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Abstract 

 

We present our design, fabrication and characterization of resonance controllable 

metamaterials operating in mid-infrared wavelengths. The metamaterials are composed of 

pairs of back-to-back or face-to-face U-shape split-ring resonators (SRRs). Transmission 

spectra of the metamaterials are measured using Fourier transform infrared spectroscopy 
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(FTIR). The results show that the transmission resonance is dependent on the distance 

between the two SRRs in each SRR-pair. The dips in the transmission spectrum shift to 

shorter wavelengths with increasing distance between the two SRRs for both the back-to-

back and face-to-face SRR-pairs. The position of the resonance dips in the spectrum can 

hence be controlled by the relative position of the SRRs. This mechanism of resonance 

control offers a promising way for developing metamaterials with tunability for optical filters 

and bio/chemical sensing devices in integrated nano-optics.  

Keywords:  Metamaterials; Nanofabrication; Electron-beam lithography; Mid-infrared 

 

1. Introduction 

 

       Metamaterials are artificially engineered materials that have exotic properties which are 

not attainable with naturally occurring materials [1]. Novel properties such as negative 

refraction [1, 2], superlensing [3], electromagnetic cloaking[4], electromagnetically induced 

transparency[5, 6], and so on, have been demonstrated with metamaterials. Applications 

areas of metamaterials include biochemical sensors, energy harvesting, communications, 

imaging and others [7-10].  

      The achievement of tunability of metamaterials is one of the most important aims of 

metamaterial research. The effective properties of metamaterials are determined by their 

composing elements rather than by atoms or molecules as in conventional materials [11]. 

This offers opportunity to control the optical properties through the control of the composing 

elements. Metallic nanostructures are widely used to compose metamaterials by generating 

plasmonic resonances [2, 12, 13]. Among various designs, U-shape split-ring resonators 

(SRRs) are the most commonly used structure for composing metamaterials [14-16]. An SRR 
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can be considered as an LC oscillatory circuit. A single-turn magnetic coil forms an 

inductance L and the gap between the arms of the SRR forms the capacitance C [8, 17]. The 

choice of materials and the dimensions of the structure determines the two parameters L and 

C and thus determines the resonant frequency of the metamaterials. Therefore, previous 

efforts on resonance control of metamaterials have focused on controlling the geometry of 

composing SRRs. Changing the geometry of elemental SRR (for example, gap size or 

symmetricity) leads to a change in one of the parameters L or C and thus a change in the 

resonance frequency [18-20]. However, those approaches have their limitations. Firstly, a 

precise control of geometrical shape of single elements is very difficult to achieve, especially 

for metamaterials operating at infrared or optical frequencies [21]. Secondly, a change in 

other parameters like periodicity will result in large change of the area of the metamaterials 

and thus the chip size. In addition, the change of periodicity influences the light-matter 

interaction within the nanostructures [22]. Several other approaches, such electric control 

[23], magnetic control [24] and optical control [25], have been reported to control the 

resonance frequency of metamaterials. These methods require external electrical or magnetic 

fields to modulate the optical properties, and an additional experimental setup is required. 

The above-mentioned problems can be partially overcome by simply integrating multiple 

single elements. In integrated elemental structures, the resonance can be controlled by 

electromagnetic interaction between the single structures in the elemental unit instead of the 

shape variations. This design concept have actually been used to design resonance 

controllable metamaterials by using integrated SRRs with other structures, for example, 

nanowire-SRRs hybrid structures and SRR-pairs [26, 27].  In the integrated elements, the 

electromagnetic fields couple between each SRR and other nanostructures. The coupling 
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strength influences the resonance frequency of the metamaterials and thus can be used to 

manipulate the resonance of the metamaterials. Therefore, resonance-controllable 

metamaterials can be developed by using the relative position of the structures within a cell 

structure. This design strategy provides opportunities for developing resonance-controllable 

metamaterials without precise modification of the geometrical shape of single elements 

which puts very high requirements on the fabrication process and equipment.  

        In this work, we propose resonance-controllable metamaterials operating in mid-

infrared regime by using two identical U-shaped SRRs (SRR-pairs). The control of the 

resonance is achieved by a modification of relative position of the two SRRs in the pairs. The 

mid-infrared waves are important for many fields such as chemical/biological sensing, 

thermal imaging and optical communications [28-30]. The gold SRR-pairs are fabricated 

using electron-beam (e-beam) lithography in combination with plasma etching. The 

resonance of the metamaterials is investigated with respect to the relative positions of the two 

SRRs in the SRR-pairs. Finally, numerical simulations were performed using CST 

microwave Studio which is based on finite integration technique (FIT), and the simulations 

agree well with the experimental results.  

 

2. Fabrication and measurements 

 

The SRR-pairs were fabricated with e-beam lithography on GaAs substrates. E-beam 

lithography is an ideal method for fabrication of nanostructures [31]. It has very high 

resolution and is versatile in fabrication of various nanostructures with precisely controlled 

geometrical shapes. GaAs was chosen as substrate because it has good transmission 
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capability at mid-infrared wavelengths. The fabrication process included e-beam lithography 

and plasma etching. The cleaned GaAs substrates were coated with an 8 nm titanium (Ti) 

layer followed by a 50 nm gold (Au) layer by magnetron sputtering. The Ti layer worked as 

a promotion layer to improve adhesion between the Au film and the GaAs surface. Negative 

tone e-beam resist Ma-N2400 (Microresist Technology Gmbh) was used in the fabrication. 

This resist has good resistance to reactive ion etching. The resist was spin-coated onto the 

substrates to a thickness of 200 nm. The e-beam lithography was performed by using a 

CRESTEC 9500C e-beam writer, which has typical electron energy of 50 keV. After the 

development, the exposed SRR patterns were etched with an Oxford PlasmaLab100 etcher. 

During the etching step, the resist pattern on the Au film works as mask. The Au layer was 

milled directly by pure argon ions (Ar+) with gas flow rate of 30 sccm (standard cubic 

centimeters per minute). Then gases of argon (30 sccm), SF6 (10 sccm) and CF4 (20 sccm) 

were introduced to the etching chamber to clean the Ti adhesion layer. Finally, the residual 

resist was removed with acetone immersion followed by oxygen plasma cleaning. A detailed 

fabrication process is described elsewhere in our publication [32].  

      Transmission spectra were taken with a commercial Fourier-transform infrared (FTIR) 

spectroscopy Nicolet iS10 (Thermo Scientific). The wavelengths of the excitation source are 

2.5-25μm. The sample is measured in a vertical configuration, in which the excitation IR is 

normal to the sample surface. The incidence beam was polarized with a continuum zinc 

selenide (ZnSe) IR polarizer. The transmittance was normalized with respect to the 

transmittance of the blank GaAs substrate. 

 

 3. Design and numerical modeling  
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The geometry of the SRR-pairs is depicted in Figure 1. Figure 1 (a) shows the back-to-back 

SRR-pair (the relative position shift S is positive) and Figure 1(b) shows the face-to-face 

SRR-pair (S is negative). In the designs, the leg length L=570 nm, width of Au wire W=85 

nm, lateral width b=510 nm and the thickness of the Au nanowires is 50 nm. The periodicity 

of the array is P=1500 nm in both x and y directions. The relative position of the two SRRs 

is variable. The light is incident perpendicularly to the plane of the structure with the electric 

field in the x-direction.  

      We use commercially available software CST Microwave Studio (version 2014) to 

simulate the spectral response and electromagnetic fields of the SRR-pairs, as shown in 

Figure 1. The CST Microwave studio solver is based on finite integration technique (FIT) 

[33]. In the simulation configuration, the electromagnetic wave is incident normal to the 

sample plane (in z-direction) (see Figure 1). Periodic boundary conditions are applied in the 

x and y directions to simulate an infinite array in both directions. Perfectly matched layers 

(PML) conditions are used along the axis of propagation of the electromagnetic waves, The 

dispersion properties of the Au were described as the Drude model with formula,

( )    p

2 / (  i ) [34], where the plasma frequency p=1.3671016 Hz and 

damping frequency  =6.4781013 Hz [34, 35]. The damping influence of the Ti is considered 

in the simulation. The dispersion parameters of Ti in mid-infrared frequencies are obtained 

from literature [36].  The refractive index of the GaAs substrate is taken as 10.78 for the mid 

infrared wavelength (λ=8 µm) [37].  
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Figure 1. Geometrical schematic of SRR-pairs. (a) back-to-back SRR-pairs, (b) face-to-

face SRR-pair. The black and red U-shape lines in Figure 1(b) indicate each individual U-

shape SRR; b=510 nm, P=1500 nm, L=570 nm, W=85 nm.  

 

4. Results and Discussion 

Figure 2 presents the SEM images of the fabricated SRR nanostructures. Figure 2 (a-c) show 

images of the back-to-back SRR-pairs and Figure 2 (d-f) show the images of face-to-face 

SRR-pairs. The geometrical shapes are well defined due to the high resolution of the e-beam 

lithography. EDX measurements were performed to confirm that the composition of SRRs is 

Au and the EDX spectrum measured on an SRR-pair is shown in Figure 3.  

 

   
 S=125 nmS=0  S=180 

 (a)  (b)  (c) 

 (a)  (b)
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Figure 2. SEM images of fabricated Au SRR-pairs on GaAs substrates. 

 
  

 

Figure 3. EDX spectrum of an SRR-pair.  

 

Figure 4 (a) shows the measured transmission spectra through the back-to-back SRR-pairs. 

In these measurements, the polarization (E-vector) of the incident light is along the lateral 

direction (x-direction) of the SRR-pairs. Sharp resonance dips are observed at 6-7 µm 

wavelengths, which are primarily determined by the periodicity of the SRR-pairs. The 

variation in the resonance position is attributed to modification of the electromagnetic 

interaction as a function of the different relative positions of SRRs in the pairs. The resonance 

dips blue-shift from 7 and finally down to 5 µm when the relative position is increased from 

0, to 125, 140, 180, and up to 250 nm. This shift to shorter wavelengths demonstrates a strong 

S=-200 nm S=-300 nm S=-380 nm 

 (d)  (e)  (f) 
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dependence of the resonance on the relative positon of the two SRRs. Shown in Figure 4(b) 

are the simulated transmission spectra through the SRR-pairs with the same geometrical 

parameters. The simulated spectra have similar resonance with dip position and resonance 

shifting with relative position S, revealing a good agreement with the experimental results. 

 
 
Figure 4. Measured (a) and simulated (b) transmission spectra for the back-to-back SRR-

pairs.  

 

      Figure 5 shows the simulated distribution of the electric field, magnetic field and surface 

current in a unit cell. The first row in Figure 5 (a1-d1) shows the electric field distribution. 

The electric field is concentrated around the ends of the four arms and is symmetrical to the 

vertical center line of the SRR-pairs. The second row in Figure 5 (a2-d2) shows the 

distribution of the magnetic field. The magnetic field is concentrated at the bottom of each 

SRR which is generated by the excited circulating current on the Au surface. The third row 

in Figure 5 (a3-d3) shows the surface current of the surface of the structure. The surface 

current flow is symmetric with respect to the axis parallel to the bottom of the SRRs and 

antisymmetric with respect to the axis vertical to the bottom bars. Due to the excitation of 

surface current on the Au wire, the SRRs work like LC circuits and can be modeled as LC 

resonators. Figure 6 demonstrate an equivalent LC circuit model of the back-to-back SRR-

 (a)  (b) 
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pairs. The self-inductance L1 is caused by the electric current in the Au ring and the 

capacitance C1 of each SRR is due to the gap region between the SRR arms [14]. Because 

the two SRRs are proximately placed, coupling between the two SRRs occurs and is 

described with mutual inductance Lm and mutual capacitance Cm. Then L and C of the 

system can be written as the sum of two components L=L1+Lm and C=C1+Cm. The resonant 

frequency can be approximated as   2/1)1)(1(/1 CmCLmL  . The L1 and C1 are 

generally determined by the geometrical shape of the SRR ring.  The increase of the relative 

position S doesn’t change the inductance L1 and capacitance C1, as the length of the arms 

and the split gap remain the same. The mutual inductance Lm and mutual capacitance Cm 

decrease with the increase of the distance S, which result in the increase of resonance 

frequency according to the formula above. This analysis is in agreement with the 

experimental results that the resonance dips shifts to shorter wavelengths with increase of the 

relative distance between the two SRRs.  

 

 

 

S=0 S=125 nm S=140 nm S=180 nm

 (a1)  (b1)  (c1)  (d1) 

 (a2)  (b2)  (c2)  (d2) 
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Figure 5. Simulated distributions of electric field (a1-d1), magnetic field (a2-d2) and electric 

current density (a3-d3) of back-to-back SRR-pairs with different relative position S. The field 

and current distributions are obtained at the resonance wavelength of the metamaterials.  

 

Figure 6. LC circuit model of the back-to-back SRR-pairs. 

 

The resonance properties were also investigated for face-to-face SRR-pairs and the 

dependence of the resonance on the relative position was also observed here. In the face-to-

face configuration, the two SRRs are placed oppositely and are merged together. A schematic 

of the face-to-face SRR-pairs is shown in Figure 1(b). The red and black lines on the surface 

of Au patterns indicate each individual SRR. Shown in Figure 7(a) and Figure 7(b) are the 

measured and simulated transmission spectra, respectively. Strong resonance is observed for 

the face-to-face SRRs. In comparison with the transmission spectra of the back-to-back SRR-

pairs shown in Figure 4, the transmission spectra of the face-to-face SRR-pairs have two 

obvious new features: the resonance wavelength is shorter and the resonance band is sharper. 

This difference can be ascribed to the smaller overall size of the merged face-to-face SRR-

 (b3)  (c3)  (d3)  (a3) 
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pair, because scaling down the size of the cell results in a shorter resonant wavelength [38]. 

Furthermore, in contrast to the back-to-back SRR-pair result, an increase of the relative 

position S, leads to a decrease in the magnitude of the resonance dip. This is because the 

interaction area decreases with the scaling down of the unit cell. In addition, the increase of 

S for the face-to-face SRR-pair also modifies the arm length and the size of the closed Au 

ring in the middle, and as a consequence changes the electromagnetic interactions. This will 

be further analyzed with the LC circuit model below. The dependence of the resonance on 

the relative position of the two SRRs is significant.  An increase in the negative direction of 

the bottom bar distance from the top bar, from 0, to -200, to -300, and to -380 nm, lead to a 

shift of the resonance wavelength to shorter wavelengths. The simulated transmission spectra 

(Figure 7b) are in good agreement with the results observed experimentally.   

 
 
Figure 7. Measured (a) and simulated (b) transmission spectra for the face-to-face SRR-

pairs.  

 

Figure 8 illustrates the simulated distribution of electric field, magnetic field and surface 

current density in a unit face-to-face SRR-pairs. High electric field is concentrated around 

the ends of the four legs (first row), which is similar to that of the back-to-back SRR-pairs 

shown in Figure 5.  Because the two SRRs are merged together, new SRRs on the top and 

 (a)  (b)
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bottom as well as a closed Au square ring in the middle are formed. The magnetic field is 

redistributed on the newly formed SRRs. The magnetic field is confined around the 

horizontal bars at the bottoms of the SRRs (Figure 8 a2-c2). The third row shows the surface 

current distributions. The surface current distribution is symmetrical with respect to the 

horizontal axis in the middle of the SRR-pairs and antisymmetrical with respect to the vertical 

axis in the middle. This current distribution is similar to that of the back-to-back SRR-pairs. 

The differences are that the arms of the “U” rings in the face-to-face SRR-pairs are shorter 

than that of the back-to-back SRR-pairs. In addition, the closed Au loop in the middle 

distributes part of the current and therefore influences the magnetic field distribution.   

 

 

 

 

S=-200 nm S=-300 nm S=-380 nm 

 (a1)  (b1)  (c1)

 (a2)  (b2)  (c2)

 (a3)  (b3)  (c3)
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Figure 8. Simulated distributions of the electric field (a1-c1), magnetic field (a2-c2) and 

surface current (a3-c3) of back-to-back SRR-pairs with different relative position S. The field 

and current density are obtained at resonance wavelengths.  

 

The dependence of the resonance on the relative position shift S for the face-to-face SRR-

pairs can also be interpreted with a similar LC circuit model to that used above. The method 

is described in detail in our previous work [39]. Figure 9 shows the schematic of the LC 

circuit model. With the increase in relative position, the arm lengths for each SRR are 

becoming shorter. This change results in the decrease of the self-inductance and capacitance 

of each SRR and an increase in the mutual capacitance between the two SRRs. The mutual 

inductance Lm remains the same since the length of the horizontal bar does not change. The 

total effect is that the product of LC decreases and thus the resonance frequency,1 LC , 

increase. This analysis is in agreement with the observed blue-shift with an increase in the 

relative position.  

 

Figure 9. LC circuit model of the face-to-face SRR-pairs. The pink and blue dotted lines 

indicate each individual SRR. 
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Both the back-to-back and face-to-face SRR-pairs have exhibited a strong dependence of 

their resonances on the relative position of the two U-shape SRRs. Therefore, the resonance 

of the metamaterials can be controlled the by using the relative position of the two SRRs in 

the SRR-pairs. Many other methods have been reported to control the resonance wavelength 

(frequency) in infrared frequencies. For example, by employing the phase transition of 

vanadium oxide (VO2), which is deposited underneath Au SRRs [26], by electrical 

modulations of free carrier concentrations in a quantum well layer well beneath the Au split 

ring resonator array [40] and by tailoring symmetry of the composing elements [20]. To 

compare the results of our work with these previously reported designs, Q-factors were 

calculated using the formula,   /Q , where λ is the resonant wavelength and Δλ is the 

full-width at half-maximum (FWHM) of the resonance peaks. The Q-factors of the resonant 

band in the transmission spectra in our work are in the range of 4.1-4.3 for the back-to-back 

SRRs and 4.3-5.4 for the face-to-face SRRs. Table 1 shows comparisons of Q-factors with 

other reported designs. It is seen from the comparison that the Q-factors obtained in this work 

are comparable or higher than that of the other reported designs. This suggests that resonance 

dips in the transmission spectra in our work are narrower and deeper. These features of 

resonance are particularly useful in developing various filters and resonance-shifting based 

molecular sensors. In addition to the narrow bandwidth of the resonance dips, the designs 

proposed in this work are easier to fabricate, and the experimental setup is simple as there is 

no requirement to modulate the resonance electrically or optically.  

 

Table 1 Comparisons of the Q-factors in this work with other similar metamaterials 
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Resonance-control 
method 

Typical 
elemental 
structure 

Resonance 
wavelengths 

(µm) 

Q-factors Reference 

shifting of two SRRs 
within the SRR-pairs 

 

4.7-7.3 4-5 this work 

Based on VO2 phase 
transition 

 

2.2-2.5 ~2  [26] 

Electrical modulation 
of free carrier 
concentration  

9.8 ~3 [40]  

Tailing symmetry  

 

1.6-2.1 ~4 [23] 

 

5. Conclusion  

In conclusion, we have demonstrated geometrically-controlled mid-infrared metamaterial 

resonances by using SRR-pairs. The resonances are highly dependent on the relative position 

of the two SRRs within the SRR-pairs. The resonant wavelength shifts towards to shorter 

wavelengths with an increase in the relative distance between the two SRRs for both the 

back-to-back and face-to-face SRR-pairs. Numerical simulations are in agreement with the 

experimental observations. This work provides proof-of-principle experimental evidence, 

which is useful in designing tunable devices including optical switches, resonance tunable 

sensors, and filters etc.  
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