
Excitation and scattering of surface plasmon-polaritons on structured metal films and their

application to pulse shaping and enhanced transmission

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2005 New J. Phys. 7 249

(http://iopscience.iop.org/1367-2630/7/1/249)

Download details:

IP Address: 38.107.179.212

The article was downloaded on 20/02/2012 at 22:21

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/1367-2630/7/1
http://iopscience.iop.org/1367-2630
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


T h e  o p e n – a c c e s s  j o u r n a l  f o r  p h y s i c s

New Journal of Physics

Excitation and scattering of surface
plasmon-polaritons on structured metal films
and their application to pulse shaping
and enhanced transmission

Amit Agrawal, Hua Cao and Ajay Nahata1

Department of Electrical and Computer Engineering, University of Utah,
Salt Lake City, UT 84112, USA
E-mail: nahata@ece.utah.edu

New Journal of Physics 7 (2005) 249
Received 2 August 2005
Published 30 November 2005
Online at http://www.njp.org/
doi:10.1088/1367-2630/7/1/249

Abstract. Using terahertz (THz) time-domain techniques, we measure the
relative coupling and scattering characteristics of surface plasmon-polariton
waves for rectangular cross-section grooves on a thick metal foil. This is
accomplished by using a single subwavelength aperture surrounded by one or
more annular grooves. A unique aspect of the measurement technique is that
it allows one to discriminate between the contributions of each groove in the
transmitted THz waveform. The measurements are obtained by using structures
that contain either a single annular groove, for coupling measurements, or two
concentric annular grooves, for scattering measurements. The basic approach
should be extendable to other spectral ranges and applicable to different forms
of surface electromagnetic waves. Using the aforementioned measurements, we
demonstrate the ability to alter the pulse shape of the transmitted waveform using
a single aperture surrounded by four annular grooves of varying dimensions.
In addition to the value of this capability for pulse shaping applications, the
basic technique allows for greater control of the transmission resonance lineshape
related to enhanced transmission through a single subwavelength aperture.
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1. Introduction

Although surface waves at material interfaces, particularly surface plasmon-polaritons (SPP) at
metal–dielectric interfaces, have been extensively studied over the last several decades [1], there
appears to be resurgent interest in this topic [2]. This is driven largely by the ongoing desire to
fabricate and examine structures of ever decreasing dimensions.An attractive feature of SPP fields
is that they are strongly confined to the material interface and, at optical frequencies, typically
extend less than a wavelength along the out-of-plane axis. Thus, the utilization of these bound
waves may be well suited for a variety of nanophotonic applications. Several of the proposed
and demonstrated applications include nanoscale guided wave devices [3, 4], optical switching
[5], near-field photonics [6], enhanced nonlinear optical processes [7] and biosensors [8]. While
the majority of the proposed devices have been designed for use at optical frequencies, there
is growing interest in extending these ideas to significantly longer wavelengths, including the
terahertz (THz) and microwave spectral ranges.

One application that is rarely discussed in the context of surface waves is that of pulse
shaping. The ability to control arbitrarily the temporal and spectral properties of ultrafast pulses is
of fundamental importance in a broad range of disciplines. Significant effort has been expended in
recent years to create shaped femtosecond pulses at optical frequencies using a variety of spectral
filtering techniques [9]–[11]. Such approaches have led to unique capabilities in the areas of high-
speed communications, coherent control and spectroscopy. However, these approaches cannot
be translated easily to ultrafast pulses in other regions of the electromagnetic spectrum. With
specific regard to the far-infrared, several approaches have demonstrated the ability to generate
freely propagating shaped THz pulses [12]–[15]. Such pulses may be applied to coherent control
of molecular states, the study of linear and nonlinear carrier dynamics, and information coding in
high-frequency optoelectronic devices. The ability to shape the temporal and spectral properties
of surface propagating modes is expected to enhance and augment the capabilities available
using current techniques. For example, in the case of high-frequency devices, information may
be coded through appropriate shaping of THz pulses propagating along surface wave based
guided-wave circuits. The pulse shaping process would need to be dynamically reconfigurable
on a fast timescale for such an approach.

For the applications discussed above utilizing surface waves, including pulse shaping, there
are two fundamental processes that must be carefully considered: the coupling efficiency of freely
propagating radiation to propagating surface modes and the scattering characteristics induced
by structures fabricated into the metal film on the surface waves. The traditional approaches
to coupling radiation to surface wave modes typically rely on the use of prisms, gratings, or
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near-field optical probes, since the propagation constant of the surface wave is usually larger
than the corresponding free space propagation constant. These coupling techniques, as well
as the subsequent surface wave propagation directions, have been extensively examined, both
experimentally and theoretically [1, 16, 17]. Similarly, there have been countless theoretical and
experimental studies investigating the scattering properties of surface waves under a wide variety
of conditions, many of which date back over half a century. With the renewed interest in this
research topic, there have been several recent studies examining the scattering efficiencies and
propagation properties planar films with well-defined defects [18]–[22]. Of greater relevance to
the present work are two experimental studies examining the coupling and scattering properties of
rectangular cross-section grooves [23, 24]. However, since they use frequency domain techniques
to analyse multiple periodically spaced grooves, it is difficult to separate the properties of these
two processes.

In this submission, we characterize both the coupling of freely propagating THz pulses
to surface waves and the scattering characteristics for these propagating waves on metal films
containing rectangular cross-section grooves. The specific structure used in this study is based
on a bullseye design, which comprises a single subwavelength aperture surrounded by one or
more concentric annular grooves [23]. Using conventional THz time-domain techniques, we
measure the transmitted THz waveform emitted through the aperture. As we have previously
shown, this approach allows one to determine the contribution of each individual groove to the
transmitted THz waveform [25]. Thus, the primary role of the aperture is to act as a local probe
that simply samples the propagating surface wave. Based on the aforementioned measurements,
we demonstrate a novel approach for THz pulse shaping. The technique relies not only upon the
groove location, but also on the cross-sectional parameters of each individual annular groove.
Although we show a simple proof-of-principle demonstration here, the technique may be used
to create arbitrarily complex THz pulse shapes. An attractive feature of this approach is that the
requisite structure can, in principle, be integrated directly into the potential application. It should
be noted that while the present discussion will focus on the use of THz pulses to excite SPP, the
basic approach should be extendable to other spectral ranges and applicable to different forms
of surface electromagnetic waves.

2. Experimental details

We fabricated and analysed three separate sets of single aperture structures for the experimental
studies mentioned above. Each bullseye pattern was fabricated by chemical etching on
freestanding 150 µm thick stainless steel foils and consisted of a single 490 µm diameter circular
aperture surrounded by one or more concentric annular grooves. In the first set of samples,
designed to characterize the coupling properties, we fabricated 16 bullseye structures containing
only a single annular groove surrounding the aperture with a centre-to-centre spacing of 3 mm.
In seven of the structures, the groove width was fixed at 500 µm and the groove depth was varied
from 0 to 100 µm. In the other nine structures, the groove depth was fixed at 100 µm and the
groove width was varied from 0 to 800 µm. In the second set of samples, designed to characterize
the scattering properties of the propagating surface waves, we fabricated 14 bullseye structures
containing two annular grooves surrounding the aperture. The centre-to-centre spacing between
the aperture and the first groove was 2 mm, while the centre-to-centre spacing between the first
and second grooves was 2.75 mm. For all 14 structures, the outer groove was 100 µm deep and

New Journal of Physics 7 (2005) 249 (http://www.njp.org/)

http://www.njp.org/


4 Institute of Physics �DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

500 µm wide. In five of the structures, the inner groove width was fixed at 500 µm and the
groove depth was varied from 0 to 125 µm. In the other nine structures, the groove depth was
fixed at 100 µm and the groove width was varied from 0 to 900 µm. Finally, in the third set of
samples, designed to demonstrate pulse shaping capability, the bullseye patterns contained four
annular grooves each. The groove-to-groove and aperture-to-inner groove spacing was 1 mm.
The groove width was fixed at 500 µm, but the depth of each individual groove varied. For
reference purposes, we fabricated 490 µm diameter bare apertures in the same metal foils.

We used a conventional time-domain THz spectroscopy setup [26] to characterize the
structures discussed above. Details of the experimental setup and the advantageous properties of
this approach have been previously discussed [25]–[27]. In all cases, the THz beam was incident
on the corrugated surface at normal incidence. The nominal frequency content of the incident
beam extends from ∼0.05 THz (λ = 6000 µm) to ∼1 THz (λ = 300 µm), with a peak frequency
of ∼0.3 THz (λ = 1000 µm).

3. Coupling and scattering of surface waves: experimental results and discussion

Figure 1(a) shows a representative photograph of a single annular groove bullseye structure
used to characterize the coupling properties of the groove. As we have previously discussed,
the transmitted time-domain waveform consists of two independent, yet phase-coherent,
contributions: a contribution that arises from transmission of the incident THz pulse through
the subwavelength aperture and a time-delayed contribution that arises from the interaction
of the incident THz pulse with the structured metal film. These two components are shown
schematically in figure 1(b) and the corresponding temporal waveforms are shown in figure 1(c).
For each 1 mm spacing between the groove and the aperture, there is a 3.3 ps time delay between
the initial bipolar waveform and the corresponding time-delayed oscillation. Given the bandwidth
of the THz pulses used in this study, a groove-to-groove or groove-to-aperture spacing below
approximately 0.6 mm would cause overlap between the associated time-domain pulses. If a
smaller feature spacing is desired, higher bandwidth THz pulses are necessary in order to avoid
an overlap between pulses. It is worth noting that while this specific bullseye structure and the
drawings shown in figure 1 are similar to what we have previously presented [25], the nature of
the measurements discussed here are fundamentally different than those discussed in our earlier
study.

A quantitative determination of the absolute coupling efficiency related to the groove is not
possible for several reasons. Firstly, the entire circular groove is excited by the incident THz
beam. Preliminary results suggest that the circular grooves lead to a concentration of the surface
electric field in the vicinity of the aperture, when compared to straight grooves. Secondly, the size
of the subwavelength aperture is expected to strongly influence the sampling properties of the
propagating surface wave. We are currently exploring this further. Finally, as we have previously
discussed [25], the frequency content of the incident THz beam varies spatially, so the temporal
properties of the THz pulse are also spatially dependent [28]. Thus, the incident beam properties
are not expected to be identical at the aperture and the annular groove. Similar arguments hold
for our inability to measure absolute scattering efficiencies.

In the measurements shown below, we are only able to measure relative coupling and
scattering properties. In figure 1(c), the initial bipolar waveform (component A) is nominally
identical to the transmitted THz time-domain waveform associated with a bare aperture.Although
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Figure 1. (a) Photograph of a typical bullseye structure consisting of only one
annular groove. (b) Schematic drawing showing the two contributions to the
transmitted THz time-domain 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. (c) Measured time-domain waveform for structure in
(a). The blue portion of the temporal waveform corresponds to the contribution
that arises from coupling of the incident THz pulse by the annular groove
(groove-to-aperture spacing is 3 mm).

the amplitude of this waveform component does not vary significantly, typically less than several
per cent between all samples, we define the relative coupling efficiency as the ratio of normalized
energy of the pulse B (figure 1(c)) to that of pulseA (figure 1(c)). The normalized energy is defined
as the total spectrum energy divided by the central frequency, which is defined as the intensity
weighted average frequency, for each wave component. If we ignore constants, the total spectrum
energy, W , is defined as [29]

Wi ∝
∫

|Ei(ω)|2 dω, (1)

where |E(ω)| is the magnitude of the THz electric field in the frequency domain, i = A, B and
corresponds to the wave component and ω is the THz radial frequency. The central frequency,

New Journal of Physics 7 (2005) 249 (http://www.njp.org/)

http://www.njp.org/


6 Institute of Physics �DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

〈ω〉, is defined as [29]

〈ω〉i =

∫
| Ei(ω)|2ω dω

∫
|Ei(ω)|2 dω

, (2)

The relative coupling efficiency, RCE, given by

RCE = WB/〈ω〉B

WA/〈ω〉A

, (3)

may then be computed as a function of groove depth and width. It is worth noting that the
central frequency, 〈ω〉, is essentially identical for wave component B across each individual set
of samples.

As discussed above, the transmitted time-domain THz waveform 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 trace in figure 1(c). The coupling efficiency
is computed by numerically separating these two contributions. Figure 2(a) shows the relative
coupling efficiency of a single annular groove for an incident broadband THz pulse. The groove
width is fixed at 500 µm and the groove depth is varied between 0 and 100 µm. The optimal
groove depth appears to be ∼90 µm for the specific THz pulses used here. We plot the normalized
amplitude spectra of waveform component B for three representative groove depths in figure 2(b).
As may be seen from the figure, there is relatively little variation in the frequency content of the
coupled THz beam over this wide range of groove depths. Figure 2(c) shows the relative coupling
efficiency of a single annular groove for an incident broadband THz pulse as a function of the
groove width. Here, the groove depth is fixed at 100 µm and the groove width is varied between 0
and 800 µm. The optimal groove width appears to be ∼500 µm for the specific THz pulses used
here. We numerically separate these two contributions to the time-domain waveform and plot the
resulting normalized amplitude spectra of waveform component B for three representative groove
widths in figure 2(d). Here again, there is only relatively minor variation in the frequency content
of the coupled THz beam, although the differences are somewhat larger than observed when the
groove depth is varied. Using these data, the optimal groove dimensions for maximum coupling
appear to be ∼90 µm deep and 500 µm wide. This is consistent with our earlier observations
[25, 27].

Next, we present data showing the effects of a surface wave traversing a rectangular cross-
section groove. Figure 3(a) shows a representative photograph of a bullseye structure consisting
of two annular grooves. Using these samples, we measure the relative transmission of a surface
wave pulse coupled to the outer groove after traversing the inner groove. As was noted earlier,
the aperture to inner groove distance of 2 mm was intentionally made different from the inner
groove to outer groove distance of 2.75 mm, so as to minimize any potential resonant effects.
The time-domain waveform consists of three components, as shown in figure 3(b): the initial
bipolar waveform associated with the subwavelength aperture and two time-delayed oscillations
related to the two annular grooves. These three contributions are highlighted in the corresponding
temporal waveform shown in figure 3(c). In all of these samples, the cross-section of the
outer groove is fixed. Thus, the surface wave oscillation coupled from this groove is nominally
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Figure 2. Dependence of relative coupling efficiency on groove cross-sectional
parameters for a bullseye structure with only one annular groove. The relative
coupling efficiency is measured as the ratio of the peak-to-peak amplitude of
waveform component B (figure 1(c)) to the peak-to-peak amplitude of waveform
component A (figure 1(c)). (a) Relative coupling efficiency versus groove depth.
The groove width was fixed at 500 µm and the depth was varied from 0 to 100 µm
in steps of 12.5 µm. Zero depth corresponds to a bare aperture. (b) Corresponding
normalized amplitude spectra of waveform component B for three representative
groove depths from (a). (c) Relative coupling efficiency versus groove width. The
groove depth was fixed at 100 µm and the width was varied from 0 to 800 µm in
steps of 100 µm. Zero width corresponds to a bare aperture. (d) Corresponding
normalized amplitude spectra of waveform component B for three representative
groove widths from (c).

identical from sample to sample. In order to characterize the relative transmission properties,
we independently vary the depth and width of the inner groove and observe the change in the
surface wave oscillation related to the outer groove (waveform C in figure 3(c)) after it traverses
the inner groove. We compute a relative transmission efficiency in a manner similar to that shown
for the computation of the relative coupling efficiency above. Using equations (1) and (2) above,
we define the relative transmission efficiency, RTE, as

RTE = WC/〈ω〉C

WA/〈ω〉A

, (4)

where the subscript C in the numerator corresponds to waveform component C (figure 3(c)).
As mentioned above, this measurement does not directly measure the scattering properties, but
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Figure 3. (a) Photograph of a typical bullseye structure consisting of only two
annular grooves. (b) Schematic drawing showing the three contributions to the
transmitted THz time-domain waveform. The component shown by the red arrow
corresponds to the non-resonant transmission of the incident THz pulse through
the subwavelength aperture. The components shown by the blue and purple arrows
correspond to the contributions that arise from the interaction of the incident
THz pulse with the structured surface. These latter components are smaller
than the initial non-resonantly transmitted component and temporally delayed.
(c) Measured time-domain waveform for structure in (a). The blue and purple
portions of the temporal waveform correspond to the waveform components
shown in (b). The inner groove-to-aperture spacing is 2 mm, while the outer
groove to inner groove spacing is 2.75 mm.

rather the relative fraction of waveform C that is not scattered away from the forward propagation
direction. Before discussing these results, it is worth noting that if we consider only the properties
of waveform component B relative to waveform component A, as a function of width and depth,
the results are consistent with the measurements discussed in figure 2.

Figure 4(a) shows the relative fraction of waveform C that is not scattered away from
the forward propagation direction (relative transmission) as the depth of the inner groove is
varied between 25 and 125 µm in 25 µm steps. Although the depth variation is comparatively
large across the tested samples, the corresponding change in the relative amplitude of waveform
component C is only ∼38%. After numerically separating the individual contributions to the
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Figure 4. Dependence of relative transmission efficiency on groove
cross-sectional parameters for a bullseye structure with two annular grooves.
The outer groove cross-sectional parameters are fixed. The width and depth of
the inner groove are varied. The relative transmission is measured as the ratio
of the peak-to-peak amplitude of waveform component C (figure 3(c)) to the
peak-to-peak amplitude of waveform component A (figure 3(c)). (a) Relative
transmission versus depth of the inner groove. (b) Corresponding normalized
amplitude spectra of waveform component C for three representative groove
depths from (a). (c) Relative transmission versus depth of the inner groove. (d)
Corresponding normalized amplitude spectra of waveform component C for
three representative groove widths from (c).

time-domain waveform, we plot the resulting normalized amplitude spectra for waveform
component C (see figure 3(c)) for three representative groove depths in figure 4(b). As observed
earlier in figure 2(a), there is relatively minor variation in the frequency content of the forward
propagating THz surface wave. Figure 4(c) shows the normalized fraction of waveform C that
is not scattered away from the forward propagation direction as the width of the inner groove is
varied between 100 and 900 µm in 100 µm steps. Here again, although the width variation
is comparatively large across the tested samples, the corresponding change in the relative
amplitude of waveform component C is only ∼15%. After numerically separating the individual
contributions to the time-domain waveform, we plot the resulting normalized amplitude spectra
for waveform component C (see figure 3(c)) for three representative groove widths in figure
4(d). There is relatively minor variation in the frequency content of the forward propagating THz
surface wave, although it is more apparent than in figure 4(b). At this point, it is worthwhile to
compare the experimental results presented here with relevant theoretical analyses. Of particular
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interest is recent theoretical work by Sanchez-Gil and Maradudin, who have modelled the
coupling and scattering properties of Gaussian and rectangular cross-section defects at optical
frequencies [19]–[21].We should note that making a direct comparison between these simulations
and our experimental results is difficult for several reasons. Firstly, the dielectric properties of
metals at optical and THz frequencies are very different. Also, the simulations yield absolute
quantities, while the results presented here are only relative measurements. Nevertheless, we can
compare general trends. Sanchez-Gil found that absolute coupling efficiencies increased as the
groove width increased, for a fixed groove depth [19]. In contrast, we find that there is an optimal
groove width for coupling of THz radiation. Beyond this optimal value, the coupling efficiency
decreases. With regard to the scattering properties of these defects, the behaviour as a function of
groove width can be rather complex. In the regime where the groove depth was small compared to
the wavelength, Sanchez-Gil and Maradudin found that as the groove width increased, the defects
acted as increasingly efficient light emitters [19]–[21]. The spectral properties of the transmitted
THz waveforms peak at approximately 0.3 THz, corresponding to a free-space wavelength of
1 mm. For the measurements of the relative transmission efficiency as a function of groove width,
the groove depth is 100 µm. Thus, the grooves examined here fall approximately within this
regime of small normalized groove depth, suggesting that the relative transmission efficiency,
RTE, should decrease with increasing groove width. This is exactly the opposite of what we
observe. The reason for this discrepancy is not fully understood and requires further investigation.
Given the broadband nature of the THz pulses, a full spatio-temporal description of the resulting
travelling surface wave is necessary to understand its properties near the aperture. While such an
analysis is highly desirable, it would require a complete three-dimensional numerical simulation
and is beyond the scope of the present paper.

4. Application to pulse shaping and enhanced transmission

The bullseye structure examined here, along with associated structures such as a periodic
array of subwavelength apertures, has been extensively examined for its enhanced transmission
properties. Fundamental to the operation of these devices are the surface indentations that allow
for both coupling and scattering of surface electromagnetic waves. Earlier, we mentioned the
possibility of using such surface depressions fabricated into planar metal films for pulse shaping.
In the present experimental geometry, ultrafast pulse shaping and enhanced transmission through
subwavelength apertures are intricately linked. To demonstrate this, we consider the shaped THz
pulse propagating along the metal surface.A fraction of this wave propagates through the aperture
and is radiated into the far-field. By taking the Fourier transform of this transmitted temporal
waveform, the transmission resonance lineshape in the frequency domain may be deduced
[23, 25]. Using the coupling and scattering measurements shown in figures 2 and 4, we should
be able to change the amplitudes of the individual time-delayed oscillations by altering the
cross-sectional parameters of each groove.

In order to demonstrate this basic capability, we show a comparison of the transmitted
THz waveform measured from two different bullseye structures in figure 5. Each of the patterns
consisted of four-concentric annular grooves with a fixed width of 500 µm surrounding the
subwavelength aperture, as shown in figure 5(a). One sample contains grooves of constant
depth, while the other consisted of grooves of differing depth. For the bullseye structure with
constant depth grooves, the amplitude of each oscillation is greater than that of the subsequent
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Figure 5. Demonstration of simple pulse shaping capability using bullseye
structures of constant and varying groove depths. (a) Photograph of a typical
bullseye structure consisting of four annular grooves. Only one photograph is
shown since the two samples look very similar. (b) Experimentally observed time-
domain waveform for bullseye structure consisting of a subwavelength aperture
and four concentric annular grooves of identical cross-section (100 µm deep and
500 µm wide). (c) Experimentally observed time-domain waveform for bullseye
structure consisting of a subwavelength aperture and four concentric annular
grooves with fixed width of 500 µm wide and varying groove depths. Groove #1
is the innermost groove, while groove #4 is the outermost groove. The depths are:
groove #1, 2.5 µm; groove #2, 37.5 µm; groove #3, 62.5 µm; groove #4, 100 µm.

time-delayed oscillation, as shown in figure 5(b). This is because the incident THz beam exhibits
a Gaussian spatial profile with a relatively small beam diameter. With careful design of the groove
parameters, it is possible to compensate for the non-uniform spatial profile of the beam, as we
demonstrate in figure 5(c).

In order to demonstrate the basic procedure, consider the time-domain waveform in
figure 5(b). The peak-to-peak amplitudes of the four oscillations are 190, 60, 45 and 34 for
the first through fourth oscillations, respectively, in terms of the arbitrary y-axis units shown in
figure 5(b). Since the groove depths are at the optimal value, the outer groove depths cannot be
changed to increase the coupling efficiency and, thus, the corresponding oscillation amplitudes.
However, the groove depths of the inner grooves can be reduced, so that their corresponding
amplitudes are equal to that of the outer annular groove. It is important to note that when the depth
of a groove is changed to alter its relative coupling efficiency, the relative transmission efficiency
associated with this groove also changes. Thus, any change to a specific groove directly impacts
the magnitude of the oscillations corresponding to the subsequent outer grooves. Beginning
with the innermost groove, a reduction in its depth reduces the associated coupling factor. From
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figure 4(a), it is apparent that there is also an increase in the corresponding relative transmission
efficiency, causing an increase in the amplitudes associated with grooves two through four. Thus
the depth of the second groove, relative to the aperture, would need to be reduced to compensate
for this increase. This process can be extended to all of the grooves in the sample.

5. Conclusion

In conclusion, we have characterized both the coupling of freely propagating THz pulses to
surface waves and the relative scattering efficiencies for these propagating waves on metal
films containing rectangular cross-section grooves. The use of THz time-domain spectroscopy
techniques allows us to uniquely determine the contribution of each individual groove to the
transmitted THz waveform. Using the measured coupling and scattering parameters, we have
demonstrated a novel approach for THz pulse shaping. The technique relies not only upon the
groove location, but also on the cross-sectional parameters of each individual annular groove. We
demonstrate a simple proof-of-principle experiment where the groove parameters are adjusted to
compensate for the non-uniform spatial properties of the incident THz beam. In the present
work, the centre-to-centre groove spacing was constant. In general, this is not a necessary
requirement and the grooves may be arbitrarily positioned. This, combined with well-chosen
groove cross-sectional parameters, should allow for the creation of arbitrarily complex temporal
pulse shapes. Since the measurements described here are of the THz electric field, the frequency
domain amplitude and phase spectrum, relevant to the transmission resonance lineshape, may
be obtained by taking the Fourier transform. The approach further allows one to control the
transmission resonance lineshape. The basic approach should be extendable to other spectral
ranges and applicable to different forms of surface electromagnetic waves.
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