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Abstract 

 
Resonant terahertz (THz) antennas have been a versatile tool for 

nonlinear THz science and application such as high sensitivity THz 

sensing through its strong local field enhancement. Here, we 

demonstrate nanometer-sized gap split ring resonators (SRRs), 

which can focus terahertz waves up to tens of thousands times at 

magnetic resonance frequency. An array of sub-10 nm gap split 

ring resonators was fabricated with high-throughput, simply by 

repeating standard photolithography, argon ion milling, and atomic 

layer deposition (ALD). To experimentally study the terahertz 

response of nanogap split ring resonators, we performed far-field 

THz-time domain spectroscopy (TDS). In addition, the 

transmission properties, charge distribution, and electric field 

enhancement are numerically investigated. By combining those 

experimental and numerical results, we confirm its colossal electric 

field enhancement factor reaching up to ~36000 with the resonance 

frequency at ~0.25 THz. The resonance structure of SRRs enables 

us to increase field enhancement by an order of magnitude 

compared to the slit structure with the same width. 
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Chapter1 

Introduction 
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Split-ring resonator (SRR), proposed by Pendry et al., is a 

metamaterial well-known for exhibiting an effective magnetic 

permeability without using magnetic material. The authors also 

suggested enhanced nonlinear effects of SRR caused by strongly 

concentrated electrostatic energy in the small gap region of 

capacitor at its LC resonance1. Due to its strong field enhancement 

near the gap, SRRs have been used to detect single molecular 

monolayers2 and organic materials3 and to study insulator to metal 

transition in vanadium dioxide thin film4,5. Further, this resonant 

structure can be an excellent platform for studying nonlinear THz 

science such as second harmonic generation process6-8.  

Since the narrower gap width usually means the larger field 

enhancement achievable inside the gap due to its stronger 

capacitive coupling, a few nanometer-sized gap SRRs at optical 

frequencies have been demonstrated and fabricated using electron 

beam lithography9. However, there have been no sub-10 nm gap   

SRRs for THz applications because of the extreme difficulties in 

making a few nanometer-sized gap along the length of tens of 

micrometers uniformly. The small field of view of electron beam 

lithography or focused ion beam required for high resolution 

pattering has made the accompanying fabrication process time-

consuming and costly and so it has limited the application of 
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nanoantenna structures featuring nanocale metallic gaps for the THz 

regime.  

Here, we suggest a high-aspect ratio nanoantenna 

fabrication method using standard photolithography, argon ion 

milling, and atomic layer deposition (ALD) and make an array of 

SRRs having sub-10 nm gap width with high-throughput and over 

large area. We measure THz transmission of an array of SRRs using 

terahertz time domain spectroscopy (THz-TDS) and investigate 

the resonance behavior of nanogap SRRs in the THz regime. 

Moreover, we confirm colossal electric field enhancement factor of 

~36000 for the gap width of 10 nm by combining COMSOL 

simulation and experimental results. 

  To our knowledge, ~36000 is the highest enhancement 

factor so far achieved among THz plasmonic structures at this 

frequency. Recently, a study reported THz field enhancement factor 

of ~100,000 using bowtie nanoantenna together with a focusing lens 

10. However, our enhancement factor 36,000 is of plasmonic 

structure itself.  Therefore, our split ring resonators have a great 

possibility of potential applications for THz signal detection, a few 

molecule sensing, nonlinear devices and nonlinear THz science such 

as quantum tunneling and second harmonic generation.   
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Chapter2 

Terahertz Nanoantenna 
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For the rectangular hole structures with micron-sized 

widths, the field enhancement inside holes increases as the width 

decreases11,12. Also, it has been shown that THz nano-antennas, 

which are long rectangular holes with nano-sized widths, are 

expected to induce stronger field enhancement inside the holes 13-15. 

The incident electromagnetic field can induce a current flow on the 

metal surface which results in the electric field enhancement inside 

the gap by orders of magnitude. For THz nanoslits having the gap 

size of 70 nm, the enhancement reaches the value of 800 at 0.1 THz 

where 70 nm is smaller than the skin depth for the gold film at this 

frequency. The authors also suggest that the field enhancement will 

keep increasing as the gap size becomes smaller than the skin depth 

13. In the pursuit of higher field enhancement and reliable fabrication 

method, the fabrication technique called Atomic layer lithography, 

for nanogaps extending uniformly along the wafer-scale loop, has 

been developed and the field enhancement for the THz field 

funneling through 1-nm was 25,000 at 0.025 THz 15. 

Fig. 1 (c) is the experimental set-up. They performed THz 

time-domain spectroscopy (TDS) for investigating the THz 

response of the nanogap samples. A femtosecond Ti:sapphire laser 

with pulse train of a center-wavelenghth 780 nm,  a 76 MHz  
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Figure 1 (a) Illustration of THz waves being funneled through 

nanogaps arranged in rectangular rings. (b) Calculated electric-field 

enhancement within a 1 nm-wide slit in an Ag film at the wavelength 

of 4 mm. (c) Experimental setup for THz-TDS. (d) Fourier-

transformed electric-field amplitude, normalized by the reference 

signal, as a function of wavelength. (e) Electric-field enhancement, 

normalized by the coverage ratio of nanogaps with the gap sizes of 

w=1, 2, 5 and 10 nm (adopted from ref. [15]). 
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repetition rate and a 130 fs pulse width, illuminated a GaAs emitter. 

The emitter generates THz pulse which passes through the sample. 

The transmitted terahertz waves in the time domain is detected by 

the method, electro-optic sampling, using (110)-oriented ZnTe 

crystal. The near-field enhancement inside the gap can be obtained 

from the transmitted far-field amplitude through Kirchhoff integral 

formalism (Fig. 1 (e)). The estimated field enhancement factor 

under the PEC approximation is t/β where t is a transmitted 

amplitude (Fig. 1 (d)) and β is the nanogap to aperture area ratio. 
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Chapter3 

Split Ring Resonator 
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Figure 2 (a) Illustration of the analogy between a conventional LC circuit 
and an electron micrograph of a typical SRR fabricated by electron-beam 
lithography. (b) Measured transmission and reflection spectra. (c) The 
real part of the retrieved effective permeability and permittivity around the 
LC resonance of the SRR. A negative μ region is observed for magnetic 
coupling (adopted from ref. [16]). 

 

Split ring resonators (SRRs) are metamaterials which make 

it possible to implement an effective magnetic permeability without 

using magnetic material, which are not values achievable in 

naturally existing materials 1,16. Then, a negative refractive index 
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medium which consists of metamaterial elements, split ring 

resonators and continuous wires, was demonstrated at microwave 

frequency 17. Therefore, SRRs have facilitated a variety of novel 

electromagnetic applications such as perfect lens and super lens 

18,19.  

 

 

 

 

 

 

 

On the other hand, most of the split ring structures are 

resonant due to internal capacitance and inductance so that the 

Figure 3 (a) SEM image of the split ring resonator and a close-up view, 
which shows part of the 100 nm wide gap region. (b) Schematic 
illustration of the split ring resonator with all relevant dimensions. (c) 
Absolute value of the electric field enhancement in the gap as a function 
of frequency. (d) Electric field enhancement distribution in a 500 nm gap 
SRR at 56 GHz (adopted from ref. [20]). 
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energy density in the capacitance between two split rings or in the 

gaps is significantly enhanced. It is suggested that these structures 

have great potential for enhanced nonlinear phenomena such as 

second harmonic generation 1,6,8,20.  

Moreover, SRRs featuring extremely small gaps on the 

micro- or nanoscale can be an excellent structures in order to 

increase the local field enhancement at the frequencies where the 

LC resonance occurs8,20.  
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Chapter4 

Experiment 
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4.1 Nanogap Split Ring Resonator Sample 

 

 

 

 

Figure 4 (a) Schematic of a nanogap split ring resonator (SRR). An array 
of nanogap SRRs and its unit cell. (b) SEM images of nanogap SRRs. LEFT: 
Top-view image of an array of nanogap SRRs, Middle: Top-view image of 
a nanogap SRR, Right: Top-view image of 5 nm gap of an SRR. (c) Cross-
sectional image of 5 nm gap of a SRR (d) Cross-sectional image of 10 nm 
gap of a SRR. 

 

Figure 4 (a) is a schematic of the unit cell of nanogap SRRs. 

The individual metal structures have one side length of l = 80 μm 
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with w = 15 μm line width and the lattice periodicity is p = 100 μm. 

The nanogap is filled with aluminum oxide (Al2O3) and the gap 

widths are 5 nm and 10 nm. 3600 SRRs are contained in an area of 

6 mm X 6 mm on a 1 cm X 1 cm quartz substrate. The dimension of 

SRR is designed to make the 1st and 2nd resonance frequencies to be 

in the frequency range from 0.1 THz to 1.5 THz which is the range 

we can detect. 

Figure 4(b) shows the SEM images of an array of 5nm gap 

split ring resonators. This antenna is high aspect ratio structure, so 

you can see the nanogap line clearly only when the field of view is 

very small. The top-view SEM image is for 5nm gap, and the 

nanogap is well-formed without a short circuit. The difference of 

thickness between 5 nm and 10 nm gap width is also obvious in Fig. 

4 (c) and (d). 
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4.2 Sample Fabrication 

 

 

 

Figure 5 Schematics of fabrication process of split ring resonator with a 
nanogap. (a) Nanoslot arrays (b) An array of SRRs. 
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We fabricate the sample using standard photolithography and 

atomic layer deposition. First, we need to fabricate arrays of 

nanoslits which have the gap width of sub-10 nm. Fig. 5 (a) 

illustrates the fabrication steps. Cr/Au (3/50 nm) film is deposited 

on the quartz substrate by an e-gun evaporator. On top of the Au 

film, an array of rectangles of Cr/Al (30/150 nm) is patterned by 

photolithography and lift off process. Using the patterns as masks, 

Ar ion-beam milling is performed and the surface of the sample is 

coated with sub-10 nm Al2O3 using atomic layer deposition. After 

depositing the second layer of Cr/Au (3/40 nm), the ion milling 

mask is removed using KOH solution and CR-7 chromium etchant. 

From these steps we can obtain nanoslit arrays of which length is 

as long as the substrate size, where the gap width is determined by 

the thickness of Al2O3. This sample features mechanical stability 

even after harsh sonication, so that it is suitable for other 

applications21.  

Now, we rotate the sample by 90 degrees and repeat the 

previous processes except the atomic layer deposition step. Then, 

we obtain an array of sub-10 nm slots. Finally, from the nanoslot 

array, we can make an array of nanoantenna having sub-10 nm gap 

using patterned etching of the Au film. For the purpose of 

fabricating a split ring resonator featuring a nanometer-sized gap, 
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Al2O3 ion milling mask is patterned as a square ring array by 

photolithography and lift off process. After final ion milling of Au, an 

array of nanogap split ring resonator is obtained. We can get rid of 

Al2O3 on the surface of the sample using KOH solution (Fig. 5 (b)). 

The sample is immersed in KOH solution for 60 minutes for 

chemical etching of Al2O3 mask patterns.  
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Chapter5 

Results 
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5.1 THz Nanoslits and Nanoslots 

 

 

 

 

 

 

 

Figure 6 Schematics of (a) nanoslit arrays and (b) nanoslot arrays (c) 
Fourier-transformed transmitted electric- field amplitude of nanoslit 
arrays, normalized by the reference signal as a function of frequency. 
(d) Electric-field enhancement of nanoslit arrays (e) Fourier-
transformed transmitted electric- field amplitude of nanoslot arrays, 
normalized by the reference signal as a function of frequency. (f) 
Electric-field enhancement of nanoslot arrays. 
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Figure 6 (a) and (b) are the schematics of terahertz 

nanoslits and nanoslots. The fabrication methods are illustrated in 

Chapter 3. To experimentally study the THz response of an array 

of nanoslits and an array of nanoslots, we performed THz time-

domain spectroscopy on the nanoantenna samples.  

An array of nanoslits has the length of 6 mm and the gap 

widths of 5 nm and 10 nm where the length 6 mm is almost infinite 

for the wavelength range of 0.2-4 mm we can detect, which is 

shorter than the cutoff wavelength of the 2 mm X 2 mm aperture. 

Therefore, the transmission shows the resonance lacking 1/f 

frequency dependence (Fig. 6 (c)). This is attributed to the 

capacitor-like charging of the nanogap.  

On the other hand, an array of nanoslots which have the 50 

um length and 100 um period exhibits resonance behaviors. As the 

gap width becomes smaller the resonance frequency is red-shifted 

(Fig. 6 (e)). The calculation of the field enhancement in the gap 

follows by the method described in Chapter 2, based on Kirchhoff 

integral formalism ( Fig. 6 (d),(f) ).   
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5.2 THz Microgap Split Ring Resonator 

 

 

Figure 7 (a) Schematic of microgap split ring resonator. (b) THz 
transmission of microgap split ring resonator. 

 

The SRR samples illustrated in Fig. 7 (a) are patterned on 

the quartz substrate using photolithography and lift-off process of 

50 nm Au. To experimentally study the THz response of the 

microgap split ring resonators, we performed THz time-domain 

spectroscopy on SRR samples with gap widths w=2, 5, 10 and 15 

um.  

The 1st resonances around 0.4 THz and the 3rd resonances 

around 1.5 THz disappears if the gaps are closed completely. The 

2nd resonance dip around 1.1 THz is due to the current induced in 

the sides of SRRs without a gap and the currents flow is parallel to 

the incident polarization of the electric field. Therefore, the 2nd 
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resonance is also observed for the closed rings at the almost same 

frequency. It is independent of the 1st resonance called the LC 

resonance, where the excitation of strong circular currents on the 

surface of SRRs occurs. This resonant structure can be used for 

increasing obtainable field enhancement. 
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5.3 THz Nanogap Split Ring Resonators 

 

 

 

Figure 8 Experimental and simulated results (a) Measured transmission 
spectra of split ring resonator with a nanogap (b) Simulated transmission 
spectra of split ring resonator with a nanogap (c) (i)Surface charge 
distribution for the gap size of 5nm. 1st mode : 0.15 THz  (𝜎𝑚𝑚𝑚 = 5 × 1010), 
2nd mode : 1.1THz (𝜎𝑚𝑚𝑚 = 2 × 109) (ii)Surface charge distribution for the 
gap size of 10 nm. 1st mode : 0.25 THz  (𝜎𝑚𝑚𝑚 = 2 × 1014), 2nd mode : 1.2 
THz (𝜎𝑚𝑚𝑚 = 4 × 1012) (iii)Surface charge distribution for no gap. 1st mode : 
1.05 THz (𝜎𝑚𝑚𝑚 = 4 × 109). ((b) and (c) are adopted from ref. [22]) 
 

To study the terahertz response of the nanogap split ring 

resonator, we measure the transmission spectra of nanogap split 

ring resonator arrays using THz-TDS. The incident wave vector is 

perpendicular to the plane of the split ring resonators and the 

polarization is perpendicular to the gap as illustrated in the inserts 
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of Fig. 8 (a) and (b). As you can see from the experimental result 

in Fig. 8 (a), there are two resonance dips for the gap width of 10 

nm in the range of 0.1 to 1.5 THz.  

The lowest resonance at 0.27 THz is the fundamental 

magnetic resonance, where a strongly circulating current is induced 

on the surface of SRR. The lowest resonance for 5 nm gap, which is 

expected to be at 0.05 THz from the corresponding simulation (Fig.  

8 (b)), is unclear because the resonance dip is too shallow to be 

discriminated from the low frequency noise. Comparing with the 

spectrum of an array of gold square ring denoted by no gap in Fig. 8 

(a) and (b), you can see that this fundamental mode disappears as 

the gap is closed, which implies that the lower resonance is 

associated with the gap. In other words, the presence of the 

fundamental magnetic mode verifies that our fabrication method 

indeed succeeds in fabrication of sub-10 nm gap SRR without a 

short circuit and with high uniformity.   

The second lowest mode is a resonance coming from the 

sides of SRRs because it still remains when the gap is closed. 

Resonance frequency from the side length can be roughly estimated 

to ( )/ 2res res efff c c n lλ= ≈  where 𝑛𝑒𝑒𝑒  is the effective refractive 

index of the surroundings. The effective refractive index can be 



 

 ２５ 

obtained approximately by 𝑛𝑒𝑒𝑒 = �(𝑛𝑠𝑠𝑠2 + 𝑛𝑚𝑎𝑎2) 2⁄  where 𝑛𝑚𝑎𝑎 = 1  

and 𝑛𝑠𝑠𝑠 = 𝑛𝑞𝑠𝑚𝑎𝑞𝑞 = 1.96  which is the refractive index of the quartz 

substrate determined experimentally using THz-TDS. According to 

the above estimation, the resonance frequency is 1.2 THz for our 

sample in Fig. 8 (a). Experimentally, the second resonance 

frequencies are identified as 0.97 THz and 1.1 THz for the gap 

widths of 5 nm and 10 nm, respectively, showing good agreement 

with the approximate calculation. It is worth noting that the second 

resonance frequency depends sensitively on the gap width 

difference of only 5 nm which is 16,000 times shorter than the one 

side length, 80 μm. The intriguing point is that the difference of the 

second resonance frequency due to 5 nm is 0.13 THz corresponding 

to the wavelength difference of ~37 μm.  

Moreover, a few nanometer-sized Al2O3 gap on each SRR 

enables the structure to resonate at the 19 times longer THz 

wavelength compared to its size. For the no gap case, there is only 

one resonance mode at 0.95 THz. The spectrum of the nanogap 

SRR converges to the spectra of no gap square ring as the width of 

the gap gets smaller.  

Figure 3(b) is the numerical simulation result (COMSOL 

Multiphysics 5.2) 22. The resonance frequencies are 0.15 THz and 

1.1 THz for the gap width of 5 nm, 0.25 THz and 1.2 THz for the 
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gap width of 10 nm and 1.05 THz for the no gap case. The 

experimental result is consistent with the simulated result. The 

position and order of resonance frequencies are almost the same.  

However, the experimental spectrum near the second 

resonance frequency shifts to 0.1 THz lower frequency than the 

simulated one. When we simulate the result, we assume the air gap. 

However there can be some remnant Al2O3 deposited by atomic 

layer deposition at the bottom of the gap and on the substrate even 

though we etch the sample enough for 60 minutes in the KOH 

solution. These Al2O3 residues inside the gap and beneath some Au 

layer can affect the effective refractive index and also the 

experimental THz spectra. Furthermore, some damaged SRRs can 

be included in 400 SRRs in the 2 mm X 2 mm area which is the size 

of the aperture we use when measuring the sample. Therefore, the 

number of SRRs per unit area would be reduced. This causes the 

reduction of the amount of the signal.  

Fig. 8 (c) represents the surface charge distribution of 

nanogap SRRs for the gap width of 5 nm, 10 nm and no gap case22. 

For the 1st mode, charges are concentrated around the gap highly 

due to the resonant circular current of SRRs. The charge 

distribution at the first resonance frequency confirms that it is 

indeed the 1st mode which means no other lower modes below the 
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frequency range we can detect using THz-TDS. Also, as shown in 

Fig. 8 (c), the maximum surface charge density, 𝜎𝑚𝑚𝑚  , of 10 nm gap 

SRRs is 4000 times smaller than that of 5 nm gap SRRs which 

means the surface charge confinement of 10 nm gap is about three 

orders of magnitude higher than that of 5 nm gap. This leads to 

higher electric field enhancement factor for 10 nm gap SRRs than 

that for 5 nm gap SRRs. For the second resonance mode you can 

see that the charges are rather uniformly distributed compared to 

the previous one over the surface of split ring resonator. In this 

case, the whole sides of SRRs are the main factor contributing to 

the huge second resonance dip. 
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Figure 9 Simulated results (a) In-gap electric field enhancement factor. 
Maximum value and average value. (b) Electric field enhancement factor 
distribution at the center of metal SRR height for the gap size of 10nm. 1st 
mode at 0.25THz. (adopted from ref. [22]) 

 

Figure 9 (a) shows the in-gap electric field enhancement 

factor in the frequency domain22. The magnitude of the electric field 

inside the gap reaches 36,400 times of the incident one at some 

point in the gap. The in-gap electric field enhancement averaged 

over the gap volume reaches up to ~22,000 at the 1st resonance 
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frequency. When the gap width is 10 nm, our result is an order of 

magnitude greater than we have obtained from the previous slot 

array result. For the 10 nm slot arrays, the field enhancement 

factor is ~2500 at its resonance frequency15.  

The higher electric field enhancement factor is observed for 

the gap width of 10 nm compared to that of 5 nm. This is because 

the  1st mode, the LC resonance, gets hard to be excited when the 

gap width becomes very narrow like a few nanometers. This shows 

a different tendency from the previous researches pursuing higher 

enhancement of electric field, where researchers have tried to 

reduce the width of the gap in order to maximize the field 

enhancement13,15,23,24.  

Fig. 9(b) is the electric field enhancement factor distribution 

at its resonance frequency22. This is the cross section at the center 

of metal SRR height for the gap width of 10 nm. Especially, the 

electric field is strongly confined inside the gap. Moreover, the 

resonance frequency of SRRs can be tuned easily by adjusting the 

dimensions of SRRs so that we can maximize the field enhancement 

in the time domain by locating the first resonance peak near the 

peak of the incident THz pulse.  
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Chapter6 

Summary 
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We fabricate an array of THz split ring resonators of which 

gap width is sub-10 nm by repeating standard photolithography, Ar 

ion milling, and atomic layer deposition. The gap width can be 

controlled with nanometer precision by adjusting the thickness of 

Al2O3 coated by atomic layer deposition. This high-throughput and 

cost-effective method can easily be applied to fabrication of 

diverse high aspect ratio metallic nanoantenna, for example, bowtie 

nanoantenna or nanoaperture having a few nanometer-sized gap 

width over the whole substrate region.  

We investigate the terahertz resonance behavior of 

fabricated nanogap SRR and its gap width dependence 

experimentally and theoretically, which is the first time for the split 

ring resonators featuring a nanogap in the THz region. Moreover, 

we predict the in-gap field enhancement factor, ~36000, through a 

combination of the experimental and the numerical result. To our 

knowledge, it is the world’s highest field enhancement record at the 

frequency in the THz region, which is achieved by using the 

plasmonic structure itself. They provide excellent platforms 

implementing the environment of extremely enhanced electric field 

near the nanogap region. We expect the possibility for cost 

effective nonlinear experiment in the THz regime with common 

oscillators, so that nonlinear phenomenon could be possible even 
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not using high power THz set up. These nanogap SRRs can be 

applied to sensing a small amount of chemicals and molecules or 

thin film25,26 and studying new physical phenomenon by combing the 

system with thin film such as VO2 
27,28

 and putting quantum dots29  

or self-assembled monolayers inside the gap so that the materials 

are exposed to unprecedented electric field enhancement which has 

been impossible for the width of 10 nm gap. 
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국문 초록 

 

 테라헤르츠 공진 안테나는 강한 로컬 필드 강화 현상을 통해 비

선형 테라헤르츠 연구와 고감도 테라헤르츠 센싱과 같은 응용 분야에 다

양하게 활용되어 왔다. 이 연구에서는 자기공진주파수에서 테라헤르츠파

를 수 만배까지 집속할 수 있는 수 나노미터 너비의 갭을 특징으로 하는 

분할 고리 공진기를 제시하였다. 10 나노미터 이하 너비의 갭을 가지는 

분할 고리 공진기의 배열을 일반적인 포토리소그래피, 아르곤 이온 밀링 

및 원자층 증착을 단순히 반복 적용하는 방식을 통하여 높은 수율로 제

조하였다. 이후 실험적으로 나노갭 분할 고리공진기의 테라헤르츠 반응 

특성을 연구하기 위하여 테라헤르츠 시간영역 분광법을 수행하였다. 또

한 샘플의 투과특성, 표면 전하 분포 및 필드 강화도를 수치적으로 분석

하였다. 이러한 수치적 결과와 실험결과를 비교 분석함으로써 우리는 분

할 고리 공진기의 갭 안에서 공진 주파수인 0.25 THz에서의 필드 강화 

값이 ~36,000 배에 이르는 것을 확인하였다. 분할 고리 공진기의 공진

구조를 이용하면 동일한 너비를 가지는 슬릿 구조에 비하여 10배 이상 

향상된 필드 강화를 구현할 수 있다.   

 

 

 

주요어: 테라헤르츠 나노안테나, 필드 강화, 분할 고리 공진기 
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