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We investigate the capacitance tuning of nanoscale split-ring resonators. Based on a simple
inductor-capacitor circuit model, we derive an expression, where the inductance is proportional to
the area while the capacitance reflects the aspect ratio of the slit. The resonance frequency may thus
be tuned by the slit aspect ratio leaving the area, the lattice constant A, and nearest-neighbor
coupling in periodic structures invariant. Experimental data follow the predictions of the simple
LC-model. © 2009 American Institute of Physics. [doi:10.1063/1.3263191]

Metamaterials are artificially structured electromagnetic
materials with exceptional optical properties inherited from
the structure of the subwavelength, mesoscopic unit-cell. By
carefully designing the unit-cell, materials can be facilitated
with a negative effectlve index supporting negative refrac-
tion of incident waves.' The realization of negative-index
media combines structures supporting a negative permittivity
€. as well as a negative permeability u.;. While the plas-
monic response of metals already supports the former at op-
tical frequencies, there is a call for geometries also support-
ing an artificial negative magnetic response. Cut-wires,”

“fish-net” structures,” and particularly different types of split-

ring resonator geometrles4 6 are central in thls context.

Since the seminal work by Pendry et al., 7 artificial mag-
netism has been demonstrated at yet higher frequenmes Re-
cently, split-ring resonators (SRR) have been realized at tera-
hertz frequen(nes near-infrared, and visible
frequenmes Scahng properties and coupling effects have
been subject to numerous theoretical, numerical, and experi-
mental studies."

The strong analogy with inductor-capacitor (LC) circuits
has motivated substantial efforts in establishing simple cir-
cuit models, allowing for an estimate of the resonance fre-
quency

Wy = 1/\%, (1)

in terms of geometrical parameters of the SRR structure, see,
e.g., Refs. 14 and 16 and references therein. In particular, a
linear scaling of the structure causes a simple scaling of the
resonance frequency [Eq. (1)], which is inversely propor-
tional to the scale factor. " The concept of scaling applies as
long as the metal can be perceived as an ideal metal. Devia-
tions of hnear scaling have been observed at optical
frequenmes % At lower frequencies the kinetic inductance of
the electrons may be neglected and the art1ﬁ01al magnetic
response has a purely geometrical or1g1n % The capacitive
response of the SRRs has also been investigated by applying
a voltage across the SRRs. 19.20

In this letter we consider single-slit SRRs and emphasize
how the inductance L mainly probes the area € X € of the
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SRR, while the capacitance C relates to the slit dimension.
Obviously, the latter property allows tuning of the frequency,
while leaving the area, the lattice constant A, and nearest-
neighbor coupling in periodic structures invariant.

We apply a simple model of the scaling for the reso-
nance frequency with the slit aspect-ratio d/w. Predictions
are confirmed by measurements on a large range of SRR
samples fabricated by electron-beam lithography (EBL).

In the simplest approach, the SRR geometry in Fig. 1
resembles a plate capacitor with capacitance C=gywh/d,
where & is the metal-film thickness, d is the slit width, and w
is the slit length.

Inductance wise, the SRR geometry mimics a single-
loop coil with inductance L=u(1/h)*(€ X €)h, where € X £
is the area of the coil. This yields a resonance frequency14

d
w= s @

where c=1/ y%.

To assess this simple model we have prepared eight
samples with arrays of SRR, see Fig. 2, each covering an
area of 2 mm X2 mm. The transmission is measured using
a 1 mm diameter laser spot, thus effectively probing an en-
semble of 108-10° SRRs.

In fabrication, a 100 nm thick layer of EBL resist,
ZEP520A (3.6%, Zeon Corp., Tokyo, Japan) is spincoated
onto a 1 mm fused silica substrate. A 15 nm aluminum layer
is thermally deposited on top of the ZEP layer to prevent
charge accumulation during EBL. The proximity corrected
EBL exposure is performed with a 100 kV JEOL JBX-

FIG. 1. (Color online) Schematic drawing of the SRR design, indicating
central geometrical parameters as well as the polarization configuration of
the excitation.

© 2009 American Institute of Physics
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300 nm

FIG. 2. Micrograph of a SRR array with pitch A=440 nm. The fabricated
samples have €=200 nm, w=90-110 nm, d=80 nm, and £=30 nm.

9300FS EBL tool (200 uC/ cm? dose, 2 nA current, and 6
nm spotsize). The aluminum layer is then removed in MF-
322 (Rohm and Haas, Coventry, U.K.) and the positive ZEP
resist is developed in ZED-N50 (Zeon Corp.) developer. A
brief O, plasma descum process is applied to remove re-
sidual resist before 5 nm Ti/30 nm Au is deposited by elec-
tron beam deposition. The final lift-off is performed by using
Remover 1165 (Rohm and Haas) in an ultrasound bath.
Figure 3 shows normal-incidence transmittance spectra
for four samples with the polarization given in Fig. 1. The
spectra show a resonance shift toward shorter wavelengths,
hence larger frequencies (A\y=27c/ ) as a function of as-

transmittance

0.5+

gl

=0.81 1

Ao = 1.47 pm

1.0 1.2 1.4 1.6
A (pm)

FIG. 3. (Color online) Measured normal incidence transmittance spectra for
four samples with €=200 nm and d=80 nm. The resonance wavelength \,
the ratio d/w, and a micrograph for each sample is given.
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Sample|d[pm] w(pm] I[pm]
1 76 82 211
2 78 102 203
3 81 96 205
83 106 204
5 83 112 210
6 84 95 201

7 88 108 199
— e

8 90 120 202
0.7 L L
0.7 0.8 d/w 0.9 1.0

FIG. 4. Plot of (kyt)? vs d/w. The corresponding SRR dimensions are listed
in the table. The solid line shows Eq. (3) without any free parameters. The
x-error bars represent the standard deviation (SD) of ten individual measure-
ments of w and d added together. The y-error bars is the 1 nm spectral
resolution of the Ando AQ-6315E optical spectrum analyzer added to the SD
of ten measurements of the length €.

pect ratio d/w. This is in good agreement with the predic-
tions of Eq. (2).

In Fig. 4 we compare the measurements to our model.
For a clearer confirmation of the scaling with the slit-aspect
ratio d/w, we rewrite Eq. (2) as

(k)= 2, 3)
w

using N\g=2/ky. Thus giving a linear relationship between
the free-space wave number, k,, and the slit aspect ration,
d/w. Clearly, the experimental data confirms this scaling.
Within the measurement uncertainties we even find quantita-
tive agreement with our simple model.

In conclusion, we have fabricated metamaterials consist-
ing of periodic arrays of subwavelength, nanoscale SRR. The
structures offer an artificial magnetic response around 1400
nm wavelength. Our key observation is that the capacitance
of SRR may be tuned by simple geometrical means without
affecting the inductance significantly. This allows for fre-
quency scaling without changing the over-all scale of the
SRR and/or the lattice constant of the periodic lattice of
SRRs.

The authors thank R. Malureanu for technical assistance.
This work was financially supported by The Danish Research
Council for Technology and Production Sciences (Grant No.
274-07-0057).
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