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Abstract: We have measured the enhanced transmission properties of a
single subwavelength aperture surrounded by periodically spaced annular
grooves using time-domain techniques. While the present measurements
utilize terahertz time-domain approaches, with appropriately scaled device
parameters, the general observations should be applicable to other spectral
ranges. In contrast to measurements that rely on continuous wave excitation
and frequency domain measurements, we are able to determine the
contribution of each individual groove to the transmitted terahertz
waveform. Using structures containing only a single annular groove
surrounding the aperture, we find that each groove can couple a large
fraction of the incident terahertz bandwidth in the form of a surface wave
pulse. When multiple annular grooves surround the aperture, we observe
oscillations in the time-domain waveform that are temporally delayed from
the initial bipolar waveform in direct relation to the distance of the groove
from the aperture. This is further demonstrated by using structures
containing defects (absence of annular grooves).
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1. Introduction
A broad range of near-field electromagnetic techniques and applications rely on the use of a
single subwavelength aperture to restrict the spatial properties of the transmitted
electromagnetic radiation. While a reduction of the aperture diameter in the subwavelength
regime may be used to increase the achievable spatial resolution, there is a corresponding
power law decrease in the transmitted electromagnetic power [1,2]. Grupp et al. showed that
by surrounding a single aperture with periodically spaced surface corrugations, the optical
transmission could be strongly enhanced at wavelengths corresponding to the period spacing
[3]. This finding was analogous to the initial demonstration in this area of enhanced optical
transmission through a periodic array of subwavelength apertures [4]. Based on these initial
demonstrations, there has been significant work in trying to understand the underlying
physical mechanisms behind the phenomenon. Such an understanding should allow for the
development of unique and useful technologies based on this effect.
To date, there have been a number of experimental [3, 5-15] and theoretical [16-19]
investigations into the transmission properties of single subwavelength aperture surrounded
by periodic surface corrugations. The most common embodiment of this structure is the
bullseye design, which is comprised of a single aperture surrounded by periodically spaced
concentric annular grooves [5-11, 13, 15]. One issue that is important for understanding this
phenomenon regards the role that the periodic scattering sites, concentric annular grooves in
our case, play in the transmission enhancement process. There have been several studies that
have explored the role of the scattering sites by employing bullseye patterns with varying
numbers of annular grooves. When only one annular groove surrounds the subwavelength
aperture, it has been shown that the transmission at the resonant wavelength is enhanced,
though only modestly. Based on this observation, Hibbins et al. discuss the enhanced
transmission effect in terms of the coupling together of cavity modes in the grooves [12].
Lezec and Thio, on the other hand, describe their observations in terms of composite
diffractive evanescent waves [11]. It should be noted that the corresponding experimental
studies utilized only frequency domain characterization techniques.
In this submission, we measure the time-domain transmission properties of bullseye
structures using conventional terahertz (THz) time-domain spectroscopy. The approach allows
us to uniquely determine the contribution of each annular groove to the transmitted THz timedomain waveform. Using structures containing only a single annular groove, we find that each
groove can efficiently couple a large fraction of the incident THz bandwidth to surface wave
modes. At metal dielectric interfaces, these surface waves are in the form of surface plasmonpolaritons. When multiple annular grooves surround the aperture, the transmitted THz
waveform consists of a superposition of oscillations arising from the coupling of the incident
THz pulse to a surface wave pulse by each annular groove. These oscillations are temporally
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shifted from one another in accordance with the spatial distance between the grooves. We
further demonstrate this by using bullseye structures containing defects (absence of annular
grooves). When the phase conditions between these oscillations are set appropriately, the
transmitted THz power at the resonant wavelength is enhanced relative to an equivalent bare
aperture. It is worth noting that while the time-integrated THz power through the bullseye
structure is greater than that through an equivalent bare aperture, at no point in time is the
instantaneous electric field transmitted through the bullseye structure greater than the
maximum instantaneous electric field transmitted through the bare aperture.
2. Experimental details
We fabricated and analyzed a broad range of bullseye patterns to measure the time-domain
properties of the transmitted THz electric field. All of the structures were produced by
chemical etching on freestanding 150 µm thick stainless steel foils. Each bullseye structure
consisted of a single 490 µm diameter circular aperture surrounded by a variable number of
concentric annular grooves. The typical groove width and depth was 500 µm and 100 µm,
respectively and have rectangular cross-section. The typical center-to-center groove spacing
was 1 mm, unless noted otherwise below. Three different sets of bullseye structures were
fabricated for these studies. In the first set of samples, we fabricated only one annular groove,
at consecutive groove positions, around each single subwavelength aperture. In the second set
of samples, we varied the number of annular grooves surrounding the aperture. Finally, in the
third set of samples, we fabricated bullseye patterns that nominally contained 10 annular
grooves. In these samples, we intentionally removed specific grooves (defects). For reference
purposes, we fabricated 490 µm diameter bare apertures in the same metal foils.
We used a conventional time-domain THz spectroscopy setup [20] to characterize the
bullseye structures and bare apertures. Using this method, the time-domain properties of a
single cycle electromagnetic transient transmitted through a structure can be measured using
coherent detection with subpicosecond temporal resolution. Photoconductive devices were
used for both emission and coherent detection. An off-axis paraboloidal mirror was used to
collect and collimate the THz radiation from the emitter to the samples. The THz beam was
normally incident on the corrugated surface of the bullseye structures. In all experiments, the
THz beam, with a 1/e beam diameter of approximately 20 mm was incident on the corrugated
surface at normal incidence. It is important to note that the frequency content of the THz
beam varies spatially, thus the temporal properties of the incident THz pulse are also spatially
dependent. The nominal frequency content of the incident beam extends from ~0.05 THz (λ =
6000 µm) to ~1 THz (λ = 300 µm), with a center frequency of ~0.4 THz (λ = 750 µm).
3. Experimental results and discussion
Photographs and schematic cross-sectional views of single annular groove bullseye structures
are shown in Figs. 1(a) and 1(b), respectively. The radius of the center of the annular groove
for the 4 upper structures, shown in Fig. 1(b), vary as RK = KP, where K = 3,4,5,6 and P = 0.8
mm. Thus, K is simply the groove number as one counts outward from the aperture. The
measured temporal waveforms corresponding to the transmitted THz pulses through these
structures are shown in Fig. 1(c). As shown at the bottom of Fig. 1(c), the transmitted
waveform for the reference bare aperture is characterized by a single bipolar THz waveform.
With the addition of an annular groove, an oscillation that is temporally shifted from the
initial bipolar pulse and of smaller magnitude is superposed on the transmitted THz
waveform. Specifically, as the spacing between the annular groove and the central aperture
increases linearly (K= 3 to K=6), there is a corresponding linear increase in the time delay
between the initial bipolar waveform and the oscillation contribution from the annular groove.
This process is shown graphically in Fig. 2(a). It is worth noting that this observation is
consistent with our earlier finding that there are two independent, yet phase-coherent,
transmission processes that contribute to the transmitted time-domain waveform: a nonresonant transmission contribution related to transmission through the subwavelength aperture
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and a resonant transmission contribution related to the interaction of the THz pulse with the
structured metal surface [15,21]. We attribute the decrease in the magnitude of the oscillation
with increasing K primarily to the spatial profile of the incident THz beam. Using the
temporal data shown in Fig. 1(c), it should be possible to determine the propagation properties
of the THz surface waves [22].
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Fig. 1. (a) Photographs of typical bullseye structures consisting of only one annular groove (b)
Cross-sectional line diagrams of the structures used. The radius of the center of the annular
groove for the 4 upper structures shown in Fig. 1B vary at RK = KP, where K = 3,4,5,6 and P =
0.8 mm. (c) Five experimentally observed time-domain waveforms for the structures shown in
part (b). The temporal waveforms have been offset from the origin for clarity. The arrows point
to the oscillation that arises from coupling of the incident THz pulse to a surface wave pulse.
The temporal change in the location of this oscillation corresponds directly to the change in
distance of the annular groove from the aperture. The decrease in the magnitude of the
oscillations with increasing K is related to the spatial profile of the incident THz beam.

As mentioned above, each annular groove couples a relatively large fraction of the
incident THz wave to surface waves. To demonstrate this, consider bullseye structure with a
single annular groove with K=4, for which the corresponding time-domain waveform is
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shown again in Fig. 2(b). The trace consists of two components: a temporal waveform
containing the initial bipolar pulse that is nominally identical to the time-domain waveform of
the bare aperture and an oscillation related to the coupling properties of the annular groove,
shown in the blue box in Fig. 2(b). We numerically separate these two contributions and plot
the resulting amplitude spectra in Fig. 2(c). The reduced high frequency content in the timedelayed oscillation is believed to be due to the coupling properties of the annular groove. It
should be noted, however, that the temporal properties of the initial bipolar pulse and any
time-delayed oscillations are not expected to be identical, since the frequency content of the
THz beam is spatially dependent.
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Fig. 2. (a) Schematic drawing showing the two contributions to the transmitted THz timedomain waveform. The component shown by the red arrow corresponds to the non-resonant
transmission of the incident THz pulse through the subwavelength aperture. The component
shown by the blue arrow corresponds to the contribution that arises from the interaction of the
incident THz pulse with the structured surface. This latter component is smaller than the nonresonant component and temporally delayed. (b) Time-domain waveform for K=4 from Fig.
1A. The blue portion of the temporal waveform corresponds to the contribution that arises from
coupling of the incident THz pulse by the annular groove (C) Amplitude spectra of the initial
bipolar waveform (red) and the time-delayed oscillation (blue). The blue trace has been
multiplied by a factor of 3.
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Fig. 3. (a) Photographs of typical bullseye structures consisting of periodic multiple annular
grooves (b) Cross-sectional line diagrams of the structures used (c) Five experimentally
observed time-domain waveforms for the structures shown in part (b). The temporal
waveforms have been offset from the origin for clarity. The number of oscillations, after the
initial bipolar waveform, matches the number of annular grooves.

Based on the results for single groove structures, we analyzed bullseye patterns that
contained multiple annular grooves that were periodically spaced. Photographs and schematic
cross-sectional views of these structures are shown in Figs. 3(a) and 3(b), respectively. The
measured temporal waveforms corresponding to the transmitted THz pulses through 2, 4, and
6 groove patterns are shown in Fig. 3(c). For completeness, we also provide the transmitted
waveform for the reference bare aperture. A striking aspect of the data is the one-to-one
correspondence between the number of grooves and the number of oscillations after the initial
bipolar pulse. As discussed above, each groove couples a fraction of the incident THz pulse to
a surface wave that propagates both towards and away from the aperture. In the present
geometry, only surface waves that propagate towards the aperture contribute to the transmitted
THz waveform. From Fig. 3(c), it is apparent that there are a number of low amplitude
oscillations following the primary oscillations. These secondary oscillations are believed to be
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caused by in-plane scattering from adjacent grooves. Since the linewidth of any transmission
resonance associated with these bullseye structures is much narrower than the bandwidth of
the incident or coupled THz pulses, we do not expect to observe any significant formation of
standing wave patterns.
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Fig. 4. (a) Photographs of typical bullseye structures containing defects (absence of annular
grooves) (b) Cross-sectional line diagrams of the structures used (c) Five experimentally
observed time-domain waveforms for the structures shown in part (b). The temporal
waveforms have been offset from the origin for clarity. The arrows point to the temporal
locations of the defects. The suppressed oscillation at the temporal location of the defect can be
attributed primarily to the superposition of the trailing portion of the oscillation from the
preceding groove and the leading portion of the oscillation from the following groove.

In order to obtain transmission enhancement from these bullseye structures at THz
frequencies, definite phase requirements must be met. Specifically, transmission enhancement
occurs when all of the constituent oscillations in the time-domain THz waveform, including
the initial bipolar pulse and each coupled surface wave pulse, are equally spaced temporally.
The time delay between oscillations is inversely related to the resonance frequency. By
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increasing the number of grooves surrounding the aperture, the amount of radiation coupled to
surface wave modes increases thereby increasing the enhancement factor. The increase in the
number of oscillations following the initial pulse also corresponds to a decrease in the
resonance linewidth. With bullseye structures, the phase conditions can be altered to yield
transmission enhancement, transmission suppression, or a combination of the two processes at
the resonant wavelength [15].
We have previously shown that by using a bullseye structure that was nominally identical
to those described in Fig. 2, but containing 25 annular grooves, we were able to enhance the
transmitted THz power at the resonance frequency by a factor of approximately 16 relative to
an equivalent bare aperture [15]. Altering the number of grooves would lead to a
commensurate change in the number of oscillations in the time-domain waveform, thereby
altering the enhancement factor. In the case of the structures shown in Fig. 2, the measured
enhancement factor in the transmitted THz power at the resonant frequency of 0.29 THz for
the two, four, and six groove bullseye structures was 5.5, 9, and 11, respectively, when
compared to an equivalent bare aperture. The relatively modest increase in the enhancement
factor with an increasing number of annular grooves is attributed to the finite spatial
properties of the incident THz beam.
To further investigate the role of each annular groove, we fabricated and analyzed
bullseye structures that all nominally extended out to 10 annular grooves. Photographs and
schematic cross-sectional views of these structures are shown in Figs. 4(a) and 4(b),
respectively. The measured temporal waveforms corresponding to the transmitted THz pulses
through these defect structures are shown in Fig. 4(c). In the figure, arrows point to the
corresponding temporal location of the defect. Based on the discussion above, one might
initially expect no oscillation whatsoever at the temporal locations of the defects. However, by
looking carefully at the time-domain waveforms in Fig. 1(c) for the single annular groove
structures, we find that the total temporal extent of the oscillation can be relatively long. Thus,
the suppressed oscillation at the temporal location of the defect can be attributed primarily to
the superposition of the trailing portion of the oscillation from the preceding groove and the
leading portion of the oscillation from the following groove. For example, if we consider the
structure with a defect at groove #3, the suppressed oscillation is due to the temporal overlap
of the oscillations from grooves #2 and #4. The results are consistent with simulations
involving the superposition of individual oscillations with varying time-delays.
4. Conclusion
In conclusion, we have measured the enhanced terahertz transmission properties of a single
subwavelength aperture surrounded by surface corrugations using terahertz time-domain
spectroscopy. The approach allows us to measure the individual contribution of each annular
groove to the transmitted THz waveform. Using structures containing only a single annular
groove surrounding the aperture, we find that each groove can couple a large fraction of the
incident THz bandwidth to propagating surface waves. When multiple annular grooves
surround the aperture, each annular groove couples the incident THz waveform to surface
waves in the form of a time-domain oscillation. When appropriate phasing conditions exist
between these contributions, the transmission is enhanced at the resonant frequency
corresponding to the inverse of the time delay between oscillations. When defects (absence of
annular grooves) are introduced into the surface corrugation pattern, we observe a suppressed
oscillation at its corresponding temporal locations. Through optimization of groove
parameters, we may be able to further suppress these oscillations at the defect locations. Thus,
we would be able to control the number of oscillations and nulls (from defects), which may be
important in applications requiring shaped THz pulses.
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