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Abstract: We present the design, fabrication, and measurement of a
dual-band planar metamaterial with two distinct elect@sanances at
1.0 and 1.2 THz, as a step towards the development of freguegite or
broadband THz materials and devices. A method of definingeffeetive
thickness of the metamaterial layer is introduced to sifyghe material
design and characterization. Good agreement between rthdased and
measured transmission is obtained for the fabricated salmypltreating
the sample as multi-layer system, i. e. the effective metariz layer
plus the rest of the substrate, as well as properly modelinddss of the
substrate. The methods introduced in this paper can bededeto planar
metamaterial structures operating in infrared and opfregjuency ranges.
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1. Introduction

Artificial electromagnetic structures, called metamaitsrican be engineered to exhibit exotic
electric and magnetic properties not realizable in natlyr&,[3, 4, 5]. Most early developments
in metamaterials operated in the microwave regime [6, 7,u8]  the simplicity in fabrica-
tion and measurement. Metamaterials that operate at wzghieiz) frequencies are attractive
[9, 10, 11], since most materials found in nature are tramspao electromagnetic radiation
at these frequencies, and metamaterials are candidatdisthisfi‘terahertz gap”. For exam-
ple, metamaterials were employed to exhibit real-time i@ragnd manipulation of terahertz
radiation [12].

Terahertz metamaterials thus far reported have exhibitegiesband electric or magnetic re-
sponses. As a step towards frequency agile or broadband Bkézials and devices, we present
here the design, fabrication, and measurement of a dual{blanar electric metamaterial that
has two distinct resonances at 1.0 and 1.2 THz. A method toeldie effective thickness of
the metamaterial layer is also introduced, which substiygimplifies the material design and
characterization. Furthermore, we demonstrate that layitig the fabricated sample as multi-
layer system, i.e. the effective metamaterial layer plesrést of the substrate layer, as well as
properly modeling the loss of the substrate, extremely gapéement between the simulated
and measured transmission through the sample is obtaihedn&thods introduced in this pa-
per are general and can be extended to planar metamatearclses in the infrared and optical
frequency ranges.

2. Dual-band €electric resonator

Metallic split ring resonators (SRRs) at a scale of severas tof microns im) can be used
to excite a magnetic response at terahertz frequencie®[9,1]. These SRRs are inherently
bianisotropic, however, the magnetoelectric coupling lmarliminated by making a symmet-
rical structure consisting of two opposed SRRs [13]. Planatamaterials can be formed by
patterning arrays of symmetrical SRRs on a dielectric satestThe metamaterial surface has
an in-plane electric resonant response and an out-of-plegmetic response for normal trans-
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verse electromagnetic (TEM) incidence. In this case, ifaleetric field is orthogonal to the
SRR gaps, the response of the structure is purely electritsiace the incident magnetic field
is parallel to the SRR plane, it does not couple to the SRRgs, Tdymmetrical SRRs contain
electric resonances that enable control over the periityttf a metamaterial.

Using two different sized symmetric SRRs, two distinct restt frequencies can be excited.
Unlike dual-band (not electrical) resonances achievealtyin higher-order modes with some
topologies of the SRR [14], both of the resonances in theqweg structure are fundamental
resonant modes (the quasistatic resonance). A unit celieftial-band electric metamate-
rial was designed usingnsoft HFSS, a commercial finite element-based electromagnelik fie
solver.

Fig. 1. Photomicrograph of the fabricated dual symmetrical SRR sarpligit cell of the
metamaterial is shown in the highlighted, white-edged box, and inset is toéastd SRRs,
polarization of the incident wave included. Lattice constants of the unitacelll12 ym
andb = 60 um, and geometric parameters of the SRRs afie= 16 um, hy =w, =hy =
20 um, w=4 um, andg = 3 um.

The lattice constants of the unit cell wese= 112 um andb = 60 um. The SRRs were
designed as follows: the dimension of the large SRRs wasi2& 20 um (outer) and 12um
x 12 um(inner), and that of the small SRRs was 2@ x 16 um (outer) and 12um x 8 um
(inner), respectively. The gaps in the SRRs wengn® The designed SRR structure and the
polarization of the incident electromagnetic (EM) wavesitewn in the inset in Fig. 1. All the
metal traces consisted of titanium/platinum/gold layéngcknesses: 30 nm/40 nm/200 nm) in
the simulation. The dielectric constant of GaAs was assutméx &, = 12.8 (real part) [15],
and the loss tangent was assumed to be 0.006.

3. Effective metamaterial layer and parameter retrieval

Simulation of the metamaterial was complicated by the théds of the GaAs substrate. There-
fore, rather than simulate the physical medium exactly,nie¢éamaterial was instead treated
as a multilayer system [16, 17]: a metamaterial layer (winciudes the metal SRRs and the
adjacent substrate and air layers), plus the GaAs subsititaeeffective thickness of the meta-
material layer was defined by how far the SRR-induced fieltsnekabove and below the SRR
plane. It was reported in [18, 19] that this thickness is fdygqual to the in-plane SRR period-
icity, P. However, this method requires that the field distributierkbown from the simulation
model at various frequencies near resonance, and definingettiodicityP can be difficult,
especially for complex structures.

For simplicity, we propose a method of approximately defirime effective thickness of the
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planar THz metamaterial. The effective thickness of thessake was defined based on the con-
vergence of the resonant frequency for different thickees$o simplify the procedure, only
the large symmetrical SRRs were simulated, with a subdtiatkeness of Jum, 10 um, and 20
um, respectively. The calculated transmission propertiesaled that the resonant frequency
converged when the substrate thickness wagrh{for large symmetrical SRRs, the resonant
frequency shifted less than one percent when the substiakaéss was increased to Ron).
This means that the 10m-thick substrate provides sufficient capacitance for thesg# the
SRRs, and adding more substrate thickness does not modifgchl fields of the SRRs. The
fields radiated by the SRRs were negligible, consideringttieadimensions of the SRRs were
less than 1/10 of the free space wavelength, thus most ofRIReiBduced fields extend within
10 uminto the GaAs substrate. For the air layer, a thickness dquaht of the substrate (10
um) was used because even this short distance is long enougiusistatic fields in the air
layer have decayed substantially. This makes the effetitickness of the metamterial layer
20 um, which is equal to the dimensions of the large SRRs as isayfiic many metamaterial
designs. The effective thickness of the metamaterial leoyxgghly defined by this method in the
planar terahertz metamaterials simplifies the design pitoee The electromagnetic character-
istics of the metamaterial layer can also be easily obtaiaed will be shown later.

Figure 2(a) shows the simulated transmission properti¢iseometamaterial layer shown in
Fig. 1. This transmission was calculated based on a thyeg-tanfiguration (air/metamaterial
layer/air) to obtain the reflection and transmission of tretamaterial layer for the extraction
of the EM parameters.

Transmission (dB)

_28.5 0‘.6 0‘.7 0‘.8 0‘.9 “1 1‘.1 1‘.2 1‘.3 1‘.4 1.‘5 f;_»] x ’
Frequency (THz) 8w ox &)
L;~\ biga 7_‘1

(a) (©

Fig. 2. (a) Simulated transmission (in dB) of the dual-band electric metaalateolid
line), and of the individual symmetrical SRRs (dashed lines). (b)e@arfurrent circulation
on the symmetrical SRRs ne#y 1, and (c) surface current circulation on the symmetrical
SRRs neaffq .

In the simulation, periodic boundaries (master/slave enAhsoft HFSS) were assigned on
the four surfaces perpendicular to the SRR plane, and twegagle ports were constructed
and used along the direction of wave propagation. The tresssom obtained is not identical
to the transmission of the full sample, and this will be dismd later. As shown in Fig. 2, two
resonant frequencie$, 1 = 0.99 THz andf, > = 1.21 THz, are excited for the large and small
symmetrical SRRs, respectively. The calculated transarighrough layers composed solely
of individual large and small symmetrical SRRs is also showkig. 2 (dashed lines) and these
resonances occur &1 = 0.98 THz andf, > = 1.17 THz.
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The theoretical resonances for the dual resonance sangp#igintly blue shifted (the shift
of the first resonance is approximately 4 GHz). The two resoesare about 3.7 dB and 6.6 dB
weaker than those simulated for layers completely filledhwihgle resonance particles. This is
expected because the volume concentration of each typsafator in the dual band sample is
half of that for a layer completely filled with a single typeresonator. The second resonance is
weakened further in the dual band structure due to intenastietween the two resonators. Due
to the existing mutual inductance between the two diffesgmimetrical SRRs, the resonant
particles (large symmetrical SRRs) induce the same-drecurface current circulation on
the non-resonant particles near the first resonagge as seen in Fig. 2(b) (left). Near the
second resonanck », the resonant particles (small symmetrical SRRs) indueeotiposite-
direction surface current circulation on the non-resoi&RMR, as seen in Fig. 2(b) (right). Thus,
near the second resonance, the electric resonance respiotiee small symmetrical SRRs
is also weakened by the cancelation of the particle polbiliza of the non-resonant large
symmetrical SRRs. Therefore, even though the filling fractiecreases by a same factor for
the two different symmetrical SRRs, the second resonarsgonse is much more weakened
than the first one.

For normally incident waves on the SRR plane, the strucgiessymmetric along the direc-
tion of wave propagation. With the incoming wave facing eitthe SRR structure or the GaAs
substrate, the transmission of the incident wave throughtetamaterial layer is identical. In
contrast, the reflection properties of the sample are $jighifferent, based upon whether the
incident wave is incident on the SRR structure or on the Gaistsate. Here, a standard re-
trieval algorithm [20, 21] was used to obtain the effectieerpittivity of the material (shown in
Fig. 3), which is the permittivity a stack of many individuayers of our material would have,

40} R —Forward, real
- - Forward, imag
30r —Backward, real
- - Backward, imag

Relative Permittivity

12 13 14 15

85 06 07 o8

019 1 1.1
Frequency (THz)
Fig. 3. Retrieved permittivity for the dual-band electric metamaterial, basgdcidence

from the symmetrical SRRs side (forward, blue lines), and from thetsatie side (back-
ward, red lines).

based on normal incidence from the SRR side (forward incdégblue lines) as well as
normal incidence from the substrate side (backward incidered lines). For the forward in-
cidence, the real part of the retrieved permittivity yielddues of —7.5 and —1.8 at the first
and second resonances, respectively. The correspondingtipaty values for the backward
wave incidence are —5.2 and —0.02. This difference is walleustood as a consequence of
inhomogeneity of the structure along the directions of wanapagation in [22].
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4. Fabrication, measurement, and simulation agreement

To fabricate the designed metamaterial, a metallic SRR tstret was deposited and patterned
on a 50Qum-thick GaAs substrate. The metal layer structure consistefbctron beam vacuum
evaporated Ti/Pt/Au (thicknesses 30 nm/40 nm/200 nm). itdieitim was used for good adhe-
sion to the substrate, and platinum was used between thelTharAu to prevent intermetallic
diffusion. Negative photolithography was used to defineSR® structures using metal lift-off
in acetone and an ultrasonic agitator. A photomicrograghefabricated metamaterial sample
is shown in Fig. 1.

A Bruker Vertex 80V FTIR spectrometer was used to make thesoreanents. The metama-
terial sample was illuminated by a mercury lamp with a 4 mnrtape (a polarizer oriented
in the vertical direction was placed in the beam path), andt®meter detector cooled with
liquid helium was placed on the opposite side of the samplaaasure the transmitted EM
waves. The measured transmission of the fabricated plas@material is shown in Fig. 4, and
it is compared with the simulated transmission spectrum.

0.9r — Measurement
0.8 - - Modified simulation, loss tangent 0.06
—Modified simulation, loss tangent 0.07
- 0.7 - - Modified simulation, loss tangent 0.08
o
2}

8.5 016 017 0‘.8

019 1‘ 111 1‘.2 113 114 115
Frequency (THz)
Fig. 4. Measured transmission for the fabricated sample (solid red éind)the simulated
transmission spectrum for the modified models. In the modified simulatietp$ls tangent

of the extra GaAs substrate was swept: 0.06 (dashed blue line), @7 gmk line), and
0.08 (dashed green line).

It should be noted that the data obtained in the measurenmenprocessed to remove por-
tions of the signal caused by fresnel reflections. Becausenivt feasible to simulate the full
500 um thick fabricated sample, the transmission properties weaydeled by adding an extra
40 um-thickness of GaAs to the metal layer andiif GaAs substrate. The loss tangent of this
40 umlayer was artificially increased to 0.07 to reproduce theestotal loss as in the remain-
ing 490um of GaAs substrate (loss tangent 0.006). Also in this sinmaperiodic boundaries
were assigned as previously, but a plane wave was excitddwanradiation ports, with one
port attached on the GaAs substrate, were used along thdidiref wave propagation. As
shown in Fig. 4, the agreement between simulation and measunt is extremely good, with
less than a shift of 0.02 THz between simulated and the medsesonant frequencies. The
agreement in magnitude between the simulation and the mezasut, whether near or away
from the resonant frequencies, validates our assumptadritie substrate loss tangent is 0.006
for the GaAs used in our fabrication. Other simulated trassion spectra on the figure show
that the agreement is not very sensitive to the artificialbréased loss tangent.
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5. Conclusion

In conclusion, we report theoretical and experimentalltegar a 1.0 and 1.2 THz dual-band
planar electric metamaterial. Material design and paran@etalysis was explored, and the de-
signed metamaterial sample was fabricated and charaaeiiihe measured transmission was
in good agreement with predictions from simulation. Thegledabrication, and measurement
of a dual-band electric THz metamaterial presented heretsptowards frequency agile and
broadband THz materials and devices.
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