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Abstract

This work presents the first demonstration of a semiconductor based plasmonic near-field
superlens, utilizing highly doped GaAs to generate infrared optical images with a spatial
resolution beyond the diffraction limit. Being easily transferable to other semiconduc-
tor materials, the concept described in this thesis can be exploited to realize spectrally
adjustable superlenses in a wide spectral range.

The idea of superlensing has been introduced theoretically in 2000, followed by numerous
publications including experimental studies. The effect initiated great interest in optics,
since in contrast to diffraction limited conventional optical microscopy it enables subwave-
length resolved imaging by reconstructing the evanescent waves emerging from an object.
With techniques like scanning near-field optical microscopy (SNOM) and stimulated emis-
sion depletion (STED) being already successfully established to overcome the conventional
restrictions, the concept of superlensing provides a novel, different route towards high res-
olution. Superlensing is a resonant phenomenon, relying either on the excitation of surface
plasmons in metallic systems or on phonon resonances in dielectric structures. In this
respect a superlens based on doped semiconductor benefits from the potential to be con-
trolled in its operational wavelength by shifting the plasma frequency through adjustment
of the free carrier concentration.

For a proof of principle demonstration, we investigate a superlens consisting of a highly
n-doped GaAs layer (n = 4 x 10'%¢m™?) sandwiched between two intrinsic layers. Record-
ing near-field images of subwavelength sized gold stripes through the trilayer structure by
means of SNOM in combination with a free-electron laser, we observe both enhanced signal
and improved spatial resolution at radiation wavelengths close to A = 22 ym, which is in
excellent agreement with simulations based on the Drude-Lorentz model of free electrons.
Here, comparative investigations of a purely intrinsic reference sample confirm that the
effect is mediated by the charge carriers within the doped layer. Furthermore, slightly dif-
ferently doped samples provide indications for the expected spectral shift of the resonance.
According to our calculations, the wavelength range to be exploited by n-GaAs based su-
perlenses reaches far into the terahertz region, whereas other semiconductor materials are

required to explore the near infrared.
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1 Introduction

Nowadays, progress in both science and industry is often connected with understanding
the functionality of structures and devices on a continually decreasing scale. The rapid
developments within the last decades, no matter if in biomedicine or data storage, would
have been impossible without the enormous capabilities of a variety of microscopy tech-
niques. Meanwhile, images at a nanometer spatial resolution or even beyond are routinely
obtained. Smallest structures are resolved by electron microscopy [1|, scanning tunnel
microscopy (STM) [2] and atomic force microscopy (AFM) [3], enabling to identify single
atoms in a crystal lattice. However, all of these techniques only yield little or no chemical
information about a sample. This is in contrast to optical microscopy, since photon energies
are in the range of binding energies in matter. Here, electronic and vibrational transitions
are typically probed by visible and infrared light, respectively. Besides, in contrast to the
above mentioned high resolution methods, light allows for imaging the interior of optically
transparent objects, like the inner structure of a living cell. There is no doubt that high
resolution optical microscopy is of tremendous interest in various areas of research.
Unfortunately, the wave nature of electromagnetic radiation imposes fundamental limi-
tations on the obtainable resolution of conventional optical microscopy. This restriction is
known as the diffraction limit. It was shown in 1873 by Ernst Abbe [4] that no structures
smaller than about half the wavelength can be resolved, and consequently nanomaterials
cannot be imaged by visible light. Techniques like solid immersion microscopy |[5| or 47-
microscopy [6] have been established to enhance the resolution by increasing the aperture
of the objective, however they obey the limit set by diffraction. In order to achieve deep
subwavelength resolution, other concepts are required and indeed have been realized.
Two main approaches have evolved which meanwhile enable optical microscopy far be-
yond the diffraction limit. On the one hand, there is stimulated emission depletion (STED)
microscopy [7] (and other closely related techniques), which was awarded with the Nobel
Prize in chemistry in 2014. Here, two laser beams overlapping at their foci are raster-
scanned across a fluorescent structure, where one of them triggers the fluorescence and
the other one, providing a doughnut shaped profile, switches it off again. The size of

the remaining fluorescent area in the center of the doughnut depends on the intensity of



1 Introduction

the second laser, providing a resolution that is not limited by the wavelength of the first,
stimulating laser. On the other hand, scanning near-field optical microscopy (SNOM)
[8, 9] makes use of the localized near-field interaction between a pointed probe and the
sample of interest, yielding optical information on a scale of the probe’s apex rather than
the applied wavelength. Both sorts of microscopes are commercially available and fre-
quently applied. While STED opens up unforeseen opportunities in virology, neuroscience
and tumor research, SNOM has enabled a vast number of spectroscopic studies on the
nanometer scale in material science. However, without diminishing these very important
achievements, both STED and SNOM also exhibit profound disadvantages as compared to
conventional optical microscopy. STED, on the one hand, relies on fluorescence of the ob-
ject of interest, restricting its application mainly to biomedicine, where fluorescent labeling
[10] is a common approach to identify structures in cells. Hence, it does not yield imme-
diate chemical information, since the attached dyes are imaged rather than the objects
themselves. This in contrast to SNOM, where light directly interacts with the sample. In
particular, scattering-type SNOM (s-SNOM) [9, 11, 12] allows for almost wavelength in-
dependent performance, whereas aperture SNOM (a-SNOM) [8, 13| is basically limited to
the visible range, since cutoff effects [14, 15] strongly suppress the transmission of infrared
radiation through nanometer scaled apertures of tapered probes. By combining s-SNOM
with Fourier transform infrared spectroscopy (FTIR) [16, 17] or tunable laser sources such
as a free-electron laser [18, 19|, optical characterization with nanometer spatial resolution
becomes possible over a wide spectral range. In the case of SNOM, the drawback arises
from the fact that it measures the evanescently decaying near field of a sample, making it
only suitable for surface studies with poor sensitivity for buried objects (= 100 nm depth)
[20, 21] as compared to the conventional far-field approach. Finally, it should also be men-
tioned that both STED and SNOM are scanning techniques, giving rise to long acquisition
times when imaging large areas with high resolution.

In 2000, a theoretical study of the British physicist John Pendry [22| initiated the quest
for the superlens [23|, a new kind of optical lens promising to overcome all the above
mentioned restrictions. Such a superlens works similarly to a conventional lens, however it
not only reconstructs the propagating waves emerging from an object, which gives rise to
a diffraction limited image, but also the near field, where all the fine details of the object
are contained. Here, the obtainable resolution is not limited by diffraction, but rather by
the quality of the superlens. It soon became clear that due to dissipation, inherent to all
materials, images with subwavelength resolution are only possible to be obtained over very
short distances [24], i.e. on the order of the wavelength used. Nevertheless, this innovative

concept gave rise to a wealth of both theoretical and experimental studies, also including
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ideas for practical application such as in photolithography [25].

The present work deals with a particular version of a superlens, the plasmonic near-
field superlens, which is a thin metallic layer that allows for near-field imaging via coupled
surface plasmons. For the first time, it is experimentally demonstrated [26] that a doped
semiconductor, n-GaAs, is capable of superlensing, where the operational wavelength can
be adjusted by changing the doping level.

This thesis is organized as follows. In Chapter 2 we first introduce the diffraction limit,
where this whole work is all about overcoming this limitation. The concept of the superlens
with its idealized counterpart, the perfect lens, is discussed theoretically in Chapter 3, and
an overview about previous experimental work is given. For measuring the near-field
images obtained via the GaAs superlens we apply s-SNOM (see above), which records
the evanescent waves in the image plane. Chapter 4 provides the fundamentals of this
microscopy technique. After that, in Chapter 5, the optical properties of n-GaAs are
discussed in detail, focusing on the expected superlens performance. This is followed by
presenting the preparation and characterization of the samples (Chapter 6) as well as
the experimental methods (Chapter 7), the latter including a short introduction on the
functionality of a free-electron laser, which was exploited as radiation source. Finally, the
experimental results are shown and discussed in Chapter 8, whereupon Chapter 9 completes
the thesis by a conclusion and outlook. Each chapter starts with a short introduction which

at the same time summarizes the main aspects.
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2 The diffraction limit

In this first short chapter, the diffraction limit is introduced, fundamentally limiting the
obtainable spatial resolution of conventional optical microscopy. This is the starting point
of this thesis, which is all about overcoming this limitation by a phenomenon referred to as

superlensing.

In conventional optical microscopy, the resolution of an image is constrained by the wave-
length A of the applied radiation. This was for the first time shown by Ernst Abbe in 1873
[4] and can described as follows [22].

Let us consider a 2D object in the z-y plane emitting electromagnetic radiation at an
angular frequency w. For simplicity, the object is assumed to be surrounded by air. The

electric field component can be written as a Fourier expansion,

E(r,t) = Y  E(ky,k,)- ket (2.0.1)

0,k ky

Here, the index o accounts for different polarization states and the components of the wave

vector k are interconnected via
w2
K =kl +k +k = = (2.0.2)
(c is the speed of light) which follows from the wave equation
V’E — 2z =0 (2.0.3)

The microscope reconstructs the distribution of the electric (and magnetic) field on the
object’s surface, where contrast arises from in-plane variations. For a given wave, this
variation is characterized by the z-y-projection of k with large wavenumbers corresponding

to high resolution. Here, the length scale A of observed structures is given by

Ao (2.0.4)



2 The diffraction limit

To be captured by the microscope, light has to travel in z-direction. For k. there are two

regimes, following Equation 2.0.2:

w? 2 2 w? 2 2
w2 w?
k, = +z\//€x2 +k,* — 5 for < ko + k2. (2.0.6)

The first case yields propagating waves, whereas the latter results in

E(r,t) = Y E7(ky, k) ehetitomiot. owhe (2.0.7)
0,k ,ky
with k, = —ik, being a real positive number. Equation 2.0.7 describes evanescent waves

which decay exponentially with z within the so called near-field region. This part of
the emitted radiation does not reach the lens of the microscope, which only captures the
propagating waves. Hence, values of the transverse wave vector larger than k.. = w/c
do not contribute to the image, resulting in a minimum of observable structure size in the

order of

This fundamental limitation is called the diffraction limit.

More practically orientated, the obtainable resolution of a lens [27] is usually given by

A
Ammin ~ 1.225=5, (2.0.9)

with the numerical aperture
NA=n"-sin6. (2.0.10)

Here, 6 is the half-angle of the cone of light emitted from the object towards the lens (see
Figure 2.0.1) and n* is the refractive index of the medium surrounding the lens. Note
that the prefactor 1.22 results from a rather arbitrary definition of resolution (Rayleigh
criterion). At a given distance between lens and object, a lens with a large diameter D
results in a large N A and, hence, provides a better resolution A,,;, than a small lens. This
can be understood by considering the theoretical analysis above: the outer regions of the

lens capture the radiation emitted at a small angle with respect to the object’s surface,



2 The diffraction limit

Figure 2.0.1: Focusing action of a lens with diameter D and focal length f. The image
appears blurred, since only the propagating waves are reconstructed in
the image plane.

which provides large in-plane wavenumbers and therefore contains the small sized details
of a structure (see Equation 2.0.4). Note that for a given D the resolution of a lens is
limited by its focal length f, since this is the minimum distance of the object at which a
(real) image is formed. All in all, the performance is favored by a large diameter D and
a small focal length f. However, even in the best case (sinf — 1), structures smaller than
Apin = 0.61\/n* are not resolved, which reflects the absence of the object’s near-field,
as discussed. Note that the obtainable resolution can be improved by filling the space
between object and lens with a medium of higher refractive index n* > 1 (liquid or solid
immersion), which increases the numerical aperture NA.

To sum up: The diffraction limit is a consequence of the incapability of conventional
optics to access the near-field region of an object, where the electric field varies on length
scales smaller than the applied wavelength A. This work is about entering this near-
field regime, investigating near-field superlenses by means of scanning near-field optical

microscopy with deep subwavelength spatial resolution.
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3 Fundamentals | - Superlensing

In this chapter, the phenomenon of superlensing s introduced, enabling optical imaging
with a spatial resolution beyond the diffraction limit. A planar slab consisting of a negative
refractive indexr material acts like a perfect lens, since both propagating and evanescent
waves arising from an object are reconstructed. For the former, this is based on negative
refraction, whereas the latter is due to an amplification process within the slab. In the
electrostatic limit, negative permittivity is sufficient to enable near-field imaging of elec-
tric fields with a so-called near-field superlens. It will be shown that dissipation, which is
inherent in all real materials, limits the obtainable resolution of such a superlens. The
spectral behavior is described by the so called transfer function, which is the ratio of the
field intensities in the object- and the image plane as a function of the radiation wavelength
and the Fourier component of the field distribution on the object’s surface. We also note
that superlensing can be understood as the consequence of the excitation of slow surface
plasmon polaritons at the superlens surface. Finally, a short overview about the experi-
mental realization of superlenses is given, from first investigations to the here presented

GaAs based system.

3.1 The perfect lens

In this section, the theoretical concept of a perfect lens is introduced. A perfect lens is
referred to be a slab that consists of a hypothetical loss-free material exhibiting simul-
taneously negative permittivity ¢ and negative permeability p, resulting in a negative
refractive index n*. In principle, such a material would allow for optical imaging with
unlimited spatial resolution, since not only the far field but also the near field of an object
is reconstructed on the other side of the lens. For simplicity, the concept is introduced
by considering the surrounding medium to be air, where perfect imaging occurs if the
slab exhibits ¢ = y = —1 and hence n* = —1. Note that, here and in the following, ¢
and p are considered to be the relative permittivity and permeability, respectively. In the
static limit, where all lengths scales are significantly smaller than the applied wavelength

A, radiative effects can be neglected, decoupling electric and magnetic fields. It is shown
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that in this case ¢ = —1 is sufficient in order to generate such perfect images. Hence, the
perfect lens concept can be applied to non-magnetic materials in this limit, which applies

to doped GaAs as the material of interest in this work.

3.1.1 Negative refraction

The performance of a conventional lens relies on the refraction of electromagnetic radiation
at its boundaries, forcing a beam to converge to a focus. This direction change depends
on the change of refractive index n* and is described by Snell’s law [27]. If a beam enters

medium 2 (n3) from medium 1 (n}), it is refracted according to
ny - sinf; = nj - sin s, (3.1.1)

where 6; and 6, are the angles between the ray and the normal of the material interface.
Here, same signs of the angles correspond to opposite sides of the normal. The refractive

index depends on the radiation frequency w, causing dispersion, and fulfills the relation
n*(w)® = e(w)n(w), (3.1.2)

where the wave vector k inside this medium is given by

2
K2=n2 2 (3.1.3)

2
The relative permittivity € and the relative permeability p characterize the material’s
interaction with the electric and magnetic field component of light, respectively. For all

natural materials, n* is given by
n*(w) = +ve(w)u(w). (3.1.4)

In general, £ and p exhibit positive values. In such a medium, light propagates with a
velocity ¢/n*. In contrast, in proximity of frequencies w where the microscopic constituents
of the medium are resonantly excited, € (electric resonance) and p (magnetic resonance)
change strongly as a function of w and can become negative valued'. Here, the charge
carriers move in the opposite direction to the force caused by the respective fields. In

case of one of them being negative, n* becomes a complex quantity, making the field

!Note that in reality such resonances are always accompanied by a non-vanishing imaginary part, as can
formally be seen by applying the Kramers-Kronig relations [28]. However, for a simplified theoretical
approach, € and p will be considered to be real in this section, as it was also assumed in Ref. [29].

10
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U
g<o,u>0| t |g>0,u>0
k
L \/\7\/\
S
—_—
> <
? N
£<0, <0 £>0,1<0

Figure 3.1.1: Schematic classification of materials with permittivity € and permeability
o |30]. Values of ¢ > 0 and p > 0 allow electromagnetic waves to
propagate with the Poynting vector S parallel to the wave vector k.
Materials with either € < 0 or p < 0 gives rise to evanescent decay. The
case € < 0 and p < 0 is not found in nature and is discussed in this and
the following section.

evanescently decay. Both sorts of such media - exhibiting either negative € or negative p -
are well known, however there is no material found in nature that exhibits both negative
and negative p (see Figure 3.1.1 for an overview). Interestingly, a simultaneous sign change
of € and p has no effect on the relations above. This issue was discussed theoretically by
Veselago [29]. In the following, such a medium will be referred to as a negative index
material (NIM).

In order to analyze the behavior of light in a NIM, € and 4 must be considered separately,
not in the form of their product. Most fundamentally, the electric field E, the magnetic
flux density B and their associated fields D = ecoE (electric displacement field) and
H = B/(uuo) (magnetic field) have to satisfy Maxwell’s equations. These imply bound-

ary conditions [27]| at the interface between two dielectrics (no free charges or currents

assumed),
By =By,  Hy =H, (3.1.5)
1l = ek, piHy | = poHy . (3.1.6)
For simplicity, €1, 41 = 1 and €9, uos = —1 are considered, representing air and a NIM,

respectively. In this case, while the parallel components of E and H are continuous,
the normal components change sign. The direction of the wave vector k results from
applying Faraday’s and Ampere’s law, respectively, assuming a plane monochromatic wave
o 6i(kr—wt)

11
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Figure 3.1.2: Refraction of a beam (electric field E, magnetic field H, wave vector k
and Poynting vector S) entering a NIM from free space. For the special
case described here, there is no reflection (perfect impedance matching).

OH
VXE= —Hho = kxE=wuuH, (3.1.7)
OE
VxH= €0y, = k x H= —wegE. (3.1.8)

In a NIM, where ¢ < 0 and p < 0, the vectors E, H and k form a left-handed set, which
is in contrast to materials with ¢ > 0 and p > 0, where they are a right-handed triplet.
Hence, a NIM is also referred to as a left-handed material. Considering this as well as the
boundary conditions given by Equations 3.1.5 and 3.1.6, light entering a NIM from free
space is refracted to the same side of the surface normal, as shown in Figure 3.1.2. This
is in accordance with the description by Snell’s law for an interface between two media
with refractive indices n] = +1 and n5 = —1. Therefore, such a behavior is referred to as

negative refraction. With that, Equation 3.1.4 has to be extended by the special case
n*=—ye(w)uw) for e<0Ap<O. (3.1.9)

Note that the direction of the phase velocity, given by k, points towards the boundary
at both sides of the interface. This is very counterintuitive, since in the NIM the wave
appears to approach the source. However, the energy flux determined by the Poynting

vector
S=ExH (3.1.10)

points away from the source, as required by causality. This allows us to complete the third

12
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quadrant of Figure 3.1.1 by inserting Figure 3.1.3, a NIM supporting propagating waves
with antiparallel k and S.
It is worth mentioning that, for the case described above, all energy is transferred to

(and also out of) the NIM. This is because the impedances

Jitty
EE€n

Z = (3.1.11)

of both media are equal |22]. So, besides an extraordinary refracting behavior, such a

material provides full transmission of radiation passing through.

£<0, <0

Figure 3.1.3: In a medium with ¢ < 0 and p < 0 waves propagate with k and S
pointing in opposite directions.

3.1.2 Amplification of evanescent waves

The peculiar properties of a NIM can be exploited to realize a novel kind of imaging
device. A planar slab performs similar to a lens, however, in contrast to a conventional one,
propagating waves are focused once within the medium followed by a second reconstruction
on the other side of the slab, where the image can be recorded (see Figure 3.1.4, black
lines). As it was described in Chapter 2, this far field only carries spatial information of an
object at a scale not smaller than the working wavelength. For a conventional lens, this is
the reason for the diffraction limit. In case of a NIM lens, however, in addition to the far
field, the near field (evanescent waves) is also reconstructed in the image plane, enabling
imaging with subwavelength resolution. This is possible since the NIM rather amplifies
the evanescent waves than attenuates them (see Figure 3.1.4, red line). This unique fact
was theoretically discovered by Pendry [22] and will be discussed in the following.

Let us consider a ray with an electric field E = Eettev+ikzz—ivt

arising from an object,
approaching a slab of NIM (¢ = —1 and g = —1) from free space. Per definition, the
interface is the x-y plane. After hitting the surface, the transmitted and reflected electric
fields change their orientation with the amplitudes changing to tEy and rEy, respectively.
Here, r and ¢ are known as the Fresnel coefficients [28|. The tangential component of the

wave vector, k,, is conserved, which follows straight from the boundary conditions for E

13
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N

Figure 3.1.4: Image formation by a NIM lens, reconstructing both propagating (black)
and evanescent (red) waves from an object. Note the different vertical
axes for the two cases. In contrast to a conventional lens (see Figure
2.0.1) all details of the object are reconstructed in the image plane.

and H (see Equations 3.1.5 and 3.1.6). The normal component k., on the other hand,
changes sign in case of the reflected beam, whereas in transmission it is modified to k. as
required by a change of the refractive index. Taking into account both surfaces of the slab
(thickness d), the total transmission (coefficient 7') and total reflection (coefficient R) is
calculated by considering all multiple reflections. While ¢ and r describe the change of the
electric field during the entering process, transmission and reflection of the beam exiting
the slab are characterized by t' and . This yields?
tt'eth=d

gyt ikld 1,2 3ikld 1,14 5ikld _
T =tt'e"™=" + tt'r'=e™™ =" + tt'r"e”=" + ... = [ i (3.1.12)

./ ./ , . T’/tt/e?‘iklzd

R =r 4 r'e®d(tt/eh=d gt/ p2edihed opylpredikedy = 4 T omaa  (3113)
In the following 7" and R are calculated, where the fractions of the beam transmitted
through and reflected by the slab exhibit electric-field amplitudes T Ey and REj, respec-
tively. Since the properties of an electromagnetic wave at an interface depend on its po-
larization, two cases are discussed separately. On the one hand p-polarized waves, where
the electric-field vector E¥ lies in the plane of incidence, defined by the surface normal
and the incident propagation vector k. On the other hand s-polarized waves, where the
electric-field vector ES is perpendicular to the plane of incidence. The general case is a

superposition of these two special cases.

aog
1—q°

o0
2Convergence of a geometric series Y. agg® =
k=0

considering that |r'| < 1.
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p-Polarization

For p-polarized light, the Fresnel coefficients ¢ and r at the first interface are given by

[22]
2ek, ek, — k!
t=—"—, r=——>=. (3.1.14)
ek, + K, ek, + K,
Conversely, the transmitted part experiences transmission and reflection at the other sur-

face according to

R y o ek (3.1.15)
K, +ek,’ K, +ek, o
Here, the refractive index of free space is already considered, whereas ¢ = —1 for the NIM

is inserted later. Note that, usually, the Fresnel coefficients are given as a function of the
incidence angle #; and transmission angle 6. Here, cos0; = (k. ;c)/(njw) yields Equations
3.1.14 and 3.1.15.

For a propagating wave entering a NIM with ¢ = —1 and p = —1 it was already shown
in the previous section that k. = —k,, which yields ¢ = 1,# = 1 and » = 0,7" = 0. This
corresponds to full transmission both into and out of the NIM without any reflection, which
is in accordance with the already mentioned perfect match of impedances (see Equation
3.1.11). In case of evanescent waves, however, the argumentation resulting in k., = —k,
does not hold, since it was based on a discussion about the direction of k, which is invalid
for imaginary k. (i.e. evanescent waves). As we saw in Chapter 2, this applies to large

tangential wavenumbers k, and &,

2 2
k, = +@‘\/k:x2 YRS with S < k24 k2 (3.1.16)

c? c?

corresponding to an exponential decay away from the object. For the transmitted part of

such a wave entering a NIM, causality requires further decay away from the surface, so

K = +i k:2+k:2—5w—2 ith w? k.2 + k2 3.1.17
.= - y Pgr Wi en—y < ks +ky" (3.1.17)

Substituting e, u = —1 yields k. = k., causing ¢, ', 7 and 7’ to diverge to infinity. To obtain
a meaningful result, one has to consider the total process according to Equations 3.1.12

and 3.1.13. Since t,#,r and r’ all diverge at an equal rate with different signs, 7% and RY
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converge. Hence we obtain

tt/eiklzd L, ) -
lim 7% = lim —————— = ¢ =4 = g7thed — othad (3.1.18)
e——1 e——1 1 — rl2e2ik.d
p——1 p——1
1441 21k d
r'tt'e*=
lim RY = lim (r + —————) =0. 3.1.19
e 1 5%71( 1 — p2p2ikld ( )
p——1 p——1

Therefore, even though presuming exponential decay after entering the NIM, the wave is
exponentially amplified through the slab. Note that, as already introduced in Chapter 2,
k. is a positive real number.

s-Polarization

For s-polarized light, we get

2k, ks — K
o N _ KN T R 3.1.20
ikt kT gkt kL ( )

and ok K — ik
/ z g A (3.1.21)

Tk, T R 1ok

Same considerations as in the case of p-polarized radiation reveal vanishing reflection of
propagating waves (k. = —k,) and amplified transmission of evanescent waves (k, = k.,

with both being imaginary numbers), where the latter yields

lim 75 = ekt = g7kt — ethed (3.1.22)
|
lim, RS =0. (3.1.23)
p1

In conclusion, it was shown both for p- and for s-polarized light, and hence for arbitrary
polarization, that a NIM with negative refractive index n* = —1 and moreover ¢, u = —1
is capable of focusing an object’s far field and compensating the decay of its near field,
resulting in an image formation with unlimited resolution. In literature, this is referred
to as a perfect lens. Here, note that not only n* but also € and p have to match the

corresponding values of the surrounding medium with opposite signs.
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Interestingly, in a specific case it is sufficient if either € or u is negative in order to

obtain such a perfect image. This is the subject of the following section.

3.1.3 Static limit

In the previous sections, we analyzed how propagating and evanescent waves behave in a
NIM, concluding that the NIM can act as a perfect lens. If all dimensions are much smaller
than the wavelength, radiative effects can be neglected. Here, magnetic and electric fields

are decoupled, entering the regime of electro- and magnetostatics [22]. In this limit

%-<<,/k§4—k§. (3.1.24)

The wave vector of an evanescent wave arising from the object (see Equation 3.1.16) can

then be approximated by

2
im ko= lim k2R — =iy k2 A2, (3.1.25)
k24-kZ—o00 k24-kZ—o00 C

where for the part transmitted into the NIM (see Equation 3.1.17) we obtain

2
lim K = Mni¢@+@—w%:u%%%%%W (3.1.26)
k24+kZ—o00 k2+kZ—o00 C

Note that in the static limit, not only the structures to be imaged, but also the thickness
d is set to be much smaller than the wavelength A, where the latter corresponds to the
assumption that the speed of light ¢ is infinite. Here, deviations from d < A result in
retardation effects [31], making the lens no longer perfect.

In contrast to the general considerations, where ¢ = yu = —1 yields k, = k,, the latter is
valid independently of both € and p in the static limit. In this case, inserting Equations
3.1.14, 3.1.15, 3.1.20 and 3.1.21 into Equations 3.1.12 and 3.1.13 reveals that reflection and
transmission of p-polarized light just depends on e, while p is the relevant parameter for
s-polarized radiation. The transmission- and reflection coefficients 1" and R, respectively,

are calculated as follows.
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p-Polarization

4eei=d : :
. . Py _ 1: _ —tk.d __ _+k.d
Al T = I e e =T (3121
e—1 1—¢ Age?ik=d
li lim RY) = li , =0 3.1.28
€—1>n—11<kg2c+11€%n—>oo ) o (€ +1 1 +e(e+1)2—(e— 1)2622’%(1) ( )

s-Polarization

S Apue’t= jkod _ tked
ulgrfll(k%li%iooT )= /}Ln*ll (+ 1)2 = (u— 1)2e2kd — ‘ —° (3.1.29)
) ) . o 1 1— U 4ﬂ€2ikzd
1 1 R%) =1 : =0  (3.1.30
ul)H—11<kg+llcr5n—>oo ) P (,u +1 + T+ p(p+1)2 — (u— 1)2e2ik=d ( )
In the static limit, amplification of evanescent waves solely requires ¢ = —1 or p = —1,

depending on the polarization of the incident beam. While dielectric activity is required

for p-polarized light, magnetic resonances enable perfect imaging for s-polarized radiation.

3.2 The superlens

In this section, limitations imposed by real materials are taken into account, giving rise
to the term superlens as the practical realization of the perfect lens concept. We discuss
why there is only application potential in the static limit and show that the obtainable
spatial resolution of such a superlens operating in the near-field region is limited by losses
and favored by a surrounding medium of large permittivity. Finally, the so called transfer

function is introduced, which simulates the imaging performance of a superlens.

3.2.1 Practical limitations

A material exhibiting € < 0 and p < 0 at the same time, which is the requirement for nega-
tive refraction and hence for the perfect lens, is not found in nature. This is due to the fact
that dielectric and magnetic resonances occur at distinctly separated radiation frequencies,
the latter typically dissipating above 100 GHz [32|. However, negative refraction can be
achieved by artificially engineered metamaterials, as we will further discuss in Section 3.4.

Nevertheless, due to losses, a far-field application as a lens with subwavelength spatial res-
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olution is not promising [24, 33]. The discussion so far was based on the assumption of ¢
and p being real negative quantities, which is convenient for understanding the concept of
a perfect lens. In reality, however, dissipation has to be considered, giving rise to complex
values of ¢ = ¢/ +i¢” and p = p/ +iy” with non negligible imaginary parts. Such a system,
which takes into account this limitation, is referred to as a superlens. It was shown [24]
that, even if the losses are considered to be very small, resolution improvement in com-
parison to conventional optics can just be obtained if the distance 2d between object and

image (d is the thickness of the lens, see Figure 3.1.4) is in the order of the wavelength A.

3.2.2 Obtainable resolution of a near-field superlens

The concept of superlenses is impacted by both the feasibility of metamaterials exhibiting
negative refraction, which is a highly nontrivial issue especially at optical wavelengths |34],
and by unavoidably inherent losses, hindering any far-field application. Both issues can
be overcome in the static limit (d < A, see Section 3.1.3), where subwavelength resolution
can be obtained if either ¢ < 0 or p < 0, rather than n* < 0. Being restricted to the
near-field region, such a device is called a near-field superlens. Since £ < 0 accompanied
by 1 = 1 (non-magnetic material) is very common (e.g. noble metals at optical frequencies
or doped semiconductors in the infrared), we will restrict ourselves to this case, confining

our attention to p-polarized light. Here, the index "—"

was added to the permittivity _
of the superlens layer for clarity, indicating its negative value. In the static limit, structure

sizes (z-y plane) much smaller than A correspond to large tangential wavenumbers

w
b= \JR2+ K> (3.2.1)

resulting in imaginary values of k,. Hence the electric field Ey of a structure at a distance

d/2 from the superlens decays evanescently according to e *t4/2

on the way to the slab,
where k; = —ik, (see Equation 3.1.25). As we discussed in Section 3.1.3, a superlens
with thickness d and €. = —1 compensates this decay via exponential amplification of
transmission 7F = e, Neglecting losses, the original amplitude Ej is finally obtained
again at a distance d/2 on the other side of the slab, which is therefore the image plane of

the superlens (see Figure 3.2.1a). Here, T" is given by [22]

4e_ ehd
P _
o (e— 4+ 1)2— (e — 1)2e 2k (3.2.2)
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d/2 d d/2 d/2 d d/2

a)

air e=-1 air &4 2

Figure 3.2.1: (a) Superlens suspended in air, where the resonance condition is
e_ = —1. Object plane and image plane, indicated by dashed lines,
are at a distance 2d, where d is the thickness of the superlens. The
symmetric case depicted here is a special case. (b) If the surrounding
medium is a dielectric of permittivity € the superlens condition changes
toe_ = —e4. In both cases, reconstruction of evanescent waves (red line)
is obtained in the image plane.

(see Equation 3.1.27). Any deviation from e_ = —1 will degrade the amplifying effect of
the superlens. In particular, as mentioned, the superlensing condition is e = —1 + ig”
with ¢” > 0 for a realistic, lossy system. In case of small losses according to ¢” < 1, we

can approximate [35]
—ked
P —~ e
= ()2 1 e el (3.2.3)

The amplifying power is significantly suppressed when

8”2
= e 2hed (3.2.4)

Y

resulting in a limited resolution where structures smaller than

—2md
In (%)

cannot be resolved. Here, A = 2m/k, was applied (see Equation 2.0.4). This is the

A= (3.2.5)

resolution limit of a low-loss near-field superlens suspended in air [35].

In the experiment, such a system as depicted in Figure 3.2.1a obviously cannot be
realized, since it would require a layer of subwavelength thickness to float in air above an
object to be imaged. On the other hand, superlensing has been demonstrated a number of
times by sandwiching the superlens layer between dielectric layers of positive permittivity

ey [36, 37, 38| (see Figure 3.2.1b). As a beneficial side effect, for given losses, e, > 1 comes
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with an increase of obtainable resolution as compared to air being the surrounding medium
[35, 39]. While all calculations so far have been carried out for this case, i.e. €, =1, the
resonance condition for a superlens layer of permittivity £_ surrounded by a medium with
dielectric constant €, is given by

E_ = —€4. (3.2.6)

Considering losses giving rise to complex valued permittivities, i.e. ¢_ = ¢’ +i” and

e4 = €', + €', the best resolution is obtained if
/ /
g =—¢.. (3.2.7)

In practice, dissipation in the surrounding medium can usually be neglected, hence we
assume that €] ~ 0. With absorption within the superlens also being small, e” < [¢’ |,

the transmission coefficient 7 through one layer of thickness d is given by

b ge=hnd
T" ~ ()2 4 o2 P’ (3.2.8)
corresponding to a resolution limit of [40]
—2nd
A= T (3.2.9)

ey
This shows that the ratio €” /¢’ limits the performance. Comparing this to the obtainable
resolution of a superlens surrounded by air (see Equation 3.2.5), the large value of ¢/, =
—&’ reduces the impact of the dissipation €”, resulting in a smaller observable structure
size A. In Ref. [35], the transmission through a stack of silver and GaAs layers was
simulated, exhibiting permittivities of e. = —12 4+ 0.47 and £, = 12, respectively, at a
radiation wavelength of A\ = 578 nm. Here, the performance was found?® to be indeed
much better then when replacing GaAs by air (considering a shifted resonance wavelength
of A = 365 nm, where e = —1 + 0.4i). Despite providing interesting insights, these
simulations lack experimental feasibility, since a layer system of GaAs and silver (not to
mention air and silver) with well defined thicknesses on the nanometer scale can hardly
be fabricated. In contrast, a similar system can be readily obtained by replacing silver

with doped GaAs, which provides negative permittivity in the infrared spectral region.

3For these hypothetical considerations, the authors of Ref. [35] neglected absorption across the band
gap of GaAs at this wavelength. This dissipation results in a non-vanishing imaginary part of €, i.e.
€4 (A =578 nm) ~ 12+2i [41], imposing additional limitations to the performance of a real GaAs-silver
superlens.
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It is the goal of this work to discuss and experimentally evidence whether such kind of
superlens is capable to provide enhancement of evanescent waves and hence imaging with

subwavelength resolution.

3.2.3 Transfer function

In this section, the so called transfer function |Tsy|? of a near-field superlens is introduced,
which will be applied in Section 8.1 in order to simulate the performance of the superlens
sample to be investigated. Here, Ty, is the ratio between the electric fields Ejp,ge in the

image plane and FEj emitted by the object to be imaged, i.e.

E.
Ty, = —2ag® 3.2.10
5= (3.2.10)

Hence, |Tsp|? describes the intensity change regarding the imaging process, where phase
effects can be neglected in the near-field limit. For the hypothetical perfect lens, |Tsp|?
is equal to 1 for all emitted wave vectors, providing an image with unlimited resolution.
Throughout this thesis, the transfer function will refer to p-polarized light, which is the
requirement for near-field superlensing with a non-magnetic material (see Section 3.1.3).
Here, please note the difference between Tg;, and T, where the latter describes the trans-
mission through the superlens layer only, as discussed in the previous sections. Denoting
the field change from object to superlens and from superlens to image as T}, and T,
respectively, Tgy, is given by

Tsy, = T T T, (3.2.11)

For the near-field superlens suspended in air with the object at a distance d/2, as depicted

in Figure 3.2.1a, this results in

—ked
—ked/2 de_e

(e 4+1)2 — (- — 1)2e2kd

Te, = e e Rl (3.2.12)

where k; is the tangential wavenumber of the emitted light (see Equations 3.2.1 and 3.2.2).
Thus, a perfect field reconstruction is obtained if e = —1, since for all k; we get Ty, =1
and hence |Tgr|> = 1. As discussed in Section 3.2.2, unavoidable loss prevents achieving
this efficiency in practical systems.

In this work, a superlens consisting of a doped GaAs layer (thickness d) sandwiched
between two intrinsic layers (thickness d/2) is investigated, where object- and image plane

coincide with the outer surfaces of the intrinsic layers. Therefore, in order to obtain Tg,
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one has to consider as well multiple reflections at these two interfaces. On the image side,
the structure borders on air, where the transmitted field is measured, and on the object
side, due to the sample preparation procedure (see Section 6.1), there is glue of unknown
permittivity. Due to this uncertainty, the superlens is assumed in the calculations to be
adjacent to air on both sides. In the following, we will discuss qualitatively how to calculate
the transfer function of such a trilayer structure.

We denote t;; and 7;; as the transmission and reflection Fresnel coefficient, respectively,
for a wave entering medium j (¢;) from medium ¢ (g;). With &, being continuous, the
normal component of the wave vector k changes from k,; = /ei(w/c)? — k? to k.; =

ei(w/c)? — k}. For a layer m (thickness d) adjacent to medium [ on the incident side
and medium n on the other side, t;,, and r;,, describe the transmission through and reflection
by the slab, respectively, and are given by*

timtmne = m?

t = (3.2.13)

: )
1—- T'mnTml 621]% smd

Tmntlmtml 62ikz’md

m - .
1— Tmnrmlemkz’md

Tin = Ty (3.2.14)
This was already discussed in detail in Section 3.1.2 for the special case of the surrounding
medium of the layer being air on both sides |22].

The system representing the superlens sample realized in the experimental part of this
thesis, as described above, is shown in Figure 3.2.2, being a three-layered structure sus-
pended in air according to an effective five layer system. The calculation of 75y, comprises
the following steps: Denoting the layers, including the surrounding air, as 1-5 counting
from the incident side, layers 3-5 are treated first to obtain ¢35 and 735 by applying Equa-
tions 3.2.13 and 3.2.14. After that, layer 2 is taken into consideration for to5 and 795,
where Equations 3.2.13 and 3.2.14 are repeated with ¢35 and r35 accounting for the overall
transmission- and reflection properties of layer 4. Finally, ¢;5 and r15 is obtained by adding
layer 1. This procedure is indicated schematically in Figure 3.2.2. With ¢y = ¢4 := ¢, and
€3 := ¢_, the condition for superlensing is . = —¢,. As mentioned, the object and image

plane coincide with the two surfaces adjacent to air, hence
Ts1, = ty5, (3.2.15)

implying that, in this case, the transfer function |Tg.|* equals the transmittance through

4Please note the agreement with the expressions found in Ref. [27], taking into account that rip = —rg;
and 72, + t1ate; = 1.
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the three-layered superlens structure. In particular, this applies to the calculated transfer
function of the superlens sample presented in Section 8.1. Finally, note that for a given

material system, the transfer function is a function of k; and the free-space wavelength A,
| Ts|? = [Tsi]? (ke ), (3.2.16)

since A determines the permittivities €; of the contributing layers and k; sets the direction
of the incoming beam. It is worth emphasizing that large values of the transfer function
at large k; correspond to high spatial resolution, since high order Fourier components of

the object’s electric field are reconstructed in the image.

ki (ke 2)
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Figure 3.2.2: Sketch regarding the calculation of the transfer function |Txp|? of a tri-
layer system representing the superlens sample realized in the experi-
ment. The electric field Fy emitted by an object is modified to Tsr, Ep
by the imaging process, where the calculation of Tgr, involves multiple
transmissions t;; and reflections r;; at all contributing boundaries. Ob-
ject and image plane at a distance 2d are indicated by black dashed lines,
where d is the thickness of the middle layer (blue) exhibiting negative
permittivity e_.
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3.3 A different point of view: Plasmonics

So far, near-field superlensing has been explained through enhanced transmission of evanes-
cent waves. However, there is another interpretation of this phenomenon. It was introduced
in Section 3.2.2 that a planar slab of negative permittivity e_ embedded in a medium of

positive permittivity £, acts as a superlens if
E_ = —€4. (3.3.1)

This is also the condition for the existence of slow surface plasmon polaritons [42] at a

metal-dielectric interface, which will be discussed in the following.

€
* Kspp

LNV
. AN

X

Figure 3.3.1: Illustration of the combined character of a surface plasmon polariton
(SPP) with wave vector kgpp. Charge oscillations at the surface of an
electric conductor (e_) bordering on a dielectric (¢4 ) are accompanied by
electromagnetic waves (red arrows indicate the electric field component).

Surface plasmons are quanta of plasma oscillations, i.e. oscillations of the free electron
density, localized at the interface between a dielectric (¢4 > 0) and an electric conduc-
tor (e < 0). Being always accompanied by electromagnetic oscillations, a quasiparticle
called surface plasmon polariton (SPP) is introduced that consists of the plasmon and its
surrounding electromagnetic field. Here, the electric component contributes both longi-
tudinal and transversal fields (see Figure 3.3.1), classified as transverse magnetic (TM)
modes which can be excited by p-polarized light only. With z and 2z being the directions
of SPP propagation and surface normal, respectively, the electric field can be written as
|42, 43]

E; = [E7, 0, Bf]e!thspro—wh g=ajlz, (3.3.2)

Here, 7 = + for the dielectric and j = — for the conductor. This is a wave propagating
in z-direction and decaying exponentially in z-direction. The wavenumber kspp and the
inverse penetration depth «; follow from the boundary conditions (Equations 3.1.5 and
3.1.6) for the components of E; and the associated magnetic field H;. Thus, the SPP
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dispersion relation kspp(w) is given by

w | e_(w)et
kspp = — | ————, 3.3.3
PPN el(w) F ey ( )
where it is assumed that € is constant. The results for o; are not shown here but are, for
instance, given in Refs. [42, 43]. For a qualitative discussion here, the metallic dielectric
function £_(w) is approximated by applying the model system of a free electron gas [44]

with no attenuation, providing®

s_zl—(—va (3.3.4)

ne? (3.3.5)
P m*eg

Here, n is the electron density, e the elementary electric charge, m* the effective mass of

with the plasma frequency

an electron and ¢y the permittivity of vacuum. The resulting SPP dispersion is depicted
in Figure 3.3.2. For small radiation frequencies w < wy,, e exhibits large negative values,
so in this limit

) w
ili% kspp = Z, (3-3-6)

where ¢, = ¢/,/e7 is the speed of light in the dielectric. On the other hand, kspp goes to

infinity when €_ approaches —e,, which is the case for

1
1+5+‘

(3.3.7)

Wspp = Wp

Here, the phase velocity vspp = w/kspp of the SPPs goes to zero for an excitation fre-
quency wspp which satisfies the superlensing condition given by Equation 3.3.1. Hence,
the superlensing effect can be regarded as the consequence of slowing of light at metallic
surfaces [45], providing near-field imaging through a thin conducting layer without any

blurring®. Here, the large tangential wavenumbers k; of an object’s electric field, which

5In Section 5.2 the infrared permittivity of doped GaAs, which is relevant for this work, will be introduced
(see Equation 5.2.6). Note that this is in accordance with Equations 3.3.4 and 3.3.5 when taking into
account the background permittivity €qptic at high frequencies, electron damping 1 and the presence
of lattice vibrations (phonons).

6Later in this thesis, at some points, these slow SPPs at superlensing conditions will be referred to
as localized polaritons, however, please be aware that the term localized surface plasmon (LSP) in
literature usually denotes plasmons confined to metallic nanoparticles.
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Figure 3.3.2: Dispersion of an electromagnetic wave within a dielectric of permittivity
€4 (red line; the slope is ¢y = ¢/,/€7) and of a SPP, i.e. kgpp(w), at
the interface with an adjacent conductor (dielectric function e_), both
propagating in z-direction. The red and the green areas correspond to
the regions of propagating (arbitrary direction) and evanescent waves in
the dielectric, respectively. The superlensing condition corresponds to
W = Wspp-

have to be supported by the superlens in order to enable subwavelength spatial resolution
(see previous sections), correspond to the large values of kspp.

The field distribution at superlensing condition is depicted in Figure 3.2.1, illustrating
that the field is amplified at the image side of the superlens surface, whereas it is small
at the object side. Note that the latter corresponds to an anti-plasmon state that cannot
exist in isolation [46], since the field would diverge exponentially. However, for a thin
superlens slab it couples with the SPP on the other side, resulting in enhanced near-field
transmission.

As can be seen in Figure 3.3.2, the phase velocity of SPPs is always lower than of prop-
agating light in the dielectric, the latter being represented by the red area in the figure
(note that light cannot propagate in the conductor). Due to this momentum mismatch,
generally, SPPs are not excited by light in a sample of the geometry depicted in Figure
3.3.1. However, tangential wavenumbers larger than w/c, can be provided by evanescent
waves (green area in Figure 3.3.2), as we have discussed in detail previously in this chapter.
A standard way to excite SPPs via evanescent waves is attenuated total reflection (ATR)
using a prism [43|. For the superlens investigations in this work, on the other hand, these

evanescent fields are primarily generated at the probe apex of a near-field optical micro-
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scope (see Section 4), which therefore not only measures but also initiates the superlensing
effect. Here, a probe with curvature radius a provides wavenumbers in the order of 1/a
[47], which is far beyond w/c; in our experiments, where a tip with @ ~ 50 nm probes
near fields at mid-infrared frequencies.

In the present work a plasmonic superlens based on doped GaAs is investigated, however
the superlensing effect is not limited to metallic materials. The required negative permit-
tivity may also result from phonon resonances, giving rise to superlensing in electrically
isolating media [36, 37, 38]. Here, in analogy to the considerations in the present section,

near-field imaging is provided by surface phonon polaritons instead of SPPs.

3.4 From first experiments to the GaAs superlens

Ever since Pendry theoretically demonstrated in 2000 [22] that materials with negative
refractive index n* < 0 (negative index materials, NIMs) [29] promise optical imaging
beyond the diffraction limit (see Section 3.1.2), there has been a lot of experimental activity
in order to realize such a superlens. One major drawback of this idea is the fact that a
NIM requires strong electric and magnetic activity at the same time (see Section 3.1.1),
which is not found in nature. However, negative n* can be achieved with artificial media
that consist of periodic microstructure arrays. Here, typical length scales are much smaller
then the working wavelength A\, so that the wave cannot resolve the individual constituents.
This is referred to as a metamaterial [30].

It was Pendry himself who suggested, even before his perfect lens (the idealized analog to
the superlens) proposal, that thin wires and "split ring" resonators made out of metal allow
for independent control of the electric [48, 49] and magnetic [50] response, respectively. By
choosing the right shapes and dimensions of these structures, both € and p become negative
at the same desired frequency, giving rise to negative refraction. Following Pendry’s idea,
the first NIM was demonstrated at microwave frequencies [51, 52]. Shortly after, the
creation of an image inside the NIM, which is a characteristic feature of this kind of
lens (see Figure 3.1.4), was observed in the same spectral region [53]. Here, instead of
split rings and wires, the metamaterial was made of a planar transmission line network,
periodically implemented by inductors and capacitors. Despite having proven the imaging
capability of a NIM, however, this did not yet verify the superlens concept. As introduced
in Section 3.1.2, a superlens is characterized by near-field amplification, which allows for
images of an object with subwavelength resolution. This was finally confirmed as well by a

transmission line based metamaterial |[54]. Here, not only imaging beyond the diffraction
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limit” was demonstrated but also the growth of evanescent waves within the NIM was
directly measured. Thus, the key predictions of the theory had been verified.

All these pioneering experiments have been carried out in the microwave spectral region
or even at radio frequencies. Here, wavelengths in the cm range allow for structuring the
metamaterial at large scale, which is comparably easy to realize. With the idea of the
resonance frequencies being inversely proportional to the structure size of the metama-
terial, downscaling appears to be the way to realize superlensing at visible wavelengths.
However, this provides a number of problems [34]: In addition to fabrication issues, losses
within the conducting structures become more prominent at short A, which hinders a good
performance of the NIM. Apart from that, the design utilizing wires and split rings relies
on them behaving like ideal conductors, which breaks down on the nanometer scale and
for high frequencies. Nevertheless, employing alternative designs, negative refraction at
optical wavelengths has been demonstrated successfully |34, 56].

Even though all these great achievements provide extraordinary new electromagnetic
phenomena, the dream of a superlens based microscope that works in the far field and is
not limited by diffraction is practically impossible. The reason is dissipation, unavoidably
inherent to all materials, no matter if natural or artificially structured. In particular, it
has been shown theoretically that resolution improvement in comparison to a conventional
lens is not possible over distances much larger than A [24], which is just as short as a few
hundreds of nanometers in the visible .

Due to this severe restriction, superlens based imaging experiments providing subwave-
length resolution were all performed in the near field. In the electrostatic limit, i.e. at
scales significantly smaller than A, Pendry suggested [22| that there is even no need for
elaborate fabrication of metamaterials, since naturally occurring negative permittivity e
is sufficient (see Section 3.1.3). Silver was exploited for a proof-of-principle study of such
kind, the near-field superlens, indeed confirming the enhancement of evanescent waves [57|
and demonstrating near-field imaging well beyond the diffraction limit [58]. With the effect
occurring in the ultraviolet (UV), silver has been envisioned for use in photolithography
[25]. In the infrared, on the other hand, silicon carbide (SiC) [36], perovskites [37, 38| and
graphene [59] revealed subwavelength imaging capabilities.

In all of these cases, superlensing is observed at one particular wavelength only, with
a certain bandwidth. Here, this wavelength is determined by the plasma frequency |25,

58, 59| or the spectral position of a phonon resonance |36, 37, 38|, depending on the

"Note that subwavelength imaging was also demonstrated before by implementing so-called Swiss Roll
structures [55]. This metamaterial, however, is not a real NIM, merely exhibiting negative permeability
w1 rather than n* < 0 which gives rise to reconstruction of the magnetic field component in the static
limit (see Section 3.1.3).
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respective mechanism of image formation (plasmonic or phononic superlens, see Section
3.3). Therefore, the limited spectrum of suitable materials restricts accessible operating
wavelengths. There are several approaches to tackle this limitation. On the one hand, a
multilayered stack of dielectrics with different phonon frequencies [60] and the concept of
an "unmatched superlens" [61] have been discussed in order to broaden the bandwidth of a
superlens. On the other hand, plasmonic systems offer the possibility to change the spectral
behavior by manipulation of electronic properties. Correspondingly, doped graphene [62]
and metal-dielectric composites [63, 64] have been suggested for spectrally adjustable near-
field imaging, potentially covering the visible and infrared spectral regions. In particular,
semiconductors have been discussed to be exploited as plasmonic devices [40, 65, 66, 67],
where the doping level determines the operational wavelength. The present work deals
with the first experimental demonstration of such a near-field superlens [26], making use

of gallium arsenide (GaAs) doped with silicon (Si).
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optical microscopy

This chapter lays the theoretical foundation for scattering-type scanning near-field optical
microscopy (s-SNOM), which is the experimental technique used to investigate the near-
field superlens in this work. In s-SNOM, a nm-sized probe is brought into the near-field
region of a sample, acting as a Scatterer that transfers the subwavelength-scaled optical
information into the accessible far field. Usually, and also in our case, this probe is the tip
of an atomic force microscope (AFM). Approzimating the tip by a spherical particle of same
curvature radius, the quasi-electrostatic dipole model gives an analytical expression for the
amplitude and phase of the scattered near field, which together yield information about the
local complex permittivity of the sample. Here, the spatial resolution is determined by the
radius of the probe, independent of the wavelength. Moreover, small negative values of
the sample’s permittivity give rise to a resonant increase of the scattering amplitude and
strong phase changes, accompanied by a characteristic dependence on the probe-sample
distance, where the usual case s nonlinear decay of both amplitude and phase away from
the surface. When operating the AFM in tapping mode, the probe oscillates vertically to the
sample surface at a frequency 2. The nonlinear distance dependence of the probe-sample
coupling gives rise to a modulation of the scattered near field at higher harmonics of €.
By demodulating the signal at these higher orders unwanted far-field background can be

suppressed, as the latter is only modulated at the fundamental frequency.

4.1 Concept

The diffraction limit, restricting optical resolution to structure sizes in the order of the
wavelength A, arises due to the fact that conventional microscopes capture the far-field
contribution of an object’s electromagnetic wave only (see Section 2). Finer detailed in-
formation is confined to the object’s surface, where evanescent waves are bound to the
so called near-field region: In Chapter 2 we discussed that if the tangential wavenumber
ky = \/m (the z-axis being the surface normal) of an emitted wave, determining the
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spatial resolution, reaches values larger than w/c = 27/, the electric component E decays
evanescently away from the surface according to
E(r,t) e R with k= —ik, = \[k? — 4)\—722 (4.1.1)
For structure sizes much smaller than A, this can be approximated (see also Section 3.1.3)
by
k,=k if k> 27” (4.1.2)
This means that, in this regime, spatial information is lost within a distance equal to
the dimension of the structure itself. Therefore, if aiming for an optical resolution in the
nm-range, a probe has to be positioned in nm-distance from the object, which is enabled
experimentally by scanning probe microscopy (SPM) techniques such as scanning tunneling
microscopy (STM) [68] and atomic force microscopy (AFM) [69]. Both STM and AFM
allow one to precisely scan a tip across a sample at a constant distance from the surface,
thereby recording a height profile. Two different approaches are exploited to access the
near-field simultaneously to the topography. On the one hand, the probe can be exploited
as a small aperture locally illuminating the sample, which is referred to as aperture scanning
near-field optical microscopy' (a-SNOM) [8, 13, 70]. On the other hand, the probe can act
as a scatterer transferring the local near-field into the far-field, where it can be detected.
This method is called scattering-type scanning near-field optical microscopy (s-SNOM) |9,
11, 12]. Here, the size of the aperture or the scatterer, respectively, defines the resolution,
which is independent of A. In the infrared, which is the spectral region of interest in
this work, s-SNOM is the method of choice, primarily because radiation at such a long
wavelength cannot pass a nm-sized aperture of a tapered probe due to cutoff effects |14, 15].

In the following, the underlying theory of s-SNOM will be presented.

4.2 s-SNOM theory

In this section, we analytically derive the scattering behavior of a subwavelength sized
spherical particle, representing the probe in scattering-type scanning near-field optical mi-
croscopy (s-SNOM) [71]. Here, when placing the particle in direct proximity of a sample,
the amplitude and the phase of the scattered light yield information about its local permit-

tivity. Importantly, the spatial resolution here is given by the particle size, independent of

!The aperture can also be utilized for local detection, with the illumination not necessarily being confined
to the location of interest.
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the wavelength.

4.2.1 Emission of an oscillating dipole

In s-SNOM, the light scattered by a probe in proximity to the sample surface is detected.
For a probe size much smaller than A (Rayleigh scattering), this corresponds to the emis-
sion of an oscillating electric dipole with dipole moment P interacting with the sample.
Assuming air environment, the electric component E of this emitted radiation at the po-
sition r = rn relative to the dipole is given by

g " (’“—2[@1 < P)xn]+ (= = M3am- P) P]) , (4.2.1)

dmeg \ 7 r3 2

where the time dependent factor e~™? is omitted [28, 72]. The detector, located at a
distance much larger than the wavelength A, is only reached by the far-field contribution
x 1/,

1 eikr

E, E*[(n x P) x n], (4.2.2)

deg T

giving rise to the s-SNOM signal (the index of E; refers to scattered). Information about
local optical properties arises due to the interaction between probe and sample, modifying
P and thereby generating optical contrast. This coupling occurs at a distance r much

smaller than A\ (near field), where

3n(n-P) — P| - (4.2.3)

E ;=
nf 4dmeg r

dominates (e**" a2 1). In order to interpret the s-SNOM signals, the change of P due to the
near-field interaction is expressed as a function of the sample’s permittivity ¢ (we restrict
ourselves to non-magnetic materials with g = 1). This will be the subject of the following

discussion.

4.2.2 Model of dipole and image dipole

To understand the signals obtained by s-SNOM, the scattering behavior of a small particle
(size < A) [72] in proximity to a half-space of relative permittivity ¢ is discussed in this
section, representing the s-SNOM probe next to the sample surface. The following discus-

sion is based on the considerations in Ref. [71]. The polarizability « of such a particle in
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air, exposed to an external electric field Eg, is defined by
P = aE,, (4.2.4)

where P is the dipole moment induced by Ey. In general, a is a complex valued tensor
[72], depending on the shape and the material of the particle. For a homogeneous sphere

with a radius ¢ < A and permittivity €, (the index p represents particle or probe), « is

given by
o = drega’ 1 (4.2.5)
S 2.
Here, resonant scattering is expected if ¢, = —2, known as the Frohlich resonance [72]|. The

optical response of the spherical particle changes when it is placed in the near-field region
of the sample at a spacing h. Here, the scattering is described by the coupled system of
the particle’s dipole moment P (amplitude P) and its image dipole moment P’ (amplitude
P’) within the sample (see Figure 4.2.1), the latter representing the modification of the
scattered field due to a redistribution of charge carriers at the sample’s surface. This image
dipole is given by

e—1

P =+BP  with . 4.2.6
AP wi 1 (4.2.6)

where ¢ is the permittivity of the sample and [ is the so-called response function. The
presence of the sample breaks the symmetry of the system, resulting in a strong depen-
dency of the scattered light on the polarization of the incident electric field Egy, which is
accounted for by the +-sign in Equation 4.2.6 as explained below. Here, we discuss s- and
p-polarization separately, where the former is oriented parallel and the latter perpendicu-
lar to the sample surface?. In case of p-polarization, the two induced dipoles are parallel
to each other (P’ = +(P) whereas antiparallel orientation arises in case of s-polarization
(P" = —pP). This is trivially seen by considering the associated electric field lines (not
shown). It immediately becomes clear that, in general, the total scattering amplitude is
higher for p-polarized light, where P and P’ generate fields with the same orientation.
In contrast, P’ leads to a reduction of the total field for s-polarization. In the following,
we calculate an effective polarizability a°f for the two cases, determining the scattering

behavior of the coupled system of particle and sample.

2To be more precise, p-polarized light actually refers to the electric component being parallel to the plane
of incidence, also providing a component parallel to the sample surface. However, in the experiment,
the latter is small for an angle of incidence as large as 65° (see Figure 8.2.1).
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p-polarization s-polarization

E

e

Figure 4.2.1: Dipole moment P and image dipole moment P’ of a spherical particle in
proximity to a sample of permittivity €, induced by an external electric
field Eg which is assumed to be oriented either perpendicular (left) or
parallel (right) to the surface (adapted from Ref. [71]).

p-polarization

The dipole of the particle, P = aEy = aFye, = Pe,, gives rise to an image dipole
P’ = P'e, = +0P at a distance § = 2(h+a) (see Figure 4.2.1) which in turn generates an
additional electric field E' = E’e, at the position of the particle, where E’ is given by

P 3P

- (4.2.7)

E' =
27'('80(53 271'6053 7

This can be seen by applying Equation 4.2.3 to P’, considering that the particle is in the
near-field region of the sample, i.e. at distance much smaller than A. Taking this into

account, the amplitude of the dipole P in presence of the sample is modified according to

afP

P=a(Ey+ FE') =aFE 4.2.8
a(Ey+ E') =« 0+27T€0(53 ( )
and therefore
«a
P=——5FE (4.2.9)
27e0d3

The field scattered by the particle-sample system, which is measured in SNOM, equals the

combined far-field emission of P and P’. To account for P, the effective polarizability o

is introduced?

e PT_P+P_ (1+p)P

off = 5 o T (4.2.10)

3The index L accounts for the p-polarization perpendicular to the sample surface.
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Applying Equation 4.2.9 and inserting 6 = 2(h + a), we get

a(l+p)
1]— — o8
16meo (h+a)3

o = (4.2.11)

s-polarization

In this case, Eg = Epe, and therefore P = Pe,, generating an image dipole P’ = P'e, =
—[GP. In addition to Eg, the particle senses the near-field E' = E’e, of P’, with
P’ gP

FE =- = . 4.2.12
47'('80(53 471'80(53 ( )

Following the same argumentation as for p-polarized light (note the different magnitudes
of E' for the two cases), P in presence of the sample is calculated by accounting for an

effective total electric field Ey + E’, giving rise to an effective polarizability?

eff __ Oé(l B 6)
YT _—ar
32meg(h+a)3

(4.2.13)

As discussed previously, ]aﬁff\ in general is smaller than |a%f| due to the antiparallel ar-
rangement of P and P’. In particular, the common case § ~ 1 yields P ~ —P’ for
s-polarization, resulting in vanishing scattering of the coupled system of particle and sam-
ple. So even though assuming a symmetric particle, the scattering efficiency is larger for

p-polarized radiation where the fields of P and P’ superpose constructively.

4.2.3 Scattering characteristics

Since in our investigations exclusively p-polarized light is applied, which is required for

near-field superlensing in non-magnetic materials (see Section 3.1.3), we solely consider

aff in the following®. The scattered electric field reaching the detector, which is located

at r = rn with respect to the sample, is given by

1 ikr
_ 47T€067k2aef[(n x Eo) x 1], (4.2.14)

E,

4The index || accounts for the s-polarization parallel to the sample surface.

®Note that in the experiment, the probe is the apex of an elongated AFM tip (see Section 4.3) pointing
towards the sample surface rather than a spherical particle, which already gives the dipole the tendency
to oscillate in z-direction.
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where the dielectric function € of the sample is taken into account by oSt = oS%(B) =

aST(B(e)) (see Equations 4.2.2, 4.2.4, 4.2.6 and 4.2.11). Since in general ¢ is a complex

quantity, this also applies to a5t and we can write

W g = seir = A0+ 0) (4.2.15)
J_ . 1 . aﬁ 9 . .
167eg (h+a)3

where ¢ is by definition [73] the complex scattering coefficient, s the scattering amplitude
and ¢ the scattering phase. These are the quantities to be measured by s-SNOM, which
contain the information about the sample’s local complex permittivity. The power of the
scattered light, which is detected, can be calculated by integrating the Poynting vector S, =
E; x H; over the area of the detector (neglecting background radiation, which is considered
in Section 4.4.). However, an interpretation of the absolute signal is hardly possible, since it
strongly depends on the exact shape of the AFM probe, which is unknown and differs from
tip to tip. Therefore, the evaluation of s-SNOM signals is usually performed in a relative
fashion, comparing the signals obtained with different samples or at different locations of
one sample, the latter giving rise to optical contrast. Given that the conditions of two
measurements are the same, i.e. the same AFM tip being equally illuminated (constant
Ey) at equal distances from the surface, this allows for a comparison of the respective local

permittivities. Labeling the two measurements with indices A and B, this relation is given

by
EA  o(e?)
S — . 4.2.1
B~ o(P) (4.2.16)

Thus, the analytical dipole model can be applied to predict the optical contrast between
materials with different . Typically, reference measurements on gold samples are per-
formed in order to obtain quantitative information.

Usually, metals like gold, aluminum or platinum are utilized as probe materials. In the
infrared, which is the spectral region of interest in this work, metals exhibit a spectrally
flat response with permittivities in the order of ¢ ~ —1000 + 1000¢ [74]. Therefore, the
polarizability « of the probe (see Equation 4.2.5) can be approximated by

o = 4drega®. (4.2.17)

Taking this into account and considering the response function 8 = (g) = (e’ +ie”) (see

Equation 4.2.6), the scattering coefficient for the probe being in contact with the sample
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Figure 4.2.2: Scattering amplitude s and scattering phase ¢ of a metallic particle with
radius a in contact with a plane sample of permittivity ¢ = &’ + ig”.
The amplitude s is normalized to a® and plotted in logarithmic scale for
better visibility. For this calculation, g is set to 1.

(h =0) is given by
6/ + Z'gll
3" +ie" +2)

o = 32mepa’ (4.2.18)

Obviously, the permittivity of the sample impacts both the amplitude s and the phase ¢
of 0 = se* and therefore of the scattered electric field E; < o. A resonant increase of s
can be expected if & = —5/3 accompanied by a small value of €, whereas it experiences
a minimum at ¢ = 0. In the latter case p-polarization exceptionally yields antiparallel
orientation of dipole P and image dipole P’, since § = —1. Note that, on the other hand,
€ = 1 results in ¢ = «, which corresponds to the particle in absence of a sample. As can
be seen in Figure 4.2.2, the overall behavior gets much less pronounced for lossy materials,
i.e. larger values of €”. This also applies to the phase ¢, which shifts by up to 180° (small
") in the region ¢’ = —5/3 to ¢’ = 0.

SNOM data are usually obtained with the probe oscillating in the direction perpendicular

to the sample surface, which allows for separating the signal from undesired background
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Figure 4.2.3: Scattering amplitude s of a metallic particle with radius a as function
of the distance h to a plane sample of real permittivity &' with constant
imaginary part ¢’ = 0.1 (top) and ¢’ = 2 (bottom), respectively. For
this calculation, g is set to 1. For selected &', s(h) is shown both on
an arbitrary (black curve) and an absolute scale (red curves; note the
different scales for the two cases).
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Figure 4.2.4: Scattering phase ¢ of a metallic particle with radius e as function of
the distance h to a plane sample of real permittivity ¢’ with constant
imaginary part ¢’ = 0.1 (top) and ¢’ = 2 (bottom), respectively. For
selected &', ¢(h) is shown both on an arbitrary (black curves) and an
absolute scale (red curves; note the different scales for the two cases).
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reflections (see Section 4.4). Therefore, it is also important to know how ¢ depends on
the probe-sample distance h. For non-resonant samples, i.e. |¢'| > 1, we can approximate

B =~ 1 which results in
8meoa’

~ 7 _ 1/ a 3"
1- Z_L(h-i—a)g

s (4.2.19)

Here, phase changes are negligible and s is largest for h = 0, decreasing with increasing
h in a nonlinear fashion. In proximity to ¢ = 0, however, this is not necessarily true.
Figures 4.2.3 and 4.2.4 provide an overview on s(h) and ¢(h), respectively, for & = —6 to
+3. Two cases are shown: on the one hand €” = 0.1, corresponding to a sample inhering
rather low losses, and on the other hand ” = 2, representing more dissipation. As one
can see, both s and ¢ in general decay rapidly when increasing h. However, in case of
low losses, the characteristic behavior of the h-dependence changes between & = —1.5
and +1. This in particular applies to s, which in this region increases with increasing h,
providing a maximum at h # 0. This corresponds to a shift of the resonance for different
h. Here, s reaches its maximum value for ¢/ = —5/3 if the particle is in contact with the
sample (h = 0), whereas for h > a the condition is ¢’ = —1. The behavior of ¢(h), on
the other hand, changes not as drastically (aside from absolute values), however a slower
decrease in this region is clearly noticeable. All of these peculiarities around €' ~ —1, both
for s(h) and @(h), disappear for larger losses, i.e. €” = 2. Note that for very dissipative
samples, i.e. €’ > 1, we obtain 5 — 1, which corresponds to the non-resonant case given
by Equation 4.2.19.

As a final remark, the signal strength o< s increases with increasing particle size, however
this comes with a reduction of spatial resolution, which is determined by a. Moreover, it

affects the h-dependence of o, which as well occurs on the scale of a.

4.3 AFM tip as a scatterer

In the experiment, the s-SNOM probe is a sharp, pyramid shaped tip of a scanning probe
microscope (SPM), which is in our case an atomic force microscope (AFM) (see Section
7.1). In contrast, the analytical description of s-SNOM in the previous sections was based
on the assumption that the scatterer is a spherical particle with radius a. Hence, the
question arises to what extend the theory is applicable to experimental results, where a is
the curvature radius of the probe’s apex. It has been shown in various works |75, 76] that,
despite neglecting the real shape of the tip, material contrasts due to different permittivities

can be well explained by this approach. Also, the distance dependence of the near-field
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coupling between tip and sample (see Figures 4.2.3 and 4.2.4) agrees qualitatively well
with the experiment [77], as well as the spectral behavior of the near-field signal [78],
considering ¢ = (). For a quantitative consensus, however, more precise models are
required, making use of complex numerical simulations which take into account a realistic
shape of the scatterer [79, 80|. In particular, the elongated shape of an AFM tip has to be
considered when studying polarization dependent effects. Since this is not the case in this

work, such a detailed analysis is not required here.

4.4 Signal formation

In the s-SNOM measurements performed in this work the scattered radiation is detected
by a mercury cadmium telluride (MCT) detector, generating a voltage that is proportional
to the optical power P, at its active surface. Here, Py in turn is proportional to the

square modulus of the detected electric-field component,
Pdet X ‘Edet‘Q- (441)

The quantity of interest is the light scattered at the SNOM probe’s apex only, providing the
electric field E, (see Equation 4.2.14) which contains the information about the sample’s
local near-field. However, unavoidably, radiation is not only scattered at the tip’s apex, but
also at surrounding structures like the shaft of the tip, the cantilever or other scattering
centers at the sample surface (edges, particles...), causing an additional electric field E;
(background radiation, see Figure 4.4.1). The two fields at the position of the detector can

be written as

E, = FE.e,'@te) (4.4.2)
Eb = Ebebei(“’““%), (443)

oscillating at the same angular frequency w, but differing in amplitude E, orientation e

and phase . Taking into account the unwanted background, Py is given by

Pdet X |Es + :Eb‘2
= EI+ Ej +2E.Epe e, cos (ps — o) (4.4.4)

In general, E is much smaller than Ej, manifesting a severe challenge in s-SNOM, which
is the separation of the tiny near-field signal from a large background (note in particular

that the phase ¢, of this background is unknown). To this end, one makes use of the fact
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Figure 4.4.1: The AFM tip is illuminated by radiation with an electric field Eg. The
light reaching the detector consists of both the scattered field E; at the
apex of the tip and the elsewhere scattered background field Ej.

that when increasing the distance h between probe and tip by Ah, F, is strongly modified
in a nonlinear fashion, whereas there is only a slight linear change of Ej (see Figure 4.4.2)
[71]. On the one hand, the nonlinear behavior of Ej is caused by the short range near-field
coupling between tip and sample, which occurs on a scale of the probe’s curvature radius

a, namely
1

h+a

E, x (4.4.5)

where C' depends on the polarizability of the tip o and the response of the sample (3 (see
Equations 4.2.14 and 4.2.15). Note that FEj varies on the scale of a, independent of the
wavelength A\. On the other hand, a change of E, arises due to a displacement of the
tip shaft and the cantilever within the (far-)field generated by the laser radiation (this
includes not only the beam profile itself, but also standing wave patterns, which possibly
arise across the sample surface due to scattering events at structures surrounding the tip),
varying on a scale of A\. If Ah is much smaller than A, this is accompanied by only a slight
modification of Fj changing linearly with h. In the experiment, the probe is a metalized
AFM tip with an apex radius a of about 50 nm, operated in so called tapping mode (or
amplitude-modulated (AM) mode, see Section 7.1), where the probe is oscillating with an
amplitude A = Ah of about 100 nm (peak to peak). Since experiments are performed in
the mid-infrared region (A &~ 20 pm), the condition Ah < A is well fulfilled and we can
assume a linear variation of Ej,

Eyox C+C'h. (4.4.6)
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Figure 4.4.2: Schematic of the signal demodulation: The oscillation of the s-SNOM tip
at a frequency 2 gives rise to a modulation of the scattered near-field,
decaying nonlinearly away from the sample surface, at higher harmonics
of 2. In contrast, the linearly varying far-field background just results
in a modulation at the fundamental frequency. Hence, lock-in demod-
ulation at higher harmonics yields a near-field signal with suppressed
background (adapted from Ref. [81]).

Here, the constant part C comprises, for instance, the light scattered from the sample sur-
face, which is not affected by the tapping of the cantilever. In the following, this unmod-
ulated electric field will be denoted as Ey. (constant), while Ey,, (modulated) represents
the background modulated by the cantilever motion (linear in h).

The oscillation of the tip gives rise to a periodic modulation of the detected power P

according to
Pdet = Pdet(h(t))- (447)

For small amplitudes A the oscillation is harmonic and can be written as
1
h(t) = ho + §A<1 + cos (1)), (4.4.8)

where hg is the lower turning point. The total field scattered at the system of sample and

oscillating tip can be written as [71]
Euet = Epe + E1 mod 08 (28) 4+ Eg 04 cos (208) + ..., (4.4.9)

with
En,mod - En,moden,modei(Wt—i_@n’mOd), (4410)

Here, all components E,, ;04 = E,, s + E,, 4, contain both the near-field scattered at the
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SNOM tip, E,, 5, and the ~A-modulated part of the far-field scattered at the tip shaft and

cantilever, E,, 4,,. For the measured power Py this yields® [71]

Pdet X ’Edet’2 = EdetEZet
‘2

constant + |Ej.

[Re(E1modE5 moq) + 2Re(EyET ,,,04)] cos (€21) (4.4.11)
1
[§|E1,m0d|2 + 2Re(Ep. ;,mod)] cos (2Qt)

+ o+ o+

higher harmonics

Typically, the light scattered at the sample surface and surrounding structures exceeds the

radiation modulated by the tip oscillation by far,
Eve > Eyp mod (4.4.12)

making the first term in each bracket negligible. As already indicated in the beginning
of this section, the modulation of the slowly varying far-field Ej,, is significantly weaker
than the modulation of the scattered near-field F,. Due to the linear dependence of the

background this effect gets even more prominent with increasing harmonic according to

[71]
B, A"
— = . 4.4.1
En,bm (27ra) ( 3)

This means that, the higher the order n, the more efficient the suppression of non-local scat-

tering events. On the other hand, the signal strength decreases with increasing n, making
the optimum frequency nf2 for lock-in demodulation a trade off between background-free
data acquisition and signal strength. For a sufficiently high value of n we can approximate

E, mod = E,, 5. Hence, the near-field signal N F, o, demodulated at the frequency nf2, reads

NFnQ X Re(EbcE;,s) (4414)
- 2EbcEn,sebces COS (Sobc - (pn,s)
X EbcEn,s COs (Qpbc - Spn,s)'

Note that the polarization e; = e, s is not impacted by the tip oscillation. According to

Equation 4.2.14, the field E; scattered at the probe’s apex is proportional to the scattering

6The asterisk * denotes the conjugated complex of respective fields. Here, we apply E.E; + E;E; =
2Re(E;E}) (real part). Furthermore, the following trigonometric relations are applied: cos® (z) =
(1 + cos (2z)) and 2 cos (z) cos (2z) = cos (z) + cos (3z).
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Figure 4.4.3: Scattering amplitude s and near-field signal N F,,q at non-resonant con-
dition as a function of the probe-sample distance h, where h is normalized
to the curvature radius a of the s-SNOM probe.

coefficient o,
E, x e,0 = e s€'?, (4.4.15)

where o was derived analytically in Section 4.2.3 (Equation 4.2.15). Here, the scattering
amplitude s and the scattering phase ¢ yield the information about the complex local
permittivity of the sample, being the quantity of interest in s-SNOM. Since the modulation
of E, by the tip oscillation exclusively arises due to the h-dependency of s(h)e™™) we can

express the Fourier coefficients E,, 5 as
E,, o e,5,e"%", (4.4.16)

where both the proportionality factor and e, are independent of h. Inserting this into

Equation 4.4.14, the near-field signal can be written as
NF,q X EpeSp cos (Qpe — ©n), (4.4.17)
where s, and ¢, are given by the Fourier transformation
' 0 2w/ '
Spe'fn = —/ s(h(t))e ") cos (nQt)dt. (4.4.18)
™ Jo

For oscillation amplitudes Ah much smaller than the curvature radius a of the probe apex,
the n'" Fourier component is given by the n*" derivative of se®¥ with respect to the distance

h |82]. At non-resonant conditions, i.e. no resonant enhancement of the near-field coupling
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between probe and sample, changes of the scattering phase ¢ are negligible when increasing
the distance h, whereas the amplitude s provides a nonlinear decay (see Equation 4.2.19).
In this case and assuming that Ah < a, Figure 4.4.3 depicts both s and NF,,q « s, for
the first three harmonics as a function of h. As one can see, in each case the signal decays
to almost zero within a distance in the order of a, where the dependence steepens with
increasing demodulation harmonic. For larger oscillation amplitudes (in the experiment,
Ah is typically in the order of @), the general behavior remains the same, while the decay

of NF,q becomes less steep [71].

Even though the modulation of the near-field signal NF' by the tip oscillation signifi-
cantly eases the interpretation of the obtained signal, since complicated interference terms
can be neglected, the evaluation is still aggravated by the unknown phase relation between
background radiation Ep. and light scattered at the probe E; [83]. In particular, a phase
change of the background during a measurement gives rise to a change of the signal which
might be erroneously interpreted as near-field contrast. Nevertheless, we will discuss in
Section 7.4 why the measurements obtained with our setup are not significantly impacted
by such artifacts. In general, however, this is not true. The issue can be overcome by ap-
plying an additional field E,.; of controlled phase ..y which interferes with the scattered
near-field. If this field is much stronger than the unmodulated background, E,.; > Ej,
the latter can be neglected and the demodulated near-field signal is given by

NF,q X EycS, o8 (@ref — ©n)- (4.4.19)

This approach is referred to as interferometric detection (in contrast to non-interferometric
detection, also referred to as direct detection), allowing for disentangled extraction of both
the scattering amplitude s and phase ¢. Note that Equation 4.4.19 refers to so-called
homodyne interferometric detection, where the wavelength of the reference field is the
same as of the field scattered at the probe. In contrast, the wavelengths are shifted with
respect to each other for heterodyne interferometric detection, giving rise to beatings of

the signal at the difference frequency. For details, see for instance Refs. |84, 85, 86].
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5 Doped GaAs as a superlens

material

In this chapter we discuss the potential of n-doped GaAs to be exploited as a plasmonic near-
field superlens with an operational wavelength adjustable by doping. First, an analytical
expression of the dielectric function based on the Drude-Lorentz model is introduced, taking
into account free electrons and optical phonons. Here, the electronic response to infrared
radiation is determined by the density and the scattering rate of the electrons. By changing
the doping level, the superlensing wavelength can be controlled over a wide infrared spectral
range, the losses being rather constant at operational conditions. However, there is a short
wavelength limit at A\ = 15 um due to a mazimum obtainable electron density by doping with
silicon. At high doping levels in the range of 10'° ¢cm™3 autocompensation of free electrons
becomes an issue. As we will see, this effect results in increased dissipation without opening
up new spectral ranges and should therefore be avoided. Finally, the role of the electron

effective mass on the analysis is discussed.

5.1 Concept

Near-field superlensing through a thin layer takes place if the real permittivity of the slab
exhibits same absolute value and opposite sign as the surrounding medium (see Equation
3.2.7), relying on the excitation of localized surface polaritons, as we qualitatively discussed
in Section 3.3. By sandwiching a n-doped GaAs layer between two intrinsic layers, as shown
in Figure 5.1.1, localized surface plasmon polaritons (SPPs) appear at the two interfaces
if

En-Gaas(AsL) = —€Gaas(Ast), (5.1.1)
where e¢,,,, and €] .4 are the real parts of the dielectric functions ¢ of the undoped
layers and the doped layer, respectively. Since negative €] .., arises due to the presence
of free electrons forming SPPs, we will refer to the layered system as a plasmonic near-field

superlens (in contrast to a phononic superlens [36, 37, 38|). For the superlensing wave-
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length Agp,, the transfer of evanescent waves through the three-layered system is resonantly
enhanced. Placing an object at one side of the slab, this enhancement can be exploited
to obtain an image with subwavelength resolution on the other side. The objective of this

work is to confirm the superlensing performance of such a system based on doped GaAs.

Image
d/2 GaAs
)
o
d — @
[9)
>
[7]
d/2 GaAs
Object

Figure 5.1.1: Performance of a three-layered GaAs superlens at resonance condition
(Equation 5.1.1). The red feature indicates the enhancement of the ob-
ject’s near-field through the slab.

5.2 Infrared dielectric function

The optical response of a non-magnetic material (permeability @ = 1) like GaAs can equiv-
alently be described in terms of its relative permittivity ¢ (also called dielectric function)

and its refractive index n*, being directly linked to each other via
n* =/e. (5.2.1)

In general, n* and € are frequency dependent, complex quantities,
n*(w) =n'(w) +in"(w), (5.2.2)

e(w) = &'(w) + ie" (w). (5.2.3)
Here, n” is directly related to the absorption coefficient [27]

2wn’
o= )

; (5.2.4)

In many cases, absorption is directly associated with &”. It is true that if ¢” < ¢’ and

¢’ > 0, which often applies, dissipation is negligible. However, in general, o depends on
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both & and £”, since

= \/V i okt (5.2.5)
2

Nevertheless, we will consider ¢” as a synonym for dissipation within the near-field super-
lens, since it is the relevant parameter for the obtainable resolution (see Equation 3.2.9) at
a given £’ the latter defining the resonance condition of superlensing (see Equation 5.1.1).
While n*, and therefore «, is used in the context of propagating electromagnetic waves,
is the more convenient choice in the near-field region, where electric and magnetic fields
are decoupled.

For radiation wavelengths A with a photon energy well below the band-gap energy (£, =
1.42 meV = A\, = 870 nm [87]), the permittivity of doped GaAs is well described by the
Drude-Lorentz model. Here, the dispersion e(w) is derived by describing the light’s impact
on the free-electrons and the crystal lattice through classical equations of motion [27, 44|,
taking into account respective oscillation resonance frequencies and damping constants.

Based on such an analysis, the infrared permittivity of doped GaAs is given by [87]

2 2 .
WTO (Estatic - <C:optic) . wpgopt](l (5 9 6)
w? —wio +iwy,  w? 4wy

5(w) = Eoptic —

For the phononic part, represented by the second term, the energy of the transverse op-
tical phonon Awro = 33.25 meV and the associated damping coefficient v, with Avypn =
0.25 meV are well known from literature', as well as the static (low-frequency) permittiv-
ity static = 12.85 and the optical (high-frequency) permittivity eoptic = 10.88 [87]. The
electronic response (third term), on the other hand, of course depends on the doping level,
which determines both the plasma frequency w, as the natural (angular) frequency of an
electron density oscillation, and the scattering rate 7 of the electrons that describes the
damping 7. of the plasma oscillation. Here, both v, and w, are a function of the electron

density n, however there is only an analytical expression for the latter [87],

2
ne
wp =4/ ———, (5.2.7)
m 5050ptic
where ¢( is the permittivity of vacuum, -e the charge of an electron and m* its effective

mass in the conduction band of GaAs. For 7. (n) please see Section 5.3.

!Note that the energy of the longitudinal optical phonon, Awr,o = 36.13 meV, is built into this model by
the Lyddane-Sachs-Teller relation, €static/€optic = (WLO/WT0)?.
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Figure 5.2.1: Real part ¢ and imaginary part ¢’ of the dielectric function ¢ of GaAs.
The black dashed and red solid line correspond to intrinsic (n = 0) and
doped (n =5 x 108cm™3) GaAs, respectively.

In Figure 5.2.1, ¢’ and &” are shown both for intrinsic and doped GaAs, depicted as
a function of A. In the undoped case, ¢ is rather constant except the region of phonon
resonances (this is also called the Reststrahlen band), with ¢’ ~ eqpi for shorter and
g' & Egatic for longer . With the same exception of phononic absorption, €” is negligibly
small over the whole spectral range. This does not apply to doped GaAs, where Drude
absorption by free charge-carriers is reflected by an increase of ¢” and negative values of &’
at long A, the latter being required for the occurrence of the near-field superlensing effect
(see Section 5.4).

As a side note, it may be mentioned that Equation 5.2.6 simplifies the actual system by
not considering the potential creation of phonon combinations [88] and oversimplifying the
coupling of phonons and plasmons [89]. However, it is known from terahertz time-domain
spectroscopy that the Drude-Lorentz model well describes the ac-conductivity in n-GaAs
in the far-infrared [90, 91]. In the spectral range of interest in this work, involving the
Reststrahlen band of GaAs, the reflectance spectra of the superlenses (layers of doped
and intrinsic GaAs) could be fitted with very good accuracy, providing meaningful results
for the electronic quantities n and v, which are used as fitting parameters (see Section
6.3.1). This was confirmed by the comparison to values obtained by Hall measurements (see
Section 6.3.2), where the data analysis does not involve the dielectric function. Therefore,
we assume that for our samples, it is reasonable to apply the Drude-Lorentz model to
simulate the superlensing effect (see Section 8.1), which was investigated in the same

spectral region as the reflectance measurements.
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5.3 Damping versus electron density

In order to calculate the expected superlensing wavelength Ag;, of a plasmonic superlens,
one has to know both the electron density n and the electron damping 7., determining the
permittivity of the conductive layer. Here, . increases with increasing n as a consequence
of increased Coulomb scattering. However, there is no analytical expression that quantita-
tively describes the dependence 7 (n). In this section, we take into account experimental
results from literature to obtain a relation, which will be the basis for our calculations in
Section 5.4.

Doping a ITI-V semiconductor with a group IV element can result in both free electrons
and free holes. Such a behavior is called amphoteric doping, which for instance applies to
doping GaAs with Si. If Si (group IV) occupies a Ga (group III) site, it acts as a donor,
however if it replaces As (group V), it is an acceptor. While the usual case is n-doping
(which is also true for the samples investigated in this work), p-doping can be obtained by
choosing appropriate growth conditions (e.g. temperature, substrate orientation etc. [92]).
Figure 5.3.1a depicts the free carrier concentration n of a Si doped MBE-grown GaAs film
as a function of the dopant density ngep, (i.e. Si concentration), obtained in a temperature
range T' = 750 — 820 K |93|. Here, this yields free electrons. Up to ngep &~ 7 x 10¥cm™3,
every Si atom is incorporated as a donor, so n = ngep. For larger ngop, however (higher
Si flux), n saturates and eventually decreases. This is attributed to an autocompensation
mechanism: in this regime, some of the Si atoms tend to occupy the As site, creating holes
which recombine with electrons, resulting in a reduction of n. The example depicted in
Figure 5.3.1a corresponding to optimum growth conditions regarding high values of n, the
free electron density in GaAs obtained by doping with Si is limited to n ~ 7 x 108cm 3.
For other growth conditions (e.g. higher temperatures, see [93]), the general behavior is
similar, however with n saturating at smaller values.

Like in all semiconductors, the mobility u of electrons in doped GaAs drops with in-
creasing doping level ng,, due to an increase of scattering events with impurities. In the
Drude model of electrical conduction, the scattering time 7 and the electron damping e

can equivalently be employed to describe the conducting behavior. The former is related

to p via
= (5.3.1)
M o -9
where 7 yields v in units of angular frequency according to
1
Vel = ; (532)
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Figure 5.3.1: (a) Free electron concentration n as a function of the dopant concentra-
tion ngep in a Si doped MBE-grown GaAs film. Values were obtained
for growth temperatures 7' = 750 — 820 K [93]. (b) Electron damping
Vel in units of spectroscopic wavenumbers versus nqop (solid line) and n
(dashed line), respectively, based on n(ngep) in (a) and Yel(ngop) in Ref.
[94].

In this thesis, 7, is indicated in corresponding units of spectroscopic wavenumbers. De-
rived from drift mobility measurements [94], Figure 5.3.1b depicts the increase of 7, with
increasing doping ngo, (solid line), corresponding to a decrease of p. Since, as mentioned
above, autocompensation causes a reduction of n at high nq.p, Ye can take two values for a
given n in this regime, depending on whether the point of saturation was exceeded or not
(dashed line). For the calculations in the following section, this v, (n) will be applied to
obtain the expected superlensing conditions for a given n. It is important to be conscious
that the numbers given here correspond to specific sample growth conditions, which are
likely to be different in another case. Therefore, it is recommended to perform a proper
electronic characterization of a superlens sample rather than to rely on absolute values

given here.

5.4 Superlensing condition adjustable by doping

Exploiting a doped semiconductor as a plasmonic superlens provides the potential to ad-
just the operational wavelength Ag;, (superlensing wavelength) by changing the doping
level. In this work, the superlens consists of a doped GaAs layer sandwiched between two
intrinsic layers, as introduced in Section 5.1. The permittivity £,.gaas of the middle layer,

determining Agp, depends on the electron density n and the electron damping 7. (see
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Figure 5.4.1: Real part €/ ., 5, (left) and imaginary part €/ . .. (right) of the dielec-
tric function e, gaas of n-doped GaAs in the infrared region, calculated
for various electron densities n (the dashed line corresponds to eg, 4 Of
intrinsic GaAs). For each n, black arrows indicate where superlensing
(SL) can be expected.

Section 5.2), where the latter increases with increasing n. Considering v (n) presented
in Section 5.3, €,.qaas can be calculated by applying Equation 5.2.6. For various n, we
depict the real part ] 5, and the imaginary part € ., ., in Figure 5.4.1. Black arrows
indicate the superlensing wavelengths Agp, for the different n of the doped layer, according
to the condition given by Equation 5.1.1. As can be seen, increasing n results in shorter
Asp,, induced by a spectral shift of the plasma frequency. For the imaging capability of the
GaAs superlens at resonance, the critical parameter is the ratio €/ ;. 1.(AsL)/€h cans(AsL)
(see Equation 3.2.9), where it is important to note that, aside from the Reststrahlen band,
dissipation within the intrinsic outer layers is negligible. Note that &/ ;,.s(AsL) = —12
independent of Agp,, set by the resonance condition with respect to the rather constant
permittivity of the intrinsic layer (see Figure 5.4.1). Hence, €/ . .(Asp) is the quantity
that determines the obtainable resolution. Despite a strong increase of absorption with A
for a given electron density, €/l ,As(Ast) increases only weakly with Agy,, as indicated by
the black arrows. In the latter case, however, any increase seems counterintuitive, since
large values of Agp, correspond to superlenses with small n, where little dissipation could
be expected. Indeed, a decrease of n results in less absorption at a given A, however gy,
increases, which is accompanied by larger values of ¢”. As one can see the latter effect
dominates, altogether making high n accompanied by short Agj, preferable.

Figure 5.4.2a gives an overview about the expected superlensing wavelength Ag;, for
electron densities in a range from n = 1 x 10ecm ™2 up to n = 7 x 10¥ecm=3. In Figure

5.4.2b, the associated values of € .. \.(As,) are depicted. The region of phonon resonances
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Figure 5.4.2: (a) Calculated superlensing wavelength Agr, as a function of the elec-
tron density n of the doped GaAs layer. The red rectangle marks the
Reststrahlen region. Inset: Region of high n magnified. (b) Imaginary
part € ... of the permittivity as a function of Agy,. For both graphs,
the dashed line corresponds to the region of autocompensation of n (see
Section 5.3).

(Reststrahlen band), which would predominate the desired plasmonic response of the su-
perlens, is covered by red rectangles since it is beyond the scope of this work. A density of

3 results in Agr, &~ 15 um. Since no higher electron density can be obtained

n~7x10¥cm™
by n-doping GaAs with Si (see Section 5.3), this can be regarded as the short wavelength
limit for such a superlens. On this side of the Reststrahlen band, Ag;, slowly increases

with decreasing n down to about n = 1 x 10'¥cm=3.

A more prominent increase of Agp,
comes with further decrease of m, finally reaching Agr, ~ 150 yum for n ~ 1 x 107em=3.
Regarding €]/ ., as(As1), the calculations reveal rather constant values of about 3 on the
short wavelength side of the Reststrahlen band, whereas € . \.(AsL) = 7 up to 10 on
the long wavelength side. As described in Section 5.3, there is autocompensation of free
electrons for doping concentrations ngop, > 7 X 10®cm™, which results in a decrease of
n with increasing nqop. Here, the electronic damping <, increases further with increasing
Ngop, regardless of the saturation of n. Since ¢ is a function of both n and 7., a given n
can result in different Ag, in this regime of heavy doping, as it can be accompanied by
different values of 7. In Figure 5.4.2, the dashed line corresponds to ngep > 7 x 10®¥cm ™.
While Agp(n) is hardly affected (see inset of Figure 5.4.2a), €” . ,.(Asp) strongly increases
when entering this region of charge carrier saturation. This in turn is accompanied by a
drastic degradation of obtainable resolution, as can be seen by applying? Equation 3.2.9,

and hence should be avoided.

2Note, however, that for quantitative accuracy ¢’ < || is required, which is not the case here.
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Finally, it should be noted that Figure 5.4.2 is intended to provide a qualitative guidance
rather than quantitative numbers. Absolute values of 7 (n), which form the basis for
the calculations made in this section, depend on the specific MBE growth conditions,
which might vary from sample to sample. This is especially valid for very high doping
concentrations, where autocompensation may occur, as previously mentioned. In addition,
the present considerations are based on literature values extracted from dc drift mobility
measurements in n-GaAs [94|, which may, even for the same sample, quantitatively differ
from ac values that are relevant for the superlens investigation. This issue is addressed in

more detail in Section 6.3.3.

5.5 Role of the effective mass

Amongst others, the electron effective mass m* is one of the parameters that determine
the dielectric function € of n-GaAs. Here, m* is given by the curvature of the dispersion

relation Ee (ke), where F is the electron’s energy and ke its wavenumber. It is given by

[44]
PEy\ "
m* = I? ( dk;) . (5.5.1)

The low temperature value m* = 0.067mg (mg is the mass of a free electron) for electrons

at the bottom of the I' band, i.e. for low electron concentrations n, is well established [87].
However, due to the non-parabolicity of the conduction band minimum and the thermal
expansion of the crystal lattice, m* changes with n and temperature 7', respectively. Figure
5.5.1 depicts how m* evolves when independently increasing 1" [87| or n, the latter referring
to the calculated curve in Ref. [95]. On the one hand, increasing T reduces m*, whereas it
gets larger with increasing n. As one can see, the influence of n is much more pronounced,
however there is no consensus in literature about absolute values of m*(n), where vari-
ous calculations and investigations are not yielding quantitative agreement [87, 95]. In
particular, we are not aware of room temperature data in literature.

In this work, heavily degenerate semiconductor samples with an electron concentration

in the range of n = 5 x 108cm ™3

were investigated at room temperature, where for above
mentioned reasons, precise values of m* are uncertain. Therefore, we insert a constant
value of m* = 0.067mg in all our calculations throughout this thesis and legitimate this
approximation in the following: To this end, we neglect the weak temperature dependence
and show point by point that considering m* = m*(n) would not considerably influence
the various aspects of this work. Here, we exemplary assume the dependence m*(n) shown

in Figure 5.5.1, presuming that similar behavior is valid at room temperature.

57



5 Doped GaAs as a superlens material 5.5. Role of the effective mass

- 0.08

mim

0.10 0.10

0.09

0.07

0.06 0.06 -

0.05

10" 10" 10" 10" 0 100 200 300
nem? TIK]

Figure 5.5.1: Effective mass m* of electrons in the I' band of GaAs. Red line (left):
Increase of m* with increasing electron density n at low temperatures
[95]. Black line (right): Decrease of m* (band-edge) with increasing
temperature 7' [87].

o FTIR measurements (see Section 6.3.1): Values of n and e (electron damping)

are obtained by utilizing them as fitting parameters for the reflectance simulation,
where n determines the plasma frequency w, x /n/m* of the doped GaAs layer.
Considering n ~ 5 x 108e¢m™3, which is in the order of the expected n for all of
the investigated superlens samples, suggests m* ~ 0.08my if taking into account
m* = m*(n). This results in an increase of the extracted n by a factor of about 1.2
as compared to the assumption of the band-edge effective mass. In contrast, obtained

values of 7, are unaffected by taking into account the increase of m*.

Hall measurements (see Section 6.3.2): Here, n and p (electron mobility) are deter-
mined regardless of m*. However, calculating 7 involves m*, o o< 1/(p-m*). So in

this case n stays unaffected, whereas 7, is reduced by a factor of about 1.2.

Calculations (see Section 5.4): The expected superlensing wavelength Agp, is calcu-
lated as a function of n, as well as € .., at superlensing conditions, which is the
relevant parameter for the performance of the superlens. To this end, e (n) is ex-
tracted from drift mobility measurements, applying e o 1/(p-m*). In addition,
m*-dependence arises due to w, = w,(m*). In Figure 5.5.2 it is shown that consid-
ering m* = m*(n) barely influences the calculations. It will be seen later that the
deviations in Agp,(n) are much smaller than the operation bandwidth of the superlens
(see Section 8.6).

o Simulation (see Section 8.1): In order to simulate the performance of a superlens

58



5 Doped GaAs as a superlens material

5.5. Role of the effective mass
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sample, the permittivity €,.gaas Of the doped layer is calculated. Here, ¢ is determined
by fitting FTIR measurements, where n and -, are the fitting parameters. It is
important to notice that, no matter what value is assumed for m*, this will just
result in a modified extracted value of n (see first item in this list). In contrast,
En-Gaas (and therefore also the transfer function) is not affected at all. This can also

be understood by regarding n/m* as an "effective fitting parameter", which does not

change when changing m*.

—

0 - - — 0 '
10" 107 10" 0 40 80 120 160
n [em™] Ag [um]

Figure 5.5.2: Calculated Agr,(n) and €/, ., 1.(Ast,) (see Figure 5.4.2). For the black line
m* = 0.067mp = const. was assumed, the red triangles were computed

by inserting m*(n) depicted in Figure 5.5.1.
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6 Preparation and characterization

In this chapter, we describe how the GaAs superlens structure, grown by molecular beam
epitazy, is further pre-examined and prepared for near-field investigations. The essential
constituent of a complete sample is a three-layered system of doped and intrinsic GaAs
(which is the superlens) with a total thickness of a few hundred nanometers, placed on top of
a gold structure, which serves as the object to be imaged. Here, the processing involves wet
chemical etching as well as optical lithography. Being of vital importance for the plasmonic
superlensing effect, the electronic properties of the middle, doped layer are determined by
both Hall- and Fourier transform infrared spectroscopy (FTIR) measurements. In the latter
case, reflectivity measurements are fitted by a multilayer reflectivity simulation based on
the Drude-Lorentz model. Also applying FTIR, we exclude that constituents of the sample
other than the superlens (glue, gold object, sample holder) give rise to a resonant response

to infrared radiation, which could mistakenly be attributed to the superlens.

6.1 Preparation

As depicted schematically in Figure 6.1.1, the preparation of the superlens samples for
the near-field investigation comprises the following steps: at first (1), a 100 nm thick
Al 9Gag 1As etch-stop layer is grown by molecular beam epitaxy (MBE) on a GaAs sub-
strate, followed by the three superlens layers, of which the middle one (thickness d) is
doped GaAs and the outer two (thickness d/2) are intrinsic. On top of the last intrin-
sic layer, gold objects are patterned by optical lithography, gold deposition, and lift-off
processing (2). After that (3), the entire system is glued top-down by instant adhesive
onto high-resistive silicon for the ease of handling. Then (4), the GaAs substrate is etched
away by citric acid down to the Aly9Gag1As etch-stop layer, which is finally (5) removed
by concentrated hydrochloric acid (HCI), resulting in the final structure for the SNOM
measurements (6). Samples with different thicknesses d (200 nm and 400 nm) and varying
doping concentrations were prepared, an overview being given in Table 6.3.1.

Prior to the etching steps, the surface has to be cleaned in order to ensure a spatially

homogeneous reaction with the material (if not doing so, roughening of the surface and slow
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GaAs AlGaAs Glue
B n-GaAs Au Si
a2
sty @ (I I I
a2{
100 nm { > >
1) MBE (on GaAs-substrate) 2) lithography 3) Glue on Si substrate
gold deposition
lift-off
4) Etch with citric acid 5) Etch with HCI (Flip over for SNOM investigation)

Figure 6.1.1: Preparation of the superlens (SL) samples. The thickness d of the n-
doped GaAs layer is 200 and 400 nm for different samples, respectively.

onset of etching was observed). For that purpose, the glued sample is sequentially put into
trichloroethylene, acetone, methanol and ethanol for 3 minutes each. Following each step,
residues of the corresponding liquids are removed by deionized water (DI-H;0) and the
sample is blown-dry by nitrogen gas. This is also done after each of the subsequent etching
steps. Since GaAs is very fragile, we do not use an ultrasonic bath. After the treatment
with the solvents, the native oxide layer is removed by dilute HCl (HCL:DI-H,O 1:5; dip
for 10 seconds). Having obtained a clean and oxygen free surface, the GaAs substrate
(nominal thickness 500 £ 25 pm) is etched away by a 4:1 mixture of citric acid (citric acid
powder:DI-H20 1:1) and hydrogen peroxide (HyO3) down to the AlyoGagiAs etch-stop.
Due to the thickness of the substrate, this is done over night for about 18 hours. Here,
a magnetic stirrer ensures a homogeneous distribution of the etchant and a flow across
the sample surface, accelerating the etching process. The arrival at the AlyoGagAs layer
can clearly be recognized by eye, the color changing from grey (GaAs) to brownish red'.
Finally, the 100 nm thick etch-stop layer is removed by a dip into concentrated HCI, which
takes about 10 seconds until the entire layer is etched away completely.

It should be mentioned that this removal is not occurring in a spatially homogeneous

'Tt was observed that the 100 nm thick AlyoGag.1As layer withstands the citric acid - HyOo mixture for
at least 1.5 hours.
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6 Preparation and characterization 6.2. Topography

manner. Therefore, some parts of the superlens are exposed to HCI for a longer period
of time than other parts, which raises the question whether the total thickness 2d of the
superlens (2d = 400 nm and 800 nm, respectively, depending on the sample) is constant
all over the sample area. This is required to ensure reproducible and comparable results
for different samples and different locations on one sample. To answer this question, we
exposed the superlens to HCI to determine the etching rate of GaAs, obtaining an upper
limit of 0.35 nm per second (after 20 minutes, the 400 nm thick superlens was not entirely
removed). Considering the total etching time of the Aly9Gag1As layer (10 seconds), the
variations in the superlens thickness are expected to be smaller than 3.5 nm, which is small

in comparison to the total thickness.

6.2 Topography

For the final sample structure, it turns out that the surface of the superlens layer is
wrinkled on a scale that can be recognized by eye. These wrinkles appear after removing
the GaAs substrate by wet etching (see step (4) in Figure 6.1.1). Here, the surface quality
is connected both to the thickness of the superlens, being 400 and 800 nm, respectively,
and lateral structure of the gold object below, which is either a periodic stripe-pattern
(width 2 pm, distance 10 pum) or a set of non-periodically distributed objects of different
shapes and sizes (in the order of 10 pm). In Figure 6.2.1, images of the sample surface
obtained by an optical microscope are depicted for three selected cases (see Section 8.1 for
a sample overview), as well as height profiles measured by a profilometer and AFM scans of
the topography at positions where near-field measurements (see Chapter 8) were obtained.
As one can see, the surface exhibits height distortions in the pum range for all samples,
which get smaller with increasing superlens thickness. This tendency was observed for
numerous test samples. For the three depicted samples, the profiles of the profilometer
cross the locations were SNOM measurements were performed, red arrows indicating these
positions. As one can see in the optical micrograph, they are all located in a flat and well
defined environment where reproducible results can be expected?.

Importantly, the gold objects are firmly connected to the superlens, since the gold de-
position was performed onto the MBE grown GaAs layers (see Section 6.1) rather than on

the Si carrier with subsequent covering the pattern by the superlens. Therefore, despite

2Note that in Figure 6.2.1b the vertical black lines in case of the samples with the striped pattern (left
and middle image) and the rectangle on the non-periodically patterned sample (right) are related to
boundaries between regions with different patterns. In proximity to these boundaries, the superlens
layer is found to exhibit a particularly smooth surface. The same applies to regions around dirt particles
(see dark spot in middle image of Figure 6.2.1b) that happen to be under the superlens layer.
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Figure 6.2.1: a) Schematic of various superlens samples (blue) and respective optical
micrographs (grey) of gold objects to be imaged (taken before covered
by the superlens). The differently doped middle layers of the superlens
samples, indicated by different shades of blue, are not of interest in
this section. b) Images of the sample surface obtained by an optical
microscope. Red dashed lines indicate cross sections where height profiles
where obtained by a profilometer, which are shown in c). Here, red
arrows point to locations were SNOM measurements were performed. d)
AFM scans at these locations.

the wrinkled surface, we can rely on the assumption that there is no gap between object
and superlens, independent of the specific lateral position.

It has been demonstrated in Ref. [96] that surface roughness reduces the imaging capa-
bility of a superlens. In this case, the surface of a silver superlens provides small islands

(~ 100 nm) with sharp edges at a height of about 4-5 nm, scattering the surface plasmon
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6 Preparation and characterization 6.3. Electronic properties

modes that arise at the silver-air interface, which are responsible for the effect. In order to
comment on the expected influence of surface roughness on the performance of the GaAs
superlens, the two cases are compared on the scales of the respective resonance wavelength.
The longer this wavelength, the less impact of a given roughness can be expected for sub-
wavelength imaging. In case of silver, superlensing occurs at A = 365 nm, whereas it is
expected at much longer wavelengths around A = 20 pum for our samples, as we will see
later (see Section 8.1). The AFM scans shown in Figure 6.2.1 cover an area of 36 X 36 um?,
which was also the scan range for the near-field measurements. As can be seen, the gold
objects give rise to related features in the topography of the samples with the thin super-
lens layers, the stripe pattern and the round shape of the disc (non-periodic object) being
clearly recognizable. While in Ref. [96] superlensing is prohibited by a roughness of about
A/100, the height variations in our case are A/2000 (considering a superlensing wavelength
of A = 20 pm) for the stripes and A/300 for the disc® only, which in particular for the
former should result in significantly less scattering. In addition, in contrast to the silver
superlens, no sharp edges are observed on our system, the height varying gradually over
a distance much larger than the height change itself. As a conclusion, we do not expect
scattering to impact the superlens performance in our experiment. Finally, please note
that the thick superlens exhibits a flat surface almost free of signatures of the gold objects
(see Figure 6.2.1d).

6.3 Electronic properties

In this section, the characterization of electronic properties of the GaAs superlens samples
by both optical and transport methods is presented, which is the basis for the interpre-
tation of the near-field results shown in Chapter 8. The various samples differ both in
thickness d and doping concentration ng,, of the middle layer. As we saw in Section 5.3,
the charge-carrier concentration n is not necessarily equal to ngep. This in particular ap-
plies to values of ngop ~ 10! ¢cm ™2, which is the case in this work, necessitating a proper
determination of n rather than relying on nominal values (which are given in Table 6.3.1).
In the following, samples are denoted as "Sample ¢.7", where 7 indicates a certain measured
electron concentration and j = 1 and 7 = 2 represent the different thicknesses d = 200 nm
and d = 400 nm, respectively. If d = 200 nm is the only thickness at a given n, then j is

omitted.

3Here, the origin of the eye-catching grains in the topography image (see Figure 6.2.1d) is unknown.
Note that, in contrast to the island structure on the silver superlens, these do not impact the plasmon
modes, which are in this case located below the surface at the GaAs/n-GaAs interface.
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6 Preparation and characterization 6.3. Electronic properties

6.3.1 Fourier transform infrared spectroscopy

In order to determine the electronic properties of the doped GaAs layer, that is the free
electron density n and the electron damping 7., Fourier transform infrared spectroscopy
(FTIR) was performed in reflection geometry on the MBE grown samples prior to further
processing (i.e. on the layer sequence GaAs/n-GaAs/GaAs/AlGaAs on GaAs substrate,
see step 1 in Figure 6.1.1).
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Figure 6.3.1: Reflectance of the layer sequence GaAs/n-GaAs/GaAs/AlGaAs on GaAs
substrate for various doping concentrations nqep (not shown) and thick-
nesses d of the doped layer (i.e. total thickness 2d of the superlens).
Simulation of the experimental results provides values of n and 7. All
measurements were performed at room temperature.

FTIR is an efficient technique yielding power spectra oc E?()) in the infrared, where F()\)
is the magnitude of the electric field at the wavelength A. Here, a Michelson interferometer
is utilized to obtain the interferogram of an incident beam, which is numerically translated
into the frequency spectrum by Fourier transformation. To measure the reflectance and

transmittance of a sample, an incoherent globar source is usually used as a radiation
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source, providing broadband infrared radiation. This is also the case here. For the results
presented, the spectrometer was evacuated to avoid signatures of atmospheric absorption.

The reflectance curves shown in Figure 6.3.1 are the power spectra of the reflected ra-
diation normalized to a reference spectrum obtained with a gold mirror. At A ~ 36 um
and 28 pm pronounced maxima are observed for all samples, which is due to the Rest-
strahlen bands of GaAs and AlGaAs, respectively, associated with their respective phonon
resonances. Apart from that, the spectral behavior is dominated by the Drude response
of the samples, which is in turn described by the permittivity of the doped GaAs layer
(see Section 5.2) since all other layers are intrinsic. Thus, electronic properties can be
evaluated by fitting a Drude-Lorentz based multilayer reflectivity simulation (MATLAB)
to the FTIR data, n and 7, being the fit parameters. Here, the simulation considers the
permittivity and thickness d of all layers, in particular of the conducting one. Both the
experimental results® and the corresponding fits are shown in Figure 6.3.1, also providing
the extracted values of n and 7, (a summary is given in Table 6.3.1). As one can see, the
overall reflectance increases with increasing n and d, which is in agreement with qualitative

expectations.

6.3.2 Hall measurements

As a complementary characterization, Hall measurements were performed in so-called Van
der Pauw geometry (97, 98]. This method allows one to determine both the longitudinal
resistivity p,, and the transverse resistivity p,, (Hall resistivity) of a thin layer of known
thickness and arbitrary shape, yielding the density and the mobility of the charge carriers.
In case of this study, these are free electrons within n-doped GaAs layers with thicknesses
of 200 and 400 nm, respectively.

A commercial Hall Measurement System HMS 9709 from Lake Shore was used for the
investigations. The sample to be examined is of quadratic shape, which decreases the
error due to an easy permutation of the measurement contacts. Therefore, pieces with the
dimensions of about 7 x 7 mm were prepared, provided with ohmic contacts by sputtering
of gold onto the corners and mounting silver wires with silver glue on top. Measurements
were performed at a fixed current of 0.1 mA. Just as for the FTIR measurements, samples
were investigated after MBE growth, before patterning the surface with gold objects. The
obtained data, measured at room temperature, are shown in Figure 6.3.2.

The Hall resistivity p,, is a linear function of the magnetic field B applied perpendicular

to the sample surface, which was varied in a range from -8T and 8T. The slope is given

4Note that a 2% offset is applied to the experimental data in case of Sample 3.2 to obtain better matching
with the fit. Such a procedure is very common for FTIR measurements.
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Figure 6.3.2: Longitudinal resistivity p;, and transverse resistivity p;, as a function
of the magnetic field B, providing values of n and p according to Equa-
tions 6.3.1 and 6.3.2, respectively. Equations 5.3.1 and 5.3.2 are applied
to obtain 7 from p. All measurements were performed at room tem-
perature.

by the Hall coefficient Ry, which is in turn a function of the charge-carrier density n (and

the charge ¢ of a single charge carrier, which is ¢ = —e in this case), according to

poy = RuB = ;—EB. (6.3.1)
Here, 7y is the so-called Hall factor given by (72)/(7)?, where 7 is the relaxation time and
the brackets denote averaging. In most theoretical models, the value of ry ranges between
1 and 2 and can be explicitly calculated for certain scattering processes [98], whereas there
is also evidence for values smaller than 1 |99]. Usually, ri is not known and set to 1, being
aware that extracted values of n might not be precisely accurate due to this uncertainty.
This is also done here. In addition, due to the high doping level, the Hall voltage is very

low, which as well limits the accuracy.
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Having determined n by linearly fitting p.,(B), the mobility p is deduced from the

longitudinal resistivity p.., taking into account

1
Pz = . (6.3.2)
qn
Considering classical magnetotransport, p., is independent of B, which apparently is valid
for our measurements (note, however, that this may not be true for all systems). Therefore,
it was evaluated by applying a horizontal linear fit, reducing the statistical error. Finally,
the electron damping 7, can be calculated from p by applying Equations 5.3.1 and 5.3.2.
Obtained values of n and ~, are provided together with corresponding measurements in

Figure 6.3.2 and in Table 6.3.1 for summary.

6.3.3 Summary and comments

In this section, the electronic properties of all samples are summarized. Values of n and
Yel, Obtained both by FTIR and Hall measurements, are listed in Table 6.3.1. Moreover,

the nominal doping concentration ng., and the thicknesses d of the doped layers are given.

SO [S1.1]S1.2] S2 | S3.1 | S3.2
d [nm] 200 | 200 | 400 | 200 | 200 | 400
Ngop  [10Bem™3] | 0 5 5 5 15 15
TR 1108em=3] | - 3 3 |48 (4) 4
AETR - Jem ™1 - | 60 | 60 | 80 | (100) | 100
pHall 110%¥em ™3] | - 39 | 34 | 74 - 5.3
v Jem ™Y - | 79 | 80 | 115 - 102

Table 6.3.1: Properties of various superlens samples, SX abbreviating Sample X. The
table lists the thickness of the doped layer d, the nominal doping concen-
tration nqep, the electron density n and the electron damping 7, (obtained
by FTIR- and Hall measurements, see Sections 6.3.1 and 6.3.2). FTIR
values of Sample 3.1 are denoted in brackets since they were not directly
measured but deduced from the FTIR investigations of the other samples
(see text below).

As a remark, not all samples were produced in the same fabrication run®, giving rise
to different growth conditions, with the MBE machine not being well calibrated in each

case. Hence, the values of ng,, should merely be regarded as a rough indication of the

5To be more precise, there were two growth runs: one for Sample 2, and one for all other samples.
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Figure 6.3.3: Electron density n and the electron damping 7 obtained by both FTIR-
and Hall measurements. As a comparison, the black curve depicts e (n)
extracted from drift mobility measurements [94| (see Section 5.3). For
Naop > 7 x 1018cm™3 autocompensation of n is considered [93] (dashed
line). The red dotted line indicates the trend of the FTIR results.

actual doping concentration. There are two samples with nominal values as large as
Naop = 1.5 x 10¥ecm ™, which, as we saw in Section 5.3, is expected to cause undesired
autocompensation of free electrons. However, we were not aware of this issue at the time
of sample preparation. In addition to the overview table, Figure 6.3.3 provides a graphic
depiction of the experimentally obtained 7¢(n), including a comparison to expectations
based on values from literature (see Section 5.3). As can be seen, there is general agree-
ment, however the deviations between the various values are not negligible, as discussed
in the following.

For two reasons, we rely on values obtained by FTIR rather than by Hall measurements.
First, the FTIR results are obtained in a spectral range that includes the expected su-
perlensing wavelength. Therefore, they provide ac values of v, describing the damping of
plasma oscillations, which are directly linked to the superlensing effect (see Section 3.3).
In contrast, 7, extracted from Hall investigations is related to the electron scattering time
7 in a dc current. Second, as we discussed in Section 6.3.2, the accuracy of the Hall
measurements is impacted both by small Hall voltages due to high electron densities and
the unknown Hall factor ry, which is involved in the data evaluation. Here, note that
ru = ru(n), as for instance demonstrated for doped Si in Ref. [100]. Hence, the Hall data
only serve as a rough validation of the FTIR investigations.

Since the literature based curve 7 (n) in Figure 6.3.3 as well relies on de transport
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measurements [94], precise quantitative agreement with the FTIR investigations can also
not be expected in this case. In addition, absolute values depend on the specific MBE
growth conditions, which are certainly different regarding our samples on the one hand
and literature based values on the other hand. Nevertheless, the FTIR results agree with
qualitative expectations, providing the expected reverse C-shape of v, (n) at large values
of n, which arises from the previously mentioned autocompensation of free electrons. In
particular, the extracted electron density of Sample 3.2. is just about one third of the
nominal doping concentration, which can be attributed to this effect.

For Samples 1.1 and 1.2, identical results are obtained, which was expected since they
were grown in two subsequent MBE growth runs with the same intended doping level.
Here, the only difference is the layer thickness d. This accurate match is remarkable, as it
implies that for Sample 3.1, which was not investigated by FTIR, the same values as for
Sample 3.2 can be assumed (in the table, values of Sample 3.1 are denoted in brackets).
Furthermore it confirms that the fit function used for the determination of n and . also
considers d correctly.

In Section 8.1, values obtained by FTIR measurements are inserted to simulate the
superlensing behavior of the samples. In Table 6.3.1, the numbers of interest are highlighted
by applying bold font.

6.4 Exclusion of resonant artifacts

The objective of this work is to investigate the properties of a GaAs superlens, providing
resonant enhancement of evanescent waves. As we will see later in Section 8.1, this is
expected to occur at wavelengths between A = 17 um and 23 pm for the various samples,
these values being based on the electronic characterization presented in the present chap-
ter. To avoid misinterpretation of measured signals, it is important to exclude resonant
phenomena in this spectral region caused by constituents of the samples other than the
superlens structure itself.

For the ease of handling, the layered system is glued onto a semi-insulating silicon
substrate by instant adhesive. An increase of the reflectance of silicon and absorption lines
of the glue could lead to increased and decreased near-field signals, respectively, which
might mistakenly be attributed to the superlens. As can be seen in Figure 6.4.1a, neither
is the case in the spectral range of interest. On the one hand, the substrate provides a
rather constant reflectance of about 35%. On the other hand, absorption by the glue was
not observed at wavelengths longer than A = 12 pum, in contrast to shorter wavelengths.

This is seen by comparing the transmission through a thin layer of glue (~ 3 pm) on silicon

71



6 Preparation and characterization 6.4. Exclusion of resonant artifacts

1.0 1.0
a) —— Si Transmittance

—---— Si Reflectance
Si+Glue Transmittance

——no stripes
W-D b)

08 —2-10

2-6

—4-4
0.6 WV“/

Reflectance

04F oy
e it

02F

—————— A

0.0 1 1 1 00 1 1 1
5 10 15 20 25 10 20 30 40

A [um] A [um]

Figure 6.4.1: (a) Reflectance of the silicon substrate and transmission with and with-
out a ~ 3um thick layer of glue (instant adhesive). (b) Reflectance of
gold stripes on the layer sequence GaAs/AlGaAs on GaAs substrate for
various stripe widths W and distances D (period W + D), indicated in
pm in the figure legend. The region of interest for the SNOM investiga-
tions is highlighted in blue.

to the transmission through silicon without glue (the absorption line at A ~ 16.5 pum is
due to a two-phonon absorption in silicon [101, 102]). Note that the larger transmission
in presence of the glue can be attributed to Fabry-Pérot oscillations caused by this layer.
Another essential constituent of the samples are the gold objects, which are imaged
through the superlens. For most investigations presented in this work, this is a periodic
pattern of stripes. On the one hand the periodicity eases the experiment, since investiga-
tions can be performed at arbitrary positions of the samples without having to search for
a particular location. On the other hand, however, periodic structures can cause resonant
interference phenomena, which are unwanted for above mentioned reasons. Therefore,
the reflectance of various patterns (gold stripe width W, distance D) was measured af-
ter the lithography step on a reference structure (i.e. gold stripes on the layer sequence
GaAs(400 nm)/AlGaAs(100 nm) on GaAs substrate; no doped layer). This is shown in
Figure 6.4.1b. An unpatterned sample is also displayed for comparison (note the differ-
ence to the measurements shown in Figure 6.3.1, which arises from the lack of free electrons
in this case, reducing the reflectance). As expected, adding gold stripes enlarges the overall
reflectance in each case. In addition, also the detailed spectral behavior strongly varies.
Obviously, the stripes induce peaks and dips in the reflectance, which depend both on W
and D. For the cases depicted in blue (W = D = 4 ym) and green (W =2 pum, D = 6 pm),
a pronounced feature arises at A &~ 25 ym. This corresponds to A ~ 8 um in GaAs (con-

sidering nf, s = /Ecaas ~ 3 at this frequency), which equals the periodicity W + D of
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these two patterns. Following the same argumentation, the pattern with a periodicity of
12 pm gives rise to an increase of reflection at A ~ 32 um (n§, ,, = 2.6 at this frequency®),
as can be see by comparison with the sample without stripes. This pattern (W = 2 pm,
D = 10 pm) was chosen for the investigations of the superlens, since the spectrum is least

distorted in the range of interest.

®Note that the value of egaas and hence of ng, ,, drops due to a phonon resonance, see Figure 5.2.1.
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7 Experimental details

In this chapter, the experimental methods for the s-SNOM investigation are introduced.
Ezxploiting the tip of an atomic force microscope (AFM) as near-field probe, this technique
allows one to control the probe-sample distance on a nanometer scale by recording the
movement of a cantilever, which is deflected under the influence of the short-range force
between tip and sample. As a radiation source we apply the free-electron laser FELBE,
which s continuously frequency tunable over a large infrared spectral region, using rela-
tivistic electrons in a pertodic magnetic field as adjustable gain medium. The main aspects
of the setup and its adjustment are introduced. The scattered near-field is detected in a
direct, non-interferometric manner. Here, due to the short coherence length of the FELBE
radiation, the signal is not disturbed by interference with far-field background, resulting

from scattering at structures surrounding the probe.

7.1 AFM to probe the near-field

In scattering-type scanning near-field optical microscopy (s-SNOM), a nm-sized particle
acting as a light-scattering probe is placed in close proximity to the sample, with a laser
serving as an intense radiation source in most cases. The scattering at the probe is modified
by the near-field interaction with the sample (see Chapter 4), which occurs on a scale of
the curvature radius a of the probe’s apex in both vertical and lateral direction. On
the one hand, this allows for extracting the local permittivity with a spatial resolution
of about a, independent of the applied radiation wavelength A, as long as a < A. On
the other hand, it requires placing the probe at a distance h < a to the sample. In our
case, this is enabled by atomic force microscopy (AFM), where the short range mechanical
force between a sharp tip and the sample is exploited to control their separation on a
nanometer scale |69, 103]. Typically, a is in the range of about 10 nm, providing deep
subwavelength SNOM resolution for both the visible (A &~ 380 — 780 nm) and the infrared!

!Note, however, that the intensity of the scattered light is proportional to 1/A* (see Equation 4.2.14),
drastically reducing the SNOM signal at long wavelengths. Also, photodetectors operating in the far-
infrared are less efficient than at shorter wavelengths, making this spectral region very challenging for
SNOM investigations.
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7 Experimental details 7.1. AFM to probe the near-field

N

S

Figure 7.1.1: AFM tip as near-field probe: incoming radiation (orange) with a wave-
length A induces near-field coupling between tip and sample on a scale
of the tip radius a. Phase and amplitude of the scattered light (red)
depend on the local permittivity of the sample at a spatial resolution of
about a, independent of .

(A &~ 0.78 — 1000 um) spectral region. By scanning the sample in lateral direction with
respect to the tip, an optical image is obtained by recording the scattered light at each
position.

During a SNOM scan, it is crucial to keep the distance h between the sample and the
tip constant, since the scattering behavior strongly varies with A. While the position of
the tip is fixed, both the lateral (z,y) and the vertical (z) displacement of the sample are
realized by piezoelectric scanners. Here, scanning the tip instead of the sample, which is
also a common approach in AFM, is disadvantageous in s-SNOM, since this would require
tracking the laser beam which is illuminating the tip. The voltage applied to the z-scanner,
ensuring constant h, is interpreted as the topography of the sample surface and is recorded
simultaneously to the near-field image. In AFM, the probing tip is located at the end of a
cantilever. There are several operational modes, each of them exploiting the motion of the
cantilever induced by the force between tip and sample in order to control the tip-sample
distance h. The mechanical interaction is qualitatively well described by the Lennard-
Jones potential Vy; [104], which takes into account long-range attractive van der Waals

and short-range repulsive covalent forces between electrically neutral counterparts. It can

Vis(h) = 4A <§> —(%) : (7.1.1)

where the parameters A and B depend, amongst others, on the material and geometry of

be written as
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4QP
Feedback
Loop
SXy
nyz

Figure 7.1.2: AFM operation: the cantilever (CL) motion is recorded by the reflection
of a laser diode’s (LD) beam onto a four-quadrant photodiode (4QP),
providing the input signal of a feedback loop that ensures constant dis-
tance h between tip and sample. To this end, a voltage is applied to a
piezoelectric scanner (S;) in vertical direction. Lateral displacement is
also enabled by scanners S;,. Piezoelectric slip-stick actuators (Pgy»)
allow for coarse positioning of the sample.

tip and sample. The corresponding force Fp; is given by

oh

Fry(h) = (7.1.2)
The cantilever bends under the influence of this force as the tip approaches the sample.
In this work this bending is recorded by the method of beam deflection. To this end, the
visible beam of a laser diode is focused onto the backside of the cantilever, where it is
reflected onto a four-quadrant photodiode (see Figure 7.1.2). The difference of the pho-
tocurrents generated in the top quadrants and the bottom quadrants (top-minus-bottom
signal) corresponds to a certain deflection of the cantilever and therefore to a certain h,
which is kept constant during a scan by employing the diode signal as the input signal of
a control circuit acting on the voltage applied to the z-scanner. This mode is referred to
as the static mode. On the other hand, the cantilever can be excited by piezoelectric shak-
ers to oscillate close to its resonance frequency, with this resonance being shifted by the
force gradient between tip and sample. This dynamic mode is applied in s-SNOM, since

the periodic modulation of h allows for suppressing background signals due to unwanted
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Figure 7.1.3: Force Frj between tip and sample as a function of their distance h,
derived from the Lennard-Jones potential V7 ;.

scattering events (see Section 4.4). The resonance frequency fy of the cantilever is given
by [105]

1 D
~ o\ ey

fo

(7.1.3)

where D is the spring constant and m.ss the effective mass of cantilever and tip. In the
present work, silicon cantilevers with a thickness t = 7 pym, width w = 38 um and length
[ = 225 pum are applied. The tip consists of silicon as well. For this geometry, the spring
constant is given by [106]
Et3w
D=—— 7.1.4

where F is Young’s modulus of silicon. This provides a nominal resonance frequency of
fo = 190 kHz, which is much higher than the frequency of undesired vibrations (building
vibrations, acoustic waves) potentially disturbing the measurement. In proximity to the

sample, fj is shifted by the gradient of the force F; according to

1 D_ 6FLJ
fo=gA = ff" : (7.1.5)

While the long range attractive forces barely impact the oscillation, the short range re-
pulsive forces lead to an increase of fy induced by the large gradient 0Fy;/0h < 0 (see
Figure 7.1.3). If the excitation frequency is kept constant, this shift of f, gives rise to a

reduced amplitude of the cantilever oscillation, which is the parameter to control A in this
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7 Experimental details 7.1. AFM to probe the near-field

amplitude-modulated (AM-) version of the dynamic mode, also often referred to as tapping
mode. Alternatively, fy itself can serve as the control parameter, where the excitation fre-
quency is tracking the resonance. This is called frequency-modulated (FM-) AFM, allowing
for an almost constant oscillation amplitude due to an additional controller. Therefore,
it is the preferred AFM mode for SNOM measurements, since the scattering condition is
kept constant. In contrast, when applying AM-AFM, the amplitude necessarily changes
at topographical steps before the control circuit adjusts the distance to the sample. This
gives rise to variations of the optical signal, which might erroneously be interpreted as
near-field contrast. However, the samples of interest in this work are lacking any relevant
topographical features related to such artifacts. Thus we apply AM-AFM, providing a
more stable performance than FM-AFM with our setup.

For the present study, a home-built AFM [107] is applied, designed to provide easy
optical access to the tip-sample junction. The sample is moved by commercial piezoelectric
scanners in all three dimension, providing a nominal scan range of 40 x 40 x 4.3 pum3
(x x y x z). For a coarse positioning of the sample, the scanners are placed on a stack
of piezoelectric slip-stick actuators, offering a range of 5 x 5 x 5 mm?® at a precision of
at least 50 nm. As already mentioned above, the AFM tip is located at the end of a
cantilever, which in turn is attached to the microscope by an alignment chip, allowing for
the exchange of probes with high spatial accuracy. This is especially relevant for SNOM
studies, where the position of the tip with respect to the incoming laser beam has to be
kept constant.

A final remark is dedicated to the AFM-tip, which is of course of critical importance
both for the AFM and the SNOM performance, since it is the apex of the tip which
mechanically and optically interacts with the sample. The spatial resolution of both the
topography and the near-field image, which are recorded simultaneously, is in the order
of the curvature radius of the apex. In SNOM, a sharp tip comes with a decrease of the
signal strength, since the scattering amplitude is reduced. Hence, a compromise has to
be found, depending on the detector sensitivity and the structure size to be investigated,
for instance. In this work, we apply silicon tips coated by a 25 nm thick double layer of
chromium and platinum iridium? (Pt-Ir5), providing a radius of about 50 nm. In contrast
to a pure silicon tip, this coating ensures a spectrally flat polarizability in the infrared
(see Equation 4.2.17), which is desired for the investigation of wavelength dependent near-
field phenomena, since spectral changes can exclusively be attributed to the sample. Also,
Pt-Ir5 is mechanically very stable compared to other metal coatings (e.g. gold), being of

particular importance in s-SNOM where a change of the tip geometry would give rise to a

2NANOSENSORS, PPP-NCLPt
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change of near-field signal.

7.2 Radiation source FELBE

In this work, the spectral behavior of a plasmonic superlens was investigated in the infrared
spectral region. To this end, the free-electron laser FELBE? at the Helmholtz-Zentrum
Dresden-Rossendorf was applied as a radiation source, providing intense narrowband ra-
diation that is continuously tunable within a large wavelength range.

A conventional LASER (Light Amplification by Stimulated Emission of Radiation)
makes use of stimulated transitions between quantized states of a gain medium at fixed
energies, such as bound electrons in gas- or solid-state lasers. In contrast, as the name
suggests, free electrons represent the laser medium of a free-electron laser (FEL) [108],
where lasing arises from the wiggling motion of a relativistic electron beam. Here, the
extraordinary attribute of an FEL is its wide spectral tuning range, which makes it highly
valuable for spectroscopic studies. The concept of this kind of laser can be understood in
purely classical terms [109], as shortly introduced in the following. The main components
are schematically depicted in Figure 7.2.1 (note that there are designs that differ from the
example presented here, however they follow the same principle). A beam of electrons
with velocity v, provided by an electron accelerator, is injected into a so called undulator,
which consists of an array of alternately poled permanent magnets generating a spatially

periodic magnetic field B with period A,

2
B = Beysin ;Z, (7.2.1)

U

where ep is the unit vector along the axis of the magnets and z is the direction along the
beam. The arising Lorentz force induces an oscillatory motion of the electrons transverse
to B while moving through the undulator, giving rise to synchrotron radiation. Due to
their relativistic speed, i.e. almost the speed of light ¢, this emission occurs in forward
direction only (from the laboratory frame of observation, other directions would result
in electrons and photons moving away from each other at a speed greater than c). The

wavelength A\g of the spontaneously emitted light is given by

_1+K2

h= (7.2.2)

*Free-electron laser at ELBE (Electron Linear accelerator for beams with high Brilliance and low Emit-
tance)
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7 Experimental details 7.2. Radiation source FELBE

Figure 7.2.1: Scheme of a free-electron laser (FEL). Dipole magnets (gray) direct a rel-
ativistic electron beam (blue) into an undulator, consisting of magnets
(red/green) that provide an altering magnetic field (period A,). The
oscillatory motion of the electrons gives rise to synchrotron radiation,
where light amplification is obtained in an optical cavity (mirrors de-
picted in gold, one of them providing a small hole for radiation output).

with the Lorentz factor

1
V= — (7.2.3)
-5
and the undulator parameter
eBA
K = “ 7.2.4
2rmoc’ ( )

where —e and my are the electron charge and rest mass, respectively. Note that typically
K is in the order of one, and hence the emitted A, is in the order of the undulator period
A\, divided by +2. With ), being fixed, A\, can be tuned by both altering the electron
velocity v and the magnetic field B, where the latter is realized by changing the gap of
the undulator. The spectral linewidth of the spontaneous emission is determined by the
number of undulator periods N,, narrowing with increasing N,. With w, = 27/, the

spectral intensity distribution is given by

sin (TN, (w — ws) /ws) 2
I(w) ( TN — ), ) : (7.2.5)

According to this, a linewidth of about 1% can be expected for N, = 100 [107].

As considered so far, the light emitted by the arbitrarily positioned electrons is incoherent
due to the random phases of the respective waves. However, coherence arises from an effect
called mirobunching: If a feedback is provided by an optical cavity (see Figure 7.2.1), the

undulator acts as a gain medium, where the interaction between electrons and the radiation
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7 Experimental details 7.2. Radiation source FELBE

field yields a redistribution of the charge carriers. This leads to stimulated emission of
photons. In particular, the ponderomotive force acting on the transverse motion of the
electrons results in a formation of bunches at a distance of the radiation wavelength,
which are referred to as microbunches. Hence, the photons emitted by all electrons are
in phase with each other, enabling coherent light amplification. It has been found that
this amplification (or gain) is proportional to the derivative of the spontaneous emission
line (see Equation 7.2.5), obviously resulting in zero gain for the center wavelength A;. In
contrast, amplification occurs for slightly longer wavelengths, while shorter wavelengths

are absorbed by the electrons.

P.. [au]

16 20
2 [um]
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Figure 7.2.2: Exemplary emission lines of FELBE. Normalized laser power Ppgr, as a
function of the radiation wavelength A depicted for various settings of
operation.

The free-electron laser FELBE consists of two undulators with different undulator peri-
ods Ay, called U27 and U100, where the numbers indicate A\, in units of mm. Note that
both undulators cannot be operated at the same time. Here, U27 provides radiation wave-
lengths between 4 pm and 22 pm, while U100 covers the range from 18 pum to 250 pm.
Both undulators were applied for the near-field investigations in this work, where Figure
7.2.2 depicts exemplary emission lines obtained when performing the near-field measure-
ments presented in Chapter 8. The polarization of the laser light is determined by the
sinusoidal motion of the electron beam, giving rise to linear polarization with horizontal
orientation in case of FELBE. For the SNOM measurements, it is rotated by 90° on the
optical table. Due to a pulsed operation of the electron accelerator ELBE, which delivers
the electron beam, the infrared radiation of FELBE is also pulsed. Here, the rate is fixed
to 13 MHz, related to a cavity length of 11.53 m. Since this is much faster than the oscil-
lation frequency of the AFM tip (i.e. the SNOM probe) at which the near-field signal is
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demodulated in our measurements, the laser beam can be regarded as continuous in this
work. By a system of mirrors, it is forwarded from the FEL to the laboratory housing the
SNOM setup, which will be described in the next section.

7.3 s-SNOM setup and adjustment

The infrared electromagnetic radiation of the FEL, invisible to the human eye, has to
be focused onto the scattering AFM tip, whereupon the scattered near-field is directed
to a liquid nitrogen cooled mercury cadmium telluride (MCT) detector*. To this end, a
visible alignment laser (red, A = 633 nm) is applied, following the same path as the FEL
beam. A simplified scheme of the optical setup is shown in Figure 7.3.1. In order to ensure
suitability for the whole infrared spectrum of the widely tunable FEL, it is solely based
on reflection optics instead of diffracting elements (e.g. lenses), providing close to 100%
reflectivity throughout this spectral region. Plane and parabolic mirrors with gold coatings
are utilized as well as a gold coated defined edge of a silicon wafer, which is applied as a
beam splitter that reflects half of the profile of the incoming beam.

The beam paths of alignment laser and FEL are adjusted by two independent pairs of
plane mirrors, allowing for both a parallel shift and a change of direction for each case.
In Figure 7.3.1, these dedicated mirrors are labeled by hand shaped symbols depicted in
the same colors as the associated laser beams. One of these mirrors being on a flip mount
enables the two beam paths to merge after they have passed the adjustment mirrors. Here,
two iris diaphragms at a large distance ensure collinearity. Half of the laser beam passes
the beam splitter to a powermeter, recording the laser power during a SNOM measurement
for signal normalization. The other half is directed to a parabolic mirror (diameter 2 inch,
focal length 4 inch), which focuses the laser beam onto the tip-sample junction at an
angle of 65° against the sample surface normal. The same parabolic mirror collimates the
backscattered light, half of it passing the beam splitter and being refocused on the active
area of the MCT detector, which generates a voltage that is processed by a lock-in amplifier
(see Section 4.4 regarding the modulation of the scattered near-field by the oscillation of
the AFM tip).

The adjustment of the FEL beam is carried out in four steps. First, the visible alignment
laser, passing the two iris diaphragms, is focused onto the AFM tip. To make sure a
Gaussian profile in the focus with well defined polarization, the flat back surface of the
parabolic mirror needs to be perpendicular to the incoming beam. Fine tuning of the

position of the focus is enabled by a piezo stage carrying the mirror, providing an accuracy

4InfraRed Associates, Inc; FTIR-22-2-0
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Figure 7.3.1: Simplified scheme of the s-SNOM setup comprising following elements:
plane gold mirrors (M), plane gold mirror on flip mount (FM), parabolic
gold mirrors (PM), iris diaphragms (ID), beam splitter (BS), powerme-
ter (P) and MCT detector. Radiation sources: alignment laser (A, red
dashed line) and free-electron laser FEL (orange line). Hand shaped
symbols depicted in the respective colors label the mirrors exploited for
beam path adjustment. The red solid line represents the scattered near-
field.

of about 1 pum in all three dimensions. The AFM tip gives rise to a shadow within the
laser profile behind the focus, being largest in case of the focus meeting the tip, which
is desired (if the focus is smaller than the tip, a diffraction pattern can be seen). The
adjustment laser is also exploited for adjusting the position of the detector behind the
second parabolic mirror. As a second step, the FEL beam is directed through the iris
diaphragms with the help of a pyroelectric camera, which is applied to image the beam
directly behind each of the diaphragms. The FEL beam now should be collinear to the
adjustment laser, being focused at the tip of the AFM. This can be checked by recording
the lock-in signal at the tip oscillation frequency, arising since the cantilever is periodically
moving through the focus, which modulates the scattered light reaching the detector.
Next, the tip is brought into contact with the sample. Due to the near-field interaction,
a lock-in signal at higher harmonics of the oscillation frequency (see Section 4.4) arises if
the apex of the tip is illuminated. This signal is optimized by fine tuning the position of
the focus. Typically, the second and third harmonic signals, N Fyq and N F3q, are chosen
as parameters for that purpose, where the latter comes with the advantage of being less
impacted by background radiation, however also with the disadvantage of significantly
reduced signal strength. Finally, the dependence of N Fh, and N F3q to the distance h
between tip and sample (retract curves) is recorded. As we saw in Section 4.4, a nonlinear

decay to zero on the length scale of the tip radius (= 50 nm) can be expected if background
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signals are suppressed efficiently, verifying the quality of the FEL alignment. Typically,
a decay within 100 nm is an indicator for a near-field signal with negligible background

contribution (see Section 8.5).

7.4 Direct detection at FELBE

The s-SNOM results presented in this work, exploiting the free-electron laser FELBE as a
radiation source, are obtained by direct, non-interferometric detection. In Section 4.4, we

discussed that in this case the signal N F,q is given by
NF,q X Epesp cos (@ve — ©n), (7.4.1)

where Ej. is the background field scattered at the sample surface and s,e™" arises from
a Fourier expansion of the tip apex related scattering coefficient se®” modulated by the
probe oscillation, which yields the information about the local near-field. As one can see,
the signal strength is in particular impacted by phase changes of the two fields, where @,
is unknown.

In general, the interference with background radiation has two consequences: First, a de-
termination of s,, disentangled from ¢,,, is not possible. Second, since ¢y, strongly depends
on the specific experimental arrangement, for instance the exact position and orientation
of the sample (i.e. the position of scatterers on the sample surface), bad reproducibility
of obtained results is expected. Therefore, interferometric detection is preferential (see
Section 4.4). In the past, there were several attempts to realize interferometric detection
with FELBE. However, this was not successful for technical reasons, mainly due to large
intensity noise as compared to table top lasers.

Despite the uncertainties arising from the unknown background phase @y, well repro-
ducible results were obtained [18, 19, 37, 38, 110] over many years. Spectral positions
of observed resonances, the strength of near-field signals and obtained contrasts are very
stable and not sensitive to occasional modifications of the optical setup, which in general
can be expected to modify the background light and hence the signal. The origin of this
might be the comparatively large focus size of about 100 pym with a rather homogeneous
illumination of the area surrounding the tip-sample junction. This gives rise to interfer-
ence with light originating from a large number of scattering centers on the sample surface,
all providing different (., where an average impact on the signal seems to be stable. In
addition to this, FELBE is a pulsed infrared source with a pulse length of few ps. Hence,

for path-length differences in the mm-regime, no interferences are observed. Note that
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with a table top cw COs laser, providing a much longer coherence length, we observe sig-
nificantly stronger modulations when measuring non-interferometrically (see Figure 7.4.1).
Here, interference stripes arise due to a relative displacement of AFM tip and sample when

scanning the latter, thereby changing ¢y..

FEL co,
=113 pum =112 um

Figure 7.4.1: Near-field images of gold-stripes (width 10 um) obtained with the FEL
(left) and a COq laser (right) at a radiation wavelength of A = 11.3 ym
and 11.2 pm, respectively. The white arrow indicates the direction of
the incoming laser beam for both cases.
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If the signal is not influenced by a change of ¢, as it seems to be the case for the
measurements with the FEL, then this also applies to ¢,. Hence, we can assume for our

specific setup in combination with FELBE as a radiation source that
NF,q x s, (7.4.2)

where a signal change related to the optical properties of a sample solely arises due to
a change of the scattering amplitude s,. Please note that this section only discusses the
interference of the scattered near-field with background radiation. In general, this excludes
phase effects, however if the SNOM tip couples to various objects with different permittiv-
ities at the same time, which is not considered here, the phase can become relevant. Such

an effect was also observed in this work and will be discussed in Section 8.3.3.
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8 Results of near-field investigation

In this chapter, SNOM images of gold patterns obtained via various superlens structures
are presented, where superlensing is induced by the plasmonic response of a doped GaAs
layer. Measurements are shown in a wide mid-infrared spectral range, utilizing a FEL as
a radiation source. In order to relate the results to theory, we calculate the permittivity of
each superlens, based on the electronic properties obtained by FTIR measurements. The
comparison of the doped superlens to an intrinsic GaAs reference sample at the expected
superlensing wavelength confirms that enhancement of evanescent waves s indeed induced
by the presence of free electrons. A detailed wavelength dependence of both the strength of
the transmitted near-field through the superlens and the respective resolution of the imaged
gold pattern provides excellent agreement to the resonant behavior of the calculated transfer
function. As a secondary effect, the image contrast reverses at a wavelength well separated
from the superlensing condition, which can be attributed to a resonant coupling between
SNOM probe and doped layer. When comparing different samples in spectral proximity to
the superlensing wavelength, we find that the obtained resolution decreases with increasing
layer thickness, however, the resonant nature of the effect gets subtle for too thin samples.
FEven though the various superlenses do not exhibit large differences in terms of electron
density, our results provide indications for a corresponding spectral shift of the resonance,
demonstrating that the superlensing wavelength can be controlled by changing the doping
level. For all investigations the near-field signal nonlinearly decays to zero when increasing
the distance between probe and superlens surface. This is evidence that the measurements
are free of far-field background. Finally, we qualitatively discuss the origin of the compa-

rably large working bandwidth of the plasmonic GaAs superlens.

8.1 Sample overview and expectations

The superlens structures to be investigated consist of an n-doped GaAs layer (thickness
d) sandwiched between two intrinsic layers (thickness d/2). For the SNOM measurements,
the superlenses were placed onto gold patterns to be imaged. As described in Section 5.4,

doping offers the potential to control the superlensing wavelength Agp,, which is determined
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8 Results of near-field investigation 8.1. Sample overview and expectations

by the electron density n and the electronic damping v (n) of the conductive GaAs layer.
Values of n and 7, obtained by FTIR reflectivity measurements (see Section 6.3.1), are
inserted to calculate the dielectric function €. In Figure 8.1.1, all investigated samples
are depicted schematically, varying in n, 7., total thickness 2d and object to be imaged.

Here, the numbering of the samples is the same as in Table 6.3.1, where the results of

Sample 0 Sample 1.1 Sample 1.2 Sample 2 Sample 3.1 Sample 3.2
n=0 n=3x10"%cm=3 n=3x10"%cm>3 n=4.8x10%cm3 n=4x10"%cm? n=4x10%cm3
Reference Yo = 60 cm-! 1= 60 cmr! o= 80 cm! Ja=100cm™ 3= 100 cm~’
E
£
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gl 2
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Figure 8.1.1: Overview of all investigated superlenses. For each sample, ¢’ and €” of
the doped middle layer were calculated based on the respective values of
n and 7. Arrows indicate the expected resonance wavelengths, pointing
to the € of the respective numbered sample. The dashed line corresponds
to intrinsic GaAs.

the electronic pre-characterization were summarized. For the doped layer in the middle,
different nuances of blue correspond to different n, dark blue indicating a high value of
n. The same color code is applied to depict for each case the real and imaginary part of
the permittivity, ¢’ and €”, respectively. Black arrows, numbered according to the associ-
ated superlenses, indicate the expected superlensing wavelengths, following the condition
€1 Gars = —E€Gans (see Equation 5.1.1). In the graphs, the dashed line corresponds to ¢ of
the outer, intrinsic layers. As one can see, superlensing can be expected within the wave-

length range A = 17...23 um in all cases, the resonances being separated from each other
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Figure 8.1.2: Calculated transfer function |Tsp|? of Sample 3.2, plotted in logarithmic
scale for good visibility [26].

by &~ 2 pm. Since for all samples £”(\gy,) is quite similar!, image qualities are expected not
to differ a lot from each other (for a given d). When presenting the experimental results
in the following sections, sample numbers according to Figure 8.1.1 are indicated in the
figure captions.

For the superlens which was investigated in most detail (Sample 3.2), the transfer func-
tion |Tsp|? (see Section 3.2.3) was calculated® and is shown in Figure 8.1.2. Here, |Tgsg|? is
the transmittance through the three-layered structure, which is considered to be adjacent
to air on both sides for the calculation, providing the intrinsic properties of the superlens.
The transmittance of large tangential wavenumbers k; is resonantly enhanced at a radia-
tion wavelength A ~ 20 um, where an increase of spatial resolution and of near-field signal
is expected. Here, the resonance wavelength is consistent with the condition in terms of
¢’, which is visualized in Figure 8.1.1. Note that the prominent red line in the color scaled
plot of the transfer function corresponds to the light line, i.e. k; = k = w/c, separat-

ing propagating waves on its left hand side and evanescent waves on the right hand side.

1Since both increasing 7. and increasing n leads to an increase of €”, it happens that ”()\) is almost
identical for Sample 2 and Sample 3 in the displayed wavelength range.

2The transfer functions presented in this thesis were calculated by cooperation partners (PhD student
Kan Yao under supervision of Prof. Yongmin Liu) at the Department of Electrical and Computer
Engineering, Northeastern University, Boston, Massachusetts 02115, United States.
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Figure 8.1.3: Transfer function |Tsp|? at the expected resonance wavelength
A =19.8 um, depicted both for Sample 3.2 and an undoped reference
structure of equal thickness.

The decreased transmission around A ~ 37 pm is attributed to the Reststrahlen band of
GaAs. Figure 8.1.3 depicts the transfer functions of Sample 3.2 and of a corresponding
undoped reference structure of the same total thickness at fixed A = 19.8 pum, which is
the wavelength where superlensing is expected. As can be seen, the transmittance of large
tangential wavenumbers is significantly enhanced by the presence of the doping layer in

the superlens structure.

8.2 Data acquisition and evaluation

Near-field images of the gold objects via the GaAs superlenses are obtained by a scattering-
type scanning near-field optical microscope (s-SNOM) in combination with a free-electron
laser (FEL), which is frequency tunable over a large infrared spectral range (for experimen-
tal details and theory see Chapters 7 and 4, respectively). This is depicted schematically
in Figure 8.2.1. The s-SNOM probe, a metallized atomic force microscope (AFM) tip,
is illuminated at an angle of 65° with respect to the surface normal, with the light scat-
tered at the probe-sample junction (near-field (NF) signal) being detected in backward
direction. Here, the laser beam is p-polarized, with the electric field vector E oriented
parallel to the plane of incidence. The AFM is operated in tapping mode and near-field
signals are obtained by demodulating the scattered light at the second and third harmonic
of the cantilever oscillation frequency (2, denoted as N Fsq and N Fiq, respectively. While

N Fsq provides a larger signal strength and therefore a better signal-to-noise ratio, N F3q
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Figure 8.2.1: Schematic illustration of the experiment [26]. At the resonance wave-
length Agr,, the GaAs superlens structure is expected to provide a non-
diffraction-limited image of the buried gold-patterns, caused by an en-
hanced transfer of evanescent waves (red feature in the sample) through
the multilayer slab.

can be expected to be less disturbed by far-field background radiation (see Section 4.4).
A two-dimensional image arises by scanning the probe across the superlens surface and
recording both N Fhq and N Fsq simultaneously at each position. In this section, most of
the SNOM images are depicted by applying a full-range color scale, which is convenient
for a comparison of the spatial resolution. For an evaluation of the transmitted near-field
strength, however, images of a series of measurements are all plotted in the same color
scale. To this end, signals are normalized to detector response, lock-in sensitivity and
laser power, where the latter is recorded during the measurement with the help of a beam

splitter and a powermeter (see Section 7.3).

8.3 Imaging a periodic stripe-pattern

In this section, near-field images of a periodic pattern of gold stripes (width 2 pm, distance
10 um), obtained via a number of superlens structures, are presented. The imaging is

performed in the wavelength range from A = 12 ym to 26 pm.

8.3.1 Doping induced near-field enhancement

In order to prove the enhancement of evanescent waves induced by the superlensing effect,
the near-field of the gold-stripe pattern underneath a 400 nm thick superlens (doped layer:
d =200 nm; n = 4 x 10"®cm™?) was compared to the case of an equally thick intrinsic

reference structure [26|. The measurement was performed at a radiation wavelength of
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8 Results of near-field investigation 8.3. Imaging a periodic stripe-pattern

A = 20.4 pm, which is close to the wavelength where superlensing is expected. The result
is shown in Figure 8.3.1. Additionally, an optical micrograph of the stripes is shown for

comparison, which was obtained before the pattern was covered by the superlens.

NF3q [a.u.] . NFyq [a.u.]

0 1 min max

Superlens Superlens

. e Reference - 4><1018cm'3 Reference n = 4x1018cm-3
Optical c I
Micrograph § :
;i' : :
10 pm g |

Figure 8.3.1: Near-field images (N Fbq) of gold stripes, obtained via a superlens and
via an intrinsic GaAs layer for reference (Sample 3.1 and Sample 0,
respectively; see Section 8.1), recorded at expected resonance conditions
(A = 20.4 um). Left: Same color scale applied to each image. Right:
Full-range color scale applied to each image. For comparison, an optical
micrograph is also shown.
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Figure 8.3.2: Line profiles across a gold-stripe’s image at A = 20.4 pym. For both
curves, the signal between the stripes was subtracted and the maximum

value was normalized to one.

Comparing the strength of the near-field signal provides clear evidence for superlensing.
Applying the same color scale to each image (obtained at equal experimental conditions)
illustrates that the doped layer significantly enhances the transmittance of the gold stripes’

near-field. If there were no superlensing effect, one would expect even weaker signals in
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8 Results of near-field investigation 8.3. Imaging a periodic stripe-pattern

case of the superlens sample, since doping results in free-carrier absorption that attenuates
the near-field of the object.

The analysis of the spatial resolution, on the other hand, yields rather subtle differences,
which is seen by applying a full-range color scale to each image. Despite the different signal
strengths, the resolution appears to be very similar. In both cases, the 2 pm stripes are
imaged with an apparent width of about 3 um. At this point it is important to mention
that burying structures to be imaged by SNOM always results in a decreased resolution
as compared to imaging the surface directly. In case of an intrinsic GaAs layer (reference
sample), the reason for this is the increased distance between the SNOM tip and the
structure [20], whereas in case of the superlens, losses (i.e. &”) within the doped layer
reduce the imaging quality (see Equation 3.2.9). For the layer thickness chosen here, this
happens to provide the same apparent width of a gold stripe in both cases. However, even
though there are no large differences at first view concerning this aspect, a line profile
across one stripe (see Figure 8.3.2) reveals that the lateral distribution of the near-field
differs. To be more precise, the rise of the signal is considerably steeper in case of the
superlens, pointing to a transfer of larger tangential wavenumbers of the stripe’s emitted
field as compared to the reference sample. This is exactly what is shown in Figure 8.1.3,
where the calculated transfer function for the two cases is depicted (with the only difference
of doubled layer thickness and slightly reduced X in case of the calculation).

The conclusion of the observations presented in this section is that the introduction of a
doped layer, converting the intrinsic GaAs layer into a superlens, enables imaging of buried

structures with drastically increased signal while maintaining subwavelength resolution.

8.3.2 Spectral dependence of the superlensing effect

Having proven the enhancement of evanescent waves by the GaAs superlens, the spectral
dependence of the effect was investigated [26]. As it was shown in the previous section,
the pattern to be imaged did not vanish completely in case of the reference sample. Thus,
one can assume that the near-field transmitted through the doped structure is not purely
induced by the superlensing effect, but provides an offset which is independent of it. In
order to suppress this background, the superlens thickness was doubled to 800 nm for
further investigations. Images were obtained in a wavelength range between A = 16.7 um
and A = 25.8 pm.

In Figure 8.3.3, both N Fsq and N F3q images are shown, applying full-range color scale
to each measurement. This depiction is convenient to recognize differences in terms of

resolution. Obviously, in the N Fyq images, the stripes get blurred to both sides of the
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n =4x10%cm

Figure 8.3.3: Wavelength dependence with full-range color scale applied to all images.
Top: N Fyq signals. Bottom: N Fiq signals (Sample 3.2; see Section 8.1).
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Figure 8.3.4: Offset subtracted and normalized profiles of a gold-stripe’s image for
selected radiation wavelengths. For A = 22.0 pym, the full width at half
maximum (FWHM) is indicated.
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Figure 8.3.5: Wavelength dependence with same color scale applied to all images. Sig-
nals are normalized to laser power, detector response and lock-in sensi-

tivity (Sample 3.2; see Section 8.1).

1.0 5
-®-20 ~Hl-2Q
=(-30x 10 q -=[]-3Q

£ m
5 7> S |
S, 05+ T 4t ||
= g
é ®e
0.0 3 :
16 20 24 16 20 24
A [um] Aum]

Figure 8.3.6: Near-field signal NF' at the position of gold and FW HM of a stripe’s

image as a function of A.
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investigated spectral range. This also holds for N F3q, however here the stripes vanish
completely® if A\ > 24 um. The best resolution corresponding to the smallest apparent
width of a stripe is observed at A = 22.0 ym. This is in very good agreement to calculations
(see Figure 8.1.1), whereupon superlensing is expected® at A ~ 20 ym. For a quantitative
evaluation, the full with at half maximum (F'W H M) of a stripe’s image was determined at
each wavelength. In Figure 8.3.4, this is shown exemplary for the N F5q images obtained
at A = 16.7, 22.0 and 25.8 um. The complete A-dependence is depicted in Figure 8.3.6,
demonstrating the resonant character of resolution improvement. Here, very similar values
were extracted for both N Fsq and N Fsq. At resonance, we obtain FWHM ~ 3.4 um,
corresponding to a subwavelength resolution of A\/6. Note that the width of the stripe
itself (2 pm) considerably contributes to the FWHM, so it can be expected that the
actual obtainable resolution is even better.

Figure 8.3.5 depicts the same measurements as Figure 8.3.3, however this time all signals
are plotted applying the same color scale. This allows one to quantitatively compare the
strength of the evanescent field which is transmitted through the superlens. Just like the
obtained resolution, the signal resonantly peaks at A = 22.0 um, significantly decreasing
to both sides of the spectrum. The near-field signal at the position of the gold-stripes
as function of the applied wavelength is shown in Figure 8.3.6. Again, N Fyq and N Fiq
exhibit the same spectral dependence (apart from a factor of 10). Note in particular that
this indicates the high quality of the N Fyq signal in these measurements, which is usually
more impacted by unwanted far-field background radiation compared to N Fiq (see Section
4.4).

Both the improvement of resolution and the near-field enhancement resonantly appear
with a relative spectral width AX/Ag;, of about 25%. This is significantly larger than for
other infrared superlenses investigated in the past, where AX/Agy ~ 10% was observed.

This will be discussed later in Section 8.6.

8.3.3 Near-field resonance of the doped layer

In Section 8.3.2 superlensing was demonstrated at A\ = 22 pm (superlens Sample 3.2),
where the near-field signal of the gold objects resonantly increases. The signal strength
of the superlensed image gets weaker when going either to longer or to shorter A, as
demonstrated by recording near-field images in a range from A\ = 16.7 ym to 25.8 pum

(see Figure 8.3.5). At even shorter A, the signal remains comparably weak, however an

3Typically, N Faq is significantly larger than N F3q.
4The reason for the small discrepancy between experiment and theory might be that the Lorentz-Drude
model (see Section 5.2), which is applied for simulations, simplifies the actual system.
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8 Results of near-field investigation
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Figure 8.3.7: Spectral dependence of N Fsq images at wavelengths well separated from
the superlensing condition (Sample 3.2; see Section 8.1)
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Figure 8.3.8: Real permittivities €] ., (solid) and e, (dashed) of the middle

doped layer and the outer intrinsic layers, respectively. The condition for
superlensing (SL) iS €] q,as = —€Gaass Whereas the near-field resonance
(NR) of the doped layer occurs if €/ ., ~ —1. The inset schematically

illustrates the corresponding fields in respective colors.
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Figure 8.3.9: Scattering amplitude s and scattering phase ¢ of the SNOM probe (cur-
vature radius a) in contact with a sample of permittivity e = &' 4 ie”

with €” = 2 = const.

97



8 Results of near-field investigation 8.3. Imaging a periodic stripe-pattern

interesting effect occurs: At A = 14.1 um the image contrast is reversed, the gold-stripes
appearing darker than the surroundings (see Figure 8.3.7)5. This can be attributed to
resonant near-field coupling between the doped GaAs layer and the SNOM probe (near-
field resonance), which occurs if the real permittivity €’ exhibits small negative values close
to —1 (see Figure 8.3.8). According to the calculations, €] ., of this conductive layer
becomes negative at A ~ 14 um, giving rise to strong changes of the related scattering
phase ¢ and an increase of the scattering amplitude s (see Figure 4.2.2 in Section 4.2.3),
which are directly connected to the near-field signal N F,,q (see Section 4.4). In Figure 8.3.9
s and ¢ are shown as a function of €/ ¢, With € .. (imaginary part) approximated by a
constant value of 2, which is the calculated value for A &~ 14 um (see Figure 8.1.1, Sample
3.2). Note that for the calculation of s(e]_;,as) and ¢(e)_c.as) We do not consider that
the doped layer is buried underneath 200 nm of intrinsic GaAs. Hence we cannot rely on
absolute values, nevertheless it allows the following qualitative discussion. Let us consider
the signal to be a superposition of two effects, one originating from the coupling between
probe and gold-object through the superlens structure, N Fy,, and one resulting from the
interaction between probe and doped layer®, NF, gaas. At the superlensing condition, i.e.
at A = 20 um (calculated value), we can expect that N Fy, dominates the signal due to the
resonant enhancement of the gold-stripe’s evanescent waves through the superlens. Away
from the resonance, we may assume that N Fi, and N F_gaas are of comparable amplitude.
For off-resonant excitation (i.e. no superlensing effect and no near-field resonance), phase
effects are negligible and the two contributions can be expected to be in phase, taking into
account that the distance of 600 nm between the upper surface of the n-GaAs layer and the
gold objects is much smaller than the radiation wavelength A > 10 ym. Hence, the stripes
appear brighter since the signals add up constructively. However, if N F_gaas exhibits
strong phase changes, which seems to be the case at A ~ 15 um where €/ .., = —1,
they can interfere destructively at the position of the stripes, letting them appear dark
compared to areas where solely N F}_qaas iS measured.

Note that the results presented here not only reveal an interesting secondary effect, they
also confirm the accuracy of the calculated permittivity of the superlens layers, obtained by
pre-characterization (see Section 6.3), which is the basis for interpreting the superlensing
effect.

®Note that only N Fhq is depicted in this case, since the signal is too weak to provide contrast for N Fzq.

6Note that, in addition, there is a third contribution due to the coupling between tip and upper intrinsic
layer, NFgaas- However, since egaas =~ 10 for all SNOM investigations presented in this work (no
near-field resonance), this contribution can be regarded as a constant offset accompanying all our
measurements, which does not impact any statements made.
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8.3.4 Comparison of various superlens structures - indication of

spectral tuning

In this section, images obtained via various superlenses are compared in a spectral range
between A\ = 17.5 pm and 24.8 um. In contrast to the previous sections, all of them
are presented in full-range color scale only, not providing absolute values of the near-
field signal”. NIy and NF3q signals are shown in Figure 8.3.10 and in Figure 8.3.11,
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Figure 8.3.10: Spectral dependence of N Fbq images obtained via superlenses of vari-
ous thicknesses 2d and electron densities n (Samples 1.1, 1.2, 3.1 and
3.2 from top to bottom; see Section 8.1).

respectively. The superlenses differ in thickness 2d (400 and 800 nm; d is the thickness
of the doped layer) and electron concentration n (3 x 10" and 4 x 10" ¢m™®). For

the sample providing higher n, the superlensing wavelength As;, was demonstrated to be

TAll of the measurements presented in this section were performed in the frame of one single beamtime
period at the free-electron laser FELBE. Due to a lack of time, all samples had to be investigated con-
secutively at each wavelength A\, necessitating a frequent exchange in the setup. In order to reasonably
evaluate the spectral dependence of the near-field signal’s absolute value, however, all data should be
obtained with exclusively varying A.
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about® 22 pm in the previous section. According to the calculations (see Figure 8.1.1), Agp,
is expected to shift to longer wavelengths in case of the superlens with lower n by about
AN = 2.5 pum. There is no reason to assume that Agy, changes when changing the thickness
of the superlens.

As a first observation, all samples provide images with resonantly increasing sharpness
of the gold stripes, indicating the superlensing effect to occur within the investigated

wavelength range in every case. For the thick superlenses, it turns out that the effect is
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Figure 8.3.11: Spectral dependence of N F3q images obtained via superlenses of vari-
ous thicknesses 2d and electron densities n (Samples 1.1, 1.2, 3.1 and
3.2 from top to bottom; see Section 8.1).

much more pronounced than for the thin ones. This can be understood by considering the
limit d — 0, where the image converges to the case of imaging the gold pattern directly
at its surface with a wavelength independent near-field signal (in the mid-infrared spectral
range, the permittivity of gold is almost constant) and spatial resolution. Increasing d

to infinity of course results in zero near-field transmission, so there must be an optimum

8 An exact determination would require smaller A-intervals in the measurements, which was not possible
due to limitations concerning the FELBE operation.
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thickness for the investigation of the superlensing effect. Here, 2d = 800 nm seems to
be a better choice than 2d = 400 nm. This is in agreement with the observation that a
non vanishing signal is obtained via the 400 nm reference structure, suggesting that the
resonant behavior observed with the 400 nm thick superlens is accompanied by a non-
resonant offset (see Section 8.3.1). Nevertheless, the thin samples yield better images than
the thick ones for a given A, since there is less dissipation. Note that this difference is most
significant at A = 17.5 um, which is farthest from the expected resonances for all samples.

While the thin superlenses with different n do not yield results that differ significantly,
this does not apply for the thick samples. Here, the spectral dependencies are clearly differ-
ent. Not considering the superlensing effect, stronger near-field signals of the gold stripes
are expected to be obtained in case of less charge carriers, since there is less Drude absorp-
tion which attenuates the evanescent waves. Indeed this was observed at A = 17.5 um,
where the stripes appear clearer when utilizing the superlens sample providing lower free
electron concentration. As shown in Section 8.3.2, 17.5 pum is just at the short wavelength
edge of the observed superlensing effect for the higher doped sample (see Figure 8.3.6),
and therefore is expected to be even more off-resonant for the superlens providing lower
n (i.e. longer Agp). Thus, this result at off-resonance is in agreement with expectations.
Increasing A to 19.2 pum reverses the relation between the two samples. Now, higher n
provides clearer images. For both samples the resolution gets better until A = 21.7 um,
however the improvement is much clearer in case of high n (especially for the N F3q im-
ages), where \g;, was already determined to be around 22 pm. This is in agreement with
the expectation that Agp, for the lower doped superlens is shifted to longer wavelengths. As
already mentioned (see Footnote 7 in this section), a sophisticated evaluation of absolute
values of the near-field signal, as it was done in Section 8.3.2, was not possible in this case.
In addition, the data presented here are too noisy to allow for a proper comparison of the
FWHM. However, even though more measurements have to be performed for a conclusive
confirmation, these results indicate superlenses with different resonance wavelengths due

to different electron densities®.

8.4 Imaging a non-periodic object

As presented in the previous sections, a periodic pattern of gold stripes was imaged to
evidence the superlensing effect. In order to rule out that this periodicity gives rise to
resonant phenomena, which misleadingly could be interpreted as superlensing, near-field

images of a gold disc with radially oriented stripes (non-periodic) were obtained in a

9Unfortunately, there was not enough beamtime at FELBE for a more accurate investigation.

101



8 Results of near-field investigation 8.4. Imaging a non-periodic object

n=48x10"%cm?3

400nm
—

Optical
Micrograph 13.6um 15.2um

20

21.3um 21.7um 248 um

Optical
Micrograph

3Q

20.4um 21.3um

Figure 8.4.1: Superlens mediated near-field images of a flower-like pattern obtained at
various radiation wavelengths (Sample 2; see Section 8.1). The direction
of the p-polarized laser (FEL) beam is given by the red arrow in the opti-
cal micrograph on the top left (taken before the object was buried below
the superlens), where the black dotted line indicates the orientation of
the cantilever during a measurement. Note that in reality the cantilever
is larger than depicted.

complementary study. Here, the thickness of the superlens is 2d = 400 nm and the
measured electron-concentration is n = 4.8 x 10*® cm~3. For the same reason as in Section
8.3.4, all images are presented in full-range color scale only.

The measurements depicted in Figure 8.4.1 demonstrate that, like for the periodic pat-
tern, the disc is imaged with subwavelength resolution in a spectrally resonant fashion. As
can be seen, A = 21.3 um yields the best result, which is slightly shorter than Ag;, obtained
with other investigated superlenses. This is in agreement with expectations, since we deal

here with the sample providing the highest value of n.
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At A = 13.6 um the image almost vanishes completely, because there is no superlensing.
However, large local field enhancement is observed at two stripes of the object which are
oriented along the direction of the incoming laser beam (red arrow in the optical micrograph
shown in Figure 8.4.1). Since the radiation is p-polarized, this also corresponds to the
orientation of the in-plane component of the electric field E. This points to an antenna-
like optical response of the pattern, which for an elongated structure like the stripes occurs
if E is parallel to its axis [111]|. Being a resonant effect, the resonance wavelength depends
on the surrounding medium of the structure and its size and shape. Note that, at one
side, the gold-stripes border on intrinsic GaAs, which exhibits a refractive index n* ~ 3.2
at A = 13.6 pum, resulting in a wavelength of about 4 um in GaAs. This is in the order of
the length of the stripes. On the other side, they are surrounded by glue of unknown n*.
Due to this uncertainty and due to the rather complicated shape of the complete object,
a further analysis is beyond the scope of this work.

Finally it should be noted that the asymmetry, which is present for all images and most
striking at short wavelengths, might be due to shadowing the sample by the structure
carrying the SNOM probe, i.e. the tip shaft and the cantilever of the AFM (indicated by
the black dotted line in the optical micrograph shown in Figure 8.4.1). When probing at
a position corresponding to the lower area of the image, less radiation (indicated by the
red arrow in Figure 8.4.1) reaches the pattern as compared to probing at the upper area,
since part of the light is reflected by the cantilever. Therefore, the lower part of the object
appears significantly darker than the upper part. Such an effect was also observed and
discussed in Ref. [37]. Note that only at A = 21.3 um = Agp, details at the lower side of

the object can be recognized.

8.5 Distance dependence

For all near-field measurements presented in this work, the signal is largest when the SNOM
probe is in contact with the superlens surface, decaying to zero within a distance h =~
100 nm. With this characteristic behavior being always the same, Figure 8.5.1 exemplary
depicts N Faq(h) and N F3q(h) obtained with superlens Sample 3.2 at the position of a gold-
stripe for A = 21.7 pm. This is very close to the superlensing wavelength, as demonstrated
in Section 8.3.2. In contrast to our observation, a closely related superlens study [37]
based on perovskites reports on enhanced signal at a certain distance h # 0 away from the
surface. Here, the experimental data were supported by a detailed simulation of the probe-
object coupling through the superlens structure. In contrast to our sample, however, these

results refer to an asymmetric superlens, where the top layer is omitted. In the same work,
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a symmetric structure including the top layer was investigated as well, where, in agreement
with our results, the signal strength of the superlensed images was found to be largest at
h = 0. Here, maximum signal for h # 0 can only be expected when the real permittivity
¢’ of the top layer becomes negative. This results in resonant coupling between this layer
and the tip, as we discussed in Section 4.2.3. For the symmetric superlens, however, this is
spectrally well separated from the imaging effect, which in particular applies to the GaAs

superlens (see Figure 8.1.1).
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Figure 8.5.1: Near-field signals NFhq(h) and N Fsq(h) as a function of the probe’s
distance h from the surface of superlens (Sample 3.2; see Section 8.1).
Measurements were obtained at A = 21.7 um at the position of the
gold-stripes underneath the superlens.

Note that N F3q(h) provides a steeper decay than N Fyo(h) in the experiment. This
is in agreement with theory (see Figure 4.4.3), where for the calculations the tapping
amplitude A of the tip was assumed to be much smaller than the curvature radius a of the
s-SNOM probe. According to these calculations the signals are expected to reach zero at
h =~ a, where a of the AFM tips used in the near-field studies is approximately 50 nm. In
contrast, we observe a decay within not less than 100 nm. This is due to the fact that in
the experiment A is about 80 nm (peak to peak), which is even larger than a. It was shown
in reference [71] that this results in a less steep decrease, whereas the fact that N Fsq(h)
decays faster than N Fyq(h) remains valid.

We emphasize that the signal decay within ~ 100 nm applies to all investigations pre-
sented here, Figure 8.5.1 just providing an example. This is important, proving that we

measure near-field signals free of unwanted far-field background.
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8.6 Bandwidth of superlensing - discussion

At the end of Section 8.3.2, we mention that the experimentally observed operational
bandwidth of the plasmonic GaAs superlens (AM/Asp, &~ 25%) is considerably larger than
of other infrared superlenses (AX/Asp ~ 10%) studied in the past [36, 37, 38]. Here, we
refer to systems consisting of three layers, following the same concept as we do in this
work. Despite this similarity, the effect is induced by a phonon resonance in all of these
investigations, whereas we exploit the Drude response of free electrons in a doped layer.
Our experimental results of the spectral behavior (Sample 3.2) are presented in Section
8.3.2. In the following, we exemplary compare the plasmonic GaAs superlens to a phonon
based version consisting of perovskites [37], namely bismuth ferrite (BiFeO3) and strontium
titanate (SrTiOs; middle layer), in order to qualitatively discuss the origin of the different
bandwidths. Both superlenses are resonant in the mid-infrared, with calculated values of
Ast, = 20 pm (GaAs) and 14 um (perovskites).
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Figure 8.6.1: Real permittivities €’ of the constituents of the plasmonic doped GaAs
based superlens (Sample 3.2, see Section 8.1) and a phononic perovskite
based superlens (values extracted from [37]). In each case, the solid
line represents the middle layer, providing negative . Superlensing
conditions are indicated by black arrows.

At first, we take a look at the real permittivity ¢’ of the two superlens structures, since
this is what determines the respective superlensing conditions (see Figure 8.6.1). As men-
tioned many times in this thesis, the resonance wavelength Agp, is given by the condition
eg(Asr) = —€\(As1), where A and B refer to the outer layers and the middle layer, re-
spectively. For the two cases discussed here, this is €] o, 1s(AsL) = —€Gaas(AsL) = —10 and
€6r7i05 (ASL) = —€Bire0, (Ast) & —2. In Figure 8.6.2, the ratios R(\) = e5()\)/e) () are de-

picted, where R(\sy) = —1 applies at resonance. Here, a slow change of R(\) corresponds
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to a large spectral width of the superlensing effect, since the resonance condition is well
fulfilled in the spectral proximity of the center wavelength. In this regard, the comparably
large absolute values of €/ ., xs(Asp) and €,45(Asp) and the slow variation of e, ,.(\) favor
a large bandwidth of the GaAs superlens. In order to provide a more quantitative picture,
we consider the superlensing condition to be fulfilled as long as R = —1.5... — 0.5. As can
be seen in Figure 8.6.2, this region is considerably larger for the GaAs system as compared

to the perovskite superlens, confirming the experimental observation.
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Figure 8.6.2: Ratio R between real permittivities of the middle layer (¢’3) and the
outer layers (¢4), depicted both for the GaAs superlens (blue) and the
perovskite superlens (red). At resonance, R = ¢’z /¢’y = —1. Within the

colored regions, the deviation from this condition is less than 50% for
the respective case.

Another issue impacting the bandwidth is dissipation within the superlens. This is seen
in Figure 8.6.3, where we compare the calculated transfer function |Tgp|? of the GaAs su-
perlens (Sample 3.2, see Section 8.1) to a fictitious sample with artificially reduced values
of the permittivity’s imaginary part €/ ., of the middle doped layer. Obviously, dissipa-
tion comes both with a broader profile but also with a decrease of transmission at large
wavenumbers, reducing the imaging capability. Nevertheless, in spite of exhibiting clearly
different values of €”()gy,), the obtainable resolution for the plasmonic GaAs superlens
(€n-Gaas(Asr) & —10+4i) and the phononic perovskite superlens (es,1i0,(AsL) = —2+0.59)
appears to be similar. Here, it is important to notice that the smallest observable structure
size does not exclusively depend on €”, but on the ratio £”/&’ (see Equation 3.2.9).

Remarkably, small losses come with an unexpected disadvantage. As can be seen in
Figure 8.6.3, the simulation with reduced €” yields transmission divergences at wavelengths

close to the superlens resonance (the two red lines at A ~ 20 um, reaching large values of

0Note, however, that for quantitative accuracy €” < |¢’| is required, which is not the case here.
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Figure 8.6.3: Left: calculated transfer function |Tsp|? of the GaAs superlens (Sam-
ple 3.2, see Section 8.1), taking into account the complex permittivity
e =¢' + " of the three layers. Right: Losses of the middle doped layer
artificially reduced, €/ . as = €0 cans/10.

k). Hence, for a given A in this spectral region, a certain value of k; is strongly enhanced,
possibly introducing artifacts that dominate the image. These divergences correspond
to coupled plasmon resonances at the interfaces of the doped layer, which are removed
with increasing dissipation [35]. Hence, a certain degree of absorption is vital for the
performance of the superlens.

Having stated two possible broadening mechanisms for the superlens operation, a more
detailed analysis is required for a deeper understanding. However, this is beyond the scope

of this work.
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In summary, it was shown that a trilayer structure consisting of highly n-doped GaAs
sandwiched between intrinsic layers is capable to act as a plasmonic near-field superlens
in the mid-infrared spectral region |26]. This system essentially benefits from its spectral
tunability, where the Drude response of the conducting layer can be controlled by the
doping level. The present work is the first experimental evidence of such a frequency-
adjustable superlens.

Applying scattering-type scanning near-field optical microscopy (s-SNOM) in combina-
tion with a frequency-tunable free-electron laser as radiation source, we observed resonantly
enhanced near-field transmission with subwavelength spatial resolution by imaging gold ob-
jects underneath the GaAs superlens. Here, an electron concentration of 4 x 10'¥cm™3,
determined by FTIR pre-characterization, provided a resonant wavelength of 22 ym. This
is in excellent agreement with theory, where the Drude-Lorentz model was applied to cal-
culate the transfer function of the layered slab. In general, the superlensing wavelength
increases with decreasing the electron density, induced by a shift of the plasma frequency.
Since the electron concentration in the case described above is close to the achievable max-
imum by doping with silicon, a superlensing wavelength of about 20 ym can be regarded
as the high frequency limit of such a system. According to our calculations, we expect that
superlensing with doped GaAs is possible over a wide infrared spectral range reaching well
into the terahertz regime. The losses are expected to be rather constant at operational
conditions.

While investigations with slightly different doping concentrations, also presented in this
thesis, provide first indications of the accompanied spectral shift of the effect, a clear
demonstration is lacking so far. To this end, the investigation of a sample providing super-
lensing on the long wavelength side of the GaAs Reststrahlen band would be of interest,
where the resonance is spectrally clearly separated from the observations made in this work.
For instance, an electron density of 3 x 10'7em =2 will result in a superlensing wavelength
of about 80 um. Even though we expect dissipation at resonance to be somewhat larger as
compared to higher doping concentrations, the clear superlensing signatures obtained in

this work suggest that going to these long wavelengths is promising. Note, however, that
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such experiments are challenging, since both the scattering cross section of the s-SNOM
probe and the sensitivity of photodetectors are decreased in the terahertz region. Another
aspect to be tackled in the future could be the improvement of the superlens performance
by subdividing the structure into thinner layers, i.e. a sequence of doped and intrinsic
GaAs with the same total thickness as the trilayer superlens. It was theoretically dis-
cussed |35, 46| that distributing the amplification process of evanescent waves reduces the
effects of absorption. Such a thin layered superlens structure is easy to achieve by MBE
growth, and by choosing the doping level to be the same as for the investigations presented
here, there is no need to experimentally search for the spectral position of the resonance.

Spectral tunability and compatibility with semiconductor technology give rise to prac-
tical application opportunities of the plasmonic GaAs superlens. As mentioned, a good
performance can be expected within a large part of the mid-infrared and terahertz range.
Designing devices for this region that is less developed with respect to technology, is very
valuable. Here, our superlens might be useful as a building block of devices that exploit
plasmonic coupling of the radiation field to small structures. For GaAs based III-V semi-
conductor compounds, even monolithic integration is possible. Taking advantage of the
resonant character of the superlensing effect, one might think of an application as a spec-
tral filter, where only desired wavelengths exhibit enhanced coupling. In this context, it
depends on the particular case if the rather large bandwidth, which was discussed in the
results section, is of use or not. Aside from these general considerations, there is immedi-
ate application potential for SNOM studies of buried objects. In particular, this applies
to nanoelectronic objects which are necessarily buried below a layer of intrinsic GaAs in
order to avoid depletion due to surface fields [112] or imposed by the penetration depth
of ion implantation [113]|. Introducing a doped layer into the capping, thereby convert-
ing the intrinsic layer into a superlens, enables enhanced subwavelength spatial resolution
and contrast of otherwise blurred images at a designed wavelength. For example, near-
field studies of buried quantum dots [114], doping profiles [110] and charge carriers in a
field-effect transistor [115] can be significantly improved by this concept. Concerning the
latter two, a superlens operating in the far-infrared enables mapping buried distributions
of rather low charge carrier densities with low plasma frequencies.

While doped GaAs has been a convenient choice for this proof-of-principle study of a
frequency adjustable plasmonic superlens, the concept should be easily transferable to other
materials. Here, shorter superlensing wavelengths can be obtained by materials supporting
higher dopings, better spatial resolution may be accomplished in case of less absorption.
Besides, the question of suitability is of course also connected to availability and application

potential. In the past years, doped semiconductors have already been multiply suggested
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as spectrally adjustable plasmonic devices [40, 65, 66, 67|. Here, indium arsenide (InAs) is
an excellent candidate [66] to expand the accessible spectral range of superlensing towards
shorter wavelengths and to improve the obtainable resolution. Due to a small electron
effective mass and the feasibility of very high doping, a plasma wavelength as short as about
5 pm was obtained [65|, which is in proximity to the expected superlensing wavelength.
The high electron mobility in InAs, in addition, should give rise to a good superlensing
performance. While traditional semiconductors like GaAs and InAs provide superlensing
potential within a large part of the mid- and far-infrared spectral range, the near-infrared
region can be explored by transparent conducting oxides (TCO’s). A good performance
is expected to be obtained with aluminum-zinc-oxide (AZO), indium-tin-oxide (ITO) and
gallium-zinc-oxide (GZO), for instance [40]. This work may be the starting point for such

related projects.
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