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Focusing of Terahertz Waves onto Micron-sized Slits Grown
on ZnTe and GaP Substrates
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We report on terahertz focusing through rectangular slit apertures on thin metal film by using
terahertz time domain spectroscopy both in the far- and in the near-field. Our experiments show
that far-field perfect transmission is maintained in the rectangular slit array even as the aperture
coverage decreases. Near-field imaging supports the field enhancement in the single rectangular
aperture indeed occurring at a frequency equal to the fundamental shape resonance frequency.
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I. INTRODUCTION

Plasmonics has attracted growing attention in the pho-
tonics community in the last decade [1]. The concept
of the surface plasmon polariton has been extended to
perforated structures with local resonances in the mi-
crowave and the terahertz frequency ranges where met-
als are highly conducting [2–5]. In perfect metals, the
lightning rod effect becomes singular and a large field
enhancement is expected. Recently, it was predicted
[6] that a rectangular aperture with a large aspect ra-
tio at its fundamental resonance would focus the incom-
ing wave onto its small area through an enormous field
enhancement. Here, we performed terahertz far-field [7]
and near-field electro-optic sampling experiments [8] on
free-standing rectangular hole arrays and on a single rect-
angular aperture grown on an electro-optic crystal sub-
strate, GaP, respectively. We found that far-field trans-
mission achieved perfect transmission at the fundamental
shape resonance, regardless of the area coverage of the
holes, as long as the aspect ratio of the rectangle was
sufficiently large. Indeed, the near-field imaging demon-
strated that the electric field enhancement really existed.
We expect that the enormous field enhancement will have
wide-ranging implications in many areas where strong
terahertz fields are much desired. This type of THz field
energy focusing is implied in many applications, includ-
ing perfect transmission in perfect conductors with aper-
tures [9], near-field lithography using nano-wires [10],
plasmonic nanolithography [11], super lensing [12, 13],
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and a recently proposed evanescent-field lens [14].

II. EXPERIMENTS AND DISCUSSION

It is notable that the earlier theoretical study by
Garćıa-Vidal et al. [6] on rectangle apertures assumed
a perfectly conducting metal, which is readily applica-
ble to the THz or the microwave region. Recently, the
shape resonance was shown to be the dominant effect
responsible for the extraordinary transmission through
metal sheets with subwavelength rectangle holes in the
THz spectral region [15]. While the far-field experiment
showed terahertz transparency at the fundamental shape
resonance of the rectangular holes in the far-field region,
the near-field measurement directly and quantitatively
displays strong enhancement around a single rectangle.

Consider a rectangular aperture whose width is much
smaller than the incoming light’s wavelength in a thin,
perfectly conducting film with the incident polarization
perpendicular to the length direction. Different from
a circular hole, which has been addressed and exactly
solved in many diffraction theories ever since Bethe [16]
and Bouwkamp [17], the rectangle shape exhibits many
shape resonances [15,18,19].

We use a THz TDS (time-domain spectroscopy) sys-
tem to measure the far-field spectrum and utilize a re-
cently developed Fourier-transform terahertz near-field
microscopic technique [20] to probe the time and the fre-
quency domain near-field images, respectively. Both sys-
tems are based on the EO (electro-optic) sampling tech-
nique to detect a THz signal with a working frequency
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Fig. 1. (a) Schematic of the THz far-field spectroscopy. The THz wave transmitted through free standing metal slits is
measured by using electro-optic sampling with a (110) ZnTe crystal. (b) Terahertz near-field measurement of a single rectangular
hole of sides ax and ay perforated on a gold metal film deposited on a piece of GaP electro-optic crystal. The crystal with the
metal sample was raster scanned with respect to the probe/THz beam to image the near surface of the transmitted side. Both
systems were normally irradiated by using an x-polarized terahertz plane wave, and electro-optic sampling was performed using
terahertz time domain spectroscopy.

Fig. 2. (a) SEM image of rectangle array with a length of 1250 um and a period of 400 um. (b) Normalized transmission,
at normal incidence, of rectangular holes with the same length of 1250 um, but with different periods of 350, 400, 450, and 500
um corresponding, respectively, to areal coverages of 18%, 16%, 14%, and 12%.

between 0.05 – 1.3 THz. Using two differently-oriented
GaP crystals, we were able to independently measure all
three vector components of the terahertz electric field
[21]. Especially, the electro-optic sampling technique
with a (110) orientation allowed us to detect only the
component of the THz electric field parallel to the crys-
tal surface [22, 23]. To examine the focusing effect at
the hole precisely, we measured only the component of
the electric field parallel to the crystal surface while the
incident THz light was polarized along the x-axis (Figs.
1(a) and 1(b)). Particularly, in near-field imaging sys-
tems (Fig. 1(b)), while the THz wave impinges on the
structured metal, the probe pulse sees the interface be-

tween the deposited metal film and the detection crystal
and the probe beam size results in a spatial resolution of
less than 10 um. Because the metal surface is in direct
contact with the detection crystal, this measurement ad-
dresses only the near-field near the surface of the metal
(z = 0).

As in an earlier prediction [4], for the polarization cho-
sen, the transmittance peak appearing at the cutoff de-
pends only on the long side (λres = 2ay), and the ratio
between the long side and the short side of the rect-
angle gives rise to the area-normalized transmittance,
Tres ≈ (3/π)ay/ax, close to the cutoff. Therefore, the
question is as the coverage, meaning the distance be-
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Fig. 3. (a) Fourier-transformed image of the Ex component for a 150 um by 150 um square at 0.37 THz, (b) Fourier-
transformed image of the Ex component of a rectangle with a 10-um width and a 150-um length at 0.37 THz. (c) Field
amplitude spectra for the square and the rectangle after area normalization.

tween adjacent slits, changes, perfect transmission be
maintained? As shown in Fig. 2(b), near-perfect trans-
mission is maintained at the fundamental shape reso-
nance even as the distance between apertures becomes
larger. The transmittance above the first Rayleigh min-
imum, fR = c/d = 0.16 THz, in the frequency range
of approximately 0.8 to 1.3 THz is roughly equal to the
aperture area coverage, where d is a period of the slit
array.

To precisely investigate the role of a rectangular shape
in the field enhancement, we performed THz near-field
imaging with a sample grown directly onto the detection
crystal. We scan the x-component of the electric field
around on aperture having a scan area of 400 um × 400
um for the square aperture and of 200 um × 300 um for
the rectangle in the x−y plane with a spatial step size of
20 um. In order to compare the effect of the rectangular
ratio on the transmittance, we designed the rectangles
with different short sides of ax = 150 um (Fig. 3(a)) and
10 um (Fig. 3(b)) for a fixed long side ay = 150 um,
which results in a fundamental shape resonance peak at
0.37 THz. We plot the x-component of the electric field,−→
Ex(x, 0, z, t) at 0.37 THz to show that E-field focusing
occurs around the aperture with a size of 10 um along
the x-axis and 150 um along the y-axis (ay/ax =15), as

shown in Fig. 3(b). These near-field amplitudes are nor-
malized against the higher frequency backgrounds, which
remain virtually constant over the frequency range of 0.8
– 1.3 THz for these two samples. This field image reveals
the strongly localized character of the field at the center
of the rectangular aperture. Clearly, as shown in this fig-
ure, a transmission peak develops at approximately λres

= 2ay/n, with the aspect ratio, ay/ax, being much larger
than 1 (15 for the case of Fig. 3(b)). It is notable that
the peak amplitude of the electric field increases as the
ratio increases, as predicted by the earlier theory [6].

III. CONCLUSION

In conclusion, we investigated perfect transmittance
through rectangular aperture arrays at the fundamental
resonance frequency as a function of the aperture cover-
age. A comparison between the near-field imaging for the
square and the rectangular single aperture shows that a
large aspect ratio between the length and the width of
the rectangle can support stronger field focusing around
the center of the structure. The areanormalized spec-
tra show that at the resonance peak, the areanormalized
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transmittance and therefore the normalized amplitude
are greater than 3 for a rectangle with an aspect ratio
of 15. The extremely-large-aspect-ratio rectangular holes
therefore, with their large field amplitude enhancements,
will find immediate application in physics, engineering,
and biology, where large and controllable terahertz field
enhancement is much desired.
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