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Abstract We demonstrate that the integrated sub-wavelength aperture probe designed for
THz near-field scanning probe microscopy can be used to map surface plasmon waves at
THz frequencies. Observed near-field images of metallic patterns reveal surface plasmon
waves superimposed over THz transmission images. We discuss the coupling mechanism
for the surface waves and arrive to an important conclusion that the detected surface wave
images represent the spatial derivative of the surface plasmon electric field. The relationship
between the electric field and the measured signal is confirmed experimentally by mapping
surface waves in bow-tie antennas. This study explains previously observed effects in THz
near-field microscopy and provides a framework for analysis of near-field images.
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1 Introduction

Terahertz (THz) surface plasmon polaritons (SPP), also known as surface waves, provide a
useful possibility to guide and confine the electromagnetic energy near metallic surfaces
without radiation [1–8]. Surface waves are in the core of many interesting phenomena, such
as the extraordinary transmission of sub-wavelength hole arrays, the second harmonic
generation in metals, and the negative value of the refractive index in metamaterials.
Visualization of SPP waves has been critical for recognizing their role in physical
phenomena [9–12]. However the non-radiative nature of SPP waves results in difficulties
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for their experimental investigations: coupling to the free-space propagating waves is weak
and detection of SPP waves is in general destructive.

Detection of surface waves is a particularly difficult problem and it requires special
probes. At THz frequencies, several near-field microscopy probes can be used to map and
investigate surface waves. The electro-optic THz probes, for example, provide a remarkable
possibility to detect and differentiate between individual components of the electric field
vector [12, 13]; the scattering near-field probes, such as a sharp metallic needle, allow
mapping of the THz field with an unprecedented spatial resolution [14]. The integrated sub-
wavelength aperture near-field probe [15] was also recently applied to study THz SPP
waves. We mapped a previously undetected phenomenon with this probe, a surface wave
formed on a metallic surface by a tightly focused THz beam [16].

Detection of SPPs with this probe is not obvious because the detector antenna in the
probe is orthogonal to the polarization of the SPP field. Nevertheless, the surface nature of
SPP waves allows them to couple through the probe aperture and to induce a current in the
photoconductive antenna detector. The application of the integrated sub-wavelength
aperture near-field probe for THz SPP studies opens exciting opportunities because the
probe response covers a broad band of frequencies and it allows imaging THz fields with a
spatial resolution better than 10 microns [15]. This paper is focused on exploring
possibilities for SPP imaging with the integrated sub-wavelength aperture probe. We
explain the coupling mechanism that allows detection of surface waves and illustrate the
probe capabilities by mapping SPP waves in several experiments: excitation of surface
waves near the focus of a THz beam and at the edges of a metallic object. We also
demonstrate how the near-field probe can be applied for studies of SPP resonances in a THz
bow-tie antenna. These experimental investigations confirm a very important property of
the probe, which follows from the developed coupling mechanism. Specifically, the
integrated sub-wavelength aperture probe detects a spatial derivative of the SPP field rather
than the field itself.

The understanding of the SPP coupling mechanism provides a framework for analysis
and interpretation of images in near-field microscopy. The coupling mechanism also
explains puzzling effects that have been observed in earlier near-field microscopy
measurements, such as the appearance of bright features behind opaque metallic objects.
This imaging method can provide a vital insight into the THz SPP role in basic physical
phenomena and THz devices. It can also help determining experimental values for SPP
characteristics.

2 Detection of SPP waves: coupling mechanism

The coupling of the SPP waves into the sub-wavelength aperture probe is different from the
coupling of the free-space propagating waves. For the SPP wave, the polarization of the
electric field is typically normal to the aperture plane, whereas for the free-space waves, the
polarization of the incident field is predominantly in the aperture plane. The difference in
the polarization results in a different relationship between the detected signal and the
electric field that causes it. In the case of the surface wave, the detected signal represents a
spatial derivative of the SPP field rather than the actual field. The mechanism that explains
this relationship was proposed in [16]; here we briefly overview this mechanism and
discuss its implications for near-field microscopy.

The sensitivity of the integrated sub-wavelength aperture probe to SPP waves can be
explained by considering how a surface wave travelling along the top surface of a metallic
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film, can couple into a small aperture in the film. The coupling mechanism is schematically
illustrated in Fig. 1. For the aperture size much smaller than the wavelength, the wave
propagates along the surface without distortion due to the aperture. However, near the
aperture, the distribution of the normal component of the electric field, ESPP, and the
corresponding charge density, becomes discontinuous. As a result, there will be an electric
potential difference between the opposite edges of the aperture caused by the spatial
variation of the SPP field ESPP r!� � ¼ E0 exp i k

!
SPP � r!

� �
, where k

!
SPP is the wave vector.

The potential difference produces an in-plane electric field component Et across the aperture
polarized in the direction of the surface wave propagation (Fig. 1b). It is this field, Et, that is
detected by the integrated sub-wavelength aperture probe, in which a photoconductive (PC)
antenna is placed below the metallic film in the near-field zone of the aperture.

The field Et is induced entirely by the surface wave and it is proportional to the
difference in the normal component of the SPP wave at the opposite edges of the aperture.
In other words, Et is determined by the in-plane gradient of the instantaneous surface field
∇ESPP (x, y) [16]. The photocurrent in the antenna due to the surface wave, iSPP, is therefore
proportional to the projection of the gradient vector on the antenna vector a!, as illustrated
in Fig. 1b for the case of a circular aperture. The relationship between the detected current
and the surface field ESPP can be approximated by the following equation:

iSPP x; yð Þ ¼ g1rESPP x; yð Þ � a!¼ g1 x! d

dx
ESPP x; yð Þ þ y! d

dy
ESPP x; yð Þ

� �
� a!; ð1Þ

where g1 is a constant, which represents a product of the aperture transmission coefficient
and the PC antenna response. This equation describes the detected current in the sub-
wavelength aperture probe due to the SPP wave travelling on its surface. A similar coupling
mechanism applies in the near-field microscopy experiments, where SPP waves can exist
between metallic surfaces of samples and the metallic surface of the near-field probe.

The fact that the current detected by the PC antenna is proportional to the in-plane
spatial derivative of the SPP field ESPP, rather than the actual field, has important
implications for near-field microscopy: the detected signal depends not only on the strength
of the SPP field, but also on the direction of wave propagation. This effect will be
illustrated later in the discussion of experimental results. At this point we only note that due
to the harmonic behaviour of the SPP wave in the plane of propagation,
ESPP x; yð Þ ¼ E0 x; yð Þ exp ikx;SPPxþ iky;SPPy

� �
, the spatial derivative nature of the detected

current produces a spatial phase shift between the antenna current distribution iSPP(x,y) and

Fig. 1 a A schematic diagram of the surface wave coupling into a sub-wavelength aperture in the metallic
film. b A top view of the integrated near-field probe; showing the photoconductive antenna detects and the
in-plane electric field Et induced by the surface wave.
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the actual electric field distribution ESPP(x,y). For example, a relatively weak spatial
variation of the SPP wave amplitude E0(x,y) results in a phase shift of approximately π/2.

It is important to keep in mind that the total current in the probe antenna iA can also
contain a contribution due to the THz field with the electric field vector polarized in the
plane of the aperture. In a typical near-field microscopy system, the THz field with such
polarization is used for sample illumination. Our earlier studies showed that this
contribution can be approximated by the temporal derivative of the transverse incident
field Einc(t) [17]. Therefore the total detected signal is a sum of two terms, one is due to the
incident THz field Einc polarized in the aperture plane and the other is due to the surface
wave field ESPP, polarized perpendicular to the plane:

iA x; y; tð Þ ¼ g1 x! d

dx
ESPP x; y; tð Þ þ y! d

dy
ESPP x; y; tð Þ

� �
� a!þ g2

d

dt
E
!

inc x; y; tð Þ � a!: ð2Þ

where g2, similarly to g1, represents the aperture transmission properties for the transverse
incident field and the PC antenna response. For our near-field probes, both terms in Eq. 2
produce comparable contributions to the detected current.

It is useful to consider how the surface plasmon waves can be excited in near-field
microscopy measurements. In the collection mode microscope, a sample is typically
illuminated uniformly through the substrate. The near-field probe is scanned over the
sample surface as illustrated in Fig. 2. In this arrangement, the polarization of the incident
field Einc is in the plane of the aperture and no surface wave is excited. However if the
sample contains a metallic feature, for example an antenna patch or a transmission line,
surface waves can be excited at the edges of this feature. In addition, it is also possible to
excite a surface wave directly on the metallic surface of the probe by localized electric
fields created by sharp features of the sample. The excited SPP wave in this case is carried
by the metallic surface of the probe rather than the sample. Both types of the surface waves
can appear in the near-field microscopy images as it will be shown later.

Equation 2 gives the vital information for interpretation of near-field images measured
with the integrated sub-wavelength aperture probe. The equation describes contributions
due to SPP waves and due to the illumination field. For correct image interpretation these

Fig. 2 a A schematic diagrams of the experimental setup for near-field imaging of surface plasmon waves. b
elements of the integrated near-field probe shown separately. c The electric field amplitude profiles for the
illuminating THz beam along the x- and y-axis in the sample plane.
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contributions however must be distinguished. The time-domain analysis is very useful in this task
as the surface waves have a distinctive signature in the space-time map [16]. It’s also useful to
compare images for different polarizations of the incident field and to utilize the discriminating
property of the detector antenna. In some cases, the last term in Eq. 2 can be excluded
completely when the incident field is polarized orthogonally to the antenna of the near-field
probe. For these special cases, the original surface wave pattern ESPP(x,y) can be reconstructed
by applying integration to the recorded near-field images. In the following examples we will
apply our understanding of the coupling mechanism for analysis of near-field images.

3 Imaging of SPP waves

The experimental setup for mapping of SPP waves is shown in Fig. 2a. The setup is similar
to the collection mode near-field scanning probe microscopy system [15, 16]. The probe
consists of a low-temperature grown GaAs PC antenna integrated between a sapphire
substrate and a thin layer of GaAs (~5 μm), covered with a 600 nm gold film everywhere
except for a small square aperture of size d in the region of the dipole antenna (Fig. 2b)
[18]. The PC antenna is gated by 100 fs optical pulses from the Ti:Sapphire laser as in a
standard THz time-domain spectroscopy setup. THz pulses are delivered to samples
through a hollow core dielectric-lined cylindrical metallic waveguide [19, 20]. This
waveguide provides a linearly polarized beam of a circular shape for uniform sample
illumination (Fig. 2c). The waveform of the THz pulse contains approximately 3–4 cycles
at ~2 THz due to dispersion in the waveguide [21, 22]. Samples are mounted on the THz
waveguide and the sample-waveguide assembly is raster scanned with respect to the
stationary probe to record near-field images (Fig. 2a).

For simplicity we define a coordinate system with the x-axis pointing in the direction
parallel to the dipole antenna a!. In this case, only one spatial derivative survives in Eqs. 1
and 2. The incident THz beam is typically polarized in the x-direction to maximize the
detected signal. However, the polarization of the incident THz beam can be rotated to a
desired angle without changing position of the sample with respect to the probe.
Alternatively, the sample-waveguide assembly can be rotated around the waveguide axis
without affecting the polarization of the incident beam. The possibility to vary orientation
of the sample and the incident beam polarization allows minimizing the contributions due
to one of the spatial derivatives or the temporal derivative in Eq. 2.

3.1 Surface waves due to the focused beam

We first consider a surface wave excited by a focused THz beam on the metallic surface. In
this experiment the sample in Fig. 2a is replaced by a high numerical aperture hyper-
hemispherical Si lens (1 mm radius), which focuses the THz beam to a 60 μm diameter spot
on the gold surface of a near-field probe with the aperture size d=20 μm. A schematic
diagram of this experimental setup is shown in Fig. 3a.

The focused beam contains a small longitudinal component of the electric field, Ez,
which excites a surface plasmon wave on the near-field probe surface [16, 23–25]. The
wave then diverges radially along the surface [25]. The focused incident field and the SPP
wave are mapped in the xy-plane by scanning the lens-waveguide assembly with respect to
the probe aperture (Fig. 3b). A dark spot in the middle of the map corresponds to the
focused transverse THz beam. Concentric fringes around the central spot correspond to the
SPP wave formed near the focal point and emanating in the +x and –x directions. This
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image shows the field pattern at t = t1 (Fig. 3c). The field pattern evolves and the fringes
move away from the center as time progresses. The fringes extend up to several hundred
microns away from the focal point predominantly along the x-axis, the direction of the
incident beam polarization. They are moving away from the center and decay as a
cylindrically diverging wave, as it was shown in our recent study [16].

The image in Fig. 3b shows that the surface waves propagating in the +x and –x
directions have the same phase. However the anti-symmetric nature of the Ez field predicts
that the left side and the right side SPP waves should have opposite polarities and the ESPP

pattern is expected to be anti-symmetric (along the x-axis). The change in the detected field
polarity occurs due to the coupling of the wave into the probe. According to Eq. 2, the sign
of the detected signal depends on the direction of the surface wave propagation. Because
the wave vector projection on the x-axis has opposite signs on the left side and the right
side, the experimental image exhibits the opposite symmetry compared to the actual ESPP

pattern.
The ESPP field on the surface in principle can be reconstructed by integration of the

detected spatial traces, provided that the relationship between the detected signal and the
original field is described by the differential operators in Eq. 2. Some care must be taken
when performing the integration because of the contribution due to the incident field Einc,
described by the last term in Eq. 2. This term can introduce an offset during the integration.
The presence of the incident field in the image can be avoided in some cases. For example,
if the dipole antenna orientation in the probe (described by the vector a!) is perpendicular
to the incident field (E

!
inc x; y; tð Þ � a!¼ 0), the detected signal iA is entirely due to the SPP

wave. In practice however it’s difficult to avoid the contribution due to the incident field
completely.

The field reconstruction method is illustrated in Fig. 4. We start with a near-field image
recorded for the case of the incident beam polarized in the y-direction and the probe antenna
aligned in the x-direction (Fig. 4a). The image shows the SPP wave as a ‘spiral’ pattern
instead of a series of concentric fringes in Fig. 3b and the central dark spot disappears. The
original ESPP pattern is reconstructed in Fig. 4b by integration of the spatial scan traces of

Fig. 3 a A schematic diagram of the surface wave excitation by a THz beam focused by a hyper-
hemispherical Si lens. b An image measured by the near-field probe (d=20 micron) in the focal plane of
the beam. The polarization of the incident THz wave is parallel to the detector antenna. c The THz pulse
waveform measured in the center of the focal spot; t1 and t2 indicate the time delay for images (b) and
Fig. 4(a) respectively.

J Infrared Milli Terahz Waves



Fig. 4a. The orthogonal orientation of the antenna with respect to the incident field Einc

reduces the offset significantly. In addition, the integration is performed separately on the
left side and the right side of the image, starting from the image boundaries. In this case, the
offset accumulated mostly in the center of the image does not affect the rest of the image.
Although the merging line for two integral regions next to x=0 is visibly present, the
reconstructed image reveals the pattern of the expected SPP wave shown in Fig. 4c [16,
25].

3.2 Surface waves generated at metallic edges

Before discussing SPP waves in complex metallic structures, it is insightful to consider how
a surface wave forms on a single metallic edge. The edge can serve as the wave source
because the incident field can induce a highly localized oscillating charge distribution,
which in its turn starts the surface wave. To study surface waves produced at metallic edges
we chose a metallic pattern of a large bow-tie antenna. The sample is fabricated by
evaporating an opaque, 300 nm thick gold film on an InP substrate. The bow-tie antenna
patch is approximately 10 times larger than the wavelength and the angle between the
metallic edges and the polarization of the incident THz field is 60 degrees (Fig. 5a). The
large flare angle ensures efficient excitation of the SPP wave while the large size allows
observing the entire THz pulse within the antenna patch. In the experimental setup, the
bow-tie structure is illuminated by an unfocused THz beam with a profile similar to Fig. 1c.
Images are recorded using a near-field probe with a 50 μm aperture. The probe is scanned
within about 20 μm from the sample surface.

When the THz pulse reaches the sample, surface waves are excited at the edges of the
bow-tie pattern. The waves then propagate on the surface of the metallic layer away from
the edges. Two-dimensional images of the sample are taken at two different moments in
time, t1 and t2, indicated by dashed lines in the space-time map in Fig. 5b. These moments
correspond to a positive peak and a negative peak of the electric field in the leading region
of the incident THz pulse and they are separated by an interval of one half of the wave
cycle. The corresponding images are shown in Fig. 5c, d. They illustrate that the SPP wave
front is moving away from the edge. The surface wave propagation is particularly clear in
the space-time map in Fig. 5b, where the SPP waves propagating away from the bow-tie
antenna inner edges appear as an Λ–shape pattern. Such patterns are common for surface
plasmon waves [16]; they can be used to identify and analyze SPP waves. For example, the
phase velocity can be calculated from the slope of the Λ–shape pattern in Fig. 5b. Taking
into account that the map is measured along a line that forms an angle of 30 degrees with

Fig. 4 a An image measured by the near-field probe (d=20 micron) in the focal plane of the focused THz
beam for the incident polarization orthogonal to the detector antenna. b A surface plasmon wave image
reconstructed from the measured image in (a) by numerical integration. c Theoretical distribution of the
surface plasmon field due to the focused THz beam excitation.
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the SPP wave vector, the phase velocity is found to be 3.0±0.1·108 m/s matching the
expected value within the measurement error.

As in the case of the surface wave excited by a focused beam, the differential nature of
the detected signal is reflected in the image symmetry. For the x-polarized incident THz
field, the Ez components of the SPP wave on the left side and the right side of the metallic
structure are expected to have opposite polarities. The observed SPP wave pattern however
must be symmetric due to different signs of the wave vector projections on the detector
antenna vector a!. The 2D images and the space-time map reflect this symmetry and
confirm the coupling mechanism described by Eq. 2.

The images also show clearly that the electromagnetic field can exist behind opaque
metallic structures because THz SPP waves can form at the metallic edges and propagate
into the shadow region. The understanding of the SPP wave formation at the edges is vital
for analysis of complex metallic samples, in which the dimensions are comparable or
smaller than the wavelength, such as antennas, transmission lines and resonant structures
employed in metamaterials.

3.3 Surface waves on THz devices: bow-tie antenna

As the final example we consider a small resonant structure, a bow-tie antenna with
dimensions comparable to the wavelength size. In such a sample we need to consider
reflection and interference of the SPP waves to explain the observed patterns in near-field

Fig. 5 a A schematic diagram of a large bow-tie antenna. b A space-time map measured along a horizontal
line (y=0) through the antenna center. c, d THz near-field images of the structure in (a) measured with the 50
micron aperture probe. The images are recorded at t = t1 and t2 indicated by red dashed lines in the space-
time map.
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images. The antenna structure is schematically shown in Fig. 6a. It is imaged in a similar
configuration as the larger bow-tie antenna. A 20 μm aperture probe is used in this
experiment to improve spatial resolution.

According to Eq. 2, the polarity of the detected signal depends on both the direction of
the wave vector and the direction of the SPP field. We introduce the following schematic
notations to display the direction of the SPP wave vector and the electric field in Fig. 6a:
the direction of the normal electric field ESPP is shown by a circle with a dot or a cross,
which correspond to the ESPP field pointing in or out of the sample plane. The direction of
the SPP wave vector is shown by arrows, whereas the arrow color indicates the sign of the
scalar product k

!
spp � a! (i.e. a white (black) arrow corresponds to a positive (negative)

value of the product). The polarity of the expected signal is schematically illustrated by the
color tone: bright regions correspond to the positive signal and dark regions correspond to
the negative signal. Figure 6a schematically illustrates the surface waves excited at all edges
of the bow-tie structure illuminated by the x-polarized THz pulse. It shows that constructive
“interference” of the surface waves is expected near the bow-tie corners.

A series of four experimental near-field images are shown in Fig. 6b. Although
individual waves originating from the antenna edges are not clearly resolved, the structure
of the observed patterns resembles the interference pattern in Fig. 6a. The images represent
the evolution of the SPP pattern during one complete cycle of the THz field (Fig. 6c). All
four images display the superposition of the surface waves originating from the bow-tie
antenna edges. Since the SPP waves can reflect from the metallic boundaries, the surface
wave resonance can build up over time. The interference pattern therefore changes slightly
as shown in Fig. 6d. The outer edges of the bow-tie antenna play the main role in building
the resonance because they act as focusing reflectors that force the surface waves to

Fig. 6 a A schematic diagram of a small bow-tie antenna and the surface waves excited at the metallic edges
for the incident field polarized along the x-axis. The inset shows the detector orientation. b THz near-field
images of the structure measured with the 20 micron aperture probe. The images are recorded at t = t1, t2, t3
and t4 indicated by red dashed lines in the space-time map. c A space-time map measured along a horizontal
line (y=0) through the antenna center. d A near-field image measured at t = t5.
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propagate from these edges directly to the antenna center. A standing wave pattern develops
after a couple of picoseconds (Fig. 6c, d).

Finally, to illustrate the differential nature of the detected signal, we consider a near-field
image recorded with the detector antenna oriented perpendicular to both the incident THz
field and the axis of the bow-tie antenna (Fig. 7a). In the experiment, the detector is kept
stationary while the sample-waveguide assembly and the polarization of the incident THz
beam are rotated by 90 deg. The same configuration can also be realized by rotating the
near-field detector by 90 deg. The gradient term in Eq. 2 now contains only the y-coordinate
derivative and the second term due to the incident THz field disappears. We can predict the
SPP pattern for this configuration using the same notations as in Fig. 6a. Although the
excitation of the bow-tie antenna and the ESPP field pattern remain the same as in Fig. 6, the
orientation of the dipole antenna vector a! is now along the y-direction. As a consequence,
the color of the arrows is different on the top and bottom sides of the bow-tie and the
detected pattern has the reversed mirror symmetry with respect to the x-axis passing
through the bow-tie center. The expected near-field image pattern is illustrated in the
schematic diagram of Fig. 7b. Another consequence of Eq. 2 is the disappearance of the
SPP waves along the x-axis. The wave becomes invisible because the wave vector kspp is
perpendicular to detector antenna vector a!. These features are reproduced precisely in the
near-field image in Fig. 7a: the pattern displays the expected symmetry and there is no
detected field along the x-axis.

4 Conclusion

The examples discussed above show that THz surface waves play an important role in
image formation in near-field scanning probe microscopy. THz surface waves can be
excited at the metallic edges of samples as well as on the surface of the near-field probe
itself. The sensitivity of the integrated sub-wavelength aperture probe to the THz surface
plasmon waves opens exciting opportunities for experimental investigations of SPP
phenomena. The example of the bow-tie antenna demonstrates the capability of the probe
to investigate resonant SPP effects in THz devices. Supplemented with the time-domain
analysis, THz near-field microscopy can provide a vital insight into the SPP role in
properties of THz devices, including metamaterials, waveguides and antennas, and it can
help to develop novel THz devices.

The understanding of the surface wave coupling into the probe reveals the nature of
several unusual imaging effects that have been observed in earlier near-field microscopy

Fig. 7 a THz near-field image of a small bow-tie antenna measured with the 20 micron aperture probe.
b Schematic diagram of the sample and the surface waves excited at the metallic edges for the incident field
polarized along the x-axis. The inset shows the detector orientation.

J Infrared Milli Terahz Waves



studies. The polarization dependent resolution in spatial resolution edge tests [26] can be
unambiguously explained by the formation of the surface wave at the edge. ‘Bright’ features
behind opaque metallic patterns [15] are caused by interference of the surface waves excited
at the metallic edges. Surface waves excited on the near-field probe surface can also produce
imaging artefacts. For example, images of modes in metallic THz waveguides can display
fringes near the metallic waveguide walls [21]. The SPP nature of these effects becomes clear
with the understanding of the SPP wave coupling into the probe.

In this work, we provide several examples, which confirm that the surface wave field
detected by the integrated sub-wavelength aperture near-field probe corresponds to a spatial
derivative of the surface field distribution. Although the relationship is not direct, the near-
field images nevertheless display the SPP waves. The spatial derivative nature of the
detected signal however requires further analysis for correct image interpretation. This
study provides a framework for the analysis and illustrates several analytical methods. In
special cases, the framework allows reconstruction of the original ESPP field distribution by
applying the numerical integration transformation to near-field images.

The coupling mechanism is now understood, however further quantitative studies are
needed to improve the near-field image analysis. Among the most important is the question
of the probe frequency response for the SPP waves and its dependence on the aperture size
and shape. Addressing this question will allow quantitative spectroscopic analysis of the
SPP phenomena. The effect of the probe on the SPP waves propagating on the sample is
another important aspect that needs to be investigated.
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