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Localized electromagnetic excitation in the form of toroidal dipoles has recently been observed

in metamaterial systems. The origin of the toroidal dipole lies in the currents flowing on the

surface of a torus. Thus, the exotic toroidal excitations play an important role in determining the

optical properties of a system. Toroidal dipoles also contribute towards enabling high quality

factor subwavelength resonances in metamaterial systems which could be an excellent platform

for probing the light matter interaction. Here, we demonstrate sensing with toroidal resonance in

a two-dimensional terahertz metamaterial in which a pair of mirrored asymmetric Fano resona-

tors possesses anti-aligned magnetic moments at an electromagnetic resonance that gives rise to a

toroidal dipole. Our proof of concept demonstration opens up an avenue to explore the interaction

of matter with toroidal multipoles that could have strong applications in the sensing of dielectrics

and biomolecules. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4978672]

Over a long period of time, light matter interaction has

attracted tremendous attention of the scientific community

and has emerged as a powerful tool to manipulate the elec-

tromagnetic (EM) response of matter for almost the entire

range of EM radiation. Several kinds of light matter interac-

tion based electromagnetic devices are currently being

employed in the area of telecommunication, imaging, health-

care, and defence industry. Metamaterials, which are the

composite array of sub-wavelength structures, are one such

kind of devices that offer novel effects by controlling the

response that originates from the interaction between meta-

atoms and electromagnetic radiation.1–3 Remarkable func-

tionalities such as slow light effects,4 negative refraction,5

super lenses,6 invisibility cloaks,7,8 and sensing have been

demonstrated using metamaterial based devices.9–12 The

unique advantage of the metamaterial structure is to support

electromagnetic resonance at a specific frequency based on

its structural size. Such a unique tuning ability can

strengthen the adaptability of the metamaterial based electro-

magnetic devices in the near future.

Promising applications offered by metamaterial device

designs are very much dependent on their performance. The

low performance of these kinds of devices is mainly due to

the radiative and non-radiative losses encountered in these

systems.13 Several schemes have been demonstrated to over-

come the losses such as by optimizing the shape and size of

the sub-wavelength structure in the unit cell of the metasur-

face,14–18 by using a low loss superconductor, and by intro-

ducing a gain medium.19,20 The performance of all

metamaterials and plasmonic based devices would certainly

be enhanced by overcoming the losses. One of the direct

device applications of metamaterials is that of a sensor at

optical,10,21 infrared,22,23 and terahertz (THz) frequen-

cies.24,25 In recent times, among different frequency bands,

terahertz sensing has received a lot of attention due to its

remarkable scientific and technological abilities in multidis-

ciplinary fields.26,27 For ultrasensitive sensing applications,

there is a requirement of high quality (Q) factor resonances

that have extremely narrow bandwidth. Moreover, the ampli-

tude of resonance should be strong enough so that it is easier

to detect them in a noisy environment. The resonances sup-

ported by metamaterial structures respond to the changes in

the effective refractive index of the medium at its sur-

face.28,29 Thus, metamaterials provide a robust sensing plat-

form since they could be easily fabricated on different types

of thin substrates, which can also be flexible in nature.30,31

In this article, we have performed terahertz domain

refractive index sensing with toroidal dipolar resonance in

planar metamaterials, which is easy to fabricate in a single

step photolithography cycle. In the metamaterial system, the

toroidal dipolar response was first demonstrated at the micro-

wave regime by using the metasurface composed of 3D meta-

molecule structures.32 It was recently discovered that even

planar metasurfaces could support strong toroidal resonances,

which are high-Q in nature, and could provide sufficiently

large field confinement necessary for sensing applica-

tions.33–36 The overall response of the metamaterial array can

be seen as the contribution due to different multipoles, where

contribution due to the specific toroidal multipole can be ana-

lytically computed by multipole analysis.37–39 In a two-

dimensional metasurface, the toroidal response can be excited

by using the symmetry broken split ring resonator also known

as asymmetric split ring resonator or Fano resonator.36,40 The

metamolecule array of the toroidal metasurface consists of a

mirrored Fano resonator pair that is coupled through toroidal

moment during electromagnetic excitation due to anti-aligned

set of magnetic dipoles.36 In the planar metasurface, the mir-

rored asymmetric resonator array, having similar degree of

asymmetry, possesses significantly higher Q and figure of

merit (FoM) values for toroidal resonance compared to thea)ranjans@ntu.edu.sg
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traditional Fano resonator array.15,36 High Q toroidal resonan-

ces support strong interaction between the electromagnetic

wave and a specific analyte. A minute quantity of analyte on

the metasurface results in very small spectral shifts of toroidal

resonance, which allows the detection of the dielectric

medium or biological local environment near the metasurface.

Additionally, sharp toroidal resonance offers better sensing

performance compared to broad resonances, which typically

lack the ability to detect small spectral shifts in the resonance

frequency.41,42 Thus, high-Q toroidal metasurface offers

another important sensing platform with enhanced sensitivi-

ties which could give rise to an excellent photonic device for

highly sensitive dielectric, chemical, liquid, and biological

sensing applications.43–47

We performed terahertz time domain spectroscopy

(THz-TDS) to measure the sensing parameters of the high-Q
planar toroidal metasurface. A close agreement between sim-

ulated and experimental response substantiates the role of

toroidal resonance in THz sensing. Figure 1(a) shows the

diagrammatic image of the terahertz asymmetric split ring

resonator (TASR), which consists of a double split gap

square shaped metallic strip. The outer dimension of individ-

ual resonator is 60 lm� 60 lm, with the arm width of 6 lm

and the split-gap size equal to 3 lm. The asymmetric nature

of the TASR structure is due to positioning of both the split

gaps, which are located 9 lm away from the centre of the

resonator. The TASR metamaterial samples were fabricated

on the high-resistivity (4 kX–cm), p-type silicon (0.5-mm

thick) substrate using photolithography followed by deposi-

tion of a 200-nm thick aluminium (Al) film in a thermal

evaporator. During the experiments, a high-resistivity

(4 kX–cm), 10-mm thick silicon plate was used for an optical

contact behind the metamaterial surface to eliminate the

Fabry Perot reflection from the back surface of the substrate,

which enabled a scan length of 60 ps in the time domain,

providing a measurement frequency resolution of 16.6 GHz.

For the excitation of toroidal resonances in the planar meta-

surface, the TASRs are arranged in mirrored configuration,

separated by a distance of 15 lm, as shown in the micro-

scopic image (Figure 1(b)) of the sample. The sample image

shows that the TASRs are mirrored to each other along the

Y-direction. The unit cell area with the periodicity of

150 lm� 75 lm is shown by the dotted rectangular curve,

which on repetition along the XY-plane forms the planar

toroidal metasurface. The metasurface is excited by the THz

pulse at normal incidence, which has its electric field polar-

ized parallel to the non-gap arm of TASR. Figure 1(c) shows

the schematic of toroidal excitation in the unit cell of the

metasurface due to the mirrored TASRs configuration. At

the instant of toroidal resonance surface currents ð~IÞ excited

in the pair of TASRs are opposite in nature which confines

the induced time varying magnetic field ð~HÞ in a small circu-

lar region. This induced dynamic ~H field further induces the

dynamic electric field ð~EÞ, as per the right hand rule points

along the X-direction shown by the fictitious arrow of a

toroidal dipole vector ðTx
!Þ. For sensing, when a photoresist

layer of thickness t and refractive index (n) equal to 1.66 is

spin coated on the top of the toroidal metasurface, as shown

in Figure 1(d), a red shift in the frequency of toroidal reso-

nance can be clearly observed, as depicted by the simulated

amplitude transmission spectra of the metasurface in Figure

1(e). The simulated Q factor of the toroidal resonance is

�9.6, which indicates the sharpness of resonance near the

resonance frequency. Even at larger degree of asymmetry in

TASR, excited toroidal resonance is of sufficiently narrow

linewidth and has a large amplitude, which allows to pre-

cisely detect the red shift in the resonance frequency during

the experiments. Further to investigate the role of toroidal

dipole in the sensing activity, the X-component of toroidal

dipole has been calculated numerically near the spectral

region of sharp resonance. In the presence of analyte

medium, the Tx component versus frequency plot in Figure

1(f) clearly indicates the redshift in toroidal coupling

between the mirrored resonators, which is responsible for the

shift in toroidal resonance.

Planar toroidal metamaterials are spin coated with dif-

ferent thicknesses of photoresist. Profilometry was used to

detect the thickness of the photoresist layer by the scratch

method. Commercially available CST Microwave Studio

was used to numerically simulate the coated metasurface

response. Figure 2(a) shows the simulated amplitude trans-

mission spectra of the toroidal metasurface where we

observe red shifting of the toroidal resonance with increasing

thickness of photoresist. Without the photoresist film

(t¼ 0 lm), the toroidal dipole resonance first appears at the

frequency of 0.402 THz. For the photoresist film thicknesses

FIG. 1. High Q planar toroidal metasurface. (a) Dimensional features of the

terahertz asymmetric split ring resonator (TASR) with all dimensions at a

micron scale. (b) Microscopic image of toroidal metasurface along the XY-

plane, with unit cell representation shown by the dotted rectangular curve.

(c) Artistic impression of toroidal dipole generated due to the circulating

magnetic field produced by surface currents induced in mirrored TASR con-

figuration. (d) Unit cell of the toroidal metasurface coated with the analyte

layer on the top. (e) Simulated frequency versus amplitude transmission

spectra of the metasurface with and without the analyte layer. (f)

Numerically calculated X-component of the toroidal dipole moment versus

the frequency plot, via multipole analysis in the vicinity of toroidal reso-

nance, for the case with and without the analyte layer on the metasurface.
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of 1.5, 3.0, 9.0, and 13.5 lm the toroidal resonances are grad-

ually red shifted by 12.5, 16.2, 24.0, and 25.8 GHz, respec-

tively. It is also evident that beyond the film thickness of

9 lm, the red shift in toroidal dipole resonance nearly satu-

rates at the frequency 0.376 THz. Figure 2(b) shows the

experimentally measured response that agrees well with the

simulations. The red shift in the resonance frequency is

mainly caused by the dielectric fill in the capacitive gaps of

TASRs, which increases the net capacitance of TASRs and

alters the resonance frequency. Also, fringing field effect at

the capacitive gaps further plays a role in the red shift of

toroidal resonance with an increase in the thickness of the

photoresist layer. Once the penetration of fringing fields

above certain height from the metasurface disappears, no

shift is observed in the frequency of resonance even with the

increase in the thickness of the photoresist layer.

Further to investigate the spatial extent of the fringing

fields above the metasurface, we have plotted the frequency

shift with respect to the analyte thickness. For the simulated

response, Figure 3(a) shows the variation in frequency shifts

along with the exponential fit as the thickness of analyte

layer increases. The exponential fit curve nearly saturates

beyond the thickness of 10 lm. This gives a fair idea of the

penetration depth of fringing fields above the metasurface.

Almost similar variation is observed for the measured

response, as shown in Figure 3(b). Saturated frequency shift

from the exponential fit curve for the measured response

(27.9 GHz) differs by 1.5 GHz compared to the simulated

response (26.4 GHz), which is lower than the frequency reso-

lution of our measurements (16.6 GHz).

To experimentally determine the sensitivity for thin ana-

lyte layers, we coated a new set of samples with the 0.25 lm

thick layer of Silicon dioxide (SiO2) and Germanium (Ge),

due to high contrast in their refractive index. Table I shows

the resonance frequencies and corresponding refractive index

for the specific analyte material. To identify shift in toroidal

resonance, the nitrogen (N2) environment is used as the ref-

erence medium for both materials. A significant shift in the

resonance frequency compared to N2 environment can be

observed in simulated (Figure 4(a)) and experimental

(Figure 4(b)) transmission spectra for the thin analyte coat-

ings of SiO2 and Ge. For thin analyte films (�0.25 lm), the

experimentally estimated value of sensitivity from Figure

4(c) is found to be around 6 GHz/refractive index unit (RIU),

which matches well with simulated results (inset plot). This

lower sensitivity value is for the ultrathin 250 nm thickness

of the analyte. The equivalent sensitivity per micron of thick-

ness of the analyte is 24 GHz/RIU.

We also analyzed the sensitivity of the toroidal reso-

nance for sufficiently thick analyte layers by varying the

refractive index (n) of the analyte layer to be sensed. Figure

5(a) shows the shift in the resonance frequency of simulated

toroidal dipolar response with an increase in the refractive

index (n) of the constant thick (4 lm) analyte layer. The vari-

ation in frequency shifts (as shown in Figure 5(b)) appears to

FIG. 2. The spectral shift in toroidal resonance. (a) Simulated and (b) exper-

imentally measured amplitude transmission spectra with a different thick-

ness of photoresist coated on the top of the metasurface. Dotted arrow

pointing towards the left shows the shift in the frequency of toroidal

resonance.

FIG. 3. The exponential fit for frequency shifts. (a) Simulated and (b) exper-

imentally measured frequency shifts with the increase in the thickness of

analyte (photoresist) layer. An exponential fit has been performed by the

equation fshif t ¼ fsat þ A� expð�R0
�tÞ, where t is the analyte thickness and

fsat is the maximum frequency shift at saturation point of fitted curve.

TABLE I. Table depicting experimental resonance frequency of toroidal

metasurface in the presence of corresponding refractive index analyte

medium (N2, SiO2, Ge) on metasurface.

Analyte on metasurface Resonance frequency (GHz) Refractive index (n)

Nitrogen (N2) 422.6 1

0.25 lm thick SiO2 layer 415.3 1.98

0.25 lm thick Ge layer 404.3 4
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be linear in nature, so we performed linear fit to determine

the sensitivity, which turns out to be 27.3 GHz/RIU. The

measure of sensitivity value is estimated in terms of wave-

length (Dk) per RIU, which is given by the equation

j dk
dn j ¼ c

f 2
o
� df

dn, where c is the speed of light, fo is the reso-

nance frequency, and n represents the refractive index of the

analyte. In terms of Dk=RIU, the sensitivity value that we

have obtained for the toroidal metasurface coated with 4 lm

thick layer of analyte is 4:88� 104nm=RIU. The sensitivity

values of the planar toroidal metasurface are lower compared

to previously reported values of the Fano resonators array.9

Moreover, to probe the analyte and substrate thickness

dependent sensitivity of the toroidal metasurface, we calcu-

lated sensitivities for different thicknesses of the analyte

layer for the toroidal metasurface on silicon (Si) and mylar

substrates. Figure 6(a) shows the sensitivity plot for the

increasing thickness of analyte layer coated on the toroidal

metasurface on 25 lm thick Si and mylar substrates. Mylar

substrate gives better sensitivity compared to the Si substrate

due to the lower refractive index of mylar. We note that the

sensitivity of toroidal resonance increases and subsequently

saturates with an increase in the thickness of the analyte

layer. The maximum sensitivity for the toroidal metasurface

is found to be 41 GHz/RIU ð7:32� 104nm=RIUÞ for the Si

substrate and 186 GHz/RIU ð10:3� 104nm=RIUÞ for the

mylar substrate. The sensitivity plot nearly tends to saturate

beyond the 13 lm thick analyte layer. Finally, to probe the

effect of substrate thickness on sensitivity, simulations have

been performed for the toroidal metasurface patterned on dif-

ferent thicknesses of the substrates (Si, mylar), and coated

with a 4 lm constant thickness of the analyte layer. As

shown in Figure 6(b), the sensitivity decays exponentially

with an increase in the thickness of the substrate and nearly

saturates beyond the substrate thickness of 20 lm.

In brief, we demonstrate that toroidal resonances in pla-

nar metamaterials could be used as a platform for sensing

applications. We have experimentally demonstrated high-Q
sensing via sharp toroidal resonance at the terahertz spectral

range. High resolution terahertz measurements allow us to

measure the minute shift in the resonance frequencies as

ultrathin layers of dielectric film were coated on top of the

toroidal metasurface. Compared to other sharp resonances in

metamaterials, toroidal dipole resonance offers better sensi-

tivity at larger asymmetry in TASRs, despite short scan dura-

tion on the time scale. The impact of our work lies in

FIG. 4. The sensitivity of the 0.25 lm ultrathin analyte layer. (a) Simulated

and (b) experimentally measured amplitude transmission spectra showing

the shift in toroidal resonance with different analytes, where nitrogen (N2)

environment is used as a reference medium for a 0.25 lm thick analyte layer

of silicon dioxide (SiO2) and germanium (Ge) coated on the top of the meta-

surface. (c) Resonance frequency shift versus refractive index plot for sam-

ples coated with SiO2 and Ge. For thin analyte films, linear fit has been

performed to determine the sensitivity (slope) of the metasurface.

FIG. 5. The sensitivity of toroidal resonance. Simulated (a) red shifted

amplitude transmission spectra, and correspondingly derived (b) frequency

shift vs refractive index plot for the 4 lm thick analyte layer, with an

increasing refractive index, coated on the toroidal metasurface. Linear fit has

been performed to determine the sensitivity of the metasurface.
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identifying the high-Q terahertz toroidal metasurface based

sensing that would drive the path for innovative designs and

realization of photonic devices for dielectric, chemical, and

biomolecular sensing with spectral signatures in the terahertz

regime.
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