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Abstract. A subwavelength metamaterial consisting of array of aluminium
conductors is proposed and numerically analyzed using a finite-element method.
This material is suggested for a tunable active band-stop filter working in the far-
infrared region. A cell of our metamaterial-based structure is composed of a thom-
bic-shaped aluminium conductor, a rubidium-bromide dielectric, and a graphene
sheet deposited on the dielectric in order to achieve tunability. A strong confinement
of electromagnetic energy absorbed in the dielectric results in a highly efficient
absorption. The suggested structure with the graphene sheet exposed to air can act as
a highly sensitive refractive-index sensor (the sensitivity 6.8 um/RIU). Due to a
small size of our structure, it reveals perfect absorption at the far-infrared wave-
lengths and wide-range absorption tuning (from 23.6 to 38.1 um). The metamaterials
with the above structure can result in perfect absorbers for biomedical sensing.
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1. Introduction

Recently a far-infrared wavelength region (3—-100 um, according to classification of the
International Commission on Illumination) has been extensively studied. Appropriate devices can
be applied in such fields as biomedical and chemical sensing, photo-thermal transformations,
photodetection, optical modulation and switching, multispectral imaging and colour printing [1, 2].
Plasmonic effects play a major role in high-speed data transmission and nanoelectronic
technologies aimed at confining, storing, guiding and enhancing locally electromagnetic waves in
the far-infrared region [3].

Optical near fields in subwavelength structures are excited due to links between conduction
electrons and electromagnetic waves in small metallic nanostructures. A metamaterial structure is
a periodic device with a certain engineered shape and subwavelength geometry that controls
propagation of electromagnetic waves. A rapid growth of both metamaterial and plasmonic
technologies has encouraged researchers to investigate various plasmonic metamaterial structures
[4]. Such two-dimensional (2D) materials as, e.g., hexagonal boron nitride, transition metal
dichalcogenides and graphene have become a hot topic in many earlier researches because of their
promising optical and electrical characteristics [5].

Graphene represents one of the most interesting 2D materials with a single-atomic thickness.
The majority of its electrons can conduct because of massive intraband transitions in the far-
infrared wavelength region [6, 7]. Plasmons in graphene confine the fields to extreme extent. They
reveal very low damping losses, in addition to the most significant feature, tuning of conductivity
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via a voltage bias [8]. Interesting optical and electrical properties of graphene have led to
development of a new generation of optical and electrical nanodevices. These are polarizers [9],
filters [10], perfect absorbers [11, 12], refractive-index sensors [13, 14], modulators [15], photonic
crystals [16], transforming optical devices [17], etc.

Many recent studies have demonstrated great resources of graphene in tuned absorption of
electromagnetic waves, which is achieved via tuning of graphene’s chemical potential. For
example, the active band-stop filter presented in Ref. [2] can achieve a tuned dual-band filtering
response from 11.8 to 13.4 um or from 16.6 to 18.5 um. Nonetheless, the tuning range mentioned
above is still too narrow and does not cover a desirable wide range of far-infrared frequencies. In
the other study [10] that presents a multi-layer graphene-based tunable band-pass filter, a graphene
waveguide composed of six single-layer graphene sheets shows dual-band filtering for 1.508 and
1.545 um (a so-called C-band). Again, the tuning range is only 0.012 um. Since the Fermi level
changes from 0.56 to 0.63 eV, one also deals with an unpredicted wavelength variation. Moreover,
the waveguide structure is not suitable for the ambient-sensing applications. A graphene-based
plasmonic band-pass waveguide filter operating in the far-infrared region has also been presented
in Ref. [12]. Unfortunately, the effect of varying ambient refractive index on the resonance
wavelength has not been studied in this work.

A graphene-based waveguide band-stop filter reported in Ref. [18] reveals tuning, although
its resonance wavelengths are too close to each other. One more plasmonic band-stop filter is
composed of periodically modulated graphene deposited over silicon-oxide insulator and multi-
grating silicon substrate [19]. A wide enough tuning range reached in this study (37-53 THz) is
owing to tuning of the chemical voltage applied to graphene waveguide. However, the influence of
ambient refractive-index variation on the resonance wavelength has not been mentioned by the
authors. Although the graphene-based refractive-index sensor discussed in Ref. [14] is
characterized by a high figure of merit (7023 nm/RIU), its resonance-wavelength region is limited
to 1-2 um, while the performance at higher wavelengths has not been considered. Finally, the
recent study of a tunable dual-band graphene-based infrared reflectance filter discussed in
Ref. [20] has reported a high reflectance (0.2) simultaneously at the two resonance wavelengths (8
and 13 um). Unfortunately, gold used in this study is costly and should be replaced with some
inexpensive material, while the effect of ambient refractive index has not been discussed by the
authors [20].

In the present study we design and numerically analyze, using a finite-element method, a new
plasmonic metamaterial structure that achieves a perfect light absorption at some resonance
wavelength. We utilize graphene to tune the resonance wavelength in a wide region of far infrared,
via changing the bias voltage. Utilization of rubidium bromide results in a strong energy
confinement within the structure. The energy is confined in the dielectric only when the operating
wavelength is changed not larger than 0.79%, which is a ratio superior to the figures typical for the
other metamaterial-based absorbers known up to date. Moreover, the graphene sheet exposed to
the air in our structure changes its conductivity, whereas variations of the refractive index of the
air cause a shift in the resonance wavelength.

According to the familiar Kirchhoff’s law, a good light absorber would act as a good light
emitter whenever it has been heated. For instance, a grating with the metallic surface that absorbs
nearly 100% of the incident light intensity, is expected to act as a black body and so a perfect
emitter [21]. Hence, the structure proposed in this work can be applied in many fields such as
biosensing, thermal emitting and band-stop filtering.
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2. Modelling of graphene
A graphene sheet is composed of a 2D array of structures. Every cell of that array consists of car-
bon atoms coordinated in hexagonal lattice, thus forming single-atomic cells. The single-layer gra-
phe-ne sheet is thus a semiconductor with a zero gap. These sheets exhibit a linear massless disper-
sion of electron—hole pairs, while the corresponding Fermi velocity can be as high as 10* cm/s [6].
Extraordinary characteristics of the single-layer graphene sheets at the far-infrared
frequencies modify the surface current passing through it. Since the graphene surface current
varies at different voltage biasing, the conductivity of the graphene surface also can be varied. The
graphene surface conductivity at the operating wavelength comes from two different contributions,
the intra-band conductivity associated with electron—photon scattering and the inter-band
conductivity resulting from direct electron transfer. The intra-band conductivity contribution can

be described as follows [6]:
-2 _
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where T is the absolute temperature, kz the Boltzmann’s constant, e the electron charge, w the

frequency (in rad/sec), v the carrier-relaxation lifetime of the electron—phonon scattering in the
graphene sheet, # the Planck’s constant, and E, the chemical potential that provides the tuning
feature.

On the other hand, the inter-band conductivity is given by [6]
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Tt =g 2|y [+ h(w+ o)

Although only the intra-band conductivity is most actual at the far-infrared wavelengths [6],
we consider both the intra-band and inter-band contributions in our analysis. The finite-element
method integrates a MATLAB code that calculates the total conductivity under specific chemical
potential applied.

It is known that chemical-vapour deposition has become a standard and widespread proce-
dure for depositing graphene. This fabrication process yields in extreme thicknesses of the graphe-
ne sheets and its peculiar optical and electronic characteristics, which plays an important role when
designing high-speed photonic and electronic circuits [6]. The electron—phonon scattering rate of
the graphene sheet is equal to Eﬂu/(ev_,»z), where u is the carrier mobility and v, the Fermi velocity
that amounts to 10° m/s [22]. The carrier mobility approximately equals to 10* cm*/(Vxs), being
dependent on the methods used when manufacturing graphene. High-quality processes employed
to manufacture graphene, e.g. mechanical exfoliation, can indeed achieve the mobility value
mentioned above. Hence, we put the electron—phonon scattering rate to be 0.5 ps in the following
analysis. Our numerical analysis is performed for the room temperature, 300 K (see Ref. [23]).

3. Geometry of metamaterial and construction of our device

The unit cell of our plasmonic metamaterial structure is composed of a metal (aluminium), a
dielectric (rubidium bromide) and a graphene sheet deposited above the dielectric and below the
periodic array of rhombic-shaped aluminium parts. The aluminium substrate in this structure is
100 nm thick, whereas the RbBr dielectric has a thickness of 300 nm. Finally, the rhombic-shaped
array of aluminium parts with the thicknesses of 100 nm lies above graphene. Fig. 1 shows the
geometry of our structure.
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Fig. 1. 3D view of our metamaterial structure.

As seen from Fig. 2, every rhombic aluminium cell has the height 9900 nm along Y axis and
the width 4900 nm along X axis. Here the spacing between the neighbouring edges of the rhombic
aluminium parts is 100 nm. A COMOSL materials library can readily provide all the optical
parameters needed, e.g., the refractive indices of subwavelength-structured materials.
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Fig. 2. Top-view of our metamaterial structure.

4. Numerical analysis and simulation results

The finite-element method makes use of periodic conditions at the edges of single cells of the
rhombic-shaped aluminium part. To demonstrate the size of light absorption in our metamaterial
structure, we apply a normally incident electric field polarized in the Y direction. Rubidium
bromide confines the light energy within it and prevents light reflection at the resonance
wavelength at particular graphene chemical potentials. Fig.3 and Fig. 4 illustrate spatial
distributions of the squared magnetic field component |H,|* at 26.6 um and the chemical potential
0.3 eV. This corresponds to a confinement at the middle thicknesses of rubidium bromide.
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Fig. 3. Side view of |Hx|2 distribution at 26.6 um, as calculated at the graphene’s chemical potential 0.3 eV and
the resonance wavelength 26.6 um (the frequency 11.27 THz): L, w and d imply respectively length, width and
height of our structure.
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Fig. 4. Cross-section view of |HX|2 distribution at 26.6 um, as calculated at the graphene’s chemical potential
0.3 eV and the resonance wavelength 26.6 pm (the frequency 11.27 THz): L, w and d imply respectively length,
width and height of our structure.

As seen from Fig. 3 and Fig. 4, a strong light-energy confinement is available within the size,
which is small if compared with the resonance wavelength. This testifies that a localized surface
plasmon-polariton has been successfully excited in our structure. Fig. 5 shows the reflection
spectra simulated for the graphene-based periodic rhombic-shaped structure under the conditions
of normal-incidence excitation with the electric field along the Y axis. From the above results, one
can see a notable red-shifting behaviour of the resonance wavelength imposed by increasing
chemical potential of graphene.
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Fig. 5. Dependences of reflection of our metamaterial structure on the light wavelength, as calculated at
different chemical potentials of graphene shown in the legend.

The red shift can be readily understood in terms of behaviour of the graphene conductivity
(see Egs. (1) and (2)). The changes in the chemical potential of the graphene sheet, which are
stipulated by a DC source, result in varying surface conductivity. Here the DC source is applied
electrostatically, by connecting a conductive contact between the single-layer graphene sheet and
the aluminium reflector (acting as an electrostatic ground). The changes in the graphene

conductivity lead to changing surface current density j, due to the evident relation j=oE .

According to the Maxwell’s equation, we have
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where j#0. Then the resonance wavelength can be changed by any changes in the chemical

potential (i.e., changes in the conductivity o). These changes appear because the conductivity is a
function of the carrier relaxation lifetime z, which is in its turn a function of the electron mobility
(see Egs. (1) and (2)). This is why the changes occurring in the chemical potential result in
changing electron mobility at fixed electron—phonon scattering rate and fixed carrier velocity.
Then the changes in the conductivity also follow (see Ref. [22]).

Fig. 5 shows that our plasmonic metamaterial-based structure exhibits a zero reflection at
some chemical potentials (e.g., at £,= 0.1, 0.2, 0.3 and 0.4 V), i.e. the structure acts as a perfect
absorber and a band-stop filter. The feature of perfect absorption is due to a highly localized
surface plasmon-polariton, which confines most of the magnetic-field energy inside the RbBr
insulator in a certain wavelength region. When E; increases, the reflection spectrum broadens
because of degradation in the quality factor due to the metal losses in this wavelengths region. It is
worth noting that, when E, changes from 0 to 1 eV, we observe large changes of the resonance
wavelength. As evidenced by Fig. 5, there is a red shift of about 14.4 um, so that the working
wavelength can be changed from 23.8 to 38.2 um. This feature provides a wide tunability of our
structure, which is very useful for various applications.
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Fig. 6. Effective impedances of our plasmonic metamaterial as functions of light wavelength. Calculations are
performed at different chemical potentials of graphene shown in the legend.

Another possible interpretation of our plasmonic metamaterial absorber is that the effective
impedance of the metamaterial structure can reach a unit value, similar to that of the air. Hence,
the light passes through the material with no reflection. The impedance Z is related to the standard
S parameters via [24, 25]:

(4)

where S); is the reflection from our absorber and S,; the transmission through it. Utilization of the
aluminium substrate prevents any transmission through the structure, so that S,; equals to zero at
any operating wavelength. Then Eq. (4) reduces to
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Fig. 6 shows the effective impedance of our metamaterial structure versus the light

)

wavelength, as calculated at different Fermi levels £y of graphene.

5. Metamaterial structure as a sensor

As a matter of fact, the graphene sheet in our plasmonic metamaterial structure can act as a sensor.
Indeed, the resonance wavelength changes whenever the ambient of our structure does. Then
another important application of our structure becomes possible, a refractive-index sensor. For
each chemical potential of the graphene sheet, we achieve a different wavelength sensing range.
Fig. 7 shows dependences of the resonance wavelength upon the ambient refractive index. They
have been calculated at different chemical potentials of the graphene sheet. For instance, if we set
the chemical potential to be 0.9 eV, the resonance wavelength changes from 35.4 to 38.8 um under
the condition that the refractive index of the ambient varies from 1.0 to 1.5. This gives the sen-
sitivity 6.8 um/RIU. As seen from Fig. 7, the sensitivity depends also on the value of Fermi level.
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Fig. 7. Resonance wavelength versus ambient refractive index, as calculated at different E¢ values.

6. Conclusion

In the present work we have suggested a highly efficient and tunable absorber designed using a
plasmonic metamaterial, which can work in the far-infrared region. When compared to the other
plasmonic absorbers based upon metamaterials, our structure demonstrates a high energy
confinement within small sizes compared with the resonance wavelength (i.e., a property of
subwavelength confinement). Moreover, our device avoids the use of gold or silver, being based
on cheap materials. We believe that the absorber designed using the plasmonic metamaterial is
simpler and more practical than the tunable absorbers reported in the earlier literature. Its
noticeable features are wide-range tunability and high absorption efficiency for the far-infrared
wavelengths. Finally, one can tune the sensitivity of the device by changing the chemical potential
of graphene.
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Anomauin. 3anpononosano nepecmporosanuil CyoxXeuIb08Ull Memamamepial, aKutl CKIa0acmvCsi
3 MAcugy amOMIHIEGUX NPOGIOHUKIE, I YUCEbHO NPOAHANI308AHO 11020 3 BUKOPUCTIAHHAM MEMOooy
CKIHUEHHUX eleMeHmis. 3anponoHogano euxopucmogysamu yei mamepianr O01s noOyoosu
aKmueHo20 Qitbmpa 3ampumKu 6 Oalexiu inppauepsonitl oonacmi. Koxcrna komipka cmpykmypu
Ha mMemamamepiani CKIA0aemvcs 3 AMOMIHIE020 NPOGIOHUKA pOMOIUHOI (opmu, OieleKmpuka
(6pomidy py6idio) i epaghernosoeo mucma, HAHECeHO20 HA OleNeKMPUK 0151 OOCACHEHHs eqhexmy
nepecmpoiosanns. CulbHuti  KOHQauHMenm  eleKmpomMasHimHol — eHepeil, noeiunymoi 6
dieneKmpuxy, npusooUums 00 UCOKoepeKmusHoi PyHKkyii noerunaya. 3anpononoeana cmpykmypa
3 epaghenosum aUcmom, nid0ana 6NAUGOSL NOGIMPS, MOAICY CLY2Y8AMU BUCOKOUYMIUBUM OABAUEM
NOKA3HUKA 3aromieHuss (wymaugicmo 6,8 mkm/RIU). 3asosaxu neseruxum po3mipam cmpykmypu,
BOHA BUABIAE L0CAIbHe NO2IUHAHHS 68 001acmi OaNeKUX IHHPAUEePEOHUX XEULb | WUPOKULL Oiana3oH
noenunanns (8i0 23,6 0o 38,1 mxm). Memamamepianu 3 onucanoo cmpykmypor CRpUsSmumyms
no6y006i ideanbHux NO2IUHAYIE OISl OIOMEeOUUHUX CEHCOPIE.
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