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Collection mode near-field microscopy is demonstrated using a 10.56 GHz (X-band) frequency illumina-
tion. Imaging of a standing evanescent microwave was experimentally used to evaluate the capabilities of
the microscope. The microscope functionality was validated by imaging near field interactions of different
systems of dipole-like resonances. We prove that those microscope images contain near-field informa-
tion by presenting numerical modeling of dipole-like resonant interactions. The model makes use of an
analytic Dyadic Green’s which is based in the near-field electrostatic approximation. We propose that
this microscopy technique can be used, with certain limitations, as a check for 2D mapping of designed
(spoof) surface plasmon at microwave frequencies.

© 2013 Elsevier GmbH. All rights reserved.

1. Introduction

The first proposal for a super-resolution or subwavelength res-
olution microscope came from Synge in 1928 [1]. Four decades
afterwards, in 1972, the experimental design was reported for the
first time [2]. The experiment was carried out in the microwave
range (A~ 3 cm), reaching aresolution of A/60. Pohl and co-workers
[3] showed the first optical version of this microscope, the so called
scanning near-field optical microscope (SNOM). The success of the
microscopy immediately inspired several operational modes [4];
nevertheless, the fundamental principles of the SNOM techniques
are found in the detection of evanescent waves [5]. In this con-
text, the collection mode [6] has become one of the most widely
used SNOM versions. The reason is, at least partially, because of
its high capability to study local optical field interactions. Such
local fields contain information about the material or geometry
of the object and the field may result from standard evanescent
wave phenomena or more complicated processes including cou-
pled electron-photon surface waves known as surface plasmon
polaritons (SPPs) [7]. In collection-mode, the sample is illumi-
nated by an extended field (from the top or bottom), as in classical
microscopy, and the scattered near field is collected by a local
probe. A particular case of collection mode SNOM is the photon
scanning tunneling microscope (PSTM) [8,9]. The PSTM uses an
uncoated fiber tip to probe the evanescent field of light being
totally internally reflected at a sample surface. The tip is then
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brought into the extreme near field of the surface sample (=10 nm)
where the evanescent photons couple into the fiber-tip and are
detected with a photon multiplier. Usage of SNOM techniques at
microwave frequencies can provide several advantages and infor-
mation complementary to optical imaging. For example, using a
3 cm microwave wavelength radically changes the scale of the
experiment and therefore allows one a “scaling” of the optical prob-
lem under question. The scanning near field microwave microscopy
(SNMM) has achieved resolutions in the scale of millimeter [2],
micrometer [10], and even hundreds of nanometers [11,12]. Fur-
thermore, SNMM has been applied in a diverse range of fields
including biology [13], material science [14-17], and fundamental
physics [18,19]. Even though in the microwave range, the mechan-
ical and precision requirements are not as demanding as in the
optical range, most of the SNMMs so far reported are not or at
least until the best of our knowledge, of easy design and oper-
ation. In a previous work [20], we proposed a simple design for
a scattering-type SNMM operating at a wavelength, A ~2.85cm
(10.525 GHz, X-band). The device showed capabilities as a tool for
testing potential two-dimensional optics devices [21-23]. In spite
of this achievement, the microscope has the disadvantage of a
strong far-field background signal that is typical of the scattering
type near field microscopes [4,24]. As mentioned before, collec-
tion mode of the SNOM seems to be the most suitable technique
for local and overall unobtrusive probing of near-field contrib-
utions. In this work, we report on the design and development of
a versatile SNMM in collection (including tunnelling) mode. The
capability of the microscope for mapping an evanescent mode was
elucidated by imaging a standing evanescent wave. Furthermore,
we validate our microscope functionality by imaging near field
interactions of different systems of point-like dipoles. We prove
that those microscope images contain near-field information by
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Fig.1. Schematic of the experimental setup. T, Transmitter; R, Receptor; PH, Pyrami-
dal Horn; Sph, Sphere; PC, Personal Computer. SMs_CB, Stepper Motors Controller
Board; OSC, >Digital Oscilloscope; SM1, SM2, Step Motors 1 and 2; Z-S-Screw for
z-motion.

presenting numerical modeling of dipole-like resonant interac-
tions. The model makes use of an analytic Dyadic Green’s which
is based in the near-field electrostatic approximation.

2. Experimental setup

The experimental setup, as shown schematically in Fig. 1,
consists of a collection mode SNMM using a (non-commercial)
pyramidal waveguide horn as the collecting near-field probe. A
pyramidal probe has already been proposed to improve through-
put and light confinement in SNOM mechanisms [25]. The wide
end of the pyramidal waveguide is attached to the microwave horn
receiver whereas the narrow end is kept near the surface sample
(Fig. 1). The probe is made of aluminum sheets and acts as a gradual
transition from the collected/tunneled near-field modes to a free-
space mode which is coupled to the horn receiver. The pyramidal
probe has been filled with styrene pellets (nsp =1.35 at 10.525 GHz)
in order to improve mode propagation efficiency inside of it. The
resolution of the entire system is mainly determined by the size
of the narrow end (Fig. 1). The microwave source is a commer-
cial unit which consists of a Gunn diode microwave transmitter
that provides 15 mW of coherent and linearly polarized microwave
output at a wavelength, A, of 2.85 cm. The microwave receiver is a
microwave horn that is identical to that of the transmitter that col-
lects the signal and channels it to a Schottky diode in a 10.525 GHz
resonant cavity. The scanner is particularly simple in design and
is based in a system of two stepper motors for motion control in
the xy plane. The scanning is carried out in a stand-alone type, i.e.,
the probe is scanned along a fixed sample. A mechanical micro-
metrical screw is used for approach-retraction of the probe-sample
distance. Once the probe is brought near the surface, the maximum
level in the detected signal is taken as the probe-sample contact
point. Finally, the signal is sent through a digital oscilloscope [26]
and processed by a computer with the developed software that
includes tools such as probe positioning in the xy-plane and speed
scanregulation. The scan speed is basically limited by the number of
collected data in every single mapped point. Typical collected val-
ues are 5000 sampled that ensure a sufficiently high signal-to-noise

ratioin the detected signal. The resolution of the stepper motors has
been fixed at 0.125 cm for every single step (pixel).

3. Theoretical Framework
3.1. Standing evanescent wave

The analysis of an interference pattern between two coun-
terpropagating evanescent waves (standing evanescent wave) is
generally accepted for calibration of a tunneling near-field micro-
scope [27]. The intensity profile of the above mentioned standing
evanescent wave is a square modulus of the superposition of the
two evanescent waves, and it is given by the following expression

I(x, z) = o e 2KV sin® 0-1xz |1 52 4 95 cos (27” x x)} , (1)
where, we assume that the incident wave propagates along a (x,
z) plane with z-axis being perpendicular to a surface plane. In Eq.
(1), Ip and @ are, respectively, the field intensity and the incidence
angle of an illuminating plane; K=21/Aq, with Ay being the light
wavelength in vacuum, n is the refractive index of the prism, r is
the reflection coefficient of the prism side face and A = (1g/2nsingd)
is the period of modulation of the standing wave along the surface
plane.

3.2. Dipole-like resonances

The local optical field of an illuminated object is of great inter-
est and is often recorded with a collection mode SNOM. In this
context, when an illuminated object is considerably smaller than
the incident wavelength, the non-retarded approximation becomes
applicable in order to model the possible near-field interactions.
This approximation considers the small objects as dipoles or a set
of dipoles whose susceptibilities may include dissipative effects.
These assumptions lead to the construction of an approximate
Green'’s tensor describing the near field terms produced by such
dipoles. Thus, the self consistent field at the site of the dipoles in
the process of multiple scattering takes the form [28]:

N
E(rj) = Eo(ri) + k3 > G (ris 1) x @ x E(ry), 2)
Jj#i

where, Eg(r;)is the self-consistent field at the site of scatterer-object
i, ko is the wave vector of the incoming field in the space, G(r;,r;) is
the Green'’s tensor for near and far field regions (total field propaga-
tor), « is the polarizability of the scatterers. Here, the polarizability
« has the surface dressing included i.e., the coupling of the dipole
to itself through reflection in the surface. Furthermore, the polar-
izability, «, is a tensor describing the polarizability effect in each
direction [27]:

-1

_(1-12% S (r v ) 0
o ( (080><G (r,r) x o, (3)
where, oy is the free space polarizability tensor given as
0 36—1
= goldma® —— 4
o = ¢goldma L (4)

with, I being the unit dyadic tensor, ¢ is the dielectric function
(wavelength dependent), a is its radius and &g is the vacuum
permittivity. Equation (3) is valid when the long-wavelength
electrostatic approximation has been used. Such approximation
assumes that the field is constant within the considered range
which corresponds to the size of the scatterer-object. For the
approximation to be valid, the wavelength must be much bigger
than the size of the scatterer. If the image dipole approximation is
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Fig. 2. Gray-scale near-field images of 8 x 6cm? generated due to the standing
evanescent wave at the surface on the base of the wax prism. The images were
taken at the same place for different probe-to-surface distances: 0 (a), 2 .5 (b), and
10mm (c).

used on G5(r,r") in Eq. (3), the following result is obtained for the
polarizability tensor of Eq. (2).

= xﬂ(lxmlwrlzz)y]xao (5)
e+1 e+2\8 8 4 ’

It should be mentioned that the dipole approximation assumes
that the phase delay of the field, when it moves over the scatterer,
is negligible. Mathematically, this means e¥*" = 1 for a given field.
This means again that the size of the scatterer should be smaller
than the wavelength which is the main assumption in the model.
When Eq. (5) has been used in Eq. (2) to determine the polarization,
the final step is to calculate the field outside the scatterer-object as
a self-consistent field:

N
E(r) = E°(r) + k&Y Gr,1i) x a x E(r), (6)

1

considering both the source and observation points being close to
a surface, one can propose to use a three-dimensional near-field
electrostatic approximation of the total Dyadic Green'’s:

Gnf(r, Ts, @) = Dpe(1, 15, ) + Ins(7, 75, @), (7)

where, Dy (r,15,0) is the direct part of the near-field propagator
given by

c? 3ereg—U

4 w? RZ

with, rs being the source point, R=|r—rs|, eg =((r—rs)/R), and U
being the unit tensor.

The indirect propagator has a complicated form and is usually
expressed via its Fourier Transform [29]. However, in the non-
retarded and local limit of the bulk response, the dipole-dipole
interaction can be treated as a direct interaction between the dipole
and its mirror image [30]. Thus, if the bulk surface coincides with
the plane z=0, I¢(r,rs,w) can be expressed in the flowing form:

Ing(r, 15, @) = Dye(T, Tms, @) x M(w), (9)

(8)

Dps(r, 15, w) = —

where, rps points to the position of the mirror image of the source,
and

(1 oo
8_
M(w) = —— 0 _01 (1) , (10)

the image dipole approach has been used to model physical mech-
anisms of the electromagnetic coupling between the probe tip and
the sample in an SNOM configuration [31].

4. Results

We imaged a standing evanescent wave pattern that was cre-
ated by directing the microwave beam perpendicular to a side face
of a 90° wax prism and thereby obtaining the interference pattern
related to the counterpropagating totally internally reflected waves
with different amplitudes (Fig. 2(a)). Both, refractive index and
reflectivity were experimentally obtained giving values of n=1.43
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Fig. 3. Cross section of the standing evanescent wave shown in Fig. 2(a).

and r=4%, respectively. In this case, the microscope was operated
in tunneling mode. The microwave tunneling effect, trough an air
gap, has been properly described in experiments with prisms made
of dielectric pellets [32]. A high-frequency oscillation perpendicu-
lar to the direction of propagation (Fig. 2 (a)) was also observed.
The oscillation is supposed to be stem from the electronic noise
and/or mechanical vibrations of the scanner. Typically, those image
artifacts appear as oscillations or repeating patterns in the image
and they can be amended digitally as a posteriori by using image
processing. If the probe-surface interaction is weak, the collected
signal should replicate the total field existing in the absence of such
probe, i.e., the probe would act as a passive detector [33]. In order
to verify the near-field origin of the recorded image, we studied
the dependence of the signal on the probe-surface distance. We
observed that the evanescent field diminishes exponentially with
distance from the interface (Fig. 2(a-c)). For example, the standing
wave pattern was already hardly visible in a probe-to-surface dis-
tance of ~2.5 mm (Fig. 2. (b)) and then was practically independent
in the distance (Fig. 2 (c)). Furthermore, the spatial period of the
recorded interference pattern (Fig. 3) was rather close to the desir-
able value of A =1.42 for prisms with the refractive index of ~1.43
as deduced from Eq. (1). We also have recorded in real space, and
by purely collection SNMM means, near-field information of local-
ized dipole-like resonances. In this context, we used a single steel
sphere embedded in an ethafoam surface (Fig. 4(a)) which was uni-
formly illuminated with a plane microwave phase front. Thus, the
steel sphere strongly interacts with microwaves while ethafoam is
transparent to the microwaves. We found that a sphere of diame-
ter ~1.75 cm produced (near-field) scattered signal amplitude large
enough for detection and processing. For example, almost no sig-
nal could be obtained with a sphere of diameter less than 1cm. In
this context, near the detection limit of our microwave receiver,
the signal-to-noise ratio was low, and therefore it was difficult to
accurately measure the signal, leading to increased uncertainty of
the detected signal. Once the appropriated sphere was placed, we
observed that the field intensity distribution at the site of the probe,
which was scanned in the (x, y) plane near the sphere (z<1 mm),
produced an object image in positive contrast (Fig. 4(b)). Based
on Eq. (6), such near-field intensity distribution from a compact
particle can be modelled as a sum of N point-dipoles located on a
3 mm-period square lattice. In our specific case, N was in the range

®

(a) (b) (c)

Fig. 4. Surface digital picture showing a sphere of diameter of 1.75cm (a). Gray-
scale near-field images (b) and calculation (c) of a point dipole-like resonance that
was produced due to the interaction of the sphere with a plane microwave phase
front.
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Fig. 5. Experimental (dotted curve) and numerical (solid curve) vertical cross sec-
tion of the dipole-like resonances in Fig. 3(b, c) respectively.

of 110 to 115 and we found that the experimental data were best
fitted in simulations if the diameter of the point dipoles was set
to 1.45 mm (Fig. 4(c)). Hereafter, the entire systems are simulated
for a dielectric constant dp=1 and d=9 [34], and the illumination
conditions are kept the same for all the calculations. The calculated
images show gray-scale representations of the distributions of the
intensity |E|2 for the illumination wavelength (2.8 cm). The total
intensity field was calculated 80 nm above the spheres and, the
incident beam has been removed i.e., only the scattered near-field
appears in the pictures. Note that similar calculations have been
done to model focusing and waveguiding of SPPs by using square-
shaped nano-particles arrays [23]. For comparison, both calculated
and measured cross sections of the intensity distribution along
the illumination polarization direction are shown in Fig. 5. It was
observed that the calculated and measured values of the peak signal
amplitude as well as the FWHM were in reasonably good agreement
(Fig. 5). If the resonance interaction becomes strong, as it could be
in the case where nanoparticles are very close or even in physical
contact with each other i.e., in the near-field domain [28,35], the
total intensity field generated by such interaction is determined not
only by the local surroundings but also by the large-scale geomet-
rical structure. This feature is illustrated with the calculated and
recorded total intensity field distributions obtained for a system
composed of two identical spheres with an interparticle distance
of ~A[2 (Fig. 5(a)). The results show a little correlation between
these distributions and the dipole structure. In this case, the inten-
sity field was distributed non-uniformly along the sphere chain
(Fig. 5(b)); that is to say, the total field is different from that com-
posed of distributions produced by an individual sphere as one
may have expected. Qualitative comparison between numerical
and experimental results showed a good correlation (Fig. 5(b,c)).

(a) (b) (c)

Fig. 6. Surface digital picture showing a system of two identical spheres of diame-
ter of 1.75 cm (a). Gray-scale near-field images (b), and calculation (c) of the point
dipole-like resonance that were produced due to the interaction of the sphere sys-
tem with a plane microwave phase front.

near-field microwave microscope (SNMM), including electronics
and software, and demonstrated that it works. The SNMM showed
capabilities for imaging of evanescent microwaves. The nature of
the detected signal was confirmed by sample-to-probe distance
dependent on a generated standing wave interference pattern. The
observed oscillation perpendicular to the direction of propagation
may have its origin in the electronic noise and/or mechanical vibra-
tions of the scanner. Experimental results obtained for dipole-like
resonances have been presented. In this context, a single and a
double system of dipoles were artificially fabricated by placing
metal spheres in an ethafoam surface. The single sphere showed an
object image in positive contrast whereas the image of two-dipoles
system was mainly determined by the large scale geometrical
structure instead of the local surroundings. Numerical simulations
based on the Green’s tensor formalism showed a good match with
the experimental results Fig. 6. The numerical calculations were
carried out by using a relatively simple vectorial dipolar model for
multiple scattering that allows one to explicitly formulate the set
of linear equations for the self-consistent field, facilitating greatly
computer aided design considerations. We also conclude that this
microscopy technique can be employed, by incorporating a broad
band microwave source, as a check for 2D mapping of designed
(spoof) Surface Plasmon [36] which is the newly discovered ability
to confine, guide, and manipulate microwaves in subwavelength
open structures. We are conducting further investigations in this
area.
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