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  Abstract:  The terahertz (THz) frequency range lies between optics and 
electronics, and THz frequencies are the lowest frequencies in which free 
space conventional optics can still be used before microwave components 
take over. Owing to its large wavelength, deep subwavelength phenomena 
of  λ /100 are experimentally accessible even with a few microns of spatial 
resolution. In this chapter, a number of different imaging techniques to 
overcome the diffraction limit in the THz frequency will be reviewed. 
Particular emphasis will be given to the giant fi eld enhancements 
associated with sharp edges and antenna structures and how to estimate 
these fi eld enhancements directly from imaging or from the diffraction 
formalism. 

  Key words : terahertz near-fi eld measurement, terahertz spectroscopy, fi eld 
enhancement, nanogap slot antenna, subwavelength optics.  

   4.1     Introduction 

 In this chapter, we proceed to discuss the properties of electromagnetic 
fi elds in the near- and far-fi eld zones around a subwavelength object that 
serves as a source for the fi eld. Near-fi eld behavior with subwavelength dis-
tance from the source can have physical properties that are drastically dif-
ferent from the far-fi eld. To understand the near-fi eld behavior, we consider 
the simple system in which electric-dipole and magnetic-dipole are induced 
by the static ‘incident’ fi eld. Furthermore, we examine the radiation of the 
induced electric- and magnetic-dipoles. 

  4.1.1     Near-fi eld and far-fi eld  

 For the purpose of this chapter, it suffi ces to say that all near-fi eld com-
ponents are created by light impinging upon small, subwavelength objects. 
To illustrate this point, let us consider a static case applicable to the deep 
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subwavelength regime: a perfectly conducting sphere of radius  a  placed in 
an initially uniform electric fi eld  E  0 . This static fi eld induces surface charge 
distribution with a dipole moment of  p  = 4 πa  3  ε  0  E  0  which makes the inside-
electric fi eld zero, while creating a dipole fi eld of 

G � G
E

n p

r
=

( )� Gn p⋅ −1
4

3

0
3πε

so that at the north and south poles, the induced fi eld is twice that of 
the applied fi eld. The sum of the applied fi eld and the induced near-fi eld 
gives rise to the total near-fi eld 3 E  0  found at the north and the south 
poles of the perfect electrical conductor (PEC) sphere (see  Fig. 4.1 ):

 
G

� � � � �E E z z E z E znear ( )r a= a +E z
( )

= +E z
πε

πα ε
α

1
4

− 4
2 3�E z =0

0

3αα 0
3αα 0 0z +z 2E 0 ⋅⋅     

 For the magnetic fi eld, in the optical regime, the magnetic-dipole moment 
 m  induced by the incident magnetic fi eld  B  0  is much smaller than its elec-
tric-dipole counterpart:  m  ≪  pc  so that it is generally ignored. However, in 
the terahertz (THz) regime where the metals can be considered perfect in 
the quasi-static sense ( λ  ≫  a  ≫  δ  (skin depth)), the magnetic-dipole effect 
can be comparable to that of the electric-dipole. To see this, we consider the 
effect of a time-varying magnetic fi eld on a metallic sphere of radius  a.  The 
magnetic-dipole moment created by the induced currents should oppose 
the incident fi eld inside the sphere. Knowing that the magnetic fi eld of a 
magnetic dipole  m  is given by: 

G � G
B

n m

r
=

( )� G
n m⋅ −μ

π
0

34

3
,

z

E0 =+

3E02E0

E = 0p

Applied field

θ

Induced field Total field

 4.1      Total enhanced electric fi eld ( E ) near a perfectly conducting sphere 

as a vector summation of the applied fi eld,  E  0 , added to the electric fi eld 

by the induced electric-dipole moment,  p .  
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  we have the induced magnetic moment of m a2 3
0πaa ( )B c0  which will cre-

ate a zero-fi eld inside the sphere as well as at the north and south poles, 
while at the equator the incident and induced magnetic fi elds add to make 
the total fi eld of 2 B  0  ( Fig. 4.2 ).    

 To summarize, the near-fi eld is frequently associated with (1) new vec-
tor components non-existing on the incident fi eld, and (2) a certain fi eld 
enhancement.  

  4.1.2      Radiation of the induced electric and 
magnetic-dipole moment 

 The induced electric-dipole creates electromagnetic fi elds of  

G
H

ck e
r ikr

ikr

= ( )� G
n p×n −⎡
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 where  k  is the wave vector and   n̂   is a unit vector in the direction of the 
observation point. 

 We note that the magnetic fi eld is transverse to the radial vector at all 
positions, but that the electric fi eld has components both parallel and per-
pendicular to  n̂ . 

 In the radiation zone ( r  ≫  λ ), the fi elds can be written as  

G
H

ck e
r

ikr

far = ( )� G
n p×n

2

4π
  [4.3]    

z

θ
B0

B0 =+ 2B0B = 0m

Applied field Induced field Total field

4.2      Total magnetic fi eld ( B ) distribution near a metallic sphere as a 

vector summation of the incident fi eld,  B  0 , and the magnetic fi eld by the 

induced magnetic-dipole moment,  m .   
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 In the near-fi eld zone ( r  ≪  λ ), on the other hand, induced fi elds take on the 
limiting forms,  

  
G

H
i

r
= ( )� G

n p×n
ω
π4

1
2

  [4.5]    
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r
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4

3

0
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.   [4.6]   

 It is interesting to note that the electric-dipole induced magnetic fi eld is 
much weaker than the incident magnetic fi eld at all distances: in the perfect 
conductor case, the induced magnetic fi eld is at most ( / ) 0 0λ/ )H)λ/ ) H<<  even 
for  r = a , in contrast to the induced electric fi eld that can reach a maximum 
value of 2 E  0  at the near-zone. 

 The magnetic fi eld for an induced magnetic-dipole source is equal to 1/ Z  0  
( Z  0  is the impedance of free space, ( µ  0  /ε  0 ) 1/2 ) times the electric fi eld for the 
electric-dipole, with the substitution 

G G
p m c→ / . Similarly, the electric fi eld 

for the magnetic-dipole source is the negative of  Z  0  times the magnetic fi eld 
for an electric-dipole. Thus, we obtain the dipole fi elds  
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 In the near-zone, the magnetic-dipole induced fi elds are approximated as  

  
G � G

H
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=
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4

3
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  [4.9]    
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 Needless to say, the magnetic fi eld of the induced magnetic-dipole moment 
can be stronger than the incident magnetic fi eld in case of the PEC case: the 
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electric fi eld by the induced magnetic-dipole moment tends to be smaller 
than the incident electric fi eld. It is noted that the fi elds in the near-zone are 
not only stronger, but contain more complex vector components than the 
far-fi elds, as shown in  Figs 4.1  and  4.2 . These fi elds are important in sensing 
subwavelength objects, such as single molecules, thin fi lms, and biological 
features such as membranes.  1–5     

  4.2     Terahertz near-field measurements 

 Near-fi eld imaging with a subwavelength spatial resolution is obtained using 
different techniques in a wide spectral range from the visible to the THz 
frequency regime. 6  One way to improve the spatial resolution is to use an 
aperture made from a hole in a metal.  7   –14  In 1998, the fi rst demonstration of 
THz imaging with a spatial resolution about  λ /4 was reported by Hunsche 
 et al .  15   As shown in  Fig. 4.3 , they focused the radiation into a tapered metal 
tip with a small aperture ( d  < 100 µm) and scanned a sample in the near-fi eld 
of this aperture.    

 Apertureless scanning near-fi eld optical microscopy (ASNOM) is 
another near-fi eld measurement technique, based on the idea that a 
subwavelength-sized metal tip can scatter light. 16–   18   van der Valk  et al . 
achieved a spatial resolution of 18 µm, which corresponds to about  λ /110 for 
a wavelength of 2 mm. The THz pulses are focused onto a copper tip, which 
has been sharpened in a FeCl etch bath. The sharp copper tip locally distorts 
and concentrates the THz electric fi eld ( Fig. 4.4a ). 19  Apertureless near-fi eld 
imaging was originally developed at visible and mid-infrared wavelengths 
Schnell  et al . also obtained the local near-fi eld vector by scattering-type 
scanning near-fi eld optical microscopy (SNOM) with a spatial resolution of 
about 10 nm in the mid-infrared regime ( Fig. 4.4b ).  20   ,21     

100 fs

Gating pulse

Photoconductive
THz emitter

THz
beam

Sample

Near-field tip

Photoconductive dipole
antenna (THz receiver)

Time-delayed
gating pulse

Δt

Current amplifier,
Digital signal processing

 4.3      Experimental set-up for THz near-fi eld scanning optical microscopes 

using a subwavelength aperture (adapted from Reference 15).  
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 In both the aperture and the apertureless cases, the spatial resolution is 
determined by the aperture size or the tip radius curvature. For the aperture 
of radius  a , the signal goes down as  a  6 / λ  4 , which limits its effectiveness.  22   For 
the scattering off a sharp tip, to isolate scattering from the near-fi eld only, 
high frequency tapping and heterodyne detection is needed. 20,  21  In addition, 
there is the inevitable disturbance of the large tip affecting the environment. 
A more direct approach is to use an optical beam focused onto the near-fi eld, 
to take advantage of (1) the naturally small spot size of the optical beam 
relative to the THz wavelength, and (2) the large wavelength separation 
between the optical regime and the THz regime, which limits interference 
and artifacts. For the optical beam to ‘see’ the THz fi eld, the sample needs to 
be grown onto an electro-optic (EO) crystal such as GaP or ZnTe. 

 P. C. M. Planken’s group reported on the measurement of the THz electric 
near-fi eld behind a subwavelength-sized hole, which was directly integrated 
onto an EO detection crystal. 23–   25    Figure 4.5  schematically shows the EO 
near-fi eld imaging set-up when the sample is grown on GaP crystal. A quasi-
near-fi eld imaging can be achieved by the EO crystal being in mechanical 
contact with the sample, by pressing the sample gently on the crystal. This 
method has the advantage of being able to probe the evolution from the 
near-fi eld to the far-fi eld.    

 EO detection is based on a second-order nonlinear response of polari-
zation in an EO material to an applied electric fi eld. 26,  27  A refractive index 
of the EO material is proportionally changed by the THz electric fi eld. The 
birefringence causes a polarization change of the optical probe pulse that 
travels through the EO detection crystal. After the detection crystal, the 
probe beam passes through a quarter-wave plate which is oriented such that 

(a) (b)
Probe

(100) GaP

BS

Tip

THz

Illumination Ein

Ep

Es

Edet

Si tip

Interferometric
detection

Polarizer

z
y

x
Si substrate

Au film

 4.4      (a) Schematic of ASNOM technique for THz imaging (adapted 

from Reference 19). (b) Scattering-type SNOM for a vectorial near-fi eld 

mapping in mid-infrared frequency range (adapted from Reference 20). 

BS, beam splitter.  
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the originally linear polarization of the probe beam becomes circular. A 
signal proportional to the THz electric fi eld is obtained by measuring the 
difference in the energy of two orthogonal polarization direction beams 
with a Wollaston prism and two photodiodes. For EO detection, zincblende 
crystals such as ZnTe and GaP are often used. By selecting the orientation 
of the detection crystal, it is possible to choose which component of the 
THz electric fi eld vector the EO detection set-up is sensitive to. The  x - and 
y  -components  of THz electric fi eld are measured by a (110) or (111) crystal 
orientation, and the vertical component  E   z   by a (001) oriented crystal. From 
the measurement of the three components of the electric fi eld, measured 
as we move the sample away from the EO crystal, in this case GaP, one can 
calculate also the magnetic near-fi eld, via the Maxwell’s equations,  

∇× = − ∂
∂

G G
E

B
t

.      [4.11]   

  Figure 4.6  shows THz electric near-fi eld vectors measured behind a metal-
lic slit array with a width of 100 µm and a period of 500 µm when the inci-
dent beam comes from below. 28  The background grey color scale represents 
the  y -component magnetic fi eld, calculated from the measured electric fi eld 

THz pulse

GaP
z

x
y

Probing
pulse

200 nm Au
300 nm Ge
150 nm SiO2

4.5      THz near-fi eld microscopy set-up. EO sampling is used to measure 

the electric near-fi eld of a subwavelength hole at each point. The local 

electric fi eld is measured using the synchronized femtosecond optical 

probe beam. A germanium (Ge) and a SiO 2  layer prevent the probe 

beam from refl ecting off the gold layer (adapted from Reference 28).  
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vectors by using Equation [4.11]. The black and white indicate negative and 
positive magnetic fi eld amplitudes, respectively. This operational method 
has been adopted both in THz and in infrared (Andreas Bitzer and Markus 
B. Raschke).  29   –31     

 An alternative method is to use a small subwavelength-sized photoconduc-
tive antenna as a near-fi eld probe, gated by a femtosecond optical pulse.  29   ,30,   32   
The detector antenna consists of an  H -shaped electrode structure as shown 
in  Fig. 4.7a  deposited on a 500-nm-thick ion-implanted silicon-on-sapphire 
substrate. The system allows us to measure the in-plane electric and out-of-

400

300

200

x (μm)

z 
(μ

m
)

100

0

0 100 200 300 400 500 600 700 800 900 1000

–1

–0.5

0

0.5

1

(A
.U

.)

 4.6      THz electric fi eld and magnetic near-fi eld profi le at 1 THz for the 

slit array. The black line represents the electric fi eld,  E   x   and  E   z  , and the 

background color denotes the magnetic fi eld,  B  y , calculated from the 

electric fi eld. The measurements were performed as we moved the 

sample away from the crystal, defi ning  z  (adapted from Reference 28).  

Detector
electrodes

Detector
electrodes

Ion-implanted
silicon layer
(~500 nm)

Silicon-on-sapphire
substrate

Sapphire substrate

Incident THz beam

Sample

Incident THz beam

Dielectric
HR coating
(800 nm)

ZnTe
100-cut
(100 μm)

5 μm

fs laser beam
(800 nm)

(a) (b)

Focusing
lens (f = 7.5 mm)

 4.7      (a) Electrode structure of the detector antenna used as a THz 

near-fi eld probe (from Reference 29). (b) Two different near-fi eld 

detection techniques. Photoconductive antenna as polarization 

sensitive near-fi eld probe (left) and nonlinear crystal as near-fi eld probe 

(right) (adapted from Reference 30).  
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plane magnetic fi elds close to the sample with a spatial resolution on the 
micrometer scale (~ λ /20) at 0.5 THz ( Fig. 4.7b , left). Out-of-plane electric 
fi eld component can be measured using a detection scheme based on EO 
sampling in a nonlinear crystal ( Fig. 4.7b , right). In the following chapters, we 
mainly focus on the EO sampling technique described in  Fig. 4.5 .     

  4.3     Near-fields of various subwavelength holes 

 Electromagnetic waves generally transmit through a single deep subwave-
length hole with an effi ciency below unity. This low transmission effi ciency 
is due to poor coupling of subwavelength holes with radiative electromag-
netic modes and the evanescent decay of the electromagnetic fi elds inside 
the holes. 22,   33   However, the enhanced transmission in a single hole could 
be achieved by a bound cavity mode that couples resonantly to incident 
light or periodic corrugations of holes. 34–   37   The transmission characteristics 
of light through various subwavelength holes and hole arrays in a metallic 
fi lm have been the focus of much research activity around the world, 37–   42   
and it has been proved that the hole shape infl uences the optical transmis-
sion properties. 43–   49   The near-fi eld measurements can illustrate in detail how 
light interacts with the subwavelength hole and emerges from the hole. In 
this section, we will investigate the near-fi eld characteristics for various sub-
wavelength holes. 

  4.3.1      Near-fi eld imaging of circular holes 

 The electric fi elds, both in amplitude and in phase, passing through various 
holes are measured by the THz near-fi eld time-domain spectroscopy (TDS) 
techniques. In 2009, Adam  et al . reported on the measurement of all three 
electric fi eld components,  E   x  (t),  E   y  (t) and  E   z  (t), underneath subwavelength-
sized circular holes. 23,   24   These three components were measured by choosing 
a suitable probe-beam polarization and EO detection crystal orientation. 
They measured the  x - and  y -components by a (111) crystal orientation, 
and the  z -component by a (100) crystal. The circular hole was fabricated 
in a 200-nm-thick gold layer deposited onto a GaP detection crystal with 
a thickness of 300 µm. The results can be seen in  Fig. 4.8  with amplitude 
images of the  x -,  y - and  z -components of the measured THz electric near-
fi eld at 0.2 THz for a single circular hole, with a diameter of 150 µm. The 
scan area is 315 µm by 315 µm and the spatial resolution is about 10 µm. The 
fi gure shows that the  x -component of electric fi eld is strongest in the middle 
of the hole. The  y -component of the fi eld exhibits a quadrapole mode con-
sisting of four lobes, in which adjacent lobes are out of phase. Finally, the 
 z -component of the fi eld is concentrated at the top and bottom edges of the 
hole, which are out of phase of each other.    
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 These results can be understood by the predictions made by Bouwkamp 
because metals act as perfect conductors in THz frequency regime. 22,  50  The 
diffraction of electromagnetic radiation by a subwavelength hole was fi rst 
treated by Bethe. 22  He studied the electromagnetic coupling through a 
very small hole in the idealized case of a zero-thickness perfect conduc-
tor fi lm perforated with a circular hole of radius  a . However, some impor-
tant details of the fi eld distribution in the near-zone cannot be explained 
by his model: subsequent higher-order corrections were calculated by 
Bouwkamp. From his calculations, we see that, inside the hole ( ρ  <  a ) at nor-
mal incidence, the tangential components of  E  vary rapidly over the surface 
of the hole,  

 

E
ik a

E E
ik

x yE E E= −
( )

( )a −
= −

24
3

2a − ( 2
3

2
2 2

1 2π
ρ ( )+(

π
ρ φ2 2i

1 2 0
( )a −2 ρ22ρρρρ

= 0 ( )<E Ezinc .)<, 00 (Ez
 

  [4.12]   

 He also calculated the fi eld on either face of the screen in the vicinity of 
the hole. In his model, the electric near-fi eld of a hole at the shadow is writ-
ten as  

  E E
ika

Ex yE z =
( )a−

( )a0 0EyE =E
4

3

3

a
1
2

π
φ

ρ(
cos

.inc   [4.13]   

 Near the boundary  ρ = a , the normal component of  E  has weak sin-
gularities. This is analogous to a weak, integrable singularity occurring 
frequently at two-dimensional sharp edges for example, in Sommerfeld’s 
solution of the diffraction by a half-plane. In 1896, Sommerfeld treated 
the two-dimensional case of a plane wave incident on an infi nitely thin, 

300
IExI IEyI IEzI

200

100

0
0 100 200

EIncident

(a) (b) (c)

300

x 
(μ

m
)

y (μm)
0 100 200 300

y (μm)
0 100 200 300

y (μm)

 4.8      THz electric near-fi eld for a single circular hole with a diameter 

of 150 μm at 0.2 THz. Figures (a)–(c): | E  x   |, |Ey| and |Ez| (adapted from 

Reference 24).
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perfectly conducting half-plane, as shown in  Fig. 4.9 . He theoretically dis-
cussed the diffraction by a narrow slit when the magnetic fi eld vector is 
parallel to the edges of the slit. The following equation shows that the 
electromagnetic fi elds have singularities occurring at a sharp edge with a 
normal incident light ( α  = 90°):     

E
E

x
e exE i t i

,e e( )x t, t = − −
0 4

2π
λ π

     [4.14]   

 where  ε  0  is the vacuum permittivity,  E  0  the incident electric fi eld,  ω  the angu-
lar frequency, and  x  the distance from the edge, respectively. The fi eld singu-
larity at  x  = 0 for this half-plane is the origin of the weak singularities at the 
edge of the circular hole.  

  4.3.2      Effective dipole moments of circular holes 

 The near-fi elds described in the previous section are closely related to the 
surface currents and surface charges around the hole, which constitute 
the source of the far-fi eld radiation. Closer examination reveals that these 
sources mimic pseudo-electric and magnetic-dipoles, as shall be shown. 
When the hole is small compared to wavelength, the problem of radiation 
from the hole can be described as a quasi-static boundary value problem. 
The boundary value problem is specifi ed by the  normal  electric fi eld  E  0,nor  
and the  tangential  magnetic fi eld  H  0,tan  that would exist in the absence of 
the aperture. This is not surprising, since the tangential magnetic fi eld and 
the normal electric fi elds are what survive at the metal interface with their 
amplitudes  twice  the incident fi elds by refl ection. When solving the mixed 
boundary condition problems, the near-fi elds are represented by a multi-
pole expansion.  52   The fi eld lines shown in  Fig. 4.10a  and  b  are the sum of the 

Reflection

Shadow

Illuminated
x

α

4.9      Diffraction of a plane wave by a perfectly conducting half-plane 

(adapted from Reference 51).  
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straight fi eld lines in the absence of the hole, and the fi ctitious dipoles of the 
magnitudes     

  
G G G ∓

G
p

a
E m

G a
Heff nor efff= ± =

4
3

8
3

0
3

0

3

0

ε
, ,nor effff 3 0 tan, ,∓m Heffff 3 0 tan      [4.15]   

 where the plus and minus signs are chosen according to whether we are 
describing the fi eld lines above the hole or below.  Figure 4.10  shows how the 
electric and magnetic fi eld lines distort to give rise to the dipole fi eld. 

 The concept of effective dipole moments to describe the electromag-
netic properties of small holes was developed by Bethe. 22  From his cal-
culation of the fi rst-order diffracted fi eld, the diffraction cross-section is 
proportional to  
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 where  a  is the radius,  λ  the wavelength, k = 2π λππ ,  θ  the incidence angle, and 
TM (transverse magnetic) polarization is assumed. Note the large factor 
of 374 in front of the well known ( a/λ )  4   term, which softens somewhat the 
rapid decrease of the cross-section with decreasing size for subwavelength 
holes. 

p(+)(a) (b)

p(–)

m(+)

m(–)

H0E0

E0 H0

 4.10      The effective (a) electric- and (b) magnetic-dipole moments, as 

viewed from above and below the surface (top). The fi eld lines can be 

described by fi ctitious dipoles added to the initial fi elds without the 

hole (bottom) (adapted from Reference 52).  
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 Experimentally, it is meaningful to devise a means to test whether the 
Bethe’s concept holds for realistic subwavelength holes. To this end, we 
briefl y examine subwavelength holes at optical frequency. Recently, Kihm 
et al . studied near- and far-fi eld radiation of a subwavelength circular hole 
on a  fi nite-thickness   PEC plane. 53  While the singularities are largely soft-
ened by the fi nite thickness some salient features remain. The tangential 
magnetic fi eld enters the subwavelength hole with a certain distortion 
( Fig. 4.11a ), with its amplitude at the center of the aperture equal to that 
of the incident fi eld. In contrast, the tangential electric fi eld is primarily 
refl ected, its infl uence being much weaker on both sides of the plane and 
inside the hole ( Fig. 4.11b ). Therefore, the scattering properties of an aper-
ture in a metal fi lm are mainly determined by the incident magnetic fi eld-
induced surface currents, which in turn function as a source for the far-fi eld 
radiation.    

 The best way to separate the effects of the incident electric and mag-
netic fi elds on the metallic hole is to probe the structure with light 
at oblique- incidence angles, having an asymmetric polarization that 
is neither purely transverse electric (TE,  φ  = 0 ° ) nor transverse mag-
netic (TM,  φ  = 90 ° ), where  φ  is the polarization angle ( Fig. 4.12a ). 
In this case, the incident electric and magnetic fi elds projected 
onto the refl ecting plane, 

G G
�E E z Et −E ( )� Gz E⋅ = E ( )−inc (z E inc  

and 
G

H Ht H ( )−inc −     are, in general, not orthogonal, which 
creates an ideal situation to discriminate the electric and magnetic nature 
of the scattering.    

  Figure 4.12b  and  c  show fi nite-difference-time-domain (FDTD) calcu-
lations of surface currents on the scattering side of the structure, for the 
case of an oblique incident angle ( θ  = 80 ° ) with two polarization states, 

z

y 0 2

z

x 0 2

h

(a) (b)0.05λ 0.05λ|H|/Hinc |E|/Einc

4.11      Normalized (a) tangential magnetic and (b) tangential electric 

fi eld distributions for the normal incidence, for a fi nite-thickness PEC 

fi lm calculated by the fi nite-difference-time-domain (FDTD) technique. 

The results are essentially the same for normal incidence and oblique 

incidences (adapted from Reference 53).  
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 φ  = 21 °  and 159 ° , respectively. 
G
Et     and 

G
Ht     are depicted by gray and black 

arrows, respectively. For both cases, the surface current 
G

K     profi le is aligned 
perpendicularly to the tangential magnetic fi eld, with the incident electric 
fi eld direction being essentially irrelevant. Continuous changing of the elec-
tric fi eld direction while maintaining the magnetic fi eld direction can be 
achieved by varying the wave vector of the incident light with almost no 
effect on the surface current distribution. These observations strongly sug-
gest that the surface currents on the scattering side of the structure are of an 
induced nature, with symmetric axis determined by the incident magnetic 
fi eld direction n Ht

�
G

× , where  n̂  is the unit vector normal to the plane, in this 
case  ẑ . 

 With the surface current profi le on the scattering side determined pri-
marily by the incident magnetic fi eld, the far-fi eld radiation polarization 
also refl ects the magnetic fi eld orientation. As its far-fi eld polarization is 
largely invariant with respect to changes in the incident electric fi eld, the 
subwavelength aperture, when combined with far-fi eld polarization analy-
sis, senses the orientation of the magnetic vector fi eld. The incident mag-
netic fi eld direction can be obtained simply by rotating the polarization of 
the scattered light by 90 o . It is expected that oblique-incidence, non-TM/TE 
polarization THz imaging will reveal the same trends.  

  4.3.3      Near-fi eld imaging of square holes 

 Hole shapes are obviously important in terms of near-fi eld enhancements. 
In terms of symmetry, the square hole most closely resembles a circular 
hole, and  Fig. 4.13a ,  b , and  c  represent  x -,  y -, and  z -components of electric 
fi eld distribution for a single square hole at 1.44 THz, when the incident fi eld 

z

x
y

y

x
0 1

y

x
0 1

λ 0.05λ
(a) (b) (c)

o

Einc

Hinc

k0

θ
φ

|K |/|Kmax| |K |/|Kmax|

0.05

 4.12      (a) Schematic of set-up with an oblique incidence. (b, c) Surface 

current distribution on the exit side of the hole for  φ  = 21 °  and 159 °  with 

fi xed  θ  = 80 ° , respectively. 
G
Et  and 

G
Ht  are depicted as gray and black 

arrows inside the hole, respectively. The white arrows represent the 

direction of the surface current (adapted from Reference 53).  
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polarization is along the  x -direction. The size of the square hole is about 
200 µm deposited on 80-µm-thick Al plate. In  Fig. 4.13d , the black arrows 
denote a three dimensional vector mapping of the electric fi eld for the sin-
gle square hole. The fi gure demonstrates that the  E   x   component is mostly 
localized inside the square hole, whereas the  y - and  z -components of the 
fi eld are mostly confi ned to the edges of the hole, closely resembling the 
images for the circular hole.     

  4.3.4      Near-fi eld imaging of rectangular holes 

 Both the square hole and circular hole are poor antennas and their singu-
larities are of an integrable kind, which limits the fi eld enhancements. One 
way to dramatically increase the fi eld enhancement is to make the aperture 
a strongly asymmetric rectangle, which supports a well-defi ned transmission 
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 4.13      (a)  x - (b)  y - and (c)  z -components of electric fi eld distribution for 

single square hole at 1.44 THz are represented. (d) Three-dimensional 

vector mapping of the electric fi eld distribution. The size of square 

hole is about 200 μm punctured on 80-μm-thick Al plate, and an EO 

sampling was performed with the crystal in close contact.  
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resonance for light polarized along its short side. F. J. Garcia-Vidal  et al . have 
shown numerically that a single rectangular hole exhibits strong transmis-
sion resonances near their cut-off wavelengths  34  .  Figure 4.14a  shows sche-
matically the system: a rectangular hole of sides  a   x   and  a   y   perforated on 
a metallic fi lm of thickness  h . The structure is illuminated by  p -polarized 
light and the metal is treated as a PEC, a good approximation in the THz 
frequency regime.  Figure 4.14b  depicts the calculated normalized-to-area 
transmission spectra for rectangles in which the aspect ratio ( a   y   /a   x  ) is var-
ied between 1 (square hole) and 10. The thickness of the metallic fi lm is 
fi xed in all cases at  h  =  a   y  /3. As the ratio  a   y   /a   x   is increased, a transmission 
peak develops close to the cut-off wavelength ( λ  c  = 2 a   y  ), with increasing 
maximum transmittance and decreasing linewidth. The physical origin of 
the transmission resonances appearing at  λ  res  =  λ  c  stems from the excita-
tion of a Fabry−Pérot resonance in which the propagation constant is zero. 
An analytical approximation for the transmittance at resonance  T  res  can be 
obtained by     

  T
a a

a

ax ya
y

x
reTT s

res≈ ≈3
4

32

π
λ

π
.      [4.16]   

 It is noted that the transmission cross-section of a rectangular hole is 
given by the square of the long ( a   y  ) sides of the rectangle at the resonance, 
so that it is proportional to λres

2    , σ π λreσσ s rπ λ es/3 4/ 2λλ  .  A close analogy is found in 
bound charges with losses only through radiation (radiation damping),

12

(b)(a)

E

H
k0

x

y

ax

ayz

h

10

8

6

N
or

m
al

iz
ed

 to
 a

re
a 

tr
an

sm
itt

an
ce

4

2

0
0.6 0.8 1.0

Wavelength (in units of λc)

ay = 0.5 ax

ay = 1.0 ax

ay = 2.0 ax

ay = 3.0 ax
ay = 5.0 ax

ay = 10 ax

1.2 1.4 1.6

 4.14      (a) Schematic of a single rectangular hole of sides  a   x   and  a   y   

perforated on a metal fi lm of thickness  h . (b) Normalized-to-area 

transmittance versus wavelength (in units of the cut-off wavelength 

 λ   c   = 2 a   y  ), for a normal incident plane wave impinging on a rectangular 

hole, for different ratios  a   y   / a   x   (adapted from Reference 34).  
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whose resonant cross-section is also proportional to λres
2    , σ λreσσ s rλ es( )ππ// 2λλ . 

The cross-section of the rectangle is half this value because we are only 
looking at the transmittance, not refl ection. The electric fi eld enhance-
ment has also the form resembling Equation [4.16], because both energy 
and amplitude enhancements are essentially the same, the magnetic 
fi eld amplitude being almost identical to the incident one. The elec-
tric fi eld enhancement can be verifi ed by near-fi eld imaging experiments. 

 In 2007, Seo  et al . experimentally verifi ed the occurrence of a large fi eld 
enhancement through the rectangular hole in the THz frequency range, 
using THz Fourier-transform near-fi eld imaging with ~ λ /100 resolution. 54  
They could measure the component parallel to the short side of rectan-
gle, that is, the main near-fi eld component.  Figure 4.15a ,  b  and  c  are images 
for samples with  a   x   = 100, 50 and 10 µm respectively for a fi xed length of 
 a   y   = 300 µm at 0.2 THz, which is the approximated resonant frequency. 
These fi gures show that the near-fi eld amplitude becomes proportionally 
stronger as the rectangular hole becomes narrower. The fi eld enhancement 
increases with the increasing aspect ratio of the rectangular hole,  a   y  / a   x  , and 
therefore with decreasing width of the rectangle ( Fig. 4.15d ).  Figure 4.15e  
shows that the area-integrated fi eld amplitude remains nearly constant for 
different rectangle widths. It strongly suggests that the same amount of the 
energy passes through a narrow rectangular hole, confi rming the funneling 
of energy in the near-fi eld.     

  4.3.5      Near-fi eld imaging of rectangular holes 
with nano-sized width 

 In the previous section, the rectangular hole structures had micron-sized 
widths. In this regime, it has been shown, theoretically and experimentally, 
that the fi eld enhancement inside holes increases as the width decreases. A 
natural question is whether this fi eld enhancement will keep going up as we 
decrease the width to nanoscale. 

 In this section, we will image long rectangular holes with nano-sized 
widths, called THz nanoantennas or THz nanoresonators, with a spatial 
resolution of 10 µm. The samples were fabricated by Dai-Sik Kim’s group 
and THz near-fi eld imaging experiments were performed by A. J. L. Adam 
at TU-Delft. This structure was shown to induce fi eld enhancement in the 
range of a few hundred for the fundamental resonance, 55  estimated by the 
Kirchhoff integral formalism (Section 4.4). These THz nanoantennas with 
a striking aspect ratio funnel THz electromagnetic waves through, accom-
panied by a large fi eld enhancement unavailable for micron-sized width. 
THz nanoantennas with giant fi eld enhancement open a strong possibility 
of potential applications, such as broadband fi eld enhancement and nonlin-
ear devices, fi lters, detectors and active switching device. 56–   60   
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  Figure 4.16a  shows a scanning electronic microscope (SEM) image of a 
THz nanoantenna with a length of 150 µm and a width of 120 nm. The sam-
ples are grown on a 300-µm-thick (110) oriented GaP EO detection crystal 
to measure the  x -component of the electric near-fi eld.  Figure 4.16b  shows 
the electric near-fi eld imaging at resonance frequency, showing a funda-
mental mode at the frequency of 0.35 THz. These modes are schematically 
described in  Fig. 4.16c .    
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 4.15       x-component  of electric near-fi elds around single rectangles of 

different widths for fi xed length, patterned on top of the EO crystal 

(GaP). The plotted images are shown for (a)  a   x    =  100 μm, (b)  a   x    =  50 

μm and (c)  a   x    =  10 μm. The length is fi xed at 300 μm. The black line 

on the right side is cut through the center of the rectangular hole. 

(d) The spectra at the center of the rectangle for various aspect ratios 

are shown. (e) The integrated fi eld amplitude over the area of the 

rectangle versus the width of the rectangle is shown (adapted from 

Reference 54).  
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 Using this THz near-fi eld method, we can also see a coupling between 
two THz nanoantennas separated by sub-skin depth barriers. Shown in  Fig. 
4.17a , two THz nanoantennas are vertically aligned with a metallic nanoscale 
barrier. Normally, the coupling between two vertically aligned nanoanten-
nas has been ignored, because the coupling between parallelized dipoles is 
relatively weak compared to that between serialized dipoles. Hyeong-Ryeol 
Park  et al ., however, have shown that the coupling between the paired nano-
antennas changes drastically, as the width of the metallic barrier decreases 
below the skin depth, about 100 nm in the THz regime. 61  The resonance 
is expected to change from  ω  to  ω /2 as the nanobarrier widths fall below 
the skin depth ( ω  corresponds to the fundamental mode of each resonator 
with length  l,  but infl uenced also by the index of refraction of GaP). This is 
because the strongly enhanced resonant electric fi eld inside each nanoan-
tenna can penetrate through the sub-skin depth barrier, coupling the adja-
cent modes, and generating a new resonant mode. Shown in  Fig. 4.17b  are 
the near-fi eld spectra of two equal-length THz nanoantennas with a length 
of 75 µm and width of 120 nm, taken at the center point. Nanobarriers with 
widths of  s  = 0, 30, 70, 150, 300 and 500 nm separate the two nanoantennas. 
We start to see signifi cant red-shift in the resonant transmission peak at 
the barrier width 150 nm, close to the skin depth of gold. For the thinnest 
30 nm wide nanobarrier, it is noted that indeed, the resonance frequency 
converges to  ω /2. It can also be confi rmed by THz near-fi eld imaging, as 
shown in  Fig. 4.17c .      

(a) (b)

(c)
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 4.16      (a) SEM image of  THz nanoantenna with a length of 150 μm and 

a width of 120 nm. (b)  x -component of electric near-fi eld at resonance 

frequency of 0.35 THz. (c) Schematic of the fundamental mode.  
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  4.4     Kirchhoff formalism for near-field estimate 

 Far-fi eld transmissions exceeding the areal coverage, caused by strong near-
fi eld enhancements of subwavelength holes have been reported in a wide 
spectral range from the visible to the THz frequency regime. The estimation 
of near-fi eld enhancement via the far-fi eld transmission is achieved without 
direct near-fi eld measurements.  62   

  4.4.1      Kirchhoff formalism and the relation between 
near- and far-fi elds  

   The relation between the near- and the far-fi eld is derived from the 
Kirchhoff integral formalism. When an observation point is located far 
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 4.17      (a) Schematic of a metallic nanobarrier with width  s  between 

the two THz nanoantennas with a length  l  and a width  w  fabricated 

on a thin gold fi lm with a thickness of  h . GaP crystal is used as 

substrate for THz near-fi eld measurement. (b) Spectra of electric 

fi elds measured at the metallic barrier region of the coupled THz 

nanoantennas ( l  = 75 μm and  w  = 120 nm). The barrier widths(s) 

are 0, 30, 70, 150, 300 and 500 nm. (c) SEM images (left) and 

 x -component of electric near-fi elds (right) for six cases of the paired 

THz nanoantennas considered in (b). The scale bar is 500 nm.  
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from the hole, the diffracted electric fi eld can be approximated by the 
Kirchhoff integral,  

G G
�

G
G G

G G
E

ie
r

k n E e
ik r

ik

A

( )GrG = ×k × ( )GrG
⋅

∫2πrr
′e ik r)) − ⋅ik d ,a′a   [4.17]   

 where 
G
r ′  is the coordinate of the element of the surface area of the hole, 

A ; 
G
r     is the distance from origin, O, to the observation point;  n̂  is the surface 

normal and 
G
k  is the wave vector in the direction of the observation point, 

as indicated in  Fig. 4.18 .    
 For an incident beam polarized in the horizontal direction and impinging 

upon the hole at the normal incidence, we can use the scalar expression and 
defi ne the diffracted horizontal component of electric fi elds,  

E
e
i

E a
e

r
E A

ikr

A

ikr

far i nE ear neard= ( )r =∫λ λr i rA
near ( )∫ ′ad)) ,   [4.18]   

 where the bracket means the averaged near-fi eld over the aperture area, 
that is,  

E
A

E a
A

near near d= ( )r∫
1 ′ad)) .   [4.19]   

 According to this formalism, the transmitted far-fi eld through the hole is 
proportional to the near-fi eld distribution inside the hole. 

y

x
r

kO

r �

4.18      Diffraction geometry for a screen with a square aperture (adapted 

from Reference 62).  
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  Figure 4.19a  shows the typical set-up for the measurement of the trans-
mitted far-fi eld THz wave. 55,  63  The transmission through the sample is exper-
imentally characterized by the normalized amplitude,  α ( ω ), defi ned as the 
ratio between the transmitted amplitude through the substrate only on the 
reference aperture, and that through the sample ( Fig. 4.19 b).     

  α ( )ω =
( )ω

( )ω
=

( )ω ⋅E

E

wE ( )ω ⋅ l

E

far
signal

far
reference

near
reference

nearee
reference

near
signal

inc

β
( )ω ⋅

=
( )ω

( )ω
⋅

A

E

E
  [4.20]   

 It follows therefore that the near-fi eld enhancement can be estimated 
from the far-fi eld measurement, corresponding to  α ( ω ) /β,  where  β  is the 
hole-to-aperture area ratio.  

  4.4.2      Near-fi eld estimate of nanoslit and nanoantenna 

 In 2009, a 10 3  fi eld enhancement inside a very narrow slit was demon-
strated by measuring the transmitted far-fi eld in the THz regime.  63    Figure 
4.20a  presents a schematic of the experiment set-up. The sample consisted 
of a nanoslit (width  w  = 70 nm) fabricated using a focused ion beam on 
the 60-nm-thick gold fi lm. To obtain a normalized transmitted amplitude 
through the nanoslit, they performed THz far-fi eld TDS with single-cycle 
THz source generated from a 2 kV/cm biased semi-insulating GaAs emit-
ter. The emitter was illuminated by a femtosecond Ti:sapphire laser pulse 
train with center-wavelength 780 nm, a 76 MHz repetition rate and a 130 fs 
pulse width. An EO sampling method was used to detect the transmitted 
THz waves in the time domain, in which an optical probe pulse underwent 

(a) (b)

THz
emitter THz wave

THz
detector S

ubstrate

S
am
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Sample

Refe
re
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e

Sign
al

 4.19      (a) Typical THz far-fi eld set-up. (b) Schematics of a reference 

aperture with substrate (typically Si, quartz, sapphire or SiN 

membrane) only (left), and with a metallic sample grown on the same 

substrate (right).  
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a slight polarization rotation by the synchronized THz beam in a (110) ori-
ented ZnTe crystal, detecting the horizontal electric fi eld.    

 The transmitted far-fi eld amplitude is connected to the enhanced near-fi eld 
amplitude at the gap through Kirchhoff integral formalism, described in the 
previous section.  Figure 4.20b  shows  α ( ω ) for the nanogap sample, reach-
ing 2.7% at the lowest frequency of 0.1 THz. The nanogap-to-aperture area 
ratio,  β  = width(nanogap)/width(aperture), is only 0.0035% = 70 nm/2 mm. 
From these results, they could obtain the near-fi eld enhancement inside the 
gap, a factor of 800. They also proved that the electric fi eld increases with 
decreasing slit width ( Fig. 4.20c ). This fi eld enhancement is caused by two 
Sommerfeld half-planes closely approaching, creating a steeper singularity. 

 When an electromagnetic wave impinges on a perfect electrically con-
ducting plane at normal incidence, current is induced on the surface, with no 
charge accumulating anywhere. When this plane is cut into Sommerfeld half-
planes, charges accumulate at the edges within a scale length of one wave-
length, so that the surface charge density has a singularity at  x  = 0. When the 
two metallic half-planes are brought back together, charges at both sides 
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 4.20      (a) SEM image of a 70-nm-width nanogap perforated on gold fi lm 

and THz-TDS using EO sampling for detection of far-fi eld transmitted 

amplitudes. (b) Normalized amplitude and fi eld enhancement shown 

on the right-hand axis. (c) Field enhancement through samples with 

various gap widths:  a  = 70, 150, 500 nm and 14 μm, where  h  = 60, 150, 

60 nm and 17 μm, respectively (inset: a log-log plot) (adapted from 

Reference 63).  
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attract each other with increasing strength as the slit width decreases. This 
implies a capacitor-like charging of the nanogap ( Fig. 4.21 ).    

 To understand these phenomena occurring near the nanoslit, a two-
dimensional FDTD analysis was carried out.  Figure 4.22a  and  b  show an 
increasing fi eld enhancement with a decreasing gap beyond the skin depth 
regime. It is in close agreement with the experimental results. While the 
horizontal electric fi eld at the gap is orders of magnitudes stronger, the mag-
netic fi eld stays mostly on the order of 1, but with a very small radius of 
curvature resulting in an enormous curl. To see the energy fl ow through 
the nanoslit,  Fig. 4.22f  plots the time-averaged Poynting vector < S   z  > where 
concentration of light energy at the sub-skin depth gap is apparent. What is 
striking is that the Poynting vector enhancement is much smaller than what 
simple multiplication of electric and magnetic fi elds suggests, indicating that 
the phase difference between the enhanced electric fi eld and impinging 
magnetic fi elds is close to 90° in this quasi-static regime.    

 Field enhancements in rectangular holes can also be better estimated 
by Kirchhoff formalism than by direct imaging described in Section 4.3, 
where the high frequency plateau was assumed to have the same amplitude 
as the incident fi eld. Park  et al . present a giant fi eld enhancement of the 
THz electric component through THz nanoantennas which are hundreds 
of microns in length and have nano-sized widths, 55  using Kirchhoff formal-
ism. They considered an array of rectangular holes with  w =  200 nm and  l  
= 100 µm in a metallic fi lm with thickness  h  = 100 nm on a dielectric sub-
strate of 450-µm-thick undoped silicon, as shown in  Fig. 4.23a . These THz 
nanoantennas, acting as resonators in THz frequency range, have the max-
imum fi eld enhancement of about 150 at the resonance frequency of 0.6 
THz, which is ~ c /(2 n  eff  l ), where  n  eff  is the effective refractive index of the 
air-substrate composite. 63  The samples were fabricated by electron beam 
lithography using a negative photoresist and a single-layer lift-off process 

(a) (b) (c) (d)

J

Metal Metal Metal Metal

 4.21      THz nanogap concept. (a) A conducting plane excited by normal 

incidence light. (b) A half-plane. (c) A nanogap. (d) A capacitor-like 

charging of the nanogap.  
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( Fig. 4.23b ). Shown in  Fig. 4.23c  and  d  are normalized amplitude spectra for 
two periods of 100 µm and 30 µm. For the 30 µm period sample, the nor-
malized amplitude increased to over 90% at the resonance with the hole 
coverage ratio of only 0.6%. The fi eld enhancement was therefore over 150, 
calculated by the Kirchhoff integral formalism. Increasing the period to 
100 µm, increased the fi eld enhancement only slightly, suggesting that the 
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 4.22      The FDTD analysis of fi elds around nanoslits. (a) Simulated 

horizontal electric fi eld around a 500-nm width at 0.1 THz. (b) Horizontal 

electric fi eld around a 70-nm width. (c) Vertical electric fi eld around the 

70-nm width. (d) Simulated magnetic fi eld around the 70-nm width. 

(e) Cross-sectional plot of the horizontal electric and magnetic fi elds 

at the exit side. (f) Time-averaged Poynting vector component < S   z   > 

(adapted from Reference 63).  
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antenna cross-section of each slot antenna on Si substrate was about 100 
µm by 30 µm.      

  4.5     Conclusions 

 We have investigated how light emerges from holes with dimensions much 
smaller than the wavelength of the incident light in the THz frequency 
regime. THz near-fi eld images directly show that subwavelength holes 
in metal fi lm have salient features such as highly enhanced electromag-
netic fi elds near the edges for strongly asymmetric apertures. In addition, 
near-fi eld enhancement can be estimated by measuring only the far-fi eld 
transmission, using the Kirchhoff formalism. This is particularly useful for 
nano-width apertures accompanied by enormous fi eld enhancements, where 
the limited spatial resolution of the near-fi eld imaging renders direct mea-
surement of the enhancements diffi cult. We have shown that the combina-
tion of near-fi eld imaging and far-fi eld transmission measurements provide 
vital insights in such new frontier problems as the sub-skin depth barrier 
separating THz nanoslot antennas.  
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 4.23      (a) Schematic of an array of rectangular holes. (b) THz 

nanoantennas are fabricated by electron beam lithography using 

negative type of photoresist patterning. (c) Normalized transmitted 

amplitude through an array of nanoantennas with  l  = 100 μm, 

 w  = 200 nm, and  d   x   = 100 μm and  d   y   = 110 μm. (d) The same as (c) 

except  d   x   = 30 μm. Inset displays SEM images of the samples. 

(adapted from Reference 55).  
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