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Abstract: In this paper, we report on a substantial shift in the response of
arrays of similarly sized Split Ring Resonators (SRRs), having a rectangular
U-shaped form - and made respectively of aluminium and of gold. We also
demonstrate that it is possible to obtain the polarization dependent LC peak
in the visible spectrum - by using SRRs based on aluminium, rather than
gold. The response of metallic SRRs scales linearly with size. At optical
frequencies, metals stop behaving like nearly perfect conductors and begin
displaying characteristically different behaviour, in accord with the Drude
model. The response at higher frequencies, such as those in the visible and
near infra-red, depends both on their size and on the individual properties of
the metals used. A higher frequency limit has been observed in the
polarization dependent response (in particular the LC resonance peak) of
gold based SRRs in the near infrared region. By using aluminium based
SRRs instead of gold, the higher frequency limit of the LC resonance can be
further shifted into the visible spectrum.
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1. Introduction
Metamaterials exhibit electromagnetic effects, such as negative refractive index [1], that are
not readily available in naturally occurring materials. They are often fabricated as periodic
arrays of metallic microstructures that are individually smaller than the wavelength of
radiation in the region of interest. These structures replace the atoms and molecules of
conventional materials - and determine the overall electromagnetic response of the material.
The oscillation of the electrons in the microstructures of the metamaterial gives rise to
specific electromagnetic responses [2]. By adjusting the geometries of the constituent
microstructures, a customized electromagnetic response can be obtained. The “U” shaped
split-ring resonators (SRR) is arguably the most common element used in forming the basic
microstructure of metamaterials. SRRs can be considered, in their fundamental resonance, as
behaving like an LC oscillatory circuit that contains a single turn magnetic coil of inductance
- in series with a capacitance produced by the gap between the arms of the SRR. For normal
incidence with TE polarization mode, when the incident electric field is across the gap, the
electric field couples with the capacitance of the SRR and generates a circulating current
around it. This circulating current induces a magnetic field in the bottom or horizontal arm of
the SRR and also interacts with the external field to generate the magnetic resonance
identified as an LC resonance by Linden et al. [3]. When the incident light TM polarized, the
electric field cannot couple to the capacitance of the SRR and therefore generates only electric
(plasmon) resonances [2–4]. The LC resonance of the SRR is given as ωLC = 1/√LC and is
inversely proportional to the size (dimension) of SRRs [5]. Figure 1 shows the optimized unit
cell of an SRR array for the measurement arrangements with two different polarizations that
are clearly distinct for normally incident light.

Fig. 1. A single unit cell of the SRR array, with l being the overall length, w is the width of
arm, h the thickness (height) of SRR - and δ the gap between arms. All measurements were
performed normal (parallel to Z axis) to the surface and with: (a) TE measurements having the
Electric field (dashed line) parallel to the SRR arms (parallel to the X-axis) and (b) TM
measurements having the Electric field perpendicular to the SRR arms (parallel to Y-axis). In
all our experiments the thickness (h) is kept constant at 50 nm.

There has been a considerable effort to scale the sizes of SRRs to nanometer levels - and
push the LC resonance to higher frequencies. Rockstuhl et al. [6] have examined the various
resonances of specifically rectangular U-shaped SRRs and identify all the resonances
predicted and observed as plasmonic resonances. The interpretation of the behaviour of the
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SRRs, formed in arrays, was based primarily on their dimensions - and the detailed properties
of the metal were not examined closely.
It has previously been found that the magnetic response of the “rectangular C” shaped
SRR structures typically saturates just before the visible region is reached - and cannot be
shifted indefinitely to higher frequencies by reducing the size of the SRRs [7,8]. Tretyakov
has studied this phenomenon in the scaling of SRRs and the saturation of the frequency
response, using an LC equivalent circuit model [9]. This model considers the dependence of
the achievable resonant frequency on the geometric shape of the SRR, as well as arguing for
the involvement of an additional kinetic inductance term and an additional distributed
capacitance term.
In this paper we shall refer to the model of Tretyakov in order to help explain some of the
results that we have obtained. In the present work, we investigate the differences that occur in
the responses of SRRs with nominally identical dimensions - but made up alternatively of
aluminium and gold. We report observation of a substantial shift in response between the
aluminium and gold SRRs. Furthermore, we utilize this shift to bypass the resonance
saturation behaviour of gold (and, by implication, silver) SRRs - and demonstrate a
polarization dependent LC resonance peak at visible wavelengths for the aluminium based
SRRs.
The changes in the properties of metals at higher frequencies, where the metal properties
behave according to the Drude model and both the real and the imaginary parts of the
dielectric function must be considered, have so far not been fully explored in relation to the
high-frequency resonance saturation behaviour of the SRRs [3,7,8]. The “rectangular C”
shaped structure studied by Zhou et al. [7] and Tretyakov [9] suffers from extra capacitance,
due to the presence of additional pieces at the ends of the arms and giving a reduced SRR gap
dimension, thereby decreasing the resonance frequency. By reducing the total capacitance, the
“four gap” structure proposed by Zhou et al. [7], ‘in principle’, can give a higher resonant
frequency, comparable with that achieved in our experiment. But the “four gap” structure
requires extremely small overall dimensions (~35 nm) and presents a very severe fabrication
challenge. Here we have shown that, with suitably reduced arms, “rectangular U” shaped
SRRs can give LC resonance at wavelengths down to 530 nm, thus demonstrating the
advantage of this geometry.
2. Fabrication and measurement
The SRR patterns were transferred on to either medium-doped silicon or fused silica
substrates using electron beam lithography (EBL). A bi-layer of PMMA resist of ~100 nm
thickness for each layer was spun over the substrates - and, in the case of silica, a thin
aluminium charge dissipation layer was deposited on top of the resist. After development the
patterns were either subjected to an electron beam deposition process of 2 nm titanium for
adhesion and then 48 nm of gold for the gold SRRs, or 50 nm of aluminium was deposited
directly for the aluminium samples. The patterns were written as square arrays over an area of
approximately 300 µm x 300 µm. In total eleven different sized SRRs (l/3 varying from
~1000 nm to ~100 nm) made up of gold and aluminium fabricated over both silicon and silica
substrates were measured. The reflectance measurements were always performed at normal
incidence with an optical microscope, using a X10 lens with an NA of 0.25, a white light
source - and a monochromator with either an InGaAs detector (for operating range: 0.8 µm –
1.6 µm) or a SiGe detector (for operating range 0.4 µm to 0.8 µm) and lock-in amplifier. The
polarization control in this case was obtained by rotating the samples by 90° with respect to a
linear polarized beam, to obtain two different sets of polarization dependent data. For the
measurements at longer wavelengths (in the range from 1 µm to 3 µm), measurements were
taken at normal incidence with a BioRad FTS 60 FTIR spectrometer equipped with a
Cassegrain microscope. The FTIR beam was polarized using a KRS5 polarizer adapted to the
appropriate wavelength region. A diaphragm was used to restrict the entire incident light
beam to a spot size of ~250 µm X 250 µm in area. For reflectance measurements at higher
wavelengths (in the range from 2.5 µm to 15 µm), we have used a Nicolet Continuum 6700
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FTIR spectrometer equipped with an IR microscope. A nitrogen-cooled mercury-cadmiumtelluride (CMT) detector was used in these measurements. All measurements were performed
at normal incidence. This FTIR beam was polarized using a Continuum ZnSe IR polarizer.
The reflectance measurements were normalized with respect to the reflectance of the bare
silicon substrate, after each measurement, for the silicon samples - and to a gold mirror for
silica substrates - and were taken for two orthogonal linear polarizations of incident light
oriented simultaneously with respect to the array axes and the SRR element orientation.
3. Results and discussions
The modeling of the structures was performed using Fullwave, a commercial FDTD
simulation package from RSoft. A unit cell was defined with dimensions equal to the spacing
of the SRR array with the SRR structure centered within the cell. The boundary conditions for
the cell were set as periodic in the coordinates perpendicular to the propagation direction,
effectively extending the array to infinity - and as a perfectly matched layer (PML) in the
direction of propagation, to eliminate any reflections from the boundaries. The dimensions of
the SRR structure and the array used in the simulation were obtained from SEM
measurements of the experimental structures, in order to minimize errors due to fabrication
tolerances. The grid size for the FDTD simulation was set at an eighth of the minimum feature
size in each direction. The frequency dependent complex dielectric properties of the Al, Au,
Si and SiO2 constituent materials were based upon the material parameters defined within the
Fullwave software. The Al and Au layers were modeled using a Lorentz-Drude model, the
SiO2 substrate was modeled using a Lorentz model and the Si substrate model was based on
experimental material parameters measured across the wavelength range of interest [10].
One approach for the potential application of SRRs in optical switching and tunability is
to fabricate them on active substrates such as medium-doped silicon, the properties of which
can be changed by external means [11,12]. Figure 2 shows various, nominally similar, SRRs
made of gold and aluminium, fabricated on silicon substrates - and their corresponding
reflection spectra.
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Fig. 2. Table showing the reflectance spectra of the different SRR patterns fabricated on
silicon. The first two rows are 'large' (~800 nm) SRRs with: (a) SRR 1 Au and (b) SRR 1 Al
The last two rows are 'small' (~150 nm) SRRs with: (c) SRR 2 Au and (b) SRR 2 Al, along
with their corresponding experimental (solid curves) and simulation (dashed) spectra. The
black curves (solid and dashed) are for TE polarisation - and the red curves (solid and dashed)
are for TM polarisation measurements.

In Fig. 3. we compare the position of magnetic resonance (LC peaks) of nominally
identical Al and Au SRRs fabricated on silicon.
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Fig. 3. (a) LC peak positions of Al and Au SRRs fabricated on silicon. (b) Inset comparing the
position of LC peaks for Al and Au SRRs of size ~200 to 75 nm

Figure 2 and Fig. 3. shows that, for larger SRRs (with length dimensions in the range from
~1000 nm to 500 nm), the difference between the wavelengths of the Al and Au resonances is
approximately 400 nm - but, as the size of the SRRs starts to reduce (below 300nm), the
difference between the resonance positions also starts to shrink - and, for SRRs of size ~100
nm, the difference between the Al and Au resonance positions becomes less than 200 nm.
This reduction in the difference can be attributed to the saturation of the SRR resonances at
higher frequencies [7,8]. From low frequencies up to several Terahertz, the magnetic
resonance (LC resonance) scales reciprocally with the dimensions of the SRRs. However, at
higher frequencies, the resonance of the SRRs no longer shifts to higher frequencies as the
SRRs are reduced in size. At these higher frequencies (in the visible and near infrared
regimes) the kinetic energy of the electrons in the metal becomes a dominant feature, which in
turn limits the circulating electric current produced by the coupling of the SRR arms, in turn
limiting its LC response [7,8].
In addition, at resonance wavelengths below the electronic band-gap of silicon (i.e. below
1.1 µm), illuminating the SRRs excites hole-electron pairs in the substrate - and thereby
potentially reduces the magnitude of the resonances of both the LC and plasmonic peaks. We
believe this effect to be the main reason for the diminished amplitudes of the resonances for
the small sized SRRs on silicon, as compared with those for their larger counterparts.
Overall, apart from the broadening of the LC feature and the possible reduction in the LC
resonance magnitude associated with aluminium, the differences between the spectra are not
large. However the size of the total inductance (as proposed by Tretyakov [9]) that should be
added while reinterpreting such structures at higher frequencies (and as also previously
interpreted by Zhou et al [7]) is due to the additional kinetic inertia associated with the motion
of the electrons, which depends on the choice of metal. According to the Tretyakov model [9],
if the total length of the SRR is l, the width of its arm is w and the thickness (height) of the
SRR is h and δ is the gap between the SRR arms (as shown in Fig. 1.) and assuming uniform
current density over the cross section of the SRR, the resonant frequency of the SRR is given
by:

ω0 =

1

( L + Ladd )( C + Cadd )

(1)

Where the additional capacitance and inductance are given by:
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Cadd =

ε 0ε r wh
leff

and Ladd =

leff

ε 0 whω 2p

(2)

Where leff is the effective conductor length that Tretyakov [9] assumes to be leff = (π/2)l and
ω p is the Plasma frequency.
The additional inductance term, Ladd, associated with the kinetic energy of the electrons
depends strongly on the plasma resonance frequency and therefore on the choice of metal.
This has been shown in our previous work [13] where similar sized aluminium based SRRs
showed LC resonance at higher frequencies than their equivalent gold counterparts. At
frequencies below the Plasma frequency, it is the strongly plasma-frequency dependent term
for the kinetic inductance that plays a crucial role. Equation (2) indicates that this additional
inductance is inversely proportional to the square of the plasma frequency of the metal. The
plasma frequency of the metal is equal to 3750 THz for aluminium and 2175 THz for gold
[14]. The higher plasma frequency of aluminium will result in a lower additional inductance
(Ladd) and therefore in a shorter resonance wavelength.
The reduction in the magnitude of the reflection resonance for aluminium SRRs can be
attributed to the difference in the damping frequency of the metals. In the Drude model, the
damping (collision) frequency is associated with absorption and losses. The damping
frequency of aluminium is 19.4 THz and that of gold is 6.5 THz [14]. A metal having higher
values of damping frequency tends to be more absorptive and lossy. Since aluminium has a
higher damping frequency than gold, it is more absorptive and hence the magnitude of the
response of an array of aluminium SRRs is lower than that of gold.
Apart from their physical size, the frequency of the LC resonance of an array of SRRs is
also determined by the refractive index of the substrate supporting the SRR patterns [15,16].
The SRRs fabricated on lower refractive index materials (e.g. silica) characteristically show
their LC resonant response at higher frequencies than those fabricated on silicon. Figure 2
shows that the aluminium SRRs fabricated on silicon display an LC peak in the wavelength
region around 930 nm. By keeping the dimensions and all other parameters of the smaller
SRRs of Fig. 2. constant, but changing the substrate to silica, it is possible to shift the LC
response to even shorter wavelengths. So, by fabricating very small aluminium based SRRs
on silica substrates, it is possible to obtain an LC resonant response at visible wavelengths.
Figure 4 shows results for different sized Au and Al SRRs fabricated on silica, displaying LC
peaks in the visible part of the spectrum.
As shown in Fig. 4. the aluminium based SRRs of dimensions (l/3) varies from ~150 nm
to ~100 nm fabricated on silica, displays the LC resonance between 680 nm to as low as 530
nm wavelengths, well inside the visible spectrum region. Whereas the smallest dimension
(l/3) of ~100 nm gold based SRRs fabricated on silica displays the LC peak at 720 nm, just on
the edge of the visible spectrum. This clearly demonstrates the advantage of aluminium based
SRRs in pushing the magnetic resonance (LC resonance) to higher frequency visible spectrum
when compared with their gold based counterparts.
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Fig. 4. Table showing the reflectance spectra of the different SRR patterns fabricated on silica.
The first three rows are small sized (~150 to 120 nm) aluminium SRRs with (a) SRR 3 Al (b)
SRR 4 Al and (c) SRR 5 Al and the last row is small sized (~120 nm) gold SRR with (d) SRR
3 Au along with their corresponding experimental (solid curves) and simulation (dashed
curves) spectra. Black curves (solid and dashed) are TE and Red curves (solid and dashed) are
TM measurements.

In Fig. 5. we display TE field plots of SRR 4-Al at both the plasmonic and LC resonant
peaks.
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Fig. 5. (a) Field profile of SRR-4 Al at the plasmonic resonance peak (370 nm)

Fig. 5. (b) Field profile of SRR-4 Al at the LC resonance peak (670 nm)

Figure 5 clearly shows the different distributions of the optical electric field for the two
different resonances. In the case of the plasmon resonance, the phase and amplitude of the
optical electric field has a uniform distribution around the SRR structure - and it is in phase
with the field in the gap of the SRRs. The LC resonance on the other hand exhibits a
completely different situation, in which the optical electric field between the arms of the
SRRs is in anti-phase with the light on either side of the SRR structure. From this difference
in behaviour, it may be inferred that the LC resonance condition is a fundamentally different
one from the plasmonic resonance condition. Our description of the resonance behaviour
therefore differs from that of reference [6], but is consistent with that of Linden et al [3].
8. Conclusion

We have shown that, at higher frequencies, both the dimensions and the individual metal
properties play an important role in determining the resonant response of arrays of SRRs. In
particular, we have shown that the use of aluminium, due to its bulk plasma frequency being
higher than that of gold, enables a large shift of the magnetic response towards shorter
wavelengths. Finally, we have utilised this property of aluminium and have fabricated
aluminium-based SRRs on low refractive index substrates, i.e. silica, to demonstrate clear
magnetic resonances of SRRs at visible frequencies as short as 530 nm.
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