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I. INTRODUCTION

Metamaterials have attracted great attention lately, owing 

to their exotic resonance characteristics, with potential 

applications in cloaking [1, 2], superlensing [3], and sensing 

[4]. The electromagnetic behaviors of metamaterials are 

determined by the specific geometry of the artificial metal 

structures fabricated on a dielectric substrate. On the other 

hand, THz spectroscopy is widely used in various fields 

because it enables label-free, noncontact, nondestructive 

detection [5-10], and as a result metamaterials operating in 

THz frequency range have a variety of applications in safety 

inspection, communication, and biological and chemical 

sensing. The split-ring resonator (SRR) is one of the most 

commonly used patterns operating in the THz range, due 

to its simple geometry [11-16]. When the SRR structure is 

excited with an electromagnetic field in perpendicular 

polarization geometry, it exhibits an inductive-capacitive 

resonance (i.e. LC resonance), arising from the accumulation 

of charge in the vicinity of the SRR gap and the circular 

current at the side ring of the SRR.

Manipulating electromagnetic waves through structures 

has been realized by introducing various patterns on 

conventional metal films having fixed dielectric constants. 

Recently there have been a series of attempts to control the 

surrounding media by manipulating the substrate’s index, 

rather than that of the metal film itself, through light 

illumination and electrical bias [16-18], for instance. On 

the other hand, additional freedom can be provided if the 

dielectric constant of the conducting film can be engineered 

by adjusting its internal electronic properties. Only recently, 

types of post-processing such as chemical treatments and 

nanoparticle coatings were applied to single-walled-nanotube 

(SWNT) and silver-nanowire (AgNW) films, resulting in 

considerable changes in a metal’s dielectric constant [19, 

20]. The resonance behaviors of the devices fabricated on 

the SWNT and AgNW films were modified accordingly, 

proving that device performance can be manipulated by 
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engineering the dielectric constant; however, the physical 

implications behind the attractive phenomena, including the 

resonance tuning, have not been unraveled yet.

In this report, we present finite-difference time-domain 

(FDTD) simulation results for the resonances of split-ring 

resonators fabricated from metal films with finite dielectric 

constants. We investigated the tuning and broadening of 

the resonances as a function of the plasma frequency and 

scattering rate of the metal. The dependence on metal 

thickness reveals that the reduced restoring force is 

responsible for the resonance change, because it is noticeable 

when the effective thickness is below the skin-depth limit.

II. RESULTS AND DISCUSSION

To predict the resonance frequency of the metamaterials 

shown schematically in Fig. 1(a), the structures were 

simulated using CST. Here the split-ring resonator consisted 

of a rectangle with outer dimensions of 36 × 36 µm2 and 

a gap structure of distance d = 2 µm. The thickness and 

width of the metal strip were t = 100 nm and w = 4 µm 

respectively. The substrate’s refractive index was chosen to 

be 1.93, corresponding to that of quartz. To focus on the 

LC resonance of the metamaterial, the simulations were 

performed in TM polarization geometry, as illustrated in 

Fig. 1(a). The material for the SRR pattern has been 

previously considered to be a perfect electric conductor 

(PEC). In this work, we adopted finite metal films with 

dispersion relevant to the Drude free electron model; in other 

words, the metal’s complex dielectric constant r i
iε ε ε= +  

can be expressed as

2

p

2
i

ω
ε ε

ω ωγ
∞

= −

+

, (1)

where ωp is the plasma angular frequency, γ is the 

scattering rate, and ɛ∞ is the free-space dielectric constant. 

The dispersion curves for ɛr and ɛi are shown as a function 

of frequency in Fig. 1(b) for the two different fp (= ωp/2π) 

values. 

To begin, we show in Fig. 2(a), the transmission spectra 

of the SRR pattern for the different plasma frequencies of 

the metal film in the range of 50~2000 THz. Here the 

scattering rate γ was fixed at 1 THz. First, the peak 

frequency for the PEC metal film is found to be 806 GHz, 

shown as a dashed line, as determined by the geometry of 

the pattern and also by the effective dielectric constant of 

the surrounding media (i.e. the combination of the indices 

of quartz and air) [21, 22]. The transmission spectrum 

that was obtained through simulation in the case of PEC 

metal shows good agreement with the resonant peaks 

found experimentally in our previous studies [21]. If we 

consider the finite dielectric constants of the metal films, 

the resonant characteristics deviate dramatically from those 

in the PEC case. In particular, the resonance frequency is 

generally lower than in the PEC case, as shown explicitly 

in the semilogarithmic plot of Fig. 2(b). The resonance 

peak for fp = 2000 THz is found at fres ≈ 787 GHz, which 

is very close to that in the PEC case. As we decrease fp 

further, the resonant frequency decreases dramatically, 

reaching fres ≈ 300 GHz for fp = 50 THz. Importantly, it is 

likely that the resonant peak can be tuned continuously by 

adjusting the plasma frequency of the finite metal film 

used for the metamaterial. Indeed, the control of resonant 

transmission of THz waves in plasmonic and metamaterial 

devices has been demonstrated experimentally by engineering 

the dielectric constant of highly conductive SWNT and 

AgNW network films [15, 20].

It is also notable that the peak amplitude and width of 

the resonance vary with plasma frequency, as shown in 

Fig. 2(c). The amplitude (black squares) decreases gradually 

as fp decreases, reaching as low as 0.16 when fp = 50 THz, 

below which the resonant peak almost vanishes. This is in 

striking contrast to the PEC case and the case of higher 

plasma frequency, where the amplitude is as high as 0.85. 

In accordance with the reduction in amplitude, the resonance 

spectra spread significantly with decreasing plasma frequency. 

It is obvious that the penetration depth δ of the THz wave 

increases inversely with the plasma frequency, i.e. δ = c/ωp, 

as plotted in the inset of Fig. 2(b). This will result in the 

effective thinning of the metal film, down to the skin 

(a)

(b)

FIG. 1. (a) A schematic diagram of THz transmission through 

a split-ring resonator fabricated from a Drude metal film. (b) 

Dispersion curves for the complex dielectric constants for fp = 

ωp/2π = 500 THz (solid lines) and 250 THz (dashed lines), for 

a scattering rate of γ = 1 THz.
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depth limit [23], which causes redshift of the resonance, as 

will be discussed later.

On the other hand, the resonance peak’s position does not 

change significantly with the scattering rate. Figure 3(a) 

shows transmission amplitudes for different γ values from 

0.1 to 50 THz for a fixed plasma frequency of fp = 500 

THz. Clearly, whereas the peak position remains fixed at 

fres ≈ 780 GHz regardless of γ value, the spectral width of 

the resonance broadens significantly, as summarized in Fig. 

3(b). The spectral broadening accompanied by amplitude 

reduction can be expected simply from the large scattering 

rate. It is notable that the resonance suffers significant 

broadening especially when γ exceeds the resonant-peak 

angular frequency (ωres), as schematically illustrated in the 

inset of Fig. 3(b). This is because the resonance position 

no longer lies in the total-reflection regime; instead, the 

metal film experiences absorption accompanied by Ohmic 

loss for γ > ωres.

To validate the thinning effects on the resonant trans-

mission, we performed simulations for the metamaterial 

pattern with various metal thickness; the results are illustrated 

in Fig. 4. The peak position and spectral width are shown 

in Figs. 4(a) and 4(b) respectively, as a function of fp, for 

four different metal thicknesses. The results for t = 100 nm 

(black squares) were retrieved from those in Fig. 2. Clearly 

the fp dependence on peak position was reduced noticeably 

as the film thickness increased from t = 100 nm to 5 µm. 

This is because when the film is thicker than the penetration 

depth (e.g. δ = 0.95 µm for fp = 50 THz, or δ = 24 nm for 

fp = 2000 THz), the effective metal thickness teff is still 

greater than the skin-depth limit, even when the plasma 

frequency is low. It has been previously implied that an 

effective metal thickness lower than the skin-depth limit 

will result in the lowering of the restoring force, owing to 

the reduced carrier density in the metal film [24]. Therefore, 

the redshift of the resonance in the case of low plasma 

(a)

(b)

FIG. 3. (a) Simulated transmission with various γ’s from 0.1 

to 50 THz, for fp = 500 THz. (b) Peak amplitude and spectral 

width of the resonance as a function of γ.

(a)

(b)

(c)

FIG. 2. (a) Simulated THz transmission amplitudes for the 

SRR on a quartz substrate with various fp’s from 50 to 2000 

THz, for a fixed γ of 1 THz. (b) A plot of resonant peak 

position as a function of fp. Inset: Calculated penetration 

depth as a function of fp. (c) Peak amplitude and spectral 

width of the resonance as a function of fp.
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frequency, observed both experimentally and theoretically, 

can be understood in the context of the reduced restoring 

force.

Finally, we demonstrate the field distribution near the 

metal surface for two different plasma frequencies. Along 

the x-z plane of the schematic shown in the inset of Fig. 5, 

we plotted the electric field Ex at the resonance frequency 

for fp = 500 THz (left panel) and 50 THz (right panel), at 

their respective resonant frequencies. For large fp, the field 

distribution near the gap area clearly demonstrates the 

funneling effect associated with strong field localization near 

the gap structures [25]; conversely, this effect diminishes 

significantly for lower fp. In addition, it is clearly seen 

that, accordingly, the field enhancement dramatically drops. 

The increased penetration depth of the THz waves into the 

low-conductivity metal film causes reduced charge density 

near the metal’s gap area, followed by reduced field- 

enhancement effect. This is in accordance with the abrupt 

decrease in the resonant-peak amplitudes, as shown in 

Fig. 2. In other words, we will be able to control the 

field-enhancement factors in addition to resonant-frequency 

tuning by engineering the dielectric constants of the finite 

metal films.

III. CONCLUSION

In conclusion, we demonstrated the resonance character-

istics of THz metamaterials fabricated from metal film that 

has a finite dielectric constant, by using FDTD simulations. 

Strong redshift and spectral broadening of the resonance 

were observed as we decreased the plasma frequency. 

Conversely, spectral broadening occurs without resonance 

shift when we increase the scattering rate. The dependence 

on the metal’s thickness confirms that the redshift 

accompanied by the broadening occurs predominantly when 

the effective metal thickness drops below the skin-depth 

limit, whereas similar effects were not pronounced when 

the metal’s thickness is much higher than the penetration 

depth. Therefore, the frequency shift of the resonance can 

be attributed to the effective thinning of the metal film 

associated with the reduced restoring force. In addition, 

electromagnetic field profiles exhibit a reduced field- 

enhancement effect (associated with reduced funneling 

effects) in the low-plasma-frequency regime. The effect of 

the metal’s dielectric constant on the resonance frequency 

demonstrated in this study will provide important insight 

into the near-field confinement of THz waves, which is 

linked to resonant transmission through various subwave-

length structures. Our work can be further extended to 

studying various nanostructures, such as nanogaps and 

metallic nanoantennas, in which we will find important 

optical and optoelectronic device applications with strong 

field confinement and enhancement.

(a)

(b)

FIG. 4. (a) Resonant peak position plotted as a function of fp 

for four metal thicknesses (t) of 100 nm, 500 nm, 1 μm, and 5 

μm. (b) Resonance spectral width as a function of fp for four 

different metal thicknesses. The results for 100 nm were 

retrieved from those in Fig. 2.

FIG. 5. Field distribution of the electric field Ex along the x-z 

plane (intersecting with the dashed line shown in the inset) for 

two different plasma frequencies fp = 500 THz (left panel) and 

50 THz (right panel).
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