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Abstract: Sugar is important in daily food intake since it is used as food preservative and sweetener. Therefore, is important to analyze the influence of sugar on the spectroscopic properties of the sample. Terahertz spectroscopy is proven to be useful and an efficient method for sugar detection as well as for future food quality industry. However, the lack of detection sensitivity in Terahertz Spectroscopy has prevented it from being used in a widespread spectroscopic analysis technology. In this paper, Frequency Selective Surface (FSS) using the Terahertz Spectroscopy Time Domain Spectrum (THz-TDS) which operates at terahertz frequency range has been demonstrated for application of sugar detection. The FSS is designed with a circle slot structure and has been optimized in line with the molecular resonance of glucose and fructose at different level concentration at 1.98 THz and 1.80 THz, respectively. Transmission magnitude of glucose and sucrose is inversely proportional with the level of sugar concentrations. The realization of the FSS structure is using electron beam lithography and wet etching technique. Results show that the FSS performance for glucose and sucrose reveal fair shifts in measured transmission magnitude from its original in CST by approximately 30%. The use of fabricated FSS with circle structure indicates that the concentration can be improved averagely at 25% for glucose and 13% for sucrose. Thus, it shows that the FSS circle structure combined with THz-TDS has the potential to become an alternative method for food sensing technology in the future.
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1  Introduction

Sugar plays an important role in the food industry since it uses as a food preservative and sweetener. One of the most favourite and natural sweeteners is honey. Due to natural or raw honey are quite expensive, honey can be easily adulterated by adding sugar syrups with similar composition and been selling in the market nowadays [1]. Therefore, it is important to be analyze the influence of sugar on the spectroscopic properties of the sample. The conventional sensing food method that uses the Near Infrared (NIR) and mid-IR spectroscopic suffers from the lack of sensitivity [2] in relation to the demand in food quality control and it has become the main problem in food industry [3] Therefore, it is necessary to explore new detection tools that can be useful for the food sensing industry. Terahertz spectroscopy can be an alternative method in this industry. Terahertz spectroscopy is a non-destructive method suitable for examining biological [4] and chemical materials [5]. Terahertz Spectroscopy has a unique interpretation based on bio-molecular resonance characteristics within the broad THz range In the past, terahertz spectroscopy technology has been applied for alcohol detection [2] sugar detection [6] antibiotics [7] and drugs [8]. This is due to its capability that enables absorption and penetration of non-conductive materials, provides molecular information, and emits non-ionizing radiation that will do no harm to the sample [9]. Thus, terahertz spectroscopy has been considered as an alternative method to enhancing the usage of microwave and infrared band in the conventional spectroscopy. However, the main issue that prevents the widespread use of THz-TDS is its limited detection sensitivity. The improvement of the low detection sensitivity can be improved by using a Frequency Selective Surface (FSS).

Frequency Selective Surface (FSS) is made up of a periodic element of either a patch or a circle slot structure. It is widely known for its applications in electromagnetic (EM) shielding [10], microwave filters [11–13], absorbers [14], radomes [15–17] and radar cross section [18]. Meanwhile, in biochemical sensing, FSS is introduced and applied as transducer which allows for a better detection with its increasing sensitivity for detection in fungi, bacteria, pesticide residue [7,19,20]. According to previous research in [7,21,22] by applying the FSS structure, it helps to increase the sensitivity and detection limitation around 104 to 1010 times higher than the detection abilities without applying FSS structure. Thus, with the possibilities of FSS in detection of a small structure, and a rapid growth in Terahertz (THz) research and microfabrication technologies, FSSs are ahead from microwave frequencies towards higher frequencies, making them as demanding components of THz instrumentation.

In this paper, glucose and sucrose are analyzed for molecular resonance at different levels of concentration. These two sugar types are chosen due to the basic compound of sugar and important element in daily food intake. Specifically, this paper focuses on the study of sugar detection by using the THZ-TDS combined with the FSS structure.

2  Terahertz Scanning for Glucose and Sucrose

Based on past literature in [6,23,24] which applied the exact same type of sugar and analysis, glucose resonances were mostly found between range 1 THz to 3 THz while sucrose resonance were mostly found between range 1.3 THz to 3.55 THz [25,26].

In this study, two sugar resonance was chosen based on the best transmittance at every concentration level that follows the Beer's law theory. In general, Beer's law theory explained the attenuation of light to the material's properties through which the light is travelling. This section discusses the effects of transmission of sugar at different level of concentration at terahertz range as presented in Figs. 1a–1d. In this project, the best sugar molecular resonance of glucose and sucrose was observed and analysed at every concentration. From the analysis, glucose shows the best molecular resonance, observed at 1.10 THz and 1.98 THz for all concentration. Between those two molecular resonances, 1.98 THz shows a better and consistent transmission magnitude decrease at every glucose concentration level which significantly follows the Beer's law theory. At resonance 1.1 THz, the transmission magnitude of glucose shows some inconsistent decreases in transmission magnitude at a certain concentration level of glucose, as shown in Figs. 1a and 1b.

On the other hand, for the molecular resonance of sucrose analysis, it is observed that the best molecular resonance show at resonance 1.31 THz and 1.80 THz. From the study, molecular resonance at 1.80 THz shows the best and consistent transmission decrease as an increased concentration of sucrose compared to the result in transmission at resonance 1.31 THz. At 1.31 THz shows an inconsistent transmission decrease when the sucrose concentration level increases, as presented in Figs. 1c and 1d.

Therefore, from the analysis two best molecular resonance from glucose and sucrose, 1.98 THz and 1.80 THz, are chosen based on the consistent decrease in transmission as increase in level of concentration of the sugar. For the improvement in detection of Terahertz Spectroscopy combined with metamaterial structure, the frequency of the FSS structure is designed based on circle slot structure and optimized in line with the sugar molecular resonance of both glucose and sucrose at 1.98 THz and 1.80 THz, respectively. Besides that, the level of concentration detected in this study is set as low as 0.2% level of glucose and sucrose concentration. Later, the transmission magnitude of sugar, glucose and sucrose is analyzed before and after applying the FSS structure to observe the detection improvement when FSS structure is applied.

3  FSS Design Structures

There are various groups of FSS, and each element has its unique response that depends totally on the design structure to obtain different specifications, such as multiband, narrow, and broad bandwidth, angular and polarization stability [27]. Essentially, the total length of the loop structure of FSS is equivalent to one wavelength, λ. According to [28], the resonant frequency of a FSS structure can be expressed through Eq. (1), where, wavelength, λ can be substituted accordingly based on the FSS design structure, thus, in this paper, λ is substituted with the total circumference of one circle loop as expressed in Eq. (2) & Eq. (3) where, d is diameter of the circle, while εr is the dielectric permittivity of substrate and c is represented as the speed of light.

fr=c/λεr(1)

λ=πd(2)

∴d=2r(3)

In this paper, the FSS structure is designed and optimized in line with the sugar, Glucose and Sucrose molecular resonance with resonant frequency of 1.98 THz and 1.80 THz with transmission magnitude of 0.928 and 0.915, respectively.
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Figure 1: Transmission of Glucose at different level of concentration at frequency (a) 1.1 THz, (b) 1.98 THz, and Sucrose (c) 1.31 THz and (d) 1.80 THz

The FSS structure is designed on a 400 μm thick quartz surface as a substrate a metal layer of 0.5 μm thick of aluminum layer. Computer Simulation Technology (CST) Microwave Studio software is used as a platform to perform the simulation and optimization of these FSS structures and have been setup with boundary condition of a unit cell. The reflection phase diagram is setup for angular optimization purposes and Frequency Domain Solver is chosen due to its capability to optimize high resonance and electrically small structures such as FSS. Fig. 2 shows the optimize FSS structure for Glucose and Sucrose.
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Figure 2: Top view and side view of FSS structure

4  Method

4.1 Sample Preparations

Glucose and Sucrose sample powder with purity > 99% has been used in this study. The objective is to observe the molecular resonance of different type of sugar at conditions of low concentrations. Ten different samples of concentration of 0.2%, 0.4%, 0.6%, 0.8%, 1.0%, 1.5%, 2.0%, 2.5%, 5.0% and 10.0% of glucose and sucrose were prepared and measured using Terahertz Spectroscopy and had been analyzed repeatedly. To observe the molecular resonance of both three types of sugar, Glucose and Sucrose the appropriate amount of sugar has been carefully scaled using weighting machine to avoid miscalculation and mix with constant 10 mL of distilled water. Deionized water is used as a reference to avoid any impurities and contaminated substances effects on to the sample. The concentration of solution is prepared using weightage per Volume percentage calculation used to prepare the sample is based on Eq. (4).

weightvolume(%)=weightofsolute(g)volumeofsolution(ml)x100(4)

Fig. 3 shows the sugar sample was inserted on the surface of microscope slide customized with the O-ring glued on the microscope slide surface. O-ring area was glued on to the microscope slide to ensure the constant volume sugar solution sample was inserted during measurement. In addition, to prevent from spillage, microscope cover was cascaded together on the O-ring after the solution was inserted.
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Figure 3: (a) Sugar sample inserted in O-ring Area (b) Zoom microscope slides with O-ring

4.2 Terahertz Spectroscopy Setup

Fig. 4 is the experimental setup of the THz-TDS in transmission mode [29]. The generation and detection of the terahertz ray was employed with a by photoconductive antenna which acts as emitters and receiver. A femtosecond laser at wavelength 800 nm with optical pulse generated from a self-mode-locked Ti-Sapphire crystal was used as the laser source. This femtosecond laser pulse has between 10-150 fs pulse duration and 100 MHz repetition rate. The laser pulse was guided into lenses L1 and L2. Then, a half-wave plate, (HWP 1) and polarizer, (P1) were used to split part the pumping power for pumping towards the THz emitter. The amount of power can be adjusted by changing the angle of HWP 1. Emitter pumping beam then was directed to the optical delay line based on hollow retro reflector, HLR 1 guided by mirrors, M3 and M4 to the THz emitter. Lens L3 focused the pumping beam to the gap of the photoconductive antenna in the THz emitter. While half-wave plate, HWP 2 and polarizer, P2 were used to split part of pumping power for probing towards the THz detector. The beam from the probe would be reflected through the mirrors, M5 and M6, to the lens L4 and focused to the gap of a photoconductive antenna in the THz detector. The average power of pumping pulses focused into the THz emitter and detector photoconductive antennas are ∼20 mW and ∼15 mW, respectively. The spectral bandwidth of this THz-TDS system is ranging from 0.1–2.0 THz. During the experiment, the sample was placed at the center of the focal point of two lenses and the transmission result of the sample was observed and analyzed. As water vapor has strong absorption across the Terahertz range, the experimental setup was placed into a closed, sealed container filled with dry nitrogen.
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Figure 4: Setup of THz TDS

4.3 FSS Fabrication Process

In this study, a mono-crystalline single side polished quartz wafer with 400 μm thick was used. The 3 inch diameter of quartz substrate was cut into a square sample with a 1 cm × 1 cm using a diamond cutter. Prior to the fabrication process, the sample was cleaned by the standard cleaning procedure where the sample was immersed into ethanol and isopropanol (IPA) solutions and then rinsed with de-ionized water. Next, the sample was dipped into the hydroflouric (HF) solution to remove the native oxide and rinse with de-ionized water. The sample was dried with a nitrogen gun and left in the oven for 5 min at 90°C. Metal layer, namely aluminium was deposited with 0.5 μm thickness, using ULVAC VPC-1100 Thermal Evaporator System. The aluminium deposition parameter was monitored using standard parameter setup with melting point at 660°C, density 270 g/cm3, and the Z-ratio of 1.08. The aluminium thickness was measured and confirmed with KLA Tencor D-100 surface profiler measurement system.

A Polymethyl Methacrylate (PMMA) was used as a resist layer. The PMMA liquid solution was coated on the aluminium layer using a standard spinning procedure. The sample was spun with the cycle of 1000 rpm for 10 s and then increased to 4000 rpm for 60 s. Next, the sample was baked in the oven at 90°C temperatures for 30 min to make sure that the resist layer is adhered to the sample. Surface profiler was used to check the PMMA layer thickness. The lithography process was then commenced for transferring the circular slot patterns that were designed using CST software. This was carried out by exposing the PMMA resist layer using the electron beam. In this case, the exposure was set up with 100 kV voltage acceleration, 2 nA of beam current, and line dosage of 1000 μC/cm2. The exposed sample pattern was developed by immersing it into the mixed developer solution, namely Methyl Isobutyl Ketone (MIBK) and IPA with a ratio of 1:3 for 60 s. Then, the sample was rinsed with the IPA solution. Aluminium etchant was used for removal of the unwanted aluminium layer with varies etching time process. The PMMA resist was removed using acetone, and then the sample was rinsed with IPA and de-ionized water. Next, the sample was dried up using a nitrogen gun. During the fabrication process, the sample was checked and examined with the optical microscope and Field Effect scanning Electron Microscope (FE-SEM). Fig. 5 shows the fabrication process flow of FSS sample using quartz susbstrate.
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Figure 5: FSS Fabrication Process

5  Result and Discussions

5.1 Glucose and Sucrose Detection at Terahertz Range

Based on the result in Figs. 1a–1d, both sugar glucose and sucrose show the decrease in transmission magnitude as the sugar concentration increases. This relationship between transmission and concentration are related to Beer's law theory presented in Eq. (5). According to the Beer's law [30], absorption will be directly proportional with the concentration. Therefore, transmission will be inversely proportional to the concentration of the solution. Where, A is representing as absorption, while T is transmittance, ɛ is molar absorptivity, l is length of the light passes through, and c is concentration of the solution.

A=εlc(5)

A=log⁡1T(6)

1T=10εlc Sub (5) and (6)

∴T=110εlc(7)

Furthermore, the correlation analysis shows that at resonance of 1.98 THz and 1.80 THz all concentration shows high correlation with the regression value near to 1 and consistent decrease in transmission magnitude is observed as the concentration of glucose and sucrose in the solution increases compared to resonance frequency at 1.1 THz and 1.31 THz. Thus, to observe the improvement of detection sensitivity of terahertz spectroscopy combined with FSS, the FSS will be designed in line with resonance frequency of 1.98 THz and 1.80 THz.

5.2 Measured Transmission of FSS

After the process of fabrication mentioned in methodology section, the FSS sample is inspected using optical microscope and FESEM to observe the FSS structure after undergoing the etching process. The pattern structure on the FSS is labelled as FSS A for the FSS designed based on glucose detection at resonance of 1.98 THz, while FSS B is for FSS designed based on sucrose detection at resonance of 1.80 THz. The inspection analysis on both pattern is taken randomly at several structures to investigate the fabrication tolerance that might affect the FSS performance. Thus, the inspection shows the pattern structure is expanding its size between 1.5 μm to 2 μm after the fabrication process. Furthermore, further verification and inspection had been analyzed using FESEM together with Energy Dispersive X-ray Analysis (EDX) to observe that the circle slot structure is fully etched as well as identify the element composition in the sample. From the analysis of EDX over all slot area show no tracing of aluminum composition indicates all circle slot structure are fully removed through etching process. After the inspection, the FSS is measured using Terahertz Spectroscopy to investigate the FSS performance, however, the measured FSS performance might be slightly different from the simulated due to the fabrication process and Terahertz Spectroscopy error.

Fig. 6a compares between the measured and simulated transmission of FSS A for Glucose detection at resonance of 1.98 THz. Even though experiencing a bit of fabrication and terahertz spectroscopy error, the measured result for FSS A (glucose detection at 1.98 THz) shows moderate decrease in transmission magnitude from 0.928 in simulated to 0.628 in measured transmission magnitude at 1.98 THz. Furthermore, Fig. 6b shows the comparison results between measured and simulated transmission of FSS B for Sucrose detection at resonance of 1.80 THz. Analysis shows the measured transmission of FSS B (sucrose detection at 1.80 THz) had decrease in transmission magnitude from 0.915 in simulated to 0.744 in measured transmission magnitude at 1.80 THz. Despite from fabrication error that might affect the FSS performance, the inconsistency and unstable of amplitude fluctuation of the measured transmission result of FSS comes from the THz system issue on the input power during the measurement where it can only supply approximately until 1.3 THz.

5.3 Detection Improvement of Glucose and Sucrose Using FSS

In this paper, the molecular resonance of Glucose and Sucrose is observed at its best molecular resonance of 1.98 THz and 1.80 THz respectively due to its consistent decrease in transmission as increase in concentration that significantly follow the Beer's law theory. The initial measurement is analyzed using deionized water as a reference before analyzing the measurement using sugar (glucose and sucrose) sample under terahertz spectroscopy reading. In this paper, the result of the deionized water shows a transmission magnitude of 1.037 at 1.10 THz and 0.987 at 1.11 THz. Next, all glucose and sucrose concentration ranges between 0.2% to 10.0% are measured using terahertz spectroscopy and the effect of transmission of terahertz spectroscopy at every concentration analyzed.
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Figure 6: FSS Measured and simulation transmission for (a) Glucose and (b) Sucrose detection

The graph presented in Figs. 7a and 7b shows a transmission magnitude over concentration level for sugar sample glucose and sucrose with and without metamaterial (FSS) layer. Result presented in Figs. 7a and 7b shows how the transmission magnitude changed with the glucose and sucrose concentrations ranging from 0.2% to 10.0%. From the result shown, the transmission decreases as sugar concentration increases. This can be clearly seen through three different concentrations in both sugar glucose (blue_diamond) and sucrose (blue_circle) which is 0.2%, 1.5% and 10.0%. However, it is observed that between concentration of 0.4% to 1.0% the transmission magnitude shows slightly small difference and approximately contained similar transmission amplitude from each other. Meanwhile, between concentrations of 1.5% to 10.0% sugar concentration the transmission magnitude can be easily observed and distinguished from each other. This might happen due to the limited detection sensitivity of terahertz spectroscopy system at low or small concentration.

Therefore, the same sugar sample is applied and cascaded together with the FSS layer on to the sugar sample and measured using Terahertz Spectroscopy to analyze the improvement of detection sensitivity of terahertz spectroscopy over low concentration. The FSS structure used in this study has already been optimized using CST software to the molecular resonance of the sugar molecular resonance of glucose and sucrose at resonant frequency 1.98 THz and 1.80 THz, respectively. The purpose of FSS designed at resonance of 1.98 THz and 1.80 THz is because by using the strong e-field concentration provided by the FSS at its resonance for utilizing the capability also maximize the sensitivity of the FSS structure to improve the detection sensitivity of the sample using FSS structure [31,32].

By the comparison between the transmission of glucose and sucrose with and without applying the FSS layer, the result in Figs. 7a and 7b can be clearly seen that all transmission magnitude of glucose (red_ cross) and sucrose (green_diamond) can be distinguished from each concentration when FSS structure is applied. Even so the improvement is observed for all concentration, but, in glucose concentration at 1.0%, slight low detection is observed compared to the other concentration. This might be due to the process of fabrication of the FSS or the placement orientation of the FSS. Changes in angle of incidence affects the performance of FSS or it might also be due to the process of measurement using Terahertz Spectroscopy experiencing some input power issue
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Figure 7: Transmission magnitude for (a) Glucose and (b) Sucrose at different level of concentration with and without FSS layer

In addition, by calculating the average improvement by using the FSS, both glucose and sucrose transmittance is improved on the average of 25% and 13%, at resonance 1.98 THz and 1.80 THz, respectively for most of its concentration when FSS layer is applied on the sucrose sample. Meanwhile at non optimized resonance of FSS, it is observed that there are some improvements in detection when FSS layer is applied on to the sample by only at 4% and 9% at 1.1 THz and 1.31 THz, respectively. However, this situation shows that even though the FSS responses are not optimized to the designated frequency response, but by the strong field concentration provided by spatial filtering in the FSS is able to improve the detection sensitivity of terahertz spectroscopy at lower concentration.

6  Conclusions

In this paper, we demonstrate the feasibility of a terahertz detection using THz-TDS combined with the FSS structure for sugar detection of glucose and sucrose at different level of concentration. It is because glucose and sucrose are the basic element of sugar and play an important role in daily food intake. This study designed the FSS based on the circle slot structure used for detecting sugar, glucose, and sucrose concentration level as low as 0.2%. From the results of detection improvement, the FSS of glucose and sucrose can improve approximately about 25% and 13% at resonance of 1.98 THz and 1.80 THz, respectively. However, although the FSS is not optimized to its designated frequency, but by using the strong field concentration provided by spatial filtering in the FSS is able to improve the detection sensitivity of terahertz spectroscopy at lower concentration It means that, FSS combined with THz-TDS has the potential to become the alternative methods towards the traditional methods for food quality and safety control in food industry in future.
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