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ABSTRACT
We fabricated and studied a planar composite material consisting of sub-wavelength double split ring resonator
structures made of Gold on a Silicon substrate. Our measurements reveal a strong transmission dip at 0.6
THz. Experimental and numerical results indicate that there is an Inductor-Capacitor resonance at 0.6 THz,
characterized by enhanced electric ﬁeld strength across the ring gap. Our results also indicate a shift in the
resonance to higher frequencies as thickness is increased. Spectral properties of the composite material were
measured using THz Time Domain Spectroscopy in the range from 0.1 THz to 3.5 THz. Simulations were
carried out using the commercially available electromagnetic solver, Microwave StudioTM . Fabrication of the
structures was done with Proton Beam Writing, a nanolithography technique based on focused MeV protons.
The direct-write technique allowed us to fabricate structures much thicker than otherwise possible. For this
work, the ring resonator structures had overall dimensions of 38 µm and a thickness of 8 µm with highly vertical
and smooth sidewalls with minimum critical dimensions of 2 µm.
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1. INTRODUCTION
1.1. Metamaterials
Metamaterials are artiﬁcial materials which owe their electromagnetic properties to their physical structure rather
than their chemical composition. The ﬁeld has attracted tremendous research attention in recent years, with the
number of publications increasing steadily.1
Metamaterials are usually composed of arrays of intricate subwavelength metallic structures possessing considerable capacitance and inductance. These subwavelength structures can result in metamaterials having electromagnetic properties not found in nature, such as negative indexes of refraction. Negative refraction using a
metamaterial wedge was ﬁrst demonstrated using 10 GHz microwaves in the year 2001.2 The metamaterial used
in this landmark experiment consisted of intersecting planar arrays of wires and double Split Ring Resonator
(SRR) structures made of copper. Double SRRs were ﬁrst proposed by Pendry et al .3 They consist of two
concentric conducting rings, each split by a gap situated oppositely (See Figure 1). Although the SRRs are
themselves made of a non-magnetic material, they can demonstrate a band of negative magnetic permeability
(µ) values. This is due to their unique physical structure, which gives rise to considerable inductance and capacitance, leading to Inductor-Capacitor(LC) resonances at speciﬁc frequencies. Circulating currents at, or close to,
these resonant frequencies result in an eﬀective magnetic response.
Since 2001, much eﬀort was put into fabricating metamaterials at ever higher frequencies. Micro and nanofabrication techniques have been used to scale down the double SRR design, and thus increase the resonant frequencies. There are a number of reports of SRRs being fabricated which have resonant frequencies in the THz regime
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Figure 1. Schematic image of a square double SRR which comprises 2 concentrate rings, each with a split located
oppositely. The dimensions of the SRR reported in this work are as follows: l = 38µm, t = 6µm, g = 3µm and d = 2µm.
The thickness of our structures is 8 µm. The periodicity of the unit cells in this work, p is 50 µm

from 0.1 THz to 10 THz.4–7 This THz range was quickly surpassed as researchers pursued the goal of achieving
negative refraction at optical frequencies. Metamaterial unit cells were simpliﬁed to aid nanofabrication. A
number of authors used single SRR designs to achieve resonance in the mid-infrared regime.8, 9 Metamaterial
designs were then further simpliﬁed, and negative refraction at 780nm has been achieved using a “double ﬁshnet”
design.10
The race towards negative refraction at visible frequencies has perhaps lead researchers to overlook the
possible applications of metamaterials at low THz frequencies. Metamaterials often demonstrate prominent pass
or reﬂection bands and thus can be useful for the control and modulation of radiation. For example, Chen et
al reported the use of a modiﬁed SRR array on semiconductor substrate to modulate radiation around 1 THz
using an applied bias voltage.11

1.2. Proton Beam Writing
Proton Beam Writing(PBW) is a direct write lithographic technique for fabricating three-dimensional structures
down to and below the 100nm level.12–14 The technique was developed at the Center for Ion Beam Applications(CIBA) at the Physics Department of the National University of Singapore. PBW utilizes a highly focused
beam of megaelectronvolt(MeV) protons to directly write a latent image in a resist. The resist is then chemically
developed. PBW works well with the positive resist PolyMethylMethAcrylate(PMMA), as well as the negative
resists SU8 (from Microchem) and Hydrogen SilsesQuioxane(HSQ) from Dow Corning. PBW has also been
successfully used to fabricate buried channel waveguides on FoturanT M photostructurable glass.15 We are also
able to fabricate metallic (Nickel or Gold) nanostructures via an electroforming step where the nano-patterned
resist is used as an electroplating mould. The minimum feature size that can be achieved is determined largely
by the smallest beam spot size which is well below 100 nm. The smallest feature size achieved using PBW is 22
nm using HSQ resist.16
PBW has the ability to fabricate high aspect ratio microstructures in metal or resist. This is because MeV
protons will not signiﬁcantly deviate from a straight line as they travel through the resist. We also have the
ability to pattern thick layers of resist, as a 2 MeV proton will penetrate over 50 µm of PMMA resist. Although
the proton beam generates secondary electrons, these remain very close to the incident beam axis and therefore
proximity eﬀects very limited. For these reasons, high aspect ratio structures with vertical and smooth sidewalls
can be fabricated using PBW.

2. EXPERIMENTAL
2.1. Fabrication
For this work we fabricated an array of Au SRRs on silicon substrate. The overall dimension of the array was just
over 4 mm by 4 mm. The periodicity of each square unit cell containing one SRR was 50 µm. Thus, our array
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Figure 2. Schematic diagram of the fabrication process showing the major steps involved in fabrication. (a) Proton
beam writing to deﬁne latent images in resist (b) resist development to remove expose(unexposed) resist in the case of a
positive(negative) resist (c)electroplating using the patterned resist as a mould and (d) resist removal

consist of over 8000 individual SRRs. All fabrication work was carried out at CIBA at the Physics Department
of the National University of Singapore. A schematic diagram of the fabrication process is shown in Figure 2.
The fabrication process began with metallization of 500 µm thick undoped Si substrates. Magnetron sputtering was used to deposit a thin (several nm) layer of Cr as an adhesion layer on a 2-inch Si wafer, followed by
an Au layer (about 10 nm thick) which acted as an electroplating seed layer. These wafers were then spin coated
with approximately 10 µm of PMMA resist (NANOTM PMMA from MicroChem, A11, 950k molecular weight).
Proton Beam Writing was carried out using 2 MeV protons from Singletron 3.5 MeV accelerator. The protons
were focused to a spot size of approximately 500 nm. Scanning of the proton beam is achieved using magnetic
scan coils (OM 25) which are a part of the Oxford Microbeams scanning system. The scanning is controlled
using the Ionscan software, developed in house at CIBA.17 Beam current was about 10 picoAmperes and was
determined using a calibrated detector for Rutherford backscattered ions. The target irradiation dose was 120
nC/mm2 . Our scanning system is capable of covering a 400 µm by 400 µm area in a single exposure. Larger
areas can be covered using a combination of ion beam scanning and movement provided by an EXFO Burleigh
Inchworm Stage.
After exposure, the PMMA resist was developed with a mixture commonly referred to as “GG” developer,
which is a mix of several organic compounds (60% diethylene glycol monobutyl ether, 20% morpholine, 5%
ethanolamine and 15% water). This is followed by at least 2 rinses with DI water. Gold plating was then carried
out using Microfab AU100 gold plating solution (from Enthrone Pte Ltd) at a temperature of 60◦ C with current
density of 2.5 mA/cm2 . Under these conditions, plating speed was approximately 1 µm for every 5 minutes.
After plating, the PMMA resist was removed with a Toluene bath at a temperature of 40◦ C. Finally, the Au
seed layer and the Cr adhesion layer were removed to prevent electrical shorting of the structures. This had to
be done without damaging the intricate SRR structures. The removal of the Au seed layer was achieved with
an Iodine-Potassium Iodide etching solution (I2 0.09M, KI 0.6 M). Etch times (usually under 20 seconds) were
carefully controlled so as to completely remove the Au seed layer without signiﬁcant damage to the Au SRR
structures. The Cr adhesion layer was then removed using a highly speciﬁc Cr etching solution. Again, etch
times were carefully controlled to prevent excessive undercutting.
Figure 3 shows optical(a) and scanning electron(b) micrographs of the gold SRRs fabricated for this work.
These images were collected after the resist stripping step. From the electron micrographs, the thickness of the
SRRs can be clearly seen, as well as the orthogonality and smoothness of the sidewalls.

2.2. Characterization and Simulation
Sample characterization was carried out at the School of Computer and Electrical Engineering at Oklahoma
State University. Spectra were collected by use of a photoconductive switch-based THz-TDS system, in which
four parabolic mirrors arranged in an 8-F confocal geometry.18, 19 A Kerr-lens mode-locked Ti:Sapphire laser
capable of generating 26-fs, 86-MHz femtosecond pulses is used as the excitation source of THz-TDS. While this
confocal conﬁguration enables an excellent beam coupling between the transmitter and the receiver, a frequencyindependent 3.5-mm-diameter terahertz beam waist is achieved which favors the characterization of samples of
small dimensions. In this case, the beam covers an area containing several thousand SRRs. The THz-TDS system
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Figure 3. Optical (a) and scanning electron (b) micrographs of the gold SRRs fabricated for this work

has a useful bandwidth of 0.1 to 4.5 THz (wavelength from 3 mm - 67 µm) and a signal to noise ratio (S/N)
better than 10000:1. In order to further increase S/N, each curve is an average of six individual measurements.
The measurements were carried out with the sample under normal incidence.
Simulations were performed using the commercially available software, Microwave StudioTM from Computer
Simulation Technologies. These were carried out for a single unit cell, with open boundary conditions at both
ends and perfect electrical conductor and perfect magnetic conductor boundary conditions for the sides. From
the simulations, we are able to extract a variety of data, the most important of which are the variation of the
S21 parameter with frequency, plots of the various components of the electric ﬁeld, magnetic ﬁeld and surface
current distributions at speciﬁc frequencies.

3. RESULTS AND DISCUSSION
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Figure 4. Measured transmission amplitude (a) and simulated S21 parameter (b) for our double SRR array. Each graph
shows data for 2 orthogonal polarizations. Insert in (a) shows the orientation of the SRR with respect to the electric
ﬁeld for the 2 polarizations. The simulation was able to accurately reproduce the transmission dip at 0.6 THz under the
parallel polarization.

Figure 4(a) shows the transmission spectra of our sample, measured with THz TDS. Measurements were made
with the sample plane normal to the beam and were carried out for 2 orthogonal polarizations of the electric
ﬁeld. The solid curve in Figure 4(a) shows the measured spectra when the SRRs were orientated with their gap
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bearing sides parallel to the electrical ﬁeld vector of the THz radiation. We deﬁne this as the parallel polarization
(See insert in Figure 4(a)). For this polarization, there is a prominent dip in the transmission at approximately
0.6 THz. This dip is not present if the sample is rotated 90◦ such that the electric ﬁeld is perpendicular to the
gap bearing side of the SRR (dashed curve in Figure 4(a)). We were able to reproduce these results with our
simulations. In Figure 4(b), a plot of the simulated S21 parameter for both polarizations is shown. Under the
parallel polarization, our simulation clearly shows a dip in S21 at 0.6THz (solid curve in Figure 4(b)). The dip
is also not present under the perpendicular polarization in our simulation (dashed curve in Figure 4(b)).

—

Under the parallel polarization, it is expected that oscillating resonant currents can be excited in the SRRs.
Although there is no component of magnetic ﬁeld normal to the plane of the SRR, a LC resonance can be excited
due to the coupling of the electric ﬁeld to the SRRs.20, 21 This is referred to as the electrical excitation of the
LC resonance eﬀect. These resonances cannot be excited under perpendicular polarization. In order to better
understand the phenomenon at 0.6 THz, an examination of the simulated electromagnetic ﬁelds and the surface
currents is instructive. Simulations show that 0.6 THz, the electric ﬁeld strength across the gap of the outer ring
of the double SRR is greatly enhanced (See Figure 5(a)), a feature which is absent at non resonant frequencies.
At this frequency, there is a strong magnetic ﬁeld in a direction normal to the plane of the SRR, although the
incoming radiation has no such component (See Figure 5(b)). Figure 6 shows a plot of the surface currents at
0.6 THz. Strong circulating currents are evident along the sidewalls of both the inner and outer rings of the
double SRR. In the inner ring, the surface current ﬂows in a continuous loop all round the inside and outside of
sidewalls. In the outer ring, there are strong currents on the inside wall, in a direction opposite to the current on
the outside wall of the inner ring. There is also some current on the top face of both rings. The magnetic ﬁeld
contributions of all the sidewall currents thus reinforce each other, leading to a strong magnetic ﬁeld within the
inner ring and in the gap between the two rings. These features are absent under the perpendicular polarization.
These combination of results clearly point towards a LC resonance at 0.6 THz.

(a)
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Figure 5. Plots of (a) the electric ﬁeld and (b) the magnetic ﬁeld across a single SRR at 0.6 THz. The plot of the
electric ﬁeld shows the ﬁeld component parallel to the gap bearing side of the SRR. The plot of the magnetic ﬁeld is for
the ﬁeld component normal to the page. The electric ﬁeld is greatly enhanced across the gap of the outer ring leading to
circulating currents that generate signiﬁcant magnetic ﬁeld normal to the rings.

It is interesting to note that due to the high aspect ratio capability of PBW, the sidewalls of our structures
contribute signiﬁcant surface area. These sidewalls are also highly vertical and smooth, and thus very close to
the model used in our simulations. Current along the sidewalls can thus contribute signiﬁcantly to the spectral
properties of our sample. In almost all studies of SRRs to date, current along the sidewalls is not considered.
Rather, it is assumed that the current propagates along the top face of the SRR. Despite the intense interest in
metamaterials, relatively few attempts have been made to fabricate high aspect ratio SRRs. Thus, the eﬀects of
aspect ratio on the behavior of SRRs should be investigated further. In particular, our simulations indicate that
at the inner ring of the double SRR, the current is ﬂowing in a continuous loop around the inside and outside
sidewall. Thus, on one ring we have both a clockwise and counter-clockwise current. This is a matter that merits
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Figure 6. Plot and of the surface currents on a single SRR at 0.6. In the top-down view of the surface currents shown
in (a), the direction of the currents is clearly seen. In the perspective view shown in (b), it can be seen that there are
strong currents on all sidewalls, as well as the top surface of the outer SRR.

further investigation as the typical assumption is one of a unidirectional current along the top surface of an SRR.
Our simulations indicate that as thickness increases, the resonant frequency shift upwards. This trend has
been experimentally observed by Guo et al .22 The work of Guo was carried out in frequency range around 100
THz with single SRRs about 500 nm in diameter. The thickness of the SRRs varies from 10 nm to 60 nm. A
gradual shift in the frequency of a transmission dip from 90 THz to about 120 THz was noted.
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Figure 7. Simulated S21 parameter for SRR of varying heights: 8µm (solid), 2 µm (dotted) and 0.2 µm (dashed).

Figure 7 is a graph showing the frequency dependance of the simulated S21 parameter a double SRR structure
of diﬀerent heights. The lateral dimension are held constant as speciﬁed in Figure 1. The height varies from 0.2
µm to 8 µm. The simulated data clearly shows that the dip in the S21 parameter shifts upwards as thickness
is increased. At a thickness of 0.2µm, the simulated data indicates a dip centered at a frequency very close to
0.5 THz, consistent with the experimental data of Azad et al .4 In the work of Azad et al, double SRRs made
with very similar lateral dimensions (l = 36µm instead of 38µm ) were fabricated on silicon. The structures had
a thickness of about 200 nm. Transmission spectra measured using THz TDS revealed a transmission dip at at
0.5 THz. At a thickness of 8 µm, the simulation indicates a dip at 0.6 THz, consistent with the experimental
data presented in this work. Additional work to conﬁrm this trend is underway.
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4. CONCLUSION
We have fabricated and characterized an array of thick double SRRs. Experimental data and simulations clearly
indicate the presence of a LC resonance at 0.6 THz. Simulated and experimental data agree well. Our data also
indicate that the resonant frequency increases with increasing thickness. The issue of aspect ratio in the spectral
properties of SRRs deserves further investigation. Proton Beam Writing oﬀers an attractive fabrication method
for this work.
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