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Role of Resonance Modes on 
Terahertz Metamaterials based 
Thin Film Sensors
Maidul Islam  1, S. Jagan Mohan Rao1, Gagan Kumar1, Bishnu P. Pal2,3 & Dibakar Roy 

Chowdhury2

We investigate thin film sensing capabilities of a terahertz (THz) metamaterial, which comprises of 
an array of single split gap ring resonators (SRRs). The top surface of the proposed metamaterial is 
covered with a thin layer of analyte in order to examine various sensing parameters. The sensitivity and 
corresponding figure of merit (FoM) of the odd and even resonant modes are analyzed with respect to 
different thicknesses of the coated analyte film. The sensing parameters of different resonance modes 
are elaborated and explained with appropriate physical explanations. We have also employed a semi-
analytical transmission line model in order to validate our numerically simulated observations. Such 

study should be very useful for the development of metamaterials based sensing devices, bio-sensors 
etc in near future.

Recently metamaterials have emerged as an enthusiastic research area in di�erent portions of the electromagnetic 
spectrum from radio-frequencies to terahertz1, 2, infrared region3 and optical frequencies4–6. �e metamaterials 
have found promising applications in diverse areas viz. medical diagnostics, food quality control, bio-sensing, 
detection of noxious gases, development of ultra-high speed communication devices etc7–11. �e concept of met-
amaterials was �rst demonstrated in the microwave region, but it was soon extended to the other regions of 
the electromagnetic spectrum including terahertz. THz frequencies occupy a very narrow band of frequencies 
(0.1–5 THz) and can result in very interesting phenomenon and applications12–16 in term of light matter inter-
actions. Due to longer wavelengths and therefore, it is relatively easier to fabricate metamaterials for THz as 
meta-molecule or split ring resonator (SRR) of typically few tens of microns. �e terahertz metamaterials have 
widely been examined in last few years. �e researchers around the world have investigated several important 
applications of terahertz metamaterials which include THz modulation17, 18, polarization rotation7, development of 
broadband photonic devices19, 20, resonance bandwidth enhancement17, 21, resonance mode hybridization19, 20, 22–27,  
electromagnetic induced transparency28, active chirality23, 29–31, sensing32–35 etc.

�e sensing of analytes at terahertz frequencies is an intriguing area of research at the present time. Several 
sensing schemes have been devised by the researchers for the detection of analytes which include absorption spec-
troscopy, frequency shi�, refractive index sensing, etc. �e frequency shi� sensing techniques36, 37 has emerged 
as one of the very sensitive and promising tool in sensing several analytes and their precursors. In the terahertz 
sensing of analytes, the design of the geometry is also very important. �e sensing of analytes have been employed 
using both waveguide and metamaterial38–40. In the waveguide geometry, �euer et al. examined the detection of 
analytes with greater sensitivity by employing cylindrical waveguide geometry41. Recently, You et al. have investi-
gated nano�lm sensing using terahertz plasmonic waveguides by deploying an array of metal rods42. In that work, 
evanescent THz �eld in the metal rods is used to detect the phase variations of the surrounding analytes. Lo et al.  
have performed terahertz spectroscopic transmission measurements on porous silicon substrate, which can cap-
ture and collect analyte in the pores more e�ectively and sense them with greater sensitivity43. Terahertz met-
amaterials have also emerged as the potential candidate for thin �lm detection of analytes and several designs 
have been employed for greater sensitivity of the analytes. In this context. Singh et al. have reported terahertz 
sensing with high- quality factor resonances in metasurfaces11. �e line widths of such resonances are extremely 
narrow and results in greater sensitivity of the analytes. In the context of bio-sensing, Xu et al. introduced gold 
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nanoparticles into the terahertz metamaterials to improve the sensitivity of the protein detection32. �e results 
indicate that the introduction of gold nanoparticles with high refractive indices result in the detection with 
enhanced sensitivity. Despite several research e�orts and their outcomes, a comprehensive study of sensing capa-
bilities of di�erent resonance modes in terahertz metamaterials have not yet been reported in the literature to the 
best of our knowledge. In this work, we have explicitly focused on this aspect and have reported the usefulness of 
sensing performances of the odd and even resonance orders in case of a single split gap ring resonator (relatively 
simple geometry) based THz metamaterials.

In this paper, we examine the sensing capabilities of various resonant modes supported by the metamate-
rial geometry comprising of single split gap ring resonators. For our study, we have used loss-less analyte of 
di�erent thicknesses over and above our metamaterials structures. �e refractive index of the coated thin �lm 
is varied in order to calculate the sensitivity and �gure of merit of the di�erent resonance modes. �e paper is 
organized as follows: �rst, we examine terahertz transmission properties of the designed metamaterials for the 
orthogonal polarizations of the incident terahertz i.e. parallel and perpendicular to the split gap. �en, we vary 
refractive index of the analyte �lm for the di�erent thicknesses and calculated sensitivity as well as the corre-
sponding �gure of merit (FoM) to derive the sensing capabilities of di�erent resonance modes. Next, we intro-
duce a semi-analytical transmission line (TL)-RLC circuit model to validate and analyze numerical observations. 
�e results are summarized in the concluding section.

Results
Metamaterial design and numerical simulations. �e optimum design of the terahertz metamaterial 
(THz) is highly crucial to sense an analyte with greater sensitivity. Our design consists of 2 dimensional array of 
periodically arranged single split gap ring resonator (SRR). A thin layer of analyte is coated on top of the SRR 
surface. We have considered analyte as coating material which is transparent to terahertz and exhibits no loss. To 
�nd out sensitivity, we vary the thickness of the analyte as d = 2, 4, 5, 6, …, 14, 15, 16,…, 20 µm. A schematic of 
the proposed con�guration is shown in Fig. 1. We have taken silicon as the substrate and on its surface SRRs are 
periodically placed with a periodicity of 46 µm in both the x- and y - directions. �e SRRs are made of gold with 
thickness 200 nm and outer dimensions for length and breadth as 36 µm × 36 µm. �e capacitive gap (g) and line 
width (w) of the resonator are assumed to be of 4 µm each. �e above geometrical parameters are kept constant 
throughout our study therea�er. In our study, we have examined terahertz transmission through the sample for 
both the orthogonal polarizations. In one set of simulations, electric �eld polarization is assumed to be parallel 
to the split gap of SRR and in the other case, the polarization is taken to be perpendicular to the gap. For the case 
of THz polarization parallel to the gap, we get two resonances, called as 1st and 3rd order resonances whereas in 
case of other polarization, a single resonance appears between the 1st and 3rd order resonances, which is termed 
as the 2nd order resonance44. For our numerical study we have used commercially available numerical so�ware, 
CST Microwave Studio. In our numerical simulations, tetrahedral meshing has been adopted for our con�gured 
geometry with periodic boundary conditions. �e waveguide ports for the source and detector are employed. �e 
electrical properties of the analyte and the silicon substrate in our simulations are de�ned with the electrical per-
mittivities of ε = 3.5 and ε = 11.9, respectively. �e terahertz transmission properties and corresponding sensing 
characteristics are discussed in the following section.

We examine terahertz transmittance through the designed metamaterials with and without analyte layers. A 
plane polarized THz radiation is incident onto the top of the metamaterial surface. �e transmittance through 
the designed metamaterial con�guration is examined for the two orthogonally polarized incident terahertz wave-
forms. �is results in the excitation of odd and even order resonances as shown in Fig. 2. �e results are shown 
in Fig. 2 for three di�erent thicknesses of the analyte �lm. In Fig. 2, red traces represent the case for d = 0 µm 
i.e. when there is no analyte layer on the designed metamaterial. In this case 1st, 2nd and 3rd order resonance dips 
occur at 0.50 THz, 1.16 THz and 1.47 THz, respectively. In the �gures, the blue and orange colour traces corre-
spond to d = 5 µm and d = 10 µm, respectively. It may be noted that as the analyte thickness is increased, the 
resonance frequencies of the odd as well as even order resonance modes get red shi�ed by di�erent magnitudes.
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Figure 1. Schematic of planar Terahertz metamaterial geometry consisting of SRRs on silicon substrate. A 
single unit cell consists of SRR of gold metal (magni�ed for a closer view). �e yellow region represents SRR. 
SRR has outer dimensions of l × l = 36 µm × 36 µm. �e w and g in the schematic stand for the width and 
the split gap of SRR, respectively. Parameter d represents thickness of the analyte, which can be varied. Green 
coloured y-axis represents polarization direction of the electric �eld of incident Terahertz beam.
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In order to comprehensively understand the reason(s) behind shi� in characteristic resonance dips with var-
iation in thickness of the analytes, we numerically analyze THz transmission properties of the metamaterials 
with varying thickness of the analyte layer. �e results are depicted in the form of the contour plots shown in 
Fig. 3. Figure 3(a) shows the transmittance when the polarization is parallel to the split gap for di�erent analyte 
thicknesses whereas, Fig. 3(b) shows the transmittance results when the polarization is perpendicular to the gap. 
In these plots, we have considered the frequencies ranging from 0.2 THz to 1.6 THz to accommodate the odd and 
even resonance modes of the designed metamaterials covered with analyte of variable thickness from d = 0 µm to 
d = 20 µm. �e intensity of the terahertz transmission is represented by the di�erent colors of the contour plots. 
�e positions of the resonance dips are indicated with the dotted white color trace inside the contour plots. It is 
apparent from the plots that frequency shi� in the resonance dip is prominent only up to about 14 µm thickness 
of the analyte layer. It may be noted that the shi� of resonance frequency is predominantly caused by the change 
in the capacitance of di�erent resonance modes. We have intentionally kept the size of the resonators �xed there-
fore the parameter a�ecting resonance shi� is due to capacitance alone. Capacitance of the resonance depends on 
the near �eld distribution of the electric �eld lines. �ese �eld lines are highly concentrated close to the resonator 
and recedes away from the resonator. Beyond a certain distance (14 µm in case of our resonator) from the resona-
tor the electric �eld lines almost vanish and insigni�cant. �erefore presence of any analyte beyond 14 micron (in 
our case) from the resonator has virtually no in�uence/impact on the capacitance. Hence frequency shi�s saturate 
around 14 µm in our study here. �is is because of the limited spread of the electric �eld lines surrounding the 
resonator.

Further, we examine more speci�cally, the shi� in the resonance frequency of the odd and even order modes 
with respect to the intrinsic resonances (i.e. without any coated layer) for di�erent thicknesses of the coated ana-
lyte layer. �e results are shown in Fig. 4(a). As the analyte thickness is varied, we observe a corresponding shi� 
in the resonance frequencies for each mode. Initially, the resonance frequency shi� increases monotonically with 
the analyte thickness, however around d = 12 µm, it attains almost a constant value. In this �gure, three di�erent 
coloured traces i.e. red, green and blue colour represent frequency shi� plots for 1st, 2nd and 3rd order resonances, 

Figure 2. Numerically calculated THz transmittance through the metamolecule with and without the analyte 
as described in this work. (a) Shows transmittance for polarization parallel to split gap which yields two 
resonances 1st and 3rd order; (b) Depicts the same for polarization perpendicular to the gap, which yields 2nd 
order resonance.

Figure 3. Contour plot of numerically simulated THz transmittance for di�erent analyte thicknesses. Color 
bar shows the magnitude of transmission intensity. (a) Represents contour plot for polarization parallel to the 
split gap which clearly shows two blue colored regions around white dashed line for 1st and 3rd order resonances, 
respectively; (b) Depicts the same for polarization perpendicular to split gap i.e. for 2nd order resonance.
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respectively. Next, we calculate the sensitivities corresponding to the odd and even order resonances. �e sensitiv-
ity of the metamaterial is closely related to the refractive index or the dielectric constant of the ambient material. 
We have derived the sensitivities for the analyte thicknesses of d = 2, 4, 5, 6,…, 14, 15, 16,…, 20 µm. In order to 
�nd out sensitivity, we varied the refractive index of analyte as n = 1, 2, 3 and 4 for each of the thicknesses. As 
we change refractive index of the �lm, we get a distinct resonance frequency shi�s w.r.t the resonance frequency 
when there is no analyte i.e. d = 0 µm. We have plotted refractive index versus frequency shi�s and get a linear 
line. �e slope of this straight line indicates the sensitivity, which has the unit of THz per unit refractive index i.e. 
(THz/R.I.). Figure 4(b) shows the plot of the calculated sensitivities for di�erent thicknesses corresponding to 1st, 
2nd and 3rd order resonances.

Further, we analyse the �gure of merit (FoM) of the three resonance modes w.r.t di�erent thicknesses of the 
analyte �lm. FoM is de�ned as the ratio of sensitivity and full width at half maxima (FWHM). In calculating 
FoM, we �rst calculated FWHMs for di�erent analyte thicknesses using transmittance values of the transmission 
output. Figure 4(c) shows the plot of FoMs for di�erent analyte thicknesses. In this �gure, the red, green and blue 
coloured traces represent FoM plots for 1st, 2nd and 3rd order resonances, respectively. One may notice that FoM 
increases with the increase in the analyte thickness. 1st and 3rd order resonances demonstrate higher FoM values 
compared to the 2nd order resonances. So, electric �eld polarization parallel to the split gap is more useful as a 
sensing device than the polarization perpendicular to the gap. In our designed metamaterials, we have intention-
ally kept the size of the resonators constant which results in constant value of inductance. However, because of the 
change in coated material thickness or utilizing di�erent refractive index materials, the e�ective capacitances of 
the split ring resonators can change. �is a�ects the odd order resonance modes in larger extent compared to the 
even order modes, hence we observe higher values of FoM in case of the odd order resonances. In order to vali-
date our physical explanation, we have monitored the electric �eld pro�les at the 1st, 2nd and 3rd order resonances 
for the intrinsic MMs. �e induced �eld distributions are shown in Fig. 5. �e �eld is strongest in the split gap at 
1st order resonance (Fig. 5(a)) while at the 2nd and 3rd order resonant frequencies, the �eld is comparatively weakly 
con�ned, see Fig. 5(b) and (c). �is clearly indicates that the e�ective capacitances for the odd order modes are 
more sensitive to the permittivity of the coated materials compared to the even order modes.

Semi-analytical Transmission line model. In order to con�rm the resonant behaviour of our designed 
metamaterials, we employ a semi-analytic transmission line (TL) - RLC model speci�c to our geometry45. RLC 
stands for resistance, inductance and capacitance, respectively. �e circuit model of our geometry under the 
transmission line theory is shown in Fig. 6.

Figure 4. Frequency shi�, sensitivity and calculated �gure of merit. (a) Shows plot of frequency shi� 
corresponding to di�erent analyte thickness with respect to the resonance frequency when there is no analyte 
for three di�erent resonances. (b) and (c) depicts the sensitivity and FoMs plots, respectively for di�erent 
thicknesses corresponding to three di�erent resonances.
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�e results of the transmittance from the model are shown in Fig. 7(a) and (b). Figure 7(a) corresponds to 1st 
and 3rd order resonances whereas Fig. 7(b) corresponds to 2nd order resonance. In the �gure di�erent coloured 
plots correspond to transmittance from the TL-RLC circuit model for di�erent analyte thicknesses. It is noticed 
that they predict a similar resonant behaviour and con�rm our numerically simulated results for certain values 
of resistance, inductance, capacitance and mutual inductance for typical SRR design. �e details of the analytical 
transmission line model are as follows:

We assumed SRR as an equivalent RLC circuit where it is typically considered that split gap corresponds to the 
capacitive part, the SRR loop corresponds to the inductive part and the internal reactance of SRR is represented by 
the resistance part. Our numerical �ndings show us three resonances, 1st and 3rd order resonances in together for 
polarization parallel to split gap and 2nd order resonance alone for polarization perpendicular to the gap. �e res-
onant frequencies of a RLC circuit model always inversely depend on the square root of the product of inductance 

Figure 5. (a),(b) and (c) represent the Electric �eld pro�les of 1st, 2nd and 3rd resonances at 0.5 THz, 1.16 THz 
and 1.47 THz, respectively. �e green colored y-axis signi�es the polarization direction of the incident electric 
�led.

Figure 6. Schematic of TL-RLC circuit model. �e circuit components R1, L1, C1 represent resistance, 
inductance and capacitance related to lower order resonance and R2, L2, C2 represent the same related to higher 
order resonance. M is the mutual inductance, responsible for coupling between resonances. Z1 and Z2 are 
impedances due to two circuits, respectively whereas Z0 and ZS represent impedances of free space and silicon 
substrate, respectively.
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Figure 7. Terahertz transmittance through the typical metamaterial geometry obtained from TL-RLC circuit 
model for di�erent thicknesses of analyte. �e results are in good agreement with the numerical �ndings. (a) 
Terahertz transmittance for polarization parallel to the split gap of SRR. (b) Represents the transmittance for 
polarization perpendicular to the gap of SRR.
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and capacitance. Keeping this in mind, we take two inductively coupled RLC circuits in parallel combination. In 
order to �t the 1st and 3rd order resonances together we take L1, C1 values from 1st RLC circuit, which correspond 
to the 1st resonance and L2, C2 values from the 2nd RLC circuit, which correspond to the 3rd resonance.

�ese two resonances are mutually coupled through the mutual inductance M. Next, to match the 2nd order 
resonance with the numerical results we adjust all the circuit parameters R1, L1, C1, R2, L2, C2 with a suitable 
mutual inductance (M) value. From the circuit model shown in Fig. 6, one can calculate the circuit impedance 
(Zct) as,

ω
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One can note that the circuit impedance Zct does not include the impedance due to the substrate. In Fig. 6, Z0 
and ZS represent impedances of free space and silicon substrate, respectively. �e values of Z0 and ZS are 377 ohm 
and 103 ohm, respectively. �e overall impedance Z(ω) of our typical design including the e�ect of the Zct and ZS 
in parallel combination can be written as
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�e normalized transmission amplitude, t(ω) of this transmission line-RLC circuit model is given by
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We used equation (5) to calculate the transmittance and predict resonant frequencies due to the parallel and 
perpendicular polarization with the split gap for certain speci�c values of resistance, inductance, capacitance and 
mutual inductance, which are de�ned in Tables 1 and 2. �e values of R1, L1, C1, R2, L2, C2, and M are obtained 
by �tting the transmission amplitude from the simulation using equation 5. One can notice that the calculated 
transmittance is in good agreement with the numerical simulations.

�ickness 
(µm) R1 (ohm) L1 (pH) C1 (fF) R2 (ohm) L2 (pH) C2 (fF) M (pH)

0 10 135 0.75 8 34 0.366 −15

2 10 140 0.778 8 35 0.38 −15

5 10 141.8 0.8 8 37.1 0.37 −15

10 10 142 0.825 8 38 0.37 −15

15 10 142.2 0.83 8 38 0.37 −15

20 10 142.2 0.83 8 38 0.37 −15

Table 1. For 1st and 3rd resonances for di�erent thicknesses of the analyte.

�ickness 
(µm)

R1 
(ohm)

L1 
(pH)

C1 
(fF)

R2 
(ohm)

L2 
(pH)

C2 
(fF)

M 
(pH)

0 10 39.7 0.49 10 31.7 0.62 −1.5

2 10 41.9 0.5 10 33.56 0.63 −1.5

5 10 42.9 0.51 10 34.4 0.63 −1.5

10 10 43.7 0.51 10 35.7 0.63 −1.5

15 10 43.85 0.51 10 35.85 0.63 −1.5

20 10 43.85 0.51 10 35.85 0.63 −1.5

Table 2. For 2nd resonances for di�erent thicknesses of the analyte.
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Conclusions
In this work, we have analyzed thin �lm sensing potentials of the fundamental and higher order resonant modes 
for a simple metamaterials design consisting of single gap split ring resonators. We have calculated sensitiv-
ity and the corresponding �gure of merit (FoM) for the di�erent resonance modes supported by the designed 
metamaterials. We observed that the fundamental resonance mode results in the highest FoM compared to the 
other resonance modes. We attribute the better sensing capabilities of the fundamental resonance to its strongest 
electric �eld con�nement within the split gap. Further, it is observed that the odd order resonances act as better 
thin �lm sensors compared to the even order resonances. In order to con�rm our numerical �ndings, we have 
employed a semi-analytical transmission line model and found that numerical observations agree well with the 
theory. Because of technological ease, planar metamaterials are extremely good platform for thin �lm sensing 
including bio-sensing, temperature sensing, etc. �is comprehensive study on sensing capabilities of di�erent 
resonance modes of Terahertz metamaterials as described through this work should play an important role in the 
construction of sensing devices in future. Although we have carried out this work at Terahertz frequencies, this is 
a generic study and is applicable for other frequency domains of the electromagnetic spectrum too.

Methods
We have used �nite element frequency domain solver for the simulations in CST Microwave Studio package. We 
have employed matlab to perform the analytical modeling.

References
 1. Pendry, J. B. et al. Magnetism from conductors and enhanced nonlinear phenomena. IEEE Trans. on microwav. theo. and techniq. 47, 

2075–2084 (1999).
 2. Pendry, J. B. Negative refraction makes a perfect lens. Phys. Rev. lett. 85, 3966 (2000).
 3. Wiltshire, M. C. K. et al. Microstructured magnetic materials for RF �ux guides in magnetic resonance imaging. Science 291, 

849–851 (2001).
 4. Feng, L. et al. Experimental demonstration of a unidirectional re�ectionless parity-time metamaterial at optical frequencies. Nature 

mater. 12, 108–113 (2013).
 5. Xiao, S. et al. Loss-free and active optical negative-index metamaterials. Nature 466, 735–738 (2010).
 6. Vignolini, S. et al. A 3D optical metamaterial made by self-assembly. Adv. Mat. 24 (2012)
 7. Grady, N. K. et al. Terahertz metamaterials for linear polarization conversion and anomalous refraction. Science 340, 1304–1307 

(2013).
 8. Otsuji, T. et al. Graphene-based devices in terahertz science and technology. J. of Phys. D: Appl. Phys. 45, 303001 (2012).
 9. Knap, W. et al. Nanometer size �eld e�ect transistors for terahertz detectors. Nanotech. 24, 214002 (2013).
 10. Docherty, C. J. & Johnston, M. B. Terahertz properties of graphene, J. of Infra. Mill. and THz Waves 33, 797–815 (2012).
 11. Singh, R. et al. Ultrasensitive terahertz sensing with high-Q Fano resonances in metasurfaces. Appl. Phys. Lett. 105, 171101 (2014).
 12. Chen, H.-T. et al. Active terahertz metamaterial devices. Nature 444, 597–600 (2006).
 13. Yen, T.-J. et al. Terahertz magnetic response from arti�cial materials. Science 303, 1494–1496 (2004).
 14. Padilla, W. J., Taylor, A. J., Highstrete, C., Lee, M. & Averitt, R. D. Dynamical electric and magnetic metamaterial response at 

terahertz frequencies. Phys. Rev. lett. 96, 107401 (2006).
 15. Chowdhury, D. R. et al. Excitation of dark plasmonic modes in symmetry broken terahertz metamaterials. Optics Expr. 22, 

19401–19410 (2014).
 16. Islam, M. & Kumar, G. Terahertz surface plasmons propagation through periodically tilted pillars and control on directional 

properties. J. of Phys. D: Appl. Phys. 49, 435104 (2016).
 17. Mathanker, S. K., Weckler, Paul, R. & Wang, N. Terahertz (THz) applications in food and agriculture: A review. Trans. ASABE 56, 

1213–1226 (2013).
 18. Gao, W. et al. High-contrast terahertz wave modulation by gated graphene enhanced by extraordinary transmission through ring 

apertures. Nano lett. 14, 1242–1248 (2014).
 19. Zhao, Q. et al. Electrically tunable negative permeability metamaterials based on nematic liquid crystals. Appl. Phys. Lett. 90, 011112 

(2007).
 20. Roy Chowdhury, D., Singh, R., Taylor, A. J., Chen, H.-T. & Azad, A. K. Ultrafast manipulation of near �eld coupling between bright 

and dark modes in terahertz metamaterial. Appl. Phys. Lett. 102, 011122 (2013).
 21. Han, N. R., Chen, Z. C., Lim, C. S., Ng, B. & Hong, M. H. Broadband multi-layer terahertz metamaterials fabrication and 

characterization on �exible substrates. Optics Expr. 19, 6990–6998 (2011).
 22. Ekmekci, E. et al. Frequency tunable terahertz metamaterials using broadside coupled split-ring resonators. Phys. Rev. B 83, 193103 

(2011).
 23. Liu, N., Kaiser, S. & Giessen, H. Magnetoinductive and electroinductive coupling in plasmonic metamaterial molecules. Adv. Mater. 

20, 4521–4525 (2008).
 24. Prodan, E., Radlo�, C., Halas, N. J. & Nordlander, P. A hybridization model for the plasmon response of complex nanostructures. 

Science 302, 419–422 (2003).
 25. Han, Z. & Bozhevolnyi, S. I. Plasmon-induced transparency with detuned ultracompact Fabry-Perot resonators in integrated 

plasmonic devices. Optics Expr. 19, 3251–3257 (2011).
 26. Chowdhury, D. R., O’Hara, J. F., Taylor, A. J. & Azad, A. K. Orthogonally twisted planar concentric split ring resonators towards 

strong near �eld coupled terahertz metamaterials. Appl. Phys. Lett. 104, 101105 (2014).
 27. Rao, S. J. M., Kumar, D., Kumar, G. & Chowdhury, D. R. Modulating the Near Field Coupling through Resonator Displacement in 

Planar Terahertz Metamaterials. Journal of Infrared, Millimeter, and Terahertz Waves 38, 124–134 (2017).
 28. Chiam, S.-Y. et al. Analogue of electromagnetically induced transparency in a terahertz metamaterial. Phys. Rev. B 80, 153103 

(2009).
 29. Singh, R., Rockstuhl, C., Lederer, F. & and Zhang, W. Coupling between a dark and a bright eigenmode in a terahertz metamaterial. 

Phys. Rev. B 79, 085111 (2009).
 30. Hesmer, F. et al. Coupling mechanisms for split ring resonators: �eory and experiment. phys. stat. solid. (b) 244, 1170–1175 (2007).
 31. Sydoruk, O., Tatartschuk, E., Shamonina, E. & Solymar, L. Analytical formulation for the resonant frequency of split rings. J. of appl. 

phys. 105, 014903 (2009).
 32. Xu, W. et al. Gold nanoparticle-based terahertz metamaterial sensors: mechanisms and applications. ACS Photonics (2016).
 33. Xie, L., Gao, W., Shu, J., Ying, Y. & and Kono, J. Extraordinary sensitivity enhancement by metasurfaces in terahertz detection of 

antibiotics. Sci. Rep. 5 (2015).
 34. Cong, L. et al. Experimental demonstration of ultrasensitive sensing with terahertz metamaterial absorbers: A comparison with the 

metasurfaces. Appl. Phys. Lett. 106 (2015).



www.nature.com/scientificreports/

8SCIENTIFIC REPORTS | 7: 7355  | DOI:10.1038/s41598-017-07720-9

 35. Shih, K. et al. Micro�uidic metamaterial sensor: Selective trapping and remote sensing of microparticles. J. of Appl. Phys. 121, 
023102 (2017).

 36. Chiam, S.-Y. et al. Increased frequency shi�s in high aspect ratio terahertz split ring resonators. Appl. Phys. Lett. 94, 064102 (2009).
 37. Chiam, S.-Y., Singh, R., Zhang, W. & Bettiol, A. A. Controlling metamaterial resonances via dielectric and aspect ratio e�ects. Appl. 

Phys. Lett. 97, 191906 (2010).
 38. Gupta, M., Srivastava, Y. K., Manjappa, M. & Singh, R. Sensing with toroidal metamaterial. Appl. Phys. Lett. 110, 121108 (2017).
 39. Dayal, G., Chin, X. Y., Soci, C. & Singh, R. High-Q Plasmonic Fano Resonance for Multiband Surface-Enhanced Infrared Absorption 

of Molecular Vibrational Sensing. Adv. Opt. Mater. 5 (2017).
 40. O’Hara, J. F. et al. �in-�lm sensing with planar terahertz metamaterials: sensitivity and limitations. Optics Expr. 16, 1786–1795 

(2008).
 41. �euer, M., Beigang, R. & Grischkowsky, D. Highly sensitive terahertz measurement of layer thickness using a two-cylinder 

waveguide sensor. Appl. Phys. Lett. 97, 071106 (2010).
 42. You, B. et al. Terahertz plasmonic waveguide based on metal rod arrays for nano�lm sensing. Optics Expr. 22, 11340–11350 (2014).
 43. Lo, S.-Z. A., Kumar, G., Murphy, �omas, E. & Heilweil, E. J. Application of nanoporous silicon substrates for terahertz spectroscopy. 

Opt. Mater. Expr. 3, 114–125 (2013).
 44. Chowdhury, D. R. et al. Dynamically recon�gurable terahertz metamaterial through photo-doped semiconductor. Appl. Phys. Lett. 

99, 231101 (2011).
 45. O’Hara, J. F., Smirnova, E., Azad, A. K., Chen, H.-T. & Taylor, A. J. E�ects of microstructure variations on macroscopic terahertz 

meta�lm properties. Active and Passive Elect. Comp. 2007 (2007).

Acknowledgements
We gratefully acknowledge the �nancial support from the SERB, Department of Science and Technology, India 
(SB/FTP/PS-051/2014). Authors BPP and DRC gratefully acknowledge the �nancial support from the SERB, 
Department of Science and Technology, India (EMR/2015/001339). Author BPP also acknowledges partial 
support from department of Navy (USA) Grant issued by ONRG (N62909-10-1-7141)

Author Contributions
Author D.R.C. proposed the idea. Authors D.R.C. and G.K. supervised the work. Authors M.I. and S.J.R. 
performed the simulations and analytical modeling. All the authors contributed in analysing the data and writing 
the manuscript.

Additional Information
Competing Interests: �e authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© �e Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Role of Resonance Modes on Terahertz Metamaterials based Thin Film Sensors

	Results

	Metamaterial design and numerical simulations. 
	Semi-analytical Transmission line model. 

	Conclusions

	Methods

	Acknowledgements

	Figure 1 Schematic of planar Terahertz metamaterial geometry consisting of SRRs on silicon substrate.
	Figure 2 Numerically calculated THz transmittance through the metamolecule with and without the analyte as described in this work.
	Figure 3 Contour plot of numerically simulated THz transmittance for different analyte thicknesses.
	Figure 4 Frequency shift, sensitivity and calculated figure of merit.
	Figure 5 (a),(b) and (c) represent the Electric field profiles of 1st, 2nd and 3rd resonances at 0.
	Figure 6 Schematic of TL-RLC circuit model.
	Figure 7 Terahertz transmittance through the typical metamaterial geometry obtained from TL-RLC circuit model for different thicknesses of analyte.
	Table 1 For 1st and 3rd resonances for different thicknesses of the analyte.
	Table 2 For 2nd resonances for different thicknesses of the analyte.


