, such as the radius values of 0.20, 0.24, 

and 0.28, the PDMS values of 0.27, 0.33, and 0.45, and the hole depth (h) values of 1.0 and 1.5. 

The best results are obtained at the PDMS value of 0.33, radius at 0.20 .Figure 2b provides a cross-

sectional view of the unit cell model, illustrating the PDMS functional layer, PDMS-filled PhC hole, 

and the surrounding atmosphere where the temperature change was observed. 
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Figure 2. Thermal sensing mechanism of the device: (a) A PDMS functional layer was deposited 

on the top and filled in the PhC holes. Light source incident on the device to excite the Fano-

resonances; (b) Unit cell model with PDMS functional layer and ambient atmosphere where the 

temperature change was to be measured. 

The relationship between the refractive index of the PDMS material and temperature T (in ◦C) was 

obtained from previous studies [7–9]. This relationship is described by Equation (1). Figure 3 

illustrates the visual representation of the aforementioned relationship. It is evident that the 

refractive index of PDMS exhibits a linear variation from 1.4131 to 1.3741 as the temperature 

ranges from 0 to 110 ◦C. The developed sensor device was numerically examined for its design 

and performance as an optical thermal sensor, utilizing this correlation. 

 

np(T) = 1.4176 − 4.5 × 10−4 .T 

 

 

 

 

Figure 3. Refractive index variation of PDMS as a function of ambient temperature 

 

Design Parameters Optimization 

In order to maximize the sensitivity of the proposed model, the structural design parameters were 

adjusted throughout a range of values. The design parameters are subject to variation.The spectral 

features were measured at three important plan boundaries: the thickness of the PDMS layer, the 

depth of the PhC holes, and their radius. The figures clearly indicate that the linewidth has 

successfully achieved its fundamental characteristics. The optimal values for the plan parameters 

to test the device as a thermal sensor were selected as = 0.33, h = 1.5, and r =0.20. It is calculated 

by the equation y = a + b*x. 
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(b) 

 

(c)

 

 (d) 

 

Figure 4. (a) PDMS thickness vs. Line width; (b) Hole Radius vs. Linewidth; (c) hole Depth vs. 

Linewidth; (d) : Design parameters vs. Linewidth 

 

Temperature sensor at 0 to 110°: 

The graph illustrates the temperature fluctuations ranging from 0 to 110. The optimal values are 

assessed to be 0.33(tp) PDMS with a radius (r) of 0.20, a hole depth (h) of 1.5, and a radius (r) of 

0.20. The temperature has a direct impact on the refractive error of the PDMS layer, causing a 

change of 0.33 nm. The sensor generates a distinct resonance. The transmission spectra were 

observable across a temperature range of 0 to 110 degrees Celsius. The temperature transition from 

0 to 110 is illustrated in the accompanying figure, along with the graph representing the 

aforementioned relationship. The refractive index of PDMS exhibited a consistent and 

proportional decrease, transitioning from 1.4131 to 1.3741. 

The design parameters of the PhC structure were modified in order to enhance its wavelength 

filtering mechanism. The temperature-sensing resonant wavelength was adjusted to 1490 nm while 

keeping the waveguide thickness constant at 0.33 nm. The device exhibited excellent 

performance in terms of sensitivity (S), variations in resonance frequency line width, and figure of 

merit (F0M). The calculations indicate that the sensor's resonant wavelength falls between the 

range of 15302.05 to 1507.23 nm. The linewidth of the sensor is 2.0 rad, and its sensitivity ranges 

from 0.1114302 to 0.13124344. Additionally, the figure of merit (FOM) for the sensor is between 
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0.032774 and 0.03235. 

 

 

 

 

Figure 6: Temperature variation from 0 to 110 

 

Proposed Method for the Preparation of Thermal Sensor: 

The process of precisely developing a structure is quite intricate and requires a significant amount 

of time. Obtaining the exact values of a structure's parameter necessitates addressing a multitude 

of circumstances. The first step involves the deposition of PDMS polymer onto the holes of the 

photonic crystals using a simple single cell model, despite the fact that the polymer is both flexible 

and in a liquid state. After filling the hole, a new layer, known as the function layer, is formed on the 

surface of the photonic crystal. We employed a temperature-variant setting on polymers for the 

purpose of biosensing experimentation.This resulted in a variation in the refractive index of the 

polymers based on the temperature. Low temperature corresponds to a high reflecting index, while 

high temperature corresponds to a low reflective index. Below is a detailed guide outlining the step-

by-step preparations. 

 

 

 

Fig 6: Steps of designing thermal sensor. 

 

 

Comparative analysis: 

Various thermal sensors have been described in the literature, such as periodic structures like 

photonic crystals or nanogratings, plasmonic structures, fiber-optic-based sensors, 
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interferometer-based designs, and thermal sensors that utilize fiber-optic technology. Plasmonic 

sensors often offer enhanced sensitivity, while their production is challenging and costly. 

Dielectrics and polymers have been widely publicized as potential materials for thermal sensors. 

Fiber-optic sensors possess the advantage of a pre-existing waveguide, and additional 

configurations can be integrated into them for detection purposes. PDMS has been employed in 

several sensing applications, including as refractive index detection, gas detection, and thermal 

detection. An analogous analysis of this piece is presented in a Table that illustrates the contrast 

between the planned work and the existing literature. 

 

Table 1. Comparison of the proposed work with the existing literature 

Measurement 

 

Range(°C) 

Sensitivity(nm/°

C) 

Researched 

 

work 

20 to 85 0.075 9 

20 to 100 0.101 10 

20 to 100 0.22 11 

20 to 30 -1.63 12 

0-90 0.109 [1] 

0-110 0.1114302 Thesis work 

 

Conclusion: 

The mathematical analysis of a temperature sensor device based on Dielectric PhCs, operating at a 

wavelength of 1470 nm in the telecommunication spectral region, has been conducted. This gadget 

is affordable, user-friendly, and operates within the 1470 nm wavelength range.An all-solid 

stacking waveguide was constructed on a SiO₂ substrate that contains air-hole based PhC holes. 

Niobium pentoxide is the subsequent layer following the wave guide layer. The most favorable 

design parameters were determined to be t p = 0.33 nm for the PDMS layer, h = 1.5 nm for the 

depth of the PhCholes, and r = 0.20 nm for the hole radius. The suggested device operates at a 

wavelength of 1470 nm and has a typical linewidth of 3.4 nm. The voids in the photonic crystal 

were filled, and a layer of PDMS was applied on top of the waveguide layer with a thickness of t p 

= 0.33 nm for the purpose of temperature sensing.With an increase in temperature, the refractive 

index of PDMS decreased. Analyzed analytically, the sensor response was examined in a thermal 

range of 0 to 110 C, with the refractive index varying from 1.4131 to 1.3741. The maximum values 

for S and FOM were defined as 0.1114302 and 0.032774 nm/C, respectively.The sensor's 

performance and presentation, also known as the figure of merit (FOM), can be evaluated based 

on its sensitivity (S), resolution (Res), and line width (Lw). Additionally, a figure of merit (F) is 

used to assess the sensor's overall performance. The light connection technique is uncomplicated, 

and the sensor exhibits excellent performance. Therefore, it poses a significant challenge to more 

sophisticated systems available in the market, such as MIM-wave guide temperature sensors. 

Considering the characteristics of the active compound, the capacity to withstand heat, and the 

cost-effectiveness of the dielectric materials used, the sensor device can be suggested for a wide 
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range of temperature detection applications by using a straightforward arrangement of optical 

fibers. 

This study examines the development of an optical thermal sensor using polydimethylsiloxane 

polymers, utilizing the widely-used MEEP phyton simulation approach. Its purpose is to generate 

replicated outcomes for 3D photonic crystal formations. 
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