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Abstract 

 

High demands on metamaterials with desired resonance frequency and high field 

enhancement led to an extensive investigation on the sub-wavelength gaps, 

especially in terms of structural parameters. The role of most parameters including 

gap width, length, period and dielectric environment are widely studied and well 

understood, while the effect of metal thickness on the gap performance still remains 

elusive. Here, we theoretically and experimentally investigate resonance 

frequencies and field enhancements of sub-wavelength gaps with different heights. 

Scope of this study encompasses thicknesses as small as 10 nm, accessing by far 

the thinnest terahertz nano-resonators reported in the literature. The thickness 

decrease leads to huge field enhancement and resonance blueshift in transmission 

spectra of the sub-10nm gaps, restoring the transmission from the initially gap-

plasmon dominated, red-shifted spectra. Such behavior is interpreted as a result of 

decreased effective refractive index of the gap, which is also supported by a modal-

expansion analysis. 
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Chapter 1

Introduction

Terahertz metamaterials (THz MMs) for unusual electric and magnetic responses 

in THz regime have been developed over the past decade since the pioneering 

work by Yen et al [1]. For instance, spit ring resonators [1-3], negative refractive 

index metamaterials [4-6], high refractive index material [7], phase modulator 

[8], perfect absorber [9,10], and sub-wavelength gaps have been widely studied 

as THz MMS. Especially sub-wavelength THz gaps can incorporate high electric 

field enhancement (FE) due to high dielectric constant of surrounding metal and 

longer wavelength [11] which find uses in nonlinear optics [12,13], biological 

research [14,15], as well as pursuit of fundamentals of electromagnetism [16-20]. 

The initial studies regarding aforementioned purposes were conducted on gaps 

ranging in width from 100 um to 200 nm [16,19]. In this regime, the gap 

performance is dominated mainly by the gap width, length, and dielectric 

environment. Thickness of the gap has not attracted much attention since it barely 

affects the FE and induces very small redshift in transmission cutoff resonance 

frequency for thinner gaps [21-23]. Very recent researches on nanometer or 

angstrom wide gaps [19,20,24] indicate that completely new physics enters in the 

ultra-narrow gap width regime, calling for additional investigations on previously 

alienated variables. In this work, we report thickness dependent performance of 

sub-10 nm wide gaps and find out that thickness is a dominant factor in the gap 
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performance. We experimentally and theoretically demonstrate that FE as high 

as 7600 can be obtained at relatively high frequency of 1 THz, and the cutoff 

resonance is blue-shifted very sensitively as thickness contrary to properties 

reported previously. We understand the physical origin of this phenomenon from 

newly developed coupled mode method (CMM) [25,26] for both FE and cutoff 

resonance at sub-10 nm wide gaps.
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Chapter 2

Fabrication of the nano-gap samples

In order to accurately control the gap widths of below 10 nm, we fabricate 2D 

periodic arrays of ring-shaped nano-gaps based on the atomic layer lithography 

[20]. Thickness of the gap is manipulated via glancing-angle ion milling [27] 

which was previously used for planarization of the sample. This method enables 

us to exclude effects from factors other than thickness of the sample and to make 

very thin samples. As shown schematically in Fig. 1(a), nano-gaps patterned 

under parameters l1 and l2 are fabricated into the 220 nm of Au film deposited 

onto Quartz. Top view of scanning electron microscope (SEM) images is shown 

in Fig. 1(b). Thickness of nano-gaps (h) is varied from 10 nm to 150 nm for 

several different gap widths (w). Fig. 1(c) are cross-sectional view of SEM 

images for h = 220 nm (top) after atomic layer lithography, and h = 90 nm 

(bottom) which is processed by glancing-angle ion milling at the top of h = 220 

nm sample. While previous works [20,24] had difficulties in making the sub-30 

nm thick nano-gaps due to island formation issues in physical deposition of thin 

films, glancing-angle ion milling is successfully leads to h = 10 nm sample as 

indicated in cross-sectional transmission electron microscope (TEM) image, Fig1. 

(d). It shows curved structure at the bottom of the gap since the contact angle 

between Quartz substrate and deposited Au cannot be atomically perpendicular. 
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Figure 1: (a) Schematics of the sample; (b) An SEM image of the sample; (c) Cross sectional TEM image 

of the sample showing 2 nm gaps; (d) Ion-milled nano gap sample showing recovered aspect ratio.
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Chapter 3

Terahertz time-domain spectroscopy of nano-gap samples

Next, we conduct far-field THz time-domain spectroscopy (TDS) over a 

frequency range of 0.2-1.4 THz on the gaps after each step of milling. 

Transmitted amplitudes are collected for the following samples: 2 nm gap (w = 2 

nm, h = 10, 50, 90, 110, 130 nm, and 150 nm, see Fig. 2), 5 nm gap (w = 5 nm, h

= 10, 30, 50, 70, 90, 110 nm, and 130 nm), 10 nm gap (w = 10 nm, h = 10, 30, 

50, 70, 90, 110 nm, 130 nm), and 400 nm gap (w = 400 nm, h = 20 nm, 50 nm, 

see inset of Fig. 2). A p-polarized waves passes through 3mm * 3mm aluminum 

aperture and normally impinges on the samples. We measure the far-field 

transmissions of depicted samples and divided them with those of bare Quartz 

substrate to obtain normalized transmitted amplitudes. Near-field Ex

enhancement is estimated from obtained amplitude by employing Kirchhoff 

integral formalism [29] after appropriately removing the effect from direct 

transmission through metal film. Fig. 2 presents frequency spectra of transmitted 

amplitudes and FEs of 2 nm gap for different thicknesses. As we decrease 

thickness from 150 nm to 10 nm, we discover two interesting features; (i) The 

FE increases by 6 folds (1300 to 7600) and (ii) the cutoff resonance dramatically 

is blue-shifted by 3 folds (0.33 to 1.10 THz). This observation directly contrasts 

the previous reports where thickness change is more or less irrelevant to FE or 

cutoff resonance of the gap. Moreover, the FE of 7600 is the strongest ever 
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reported at frequencies above 1 THz in elongated gaps, considering that FE in 

high frequency is normally lower than that of lower frequency [11,17]. On the 

other hand, the inset of Fig. 2 shows contrary behavior where cutoff resonance 

of 400 nm gap is slightly red-shifted from 1.33 to 1.28 THz, due to dielectric 

substrate effect as theoretically reported previously [21,22]. More detailed 

physical origin of the thickness dependences and the contrary behaviors between 

2 nm gap and 400 nm gap will later be given.

Figure 2: Transmission spectrum of 2 nm gap sample with different thickness. The inset is of 400 

nm gap sample.
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Chapter 4 

Coupled mode method

In pursuance of the physical origin of the results presented above, we perform 

the theoretical calculation using coupled-mode method established on the modal 

expansion of the electromagnetic fields. Garcia-Vidal et al [25,30] provides the 

fundamental of the formalism. Although the thickness of the metal is thinner than 

skin-depth (~170 nm for 0.2 THz), direct transmission through the metal film of 

10 nm is experimentally less than 3 % due to the huge reflection on the front 

metal surface allowing us to apply this formalism to our works [31]. Also, the 

effect of gap plasmon, coupling between surface plasmon polaritons on two side-

walls of the gap, is expected to come into play since, (


� ~ �

��), in the regime of 

our interest [32], where �� is the dielectric parameters of the metal [33] and ��

is dielectric constant of material (Aluminum) inside the gaps [34,35]. Therefore, 

our calculation combines the formalism of an array of rectangular gap in real a 

metal [25,36,37] and of effective index mode [38] which contains gap plasmon 

effect in rectangular waveguide in terahertz regime. By matching the EM fields 

at the interfaces, we obtain modal amplitudes of the electric field at the input and 

output sides of the gap, � and ��, via a set of two coupled linear equations:
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Ⅰ − Σ E − = , 
Ⅲ − Σ − E = 0.                             

The term  represents the external illumination on the gap for normal incidence: 

= √21 + 2 sin	( 2 )2 sin	( ) + 2, 
where = ( ) is surface impedance of the metal and  is half length of the 

rectangular ring, = + . The terms Σ and  are applied as presented in 

[36], while the admittance  and propagation constant of fundamental TE 

mode inside the rings  are replaced with following expressions to consider 

leaking wave vector into the metal: 

= ( )	, = + − ( )  

where,  is the magnitude of leaking wave vector into the metal (gap plasmon) 

whose amplitude is given by[38]: 

= −1 + 1 − 4 ( − ) 2 . 
EM coupling between the gaps is controlled by the term Ⅰ and Ⅲ, 

Ⅰ,Ⅲ = ∑ Ⅰ,Ⅲ _(
Ⅰ,Ⅲ )

Ⅰ,Ⅲ sinc _ [sinc + + sinc − ] ,(1) 

with Ⅰ,Ⅲ = Ⅰ,Ⅲ − _ − _ , _ = , _ = , = 	 (m and n are 

integer, Ⅰ,Ⅲ are dielectric constant of the substrate and air, respectively). 
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Figure 3: (a) Calculated transmission spectrum of 2 nm gap sample with different thickness. (b) 

For the same system as that in the (a) panel, the dashed line depicts ( Ⅰ + Ⅲ) as a function 

of frequency. Straight lines correspond to the right-hand side of Eq. (2). (c) Calculated 

transmission spectrum of 400 nm gap sample with different thickness. 
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Fig. 3 depicts our numerical calculation presented above, which clearly shows

increased FE in thinner film. In case of 2 nm gap (a), remarkable blue-shifted 

spectra appear in thinner film, while in case of 400 nm gap (c), slightly red-

shifted spectrum is presented. Well quantitative agreement between the 

theoretical calculation and the regarding experimental results shown in Fig. 2(a) 

(even without any fitting parameter). 

Now, we qualitatively concentrate on physics underlying the two different 

phenomena. First, for very thin films (h ~ 0 nm) the cutoff resonance of both 2 

nm gap and 400 nm gap is only controlled by the coupling of the gap to radiative 

regions, � ~ 0 (substrate effect). As a result, they have almost same cutoff 

resonance, PQR� S T5
">#�U where �V = � ��

" , W� is the speed of the light in vacuum

[21,39]. On the other hand, when it comes to relatively thick film regime, the 

cutoff resonance tends to follows properties of waveguide slightly losing the 

substrate effect (blueshift). Considering that the ratio of gap plasmon effect to 

propagation constant is 
XR(478)
XR(/38)  ~0.05 for w = 400 nm and 

XR(478)
XR(/38)  ~ 1 for w = 2 nm 

at near the cutoff resonance, we recognize 400 nm gap is only controlled by the 

properties of the waveguide possessing a higher cutoff resonance, while in case 

of the 2 nm gap, the cutoff resonance is controlled by properties of waveguide 

possessing a lower cut-off frequency since gap plasmon strongly makes the 

cutoff resonance red-shifted [38].

Now, we attempt to understand the phenomena quantitatively by explicitly 

expressing the resonance condition under various geometries. In our case, electric 

14



field at the output side is expressed as �� = Z\]5 ^`
a�Z G^��Z G^�GZ\8bd̂

. We find that critical 

point occurs when its real part of the denominator is 0:

Re �� + � � = ��(� � Z\8
^ ), (2)

where second-order term of � , � is approximated to zero for sub-wavelength 

gap limit. Fig. 3(b) shows the graphical solution of equation (2) in case of 2 nm 

gap. It renders the dependence of both �� �� + � � and ��(g � Z\8
h ) versus 

frequency for several values of h = 10, 50, 90, 110, 130 nm, 150 nm (note that 

�� �� + � � does not change on h, see Eq. (1)). As indicated by dotted lines in 

Fig. 3(a) and (b), cutoff resonance appears when two values of the expression are 

the same. For further understanding of this phenomenon, getting the analytical 

expression is helpful. For our case where the gap plasmon effect is dominant, 

assuming j k l,  #��~500(1 + �), leading to the following spectral characteristic 

equation:

PQR� S
W� 2�`

:�V + ��j3A
.

From the expression, one can realize the term 
�	
o
 reflects the newly introduced 

gap plasmon effect. Also, we notice that a gap can be considered as substrate-

free when ��j p A . From the aforementioned resonance condition, we also 

analyze the resonance FE of the gap, which can be obtained from the expression 

of �� under the resonance condition. After several steps of simple algebra and 

approximation, we find:
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�QR�� S ]5
]��Z �Z ��XRq#��rtu

8 �v
w �8 , A�xj P = PQR�. (3)

The above analytical expressions for cutoff resonance frequency and FE is 

plotted as triangles in Fig. 3(a). The expressions follow the full calculation results 

very well, with error being slightly longer for extremely thin sample. Also, the 

term ��(#��) 
	
" (<

> )" in Eq. (3) reflects the gap plasmon effect. These relations 

imply that the cutoff resonance transmission is a complex function of film 

thickness, gap width, length, and dielectric environment. Also, considering that 

�y �� + � � is almost constant under change of h, we expect thickness-

dependent resonance FE in a form of
�

���	 where z, { are constant. Fig. 4 

represents the FE with different gap width (dots), well following a 
�

���	-type 

thickness dependence denoted as black lines. We perceive that there is an ultimate 

value when the thickness is nearly zero.
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���	-type thickness dependence.
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Chapter 5

Conclusion

In conclusion, we fabricate very thin-film THz MMS and experimentally 

demonstrate unusual electromagnetic response where the cutoff resonance is 

blue-shifted and electric FE increases dramatically with decreasing thickness. 

Theoretical analysis based on the modal expansion is also given demonstrating 

that the origin of the response mainly comes from the gap plasmon effect. We 

derive analytical expression for the performance of sub-10 nm wide gaps which 

are of great interest in nano- or angstrom optics. Our results open up intriguing 

possibility of substrate free nonlinear optics and sensing devices with extremely 

high FE previously unreachable.
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