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We experimentally and numerically investigate the transmission of THz radiation through uniform
nanoslit arrays. These structures are capable of inducing plasmon-mediated field enhancement while
concurrently providing high field transmission. Combined with intense THz radiation, estimated field
strengths as high as 26 MV/cm are obtained in the near-field regime which will facilitate nonlinear
C 2011 American Institute of Physics. [doi:10.1063/1.3617476]
THz experiments. V

Since the report of high optical transmission in subwavelength hole arrays,1 transmission and field enhancement
properties of electro-magnetic waves in subwavelength metallic apertures have drawn much interest.2 In the THz regime, field enhancement is of importance due to the present
technological limitations in the peak fields obtainable from
current THz sources3 which limits the realization of nonlinear THz experiments.4–6 Recently, Seo et al.7 reported a field
enhancement factor F approaching 780 at 0.1 THz using a
single 70 nm wide slit etched in a thin gold film. A single slit
can be depicted as a nanocapacitor loaded with the charge
collected by the surrounding metal surface. When THz radiation impinges on the metal sheet, light-induced current creates transients of charge imbalance across the gap. This
imbalance, in turn, leads to a field enhancement inside the
gap that scales with the incident wavelength.7 Despite the
high field enhancement obtainable in single slits, such structures tend to suffer from a low field transmission T, which
could in principle be increased by arranging the slits into
arrays.8,9 However, the net charge imbalance depends on
the current induced within a finite collection area around the
gap. Hence, as the spacing between the slits decreases, the
collected charge per slit, and, therefore, the overall field
enhancement factor, decreases. A compromise can be found
to obtain reasonable values of F and T by optimizing the
array parameters. In this work, we design and experimentally
demonstrate 1D arrays of nanoslits featuring high T while
preserving high F in the frequency range of 0.2–2.7 THz.
Figure 1(a) shows a schematic of a 1D nanoslit array
patterned in a thin metal film. Throughout this work, we
assume that the incident electromagnetic wave is polarized
perpendicular to the slits’ long axis as indicated. For an infinitely long 1D array, the structural parameters for adjusting
F and T are the slit height h, the width a, and the periodicity

d. Decreasing h, in general, enhances F as it increases the
charge carrier density in the gap region. However, as
h becomes smaller than the skin depth, the gold film starts to
be transparent to the THz radiation, reducing the amount of
field energy effectively contributing to the enhancement.
Hence, we chose h ¼ 60 nm, which is comparable to the skin
depth of gold at 1 THz (70 nm). The field enhancement has
been shown to increase as a decreases, with the lower limit
determined by the charge-screening length ð.1 nmÞ.7 In
practice, a is limited by the smallest feature size that can be
achieved in the fabrication process, here approximately 40
nm. The periodicity d is, therefore, the main design parameter that can be modified. Sophisticated numerical simulations, which also give details on the local charge
distribution, have been performed using frequency- and
time-dependent finite element methods (FEM) in two spatial
dimensions as described in Ref. 10. The frequency-dependent simulations yield the transmission T(m) ¼ Eout(m)/Einc(m)
as well as the field enhancement factor F(m) ¼ Egap(m)/Einc(m),
where Egap(m) denotes the absolute amplitude of the electric
field in mid-gap, and Einc(m) and Eout(m), the amplitude of the
incident and transmitted field, respectively. The time-dependent simulations yield the spatiotemporal field distribution and, more importantly, they confirm that the in-gap field
transient is reproduced by the waveform sampled in the farfield, information that is important to estimate the absolute
in-gap field strengths from the measured far-field traces.
Figures 2 show the simulated transmission and field
enhancement factor for a free standing 1D array as the
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FIG. 1. (Color online) (a) Schematic illustration of a 1D nanoslit array. (b)
Scanning electron microscope image with the inset showing a zoomed-in
image of one of the slits.
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FIG. 2. (Color online) Field enhancement factor F (red curve) and transmission T (black curve) for varying periodicity d at (a) 0.5 THz and (b) 1 THz.
The black squares represent F ¼ T/b. (c) Transmission versus d/k for four
different frequencies.

periodicity is varied for a frequency of 0.5 THz and 1 THz,
respectively. As demonstrated in Ref. 7, there is no penetration of the electric field of the average Pointing vector within
the side of the slit even for a metal with finite conductivity.
The in-gap field is fully scattered to the far-field7 and we find
FðmÞ ¼ TðmÞ=b;

(1)

where b ¼ a/d is the aperture coverage. This is shown by the
black squares corresponding to F calculated from the farfield transmission, which reproduces the field enhancement
sampled in mid-gap. For a small periodicity, the transmission
values are close to unity and the field enhancement factors
are small. This behavior reverses as the slit spacing
increases. The field enhancement relies on a finite collection
distance fl, oriented normally to the slits’ long axis, where
the incident field energy is gathered and subsequently funneled through the slit aperture.11 If the spacing between the
slits is less than fl, the slits share the collected charges and
the field enhancement decreases. A high transmission, however, relies on designing dense slit structures. Therefore, a
compromise should be found between T and F. While this
general behavior is observed for all frequencies, the details
are frequency-dependent, and consequently such a compromise has to be optimized in the spectral range of interest. As
shown in Fig. 2(c), the transmission versus the ratio d/k is independent of frequency which also shows that the funneling
is a purely geometric effect. We find that a transmission attenuated by less than 3 dB demands d  k/15 where the corresponding field enhancement can again be determined using
Eq. (1). These results allow one to choose the optimum periodicity for the realization of nonlinear THz experiments. For
a second order nonlinear process, for example, the quantity
to be optimized is F2/d since such a process exhibits a quadratic dependence on the induced field strength and scales linearly with the overall size of the high field strength
volume.10 Using Eq. (1), the quantity F2/d is seen to be
directly proportional to F T so that, in Figs. 2, the ideal periodicity is approximately given by the crossing point between
the red and the black curves. Considering the whole spectral
range between 0.2 THz and 2.7 THz, we find that a high field
enhancement, comparable to the single slit case, is maintained for slit spacings of d & 50lm.
Based on the above consideration and on the fabrication
constraints, we prepared two arrays of 40 nm wide slits,
placed at 1 lm and 100 lm intervals, in a 60 nm thick Au
film. As the sample substrate, we used a 500 lm thick high

resistivity silicon wafer. Our sample was realized using electron-beam lithography, combined with evaporation of a gold
film on a 5 nm thick Cr adhesion layer and subsequent liftoff. This process yields narrow rectangular apertures (2
mm  40 nm) with an aspect ratio l/a of 50 000. The slits
were patterned within an area of 2 mm  2 mm, which is
larger than our THz spot size (1.2 mm), thus justifying the
assumption of infinitely long slits and an infinite array extension. A scanning electron microscope image of part of a
nanoslit array and a zoomed-in image of one of the slits is
shown in Fig. 1(b).
The spatiotemporal electric field distribution behind the
nanoslit arrays was investigated with our THz polaritonics
platform. An in-depth description of this technique can be
found in Ref. 12. We employ an experimental geometry
where the slit array on the Si substrate is sandwiched
between two lithium niobate (LN) crystals.13,14 THz waves
are generated in the first crystal, propagate through the sample, and are visualized in the second crystal. Snapshots of the
waveforms detected in the probe crystal are shown in Figs. 3
where the white arrows mark the propagation direction. The
reference THz wave, i.e., no slit array present, is shown in
Fig. 3(a). When the nanoslit array with 1 lm slit spacing is
inserted (marked by the dashed white line in Fig. 3(b)),
almost no change in waveform is observed and the transmission is close to one although the slit coverage b is only 1/25.
Even for the 100 lm periodicity sample (b ¼ 1/2500), the
transmission is still rather high and the emergence of additional features is observed, most noticeably the interference
pattern trailing the zeroth order waveform as marked by the
blue curves. This interference pattern, which results from
the coherent superposition of the fields transmitted through
the individual slits,14 can best be seen in a video showing the
temporal evolution of the measured waveform (available in
the supporting online material). Figure 3(d) shows a time dependent simulation of the employed sandwich geometry. The
waveform transmitted into the right LN crystal reproduces
all details observed in the measurement, i.e., the interference
features as well as the weak replica following the main THz

FIG. 3. (Color online) Snapshots of the spatial field distribution measured
approximately 10 ps after the THz pulse has passed through a substrate (a)
without slits, and with slits having (b) 1 lm, and (c) 100 lm spacing
(enhanced online, Video 1) [URL: http://dx.doi.org/10.1063/1.3617476.1].
The images are plotted on the same absolute gray scale. (d) Simulation corresponding to (c) showing the entire sandwich geometry (enhanced online,
Video 2) [URL: http://dx.doi.org/10.1063/1.3617476.2].

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
192.33.101.210 On: Tue, 01 Apr 2014 13:26:01

041110-3

Shalaby et al.

FIG. 4. (Color online) (a) Time profile of THz pulses transmitted through
an unstructured Si substrate and the d ¼ 100 lm slit array. (b) Corresponding
spectra. (c) Simulated enhancement factor for a freestanding d ¼ 100 lm
array, the slit array on substrate, and the field enhancement obtained from
the measurement. The arrows mark the spectral modulations related to grating modes.

waveform, which stems from multiple reflections in the silicon substrate. This behavior is again most illustrative in a
video showing the temporal evolution of the simulated waveform (available in the supporting online material).
In order to analyze the transmission and the field
enhancement factor more quantitatively, we also performed
transmission measurements using THz time domain spectroscopy.15 Here, we focus on the slit array with 100 lm periodicity due to its larger field enhancement. The time
profiles and spectral contents of the reference (pure substrate) and sample pulses are shown in Figs. 4, respectively.
By simply dividing the spectra, we obtain the transmission
T(m) from which we calculate the field enhancement using
Eq. (1). In Fig. 4(c), the experimentally obtained field
enhancement factor in the spectral range 0.2–2.7 THz, along
with FEM simulations for the freestanding slit array and the
slit array on substrate are shown. Good agreement is
obtained between the measurement and the simulation for
the slits on the Si substrate. The reduced field enhancement,
as compared to the freestanding case, is explained by the slit
array responding to an effectively smaller wavelength
keff ¼ k0/neff, where k0 denotes the free space wavelength
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
and neff ¼ ðn2Si þ n2Air Þ=2. As indicated by the red squares,
the freestanding case is reproduced by the on-substrate case
if the frequency axis is scaled by neff. Note that this wavelength scaling has to be taken into account when optimizing
the array’s periodicity for the investigation of THz nonlinearities. The arrows in Fig. 4(c) mark irregularities that are
assigned to grating modes where the slit array diffracts the
incident radiation into the sample plane.16 In the Si substrate,
the wavelength decreases according to k0/nSi so that, compared to a freestanding slit array, the grating modes are
shifted to smaller frequencies. At a frequency of 0.2 THz,
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we measure a field enhancement factor of F ¼ 760 corresponding to 30% transmission despite the aperture coverage
being as low as b ¼ 1/2500.
The most intense THz pulses used here, with a peak
electric field of about 200 kV/cm, were generated by means
of optical rectification of 70 mJ laser pulses in a large aperture (3 in.) ZnTe crystal.17 For the THz transient of such a
pulse transmitted through the slit array, we measure a peak
field transmission of 5.2% (10.4 kV/cm) which, together
with the aperture coverage, yields a estimated field strength
inside the slit of E ¼ 26 MV/cm.
In conclusion, we have investigated 1D arrays of nanoslits with the goal of achieving a good compromise between
the enhancement factor and the transmission in the 0.2–2.7
THz frequency range. We have demonstrated experimentally
that an array of 40 nm wide slits with 100 lm periodicity
shows a peak near-field enhancement factor of 760 at 0.2
THz, corresponding to 30% transmission. Combined with an
intense source, THz field strengths as high as 26 MV/cm are
obtained. These intense and relatively broadband pulses
open the way to nonlinear THz experiments.
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