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Graphene-based Hyperbolic Metamaterial at Terahertz
Freguencies

Mohamed A. K. Othman, Caner Guclu, and Filippo Capolino
Department of Electrical Engineering and Computer Science, University of California, Irvine, Irvine, CA, 92697, USA
f.capolino@uci.edu

Abstract: We introduce graphene-based hyperbolic metambferiaerahertz frequencies. The
LDOS as well as the scattered power by a microgpheiits surface are enhanced by orders of

magnitude, and controlled via chemical potential.
OCIScodes. (160.3918) Metamaterials; (230.4170) Multilayers

1. Introduction

Hyperbolic metamaterials (HMs) are composite materithat exhibit hyperbolic iso-frequency wavevecto
dispersion, and allow propagation of waves in amesxely wide spatial spectrum in contrast to thecimlimited
propagating spectrum in free space. This unusuwaillie propagating spectrum results in a huge ineredidocal
density of states (LDOS) leading to applicationshsas super absorption of near fields and engingdlhie decay
rate of molecules emission [1-3]. At optical freqaies, metal-dielectric multilayers are often emyplb for
implementing HMs in which metals contribute to @shing an effective negative permittivity for traesse electric
field. At far- and mid- infrared frequencies, westiead propose graphene, a two dimensional hexadgttiak of
carbon atoms, as a potential building block for titayler HM designs where graphene acts as a lowiluductive
layer similarly to metal layers at optical frequexsc Graphene shows negligible dispersion and lisets
conductivity can be effectively tuned with the atjuent of graphene layers’ chemical potential ctebdstatic
biasing [4-6]. In this work, we model graphene-éattic multilayers through a simple homogenizascheme for
obtaining the effective medium parameters and gh@vide physical insight to the hyperbolic dispersand its
conditions. Then we utilize the multilayer metamiaiefor enhancing the LDOS and the scattered pomem
microsphere located on top of it, and show the ltilitya of the enhancement via controlling the cheahipotential
of graphene. The absorption mechanism of scattBeddl investigated in this study can lead to noabkorber
designs when numerous scatterers are located @f tall.

2. Hyperbolic dispersion in graphene-dielectric multilayer

Fig. 1(a) depicts a graphene-dielectric multilager top of a silicon substrate. An individual grapbesheet is
characterized by the local isotropic sheet condlifigtic as described in [5]. The infinitesimally-thin gheme
sheets are separated by dielectric layers with aublength thicknessl (equal to the period), and relative
permittivity &4 = 2.2, for instance. When the peridds extremely subwavelength, the multilayer camrueleled as

a homogenous uniaxial anisotropic medium with effec relative permittivity tensatg = (XX +Vy¥y)& +22¢,,
where & =&y — jo/(weyd) and &, =&4. Using this effective medium approximation (EMAhe wavevector

dispersion relation forTM? waves is found ak? /g +(kf+ky2)/£Z =k¢ where the wavevector is given by

k = kx>“<+ky9+k22 and k; is the wavenumber in free space. If each grapkbeet is adequately inductive, then
we haveRe{g} <0 and £, >0, eventually giving rise to the desired hyperbdlispersion. We show in Fig. 1(b)
the hyperbolic wavevector dispersicRB{ kz} -k, at 5 THz obtained via EMA for a multilayer witth =100 nm,

where, for instance, we assukye=0. As shown in Fig. 1(b), the spatial spectrum of Welves With|kx| > \/gko

can propagate inside the HM, in contrast to thetdichpropagating spectrum in free space V\}'k]j <ky. Thus

evanescent waves in free space generated by salnsesto the HM surface can couple to the propagataves in
the HM. Accordingly, this phenomenon results inrandatic increase of LDOS by orders of magnitudeickwiin
turn can be utilized for enhancing the spontanenission of emitters located near or in the HM. ©ae observe
in Fig. 1(b) that the hyperbolic dispersion can dftectively controlled by the chemical potentiahting an
advantage of using graphene as a building blodkM$ at mid- and far-infrared. Although EMA proviphysical
insight to the propagation of waves in HMs, it datb model the spectral features due the perigdiitthe



QTu3A.5.pdf CLEO:2013 Technical Digest © OSA 2013

multilayer, as shown in [1], hence in the followingge employ the more accurate transfer-matrix nubtfor
modeling wave propagation in the multilayer.
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Fig. 1. (a) Multilayer graphene-dielectric metamiate (b) hyperbolic wavevector dispersion calcethbased on EMA at 5 THz (assuming
ky =0), (c) the enhancement of the scattered POREY Py spac PY @ silicon microsphere, for number of layers é¢oiaN =5 and N - o,

for two different chemical potential levels: 0 eaghed lines) and 0.1 eV (solid lines).

3. Enhancement of scattered power in the proximity of graphene-based HM

We show the enhancement of the power scattered bynall object in proximity of a graphene-based HM
introduced above. Assume that a silicon microspberéop of the graphene-based multilayer, as st in Fig.
1(a), is excited by a plane wave propagating in-thelirection. We model the silicon microsphere asifoldr
scatterer with given electric polarizability, siailly to what was done in [1].

In Fig.1(c) we show the enhancement of the totattered powerR,;, by the microsphere over HM, as in
Fig.1(a), with respect to the scattered power by shme microsphere in free spaBg. space following the

procedure in [1]. We assume the silicon sphereusadi=1um, the layers period =100 nm and we consider
N =5 (red lines) andN - « (black lines), whereN is the number of graphene-dielectric layers, Yay tlifferent
chemical potential levelsy, = 0 eV (solid lines) angs. = 0.1 eV (dashed lines). For comparison purposealsge

report Bt / Pree space When the microsphere is directly located on tofbwik silicon. In general, multilayer cases

result in much largeRy; / Pree spac than the case with only the silicon substrate.és@mple, wherN =5 and £

= 0 eV, the scattered power enhancement is more1t till 3 THz, then it sharply decreases. On the ptiand,
the caseN - o provides an enhancement b till 6.5 THz. The frequency at which the ratRy, / Pyee spac

exhibits a sudden decrease corresponds to thetimanfom the hyperbolic dispersion to the ellptne (~6.6

THz). Note that this transition frequency can Heafvely tuned by the chemical potential, leadiogeveral orders
of magnitude control in the scattered power. Foaneple, whenN - o, the transition occurs at 6.5 THz for
M. =0eVand at 11.5 THz fory, =0.1 eV, thus we can have a significant control on the [igetween these

frequencies. Furthermore, we note that most of dtattered power is directed towards the HM sidehat
frequencies of hyperbolic dispersion; and that ploever directed towards the HM exceeds the powerctid
upwards (in the zdirection) by at least two orders of magnitudg, stmwn here for brevity.

4. Conclusion

We have introduced a tunable graphene-based HMarataind mid-infrared frequencies, able to drambyica
enhance the local density of states. We have denated that the scattered power by a silicon mjznese on top

of the multilayer HM is increased up to a factor Wand it can be efficiently controlled via the grapéis
chemical potential. The proposed HM gives risedweeh tunable applications in terahertz and infralegime.
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