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Hyperbolic metamaterials (HMMs) have emerged as a burgeoning field of research over the
past few years as their dispersion could be easily engineered in different spectral regions using
various material combinations. Even though HMMs have comparatively low optical loss due
to a single resonance, the noble metal-based HMMs are limited by their strong energy
dissipation in metallic layers at visible frequencies. Here, we experimentally demonstrate the
fabrication of noble metal-free reconfigurable HMMs for visible photonic applications. The
low-loss and active HMM s are realized by combining titanium nitride (TiN) and stibnite (Sb2S3)
as the phase change material. We propose a reconfigurable plasmonic biosensor platform based
on active Sb2S3-TiN HMMs and show that significant improvement in sensitivity is possible
for small molecule detection at low concentrations. In addition, we develop a plasmonic apta-
biosensor based on a hybrid platform of graphene and Sb,S3-TiN HMM and demonstrate the
detection and real-time binding of thrombin concentration as low as 1 fM. A biosensor
operating in the visible range has several advantages including the availability of sources and
detectors in this region, and ease of operation particularly for point-of-care applications.

The extreme anisotropic permittivity of hyperbolic metamaterials (HMMs) represent a
unique opportunity to realize effective bulk metastructures with extraordinary optical properties

over a broad frequency range from visible to terahertz [!. HMMs are artificial uniaxial materials

that exhibit hyperbolic dispersion because the out of plane dielectric constant (¢, = &, ) has an
opposite sign to the in-plane dielectric constants (€, =€, = &;). HMMs can be classified into
two types based on the sign of their dielectric components, i.e. type I (—&, and &;,) and type II

(&, and —¢; ). In comparison to isotropic materials showing elliptical dispersion, HMMs

support propagation of optical modes across the structure with infinitely large momentum
(high-k modes) in the effective medium limit ), irrespective of the free space wavelength.
Therefore, the high-k modes associated with HMMSs can only be excited using a momentum

coupler 1. Since HMMs show extraordinary properties, they have been proposed for various
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applications [*'®], In contrast, metamaterial designs rely on lithographic patterning, HMMs can
easily be fabricated using conventional thin film physical vapor deposition techniques by
depositing thin metal-dielectric multilayers in the effective medium regime. In order to realize
hyperbolic dispersion over the frequency range from visible to terahertz, various metal-
dielectric combinations have been proposed 1%,

Hyperbolic dispersion in the visible spectrum is particularly important for various
applications, which has been usually achieved using the combination of gold or silver and
dielectric such as SiOz or Al2O3 or TiO». Indeed, the noble metal-based HMMs are severely
limited due to the strong energy dissipation in noble metals at visible wavelengths. Since
titanium nitride (TiN) is a potential low loss plasmonic material for visible and near infrared
(NIR) frequencies %), optical hyperbolic metamaterials with TiN as a plasmonic component
have been proposed . In addition, active HMMs have been proposed using tunable material
such as graphene [2!1, topological insulators [*?, hexagonal boron nitride >* and phase change
materials (PCMs) 2?7, However, such tunable material-based HMMs show hyperbolic
dispersion in the infrared and terahertz frequencies, and the visible frequency active HMMs [2¢-
2 proposed so far have been based on the combination of noble metals and PCMs. A critical
issue of noble metal-PCM based active HMM s is the inter-diffusion of noble metals (gold and
silver) with phase change chalcogenides 126%). Therefore, the development of low-loss and
diffusion-free active HMMs for the visible frequency range is important for active color filters
for displays, adaptive camouflage systems and biosensors. In particular, PCMs maintain their
structural state and only require energy during the switching process, and this programmability
can offer a lower energy consumption in comparison to liquid crystal and most mechanically
tuned photonic devices, which require a constant energy supply.

Recently, label-free plasmonic biosensing with an extreme sensitivity has been achieved
using HMMs 1517 which can detect small biomolecules at low concentrations. Kabashin et al

proposed to use HMMs in biosensing ['*), which was a type I HMM consisting of an assembly
3
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of electrochemically grown gold nanorods. More recently, a type Il HMM for biosensing has
been proposed by Sreekanth ef al, it consisted of a multi-stack of gold/Al,O3 bilayers and the
high-k modes were excited by grating coupling method ¢!, In addition, the integration of two-
dimensional nanomaterials such as graphene with aptamers has emerged highly sensitive apta-
biosensors for clinical diagnosis and food safety *%. Apta-sensors use aptamers such as single
standard oligonucleotides (DNA or RNA) as the molecular recognition elements, which has
exhibited many advantages compared to traditional biosensors based on antibodies 1>, In
particular, apta-biosensors are a good candidate for small molecule detection since the size of
the aptamers are smaller than the antibodies. Therefore, the development of an apta-biosensor
platform based on graphene and HMM can be used to improve the detection limit of small
biomolecules.

Here, we propose and experimentally demonstrate a novel multilayered active HMM
for reconfigurable biosensor applications. Our designed HMM is tunable, diffusion-free and
low-loss, which supports type I hyperbolic dispersion at optical frequencies. This is realized by
choosing appropriate number of alternating layers of stibnite (Sb>S3) and TiN thin films. Here,
Sb,Ss acts as an active dielectric layer of the HMM that introduces reconfigurability as it is a
low-loss PCM. We demonstrate the active properties of HMMs by switching the phase of the
Sb,S3 from amorphous to crystalline. Stibnite is a wide band gap PCM that exhibits a large
change in the absorption edge at visible frequencies. Moreover, we report the experimental
demonstration of the excitation of HMM guided mode as well as enhanced tunable Goos-
Héanchen (GH) shift in the visible, at a wavelength of 632.8 nm, using a prism coupling scheme.
Since the GH shift is a significant interrogation parameter for sensing applications, we use the
GH shift to demonstrate tunable refractive index sensing and real-time biosensing of small
biomolecules such as D-biotin (molecular weight= 244 Da) at a low concentration of 1 pM. We

further demonstrate the detection and real-time binding of thrombin concentration as low as 1
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fM by using a thrombin binding aptamer (TBA) functionalized hybrid graphene/ Sb,S3-TiN

HMM.

The proposed low loss and tunable Sb2S3-TiN HMM consists of 10 alternating thin
layers of SboS3 and TiN on a glass substrate. PCMs have received a great deal of attention in
the research area of active photonic devices [*¥. The main reason behind the selection of this
multilayer combination is that many of the Ge.Sb,Tes (GST) tunable structures are not viable
due to inter-diffusion of noble metals with chalcogenides, when noble metals are in direct
contact with chalcogenides ). Unlink the PCM GST, Sb>S3 has a bandgap of 2eV which
renders it transmissive in the visible spectrum. Moreover, the dielectric function of Sb»Ss;
exhibits a substantial change in the visible frequencies when the structure of the material is
switched from amorphous to crystalline phase *¢~*71. To avoid diffusion problems typical of
noble metals, TiN has been selected as a plasmonic component in the designed HMM. The
cross-sectional scanning electron microscope (SEM) image of fabricated Sb>S3-TiN HMM is
shown in Figure 1a (also see Figure S1 in the Supporting Information). The sharp TiN-Sb2S3
interfaces confirm that there is no diffusion of TiN into Sb,Ss. Figure 1b illustrates the proposed

Sb,S3-TiN HMM-based biosensor platform.

As an initial study, the optical constants of Sb,S3 (in amorphous and crystalline phase)
and TiN thin films were determined using spectroscopic ellipsometry (see Figure S2 in the
Supporting Information). The real permittivity values of Sb2S3 exhibit a substantial change at
visible frequencies when the phase of the material is switched from amorphous to crystalline,
while the imaginary permittivity is very small for wavelengths greater than 500 nm for both
phases. Therefore, SboS3 is an appropriate low loss and tunable dielectric material for the
realization of active photonic devices and HMMs at visible frequencies. Note that the
commonly used GST-based chalcogenides are very lossy in the visible frequencies (see Figure

S8 in the Supporting Information). Therefore, unsuitable for visible HMM devices. It is clear
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from Supporting Information Figure S2¢ that TiN shows low-loss plasmonic behavior above
545 nm as the real permittivity values are negative and imaginary values are comparatively low.
The HMM was fabricated by means of RF and DC sputtering (see Supporting Information S1).
Thin film thicknesses were determined using spectroscopic ellipsometry and acquired
thicknesses were around 25 nm and 16 nm for Sb»S;3 and TiN, respectively. In the ‘as-deposited
HMM samples’, the SboS3 layers are amorphous (see Figure S3 in the Supporting Information).
In order to switch the phase of the Sb>S3 from amorphous to crystalline, the HMM was baked
at 300°C for 30 min since the crystallization temperature 7} of Sb,S3 was determined to be

above 285°C.

Since the unit cell thickness of the fabricated HMM is much smaller than (A/10) at the
corresponding operating frequency, effective medium theory (EMT) was used to obtain the
uniaxial permittivity [*!. The EMT-derived uniaxial permittivity components of multilayered
Sb2S3-TiN HMM when Sb>S3 in amorphous and crystalline phases are shown in Figure 1c and

Figure 1d. According to Figure 1c, HMM shows type I hyperbolic dispersion at A>580 nm

when Sb>S; is in amorphous phase, where &, =& <0 and ¢, =¢,=¢,>0. However, the

operating wavelength of type 1 region is slightly blue shifted to 564 nm wavelength after
crystallizing the HMM. We further characterized the fabricated HMMs by studying reflectance
and transmission spectra using variable angle spectroscopic ellipsometry. The acquired
reflectance spectra at oblique incidence and transmission spectra at normal incidence are shown
in Supporting Information Figure S4 (a, ¢) & Figure S5a, respectively. A red shift in reflectance
dips and transmission peaks are observed after switching the phase of the Sb,S3 from amorphous
to crystalline. The observed red shift in spectra is due to the increase of dielectric constants of

Sb,Ss after crystallization.






















































