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Plasmonic metamaterials-based sensing has generated a great deal of interests in recent years because of the relatively
simple designs involved with metamaterials combined with strong field confinement attainable at the sub-wavelength
scales. Normally high-quality factor resonance-based metamaterials are desirable to realize efficient meta sensors. In
this paper, we have reviewed several metamaterials-based interesting schemes to design thin film sensors, in particular.
We have also described the benefits and drawbacks of the reported sensing techniques. This review should be helpful to
achieve smart designs of terahertz metamaterials-based sensors for exploitation with rich dividends. © Anita Publications.
All rights reserved.
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1 Introduction

The interaction of electromagnetic waves with structured/engineered artificial electromagnetic
materials, also known as metamaterials has opened up unprecedented opportunities in photonics research.
Such interactions enable manipulation of electrical permittivity and magnetic permeability, therefore making
metamaterials extremely interesting for light matter interactions and photonics applications [1]. During last
two decades metamaterials have become highly popular because of fascinating properties such as cloaking
[2,3], negative refractive index [4], perfect focusing [5], sensing [6-22], and enabling realization of ultrafast
devices [23-27], high speed communications [28], polarization manipulations [29-38] and electromagnetic
wave modulations [39-51]. Typically, metamaterials operating in the terahertz regime are composed of
metallic split-ring resonators (SRRs) fabricated on a dielectric substrate. Depending upon applications,
numerous variations of split ring resonators are adopted by the researchers [52-62]. The biggest advantage of
electromagnetic metamaterials lies in the fact that macro scale properties can be engineered through tuning
at the micro level or in other words, at the basic unit cell level. This leads to unique and novel schemes in
designing unit cells in order to manipulate the metamaterials properties when captured at the macro level. In
other words, manipulating unit cell interactions at the near-field regime can result in effects at the far-field
domain. In most of the cases, metamaterials functions most efficiently around the fundamental or higher
order resonances that are excited by the probing waves. Applying intelligent design considerations at the
SRR level can control the nature of the excited resonances because of several reasons. First, the major
manipulations of electric and magnetic properties are mostly prominent around the fundamental resonances
and second, strongest field confinements are observed at the resonances. Therefore, right from the beginning of
metamaterials research, lot of efforts have been devoted to exploit these resonances for a host of applications.
It involves novel designs based on single resonators as well as planar and broadside near-field coupled
resonators [63-66].
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However, in this review paper, we will mainly focus on sensing based on terahertz metamaterials
because of its unique ability to confine electromagnetic fields in a relatively small volume. We will discuss
several sensing schemes that were demonstrated in last one and half decade involving metamaterials.
Metamaterials exhibiting sharp resonances are normally considered as important candidate for sensing
applications. Our discussion will not be confined within classical split ring resonators-based metamaterials.
But we will extend our discussion to more complicated meta structures and will show how strong field
confinement in metastructures can be leveraged to realize highly sensitive meta sensors. Metamaterials and
its 2-dimensional variant metasurfaces form an excellent platform for thin film sensing mainly because of its
planar nature. There are several advantages of thin-film sensing, particularly using metasurfaces operating at
the terahertz regime. Thin films can also be sensed using typical terahertz spectroscopy, however, strong field
confinements offered by terahertz metasurfaces, makes thin film detection much more efficient, therefore
enabling sensing of minute amount of materials to be tested. This leads to practical sensing of biological
materials, explosives, chemicals, hazardous materials, etc. All of these materials, if handled in large quantity,
could lead to dangers for a human. However, metasurfaces can resolve this problem. Measurand materials
in the form of thin films fit nicely in terms of compatibility within terahertz metasurfaces-based detection
techniques.

The organization of this review article is as follows. Section 1 deals with introduction to metamaterials
and thin film sensing. In section 2, we first explain basics of metasurfaces employed for thin film sensing,
followed by several other meta sensing schemes. Finally, we will conclude with a discussion on the benefits
and future prospects of the sensing schemes reviewed.

2 Thin film sensing using planar metamaterials

Possibility to detect dielectric materials utilizing classical metamaterials were first investigated by
Drischoll et al in 2007 [6] (Fig 1). Strong electric field confinement inside the split gap region was explored
for the first time to detect unknown materials. Split gap provides capacitance to the ring resonator. Therefore,
presence of any external dielectric materials inside or in the vicinity of the split gaps can modulate the
capacitive properties of the ring resonators, resulting in a shift in the resonance frequency. Such passive
tuning was accomplished for the first time by Drishcholl ef al through incorporation of dielectric material
in the plane of SRRs. Typical single split gap ring resonators-based metamaterials when investigated with
the probing THz radiation (Fig 1b) leads to the excitation of strong magnetic resonance in the transmitted
terahertz spectrum (Fig Ic). In this pioneering work, they showed that presence of silicon nanoparticles
can gradually tune metamaterials resonance when characterized in transmission mode. They attributed the
observation to tuning of relative permittivity surrounding the resonators, which modifies the capacitance of
the split gap. Further they demonstrated chemical sensing potential of the proposed scheme by characterizing
benzocyclobutane (BCB) (Fig 1b). Several chemicals can be coated on top of metamaterials as thin films.
In their study, different amount of BCB materials were coated, which resulted in shifting of the magnetic
resonance frequency by variable extent. This formed the basis to determine dielectric properties through
metamaterials resonance shift techniques.

In another breakthrough work, limitations in metamaterials-based thin film sensors were investigated
by O'Hara et al [7]. In this work, authors employed double ring resonators-based metamaterials, which were
characterized using Terahertz Time Domain Spectroscopy (TDS) (Fig 2a). Several resonance modes were
excited due to the impinging terahertz beam when studied in the Thz-transmission mode (Fig 2a). These
modes were originated from inner as well as the outer rings (Fig 2a). However, authors mainly focused on
the fundamental and higher order dipole modes to study thin film detection capabilities. Fundamentally these
modes were supported by the outer resonator. Photoresist of different thicknesses was coated on top of the
metamaterial surface. Since photoresists can easily be removed using typical alcoholic solutions, the same
meta structure was characterized in transmission mode for several coating thicknesses (Fig 2b, 2c and 2d).
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Fig 1. (a) (Top left) Variation of electric field profile in the plane of the split ring resonator and across the

split gap; (b) Terahertz transmission spectra for metamaterial coated with different thicknesses of BCB
(schematic shown as inset); (c) Terahertz transmission characteristics of metamaterials with different
thicknesses of silicon nano particles [with permission from [6] © American Institute of Physics].
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Fig 2. (a) (Top left) Transmission spectroscopy of double ring-based metamaterials, these data are generated
using THz TDS, lower order (LC) resonances along with higher order modes are clearly excited in the spectrum,
with coated overlayer, resonance red shifts as shown by the light color line; (b) (Bottom left) It shows the limit
in detectability of fundamental resonance mode with over layer as thin as 100 nm; (c) It plots the shifts of LC
and higher order modes with increasing over layer thickness, which clearly shows that beyond 20 pm thickness,
resonance shift saturates, insets precisely show shifts in resonance dips with corresponding over layer thicknesses

[with permission from [7] © The Optical Society].
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With increasing thickness of photoresist coatings, resonances undergo red shifts because of enhanced
effective dielectric constant in the vicinity of the split ring resonators. They further observed resonance shift
saturates beyond a critical thickness that they attributed to dilution of fringing electric fields away from the
metamaterial plane (Fig 2¢ & Fig 2d). This was one of the major outcomes of their study. Metamaterials
were studied with electric polarization along the split gaps (Fig 2a). Materials as thin as 100 nm could be
detected through resonance shift using THz TDS. On the other end, materials as thick as 16 um demonstrated
resonance shift, beyond this point resonance shift was observed to be saturated. This work formed a
comprehensive basis to study the limitations of employing metamaterials as thin film sensing device while
operating in the THz frequency regime.

Based on electric field polarization of probing terahertz beams, odd and even resonance orders
can be excited in terahertz metasurfaces constituting single split gap-based resonators (Fig 3a). It was
shown that even order resonance modes are excited for electric field parallel to side arms and odd order
resonances are excited for electric field polarization parallel to the split gap [43]. In a recent work [19],
sensing capabilities of these resonant modes were studied in a comprehensive manner. Loss-less dielectric
materials of different thicknesses were coated over the metasurfaces and investigated in the transmission
mode operating in the terahertz frequency domain. Further, refractive index of the coated films was varied
to extract the sensitivity and figure of merit for different resonance modes. It was found that odd order
mode resonances work better as sensors compared to the even order modes. Dimensions of the structures
are derived in such a way that the lowest order resonance appears around 0.5 THz (Fig 3b). On top of
the metasurface, analytes of several thicknesses are deposited. Terahertz transmission study is carried out
simultaneously in order to capture the response of the samples under the influence of dielectric over layer
(Fig 3a). Lowest odd order modes are excited around 0.5 THz (also called as fundamental mode or first
order mode) and 1.5 THz (3rd order mode), respectively (Fig 3b). Similarly, lowest even order resonance
mode is excited around 1.185 THz (Fig 3c). As dielectric over layer is applied on top of the metasurfaces,
resonances undergo red shift because of the increase in effective permittivity surrounding the meta surface.
In order to capture the comprehensive picture of resonance shifting, elaborate study was made for both the
Electric field polarizations of the probing terahertz beam, results from which are shown in Figs 3d and 3e. It
can be noted that resonance red shifts in a non-linear fashion with increase in over layer thickness. Initially
resonance red shifts rapidly, however resonance shifting saturates with relatively thicker (> 12 pm) analyte
layer (Figs 3d and 3e). As the analyte material fills the capacitive gaps and surrounding of the resonator
array and increases in thickness above it, the net capacitance of the resonator effectively increases [34],
which shifts the resonance peak progressively to lower side of the frequency spectrum. However, beyond
a certain point away from the resonator surface fringing fields are almost negligible, therefore causing
saturation in resonance red shift following earlier trends. In order to quantify sensing performance of a sensor,
FoM (Figure of Merits) were further extracted. FoM is defined as sensitivity/full width at half maxima at
resonance. Sensitivity is calculated at particular thickness by varying refractive index of the analyte from
1 to 4. This leads to a linear curve between the resonance frequency and refractive index, slope of which
defines sensitivity of a meta sensor at that particular thickness. FoM calculated in such a way is plotted in
Fig 3d. It can be seen that figure of merits also saturates with enhanced analyte thickness because of the
same fringing field effects, as discussed earlier. An important outcome of this work is odd order resonance
modes works better as a sensor in comparison to the even order modes. Precisely the lowest order mode can
work as the best sensing device when compared to all the other resonance modes. Authors attribute this to
stronger field confinement at the lowest order mode (also known as LC mode or magnetic mode) [6] (Fig
1). Strong electric field confinement inside the split gap region could be utilized to detect materials, which
were investigated for the first time. Split gap provides capacitance to the ring resonator. Therefore, based
on electric field polarization of probing terahertz beams, odd and even resonance orders can be excited in
terahertz metasurfaces constituting single split gap-based resonators (Fig 3a). It was shown that even order
resonance modes are excited for electric field parallel to side arms and odd order resonances are excited
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for electric field polarization parallel to the split gap [43]. In a recent work [19], sensing capabilities of
these resonant modes were studied in a comprehensive manner. Loss-less dielectric materials of different
thicknesses were coated over the metasurfaces and investigated in the transmission mode operating in the
terahertz frequency domain. Further, refractive index of the coated films was varied to extract the sensitivity
and figure of merit for different resonance modes. It was found that odd order mode resonances work better
as sensors compared to the even order modes. Dimensions of the structures are derived in such a way that
the lowest order resonance appears around 0.5 THz (Fig 3b). On top of the metasurface, analytes of several
thicknesses are coated. Terahertz transmission study is carried out simultaneously in order to capture the
response of the samples under the influence of dielectric over layer (Fig 3a). Lowest odd order modes are
excited around 0.5 THz (also called as fundamental mode or first order mode) and 1.5 THz (3rd order mode),
respectively (Fig 3b). Similarly, lowest even order resonance mode is excited around 1.185 THz (Fig 3c).
As dielectric over layer is applied on top of the metasurfaces, resonances red shift because of the increase
in effective permittivity surrounding the meta surface. In order to capture the comprehensive picture of
resonance shifting, elaborate study was made for both the Electric field polarizations of the probing terahertz
beam, results from which are shown in Figs 3d and 3e.
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Fig 3. (a) Schematic of thin film sensing scheme with single split gap resonator-based terahertz
metamaterials; (b) Demonstrates excitation of odd order modes along with resonance frequency shift
with thin film over layer; (c) Excitation of even order mode along with resonance frequency shift due to
over layer; (d) Comprehensive nature of resonance shift of odd order modes due to over layer film; (e)
Resonance shift of even order mode due to thin film coated on meta surface; (f) Extracted Figure of Merit
(FoM) for odd and even order resonance modes with increasing film thicknesses [with permission from
[19] © Springer Nature].
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It can be noted that resonance red shifts in a non-linear fashion with increase in over layer thickness. Initially
resonance red shifts rapidly, however resonance shifting saturates with relatively thicker (> 12 pm) analyte
layer (Figs 3d & 3e). As the analyte material fills the capacitive gaps and surrounding of the resonator array
and increases in thickness above it, the net capacitance of the resonator effectively increases [34], which
shifts the resonance peak progressively to lower side of the frequency spectrum. However, beyond a certain
point away from the resonator surface fringing fields are almost negligible, therefore causing saturation
in resonance red shift following earlier trends. In order to quantify sensing performance of a sensor, FoM
(Figure of Merits) were further extracted. FoM is defined as sensitivity/full width at half maxima at resonance.
Sensitivity is calculated at particular thickness by varying refractive index of analyte from 1 to 4. This leads
to a linear curve between the resonance frequency and refractive index, slope of which defines sensitivity
of a meta sensor at that particular thickness. FoM calculated in such a way is plotted in Fig 3d. It can be
seen that figure of merits also saturates with enhanced analyte thickness because of the same fringing field
effects, as discussed earlier. An important outcome of this work is odd order resonance modes works better
as a sensor in comparison to the even order modes. Precisely the lowest order mode can work as the best
sensing device when compared to all the other resonance modes. Authors attribute this to stronger field
confinement at the lowest order mode (also known as LC mode or magnetic mode).
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Fig 4. (a) Unit cell of single gap split ring resonators, schematic and optical photograph; (b) Near field terahertz
characterization schematic and region of terahertz excitation on metasurfaces; (c) Resonance frequency shift due
to coating of thin dielectric film measured in far field approximation; (d) Resonance shift measurements in near
field excitation when different metasurface areas are excited with terahertz beam; (e) Numerical simulations of
electric field magnitude of an impinging terahertz beam on metasurfaces have been carried out by assuming that the
sample under test is placed only 50 um away from the source [with permission from [16] © The Optical Society].
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Although terahertz metasurfaces can detect thin deep sub wavelength thickness materials, however
the sample area to be exposed depends on the terahertz spot size. This means with this technique, in
principle, one can detect films as thin as several hundreds of nanometers. But the fact that the exposed
area is of the order of several microns in diameters, it leads to an inherent limitation in thin film detection
using terahertz metasurfaces. This problem was addressed by the researchers of University of Adelaide
[16]. They demonstrated that using near field terahertz transmission spectroscopy, area to be sensed can
dramatically reduce by more than 20 times, while still being able to sense similar material thickness. This
can also be helpful in reducing volume of materials/analytes for testing significantly. Simple single gap split
ring resonators array is employed to realize terahertz metamaterials for sensing purpose (Fig 4a). Instead
of typical far field measurements, authors adopted near field characterization technique as shown in the
schematic represented in Fig 4b. A comparison between well-established far field terahertz measurements
and near field reduced active area terahertz measurements is shown in Figs (4¢ & 4d). Numerical simulations
of excitation areas are demonstrated for near field probing in Fig (4¢). It clearly shows that resonators within
the reduced area metamaterials can indeed be excited effectively, which should help in thin film sensing.
With this measurement technique, amount of materials sensed can be drastically reduced by an order of
magnitude.

3 Thin film sensing with asymmetric metamaterials

Metamaterials consisting of double split gaps based asymmetric ring resonators turned out to be
strong potential candidate for configuring thin film sensors in the terahertz regime because of its capability
to excite high Q factor resonances. Therefore, during past several years trapped mode, Fano resonance,
electromagnetically induced transparency effect etc. were demonstrated using asymmetric metamaterials.
High Q resonance was observed for the first time in dual split gap resonators-based metamaterials [67].
Such metamaterials electromagnetically excited at a microwave frequency results in narrow, asymmetric
resonance, which was termed as ‘Trapped mode’. These modes are excited through destructive interference
that occurs between two split gap based asymmetric resonators. Effectively this phenomenon is similar to
Fano resonance as observed in another work [68]. Trapped modes attracted lot of interests due to the strong
confinement of incident electromagnetic waves and low radiation loss associated with it, which is realized
through opposite magnetic dipoles excited inside the unit cell. Demonstration of such high Q factor modes
motivated a great deal of interest because of potential applications in realizing ultra-sensitive sensors besides
other possible applications. Because of such high potentials, several other works were carried out and
reported later [68,69]. For the first time, asymmetric double split gap-based resonators were employed for
thin film sensing by Ibraheem et a/ [9]. In this investigation, two different resonators were employed, both
were double gap in nature. In one case they employed circular resonator with displaced gap from symmetric
position (Fig 5a). In another configuration, strong field confinement was realized using tapered tip based split
gaps (Fig 5b). Such tapered tips helped to confine strong electric field at the tips within a narrow region,
hence establishing a way to realize highly sensitive sensors (Figs 5¢ & 5d). Figure 5e demonstrates that
resonance frequency shifts, and consequent sensitivities are almost double for tapered tip-based rectangular
resonator in comparison to a circular asymmetric resonator. Relatively stronger electric field confinement
is attributable to enhanced sensitivity of the rectangular resonator, hence opens up a novel design scheme
to realize improved thin film meta sensors.

Typically, Fano modes in terahertz metamaterials are attractive because of high Q factor. Another
feature characterizing Fano mode is its asymmetric resonance line shapes. Enhanced Q factor results in
increased photon lifetime in the meta resonator array leading to increased interaction of electromagnetic
fields with the thin film placed on top of the meta surface. Therefore, series of research articles were reported
to demonstrate higher Q factor metamaterials for terahertz domain [69-72]. Fano like resonances were
demonstrated in rectangular asymmetric resonators-based metamaterials operating in the terahertz domains
[12] (Fig 6a).
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Fig 5. (a) (Top left) Optical picture of asymmetric circular double gap split ring resonator; (b) (Bottom
left) Double gap sharp tip rectangular resonator; (c) (Top center) Electromagnetic simulations of electric
field confinements at resonance in asymmetric gap split ring resonator; (d) (Bottom center) Simulated
electric field enhancement adjacent to sharp tips in rectangular resonator; (e¢) (Far right) normalized
resonance frequency shift for rectangular and circular resonator with materials on top [with permission
[9]1 © American Institute of Physics].
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Fig 6. (a) Fabricated resonator array to realize terahertz metamaterials to demonstrate Fano resonance based
thin film sensing; (b) Electric field distribution at Fano resonance without any dielectric over layer; (c)
Simulated electric field distribution at Fano mode with 16 um thick analyte on top of the meta surface; (d)
Amplitude transmission with E field perpendicular to the splits gaps with and without analyte over layer;
(e) Amplitude transmission with E field parallel to the split gaps with and without analyte overlayer [with
permission [12] © American Institute of Physics].
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Double split gap ring resonator was employed with split gaps appearing in the opposite arms of the resonator.
Fano mode was excited while displacing one split gap along the arm but keeping the opposite gap intact
at the middle. This leads to breaking the symmetry in the meta structure. With displacement of one gap by
5 pwm from the symmetric position, strong Fano mode appeared for the E field of the THz beam parallel
to the side arms. Figure 6b shows the E field confinement at the Fano mode without dielectric over layer
and 6¢ shows the same with 16 pm overlayer. For the other polarization, quadrupole modes were excited
as can be seen from Fig 6d. Figure 6¢ shows the transmission spectra with and without the dielectric over
layers at the Fano resonance. It can be observed that a strong, high Q factor Fano resonance was excited.
Employing similar technique as discussed earlier, sensitivity of different modes was found out. Fano mode
demonstrated sensitivity as high as 36 GHz/RIU while quadrupole mode showed the same around 23
GHz/RIU. Therefore, Fano mode showed better potential as sensors, which is due to higher quality factor
associated with it.
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Fig 7. (a) Optical pictures of unit cell of symmetric and asymmetric metamaterials; b) experimental and numerically
simulated transmission spectra of metamaterials for E field polarization parallel to split gaps, and (c) for E field
polarization parallel to side arms; (d) extracted FoM values for all the three samples studied in this work, which
captures the trend in FoM with increasing over layer thickness for all the three modes, dipole mode, quadrupole mode
and dark mode [with permission [21] © Elsevier].
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It is believed that symmetric plasmonic systems can possess dark resonance modes. These dark
modes are normally originated from magnetic dipoles or higher-order electric multipoles. These modes can
possess very high-quality factor resonances since they interact very weakly with the surrounding environment.
In the context of terahertz metamaterials, such dark mode resonances were demonstrated through breaking
the symmetry in rectangular double gap ring resonators-based unit cells. Although these modes are present
in symmetric metamaterials but experimental observation is not possible unless asymmetry is introduced
in such structures. Such asymmetric metamaterials can demonstrate high quality factor modes because of
low radiation loses, and therefore can lead to realization of highly sensitive sensors in the terahertz domain.
In this direction, thin film sensing based on dark resonant mode was reported very recently [21]. In this
work, double split gap based rectangular resonators are used as metasurface unit cell (Fig 7a). Several sets
of metasurfaces were fabricated and characterized where asymmetry is introduced through breaking the
symmetry in the resonator structure (Fig 7a). Precisely, asymmetry is introduced via protrusion of a metal
plate in one side of the both split gaps (Fig 7a). Terahertz TDS is performed through these samples in
order to capture the plasmonic modes including the dark mode (Fig 7b and Fig 7c). For terahertz electric
field parallel to split gaps, measured and simulated transmission characteristics are shown in figure 7b. For
such excitation, quadrupole modes are excited at around 1.25 THz. Similarly, for electric field parallel to
the side arms, transmission characteristics are shown in Fig 7c. Here dipole mode is excited around 0.7
THz. Importantly for the symmetric metasurfaces, only dipole mode is observed (see, Fig 7c top most
panels). As an asymmetry is introduced, a sharp, asymmetric line shape mode started to appear around 0.5
THz. With increase in asymmetry, this novel mode strengthens. Q factor of this mode is relatively large
(~ 12) compared to the other modes. With coating of thin dielectric films on top of the meta surfaces,
modes underwent red shift. This is because of increase in effective refractive index, which was discussed
earlier in details. Although all the modes red shifts but sensing performance of the modes are not same.
Therefore, to elucidate this feature, FoM (Figure of Merit) is calculated for each resonant mode for all the
three samples (Fig 7d). In the top most panel, FoM is shown for symmetric metasurfaces. Since dark mode
cannot be excited, so FoM for dipole and quadrupole modes are only represented. Note that figure of merit
is significantly low for these modes as demonstrated by the symmetric structure. In the next panel, FoM
values are shown for asymmetric structures with inclusion of protrusion. FoM corresponding to dark mode
are higher compared to the other modes. In the bottom most panel of Fig 7d, FoM values are shown for the
metasurfaces with larger asymmetry. In this case, dark modes demonstrated higher FoM in comparison to
the other modes. This study indicates that the dark resonant mode with highest Q factor demonstrates best
platform as a sensing device.

4 Sensing with stacked metamaterials

Fano resonant metamaterials have garnered lot of attention recently because of its being a high-
quality factor mode. Generally, Fano modes are observed in symmetry broken metamaterials. Very recently
it is demonstrated that Fano resonances can also be excited in geometrically symmetric stacked terahertz
metamaterials, where meta resonators are separated by an ultra-thin dielectric layer [73,74]. This allows
additional degree of freedom to confine strong electromagnetic energy in deep sub-wavelength length scale
[22]. This forms the basis to realize ultra-sensitive sensing through tailoring of the near field coupling inside
the thin spacer region. Several sets of multi-layer metamaterial samples with variable spacer thicknesses
were fabricated in order to study thin film sensing. Schematic of the proposed structures along with optical
photograph of one fabricated sample is shown in Figs § (a & b). In Fig 8c and 8d, numerically simulated
transmission spectra with the corresponding measurements are depicted. Spacer thicknesses of 2, 3, 4 and
6 um were studied in this work. It is observed that with increasing spacer thickness both the resonances red
shifts, however Fano mode shifts more rapidly compared to the dipole mode. The relatively stronger field
confinement at Fano mode is responsible for the more rapid shift in resonance dip. In order to characterize
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the sensing potentials, sensitivities were calculated at several spacer thicknesses which were further followed
by FoM calculation (Fig 8e). With increasing spacer, sensitivity saturates at around 8 pm thickness. It
was further observed that around 8 um, both the resonances (low and high frequency modes) possesses
almost similar strength. Surface current analysis reveals that the higher mode is Fano but the lower one is
a dipole mode. However, for the low frequency mode, bottom resonator is dominant whereas for the higher
resonance mode the top resonator is dominant. This study was further extended to refractive index sensing
through varying indices at wider range. As refractive index is varied from 1.4 to 2 in steps of 0.2, resonance
modulation seen to be more rapid (Fig 8g). Calculation of sensitivities reveals its value as high as 1.04 THz/
RIU. This is largest sensitivity reported in THz range for refractive index sensing, hence making this meta
device an excellent platform for thin film sensing. Strong field confinement in between the stacked meta
resonators based Fano cavity is responsible for such high sensitivities. Numerical simulations of electric
fields indeed reveal high field confinement inside the spacer region.
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Fig 8. (a) Schematic of multi-layer dipole based terahertz Fano metamaterials; (b) Optical microscope pictures of
unit cell along with array of resonators; (c) Numerical simulations of several thickness of spacers; (d) Experimental
transmission spectrum of metamaterials; (e) Extracted sensitivities, inset shows the FoM values; (f) Spectrum for the 8
um spacer thickness along with current and field distributions; (g) Scheme demonstrating refractive index sensing with
transmission spectrum with changing refractive indices for various materials; (h) Extracted sensitivities for the Fano
as well as dipole modes; (i) Electric field distributions inside the spacer in between the resonators [with permission
Ref 73 © Wiley-VCH].

5 Conclusion

Terahertz metamaterials and metasurfaces offer a upunique platform towards detection of materials
in thin film form. Such metamaterials-based platform helps in detection of minute quantity of materials
contrary to typical terahertz spectroscopy or ellipsometric techniques. Considering the unique advantages
that terahertz metasurfaces provide towards thin film detection, we have focused on selective yet important
works that are reported in the last 15 years. Normally, high quality factor resonances-based metamaterials
are popular for thin film detection for better FoM. We have discussed several schemes to excite high Q
factor resonances in terahertz metamaterials.
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In this review, as a first example, we discussed thin film detection using typical single split ring
resonators-based metamaterials operating in the THz domain. Magnetic resonance, also called as first order
resonance mode, was investigated as a sensing platform. Presence of foreign materials in the vicinity of the
split gap induce resonance shift because of modulation in effective dielectric constant. Measurement of such
resonance shift can lead to sensing of the foreign materials. In the follow up work by O'Hara et a/ limitations
of such frequency shift sensing technique was investigated. It is shown that resonance shift saturates beyond
a certain thickness of the dielectric measurand, because of reduction in strength of fringing fields across
the resonator split gap. This means beyond a certain thickness, thin film sensing is not achievable by this
technique. In another work, sensing potentials of odd and even order resonance modes were investigated. It
was shown that the odd order modes are always better sensor than the even order modes. So far, we discussed
about single gap ring resonators-based metamaterials for sensor applications. Because of high quality factor
resonances, asymmetric resonator-based terahertz metamaterials are also considered as strong candidate as
sensors. Such asymmetric resonators were employed to detect thin films by several groups. In this context,
we have discussed Fano resonance-based metamaterials as well as dark mode-based metamaterials for thin
film sensing. These schemes of sensing were found to offer improved sensitivity as well as higher figure
of merit sensors. We have also discussed tapered gap resonators for sensing. At the tip of the tapered gap
ultra-strong field confinement was observed, therefore enabling sensing of very minute amount of materials.
We believe that terahertz metametarials-based sensing is a matured field now and should be exploited by
industries soon. Therefore, special attention should be given to commercial exploitation of thin film meta
sensors in the near future.
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