Chapter 15
Terahertz Near-Field Imaging

Paul C. M. Planken, Aurele J. L. Adam and DaiSik Kim

Abstract The terahertz (THz) frequency range has proven to be a very interesting
frequency range for imaging applications. The smallest spatial features that can theo-
retically be resolved is limited by diffraction to values of about half of a wavelength,
which corresponds to 150 um for a frequency of 1 THz. To overcome this diffrac-
tion limit, THz near-field techniques have been developed. Some of these techniques
are unique for the THz frequency range and others are derived from similar tech-
niques used in, for example, the visible region of the electromagnetic spectrum. An
interesting feature of many of these near-field techniques is that they measure the
electric field rather than the intensity. This makes it also possible to study the near-
electromagnetic field itself with a resolving power, as defined as the ratio of the spatial
resolution to the wavelength, and bandwidth which are practically unobtainable in
the visible region of the electromagnetic spectrum. This chapter describes a number
of different techniques to overcome the diffraction limit in the THz frequency range
and also the results that have been obtained with them.
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15.1 Introduction: The Near-Field, the Far-Field,
and the Diffraction Limit

15.1.1 The Diffraction Limit and the Far Field

In a conventional, far-field, imaging setup, the spatial resolution A/ is determined
by the Rayleigh criterion as
)
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with Ao the wavelength of the light in vacuum, n the refractive index of the medium,
6 half of the opening angle of the focused light beam, and n sin(f) the numerical
aperture (NA) of the focusing element. For a typical terahertz (THz) imaging setup,
with f =0.Im, D = 0.05m, A = 300 x 10~%m, this gives Al >~ 730 wm. Tighter
focusing will generally lead to smaller foci and thus an improved spatial resolution,
but it is clear that the best obtainable spatial resolution in a THz far-field setup is
totally inadequate for microscopy on a scale of 100 um or less. A more graphic view of
this is illustrated in Fig. 15.1. This figure shows calculations of the THz electric field
around a perfectly conducting metal cylinder with a diameter significantly smaller
than the wavelength and one with a diameter on the order of the wavelength. The
field, which is incident from below, has a polarization which is perpendicular to the
axis of the cylinder. For the large cylinder, a shadow effect is clearly visible even for
distances of more than a wavelength behind and around the cylinder. This contrasts
with the calculations for the small cylinder where the wavefront in the immediate
vicinity of the cylinder is perturbed, but appears to have repaired itself at a distance
from the cylinder larger than the cylinder diameter. Far away from the small cylinder,
therefore, its presence, let alone its shape, can no longer easily be inferred from the
light field.

15.1.2 The Near Field

Far-field imaging and spectroscopy on objects smaller than about half of a wavelength
(NA = 1) are therefore very difficult, especially at THz frequencies where light
detection is not trivial. Figure 15.1 does show, however, that even a small object of
sub-wavelength dimensions is clearly capable of affecting the light field, but only
in a volume around the object comparable in size to that of the object itself. In this
near-field then, the object is expected to be visible, provided we have a measurement
method that allows us to exclusively measure the field in the immediate vicinity of
the object. A good part of this chapter is therefore devoted to discussing the different
ways in which this can be achieved in the THz frequency range.

The ability to perform imaging and spectroscopy on a sub-wavelength scale has
a number of interesting applications in science and technology. These applications
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Fig. 15.1 A plane wave with a frequency of 0.2 THz is incident, from below, on two perfectly
conducting metal cylinders: the left figure shows the calculated field distribution around a cylinder
with a diameter of a 1,000 um. The figure on the right shows the calculated field distribution
around a cylinder with a diameter of 200 wm. White indicates positive electric field values, black
negative. Note that for the small cylinder, the electric near-field immediately around the cylinder

is significantly stronger than the incident field. This effect is much less pronounced for the larger
cylinder

include the characterization of micro- and nanoscale devices, in particular the spatial
distribution of the charge carriers, the characterization of small-volume molecular
crystals, and measurements of the phase and magnitude of the electromagnetic field in
the immediate neighborhood of subwavelength-sized metal structures such as holes
in metal films and metamaterials. Charge carriers can be observed with great contrast
because spatially varying carrier densities in real nanoscale transistors, correspond
to spatially varying plasma frequencies in the THz range, ensuring a large contrast.
Organic and inorganic crystals can be observed because they have unique phonon
absorption spectra or phonon-like absorption spectra in the THz frequency range,
each THz spectrum constituting a spectral fingerprint of the material. These spectral
fingerprints even allow the identification of polymorphs of the same molecule. The
electromagnetic field around tiny metal structures, finally, can be studied in extra-
ordinary detail because of the unique property of the technique used for this, THz
time-domain spectroscopy, that it measures the electric field, rather than the intensity
of the light.

15.2 Apertureless Near-Field Microscopy

Apertureless near-field scanning optical microscopy (ANSOM) is based on the idea
that the sub-wavelength-sized apex of a tapered metal tip can scatter light and thus act
as a tiny source. Bringing the tip close to an object changes the dielectric environment
of the tip and thus the amount of light scattered from it, as schematically illustrated
in Fig. 15.2a. By measuring the amount of scattered light as the tip is scanned across
the object, information on the position-dependent dielectric properties of the object
can be obtained with a sub-wavelength spatial resolution. Pioneering experiments
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Fig.15.2 Illustration of THz ANSOM. a A THz field incident from above illuminates the tip which
is held above a sample/substrate. Light scattered by the tip is collected in the far-field; b a metal
tip, held above a sample/substrate is illuminated with a THz beam, in this case a single cycle pulse.
The tip apex concentrates the electric field to a small sub-wavelength sized region underneath the
tip and is detected in the near-field in a GaP electro-optic crystal, using a tightly focused, near-IR
probing pulse

using metal tips were performed at visible and infrared wavelengths [1-5]. The
first THz ANSOM experiments were performed using THz pulses in a time-domain
spectroscopy setup [6, 7]. The near-field of the tip could be measured directly by
electro-optic sampling of the field near the tip apex using a focused probe pulse,
as illustrated in Fig. 15.2b. An interesting aspect of this approach is the ability to
suppress unwanted background signals by a proper choice of the electro-optic crystal
orientation. It can be shown that a (100) oriented GaP or ZnTe crystal is capable of
measuring the z-component of the electric field, corresponding to the field component
perpendicular to the crystal surface, while being blind to the x and y components
[6, 8]. A z-component is present only near the tip apex, something which, in the quasi-
static approximation, can easily be understood from the boundary conditions of the
electric field at a metal surface which only allow the existence of a field component
perpendicular to the metal. Note that this is true for a perfect metal only, as for a real
metal a small but non-zero tangential component is allowed. This component is very
small at THz frequencies and will be ignored for the remainder of this chapter. Near
the tip apex therefore, the field lines are distorted and a z-component is created. A
spatial resolution of about 5 jum was obtained in this way, limited by the probing beam
focal diameter. These experiments differ from visible/infrared ANSOM experiments
in that they are capable of measuring the near electric-field rather than the intensity,
which, as we will show below, allows one to measure frequency filtering properties of
these metal tips. A somewhat different approach, in which a tapered metal tip was used
as a probing antenna, predominantly sensitive to the z-component of the near-field,
was also shown to be capable of reaching a sub-wavelength spatial resolution [9].
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In another THz ANSOM technique, the field scattered by the tip is measured in
the far-field in the specularly reflected direction [10—12]. This means that the signal
is superimposed on a large background but, nonetheless, a 150 nm spatial resolution
was claimed in these experiments.

In yet another beautiful experiment in which the light source was a THz con-
tinuous gas laser, a parabolic mirror was used to measure the backscattered light
from a metal tip, and a spatial resolution down to 40 nm was reported [13]. In many
ANSOM experiments, the tip is vibrated in a direction perpendicular to the sample
surface. When combined with lock-in detection at the vibration frequency, or at a
higher harmonic of the vibration frequency, the background signal coming from light
scattered off the tip shaft is strongly reduced and the spatial resolution is strongly
improved. The reason for this improvement becomes clear when the scattered signal
is measured as the tip approaches the sample surface. Such a measured approach
curve shows that the near-field signal depends in a highly nonlinear fashion on the
tip/sample distance, dramatically increasing just before the tip touches the sample.
When we think of the tip as a series of oscillating dipoles, each having an electric
near-field that decays with the cube of the distance, it is the dipoles closed to the
apex which give the strongest nonlinear variation in the near-electric field versus
tip/sample distance [14]. This nonlinear behavior translates into higher harmonics
of the modulation signal and by detecting the signal at these harmonics, the signal
contribution from regions of the tip other than the apex, are strongly suppressed.
Only light scattered near the apex is strongly modulated by the oscillating tip/sample
distance and thus more effectively measured than light scattered off the shaft. In
ANSOM experiments, the amount of light scattered by the tip increases dramatically
when the tip approaches the surface. In a simple, quasi-static, model which treats the
tip as a small sphere, Knoll and Keilmann show that this is in part due to the near-
field interaction between the tip and the surface [4]. Suppose that we have an incident
field (-component) perpendicular to the surface. This field polarizes the sphere, thus

Er,sphere — 1

creating a dipole moment p = A7 R3E = aEy, with E( the amplitude

5r,sphere+2 =
of the incident field, R the radius of the sphere, &, sphere the relative permittivity of

the sphere material, and « the polarizability of the sphere (Fig. 15.3). This dipole, in
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turn, induces an image dipole in the materials underneath. The fotal dipole moment
of the system then becomes [4]:

a(l+B)
Prot = —agEo = ag Eo, (15.2)

16713

gr—1
e+1°
tivity of the sample, and aeJ;f the effective polarizability of the whole sphere/sample
system. The scattering cross-section being proportional to | jﬁlz, the equation shows
that when the surface is approached and r thus becomes smaller, the amount of scat-
tered light increases rapidly. The model is very simple, but provides excellent physical
insight into the scattering process, even though it contains considerably approxima-
tions, such as the assumption that the field created by the image dipole at the position
of the original dipole is homogenous. However, something that is not explained by
the sphere model is the measured characteristic frequency response of the metal tips
used in THz ANSOM experiments. It was shown that metal tips can behave rather
more like low-pass filters, reducing the bandwidth available in the near-field in THz
ANSOM experiments [15-19]. This can be understood from the fact that the metal
tip acts more like a wire antenna than like a sphere. The sphere model also tends
to underestimate the absolute value of the field strength underneath the metal tip
compared to the antenna model as antennas are capable of collecting more light.
In the quasi-static approximation, and assuming that the wire is much shorter than
the wavelength, the wire antennas can be treated as a series of dipoles having a
position-dependent strength (Fig. 15.4a) [14, 20]. This strength follows a triangular
distribution as a function of position along the wire, mimicking the triangular current
distribution assumed in the wire, as shown in Fig. 15.4b. The antenna has a length
d and is held vertically at a distance a above a dielectric half-plane having relative
permittivity &,. It can be shown that the z-component of the electric field at a position
(x, y, z) underneath the antenna, inside the dielectric can be written as [14, 20]:

E ! ! + P2 (15.3)
X———— |+ —=, .
“ T d4meg(l+¢6)\R, R, R

with R = x2+y2+(z—#)2, Rg = x2+y2—|—(z—a)2, and Ri = x2+y2+(z—b)2.
Note that R,, Rp, and R, represent the distance from the point (x, y, z) to the bottom,
the top, and the midpoint of the antenna, respectively. Physical insight can be obtained
when we look at the field at position (0,0, 0), underneath the antenna, just inside the
dielectric. If we further assume that a < b, corresponding to a tip/sample distance
which is small compared to the tip length, we can approximate the expression by

with r the distance of the dipole to the surface, § = &, being the relative permit-

1 1

E, ¢ ———. (15.4)
4reg(l +¢&4) a
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Fig. 15.4 a. Principle of THz aperture-less microscopy. A metal tip of length d, held at a distance
a from a surface, is illuminated with a THz beam, in this case a single cycle pulse. The tip apex
concentrates the electric field to a small sub-wavelength sized region underneath the tip. Light
scattered by the tip/sample combination is collected in the far-field. Often, the tip is vibrated to sup-

press contributions to the signal by light scattered off the tip shaft . b Triangular current distributrion
assumed to be present in the tip

2|

1(z)

This should be compared to the field of a vertically oriented point dipole, not taking
image-dipole effects into account, which falls off as 1 /a>. The physical/mathematical
reason for the 1/a decay is not only that in the description of the antenna, we have
many dipoles instead of just one but, also, that on the antenna, the strength of these
dipoles increases linearly with distance to the apex, as it should for a short linear wire
antenna. As the metal is retracted from the surface, therefore, the field of the wire
antenna falls off much more slowly than the field of a point dipole, something that
has been observed experimentally as shown in Fig. 15.5, where we plot the measured
electro-optic signal as a function of tip-substrate distance [14]. Note that the signal
plotted in this figure does not correspond directly to the actual THz electric field.
Rather, it represents the integral of the electric field taken over a distance in the
electro-optic crystal of 150 wm.

This slow decay is caused by the contribution to the field by the tip shaft, which
obviously cannot be ignored. Interestingly, the 1/a dependence predicted by the
antenna model agrees with the model by van Bladel [21] and Cory et al. [22]. They
treat the tip apex as a small cone, and when the cone angle approaches zero, as
should be the case for an infinitely thin wire antenna, they obtain the same 1/a
dependence. The wire antenna model, however, has its shortcomings too. In the
above form, it ignores image dipole effects and it assumes that the wire is infinitely
thin. It should therefore be considered complementary to the sphere model only. As
the tip is vibrated, the source of the field detected synchronously with the vibration,
will mostly be located close to the tip apex, since the fields of the dipoles located
closest to the apex and thus closest to the surface of the dielectric will be modulated
the most. We stress, however, that the frequency contents and the strength of the
measured signal are determined by the response of the entire antenna to the incident
field, not just the apex. One aspect of apertureless near-field microscopy has not been



396 P. C. M. Planken et al.

6
1,24 S 4
©
] e,

1,0 4 g o
S 08- H 4
e— 1 17 18 19 20 21 22
) 0,6 - Time (ps)
© ]
c B
2 g4 ®  Measured points
O‘{’ ! Wire antenna theory
i A - - - Sphere model

0,2

OI0 T T T T T "7_5'5_7__'_____'_5

T 1
0 20 40 60 80 100 120
Tip-sample distance (um)

Fig. 15.5 Electro-optic signal measured underneath a tapered copper wire used in a THz ANSOM
experiment, as a function of the tip-substrate distance. The substrate is a (100) oriented GaP electro-
optic crystal. The solid curve represents the electro-optic signal based on the antenna model, the
dashed curve the electro-optic signal based on the sphere model. Clearly the sphere model fails to
reproduce the relatively slow decay observed for larger distances. The inset shows the electric near-
field measured when the tip-substrate distance is 1 wm. The crystal thickness is 150 um. Adapted
from [14]

mentioned so far. The amplitude of the signal from the tip-sample system is as much
determined by the dielectric function of the sample as by the distance between the tip
and the sample. This means that care must be taken to avoid confusing variations in
tip-sample distance with variations in the dielectric properties of the sample. This can
be done, for example, by measuring on topographically flat samples or by measuring
the response as a function of THz frequency so that absorption resonances in the
sample can clearly be identified.

15.2.1 Variations on the ANSOM Theme

Rather than directly illuminating the tip near the apex, it is also possible to use
the guiding properties of the tip to transport the THz radiation to the apex. The
radially polarized waves on these wires, also called Sommerfeld waves, can propagate
relatively long distances, on the order of several tens of cm’s and show a very high
potential for applications in THz imaging and micro-spectroscopy. The first clear
demonstration of the creation and propagation of these waves at THz frequencies
was given by Wang and Mittleman [23]. In subsequent publications various aspects,
related to the dispersion, propagation, and confinement near the apex of the wire,
were reported [24-27]. A coaxial geometry, made of a wire centered inside a hole
in a metal plate surrounded by surface corrugations, was also studied as a way to
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excite the Sommerfeld wave [28]. Another method to excite this mode is by exciting
the wire with a radially polarized wave created by excitation of a radially symmetric
photoconductive emitter [26, 29]. In addition, it was shown how these Sommerfeld
waves on tapered wires can be used to do near-field imaging [30, 31]. We note
that numerical simulations suggests that propagation of THz light toward the end
of a corrugated, tapered metal wire should give rise to strongly localized fields near
the apex [32, 33]. This may also give rise to strong THz fields near the tip apex
which holds promise for THz nonlinear optics on the micro- and nano-scale, using
moderately strong THz sources.

15.3 Aperture Techniques

One way to increase the spatial resolution in THz imaging is to use small, sub-
wavelength sized, apertures to reduce either the size of the source, the size of the
detector, or both. One of the earliest experiments in this direction at THz frequencies
was first performed by Keilmann [34] and later by Hunsche et al. [35] who both used
conical tapered, metal waveguides with a small exit aperture to reduce the size of
the THz source. A spatial resolution on the order of A/2 was obtained by Keilmann
and A /4 by Hunsche et al. One of the problems of using apertures is that the far-field
power transmission of a small aperture scales as a®, with a the diameter of the aperture
[36-38]. For wavelengths <X /2, therefore, the far-field transmission decreases very
rapidly indeed. A somewhat different approach was taken by Mitrofanov et al., who
decreased the size of THz source by integrating a small aperture in a metallic layer
with a photoconductive emitter, to obtain a small source giving a spatial resolution
of about 60 um [39]. In subsequent papers Mitrofanov et al. [40] also explored the
possibility of integrating small apertures with photoconducting antennas, for the
detection of THz pulses. With this collection mode detector, of which an example is
shown in Fig. 15.6, an impressive spatial resolution of 7 um was eventually obtained
[41]. For an electric field measurement, the far-field transmission scales with the
aperture size as a°. This was confirmed in a THz experiment using apertures as
small as 5um, integrated on a photoconducting detector [41]. For apertures this
small, the tiny but measurable direct transmission through the 600nm thick metal
layer, in which the aperture is defined, can no longer be neglected. In a separate
experiment, the same authors increased the distance between the detector and the
hole and found that the field decays inversely proportional to this distance [42, 43].

The property of THz time-domain spectroscopy, namely that it is capable of
measuring the electric field rather than the intensity, is clearly an advantage when
measuring the transmission properties of small holes in the near-field. It was found,
for example, that the near-field measured directly behind an aperture can be viewed
as the time-differentiated version of the incident field. This was first observed by
Mitrofanov et al. [44, 45] using an aperture in close proximity to a photoconductive
antenna, as shown in Fig. 15.7, and later by Adam et al. [46] using near-field electro-
optic sampling behind an aperture integrated on an electro-optic detection crystal.
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Fig. 15.6 Schematic diagram THz beam
of the near-field probe used
by Mitrofanov et al. [40].
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This differentiation should, perhaps, not come as a surprise as this was also predicted
by Bouwkamp, who calculated the near-field behind a circular hole in an infinitely
thin, perfectly conducting screen, further assuming that the aperture diameter was
much smaller than the wavelength. For example, the expression found by Bouwkamp
[37, 38] for the electric near-field component perpendicular to the metal surface,
E., is:

a/p

4i
E, = EFEy—ka———— , 15.5
o= Eogka—mrm cos@). p>a (15.5)

with a the radius of the hole, p the radial coordinate, ¢ the azimuthal angle, E( the
incident electric field amplitude and k the wavevector of the incident radiation. Note
that this equation is valid only in the plane of the metal at z = 0, where for p > a
only E, is nonzero, as dictated by the boundary condition for the component of the
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electric field perpendicular to a perfect metal. Inside the hole at z = 0, E; is zero
too. For the in-plane components of the field the reverse is true: at z = 0 there can
only be a field in the aperture, as the boundary condition for the parallel component
dictates that it should be zero at the surface of a perfect metal.

The multiplication of the incident field with the term ik o iw in the frequency
domain, corresponds to differentiation of the THz field in the time-domain [46].
This is reminiscent of the properties of a high-pass filter in electronics and again a
reminder that metal structures in general have a frequency-dependent response with
associated phase shifts in the transmitted electric field. Other aspects of the model by
Bouwkamp have been tested as well, such as the 2D distribution of the field around
apertures. Measurements of this will be treated in more detail in the next section.
Clearly, the model has its limitations too. For example, Eq. 15.5, predicts infinitely
strong electric fields at the edge of the aperture which is physically impossible.
However, as we will show in more detail later, the model is capable of explaining
many features of THz near-field measurements performed on apertures. For a fixed
value of p/a for example, Eq. 15.5 shows that the near-field component E, decreases
linearly with aperture size a, in sharp contrast with the a> dependence for the far-field.
For a still small, nonzero, distance to the hole, the dependence of the transmission
is neither linear nor cubic. This agrees well with measurements of E, close to the
edge of a circular aperture for three different aperture diameters [46]. To enhance the
total transmission through an aperture, the aperture can be surrounded by a bull’s eye
structure [47-50]. This structure consists of concentric grooves or a grating structure
around a small aperture. When the grooves are illuminated, surface waves are created
in which funnel additional energy through the aperture, thereby enhancing the total
transmission. As the structure is periodic, the enhancement, however, comes at the
cost of a narrower bandwidth.

Apertures, of course, do not have to be circular. By using a bow-tie shaped hole
in metal film, surrounded by a bull’s eye structure, Ishihara et al. managed to obtain
a significant, enhanced transmission and a subsequent spatial resolution of A/17
[51, 52].

15.3.1 Waveguides, Dynamic Apertures and Quasi Apertures

Parallel plate waveguides [53], may also be used for THz microscopy [54]. By adia-
batically tapering the width and the separation of two parallel plates, Zhan et al. [55]
were able to confine THz light to an area of 10 x 18 um?. In the latter example, near
the edges of the waveguide the light is not physically confined by the metal as in a
regular metal waveguide which is fully closed in all directions perpendicular to the
propagation direction, but confinement occurs nonetheless.

It is not always necessary to use a real physical aperture in a metal film to perform
aperture microscopy. Chen et al. [56, 57] used an intensity-modulated, focused,
optical gating beam on a semiconductor wafer to modulate a very small portion of a
THz beam. In a sense, the gating beam induces an inverse aperture, or metallic disc,
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Fig. 15.8 Two different near-field detection methods. a A sample, illuminated with a THz pulse, is
held close to an electro-optic crystal. The THz electric near-field is sampled with a sub-wavelength
spatial resolution using a focused probe pulse; b a sample is held in the near-field zone of a small
photoconductive antenna detector, gated by a probe pulse. The small dimensions of the antenna
structure guarantee a sub-wavelength spatial resolution

to distort a sub-wavelength sized part of the beam. By holding a sample close to
the wafer and by detecting only the modulated part of the THz beam, this “dynamic
aperture” technique allowed for a 50 um spatial resolution.

When electro-optic detection is used to measure the THz electric field, a tightly
focused probing beam can be used to detect the THz electric near-field in a small
volume, as shown in Fig. 15.8a. This method circumvents the THz diffraction limit
because the near-IR probing beam has a much smaller wavelength than the THz beam
and can thus be focused to much smaller spot sizes [6, 46, 58]. Loosely speaking, the
probing beam acts like a detection aperture which limits the sampling area to very
small values. It is reminiscent of the electro-optic sampling technique based on the
use of specially shaped LiTaOs3 crystal to probe local THz electric fields on striplines
and resonators [59, 60].

The advantage of using this technique is that it allows for the separate detection of
all three vector components of the electric field by proper choice of the electro-optic
crystal orientation. With a (100) crystal orientation, for example, the component
of the electric field perpendicular to the (100) surface, E, can be measured [6, §].
Using a (111) crystal orientation, the components of the electric field parallel to the
(111) crystal, Ey and Ey, can be measured separately as well [61]. In principle, a
(110) crystal orientation can be used too to measure the in-plane components, but the
advantage of using a (111) crystal is that only a rotation of the probe beam polarization
vector over 22.5° is required to shift from measuring E to measuring Ey. Thus, a
rotation of the detection crystal is not needed, compared to the case in which a
(110) crystal is used. This is clearly preferably in experiments in which the detection
crystal is very close to, or in contact with, a sample. When the sample is lying on
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the surface of the detection crystal, 2D images are obtained when the crystal/sample
is raster scanned, while keeping the probe laser and THz beam fixed. When a more
powerful THz beam is used, and employing a modified setup in which the THz-
induced polarization changes are translated into probe beam intensity changes, an
entire 2D image can be obtained in one shot. This was demonstrated by Doi et al. [62]
who measured the spatially resolved THz free-induction decay of a small tyrosine
crystal in the near-field.

In the same sense that a focused probe beam can be considered a quasi-aperture,
a small sub-wavelength sized THz receiving antenna can also be viewed as a small
aperture detector (Fig. 15.8b). This is the approach taken by Bitzer et al. [63, 64]
in their measurements of the electric near-field of holes and meta-materials. Their
antenna is a small photoconducting antenna consisting of H-shaped electrodes with a
10 wm gap, which allows for the measurements of the in-plane electric-field compo-
nents of the electric near-field. They obtain a spatial resolution of about 20 wm while
holding their antenna some 30 wm from their samples, which is more than sufficient
to provide spectacular measurements of the time-dependent electric fields near var-
ious metal samples, which will be discussed in more detail in the next section. One
advantage of their setup is that the detecting chip together with the probe laser can
freely be scanned parallel to the sample surface, allowing them to sample the near
field over relatively large areas. By tapering the antenna, the spatial resolution can
further be improved. This was shown to be an excellent method to further improve
the spatial resolution [65-67]. With an electrode spacing of 1.8 um at the apex of the
electrodes, a spatial resolution of better than 5 um was demonstrated.

Using yet another approach, calculations suggest that using plasmonic dimer
antennas, fabricated from doped semiconductors, it may be possible to confine and
enhance the THz electric field inside the gap between the two arms of the antenna. By
controlling the carrier density, this enhancement and localization can be controlled
with possible applications in spectroscopy and imaging [68].

15.4 Near-Field Imaging

As mentioned in the introduction, near-field imaging can be applied to the study of
charge carriers, lattice vibrations of organic and inorganic crystals, and also of the
THz electromagnetic near-field itself. We will start this section with the results of
imaging the near-field of small metal structures, such as slits and holes. The reason for
this is that the information gathered on these structures increases our understanding
of other techniques that use small metal structures to obtain a sub-wavelength spatial
resolution, such as antennas and holes.
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Fig. 15.9 THz electric near-field (vectors) measured behind a metal foil (dark gray) in which
multiple, 100 pm wide slits were milled with a period of 500 wm. The THz beam is incident from
below. The magnetic field component By, calculated from the electric field, is shown in color. Red
and blue correspond to opposite magnetic field directions. The size of the entire scan is 1,050 um
in the x-direction and 450 um in the z-direction. Adapted from [72]

15.4.1 Imaging the THz Electric Near-Field

Using the quasi-aperture techniques described in Sect. 15.3, it is possible to measure
the electric near-field with a deep sub-wavelength spatial resolution. In near-field
electro-optic detection, in principle, all three orthogonal components of the THz
electric near-field can be measured, although symmetry often reduces the required
number of components to be measured to two. (In fact, something resembling this can
also be done in the visible, see for example Lee et al. [69—71]). This was shown in an
experiment by Seo et al. [72] and Ahn et al. [73] in which the THz electric near-field
was measured behind a sample consisting of 100 wm wide slits cut in a metal foil
with a period of 500 pm. In this experiment, a broadband single cycle THz pulse with
a polarization perpendicular to the slits in the x-direction, is incident from below. A
300 wm thick (100) oriented GaP crystal was used to measure the z-component of
the electric near-field, which is the component perpendicular to the metal. A (110)
oriented GaP crystal was used to measure the x-component polarized parallel to
the metal. Due to the symmetry of the sample, no y-component was present. By
combining E, and E, the complete time-dependent THz electric field behind the
slits could be obtained. From the measurements, a 2D plot of the electric field vector
behind the slits can be constructed at any frequency contained in the bandwidth of
the single cycle pulse. An example is shown in Fig. 15.9, in which the electric field
vector at a frequency of 1 THz is plotted for a fixed phase, representing a single
frame from a movie showing the time evolution of the field during one complete
cycle at this frequency. The figure shows vortices and saddle points in the field
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behind the slits. The distance in the z-direction between the center of two vortices, is
300 pm, corresponding to a frequency of 1 THz. The measurement provides a very
nice demonstration of a property of time-dependent electric fields, namely that they
must have a nonzero curl according to,

B
VXE=—-—. (15.6)
ot
Using this equation, the electric field measurement shown in Fig. 15.9 can be used to
calculate the THz magnetic field component By, as shown in the figure in color. With
both E and B known, other properties of the THz light can also be obtained such
as the Poynting vector [72]. Again, this shows the advantage of measuring the THz
electric field, rather than the intensity. Incidentally, one interesting aspect of slits
is that when the width becomes smaller, the transmission can still be considerable
leading to an enormously enhanced field inside the slit [74-76].

Of interest for near-field imaging using apertures, is the electric near-field in the
immediate neighborhood of an aperture itself. This can be measured with great accu-
racy by depositing a metal layer, in which the aperture is defined, directly on top of
the electro-optic detection crystal. The aperture is then illuminated with a broad-
band single cycle THz pulses polarized parallel to the crystal in the x-direction.
Figure 15.10a—c shows the components of the electric near field |E,|, |Ey|, and
|E,|, measured immediately underneath a 150 um diameter aperture in a 200nm
thick gold layer deposited on the GaP electro-optic detection crystal, at a frequency
of 0.2 THz [77]. Again, a (100) crystal was used to detect E,, whereas a (111) crys-
tal was used to measure Ey and E,. The figures clearly illustrate that the £, and
E, components are mostly localized inside the aperture, whereas the z-component
of the field is mostly confined to the edges of the aperture. This agrees very well
with the predictions made by the model from Bouwkamp [37, 38] and by numerical
calculations. The measurements also show that this particular measurement tech-
nique measures the field very close to aperture, since for increasing distances to
the metal plane, the extent of the field should increase rapidly in the x and y direc-
tions. However, E is not entirely zero inside the aperture and E , are not exactly
zero outside the aperture, indicating that the field is not measured exactly in the plane
of the aperture but, on average, some 10 wm below it.

As in the case of the slits, the components of the measured field can be combined,
in this case E, and Ey, into a single in-plane electric field vector. This is shown in
Fig. 15.10d, where the in-plane field vector at the frequency of 0.2 THz is plotted. In
Fig. 15.10e, the field calculated using the model from Bouwkamp is shown, where
the length of the calculated field vectors near the edge of the aperture is artificially
reduced, since the Bouwkamp model predicts unphysical, infinitely strong fields
there. The calculation can thus only be used to compare the direction of the field, not
the strength. Keeping this in mind, it is clear that the measurements and the calculation
are in excellent agreement. Although the incident field is polarized in the x-direction,
immediately behind the aperture, all three components of the electric field are present.
In fact, the measurements constitute a clear illustration of the boundary conditions
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Fig.15.10 THz electric near-field for a single, isolated, circular aperture (d = 150 wm) at 0.2 THz.
a—c |E,|, |Ey|, and |E|. Scan area = 315 x 315 um; d vector field plot illustrating measured
transverse components of THz electric near-field; e vector field plot based on the model from
Bouwkamp. Adapted from [77]

for the electric field at the interface between a perfect metal and a dielectric. These
conditions state that at the metal, the component of the field parallel to the metal
should be zero. At the metal, only a component perpendicular to the metal can exist.
The shape of the aperture forces the creation of a component perpendicular to the
metal surface and the metal e.g., thus explaining the creation of both Ey and E. The
exact shape of the aperture determines the relative size of the three components. For
a square aperture, for example, the £, component is very small and, in fact, quite
difficult to measure [77].

A clear advantage of the ability to measure the electric field, rather than the inten-
sity is that it makes it possible to extract more information from the measurements
without the need to make further assumptions about the system. For example, the
boundary conditions for the component of the electric field perpendicular to the metal
surface, E, state that this component is discontinuous with an amount proportional
to the surface charge density o. At the metal surface (z = 0), we can write for the
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time- and position-dependent surface-charge density,
o(x,y,0,t) = E;(x,y,0,1)/e, (15.7)

where ¢ = ¢, ¢ is the permittivity of the dielectric, in this case, the GaP crystal. The
plot of the z-component of the electric field, therefore, can also be interpreted as a plot
of the surface-charge density. In view of the fact that in reality the field is measured
a little distance away from the metal, this is approximately true only, explaining why
a small but nonzero E, is also measured inside the aperture. It must be emphasized
that the measurements of the near-field of the hole shown here, actually represent
measurements of a metallic aperture on a dielectric substrate, not an isolated aperture
in free space. Some large and some subtle effects occur as a result of the presence
of the substrate, such as an increased transmission at low frequencies, and these also
depend on the thickness of the metal [78]. One consequence of the use of a thin (thin
compared to the wavelength) metal layer, is that there is no real waveguide cut-off
apparent in the near-field measurements. The obvious explanation for this is that for
a thin metal, one cannot really speak of a waveguide. As discussed earlier in this
chapter, below the “cut-off” frequency of a hole in a thin metal layer, the near-field
amplitude decreases linearly with frequency. This means that reasonably large near-
fields can be measured at frequencies considerably below the cut-off frequency of
a conventional waveguide, illustrating the potential of these apertures for near-field
imaging [79, 80], and near-field microspectroscopy of very small samples [81].

Electro-optic near-field imaging has, in addition to holes and slits, been applied
to the study of spheres [82], hole arrays [77], photonic-crystal fibers [83] and, using
a somewhat different geometry, THz surface waves [84].

Bitzer et al. [64] used photoconducting antennas to measure the near-field of THz
meta-materials. Meta-materials are materials with optical properties that do not exist
in nature. Typically, their properties are determined by performing far-field measure-
ments, but these only provide indirect clues as to the physical processes going on
in the immediate neighborhood of these structures. In Fig. 15.11 the far-field power
transmission is shown as a function of frequency for a meta-material sample consist-
ing of split-ring resonators (SRR’s), as shown in the inset. The resonators are made
of 9 wm thick copper on a 120 wm thick polytetrafluoroethene (PTFE) substrate and
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Fig. 15.12 a Measured in-plane THz electric near-field (vectors) at a chosen phase at the backside
of an isolated split-ring resonator, for the four different resonances A1-A4 shown in Fig. 15.11.
The color code indicates the time-derivative of the out-of-plane component of the corresponding
magnetic field 9 H,/dt, derived from the electric field measurements; b simulation of the surface
current density for a polarization and propagation direction as indicated in the figure; ¢ measured
in-plane THz electric near-field (vectors) at a chosen phase and d H, /9t calculated from the in-plane
electric field, at the backside of a split-ring resonator array, for the four different resonances A1-A4
shown in Fig. 15.11. Adapted from [64]

their far-field spectrum was measured with a conventional THz time-domain spec-
troscopy setup. The incident field is polarized in the direction indicated in the figure.
Four resonances are clearly observed, corresponding to fundamental excitations of
the resonators. Based on these measurements, however, it is not immediately clear
what these resonances look like. This can only be observed by performing near-field
measurements.

Figure 15.12a shows the 2D spatial distribution of the in-plane, electric near-field
vector of a single, isolated, SRR measured with a photoconductive antenna, for four
different frequencies corresponding to the four resonances shown in
Fig. 15.11 [64]. In the same figure, the magnetic field perpendicular to the plane,
calculated from the measured in-plane electric field is also shown. The spatial resolu-
tion is on the order of 20 wm. The figure clearly shows distinct electric and magnetic
field patterns corresponding to the different SRR modes, where the electric patterns
of the modes at 225 and 405 GHz show evidence of an electric quadrupole pattern.
Similar measurements on an array of SRR’s are plotted in Fig. 15.12¢c. They show
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destructive (A1 mode) and constructive (A3 mode) interference due to the spatially
overlapping fields of individual resonators, whereas the other two modes (A2, A4)
remain relatively unperturbed. Figure 15.12b shows simulated surface current den-
sities that correspond to the four resonant modes. The calculations of the currents are
fully consistent with the measured magnetic field patterns. These and other [85-89]
near-field measurements on metamaterials thus provide essential information on the
operation of these important structures.

Wichter et al. [65] have used their tapered photoconductive antenna’s to obtain
a near-field spatial resolution of about 5 wm. Their probe uses a triangular, 1.3 um
thick piece of low-temperature grown GaAs on which the planar tapered wire is
fabricated. Near the apex, the gap between the electrodes is 1.8 wm. The resolution
was tested by imaging a single element of a frequency-selective surface. The outline
and dimensions of this element, an asymmetric double-split metallic ring resonator,
are shown in Fig. 15.13a. Interestingly, the element is hidden under a layer of black
wax, rendering the element invisible. The sample is illuminated by a photoconduc-
tive THz emitter located in the near-field of the detector. In Fig. 15.13b, the THz
near-field peak image, created by plotting the measured THz peak amplitude spatial
distribution, is plotted. The image clearly reveals the hidden ring resonator and the
gaps between the metallic lines. Two line scans, one in the x-direction and one in the
y direction across the metallic stripes show the excellent spatial resolution of about
5um (x-direction) and 7 wm (y-direction) that were obtained in this experiment. In
a different experiment, a near-field line scan was made across a metallic thin film
deposited on a transparent substrate. In this case, the THz light, generated at the sur-
face of an InAs crystal, was focused onto the sample using parabolic mirrors. In this
very different configuration, a spatial resolution of 4.7 um was reached, confirming
the spatial resolution obtained using near-field illumination. Nagel et al. [90] applied
the same near-field technique also to the study of THz emission, locally generated
and detected, from an exfoliated graphite flake. In this experiment, however, they
used a modified version of their near-field probing tip, by coupling the near field to a
tapered single wire, connected to a photoconductive antenna. This makes the system
sensitive to the axial near-field, allowing the detection of field components polarized
perpendicularly to the graphite surface.

The ultimate spatial resolution in THz imaging so far was obtained by Huber
et al. [13]. In a THz ANSOM experiment, they studied the THz near-field response
of a single semiconductor nanodevice with a spatial resolution of about 40nm. To
obtain this resolution a relatively powerful THz source was used, namely a methanol
gas laser with an output power of 5 mW, pumped by a CO, laser. In their experiment,
a platinum covered atomic force microscope (AFM) tip is illuminated with the THz
light at a frequency of 2.54 THz. The THz light backscattered from the tip is mea-
sured using a hot-electron bolometer in conjunction with a Michelson interferometer
to amplify the signal. The tip is vibrated at a frequency of 35 kHz, and the measured
signal is demodulated at the second or third harmonic of that frequency to obtain
background-free detection. Figure 15.14a—c shows an AFM image, a THz ANSOM
image, and an IR ANSOM image obtained at a wavelength of 11 pwm, respectively, of
a polished cut through a multiple transistor device. The charge carrier concentrations
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Fig. 15.13 a Outline and dimensions of a single element of an asymmetric double-split metallic
ring resonator; b THz near-field amplitude image of the sample, obtained using a tapered photocon-
ductive antenna. Pixels are 3 x 3 pm? in size; ¢ field amplitude as a function of position along two
lines across the 10 um wide metallic structure, one in the x-direction the other in the y-direction.
Lines are indicated in b; d measured THz electric field amplitude as a function of position along a
line perpendicular to a metallic edge illuminated by THz light incident from the far-field. Adapted
from [65]

present in this device at various depths, are also indicated in (b) and (c). This clearly
shows that only in the THz image the different carrier concentrations are recogniz-
able. The reason for this is demonstrated in the Fig. 15.14e, which is a calculation of
the scattered signal, detected at the second harmonic of the modulation frequency,
as a function of THz frequency for carrier concentrations ranging from 10' to 10
cm 3. The graph shows that in the range of carrier concentrations typically present
in these devices, THz radiation provides the best possible image contrast because
the THz frequency is close to the typical plasma frequencies that correspond to these
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Fig. 15.14 a AFM image (a)
of a polished cut through a
multiple transistor device;

b THz image simultaneously
obtained with the AFM image
at the second harmonic of
the modulation frequency;

c infrared image (A = 11 wm)
obtained by measuring the
scattered infrared light at

the second harmonic of the
modulation frequency. The
mobile carrier concentrations
in b and c are indicated

in the figure, on the right- 10"
hand side; d SEM image of
part of the device marked

by the rectangle; e THz
signal amplitude detected

at the second harmonic of
the modulation frequency, as a
function of light frequency, for
several carrier concentrations.
Adapted from [13]
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carrier concentrations. In other words, the THz signal varies more strongly with these
typical carrier concentrations than the signal at infrared wavelengths, as shown in
the figure [91]. In Fig. 15.14d, a SEM image of a small part of the device, outlined by
the rectangle in (a) and (b), is shown, providing information on the structure of the
device. The results are particularly spectacular when the obtained spatial resolution
is expressed as a fraction of the wavelength. A frequency of 2.54 THz corresponds
to a wavelength of about A = 118 pm. This means that the 40 nm spatial resolution
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corresponds to about A /3,000, something that is very difficult to achieve in the visible
region of the electromagnetic spectrum.

15.5 Conclusions and Outlook

It is clear that THz near-field imaging and spectroscopy constitute an active and
promising branch on the “THz tree”. It is only natural to speculate on the directions
in which this “branch” will grow. The results by Huber et al. [13] show that the
measurement of carriers on the nanoscale forms a very interesting application of THz
nanoscopy. In addition, it is clear that THz-TDS is a very powerful technique to probe
the time-dependent electric field of light itself on deep subwavelength scales. The
information gathered in the THz frequency range will have important implications in
the visible region of the electromagnetic spectrum as well since Maxwell’s equations
are scale-invariant and only the material properties are somewhat different. In the THz
frequency range, however, measurements can be done that are difficult or impossible
to do in the visible. For example, it is currently not possible to have a sub-wavelength
spatial resolution and, simultaneously, a sub-cycle temporal resolution in the visible.
Add to that the enormously broad spectrum of many pulsed THz sources and it
becomes clear that the capabilities that THz near-field microscopy offers are quite
remarkable compared to what is currently possible with visible light. Not all is well,
however, since it will be hard to extend the nanoscopy measurements on carriers to,
for example, lattice modes of organic molecular crystals, which are fairly weakly
absorbing compared to the strong absorbing lattice modes of simpler crystals like
GaAs. Still, with current techniques to generate and detect THz light at higher and
higher frequencies (see for example Sell et al. [92]) it is probably only a matter of time
before these techniques can be applied also to, for example, the molecular fingerprint
region of the electromagnetic spectrum. The near-field techniques developed for
the THz frequency region are thus seen to have an impact on other regions of the
electromagnetic spectrum. Their importance can thus not easily be overestimated.
There is a bright future for THz near-field imaging.
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