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Abstract: We investigate spectral responses of two different terahertz (THz) metamaterials of 
double split ring resonator (DSRR) and the nano slot resonator (NSR) for molecule sensing in 
low concentration. Two different resonant frequencies of DSRR can be controlled by 
polarization angle of incident THz beam. For comparison of THz optical characteristics, two 
NSRs were made as showing the same resonant frequencies as DSRR’s multimode. The 
monosaccharide molecules of glucose and galactose were detected by these two types of 
metamaterials matching the resonant frequencies in various concentration. NSR shows higher 
sensitivity in very low concentration range rather than DSRR, although the behavior was 
easily saturated in terms of concentration. In contrast, DSRR can cover more broad 
concentration range with clear linearity especially under high quality factor mode in 
polarization of 67.5 degree due to the Fano resonance. THz field enhancement distributions 
were calculated to investigate sensing performance of both sensing chips in qualitative and 
quantitative manner. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Terahertz (THz) time-domain spectroscopy [1,2] research has been explored in various areas 
encompassing fields such as security applications [3–5], biomedical or pharmaceutical 
imaging [6–9] and sensing for chemicals [10,11] since it enables to non-invasive, non-
destructive and label-free detection of target materials. In particular, THz spectroscopy has 
drawn attention for new detection method of bio-materials because of energy level of 
biomolecular vibration including vibration, libration, tortion and rotation lying in THz range 
[12–17]. These distinctive characteristics of various molecules enable fingerprinting of 
biomolecules even for very similar molecule structure cases. During past decades, lots of 
biomolecules such as protein, DNA and carbohydrates have been studied using THz 
techniques in various ways [12,16–19]. Nevertheless, there are still challenges in 
biomolecular detection using optical sensing ways, because of its very low concentration in 
organisms and low absorption cross-section in the THz range. Metamaterials, resonant 
metallic structures created to realize nonexistent electromagnetic properties in nature, have 
been also widely researched for such sensing purposes. Those show fascinating characteristics 
including sensitivity enhancement depending on their geometry. The split ring resonator 
(SRR), especially, was used for molecular sensing [20] by monitoring resonant frequency 
shift. The frequency shift is caused by capacitance change related to refractive index of 
analytes inside the gap, where there is hotspot of induced electric field [21]. As another 
candidate, the nanostructured metallic slot induces huge absorption cross-section 
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enhancement by asymmetric amplification between electric and magnetic fields [22,23]. Thus 
sensitive detection of saccharides was possible by obtaining huge enhancement of absorption 
cross-section of detection target [22–25]. 

In this paper, we demonstrate THz molecular detection using metamaterial sensing chips, 
which are based on the DSRR and the NSR for selective detection of some analytes in low 
concentration. We used monosaccharides as the analytes which have very similar molecular 
formula. Glucose is the most important carbohydrate molecule because it is essential for 
metabolism including synthesizing structural polymers, oxidation for energy and storage. It 
also has an important role in human being for the diagnosis of diabetes by detecting the 
concentration of glucose in the blood. It has fingerprint frequency near 1.4 THz where we 
choose the DSRR’s one resonance frequency and the resonance frequency of shorter NSR. 
Galactose, which is another sample of monosaccharides, has identical molecular formula and 
chemical structure except one orientation of the hydroxyl group (-OH) at 4th carbon 
compared to glucose. It shows weak absorption near 1.2 THz where also was fitted to another 
resonance of DSRR and resonance frequency of longer NSR. In spite of their molecular 
similarity, it was reported that the molecular vibrational modes lying in THz range are very 
distinguishable [17,25]. We first applied a metamaterial sensor of DSRR which has unusual 
resonance behavior that resonance frequency is tunable by polarization direction of incident 
waves on a single chip [26]. Thus it was exploited as dual mode sensing device for two 
molecules. The sensing performance was directly compared to the nano-slot based sensor 
with various sample concentrations. We also performed a finite element method (FEM) 
simulation to confirm the different THz optical behaviors between DSRR and NSR. 

2. Materials and experiment setup 

We obtained the transmission spectra using THz time-domain spectroscopy system from 0.5 
to 2.0 THz range. Basically, Ti:sapphire femtosecond laser with center wavelength of 800 nm 
and repetition rate of 80 MHz was used to drive the THz system. The femtosecond laser beam 
was split into pump and probe beams. The pump beam was incident on the photoconductive 
antenna to generate THz pulse. Then generated THz pulse was collimated by parabolic 
mirrors and focused onto the metamaterial using the polymethylpentene (TPX) lens. The 
transmitted THz signal through the sample was measured by electro-optic sampling technique 
based on ZnTe crystal using time delay between the probe beam and the generated THz pulse. 
This system was enclosed with purged air to avoid unwanted absorption by water vapor. The 
THz spectrum was obtained by Fast Fourier Transform (FFT) from time-domain waveform. 
The transmittance of the sensing surface of metamaterial is defined as 

2 2
( ) ( ) ( )sample SiT E Eω ω ω= where ( )SiE ω  and ( )sampleE ω are amplitudes of transmitted 

electric field through the metamaterial and Si substrate attached on a metallic sample holder 
with a square hole of 1.6 mm × 1.6 mm, respectively. Incident THz polarization was 
occasionally changed, up to the metamaterial type. 

The metamaterial sensor consists of DSRR array where each elementary DSRR has an 
inner radius of 14 µm and outer radius of 18 µm as shown in Fig. 1(a). Two DSRRs with 
different rotation angles, which gaps are opened along x-axis (0°) and the axis along 135° 
direction, were alternatively aligned at a sensing surface for polarization-dependent multi 
resonance behavior [26]. Thickness of gold pattern of DSRR is 200 nm with 10 nm of 
titanium adhesion layer, which can be handled as a perfect electric conductor at reliable THz 
regime, because of the thickness higher than the skin depth. The transmittance spectra of 
DSRR were observed with the different polarization direction of incident THz waves. The 
spectra by incident polarization angle of 0° and 67.5° have respective resonance features at 
1.4 THz and 1.2 THz, as shown in Fig. 1(b). The reason why we choose these two frequencies 
is that 1.2 THz and 1.4 THz show fingerprint feature for galactose and glucose, respectively. 
The sharp resonance on 1.2 THz is induced by the Fano resonance from symmetric breaking 
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