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Effects of Structural Parameters
on Terahertz Field Enhancement
in Metal Nano Slit
Sanghoon Han
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The Graduate School
Seoul National University

Electric field enhancement inside metal-insulator-metal gaps,
especially slit structure, is investigated in Terahertz range.
Dependencies of field enhancement on slit width and thickness are
calculated by modal expansion method for perfect electric conductor
approximation and numerical finite difference time domain method for
real metal. Field enhancement increases as slit width and thickness
decrease. Slit thickness as well as width has a large influence on field
enhancement when the width becomes small. To explain the
tendencies we propose a model based on charge and capacitor
concept. In practice, fabricated metal slit which has a few nanometer
sized width usually shows asymmetric and tapered shape due to
complexity

of

fabrication

processes.

Dependence

of

field

enhancement on tapered angle in symmetric and asymmetric slit is
also investigated. Numerical results show that thickness of smallest
gap region is the most important for enhancement factor if tapered
i

angle is less than 70 degree. This confined field can be utilized to
enhance light-matter interaction. By placing metal nano gap
structure on vanadium dioxide film which has transition property
between Mott insulator and metal phase at the specific temperature,
we can observe enhanced interaction between vanadium dioxide film
and terahertz field.

Keywords : Field Enhancement, Nano Slit, FDTD, Capacitor Model,
Vanadium Dioxide, Terahertz.
Student Number : 2008-21004
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1. Introduction

Light is one of the most important thing in the world. We
experience light every day and everywhere. Many researchers have
devoted

to

understanding

and

manipulating

the

light.

Since

extraordinary optical transmission for arrays of sub-wavelength
holes has been reported [1], intense interests have been focused on
the metal structures from optical range to microwave regime. Metals
have negative permittivity in the frequency less than plasma
frequency, which comes from motions of free electrons of the metals.
Using this nature of metals, one can make a medium which shows
refractive index of high positive value[2, 3] or even zero index [4,
5], and can confine the light within very small area to overcome
diffraction limit and also to enhance intensities of light.
In electromagnetism, field enhancement has an important
meaning. There are many applications using high intensities of field
such as surface enhanced Raman scattering (SERS) [6-9], tip
enhanced Raman scattering (TERS) [10-12], harmonic generation
[13-16], optical rectification [17-19] and so on. Metal slit structure
is one candidate inside which electric field enhancement can be easily
achieved. Due to high conductivity of metals with long wavelength
[20], far infrared or terahertz (THz) wave is better to achieve large
field enhancement than short wave such as visible light [21]. THz
wave has wavelength from a few hundred micrometer to a few
millimeter scale, and is related to resonances of molecular motions
or phonon vibrations [22, 23]. So THz wave is appropriate for
investigating the material properties with high field enhancement of
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metal structures.
In this thesis field enhancement inside the metal slit with a few
nanometer sized gap will be presented. This thesis consists of three
major parts. First, calculation methods which were used to simulate
the structures are reviewed. There are finite-difference timedomain (FDTD) method and modal expansion method. FDTD is used
for real metal parameters and modal expansion method is used under
perfect conductor approximation which is adequate for metal in THz
regime. The system build-up for FDTD simulations is also described.
Second, theoretical studies about field enhancement inside the
metal slit with nm scale width at THz range are explored. Effects of
structural parameters of the slit on field concentration are studied.
Structural parameters include width, thickness, tapered angle, and
symmetry of the metal slit. FDTD and modal expansion calculations
are used to estimate the enhancement factors. A model based on
capacitor concepts is also proposed.
Third, a practical example which exploits field enhancement in
the insulating gap between metals will be demonstrated. To do this,
vanadium dioxide (VO2) film is merged into metal structures. VO2 is
one of strongly correlated materials which has phase transition at
specific temperature of about 68 degree Celsius, it changes from Mott
insulator

below

transition

temperature

to

metal

above

the

temperature.
When increasing temperature from room temperature, THz
transmission through bare VO2 film is not changed until ambient
temperature reaches transition temperature. However, transmission
of VO2 film placed under metal gap structures shows sensitive
response even at the room temperature.

2

2. Calculation methods

In this chapter two calculation methods which will be used for our
discussions are introduced; finite-different time-domain (FDTD)
and modal expansion method. FDTD is one of numerical calculation
methods and can be applied to simulations for metal structures with
real material parameters. On the other hand, modal expansion
consists of analytic equations under perfect conductor approximation.

2. 1. Finite Difference Time Domain (FDTD)
FDTD is a numerical analysis method for electromagnetic
problems. This algorithm was first established by Kane S. Yee [24],
so it also called Yee’s method. Because FDTD is time domain method
as the name suggests, researcher can calculate wide range of
frequencies by only one simulation.
In solving an electromagnetic problem, one usually solves
Maxwell’s equations with some boundary conditions. For a simple
problem it can be calculated by hand, but for complex one it requires
ability of machines such as computers. Maxwell’s equations include
derivatives and integrations, so the form of equations need to be
changed for computer calculation. FDTD is based on discretization of
Maxwell’s equations in microscopic forms. For example, Ex and Hy
components of propagating plane wave with z-direction are
calculated as follows:
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Figure 2. 1. Yee lattice of 2-dimensional space

In equations subscript means position of space and superscript
means time. The simulation space can be divided as Yee lattice shown
in Fig. 1. 1. In the concept of Yee lattice, it is assumed that electric
field and magnetic field exist alternatively in space and also
propagate alternatively in time. It is worth noting that subscript and
superscript of electric field and magnetic field in Eq. (2. 1) and Eq.
(2. 2) differ from each other by half interval of space and time,
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respectively. For example, Hy at t=t1+△t/2 is calculated with Hy of
the same position at t=t1-△t/2 and adjacent Ex at t=t1 from Eq. (2.
1). Next, Ex at t=t1+△t can be calculated with Ex of the same position
at t=t1 and adjacent Hy at t=t1+△t/2 from Eq. (2. 2) which was
calculated just before. The same process is repeated until enough
simulation time passes.
In practical simulations selecting proper time interval (△t) and
grid size (△z) is important. Calculation error is reduced as △t and
△z become smaller, while simulation time increases. To satisfy the
convergence condition of t  z / n  c0 by Courant condition [25] in
which n is the dimension of the simulation and c0 is speed of light,
c0 t / z was set by 0.5. In the case of △z, it is good for accuracy

empirically when △z is set to the value less than 1/16 of wavelength
in dielectric medium. But △z is need to decrease to few nm or less
in the metal region. In our FDTD codes non-uniform grid size was
adopted for efficient simulations [26, 27]. As incident wave, plane
wave was implemented with a concept of total field and scattering
field. Because simulation area is finite, electromagnetic fields need to
be absorbed in the edge of the simulating space. Otherwise, the fields
which are regarded as to be propagating to the free space will be
reflected at the simulation boundary. To do this, perfectly matched
layer (PML) was also implemented [25]. In PML, imaginary of
dielectric

constant

increases

gradually

for

absorption

impedance of the material is maintained for anti-reflection.
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while

2. 2. Build-up System for FDTD
To do FDTD simulations there are two requirements. First one
is hardware system and the other is software program. First,
hardware system consists of several computers, that is, a cluster. A
cluster has one master node and several slave nodes. Master node
manages and operates slave nodes. When conducting FDTD
simulations, one connects a master node to set the simulation and run.
Slave nodes are used only for calculations. A cluster which I
participated in build-up is shown in Fig. 1. 2. We adopted the concept
of diskless cluster [28]. There is no storage device such as hard
disks in slave nodes. There are only volatile memory devices in slave
nodes. Hard disks are only mounted in master node. This reduces
cost of a cluster considerably. The weak point of this is that there
imposes a heavy load in master node when simulated data is saved.
Therefore simulations need to be so dispersed that none of the saving
works overlap. In build-up of systems cooling is very important.
Excess of heat can cause damages to the cluster and also errors of
calculations. To prevent this two air conditioners were installed near
the cluster.
Together with hardware setup, software environment is also
needed. We installed CentOS linux as an operating system because
of stability. FDTD algorithm was coded in C++ language. For parallel
computing MPICH has been used. MPICH is one of message passing
interface (MPI) applications. The progress of running FDTD is need
to be checked while a simulation is conducted. To do this a monitoring
program named Ganglia was installed. Using this program one can
easily check in the website which slave nodes are running FDTD
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simulations.

Figure 2. 2. Built-in CPU cluster. 64 computers are connected by Giga-bit
LAN. For simplicity there are several hard disks only in master node
computer and no hard disk drive in every slave node computer.

7

2. 3. Modal Expansion Method
Modal expansion method is a coupled-mode formalism of the
electromagnetic fields. Modal expansion is based on completeness of
Fourier expansion or Fourier transform. Field distribution along a
specific boundary can be expressed integrals of wave vector
components in non-periodic case or summations of wave vector
components in periodic case. In modal expansion calculations, overall
space is divided by several subspaces and fields in each subspace are
defined by integrals of wave vector components with a set of
unknown variables. From continuity of fields at the interfaces of
subspaces, unknown variables can be calculated. Initial boundary
condition and orthogonality between wave vector components are
used for calculations. Metal-insulator-metal (MIM) gap structure
was already calculated by this technique in previous paper [29]. But
in this paper there exist 3 layers of input space as substrate, MIM
gap, and output free space. To calculate for effects of a film between
the metal structure and substrate, I derived modal expansion
formalism with additional layer. The detailed calculations are
described in next section.

2. 4. Modal Expansion for metal slot on a film
In this section derive the formalism about a metal slot on a film
with substrate is described by modal expansion method. The
structure is defined in Cartesian coordinates as shown in Fig. 2. 3.
There are 4 layers. These layers can be interpreted by two ways.
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First is that region 1 is input side free space, region 2 is metal slot
structure, region 3 is substrate with finite thickness, and region 4 is
output side free space. Second is that input free space, metal slot,
film with finite thickness, and substrate, respectively. Slot length,
width, metal thickness, film thickness are denoted by a, b, h, d,
respectively. When length is set by infinity the structure becomes
metal slit. Incident wave is assumed to be plane wave propagating
from top of the region 1.

Figure 2. 3. Structure for modal expansion method.

From Maxwell’s equations of
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At the interfaces between two regions, continuities of electric
and magnetic fields should be satisfied, respectively.
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(2. 4)
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Substitute Eq. (2. 4) into Eq. (2. 5),
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(2. 6)
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(2 )

2







dx dy





,

x 

)  Ae
a 

i

h
2

 Be

'  k x ' x  k y ' y

 i

h
2





on both

sides of the equation
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From   H  0


 H  xHx   yH y  zHz
i

 (ik x q x  ik y q y  ik3 z qz )e e

h
 ik 3 z ( z  )
2

i

 (ik x p x  ik y p y  ik3 z pz )e e

h
ik 3 z ( z  )
2

 0 for x, y , z  region 3

ik x q x  ik y q y  ik 3 z q z  0
ik x p x  ik y p y  ik 3 z p z  0
From E x  0 ,





qy 
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z
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k3z p z  k x p x
ky

(2. 8)

(2. 9)

ik y q z  ik y p z  (ik 3 z q y  ik3 z p y )  0
k y q z  k y p z  k3 z q y  k3 z p y  0
k y q z  k y p z  k3 z

k3 z q z  k x q x
k p  k x px
 k3 z 3 z z
0
ky
ky

( k y2  k 32z )q z  (k y2  k 32z ) p z  k x k 3 z q x  k x k 3 z p x
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k x k3 z
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k y2  k 32z

(2. 10)

Substitute Eq. (2. 10) into Eq. (2. 7),
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)
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(2. 12)
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dx
e
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Multiply

sides of the equation,

1
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q x  k x q z )e ik 3 z d  ( k x p z  k 3 z p x )e ik 3 z d 

1
k 0 4

(k 4 z f x  k x f z )
(2. 13)
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1
dk x dk y ( k y f z  k 4 z f y ) e i
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1 
i'
dx
e
and (2 ) 2   dy ,  '  k x ' x  k y ' y on both
Multiply

sides of the equation,

1
k 0 3

(k q
y
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 k 3 z q y )e ik 3 z d  ( k y p z  k 3 z p y )e ik 3 z d 

1
k 0 4

(k y f z  k 4 z f y )
(2. 14)


From   H  0 ,
ik x f x  ik y f y  ik 4 z f z  0



fy 

k4z f z  k x f x
ky

(2. 15)

Substitute Eq. (2. 8), (2. 9), and (2. 15) into Eq. (2. 14),
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1
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 k 32z ) q z  k x k 3 z q x e ik 3 z d  ( k y2  k 32z ) p z  k x k 3 z p x e  ik 3 z d


 dk

1

1

4

(k

2
y

 k 42z ) f z  k x k 4 z f x
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dk y q x e i e ik 3 z d  p x e i e  ik 3 z d   dk x dk y f x e i
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1
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(2 )
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dx dy





,



'  k x ' x  k y ' y

on both

sides of the equation,

q x e ik3 z d  p x e  ik3 z d  f x

(2. 17)

In similar ways from continuities of Hy and Hz,

q y e ik3 z d  p y e  ik3 z d  f y

(2. 18)

q z e ik3 z d  p z e  ik 3 z d  f z

(2. 19)

Substitute Eq. (2. 8), (2. 9), and (2. 15) into Eq. (2. 18),

k 3 z q z  k x q x ik3 z d k 3 z p z  k x p x ik3 z d k 4 z f z  k x f x


e
e
ky
ky
ky

k 3 z (q z e ik3 z d  p z e ik3 z d )  k x (q x e ik3 z d  p x e ik3 z d )  k 4 z f z  k x f x
k 3 z (q z e ik3 z d  p z e ik3 z d )  k x f x  k 4 z f z  k x f x
fz 

k3 z
(q z e ik3 z d  p z e ik3 z d )
k4 z
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(by Eq. (2. 17))
(2. 20)

Calculate with Eq. (2. 19) and Eq. (2. 20), then

q z e ik3 z d  p z e ik3 z d 

k3 z
(q z e ik3 z d  p z e ik3 z d )
k4 z

(k 4 z  k 3 z )q z e ik3 z d  (k 4 z  k 3 z ) p z e  ik3 z d
q z e ik3 z d 

k3 z  k 4 z
p z e ik3 z d
k3 z  k 4 z

p z e ik3 z d 

k3 z  k 4 z
q z e ik3 z d
k3 z  k 4 z
qz 

k 3 z  k 4 z ik3 z d
e
fz
2k 3 z

(2. 21)

pz 

k 3 z  k 4 z ik3 z d
e
fz
2k 3 z

(2. 22)

Substitute Eq. (2. 21) and (2. 22) into Eq. (2. 10),

 k3 z  k 4 z ik3 z d k3 z  k 4 z ik3 z d 
k k

 f z  2 x 3 z 2 (q x  p x )

e
e
2k 3 z
k y  k3 z
 2k 3 z

 k 3 z cos(k 3 z d )  ik 4 z sin(k 3 z d ) 
k k
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k y  k3z
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k x k 32z
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Meanwhile, substitute Eq. (2. 19) into Eq. (2. 13),
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1

4
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(2. 23)

3zd

 p x e ik3 z d )   3 k 4 z (q x e ik3 z d  p x e  ik3 z d )  ( 3   4 )k x f z
(by Eq. (2. 17))

 k3 z cos( k3 z d )  k4 z i sin( k3 z d )
k x k32z

k y2  k32z
fz  2

k x k 32z

k y2  k 32z
fz

fz

3zd
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(2. 24)

k3 z cos(k3 z d )  ik4 z sin( k3 z d )
2 3k4 z cos( k3 z d )  2i 4 k3 z sin( k3 z d )

( 3   4 )k x  ( 4 k3 z   3k4 z )e

ik 3 z d

(by Eq. (2. 23))
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k y2  k32z
fz
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(Substitute Eq. (2. 23), (2. 24) into this)
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  3k 4 z )eik 3 z d  ( 3k 4 z   4 k3 z )e  ik 3 z d p x  ( 3   4 ) k x f z  ( 4 k3 z   3k 4 z )eik

( 3   4 ) k x  ( 4 k3 z   3k 4 z )eik 3 z d k3 z cos( k3 z d )  ik 4 z sin( k3 z d )
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 3k4 z cos( k3 z d )  i 4 k3 z sin( k3 z d )

k x k 32z

k y2  k 32z

k x k32z

k y2  k32z

fz
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 3k 4 z cos(k3 z d )  i 4 k3 z sin(k3 z d )k3 z cos(k3 z d )  ik4 z sin(k3 z d )
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q  px
 x

qx  px
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Substitute Eq. (2. 26) into Eq. (2. 12),

q x  p x  C (q x  p x )  C

From Eq. (2. 25) and (2. 11),

(2. 25)

( 4   3 )k x2 k32z
 k cos(k3 z d )  i 3k 4 z sin(k3 z d )
 4 3z
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 C (k x , k y )



(2. 27)

* Two equations of Eq. (2. 6), (2. 27)
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Meanwhile, electric fields along the slot of input and output are
h
h
i 
h
 x    i 2
 Be 2 
Ein  E ( z  )  cos   Ae
2
 a 

II
y

h
h
 i 
h
 x   i
Eout  E yII ( z   )  cos   Ae 2  Be 2 
2
 a 


Averaged values of these electric fields are
h
h
i 
1   i 2
2

Ae
Be


2


E

h
h
i 
1  i 2
2

Ae
Be


2


E'  

Rearrange these equations,
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  2E'
 2

1
E  cos(h) E '
i sin( h)

Substitute these into Eq. (2. 6) and Eq. (2. 27),
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E is averaged electric field amplitude of input-side of the slot,
and E’ is that of output-side. I0 accounts for incident illumination and
Σ is related to the bouncing back and forth inside the metal slot. Gv
represents the electromagnetic coupling between slot input and
output. Gk take into account the self-coupling of slot at region k.
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3. Field Enhancement Dependence on Width and
Thickness of Metal Nano Slit at Terahertz
Regime

25

3. 1. Introduction
Here electromagnetic field enhancement of metal slit structure is
investigated at THz frequency. Metal-insulator-metal slit is a simple
structure in which electromagnetic field can be easily enhanced. In
previous research [21], field concentration inside a metal slit in THz
region was studied with at least 70 nm width. The research showed
that field enhancement factor increases as slit width decreases as
shown in Fig. 3. 1. One question will arise at this point; with how
small the width field enhancement inside the slit can increase? In the
region of only a few nm scale width, tendency of increasing field
enhancement factor may change. Quantum effect may reduce field
enhancement

even

in

sub-nm

scale.

In

this

chapter

field

enhancement in metal slit with a few nm scale width is explored in
classical regime in which there assumes to be no quantum effect. It
will be criteria for comparison when quantum-related phenomena are
studied in sub-nm gaps. Together with width dependence, thickness
dependence on field enhancement is also presented.

Figure 3. 1. Field enhancement factor inside metal slit structure as a
function of frequency. Each line means different slit width. The value of slit
width is depicted in the legend. This graph is adopted from [21]
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3. 2. Effects of Width and Thickness of Nano Slit on
Field Enhancement
The structure is shown in Fig. 3. 2(a). A single slit is on the
substrate with refractive index nd inside slit. Width and thickness of
the slit is assumed to be much less than skin depth of the metal. In
THz regime, skin depth of metal usually in micrometer scale. Fig. 3.
2(b) shows schematic of field enhancing process with electric field
pattern. The incident field induces current in the slit metal. And the
induced current causes charge accumulation in the slit side wall. By
this charges, electric field inside slit is enhanced. In this study, the
term 'field enhancement' is defined as ratio of electric field through
slit on substrate at slit output to that through only substrate. The
electric field parallel to slit width is mainly enhanced inside the slit,
so

only

that

component

is

considered

for

calculating

field

enhancement.

Figure 3. 2. (a) Metal slit structure with nanometer scale width and
thickness (b) Schematic of field enhancing process with electric field
distribution parallel to the slit width direction. Arrow means induced
current. Charge accumulation from induced current causes electric field
enhancement inside the slit.
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We investigate the slit structure by two methods, mode
expansion for perfect electric conductor (PEC) case and Finite
Difference Time Domain (FDTD) simulation for gold metal which are
described in chapter 2. In FDTD, drude model is used to implement
Au metal, and drude parameters are ε∞ = 1, ωp = 1.37⨯104 THz,
γ = 40.7 THz [21]. For efficient simulations the grids are divided
non-uniformly. The minimum grid size is set by 0.25 nm.
The calculated results of field enhancement as a function of width
and a function of thickness are plotted in Fig. 3. 3 and Fig. 3. 4,
respectively. Solid line means PEC case by mode expansion and
symbol means Au case by FDTD. The range of width and thickness
are from 1 nm to 1,000 nm. Dielectric constants of substrate and
material inside slit are 3.80 for SiO2 and 1.00 for air, respectively.
These results are calculated at the frequency of 0.5 THz. In these
simulations we restrict the calculations to the classical regime. It is
noted that the graph is plotted in log-log scale. Field enhancement
becomes larger as slit width or thickness goes smaller, but tendency
of increase changes. When the thickness is fixed, field enhancement
follows 1/wc with c of 0.88 asymptotically in the range of large width.
In the case of small width, c becomes small. And the larger thickness,
the smaller c with the same width as shown in Fig. 3. 3. Similarly,
field enhancement follows 1/td with d of 1.0 for large thickness and
fixed width. When thickness decreases, d also decreases. And the
larger width, the smaller d with the same thickness as shown in Fig.
3. 4. With the similar dimensions between width and thickness, slit
width has a larger influence on field enhancement than slit thickness.
Field enhancement of 10,000 can be achieved with 1 nm width and
10 nm thickness at 0.5 THz.
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Figure 3. 3. Field enhancement dependencies on width of the slit. Colored
solid lines are from PEC slits and symbols are from Au slit. Black solid line
shows 1/w fitting. Black dashed lines indicate calculations from the
capacitor model for each case with fitting parameter p of 0.95.

Figure 3. 4. Field enhancement dependencies on thickness of the slit.
Colored solid lines are from PEC slits and symbols are from Au slit. Black
solid line shows 1/t fitting. Black dashed lines indicate calculations from the
capacitor model for each case with fitting parameter p of 0.95.
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Compared with PEC case and Au case, the difference between
field enhancement of PEC slit and that of Au slit occurs only when
the thickness is less than 5 nm. This difference comes from reduction
of induced current by direct transmission through very thin Au film
to which the field enhancement is attributed.
Charge distributions are shown in Fig. 3. 5. They are calculated
using the equation, ▽•E=ρ/ε0. For comparison, four cases with
width and thickness of 10 nm and 100 nm are plotted. All four
distributions are in the same scale, and inset shows enlarged image
near each slit. Coincident with Fig. 3. 3 and 3. 4, slit with smaller
width and thickness has higher charge density at the slit side wall. It
is worth noting that charges exist along the interface between metal
and dielectric. This comes from large |εm| of Au at THz frequency.
And charge densities are almost the same along the slit side wall in
each case. These two properties are very similar to that of capacitor
in electric circuit.

Figure 3. 5. Charge distributions of slit structures. All graphs are in the
same scale. The charges exist along the interfaces of slit metals and
surrounding dielectrics.
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3. 3. Modeling using Capacitor Concept
To explain the tendencies, we propose a model based on a simple
capacitor concept. Two sides of slit walls are regarded as one
capacitor as shown in Fig. 3. 6. There are several assumptions in this
model. (1) Charges exist only at the interfaces between metals and
dielectrics. (2) Charge distributions have the form of Ax-p in which
p is the only fitting parameter [30]. (3) The induced charges from
incident field are distributed in the slit by one lambda length which is
called lambda-zone [31]. (4) Charge distribution of slit output side
is almost the same as that of input side. These assumptions are
supported by the fact that dielectric constant of the slit metal is large
at the THz regime and slit width and thickness are much less than
skin depth.

Figure 3. 6. Schematic of the capacitor model.

With above assumptions, field enhancement can be calculated as
follows:
Because induced charges exist in a lambda-zone,
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Substitute Eq. (3. 2), (3. 3) into Eq. (3. 1),
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Substitute Eq. (3. 4) into Eq. (3. 3),

w
Q23  A( )  p t 
2

tQind

t

1 
2

(2  w)(  1)  p  w

1 p 
w


(3. 5)

Meanwhile,

Qind    s dA 
Z

1 
2 H 0 2  sub

K  nˆ dl 

i Z
i
i

 
0
E0  0 sub E0
i
0
(3. 6)

Substitute Eq. (3. 6) into Eq. (3. 5),
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By capacitor equation,
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With Eq. (3. 7) and (3. 8), field enhancement (FE) can be
calculated.
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 1


, where w is width of the slit, t is thickness of the slit, nsub is index of
substrate, εd is dielectric constant of the gap material, and p is fitting
parameter which has a value between 0 and 1.
From Eq. (3. 9), it is found that reducing width, thickness,
dielectric constant of the gap material and increasing wavelength
cause high field enhancement. Calculated field enhancement factors
from this equation are plotted in Fig. 3. 3 and Fig. 3. 4 in the form of
black dashed lines. The fitting parameter p is set by 0.95. The results
from numerical methods and the model are in good agreement.
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Figure 3. 7. (a) Schematic of the capacitor model with a path along which
graphs of (b) and (c) are plotted. (b) charge densities when width changes
from 20 nm (blue line) to 10 nm (red line) with 100 nm thickness, (c)
charge densities when thickness changes from 100 nm (blue line) to 50 nm
(red line) with 20 nm width. Arrows indicate movement of charges.

Fig. 3. 7(b) shows charge densities when slit width changes from
20 nm (blue line) to 10 nm (red line) with 100 nm thickness. Because
the area under the charge density curve means the amount of charges,
integral of each curve along the path from ① to ④ in Fig. 3. 7(a)
has the same value by the lambda zone theory. When slit width
decreases, more charges are attracted to slit side wall from blue
shaded region to red shaded region in Fig. 3. 7(b) and the electric
field is more enhanced and confined.
Charge densities with slit thickness which changes from 100 nm
(blue curve) to 50 nm (red curve) with 20 nm width are shown in Fig.
3. 7(c). In this case a portion of charges in slit side wall (blue shaded
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region) moves both remained side wall (red shaded region) and outer
interface (green shaded region). When the thickness is large, green
shaded region can be ignored as compared with red shaded region,
so enhancement tendency follows 1/t. But as the thickness becomes
smaller, green shaded region cannot be ignored anymore and
enhancement tendency also changes.

Figure 3. 8. Electric field distributions along the outer metal surface of the
slit. Electric field follows x-1 tendency in vicinity of the gap and then
changes to follow x-0.5 tendency as distance increases.

In the capacitor model, fitting parameter is calculated by 0.95. To
elucidate its physical meaning, we plotted electric field amplitude
along the outer metal surface of the slit in Fig. 3. 8. X axis is depicted
in inset of the figure. Under PEC approximation electric field has only
one component perpendicular to the metal surface. In vicinity of the
slit aperture, electric field follows x-1 tendency. However, the field
follows x-0.5 tendency as distance increases. It can be assumed that
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there is a line source at the slit. And for line source emission over a
PEC surface, the emitted field is a cylindrical wave with attenuation
behavior of x-0.5 in the far field [30, 32]. In the near field coupling
between two edges of slit may change the tendency as x-1. Even
though the length in which electric field follows x-1 tendency is
shorter than the length in which the field follows x-0.5, calculated
fitting parameter p of 0.95 is close to 1 because of larger field
amplitude near the slit aperture.
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4. THz Field Enhancement in Asymmetric and
Tapered Nano Slit
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4. 1. Introduction
In previous chapter, we investigated the dependence of width and
thickness on the field enhancement factor inside the metal slit in THz
regime. When light goes through a gap between two metals, field
concentration is achieved inside the gap. The field enhancement
becomes higher as the gap becomes narrower. For achieving high
field enhancement in the slit at THz frequency, large-sized metal
planes with nanometer-scale gaps are needed. One representative
restriction

is

sample

fabrication.

Conventional

electron-beam

lithography and focused ion beam technique are adequate for making
nm-scale gap, but it is hard to form the size under 10 nm by these
techniques. As researchers have introduced deposition method to
form the insulating gap, sub 10 nm can be achieved [33, 34]. Recently
the technique which forms a few nm vertical gap between the metals
was developed by atomic layer deposition (ALD) and taping [33], and
this type of sample fabrication without taping technique was also
achieved [34]. These techniques enable measurement of optical
transmission characteristics of a sample which has a few nm gap.
However, complexness of these fabrication skills makes the yield low
and fabricated sample shape asymmetric.
Cross-section scanning electron microscopy (SEM) images of
two samples fabricated by these methods are shown in Fig. 4. 1(a).
The samples are rectangular ring arrays in which a unit cell consists
of inner gold metal and outer gold metal separated by thin insulating
alumina spacer. Inplane dimension of a rectangular ring is 50 m x 50
m, and insulating gap between metals is about 5 nm. Although two
samples have the same inplane dimension with the same gap width,
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they show different transmission characteristics. Fig. 4. 1(b) is field
enhancement

spectrum

estimated

from

THz

transmission

measurement by Kirchhoff formalism [35]. There are different peak
positions and field enhancement values between two samples. This
means that metal thickness and shape of the gap structure affect the
transmission characteristics and also field enhancement inside the
gap.

Figure 4. 1. (a) Cross section SEM images of Au-Al2O3-Au gap samples.
Shapes of the structures are asymmetric and tapered. (b) THz transmission
measurement data of gap samples. Sample 1 and sample 2 are both
estimated to have 5 nm gaps. Estimated field enhancement data show
different resonance positions and enhancement values, which means that
characteristic of the structure is determined by gap shape.

In this chapter we investigate asymmetric and tapered gap
between metals at THz regime. We used 2-dimensional finitedifference time-domain (FDTD) method to simulate the structures.
By calculating field enhancement of the gap with changing tapered
angle and thickness symmetrically and asymmetrically, the effects of
gap shape and symmetry on field concentration between metals were
examined.

39

4. 2. Effects of Asymmetric and Tapered Shape of
Nano Slit on Field Enhancement

Figure 4. 2. A schematic of structure for FDTD simulations. Here, w is fixed
to 5 nm. To calculate field enhancement factor, electric field at output side
of 5 nm gap (depicted by red dashed line) is normalized by transmitted field
when there is no metal gap structure.

A schematic of the structure for FDTD is shown in Fig. 4. 2. In
the

simulations

non-uniform

grid

was

adopted

for

efficient

calculations [26, 27]. The minimum resolution was set by 0.25 nm in
the vicinity of the gap. Gap width, w, and overall thickness, t, were
fixed at 5 nm and 200 nm, respectively. Gap material was assumed
to be alumina with refractive index, ngap, of 2.12 and substrate was
set to be sapphire with nsub of 3.4. Although gap material and
substrate had the same chemical formula as Al2O3, thickness
dependent refractive index was considered [36]. Au metal was
implemented using Drude model, in which plasma frequency and
damping frequency are 1.37×104 THz and 40.7 THz [21]. Incident
source was plane wave of THz pulse with center frequency of 0.5
THz. The simulations were conducted under transverse magnetic
mode. We calculated field enhancement factor as average electric
field normalized by incident electric field along the smallest gap
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output part which is depicted by red dashed line in Fig. 4. 2.
As you can see in Fig. 4. 3, the structure can be classified into
four types according to tapered angle, θ; θl=θr=90° for symmetric,
non-tapered; θl=90°, θr=0° for asymmetric, non-tapered; θl=90°,
0°<θr<90° for asymmetric, tapered; 0°<θl=θr<90° for symmetric,
tapered structure. In Fig. 4. 3 overall thickness, t, is 200 nm and gap
thickness, tgap, is 50 nm. Tapered angle, θ, is set by 60° for tapered
structures. Alumina as gap material was placed side of thick metal in
the case of asymmetric structures to demonstrate practical sample
shape of fabrication, and was placed inside only 5 nm gap region in
symmetric structures to maintain the symmetry. FDTD results for
each structure are plotted in Fig. 4. 3(b)-(c); x-component of
electric field distributions and current density distributions. Each
point of these plots was calculated from 0.5 THz frequency
component of Fourier transform. As shown in Fig. 4. 3(b) electric
fields are concentrated inside the gap. These enhanced electric fields
have similar intensities in four cases even though radiation patterns
are somewhat different. When electromagnetic wave impinges on the
metal structure, the incident field induces current inside the metal.
Because thickness of the metal is thinner than skin depth, multiple
reflection occurs in the metal and the current flows inside the overall
metal. The induced current, however, is concentrated on the vicinity
of the smallest gap as shown in Fig. 4. 3(c). Although current density
of symmetric and non-tapered structure looks like much higher one,
densities along the metals of smallest gap are little different for four
cases.
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Figure 4. 3. (a) Four classified structures according to tapered angle (θl,
θr). X-component of electric field distributions (b) and of current density
distributions (c) for each structure are plotted. In all cases, overall
thickness, t, and gap thickness, tgap, are 200 nm and 50 nm, respectively. In
tapered cases, tapering angle is set by 60°. It is shown that there are
similar field intensities at output part of the 5 nm gap in all cases.
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Figure 4. 4. Gap thickness dependence on field enhancement factor from
FDTD simulations. t is set by 200 nm and tapered angle is 60°. Even though
field enhancement of asymmetric, tapered case is smaller than that of other
cases, the difference is less than 11 percent.

Figure 4. 5. Tapered angle dependence on field enhancement factor from
FDTD simulations. t and tgap are set by 200 nm and 100 nm, respectively.
Until tapered angle changes by 70° from non-tapered case (θ=0°), there is
little changes in field enhancement.

Field enhancement factors as functions of tgap and θ are plotted in
Fig. 4. 4 and 4. 5, which were averaged along the output of 5 nm gap.
In Fig. 4. 4, t was set by 200 nm and θ by 60°. Field enhancement is
higher as tgap becomes smaller. When tgap equals t, four types of
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structures become the same one. As tgap is decreased, differences
occur

in

field

enhancement,

but

not many.

Especially

field

enhancement values between tapered and non-tapered cases are
little different. The differences between enhancement factors of
symmetric and asymmetric cases are less than 11 percent. This
means that tgap is the most important factor in determining the field
enhancement. Dependence of tapered angle on field enhancement
inside the gap is represented in Fig. 4. 5. At this time t and tgap was
fixed at 200 nm and 100 nm, respectively. When θ is 0°, the structure
is non-tapered. It changes to be tapered as θ gets some value, and
when θ reaches 90° it becomes non-tapered and symmetric. It is
worth noting that field enhancements are almost the same with
tapered angle smaller than 70° for each symmetric and asymmetric
case. Field enhancement factor with θ of 80° even shows differences
by about 5 percent with that of θ=0° case.

Figure 4. 6. Schematics of modeling using capacitor concepts. Overall
structure can be regarded as parallel connected capacitors. And capacitor of
tapered part is approximately divided several capacitors in parallel with
increasing distance.

Under perfect conductor approximation the overall structure can
be regarded to be two capacitors in parallel. One is a capacitor of the
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smallest gap region and the other is that of tapered region, which can
be again divided by several capacitors approximately as shown in Fig.
4. 6. Using simple capacitor equations, capacitance per unit length
can be calculated as follows:
Ctotal  C gap  Ctapered   0 gap
n

Ctapered    0
m 1

y
dm

t gap
w

 Ctapered

, where d m  w 

(4. 1)

2m  1y
t
, y 
tan 
n

(4. 2)

In calculation for capacitor of tapered region, capacitance
between j-th segment and k-th segment (j≠k) was ignored. If it is
assumed that total induced charges accumulated on the side of metals
do not change, then electric field is inversely proportional to
capacitance (E∝1/C). Using Eq. (4. 1), Eq. (4. 2), and this
proportionality,

we

plotted

calculated

field

enhancement

for

symmetric and tapered case as dotted line in Fig. 4. 5 when
enhancement factor with θ=0° was assumed to have the same
value as that of FDTD result. Calculation of capacitor model shows
similar tendency with FDTD. Capacitance of the structure does not
change so much until θ is less than 70°. That is, the capacitance is
almost proportional to the smallest gap thickness if θ is less than 70°.
The dependencies of the capacitance mainly on the smallest gap
thickness can cause shifts of resonance frequencies shown in Fig. 4.
1. Field enhancement of the model also shows smaller value than that
of FDTD despite of underestimation of capacitance by ignoring
cross-coupling between different segments. This may be due to the
change in total amount of accumulated charges on the side of metals.
As θ increases from 0°, a part of charges on the smallest gap goes to
tapered region, and charges on the outer part of metals also will come
to the side of metals. These additional charges will make field
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enhancement factor larger than that of the model.
In conclusion, field enhancement in asymmetric and tapered gaps
between two metals with width of 5 nm was examined at THz regime
by numerical studies. FDTD results show that thickness of smallest
gap region is the most important for enhancement factor if tapered
angle is smaller than 70 degree. In the fabrication by taping method
to form a few nm insulating gap, making thickness differences
between two metals can be helpful for taping process and also
beneficial

for

achieving

high

field

enhancement.

In

optical

transmission experiments, one can take advantage of this result
especially in high frequency regime. One usually measures far field
component and estimates near field component from the data by
Kirchhoff formalism [35]. If making only one metal thick instead of
two thin metal layers or making tapered structure with thick metal
layers, field enhancement inside the gap will change little. However,
direct transmission through metal film which is unwanted background
signal will be quite reduced.
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5. Metal Nano Gap Structures on Vanadium
dioxide (VO2) film
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5. 1. Introduction
In this chapter applications of field enhancement in the insulating
gap between metals at THz regime are demonstrated. Here nano slot
is introduced rather than nano slit to take advantage of resonance of
the slot [37-39]. Higher field is concentrated inside the slot at the
resonance frequency, and additional information can be obtained from
shift of the resonance frequency. The structures are fabricated in the
form of slot arrays because signal to noise ratio (SNR) is important
in experiments and there is too small signal with only one slot.
For time-harmonic fields power absorption P in a lossy medium
can be calculated by a formula:

P   J  E * dv    E dv
2

V

(5. 1)

V

where V and  are the volume and the conductivity of the lossy
medium, J and E are current density and electric field respectively.
It is worth noting that absorption is proportional to the square of the
electric field so that absorption with enhanced electric field in small
volume is much larger than that with non-enhanced electric field in
large volume. In the case of metallic structure with an insulating gap
much smaller relative to wavelength, only electric fields are highly
enhanced while magnetic fields change little [21]. This selective
enhancement in the near field of the gap causes absorption
enhancement of a material in the vicinity of the gap [40]. That is,
interaction between electromagnetic wave and the material can be
increased.
In this chapter, metal structure of slot arrays on vanadium
dioxide (VO2) film is demonstrated to investigate interaction between
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electromagnetic fields of the slots and VO2 material. VO2 is adequate
for the purpose due to conductivity of VO2 which varies with ambient
temperature.

THz

transmission

experiments

and

numerical

calculations are conducted with fabricated samples. The following
sections describe fabrications of slot arrays on VO2 film, properties
of bare VO2 film, and results of experiments and calculations for nano
gap patterned VO2 film.
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5. 2. Sample Fabrications
Fabrications for metal structure of slot arrays on VO2 film consist
of two primary processes. First is preparation of VO2 film. Second is
making metal structure with slot arrays. It is well known that VO2
film

deposited

on

sapphire

substrate

shows

good

transition

properties [41-43]. So the substrate of samples were chosen to be
C-plane sapphire which has the thickness of 430 m.

5. 2. 1. Preparation of VO2 film

There are three methods for deposition of VO2 film; pulsed laser
deposition (PLD) [44], sputtering [45], and sol-gel method [46, 47].
In PLD method, the laser pulse generated from a KrF excimer
laser with 300 mJ pulse energy and 10 Hz repetition rate hit a
vanadium metal target. The vaporized vanadium spread as a plasma
plume and reacted with oxygen to form VO2 on the substrate. The
sample was kept at 700 oC under oxygen atmosphere of 30 mTorr
during the deposition. The deposition rate was about 5 nm per min.
In sputtering method reactive radio frequency (RF) sputtering
system was used. The target was vanadium metal with 4 inch
diameter. O2 gas mixed with Ar was injected to the chamber. Flow
rates of O2 and Ar gas were 0.7 and 30 sccm by mass flow controller
(MFC), respectively. The operating pressure was 5 mTorr. Forward
power of 200 W was applied for sputtering process. Color of
generated plasma was light violet as shown in Fig. 5. 1. This color
was from violet color of Ar plasma and white light of O2 plasma.
During deposition, the substrate was rotated with 3.3 rotation per
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minute, and temperature of the substrate was kept at 550 oC by SiC
heater. The deposition rate was about 4 nm per min.

Figure 5. 1. Plasma of O2 mixed with Ar gas in the sputtering chamber.

Finally in sol-gel method, a solution with 0.12 M concentration
which was prepared by synthesizing vanadium triisopropoxide,
VO(OC3H7)3, in isopropanol using a catalyst of acetic acid was spincoated onto the substrate with a spin rate of 2000 rpm for 20 seconds.
The coated film was dried at 250 oC for 3 min on a hot plate to remove
the excess alcohol. The procedure was performed in air to partially
hydrolyze the alkoxide film with ambient. These spin-coating and
drying processes were repeated as the thickness reaches desired
value. The thickness per one repetition was about 30 nm. After spincoating and baking processes a heat treatment was done at 410 oC
for 30 min in air. The film color changed to orange-yellow which
mainly consists of V2O5 phase. To form VO2 phase through a
reduction process, subsequent annealing of the film was carried out
in a 25 mTorr pressure of oxygen ambient in the chamber.
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Figure 5. 2. SEM images of VO2 films deposited by (a) PLD,
(b) sputtering, and (c) sol-gel method.

In deposition of VO2 film on the substrate oxygen pressure plays
a crucial role because various forms of vanadium oxide exist; for
example, V2O3, VO2, V2O5, etc. VO2 phase may not be formed with
some changes in the state of equipment. The tuning of gas pressure
is needed in that case. When resistance measurement is done with
the film, it shows higher resistance with the sample which fabricated
in excess oxygen pressure ambient.
Deposited VO2 film shows grain boundary as shown in Fig. 5. 2.
Because of this, each grain of VO2 is not connected with each other
when deposition time is too short. Fig. 5. 3 shows VO2 deposited
surfaces with increasing deposition time from 1 min to 5 min by PLD.

Figure 5. 3. SEM images of sample surfaces when VO2 deposition by PLD is
carried out for (a) 1 min, (b) 3 min, and (c) 5 min.
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5. 2. 2. Fabrications of slot arrays on VO2 film

There are two techniques for making slot arrays according to gap
width range. For larger gap of 100 nm order, e-beam lithography can
be used. For smaller gap of a few nm order, deposition technique such
as atomic layer deposition is required.
First in e-beam lithography, the sample was prepared by spincoating of photoresist (PR) onto VO2 film. A negative type of PR,
maN-2405, was chosen for negative metal structure such as slot
arrays. ‘05’ of ‘maN-2405’ means that thickness of PR is about 500
nm when PR is spin-coated with 4000 rpm. As adhesion promoter
between the PR and the film, hexamethyldisilazane (HMDS) was used.
When using HMDS, drying of excess HMDS on the film is important.
Otherwise, adhesion between the PR and the film rather may
decrease. To do this baking at 90 oC for 1 min was done before PR
coating. After PR coating, electron beam was exposed to the selective
area of the sample in SEM equipment by computer program of nano
pattern generation system (NPGS). The pattern was designed by
DesignCAD program. To prevent charging electrons on the sample,
VO2 film was connected with metallic part of sample mount holder by
carbon tape. There are some factors for fine lithography in exposure
process.

(1)

Focus of electron beam: NPGS program controls electron
beam position, but it is assumed that focus of the beam is
already adjusted. So it is needed to set the focus before
running NPGS program. This factor is important especially
when small size of structure is patterned.
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(2)

Dose of electron: Dose means amount of electron in unit
dimension. The dimension can be point, line or area. If
dose is set by too large, the pattern becomes larger than
expectation and side wall of PR becomes smoother after
development process. On the other hand, too small dose
will reduce the thickness difference between exposed area
and unexposed area of the PR after development process.
Both can cause failure of following lift-off. Here, area
dose of 150~200 C/cm2 was used.

(3)

Magnification: In NPGS, one
magnification

the

pattern

is

can set with
exposed.

With

which
large

magnification fine patterning is possible, but only small
area can be patterned without any stage movement. With
small magnification patterning is somewhat rough, but
large area can be patterned. Stage movement can cause
misalignment, magnification selection is also important.
Magnification of 1000 was used to pattern the slot arrays.

After exposure process, development was carried out with ma-D
525 developer solution for 90 seconds. The following process was
lift-off. 5 nm of Cr metal layer was deposited first for adhesion then
100 nm of Au metal layer was deposited by E-gun evaporation.
Deposition rates of 0.1 angstrom per second and 0.5~0.8 angstrom
per second were used for Cr and Au deposition, respectively. The
sample was soaked in acetone solution then sonicated to lift PR
patterns off.
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Figure 5. 4. (a) Optical microscope image of patterned PR
(b) SEM image of one of patterned PR.

Figure 5. 5. SEM images of (a) slot array and (b) one of the slot array.
In this images slot width is estimated by about 190 nm.

Because of resolution limitation of our SEM equipment, another
fabrication technique was needed for gap width under 100 nm. Using
atomic layer deposition (ALD) with taping technique, we can make
only samples with only a few nm gap width. Fabrication process is
shown in Fig. 5. 6.
With a VO2 film on a sapphire substrate, photolithography was
carried out. A HMDS as adhesion promoter and a photoresist of
AZ5206 were spin-coated with 4000 rpm for 60 sec and then baked
at 90 oC for 60 sec, respectively. And the sample was exposed to UV
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light through patterned chrome mask for 7 sec with UV power of 30
mW/cm2. Before exposure process, it is better to remove PR at the
edge of the sample because edge of the sample is usually stained with
thicker PR.

For reversal process which changes positive type PR of

AZ5206 to negative type PR, hard bake was done at 115 oC for 85
sec. Then additional exposure without mask for 15 sec was followed.
After developing with MIF500 solution, the pattern shows PR
patterns 25 m x 25 m square arrays with periodicity of 50 m as
in reversal of chrome mask. Developing time was about 25 sec. On
the PR patterned sample, a 5 nm Cr layer as adhesion layer and a 250
nm thick first Au layer were deposited by e-gun evaporation. Liftoff with acetone solution left Au patterns on the sample. To improve
verticality of the pattern, the sample is slightly milled by ion-milling.

Figure 5. 6. The schematics of sample fabrication process by ALD and
taping technique to make only a few nm gap.
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After 1st layer was patterned on VO2 film, 5 nm thick alumina was
deposited by ALD. This alumina layer was deposited along the overall
pattern surface. Then 2nd layer of Au was deposited onto the alumina
layer by 70 nm. Then 2nd layer on 1st layer was removed by taping
technique. We adopted commercial Scotch tape to peel off. Because
discontinuity between 2nd layer on 1st layer and 2nd layer on VO2 film
is important for successful taping, the thickness of 2nd layer was
chosen to be much thinner than that of 1st layer.

Figure 5. 7. (a) Optical microscope image of 25 m x 25 m array patterns
with 5 nm gap
(b) Cross-section TEM image of the 5 nm gap fabricated on a 100 nm thick
VO2 film. The left side gold is the first layer.
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5. 3. Properties of VO2 film
Vanadium dioxide (VO2) is one of strongly correlated materials
which exhibits phase transition from insulator at lower temperature
to metal at higher temperature near 68 oC [48, 49]. This insulator to
metal transition (IMT) accompanies sudden change of conductivity
by several orders of magnitude. Because transition temperature is
near room temperature, many researchers are interested in VO2
material. This IMT can be controlled thermally [49, 50], electrically
[51-53], and optically [54-56]. Growth of VO2 film can be done by
PLD, sputtering, or sol-gel method as described in previous section.

Figure 5. 8. DC Resistance as a function of the temperature
from electrical measurement of VO2 film. Red curve means heating and blue
curve means cooling.

Fig. 5. 8 shows electrical measurement for resistance of VO2 film
as a function of temperature. The film was prepared by PLD and
thickness was estimated by 100 nm. 4 point probe method was used
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in measurement. Red curve was obtained during heating the sample
and blue curve was obtained during cooling the sample. Distinct
change of resistance appears near 345 K. Transition temperature can
be changed by fabrication conditions. Total resistance change in the
range of measurement is about 4 orders of magnitude.
To check electrical control by applying DC voltage, IV
characteristics of the VO2 was measured as shown in Fig. 5. 9. To do
this VO2 film was patterned by photolithography and ion milling.
Electrodes were also fabricated by additional photolithography.
Optical microscope image of the sample is displayed in Fig. 5. 9(a).
The sample was measured using probe station. It needs to be so high
voltage to occur phase transition of VO2 at room temperature [53]
that heating stage was installed and was heated to 65 oC. As can be
seen in Fig. 5. 9(b), current increases abruptly at about 3.4 V and
reaches to compliance current of 100 mA as applied voltage
increases (depicted by red curve). This means that phase transition
to metal occurs near the voltage of 3.4 V and conductivity of VO2
highly increases. When decreasing the voltage, the response is slow.
It may due to generated heat from current flow.

Figure 5. 9. (a) Optical microscope image of VO2 patch with electrodes (b)
IV characteristics of VO2 patch sample at 65 oC. Red curve means increasing
voltage and blue curve means decreasing voltage.
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We also measured THz transmission of the VO2 film. THz time
domain spectroscopy (THz-TDS) [57] with a thermal stage was
utilized for measurement. The results are plotted in Fig. 5. 10. As
heating the film, phase transition to metal occurs and then
transmission of THz wave decreases. It also shows hysteresis
property. From the data dielectric constant ε of VO2 film can be
calculated [58, 59]. Calculated dielectric constant is plotted in Fig. 5.
11. Real part and imaginary part of ε are related to phase and
amplitude of transmitted field, respectively. The amplitude is less
sensitive to the length such as film thickness, but the phase is very
sensitive to the length. So deviation of thickness may cause some
error in calculating real part of ε as shown in Fig. 5. 11(a).

Figure 5. 10. Normalized transmission of VO2 film at 0.5 THz as a function
of temperature. Red means heating and blue means cooling.
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Figure 5. 11. Calculated (a) real part and (b) imaginary part of ε for VO2
film from the data of Fig. 5. 10.
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5. 4. Transmission properties of Nano Gap Structure on
VO2 film

Figure 5. 12. (a) DC conductivity of VO2 bare film in a logarithmic scale.
The Boltzmann tail is an extension of conductivity change before insulator
to metal transition. (b) Thermal hysteresis curves of THz transmission
intensity on a bare and nano gap-VO2 hybrid films under the same heating
and cooling.

When nano gap structure is placed on the VO2 film, transition
behavior in VO2 for THz transmission is altered. Below the transition
temperature VO2 has a semiconducting bandgap of about 0.7 eV [60],
and the number of carriers keep increasing with temperature. This
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increasing carrier density causes increase of conductivity which is
depicted by Boltzmann tail in Fig. 5. 12(a). In bare VO2 film THz wave
cannot sense variations of VO2 conductivity in the range of Boltzmann
tail because film thickness is much less than skin depth of THz wave
even when film is metallic. However, in hybrid nanogap-VO2 film,
small change of VO2 conductivity can alter THz transmission
properties. Fig. 5. 12(b) shows lowering the effective transition
temperature with narrower gap size.

Figure 5. 13. (a) Temperature-dependent THz transmission intensity
spectra on 5 nm gap-VO2 hybrid film. (b) Thermal hysteresis of normalized
THz transmission intensities for bare, 400 nm, and 5 nm gap-VO2 hybrid
film during heating (solid line) and cooling (dashed line).

We measured transmission through a bare and a hybrid nanogapVO2 film using THz-TDS. A hybrid film was prepared by PLD and
taping method described in section 5. 2. Gap width of the hybrid film
is measured by 5 nm. Fig. 5. 13(a) shows THz transmission intensity
spectra for the hybrid film divided by the transmission intensity of
the bare film. At resonant frequency of 0.8 THz, the intensity at 93
o

C is only 1% of the intensity at 25 oC. And at 56.6 oC it shows about

a half of the intensity at 25 oC. Normalized transmission intensities
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of 5 nm and 400 nm gap-VO2 hybrid film at the resonant frequency
are plotted in Fig. 5. 13(b) to compare with bare VO2 film. The
transmission intensities are normalized by maximum intensity with
minimum intensity offset of each case. It is worth noting that THz
transmission of hybrid film decreases from room temperature while
transmission of bare film starts to decrease around 70 oC due to IMT
of VO2.

Figure 5. 14. Thermal hysteresis of (a) DC resistances for bare and 5 nmgap VO2 hybrid film, and of (b) normalized optical transmission intensities
for bare and 550 nm gap-VO2 hybrid film.

To check if material properties of VO2 changes or not in the
fabrication process for nano gap structure, electrical resistances and
transmission at optic frequency of bare and hybrid film were
measured.

In

resistance

measurement,

indium

was

used

as

electrodes and probe points were separated by 1.8 cm on each film
surface. As you can see in Fig. 5. 14(a), the resistance of 5 nm gapVO2 hybrid film shows similar hysteresis properties with that of bare
film except for magnitude which is due to deposited metal between
the probe points. In optical wave transmission with 800 nm

64

wavelength, normalized intensities of both cases are almost the same
as in Fig. 5. 14(b). These two results imply that conductivity of VO2
was not altered during fabrication process of nano gap structure on
it.
We

also

conducted

FDTD

simulations

to

compare

with

experiments. Because it is hard to simulate 3D ring structure with
nm sized gap, a resonance frequency-equivalent slot arrays were
simulated. In FDTD dielectric constant of VO2 was assumed to be that
of bulk VO2 from earlier works [49, 61-65]. The results are shown
in Fig. 5. 15(a). The hysteresis curve shift is well reproduced with
the gap width dependence. In Fig. 5. 15(b) we display difference of
effective

transition

temperatures,

which

is

defined

as

the

temperature at which normalized intensity has 0.5 value, between
bare and hybrid films for both experiments and simulations with
different gap widths. These are also in agreement.

Figure 5. 15. (a) FDTD results of normalized transmission intensities for
bare and nano slot-VO2 hybrid film with various slot widths. (b) Transition
temperature difference between a bare and hybrid film for various gap
widths. FDTD results are depicted by black squares and experimental
results are depicted by red circles.
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Finally effective dielectric constants of bare and hybrid films
were calculated from FDTD data by effective medium approach [66,
67]. In the calculations, a homogeneous medium with 100 nm
thickness was assumed. The imaginary parts of the effective
dielectric constant with various gap widths are shown in Fig. 5. 16.
The values of 10 nm case in Boltzmann tail region are equivalent to
those of the metallic phase of bare film, which means that absorption
efficiency of the hybrid film with 10 nm slot width is comparable to
that of bare film.

Figure 5. 16. Imaginary part of effective dielectric constants from FDTD
data by effective medium theory for different slot widths.
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6. Conclusion

Field enhancement in nanometer sized gap between metals,
especially in nano slit, has been studied at terahertz (THz) range. To
investigate effects of structural parameters such as slit width,
thickness, tapered angle, and symmetry on field enhancement of the
metal slit, finite-domain time-difference (FDTD) method and modal
expansion method were used. Principles of FDTD and modal
expansion were introduced in chapter 2. A build-up system for
FDTD simulations and formula derivation for modal expansion in the
case of a metal slit on the film with finite thickness were also
presented. In chapter 3 and 4, field enhancement factors in THz nano
slit were calculated. Effects of slit width and thickness on field
enhancement were presented in chapter 3. Field enhancement
increases as slit width or thickness decreases, but tendency of the
increase changes. The field enhancement follows 1/(xc) with smaller
c as x decreases, where x is width or thickness. We also proposed a
simple model based on charge and capacitor concept to explain the
tendency of field enhancement. According to this model change of
tendency is related to charge attraction and repulsion. Although our
discussion is in classical regime, this model will provide a basic point
for comparison when quantum-related phenomena are studied in
sub-nm gaps. In chapter 4, effects of slit shape and symmetry were
presented. FDTD results showed that thickness of smallest gap
region is the most important for enhancement factor if tapered angle
is smaller than 70 degree. In the fabrication by taping method to form
a few nm insulating gap, making thickness differences between two
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metals can be helpful for taping process and also beneficial for
achieving high field enhancement. In chapter 5, an array of metal gap
structure on vanadium dioxide (VO2) film as an example of
applications was demonstrated. VO2 is one of strongly correlated
materials which has phase transition between Mott insulator and
metal at transition temperature of about 68 degree Celsius.
Conductivity of VO2 film changes before and after the transition
temperature by a few orders of magnitude. Merging VO2 material with
metal nano gap structure, we observed increased interaction between
electromagnetic field of the gap and VO2 film. In THz transmission
experiment, temperature-modified conductivity of VO2 film with the
metal structure could be sensed even from room temperature.
Transmission through VO2 bare film, on the other hand, started to
change above the transition temperature. This result will provide a
wide potential in developing near room-temperature phase transition
devices combined with metal nano structures.
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국문초록

본 연구에서는 금속 슬릿과 같은 금속-유전체-금속 사이 틈으로의
테라헤르츠파 전기장 집속현상에 대해 연구한다. 금속 슬릿에서의 전기
장 집속도는 슬릿의 간격과 두께에 의해 영향을 받으며, 이를 이론적으
로 계산하기 위해 시간영역 유한차분법과 모드 확장법을 이용하였다. 전
기장 집속도는 슬릿 간격과 두께가 감소할수록 증가하는데, 간격이 작을
경우에는 두께에 의해서도 전기장 집속도가 크게 변하는 것을 확인하였
다. 또한 이러한 경향성을 설명하기 위해 전하와 축전기 개념을 이용한
모델링을 진행하였다. 실제 금속 슬릿의 제작에서는 수 나노미터 수준의
틈을 만들기 위해 복잡한 공정이 요구되는데, 이로 인해 제작된 구조의
모양은 보통 비대칭적이 되며 슬릿 끝 모양이 점점 가늘어지는 형태를
띄게 된다. 가늘어지는 각도와 슬릿 두께의 대칭성이 전기장 집속도에
미치는 영향을 수치해석을 통해 알아보았다. 시간영역 유한차분법을 통
해 계산해본 결과, 가늘어지는 각도가 70도 이하라면 가장 작은 틈 부
분의 두께가 전기장 집속도를 결정하는 데에 있어 가장 큰 요소가 되는
것을 알아내었다. 이렇게 집속된 전기장은 빛-물질 상호작용을 증가시
키는 데에도 사용될 수 있다. 특정 온도를 기점으로 하여 모트 유전체와
금속 사이의 상전이를 일으키는 이산화바나듐이라는 물질이 있는데, 이
이산화바나듐 박막 위에 금속 나노 틈 구조를 만들어 빛과 박막 사이의
상호작용을 증가시킬 수 있었다.

주요어 : 전기장 집속, 나노 슬릿, 시간영역 유한차분법, 축전기 모델, 이
산화바나듐, 테라헤르츠파
학

번 : 2008-21004
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