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Abstract

In the past decade, metamaterials have attracted a lot of attention because of their
abilities to exhibit unusual electromagnetic properties. These properties are exploited in
designing functional components and devices for many potential applications. In this
chapter, we review the theory and design of metamaterial structures for microwave
near-field imaging/microscopy. The chapter highlights metamaterial microwave compo-
nents to obtain super-resolution and manipulating subwavelength images. Moreover, a
review on surface plasmons manipulation at microwave frequencies is presented as a
technique to enhance the transmission for near-field microscopy. The chapter presents as
well a survey on the near-field imaging instrumentation and its advances mainly for
microwave and THz regimes.

Keywords: metamaterials, microscopy, near-field, microwave, novel electromagnetic
structures, subwavelength imaging, surface plasmons

1. Introduction

The technique of microwave near-field microscopy is used to characterize materials by mea-

suring the microwave electromagnetic response of materials on length scales shorter than the

wavelength of the incident electromagnetic wave. With this technique one can achieve a spatial

resolution at a submicrometer level compared to conventional far-field imaging technique,

which has a resolution limitation [1]. This technique may facilitate new measurements on

systems that cannot be studied directly with scanned probes, such as buried features or single

molecule detection [2] as well as in biomedical applications [3].

New advances in metamaterials research are making unnatural electromagnetic phenomena

become realizable [4]. The purpose of this chapter is to focus on using metamaterial and its

exciting properties for the enhancement of near-field microscopy and imaging.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



This chapter starts with a general overview on the near-field imaging/microscopy and its

applications including a description of the microwave near-field imaging system and its

components. Metamaterial design technique will be discussed as a step to design novel struc-

tures that allow further improvements in spatial resolution.

The chapter concludes with a review on another possibility to enhance microwave near-field

microscopy that is the manipulation of surface plasmons at microwave and millimeter-wave

frequencies. This can enhance the transmission through subwavelength near-field apertures.

2. Overview on microwave near-field imaging/microscopy

2.1. Backgrounds

The conventional far-field optical imaging system suffers from resolution limitations, this is

due to Abbe's theory that restrains the spatial resolution to a diffraction limit [5]. In case of far-

field imaging, forming an image is subjected to the Rayleigh criterion, which is the condition to

resolve the diffraction pattern of two points separated by a distance of Δy. This condition is

given by Δy = 0.61 λ/NA, where λ is the wavelength and (NA) is the numerical aperture of the

microscope [6]. On the contrary, subwavelength spatial resolution imaging can only be

achieved by using near-field technique suggested first by E.A Synge in early 1928 (see the next

section for a survey on near-field technique). The near-field results in the excitation of an

electric dipole moment within a sample, the idea is to probe the dipole radiation in the near-

field region, E
!

rad is the radiated electric field and B
!

rad is the radiated magnetic field of the dipole

radiation which are given by [7]
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where p
!
is the dipole moment, k

!
is the wave number and r

!
is the distance between the source

and the observation point. The first part of Eq. (1) is the propagating far field of the dipole

radiation that cannot be used for subwavelength imaging because the diffraction limits the

image resolution. However, the second part is the near field of the dipole radiation and there is

no diffraction problem associated with using it since it has a nonpropagating nature. In this

case the spatial resolution will not be limited by the wavelength if the nonpropagating near

field is used [7, 8].

2.2. Description of a microwave near-field imaging microscope

A schematic diagram of the near-field microwave microscope is shown in Figure 1. The near-

field microscope consists of a microwave source, a transmission line resonator coupled to the
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microwave generator, a near-field probe connected to the transmission line, a detector to

measure the reflected signal from the resonator and a feedback circuit [9].

The probe is an antenna-like structure operating at the subwavelength, which is used to scan in

close proximity of the sample's surface. As shown in Figure 1(a), the probe can take different

forms for instance it can be an aperture in an opaque screen, an electric wire formed by a

sharpened rod or scanning tunneling microscopy (STM) tip, an atomic force microscopy

(AFM) tip, an electrically open flush end of a transmission line, a magnetic loop, or a variety

of other geometries [10]. The electromagnetic response of the surface is measured as the probe

is scanned over the sample [11]. The probe can be either in contact or at a separation h from the

sample surface, which is usually much less than the probe characteristic length-scale D, this

ensures a good signal level from the sample surface [11, 12]. In the near zone of an antenna, the

structure of electric and magnetic fields is more complicated as their distribution is strongly

dependent on the antenna geometry as well as electrodynamics properties of the surrounding

region [13–15].

The design of near-field probes can be divided into two main categories, aperture-based

probes and apertureless probes [16]. For aperture-based probes, a subwavelength aperture is

Figure 1. The schematic diagram of the near field microscope (a) the structure of the microscope and (b) different near

field probe structures.
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used to limit the illuminating source, or to collect the local near-field response. It can be a

subwavelength hole in a metallic film, a metallic coated pipette, or a tapered optical fiber as

illustrated in Figure 1(b).

By positioning the aperture in the close proximity of the sample, the transmitted wave

through the aperture only represents the local properties of the sample. Thus, in principle,

subwavelength spatial resolution becomes possible by reducing the aperture size and raster

scanning the sample surface [17]. The concept was first experimentally demonstrated by

Ash and Nicholls [26] (see the next section for a survey on near-field technique), who

resolved a λ/60 grating structure by using λ = 3 cm microwave (10 GHz). In optical

frequencies, the spatial resolutions are typically tens of nanometers when using a tapered

single mode optical fiber probe. However, the aperture probes suffer from strong signal

attenuation. For a hole in a metallic film, the electric field transmission is proportional to

ðD=λÞ3, where D is the diameter of the hole [11, 13]. For an optical fiber probe, the image

contrast suffers from a strong decrease when the aperture diameter exceeds a critical value.

So the signal intensity will be far too small to be detected when the aperture size is further

reduced to achieve a better spatial resolution. On the other hand, for the long wavelength of

THz radiation, according to the wavelength dependence, the transmission efficiency is

extremely low and makes the THz aperture near-field imaging impractical.

An alternative approach is to allow a propagating wave to irradiate some large portion of the

sample, but to employ a field-concentrating feature, such as a tip, is to enhance the probe-

sample interaction locally. Figure 2 shows the probing using apertureless near-field probe.

Using a metallic probing tip, the incident wave is scattered by the tip-surface system. Usually,

the scattering wave is modulated by a dithering tip and measured in nonspecular directions

due to reduced background noise. The wave scattering depends on the local surface

Figure 1 (b). Near-field imaging using aperture type probe.
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properties. By measuring the scattering wave when scanning over a sample, the surface

properties can be mapped. In principle, the spatial resolution for an apertureless probe is only

limited by the size of the probing tip. Resolution as small as 10 angstrom has been reported

with this technique at optical frequencies and a subwavelength factor of 10-6 was achieved at

the microwave region [18].

3. Survey on near-field imaging from microwave to terahertz frequencies

The idea of near-field microscopy was first demonstrated theoretically by Synge in 1928 [19].

He used an opaque screen with a small subwavelength diameter hole (10 nm in diameter) at 10

nm above the surface of an optically transparent flat sample. The transmitted light is collected

by raster scanning the surface. Detailed calculations of the near-field distribution of an aper-

ture were conducted later by Bethe [20] and Bouwkamp [21, 22]. A large fraction of high-

spatial frequency evanescent waves is contained in the near field, which can lead to

subwavelength spatial resolution [23, 24].

In the 1960s, when the idea of near-field imaging transferred to practice, ferromagnetic reso-

nance microwave microscopy has been developed to characterize ferromagnetic material thin

films, for example, Soohoo developed a microwave magnetic probe capable of measuring the

spatial variation of the magnetic properties of materials [25] using a cavity made of

superconducting material.

A detection system using quasi-optical hemispherical resonator was used at microwave fre-

quencies by Ash and Nicholls [26]. In this experiment, a small aperture (1.5 mm diameter)

similar to Synge geometry is used. The aperture is scanned over a sample with a microwave

Figure 2. Near-field imaging using apertureless type probe.
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signal at 10 GHz. The sample was harmonically distance modulated at a fixed frequency and

the reflected signal was phase-sensitively detected at this modulation frequency to improve

sensitivity to sample contrast. This microscope demonstrated contrast sensitivity to metal films

on dielectric substrates, as well as bulk dielectrics with dielectric constant differing by only

about 10%.

Nonresonant scanned aperture probes were also developed in the 1960s. In the case of

nonresonant probe, a transmission line (coaxial or waveguide) delivers a microwave signal to

the probe aperture where the fringe electric and magnetic fields from the aperture interact with

the sample. Some part of the signal is stored locally in evanescent and near-zone waves, some

is absorbed by the sample, some is reflected back up the transmission line and some is

scattered away as far-field radiation. By monitoring the scattered or reflected signals as a

function of probe height and position, an image of the sample response can be constructed.

An example of this type of probe was developed by Bryant and Gunn [27]. They measured the

reflected signal from a tapered open-ended coaxial probe with an inner conductor diameter of

1 mm. The probe was used for quantitative measurements of semiconductor resistivities

between 0.1 and 100 Ω cm-1.

The development of near-field optical microscopes using optical waveguides beyond cutoff

[28, 29] affected the development of new microwave microscopes. The first of these micro-

wave systems operating at 2.5 GHz was developed by Fee et al. to measure the reflected

signal from a nonresonant open-ended coaxial probe [30]. A 500-μm in diameter conductor

coaxial probe is used and the central conductor was sharpened to a tip of 30 μm in radius.

An image of copper grid lines showed a spatial resolution of about 30 μm (or λ/4000).

Other waveguide structure microscopes based on a scanned aperture were developed by

Golosovsky et al. [31, 32] and Bae et al. [33–35].

The first THz near-field microscopy was demonstrated in [36]. In this work, a tapered metallic

waveguide was used as the aperture to limit the size of the incident ultrashort THz pulses. The

probe aperture is similar to the tapered optical fiber tips used in most of scanning near-field

optical microscopy. With the aperture diameter ∼λ/3 (100 μm), a spatial resolution better than

λ/4 was demonstrated for a gold pattern on silicon substrate. A collection mode THz scanning

near-field microscopy was developed by Mitrofanov et al. [37–39]. It uses an aperture-type

probe to collect the near field instead to filter the illuminating light. He showed improvements

in sensitivity and resolution by integrating the probe and a photo-conducting antenna THz

detector in the near-field region of the aperture. THz near-field imaging with a dynamic

aperture was demonstrated by Wynne et al. and Chen et al. [40, 41]. In his work, the dynamic

aperture was formed by a transient photo-carrier layer induced by a THz near-field imaging.

In case that the optical pulse arrives earlier than the THz pulse, the THz transmission is

modulated by the induced photo-carrier layer, whose size is determined only by the optical

beam focus. This approach has the potential to improve spatial resolution and image contrast,

while it is limited to semiconductor surface.

Apertureless THz near-field imaging has been also investigated [42, 43]. In their work, van and

Planken used a metallic probing tip with THz waves to image down to 18 μm in size.

Moreover, a scattering type apertureless THz scanning near-field microscope has been
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demonstrated by Wang et al. [44]. THz radiation is scattered and modulated by the dithering

metallic probing tip in the tip-surface system, the THz signal is detected in nonspecular

directions [45].

4. Metamaterial for near-field imaging manipulation

Conventional imaging devices or lenses suffer from diffraction limit which constrain the image

resolution. In addition, conventional imaging cannot propagate the evanescent waves which

carry the subwavelength information due to the exponential decay exhibited in natural mate-

rials. These issues can be overcome using metamaterials. For instance, image focusing, rotation,

lateral shift and image magnification are achievable with subwavelength resolutions using a

two- or three-dimensional metamaterials structures, usually with negative refraction properties,

to achieve resolution beyond the diffraction limit (ideally, infinite resolution). Such behavior is

enabled by the capability of double-negative materials to yield negative phase velocity.

4.1. Metamaterial design by electromagnetic field transformation

Electromagnetic metamaterials are periodic structures than can artificially manipulate the

electromagnetic properties of media. They can be engineered for the radio-frequency (RF) and

microwave range as well as for terahertz and optical frequencies. Metamaterials allow the

possibility of attaining mediums with properties, which have not been considered before, such

as, negative or close to zero refractive index since they are inaccessible in nature. In addition,

they can mix the electric and magnetic response of a material (chirality) [46, 47]. The first step

to design a metamaterial medium is using the electromagnetic transformation to get the new

medium properties (i.e., transformed permittivity and permeability). Transformation electro-

magnetics are based on the invariance of Maxwell's equations with respect to coordinate

transformations; this enables a user-defined coordinate transformation to be translated into

electric and magnetic material parameters. Figure 3 shows the relations between the different

coordinates [48, 49].

Figure 3. Transformation electromagnetic for metamaterial medium.
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Once the transformed permittivity and permeability and their spatial distribution are obtained,

the structure of unit cell (or particle) is designed by optimizing its geometric parameters. The

most common unit cell structure is the split ring resonator (SRR). The unit cell can be a

resonant or nonresonant. In case of the resonant unit cell, the losses are high at the resonance

frequency; however, they have a large dynamic rang. The nonresonant unit cell has the

advantage of small losses but with low dynamic rang [49].

4.2. Metamaterials medium types

The electromagnetic mediums are categorized as isotropic or anisotropic. In the isotropic

electromagnetic medium the permittivity, ε and permeability, μ, of the medium are uniform

in all directions of the medium. The dispersion relation in that medium is k ¼ ω
ffiffiffiffiffiffi

με
p

. One

simple example of an isotropic electromagnetic medium is the free space. However, the

medium is called anisotropic when the permittivity, ε and permeability, μ, of a medium

depend upon the directions of field vectors and hence, they are in tensor form. Based on

Maxwell equations in an anisotropic medium the dispersion relation can be obtained by

solving the matrix equation [49, 50]:

det k � ε
−1
� kþ k20μ

h i

¼ 0 (3)

where μ, ε and k are all matrices and k20 ¼ ω2μ0ε0 (μ0, ε0 are the permeability and permittivity

of free space, respectively). Metamaterials are composite structures in which the electromag-

netic wave propagation depends on the orientation of structured metallic unit cells. Usually,

these unit cells are designed to have a certain permittivity and permeability responses by

optimizing its geometric parameters. One common example of unit cell structure is the split

ring resonator (SRR) (see Section 4.1) [51]. The anisotropic metamaterial is defined with its

permittivity and permeability tensor as follows

ε ¼
εx 0 0
0 εy 0
0 0 εz

0

@

1

A and μ ¼
μx 0 0
0 μy 0
0 0 μz

0

@

1

A (4)

where the diagonal elements of ε and μ could have positive or negative values. To understand

the propagation properties of a wave in such medium a TE plane wave is considered. Using

Eqs. (3) and (4), one can get the anisotropic dispersion relation of the medium

k2y

εzμx

þ
k2x

εzμy

¼
ω2

c2
(5)

where c is the speed of light in free space and k is the wave vector of the propagating wave. For

losses material, the plane wave solution in the anisotropic medium can be either a propagating

wave or evanescent wave depending on the sign of the wave number kx and hence, the

medium can be classified as in Table 1 [49].
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4.3. Construction of compensated bilayer of anisotropic metamaterials for imaging

Veselago introduced the bilayer compensation to illustrate the ability to focus on the electro-

magnetic wave from a point source by a flat slab of composite material with a negative

refraction. The proposed structure was a bilayer of vacuum and a left-hand material (with

permittivity and permeability equal to –1) where the left-hand material compensates for the

propagation effect associated with an equal length of vacuum. This bilayer structure is called

Veselago lens (or the perfect lens) [52]. The same idea can be implemented using positive and

negative refracting layers of anisotropic metamaterials to implement near-field focusing in the

same way as Veselago lens. Figure 4 shows the bilayer of anisotropic metamaterials in two

dimensions.

Depending on the sign of the permittivity and permeability of the two layers, one can get

different material types for the compensated bilayers. For instance, compensated bilayer can be

made of combination of positive and negative refracting layers of never-cut off medium

(NCM) or anticutoff medium (ACM). Table 2 shows examples of metamaterials that could

make up the compensated bilayer [49].

Medium type Material parameters Wave property Cut off conditions

Cutoff media εzμy > 0,

μy

μx
> 0 Propagating ky < kc

Evanescent ky≥kc

Anti-cutoff media εzμy < 0,

μy

μx
< 0 Evanescent ky < kc

Propagating ky≥kc

Never-cutoff media εzμy > 0,

μy

μx
< 0 Propagating All real ky

Always-cutoff media εzμy < 0,

μy

μx
< 0 Evanescent No real ky

Table 1. Anisotropic media for a z-polarized TE plane wave.

Figure 4. Compensated anisotropic metamaterial medium structure.
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5. Near-field subwavelength image manipulating through compensated

anisotropic metamaterial

5.1. Superlens

As mentioned earlier, the performance limitation of conventional lenses is due to the diffrac-

tion limit. In conventional imaging the field emitting from an object is a superposition of plane

waves with dispersion relation given by [53]

kz ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ω
2

c2
−ðk2x þ k2yÞ

r

(6)

In case of energy propagation in the +z-direction, the only real values are the ones allowed

for and hence all the components of kz contains the spectrum of the image which are

transmitted and refocused by an ordinary lens. On the other hand, if kz is imaginary, i.e.,
ω
2

c2 < ðk2x þ k2yÞ, the wave is an evanescent wave whose amplitude decays as the wave prop-

agates along the z-axis. This leads to a loss of the high-frequency components of the wave,

which contain information about subwavelength features of the object being imaged. The

super lens with negative-index materials can overcome this problem. Since in such materials

transporting the electromagnetic energy in the +z-direction requires negative wave vector.

This amplifies the evanescent wave and all components of the angular spectrum can be

transmitted without distortion [53].

Super lensing can be achieved with bilayer of anisotropic metamaterial, i.e., (NCM) and

(ACM) bilayers. However, the mechanism of constructing perfect image with subdiffraction

resolution in the case of (NCM) and (ACM) bilayers is different than the mechanism of

super lens with single-negative index layer (Veselago lens). As discussed in the previous

section, the subwavelenght resolution, in case of perfect lens, is achieved thought the

amplification of the evanescent wave which by consequence recovers the subwavelength

features. In the case of NCM or ACM bilayers lens, the evanescent components of the wave

are converted to a propagating mode in the bilayer region and then back to evanescent

component at the back surface of the bilayer which creates and image beyond the

Bilayer type Layer εx εy εz μx μy μz Material

Veselago lens L1 1 1 1 1 1 1 Free space

L2 -1 -1 -1 -1 -1 -1 Left hand material

NCM compensated bilayer L1 -1 1 1 -1 1 1 Positive refractive NCM

L2 1 -1 -1 1 -1 -1 Negative refractive NCM

ACM compensated bilayer L1 1 -1 -1 -1 1 1 Positive refractive ACM

L2 -1 -1 1 1 -1 -1 Negative refractive ACM

Table 2. Compensated bilayer anisotropic metamaterial types.
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diffraction limit. A comparison between the evanescent wave propagation in different bila-

yers is shown in Figure 5 [49, 54].

It is important to mention that the electric or magnetic loss is considered a major problem in

the implementation of metamaterials in the imaging structures. The reason is that these losses

can limit the resolution of the perfect lens. These losses are due to the imaginary part of the

permittivity and permeability tensors. In general, the beamwidth of the electric field is

degraded at the back surface due to losses compared to the source plane. The effect of

degradation is different depending on the type of the bilayer used for the super lens. In case

of the left-hand material lens the electric field degradation is about λ/5 while for NCM or ACM

is λ/10. This indicates that the NCM and ACM lenses are less sensitive to material parameters

losses than the left-hand material lens [49, 55, 56].

Another issue with the bilayer structures is the retardation effect. This effect is due to the

difficulty to realize a completely compensated bilayer in practical cases. As with the losses,

the retardation effect degrades the electric field beamwidth and the NCM or ACM are

less sensitive to that degradation than the left-hand material. This is why anisotropic

metamaterial medium is considered advantageous since it can approximate the ideal situa-

tion [49, 57].

5.2. Bilayer lens using transmission line metamaterial

The bilayer of anisotropic metamaterial for imaging can be realized using L-C transmission

line network. Different types of anisotropic metamaterials such as ACM and NCM can be

constructed by L-C loaded microstrip line grids operating at certain frequency bandwidth.

The planner microstrips are periodically loaded by serial capacitance in z- or y-direction with

or without shunting inductance loaded at the center of the node. The unit cell of the planner

transmission line metamaterial is illustrated in Figure 6 [47, 49, 58].

For z-polarized electromagnetic wave the dispersion relation is dependent on εz, μx
and μ

y
as

indicated in Eq. (5). Dispersion relation of a transmission line metamaterial can be obtained

using periodic transmission line theory [59, 60]. For example, under the effective medium

approximation, the dispersion relation of the unit cell, shown in Figure 6(a), is

Figure 5. Different evanescent wave propagation in three types of metamaterial bilayer structures.
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k2y

2β2ð1−2ω0=ωβdÞ
þ

k2x

2β2
¼ 1 (7)

where ω0 ¼ 1=2CyZ0, Z0, β and d are the characteristic impedance, the propagation constant

and the length of the transmission line section.

Using these four unit cells in a network, one can construct a 2D compensated bilayer lens

composed of positive NCM/negative NCM or positive ACM/negative ACM. Figure 7 shows

Figure 6. Different unit cells of loaded transmission line grid for implementing different anisotropic metamaterials. (a)

positive refraction NCM (b) positive refraction ACM (d) negative refraction ACM (d) negative refraction NCM.

Figure 7. The schematic diagram of a 2D compensated bilayer using loaded L-C metamaterial transmission line.
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the schematic diagram of the bilayer medium. The loaded capacitances and inductances need

to be chosen to satisfy the requirement of the bilayer medium see Table 2.

The imaging properties of the compensated bilayer structure are investigated experimentally

in the microwave range [61]. The results show that the electromagnetic wave from a point

source has been focused on the image plane with beamwidth of 0.1 λ which is below the

diffraction limit. This focusing result is well below the left-hand material planer lens, which is

0.21 λ [49, 61]. The NCM bilayer lens has better subwavelength resolution because it is less

sensitive to material losses.

6. Plasmonic and field enhancement metamaterials

The structures presented in the previous section such as bilayers and superlens can be inte-

grated in the system of a near-field microwave microscope [62]. This can improve image

measurements by improving spatial resolution, this helps in studying surfaces that cannot be

imaged directly with a scanned probes. Moreover, the technique of manipulation of surface

plasmons for enhancing electromagnetic propagation can be used in imaging system at micro-

wave frequencies. Surface plasmons are known in optical frequency [63]. They can be excited

on a metal by an external plane-wave beam. This can enhance the electric field at the surface

compared with that in the incident beam and it has been suggested that this effect is an

important aspect of surface-enhanced Raman scattering [64]. Surface plasmons have been

investigated for extraordinary optical transmission through subwavelength hole arrays [65].

This overcomes the constraint of low transmittivity of subwavelength apertures. Ebbesen et al.

observed that the maxima the transmission efficiency could exceed unity (when normalized to

the area of the holes), which are orders of magnitude greater than predicted by standard

aperture theory [65]. A review that summarizes the basic principles and achievements in the

field of plasmonic for subwavelength guiding has been presented [66]. This review chapter

discusses as well the potential future developments and applications of nanophotonic devices

and circuits and near-field microscopy with nanoscale resolution [67].

Manipulating surface plasmons at microwave and millimeter-wave frequencies is possible due

to the field of metamaterials [68]. This can be achieved using composite dielectric where the

property of having negative permittivity below the plasma frequency has been investigated

[69]. This investigation showed that thin wires structure reduces the plasma frequency having

longer wavelength to be diffracted and the system can be described by an effective dielectric

constant of the plasma form. This achievement opens new possibilities for microwave struc-

tures to produce enhanced transmission through subwavelength apertures as in the case of

photonic structures.

7. Conclusion

This chapter introduced a review on metamaterial structures for near-field microscopy. A

general overview on the near-field imaging/microscopy instrumentation is first presented
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followed by a survey on the research done on this topic. The metamaterial design based on

transformation electromagnetic as well as a summary on metamaterial media was introduced.

The bilayer metamaterial medium is discussed for super-resolution structures that can manip-

ulate subwavelength images and evanescent waves. Finally, the manipulation of surface

plasmons is presented as a technique to enhance the transmission for near-field microscopy.
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