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ABSTRACT

In this work novel three-dimensional metamaterials are realized by rolling-up strained
metal /semiconducting nanolayers. The properties of these artificial, optical crystals can
be described by effective parameters, which are investigated by numerical simulations as
well as experimental transmission and reflection measurements.

Three-dimensional radial metamaterials were fabricated by rolling up a strained
Ag/GaAs/InGaAs multilayer into a microroll with several rotations. The radial metama-
terial, which is defined by the windings of the wall of the microroll, exhibits a dispersive
and strongly anisotropic permittivity. It is shown by numerical simulations that such
structures work as hyperlenses for specific wavelengths in the visible and near-infrared
regime, i.e. they allow magnified, optical images with subwavelength resolution. To
characterize the optical properties of the rolled-up hyperlenses a fiber-based transmission
and reflection setup has been developed. From the measured reflectivity and transmis-
sion spectra the operation wavelength of the hyperlens could be determined. We could
show experimentally that this wavelength depends on the ratio of layer thicknesses of
the Ag/(In)GaAs layers and could be tuned in a wavelength range from 680 nm to
780 nm. Furthermore first near-field scanning microscopy measurements were performed
in cooperation with the Univerity of Bourgogne to prove the magnifying subwavelength
imaging of the hyperlens.

A further concept of this work is concerned with metamaterials made of arrays of many
rolled-up Chromium/InGaAs microrolls. We have shown by analytical and numerical
simulations that these structures interact resonantly with the magnetic component of an
electromagnetic field and exhibit a negative permeability in the far infrared at frequencies
of a few teraherz. By optimizing the roll-up process arrays with a high density of microrolls

were prepared and first transmission measurements were performed in the far infrared.



INHALTSANGABE

In dieser Arbeit werden durch Aufrollen verspannter Metall/Halbleiter Schichten neuar-
tige, dreidimensionale Metamaterialien realisiert. Die Eigenschaften dieser kiinstlichen
optischen Kristalle kénnen durch effektive Parameter beschrieben werden. Diese werden
durch numerische Simulationen, sowie Transmissions- und Reflexionsmessungen experi-
mentell untersucht.

Radiale Metamaterialien wurden durch mehrfaches Aufrollen einer verspannten
Ag/GaAs/InGaAs Multilage zu einem Mikroréllchen hergestellt. Das radiale Metamate-
rial wird dabei durch die Windungen der Rollchenwand definiert und besitzt eine dispersive
und stark anisotrope Permittivitdt. Durch numerische Simulationen wurde gezeigt, dass
diese Strukturen fiir bestimmte Wellenldngen im sichtbaren- und nahinfraroten Bereich
als Hyperlinsen wirken, d.h. vergroferte, optische Abbildungen mit Subwellenldnge-
nauflosung ermoglichen. Zur optischen Charakterisierung der Hyperlinsen wurde ein
faserbasierter Transmissions- und Reflexionsmefaufbau entwickelt. Aus den gemesse-
nen Transmissions- und Reflexionsdaten konnte die Arbeitswellenlinge der aufgerollten
Hyperlinsen bestimmt werden. Wir konnten experimentell zeigen, dass die Wellenlédnge
vom Schichtdickenverhéltnis der Ag/(In)GaAs Schichten abhingt und konnten sie in
einem Wellenldngenbereich von 680-780 nm variieren. Zum experimentellen Nachweis
der vergrofernden Subwellenldngenabbildung durch die Rollchenwand wurden aufterdem
erste Nahfeldmikroskopmessungen an der Universitit von Burgund durchgefiihrt.

Ein weiteres Konzept dieser Arbeit beschiftigt sich mit Metamaterialien, welche nicht
durch die Wénde einzelner Mikrorollen definiert sind, sondern aus einem Gitter vieler
aufgerollter Chrom/InGaAs Mikroréllchen bestehen. Wir haben durch analytische sowie
numerische Simulationen gezeigt, dass diese periodischen Strukturen resonant mit der
magnetischen Komponente des elektro-magnetischen Feldes wechselwirken und somit eine
negative Permeabilitit im Ferninfaroten bei Frequenzen von wenigen THz aufweisen.
Durch eine Optimierung des Aufrollprozesses wurden Arrays mit einer hohen Rollchen-

dichte hergestellt und erste Transmissionsmessungen im Ferninfraroten durchgefiihrt.
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CHAPTER 1

INTRODUCTION

Over the last decade the new scientific field of metamaterials has grown rapidly.
Metamaterials are artificial crystals, whose unit cell sizes and lattice constants are much
smaller than the wavelength of the transmitted light. Therefore the optical properties
of a metamaterial can be described approximately by effective parameters, as known
from classical electrodynamics, like the permittivity € and the permeability p. For most
metamaterials reported so far, the unit cells consist of metal and dielectric structures. By
changing the composition of these structures it is possible to tune the effective optical
parameters of the metamaterial. This has led to a broad range of new materials with
optical properties not known so far in nature. For example metamaterials consisting of
arrays of so called split ring resonators can couple to the magnetic field component of
an electromagnetic wave and their permeability becomes negative for a specific frequency
range. These metamaterials have gained much interest since together with a negative
€ they exhibit a negative refractive index, as proposed theoretically by Veselago in 1968
[Ves68|. Metamaterials with such novel optical properties have opened the door to a broad
range of new physical phenomena, like e.g. cloaking devices [Sch06|, superlenses with
subwavelength resolution [Pen00, Fan05, Liu07] or inversed Cherenkov radiation [Xi09].
While first pioneering experiments have been performed at microwave wavelengths where
metamaterials have structure sizes of several millimeters, experiments have been extended
into the near-infrared regime during the last years [Sha05, Dol06]. However, to fulfill the
condition of an effective medium, the structure sizes of these metamaterials have to be
in the range of a few hundred nanometers and the preparation of such metamaterials
becomes quite demanding. Most of the structures prepared by electron-beam lithography
(EBL) or focused-ion beams (FIB) are two dimensional, i.e. they do not extend in the
direction of the wave vector of the transmitted light. Only few methods like direct laser
writing or successive EBL and spin-on glass methods have realized the fabrication of

three-dimensional metamaterials [Val08, Liu08| for the near-infrared regime.



In this work the preparation of metamaterials made of rolled-up metal /semiconductor
microrolls was established. Expanding the selfrolling mechanism of semiconducting nanolay
ers |Pri00] to metal/semiconductor systems allows the fabrication of three-dimensional
metamaterials with a high control of layer thicknesses [Sch09]. After describing the
concept of the rolling-up process in chapter 2, a rolled-up three-dimensional metamaterial
for the visible and near infrared is discussed in chapter 3. This metamaterial consists of
a rolled-up superlattice of metal and semiconducting layers. The superlattice exhibits a
permittivity which is highly anisotropic in directions parallel and perpendicular to the
layers. A promising application of these structures are so called hyperlenses. Hyperlenses
allow imaging of objects with a spatial resolution well below the Abbe limit, which
limits the resolution of conventional far-field microscopes to about half the wavelength
of the scattered light [Abb73]. To determine the optical properties of the rolled-up
superlattices reflection and transmission measurements were performed. For the latter
measurements a nanosized light source was developed, which could be inserted into the
microroll by a special microscope-manipulation setup. We could show by these measure-
ments that the permittivity of the rolled-up superlattices exhibits a metallic dispersion
with a characteristic plasma frequency w,. By means of finite difference time domain
simulations we revealed that rolled-up superlattices with the measured optical parameters
are expected to exhibit hyperlensing at w, [Sch09]. The position of wy, i.e. the operating
frequency of the hyperlens, could be tuned by varying the ratio of layer thicknesses of
the superlattice. To observe subwavelength imaging through the rolled-up hyperlens first
near-field scanning microscopy measurements were performed in cooperation with the
University of Bourgogne.

Another concept to realize metamaterials by metal/semiconductor microrolls is dis-
cussed in chapter 4. Now, the metamaterial is defined by an array of many rolled-up
microrolls. We show with numerical simulations that such a metamaterial exhibits a
negative permeability at wavelengths in the far-infrared regime. The preparation of
the arrays as well as first transmission measurements with a Fourier spectrometer are
presented. Chapter 5.1 summarizes all results obtained so far and gives a short outlook

to further experiments, which can be performed in the future.



CHAPTER 2

PRINCIPLES OF ROLLED-UP NANOTECH

The rolling up of nanolayers into micro- and nanorolls was first demonstrated by
Prinz et al. [Pri00]: Strained bilayers minimize their strain energy after lift off from the
substrate by rolling up into microrolls. Different material systems can be used for the
strained bilayers, like strained semiconducting films [Pri00, Sch01, Sch05], or, as shown
recently, strained polymer nanomembranes [Mei09]. In our work microrolls consisting of
metal and the ITI-V semiconductors (In)GaAs were prepared. The principle is shown
in figure 2.1: A thin metal film is evaporated on top of a semiconductor layer system
grown by molecular-beam epitaxy (MBE). All samples were grown by Dr. Holger Welsch
and Andrea Stemann in the group of Professor Dr. Wolfgang Hansen. The layer system
consists of an AlAs sacrificial layer on top of a GaAs substrate and a strained bilayer of
In,Gai_,As and GaAs. The GaAs substrate and the AlAs layer have almost the same
lattice constant of 0.55nm and 0.56 nm, respectively [Ada85|. The lattice constant of the
In,Ga1_,As layer in the relaxed state is larger than for AlAs and can be approximately

calculated by the concentration-weighted average of the lattice constants of InAs and

GaAs [Veg21l, Woi96]:

d(In,Gaj—,As) = 0.61x + 0.56 (1 — x) (2.1)

Depending on the Indium concentration, one has to distinguish between different growth
mechanisms of the In,Gaj;_,As on top of the AlAs, as shown in the phase diagram in
figure 2.2 [Mat74, Hey01, Wel07|. For Indium concentrations x < 0.4 and layer thicknesses
d < derip the IngGaqp_As grows pseudomorphically, i.e. the lateral lattice constant
of In,Gai_,As is adapted to the lattice constant of AlAs. This leads to strain inside
the In,Gaj_,As layer. Above a critical thickness d..;; the strain is released into misfit

dislocations [Mat74], while for an Indium content > 0.4 quantum dots are formed by the



so called Stranski-Krastanov growth [Str39, Hey01|. Typically the In,Ga;_,As is grown
pseudomorphically to maximize the strain stored in the multilayer to be rolled up.

After the removal of the AlAs sacrificial layer, which is typically done be selective
etching with hydrofluoric acid [Hjo96], the strained In,Gaj_,As/GaAs bilayer and the
metal film can minimize their strain energy by up-bending and forming a microroll. The
radius r of the microroll is determined by the growth parameters and can be calculated

approximately by a model of Tsui and Clyne [Tsu97]:

1 o 6(1 — I/) ElEthhQ(hl + hg)(ag — a1)/a1
- 2p4 3 272 3 274 (2.2)
r E2h2 + 4E1E2h2h1 + 6E1E2h2h1 + 4E1E2h2h1 + El hl

where v is the Poisson ratio of In,Gai—,As and ay 5 are the lattice constants, E /5 the
Young's moduli and h; /5 the thicknesses of the strained (In;Gaj—;As) and unstrained lay-
ers (GaAs/metal), respectively. This model was established originally only for epitaxially
grown monocrystalline layers. To include the influence of the evaporated, polycrystalline
metal film into this model we approximate the unstrained GaAs/metal layer by a pure
GaAs layer of equal thickness. This approximation neglects the additional strain induced
by metals with high melting temperatures (e.g. chromium) and differences in elastic
properties of the metal and the GaAs [Sch05, Tho89|. However, for our structures the
measured microroll radii were in good agreement with the theoretical values using the

above approximations.

metal metal
G 138 RN RN NN RN RN NN RN Gahs llllllllllllnllnnull”"f
InGaAs [LLLLELEEELEEEEEEEE TP EE I LT INGaAs Wl
AlAs AlAs
Gahs ] -EEEEEEEEEEEEEEEE GaAs EEmEsMsENENNESENEESEEENNEEEEEEEREEEEE

Figure 2.1: Principle of the roll up process of a strained metal /(In)GaAs bilayer into a
microroll.

By rolling up metal /semiconductor layers into microrolls, three-dimensional metama-
terials, which are periodic in the radial direction, can be prepared in a single step. In

our experiments large arrays of microrolls with only one rotation (chapter 4) as well as



multirotated microrolls (chapter 3) were prepared. The specific preparation steps for each

type of metamaterial will be discussed in detail in the corresponding chapters.

critical thickness
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Figure 2.2: Phase diagram for
the epitaxial growth of strained
In,Gaj_,As on AlAs. The
solid line shows the theoreti-
cal curve for the critical thick-
ness with respect to lattice
mismatch and Indium content
[Mat74]. The phase boundary
for Stransky-Krastanov growth
(black points) was experimen-
tally measured by Christian
Heyn [Hey01].



CHAPTER 3

METAMATERIALS MADE OF ROLLED-UP
METAL/SEMICONDUCTOR
SUPERLATTICES

A special class of metamaterials is formed by metal /dielectric superlattices. If the layer
thicknesses of the superlattice are much thinner than the wavelength of the transmitted
light, the optical properties of the superlattice can be described by an effective and
highly anisotropic permittivity tensor. The components of this tensor and therefore the
optical properties of the metamaterial can be tuned by varying the thickness ratio of
the dielectric and metal layers. These metamaterials offer interesting applications like so
called hyperlenses, which allow imaging with subwavelength resolution. As described in
chapter 2 superlattices of semiconducting (In)GaAs as dielectric and metal layers can be
formed by rolled-up metal /semiconductor microrolls. The self-organized formation of the
superlattice offers a high control over layer thicknesses. Furthermore the curvature of the
microroll allows the fabrication of magnifying hyperlenses. In the following chapters the
theory of light transmission through rolled-up metal/semiconductor microrolls as well as
the concept of hyperlensing will be described. In the experimental part a special micro-
manipulation microscope setup will be presented which allowed us to observe transmission
and reflection of the rolled-up superlattices experimentally and to retrieve their effective

optical constants.

3.1 Electromagnetic fields inside superlattices and effective
media

As a first step the electromagnetic fields inside a plane superlattice as shown in
figure 3.1 will be calculated. The superlattice which extends in z direction consists of
periodic layers of two materials with different permittivities €; and eo and thicknesses
di and ds. The superlattice is illuminated by a plane wave, whose wavevector can be

separated in a transversal component k) parallel and a component k. perpendicular to



the layers of the superlattice. Without loss of generality we chose a two-dimensional x — 2
coordinate system, such that k| points into x direction and k. points into z direction.
The transmission and reflection coefficients of the superlattice can be calculated by

a transfer matrix approach [WK91]. Within this approach the fields inside each layer 4
of the superlattice are expressed as a superposition of two plane waves propagating in
positive and negative z direction:

- EF j —

Fiz) = ( i eXp(?(kxx+kzzz wt) ) (3.1)

E; exp(i(kyx — kziz — wt))

Due to continuity conditions for plane media the wavevector k, is continous through the

whole superlattice while in each layer ¢ the wavevectors k,; obey the dispersion relation:

ki = (E)Qei > (3.2)

C

As shown in appendix Al the fields on the left and on the right side of a single layer are

associated to each other by a phase matrix P:

—

E; left — Rﬁiright (33)

5 - (exp(ék’zd) ol _Omzd)) (3.4)

The fields on both sides of an interface between two layers ¢ and k are related to each

other by continuity conditions which are expressed by the transfer matrix T

E; = TukEy (3.5)
—_— 1+ k% 1 — gk

The constant x’* depends on the polarization of the plane wave:

- ek
I{;)k = ek transverse magnetic polarization (3.7)
€xkzi
Ky = o transverse electric polarization (3.8)
zZ1

One unit cell of the superlattice consists of a bilayer of both optical media which is
periodically repeated in z direction with the lattice constant A = d; + do. The fields of

two subsequent unit cells are related to each other by the matrix M, :

En — MnEn+1 — P1T12P2T215n+1 (39)



unitcell

[ A
- BT, BT,

z

Figure 3.1: Sketch of a superlattice consisting of periodic layers with permittivities €;
and €9 and thicknesses dy and dy. One unit cell of the superlattice is formed by a double

layer of both materials. This unit cell is periodic in z direction with a lattice constant
A =d; +ds.

Furthermore a periodic boundary condition can be applied to the plane waves inside the

superlattice due to the periodicity of the superlattice :

— —

E,, = exp(ik;A)En41 (3.10)

In analogy to electrons in crystalline solids the solutions for the fields, which obey equa-
tion 3.10 are called Bloch waves with the Bloch wavevector k7. Comparing equations 3.9

and 3.10 results in the eigenvalue equation:
M, E; = exp(ik:A)E; (3.11)

where the Bloch wavevector k7 is connected to the eigenvalue X of the transfer matrix M,

by:
A = exp(ikiA) (3.12)

The eigenvalue A depends on the transversal wavevector k, and on the frequency w, so
equation 3.12 gives the dispersion relation for the Bloch wavevector k. In the effective

medium approximation the layer thicknesses are much smaller than the wavelength of



transmitted light. Therefore both sides of 3.12 can be expanded in powers of the layer
thicknesses d; and ds. As shown in appendix A2 for TM polarization the dispersion

relation becomes:

W\ 2 ]{52 ]{:*2
—) == z 3.13
(%) .. e (3.13)
with
d d
€p = Zlel + Zzeg (3.14)
di 1 dy1\ 7!
.= it T 1
¢ (A€1+A62) (3 5)

Equation 3.13 is the dispersion relation for an anisotropic medium whose optical prop-
erties are described by a diagonal permittivity tensor with components €, parallel and
e, perpendicular to the superlattice. We will investigate the frequency dependence of
these components on the example of a superlattice consisting of GaAs and silver layers.
Figure 3.2 shows the permittivities of bulk silver and GaAs which are taken from the
literature [Pal97]. The permittivity of silver can be described by a Drude model, with
some additional contributions from d-band transitions at energies above 2eV. At the
plasma frequency w, ~ 4eV, which lies in the ultraviolet regime, the real part of the
permittivity becomes zero. The semiconductor GaAs is a dielectric with a high optical
permittivity. Above an energy of 1.4eV absorption inside this material increases strongly,
due to the excitation of electron-hole pairs above the band gap of GaAs. Combining both
materials into a superlattice with a thickness of layer ratio n = % = 1.3 results in
an effective medium with permittivity tensor components €, and €,, which are plotted
in figure 3.2(b). The real part of the permittivity €, shows a metallic behavior similar
to silver, but with a shifted plasma frequency w, ~ 1.6eV in the red visible regime.
The real part of the component e, shows a Lorenz resonance and changes sign at the
frequency w,o. The strong change in the real part of €, is associated with a sharp peak
in its imaginary part due to Kramers-Kronig relation [Jac98|. The imaginary part of ¢,
increases only sligthly at higher frequencies due to the high absorption of the GaAs layers.
Both permittivitiy components can be tuned by varying the ratio of layer thicknesses 7, i.e.
a metamaterial with tunable permittivity is formed by the metal/dielectric superlattice.

As will be shown in the next section the high anisotropy of the permittivity tensor leads
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to an unsusual light propagation through this effective medium and allows the formation

of an image with subwavelength resolution.

3.1.1 Imaging through superlattices with subwavelength resolution
The spatial resolution of far-field optical microscopy is limited by the so called Abbe
limit [Abb73] and lies in the range of half the wavelength of the illuminating light. Optical
lenses made of superlattices offer an enhanced spatial resolution as shown in the following:
An optical microscope collects light which is scattered by the illuminated object of
interest. The wavevector distribution of the scattered light is connected to the shape of

the object by its Fourier transform:
E(ky, ky,t) = / / E(x,y,t) exp(ikyx + ikyy + ik.z — wt) do dy (3.16)
zy

where k; and k, are the transversal wavevector components perpendicular to the optical

material properties (a) wavelength (nm) (b) wevelengih ()
[silver | [ GaAs | 251090850 650 450 2512080 %0 0
15 204 — Imiep]]
104
g 0 =
E 5 g 1o
g -10] g
15
201 — Relo,J 51
25 _Re[ﬁlg]
-30 / . . ; ; 0 ‘ ‘ ‘ ‘ ‘
1,0 15 2,0 25 3,0 35 40 1,0 1,5 2,0 25 3,0 35 40
energy (V) energy (eV)
. ) d
effective medium (©) wavelength (nm) (d) wavelength (nm)
100 1190 9(?0 790 500 180 1100 900 700 500
1 80 — Relg] 160 —— T
60 — Re[q)] 1101 — Im[ey]
| > ¥ > 120
B 20 £ 1004
g . / g 80+
8 204 @, O & o]
401 0]
-60
201
-80 ;
10 15 20 25 30 10 15 20 25 30
energy (eV) energy (eV)

Figure 3.2: (a)-(b) Real and imaginary parts of the permittivities of bulk GaAs and
silver. Data were taken from the literature [Pal97]. (c)-(d) Real and imaginary parts of
the components of the effective permittity tensor for a silver/GaAs superlattice with a
layer of thickness ratio n = 1.3.
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axis. The light transmits through a medium to the far field where it is collected by an
optical lens system and transfered to the image plane. For a perfect image all wavevectors
scattered from the object have to pass to the image plane, otherwise spatial information
about the object will be lost in the back Fourier transformation. The electric field which
passes through a medium can be calculated by the transmission coefficient t(w, k||) which

depends on the frequency as well as on the transversal wavevector components k| =

Etrans(wak\|) = Escatt(wak||)t(wak||) (3.17)

For a medium with permittivity € the transversal wavevector components are connected
to the component k., which is parallel to the optical axis of the imaging system by the
dispersion relation:

k2 = e (5)2 i (3.18)

c
where w is the frequency of light, and c is the light velocity in vacuum. For vacuum
all wavevectors lie on a sphere with radius kg = w/c. Fields with larger transversal
wavevectors than kg decrease exponentially with increasing distances from the scattering
object. They do not propagate to the image plane since the wavevector k, becomes
imaginary in this regime. Therefore the transmission coefficient ¢(w, k||) drops to zero for

k)| > ko, which limits the spatial resolution A to half the wavelength of light [Abb73]:

2m
A= — = 2 1
Sk A/ (3.19)

To increase the spatial resolution of an imaging system a material which also transmits
higher wavevectors has to be brought into the near field of the scattering object. These

materials are called hyperlenses. An ideal hyperlens should meet the following conditions:

e All transversal wavevectors scattered from the object should be transmitted through

the lens
e The hyperlens should form an image of the object at a well defined image plane

e For a perfect image different wavevectors have to be transmitted with equal ampli-

tude

To understand how superlattices can fullfill the above conditions for hyperlensing the

transmission coefficients in dependence of the incident transversal wavevector as well as
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the wavevector dispersion inside the superlattice have to be calculated. In a first step we
will focus on the effective medium approximation, i.e. the layer widths of the superlattice
will be assumed to be infinitely thin. In accordance with the experimental part the
permittivities of the metal and the dielectric layers are chosen to be silver and GaAs.
However to demonstrate the underlying physics we will assume that the imaginary parts
of the dielectric functions are scaled down by a factor a = 0.1.

As shown in appendix Al the transmission coefficient through a superlattice can be
calculated by a transfer matrix which connects the fields on both sides of a superlattice of
n rotations. In the effective medium approximation the transmission through the super-
lattice corresponds to the transmission through a slab of thickness d with an anisotropic

permittivity tensor

T(w ]{i” —‘t ]{7H| = (3.20)

2cos (kid) —1 ( + kzo€> sin (kid)

kzo€||
In this equation € is the permittivity and k.o the z component of the wavevector in the
surrounding medium and k7 is the wavevector component perpendicular to the layers of
the superlattice which obeys the dispersion relation of equation 3.13.

The dispersion of the normalized wavevector k} / kg is plotted in figure 3.3 for different
frequencies versus the normalized transversal components k,/ko and k,/kg, where the
wavevector kg = =2 is the maximum propagating wavevector in vacuum. In contrast
to the dispersion of an isotropic medium where the wavevector components lie on a
sphere with diameter kg for all frequencies, the dispersion in the anisotropic medium
changes drastically with frequency. Three different cases are shown: For ¢ < 0 and
€. > 0 (frequency wi) no lateral components smaller than kg,/€, propagate through the
superlattice. For larger lateral wavevectors the component k., becomes real and increases
in a hyperbolic fashion. The transmission in this regime is almost zero for small lateral
componentss k:“ < kg. For wavevectors larger than k:|| < ko < ko\/e. a strong peak
appears, which can be assigned to a plasmon resonance on the effective medium //air
interface. For k| > ko./€. light waves can propagate through the effective medium slab and
guided Fabry Perot modes are formed due to internal total reflections inside the effective
medium slab. The wavevector positions where these modes appear depend strongly on the
layer thickness of the slab. In this regime there is no cutoff in the transmission for large
wavevectors. In practice the transmission of wavevectors is limited by absorption inside

the layers as well as by the finite width of the single layers of the superlattice, which will
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be discussed in more detail in the next section. Since small wavevectors are absent in the
transmission spectrum and large wavevectors are transmitted dominantly at the position
of the Fabry-Pérot resonances, there will be modulations in the optical image. In this
case the information on the object has to be reconstructed by detailed knowledge of the

transmission function.

In the second case of interest € is close to zero while the component €, is large
and positive (frequency wy). As can be seen in equation 3.13, kI is close to zero for
all lateral wavevectors k, and k, and the dispersion surface changes to a flat disk. In
the transmission spectrum a strong Fabry-Pérot resonance appears slightly above kg.
For larger lateral wavevectors the transmission becomes equal to 1 up to a wavevector
km = %.\/e.. Therefore the effective medium works as a perfect lens for wavevectors
kj > ko and k| < %,/e,. The component €, can be tuned by the ratio of the layer
thicknesses day and dgeas. For equal layer widths |e;| becomes infinitely large at the
same frequency where € = 0. Therefore for d; = dy there is no upper limit for lateral
wavevectors which are transmitted through the superlattice. In practice both GaAs and
silver layers show wavelength dependent absorption, so by different ratios of dgqas and d 44
an operation wavelength can be adjusted which minimizes the aborption in the effective

medium and therefore maximizes the resolution of the hyperlens.

Another important case occurs if €| > 0 and €, < 0 . The dispersion changes to a
hyperbola which is centered around the £ axis. The opening angles of the two hyperbolic

cones are given by the ratio |:—Z| and become flat for higher frequencies. There is no upper

I
limit for k|, but the transmission is dominated by Fabry-Pérot interferences, which disturb

the image.

Beside the transmission of high lateral wavevector components an image has to be
formed by the effective medium. This image formation can be illustrated by looking at
the group velocity inside the effective medium. In contrast to an isotropic medium, where
the group velocity is parallel to the wavevector, this is not the case in an anisotropic
medium, as shown in figure 3.4. The group velocity vy ~ ﬁkw in k-space is proportional
to the gradient of the energy dispersion. Graphically this means that the group velocity
points to a direction perpendicular to the dispersion planes and draws a finite angle with
the wavevector k which points from the origin to the dispersion curve. At the frequencies
wo and ws the dispersion is flat and the group velocity points to the same direction for

all k)|. This means that all waves scattered from the object are channeled in a beamlike
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Figure 3.3: Wavevector dispersion relation for different photon energies in an effective
medium consisting of thin silver and GaAs layers. The ratio of layer thicknesses is n =
1.3. Due to the high anisotropy of the permittivity tensor higher wavevectors can be
transmitted.

fashion from one side of the superlattice to the other side where an image of the object
is formed. This channeling is illustrated with finite difference time domain simulations
(FDTD) in figure 3.5 for a single scattering angle. A Gaussian beam impinges on a slab
of an isotropic medium (a) as well as on an anisotropic medium with e, > €, (b). In
the first case the Gaussian beam gets refracted in the same way as its wavefronts, so the
wavevector is parallel to the group velocity. In the second case the wavefronts of the beam
enclose an angle o # 90° with the group velocity which transfers the wave packet almost

perpendicularly through the slab.
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Figure 3.4: Wavevector dispersion for ky, = 0 for an isotropic medium and for the

three different frequencies wy, wy and ws discussed in the text.

The direction of the

group velocity which is perpendicular to the dispersion relation in k-space is plotted by
arrows. In the region € = 0 the group velocities point to the same direction for all lateral
wavevectors k. This leads to channeling of all wavevectors through the effective medium

slab.
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Figure 3.5: Numerical simulation of a light beam impinging on an effective medium with
an (a) isotropic permittivity e = 1.2 and (b) an highly anisotropic permittivity (e, = 1.2,
e, = 100). The arrows are parallel to the wavevectors of the beam, while the dashed line
shows the propagation of the wave packet along the group velocity.

The findings of this section can be summarized as follows: An effective medium with
an highly anisotropic permittivity tensor is able to image objects with subwavelength
resolution. In the case of no losses the best resolution is achieved for ¢ = 0 and €, — oo,
which means that the thicknesses of metal and dielectric layers have to be equal and the
operating wavelength has to be adjusted in such a way that € pieiertric (Aw) = —€nretal(Aw)-
In this case all large wavevectors which carry the subwavelength details of the illuminated
object are transfered in a channel-like behavior through the effective medium and a perfect
image is formed on the other side. In the following section influences on the resolution

due to finite layer widths as well as absorption will be discussed in detail.

3.1.1.1 Influence of finite layer thicknesses on the res-
olution of a hyperlens

In the case of finite layer widths the wavevector dispersion for k} has to be solved by
the eigenvalue dispersion 3.12. Due to the periodicity of the superlattice in z direction
a Brillouin zone is formed in k-space which extends on the k. axis from —x/A to w/A,
where A = dag+dgaas is the periodicity of the superlattice. As shown in figure 3.6(a) the
dispersion curve is bent towards the boundaries of the Brillouin zone, thus limiting the
lateral wavevector to a maximum value. According to the changes of the dispersion curves

the transmission drops sharply above this maximum wavevector, as shown in figure 3.6(b).
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Figure 3.6: (a) Wavevector dispersion for finite layer widths in the hyperbolic regime at
the frequency Aw = 2.3eV. Due to the finite layer thickness of the superlattice unit cell
A = dag + dgeas a Brillouin zone is formed which extends on the k,—axis from —7/A
to m/A (dashed lines). For finite layer width the dispersion curves are bent up towards
the border of the Brillouin zone, which sets a limit to the maximum lateral wavevector
k. (b) Corresponding transmission spectrum versus k/ko. Above the wavevector cutoff
shown in (a) the transmission drops to zero, thus limiting the resolution of the hyperlens.

3.1.1.2 Influence of absorption on the resolution of a
hyperlens

So far absorption of electromagentic waves inside the superlattice has been neglected.
However for a superlattice consisting of silver and GaAs layers absorption arises due to
interband excitations in the semiconducting GaAs and due to the Drude like behavior
of the silver film. This absorption reduces strongly the resolution of the hyperlens. To
investigate this influence the imaginary parts of the GaAs and silver permittivities were
scaled by an absorption factor o, which is tuned from zero (no absorption) to 1 (absorption
for GaAs and silver, known from the literature). Figure 3.7 shows the transmission
function in the channeling regimes at ¢ = 0, €, > 0 and ¢ > 0, €, < 0 for different
scaling factors a. For higher absorption the total transmission through the superlattice
decreases and the transmission falls off for larger wavevectors k. This leads to a lower
resolution of the hyperlens. On the other hand the Fabry-Pérot resonances shown in
figure 3.7(b) are diminished. Therefore absorption can be helpful in reducing modulations
from the image which arise due to the prefered transmission of wavevectors at the position
of Fabry-Pérot interferences and the superlattice works as a perfect lens in both optical
regimes of figure 3.7(a) and (b).

At first sight the high absorption in the GaAs layers seems to be disadvantageous with
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Figure 3.7: Influence of absorption on the transmission through a superlattice. The
permittivities of the single layers are those of GaAs and silver but the absorption is varied
by a parameter « from the lossless case to experimental data absorption.

respect to other dielectrics like glasses, which show almost no absorption at all in the
visible. However by using a different thickness of layer ratio the channeling regimes can
be tuned to energies below the bandgap of GaAs, where the absorption becomes zero.
Furthermore it is possible to integrate quantum structures like (Al)GaAs quantum wells
or (In)GaAs quantum dots inside the GaAs layers. When optically or electrically pumped
these quantum structures exhibit optical gain which could compensate the absorption
of the metal layers. Possible realizations of these optically active superlattices will be

discussed in more detail in chapter 5.1.

3.1.2 The image of a double slit transmitted through a superlattice
consisting of GaAs and silver layers

We will now investigate the image resolution of a silver /GaAs hyperlens using realistic
permittivities for the single layers. At the plasma frequency of the effective medium an
image is formed on the surface of the hyperlens. This image can be calculated by evaluating
equation 3.17. First the Fourier transform of the field distribution at the position of the
object has to be calculated to get the scattering profile:

—

1
E(ky,t) = T / E(z,y,t)exp(—i(kex + kyy + k.2 — wt))dx dy
.y

As field sources we will assume two slits in an absorbing medium which are illuminated

by a plane wave and which are separated by the distance a from each other. The slits are
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infinitely long in y direction and infinitely thin in x direction, so the field distribution in
x direction can be described by two Gaussian-Delta functions:

E(x,zzo,t):5<x—g>+5(x+g> (3.21)

The Fourier transform of this field distribution is just the sum of two complex exponential

functions, so the scattered field distribution is:

E(w, ky,t) = exp (zk’x (x — %) + ik,z — iwt) +exp (zk:x (x + %) + ik,z — iwt) (3.22)
where k, is the wavevector in the sourrounding medium, which will be air in this ex-
ample. After passing through the hyperlens with total thickness d the transmitted field

distribution in k-space becomes
Etrans(‘*)aka:,t) = E(w7km,t) ) t(wakxad) (323)

The spatial distribution of the image on the surface of the hyperlens is calculated by the

reverse Fourier transformation:
Brmage(w, 2,2 = d, ) = / Brrans(w, ko t) dby (3.24)
ke

Figure 3.8(a) shows the transmission versus lateral wavevector for a 300 nm thick hyperlens
consisting of silver and GaAs with a thickness ratio n = 1. Due to the large absorption
inside the silver and the GaAs layers the transmission drops for larger wavevectors.
Nevertheless the transmission for the hyperlens is still larger than 1% for wavevectors
up to 8 kg, while the transmission for pure GaAs (red curve) becomes zero for wavevectors
k| > \/€Gaasko . Figure 3.8(b) shows the image of two line sources with a distance of
200nm from each other, which is created on top of the hyperlens. Since the distance
of both slits is much smaller than the wavelength of the transmitted light (600nm)
the slits cannot be resolved anymore by optical microscopy in vacuum (green curve).
However after passing through the hyperlens a clear image of both slits is created. The
local maximum in the middle of both slit images results from prefered transmission of
wavevectors between 1.3 ky and 4 kg, which forms modulations in the transferred image.
By detailed knowledge of the transfer function of the hyperlens the original image can be
retrieved. Figure 3.8 shows clearly that subwavelength details can be transmitted through

a GaAs/silver superlattice.
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Figure 3.8: (a) Transmission versus lateral wavevector through an effective medium slab
of 300 nm thickness, consisting of GaAs and silver layers with a thickness ratio n = 1. The
frequency of the transmitted light is chosen to be the plasma frequency of the effectice
medium: Aw, = 2.0eV. The pink curve shows the transmission through the hyperlens
with reduced absorption (o = 0.1). For comparison the transmission through a single
GaAs layer (red curve) as well as through vacuum (green curve) is plotted. While for
GaAs and vacuum there is a cutoff at 1%y and 3.8 kg the transmission for the hyperlens
structure is still larger than 1% for wavevectors up to 8 kg. (b) Image of two line sources
formed on the surface of the hyperlens. Although the distance of 200nm between both
line sources is much smaller than the wavelength of light, two clear peaks can be observed
in the image plane. If the image is observed by an optical microscope in air (green curve)
both line sources cannot be resolved anymore.

3.1.3 Cylindrical hyperlenses

So far it has been shown that a superlattice can transform subwavelength details of
an object to an image plane. However the image size is still the same as on the entrance
plane and cannot be resolved by conventional far-field microscopy. One possible way to
couple the near field information of an object to the far field was suggested in [Jac06]
by cylindrically curved hyperlenses. Figure 3.9(a) shows a sketch of a hyperlens in a
cylindrical geometry. The effective permittivities € and €, of the plane superlattice are
transformed to their counterparts in polar coordinates, with ey pointing in tangential
direction and €, pointing in radial direction:

€1 1+ €2

_ 3.25
w = 2T (325

1 ! n\ "
o\ = (—+—) (3.26)

€1 €

[\]
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Figure 3.9: (a) Sketch of a cylindrical hyperlens consisting of metal (grey) and dielectric
(yellow) layers. (b) Finite difference time domain simulation of the field propagation
through a cylindrical hyperlens consisting of 20 rotations of silver (10nm) and GaAs
(20nm). The H, component of the magnetic field, which is perpendicular to the plane
of the hyperlens, is plotted in false colors (red colors mean high intensity, blue colors low
intensity). Two dipole sources are located directly at the inner wall of the superlattice in
a distance of 250 nm from each other. On the outer surface of the hyperlens the distance
between both dipole sources is magnified by a factor of 1.7.

Therefore, like for a plane geometry, a cylindrical hyperlens works as a perfect lens at
the plasma frequency wy,, where €y = 0. For this regime the field propagation of two dipoles
placed very close to the inner surface of the cylindrical hyperlens is shown in figure 3.9(b):
The hyperlens consist of 20 layers of GaAs and silver with a thickness of layer ratio of
2. This corresponds to a wavelength A\, = 700nm where the tangential permittivity ey
becomes zero. Since the lateral distance between both dipoles is 250 nm, it is not possible
to resolve them separately at this wavelength by a conventional microscope. The field
emitted from both TM-polarized dipoles was calculated by a finite difference time domain
solver and the transversal component of the magnetic field is plotted in a false color
plot. As can be seen from the simulation the field distribution of the dipoles is channeled
radially through the superlattice and an image is formed at the outer side of the hyperlens
at the radius r,. Therefore the lateral distance between both dipoles is magnified by the
magnification factor V = :,—‘Z = 1.7 to a distance of 425 nm. This distance can be separated
clearly with an optical microscope, so the near field distribution of both dipole sources is

transfered to the far field.

3.2 Preparation of cylindrical hyperlenses by rolled-up
microrolls

A promising way to fabricate magnifying hyperlenses is rolling-up strained semicon-

ducting layers and metal films into microrolls. As sketched in figure 3.10, the walls of
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the microroll form a radial metal/semiconductor superlattice. In contrast to successive
evaporation methods [Liu07], the formation of the superlattice (SL) is performed in a
self-assembled, single step. This leads to high quality SL with a precise control over the
layer thicknesses [Den07, Sch05|. To achieve a large magnification with this rolled-up
superlattice in the channeling regime, a high curvature as well as a large winding number
of the microroll is required. The reachable number of rotations crucially depends on
the optimization of growth parameters and the lithographic procedure. A preparation
method to form multirotated superlattices was developed in this work. This method will

be discussed in the following (figure 3.11):

Our MBE-grown samples consist of a strained Al,Gai_,As/In,Al,Gai_,—,As bilayer
on top of a 40nm thick AlAs sacrificial layer. We used an aluminum amount of up to
30% inside the strained bilayer to shift the band gap of the semiconductor to higher
energies and therefore to reduce the absorption at wavelengths in the near infrared. All
samples were grown by Dr. Holger Welsch and Andrea Stemmann in the group of professor
Dr. Wolfgang Hansen in our institute. The exact composition of the wafers is listed in

appendix B.1.

As a first preparation step a thin silver film is evaporated on top of the strained

bilayer, which serves as a roll-up template. Silver is the metal of choice due to its low

|

- GaAs InGaAs - AlAs

Figure 3.10: Sketch of a microroll consisting of three rotations of (In)GaAs and metal.
The wall of the microroll defines a metal/semiconductor superlattice with thicknesses d
for the semiconductor and d,, for the metal layers.

metal
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absorption coefficient at visible and near-infrared wavelengths [Pal97|. The films were
evaporated at a pressure of less than 1- 1077 mbar at an evaporation rate of 0.1 nm/s.
Both thickness and roughness of the films were measured by atomic force microscopy.
The average roughness (rma) of the films was about 1.5 nm for layers thicker than 10 nm.
During the preparation of several microroll samples we observed that the roll-up process
of the microroll is hindered by the silver film. Most of the microrolls did not roll up
compactly, i.e. gaps were formed between successive silver /(In)GaAlAs layers. This might
be attributed to the low tensile strain of metals like silver and gold, which does not support
the roll-up of the semiconducting layers [Sch05]. To minimize the influence of the silver
film, a mesa of silver stripes was prepared by optical lithography with lateral dimensions
of several microns. These stripes are rolled-up instead of a whole, closed silver film, i.e.
a smaller amount of silver has to be rolled-up by the strained bilayer. We observed that

this method increased the yield of rolled-up microrolls as well as their layer compactness.

After evaporation, a shallow etching step is performed: Parts of the (In)GaAlAs layers
on both sides of the silver stripes are removed, so only the bilayer below the silver stripe
structure remains strained. While in chapter 4.2 the rolling direction could be controlled
by the ratio of the microroll length and the rolling distance, this is not possible for
microrolls with multiple rotations, since the rolling distance is much larger than the length
of the microroll. Therefore the etching has to be stopped inside the InGaAlAs layer and the
AlAs sacrificial layer remains completely covered by semiconducting material. Otherwise
the microroll would roll up from its side edges in an undefined way. On the other hand the
etching depth has to be deep enough, so the semiconducting layers on the edge between
strained and unstrained regions are ripped and the microroll can roll up easily. Therefore
a precise control of the etching rate is required. We used diluted phosphoric acid [Men05]
in a ratio of HoO: H3PO4 = 500 : 1, which gave us a high control of the etching depth

(etching rate: 1.3nm/s) for layer thicknesses of a few tens of nanometers.

At one side of the silver stripes a so called starting edge is etched deeply into the AlAs
layer which is removed selectively by diluted hydrofluoric acid. Since etching of the AlAs
starts only at this starting edge, the microroll is rolled-up along the direction defined by
the shallow-etched mesa. For this last etching step the concentration of the hydrofluoric
acid was varied between 5% and 10%. Generally a higher yield of rolled-up microrolls
was achieved by using higher concentrated hydrofluoric acid, which might be due to the

increased formation of hydrogen bubbles which support the roll-up process [Den05|.
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During the last etching step the silver films are exposed to hydrofluoric acid. We
justified by atomic force microscopy that the silver films are resistant against this etchant.
Comparing the silver films before and after etching revealed only a slight increase of the
surface roughness from 1.4nm to 2.2nm. Therefore we believe that the optical properties

of the silver films are not changed due to the preparation process.

Figure 3.12(a) shows a scanning electron micrograph of a typical microroll prepared
during this work, which consists of seven rotations of 34 nm thick (In)AlGaAs and 16 nm
thick silver layers. With an inner radius of 74,4, = 1.51um the magnification of this

rolled-up hyperlens is expected to be V =1.23 .

To investigate the quality of the rolled-up layers the microroll was cut by focused
ion beam (FIB), so the layer cross-section could be inspected with scanning electron
microscopy (SEM). As shown in figure 3.12(b) the microroll is not rolled-up compactly
and gaps appear between successive layers at the left side of the microroll. However,
on the top side of the microroll, where transmission and reflection measurements will be
performed, all layers are in close contact to each other and form a well defined, compact

superlattice (figure 3.12(c)).

silver
evaporation

I:I silver
- GaAs
I:I InGaAs
[ ]

AlAs

shallow etching deep etching selective etching of AlAs

;\\'0

Figure 3.11: Preparation steps for rolled-up metal/semiconductor microrolls
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Figure 3.12: (a) Scanning electron micrograph of a rolled-up microroll consisting of
7 layers of 35nm (In)AlGaAs and 16nm silver. (b) The same microroll after FIB
preparation, which was performed by Daniel Stickler from the group of professor Dr.
Hans Peter Oepen. On the left side of the microroll gaps appear between successive layers
(white arrow), while a compact superlattice is formed on the top as shown in (c¢). The
silver layers show a darker image contrast than the (In)GaAs layers and can be clearly
separated in the SEM image.

As described in section 3.1.1 the single layer thicknesses influence the transmission
through the superlattice as well as the resolution of the hyperlens. Therefore we also
prepared microrolls with thinner layer thicknesses of ds = 20nm which approach the
effective medium limit in a better way. For microrolls with even thinner layer thicknesses,
we found that the preparation exhibits a very low yield due to the limited control of the

shallow etching step.

3.3 Transmission and reflection measurements on rolled-up
microrolls

To investigate the optical properties of rolled-up metal/semiconductor superlattices
we have performed transmission and reflection measurements. Since our microrolls form
closed cylinders with diameters of a few microns we faced the problem to get a light source
inside the microroll that exhibits subwavelength features which could be imaged onto the
outside of the rolled-up hyperlens. Such a light source was realized by tapered fiber tips
which were metallized and structured by FIB. Furthermore a special microscope setup
was constructed which allowed us to manipulate the tapered fiber tips into the microroll

and to illuminate it from its inside for transmission measurements.

3.3.1 Preparation of nanosized light sources
The preparation of sharp tips from optical fibers is a well known procedure in near-field

scanning microscopy (NSOM). Optical fibers are widely used waveguides, which guide
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light over long distances with low absorption. The light wave is guided inside a core (with
typical diameters of 5 pm for single mode fibers), which is surrounded by a 200 pm thick
glass with an higher refractive index. In our experiment we used single mode fibers which
only allow the propagation of one single mode inside the core for wavelengths larger than
the cutoff wavelength of the fiber (for our latest fibers we chose a cutoff wavelength of
about 800nm). Two different methods are commonly applied to taper fibers to a sharp
tip: Etching methods using hydrofluoric acid [Lam98] and heat pulling methods [Yak93].
We chose the latter method due to its simplicity and the formation of long, thin fiber tips
with small opening angles. A home built setup was constructed whose principle is shown
in figure 3.13: An optical fiber is heated by an external heating source to a temperature
well above its melting point, which is about 1100 °C for typical optical fibers. For such
high temperatures we had to use a propane gas burner, whose flame reaches a maximum
temperature of about 1900 °C' . During the heating process the fiber is pulled by a weight.
Due to the softening of the glass above its melting point the fiber gets longer, while its
diameter decreases until the fiber breaks at a very fine tip end. For optimizing the pulling
process the temperature as well as the pulling weights were varied. The temperature of
the propane gas flame could be only controlled by varying the oxygen flow mixed with
the propane gas and by putting the fiber into different regions of the flame. Best results
were obtained by heating the fiber at a flame position where the flame color becomes
almost black, indicating a temperature of about 1900 °C. Furthermore the total gas flow
should be minimized, otherwise the fiber tips buckle. The fibers were pulled by weights
of about 200 g. With this setup tip diameters in the range of 1 1m could be prepared in a
reproducible way. For smaller tip diameters better defined heating sources like C'Os lasers

are favorable.

The pulled sharp fiber tips were metallized afterwards to prevent light leakage out
of the tip end. In our first experiments we evaporated aluminum onto the fiber, while
the fiber was rotated by a rotation stage inside the evaporation chamber. This metal
cladding is widely used in near-field scanning microscopy due to the low light penetration
depth of aluminum, which is only some ten nanometers at optical wavelengths. However,
the aluminum formed grains on the fiber which scattered out the light in an undefined
way. We achieved much smoother films by sputtering of AuPd in a magnetron sputter
chamber. During the sputtering process the fiber does not need to be rotated, since the

metal is deposited uniformely from all sides onto the fiber. Due to the slightly larger
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Optical fiber

Figure 3.13: Sketch of our home-built fiber puller for tapered fiber tips. Optimum results
were obtained with a pulling weight of about 200 g.

penetration depth of AuPd at optical wavelengths a layer thickness of about 100nm is
needed to prevent light leakage out of the fiber.

To get a well defined light source different structures were cut into the fiber by FIB. The
FIB preparation was performed in cooperation with Yuliya Stark in the group of professor
Dr. Hans Peter Oepen. Using this technique light emitting structures with subwavelength
features could be realized as shown in figure 3.14(a). Several hole pairs with distances of
some hundred nanometers from each other were cut into the metallization and into the
glass of the tapered fiber. Light which is coupled into the fiber gets strayed out of the
holes and can be observed by an optical microscope. This nano-light source allows us to
perform transmission measurements through rolled-up metal/semiconductor microrolls.
Furthermore it is possible to observe the image of the hole structure on the surface of the
microroll, so imaging of subwavelength features through the curved superlattice can be

investigated.
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Figure 3.14: (a) SEM image of a metallized fiber tip, which has been structured by FIB.
The distance between the two holes on the right side of the fiber is about 570 nm with a
hole diameter of 200nm. (b) Light which is coupled into the fiber gets strayed out at the
position of the two holes, resulting in a nano-sized light source.

3.3.2 Microscope setup for transmission and reflection analysis on
rolled-up superlattices

To manipulate tapered fibers into microrolls a special microscope/manipulation setup
was constructed. The setup is sketched in figure 3.15. The tapered fiber is mounted on
a xyz-piezo stack, which can move the fiber in all spatial directions with a resolution of
a few nanometers. The position of the fiber is controlled optically by a microscope and
a CCD camera. Since both, fiber tip diameter and spatial resolution of the manipulation
setup, are much smaller than the diameter of a typical microroll (= 3um) we are able
to insert the fiber into the microroll. Figure 3.16(b) shows a micrograph of a tapered
fiber, which is approached close to a microroll (upper part). Two point sources can be
clearly identified at the tip end of the tapered fiber (red arrow). The lower part of the
figure shows the same tapered fiber which has been inserted into the microroll. Both point
sources are still clearly visible and the transmitted intensity through the microroll can be

measured.
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Figure 3.15: Fiber based microscopy setup. The specific elements are explained in the
text.

3.3.2.1 Transmission measurements

For transmission measurements light generated by the supercontinuum white-light
source SuperK Versa from the company Koheras is coupled into the fiber. This light
source consists of a pulsed pump laser (A = 800nm, pulse duration 7pymp = 5ps) and a
photonic crystal fiber (PCF). The laser pulse, which is coupled into the PCF broadens
due to nonlinear effects to a white light spectrum with a wavelength range from 490 nm
to 2200 nm [Ran00]. Since the photonic crystal fiber has a diameter of only a few microns
the emitted light can be collimated to a parallel beam with a beam divergence of less than
5mrad. This beam passes through a monochromator consisting of a grating (75 ﬁ) with
a spectral resolution of about 2nm and a long-pass filter which filters out second order

diffractions of the grating.

Afterwards the beam is focused into the tapered fiber by a microscope objective
(10x, NA 0.25). Light scattered out at the tip end by the holes drilled by FIB is collected
by the microscope objective (100x, NA 0.8) and is transferred to the CCD camera on top
of the microscope. The CCD camera is sensitive for visible light up to a wavelength of
1100 nm. The transmission through the microroll is calculated by the ratio of the light

scattered out of the fiber tip outside and inside the microroll:
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Figure 3.16: (a) Sketch of the setup with a tapered fiber inside the microroll. (b)
Micrograph of a tapered fiber directly in front (upper part) and inside a microroll (lower
part).
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The intensities can be measured by a software supplied with the CCD camera, which
allows one to integrate over the intensities of all camera pixels within a software defined
radial aperture, as shown in figure 3.17. The aperture was set around the image of the
hole structure and covered an area of some few microns on the sample. Therefore stray
light from different parts of the fiber tip could be filtered out and errors due to slight

defocusing could be minimized.

3.3.2.2 Reflectivity measurements

For reflectivity measurements the illumination light source of the microscope was used,
which generates a white light spectrum ranging from 500nm to 950nm. The light is
coupled into the microscope objective by a beam splitter and illuminates the whole sample.
The reflected light passes again through the objective, is reflected out of the microscope by
an additional beam splitter and passes through a collimation lens. Therefore an additional
image plane of the sample is created in front of the microscope. A multimode fiber with
a core diameter of 100 pm is positioned within this image plane by a translation stage.
Since the microscope objective and the collimation lens magnify the image of the sample
about 50 times, only light which is reflected by an area with a diameter of 2jum on the

sample enters the fiber core. The fiber transmits this light to a spectrometer with a
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Figure 3.17: Micrographs of the tapered fiber lightsource (a) outside and (b) inside the
microroll. The scattered light intensities are calculated by integrating over all pixels inside
the software aperture.

back-illuminated CCD detector. Therefore the reflected intensity on the sample can be
measured in a single shot with a spatial resolution of about 2 pm. The reflected intensity
of the microroll is normalized to the reflected intensity of a silver mirror yielding the
reflectivity:

R Imicroroll

I Ag—mirror

3.3.3 Shifted plasma frequencies of metal/semiconductor superlattices

Transmission and reflection spectra were measured on several rolled-up microrolls
consisting of (In)AlGaAs and silver with varying ratios of layer thicknesses. A typical
measured spectrum is shown in figure 3.18 for a microroll consisting of 8 rotations of
11 nm thick silver and 20 nm thick (In)GaAlAs layers. In the following discussion
we will assume that the light transmits perpendicularly through the microroll wall, i.e.
the lateral wavevector k| = 0. For such a wavevector only the tangential permittivity
component € influences the transmission and reflection spectra, while the component e,
is canceled, as can be seen from equations A.5 and A.6. From section 3.1 we expect that
the dispersion component €| is negative below the effective plasma frequency wp, which

depends on the ratio of metal and dielectric layer thicknesses. This is consistent with
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the sharp drop of the transmission and the increase of the reflection curves in figure 3.18
for photon energies below 1.6 eV. For higher energies the effective medium is expected to
become transparent and light can propagate through it. In the spectrum the transmission
increases for the corresponding energies and Fabry-Pérot resonances appear, i.e. the
intensity oscillates sinusoidally with wavelength due to interferences of multiple reflected
light beams. Therefore reflection and transmission measurements allow us to prove the
validation of the effective medium theory on rolled-up superlattices and to determine
their effective plasma frequencies wp. As described in section 3.1.1 these frequencies are
of special importance for hyperlensing, since w,, corresponds to the working frequency in
the channeling regime.

To estimate the position of wy, the theoretically calculated reflection and transmission
spectra as well as the dispersion curve for the corresponding permittivities €| are compared
to each other in figure 3.19. In the transmission spectrum on the left side the position of
wp is approximately at the point where the transmission has dropped to one half of its

maximum value:

Tma:c
2

T(w,) = (3.27)

Accordingly, in the reflectivity spectrum w, corresponds to the position of the local
minimum above the sharp increase of the reflectivity.

To investigate the dependence of w, on the metal/dielectric ratio of layer thicknesses,
transmission and reflection measurements were performed on different microrolls. In table
3.1 the data of the microrolls, which will be investigated in the following, are listed. The
thicknesses of the semiconducting layers are known from the MBE growth, while the
thicknesses of the silver layers were measured by atomic force microscopy after their
evaporation. The winding number of the microrolls and therefore the total thicknesses of
the superlattice was determined by measurements of the roll-up distances of the microrolls
as well as by cross-sectional SEM images like the ones in figure 3.12.

Figure 3.20 shows the transmission spectra for the samples listed in table 3.1, which
have an (In)AlGaAs thickness of (34 &+ 1) nm and varying silver layer thicknesses. These
spectra agree well with theoretical curves calculated by a transfer matrix approach (solid
curves in figure 3.20(b) and (c)).

The sample K8 (orange dots) has only a very thin silver film of less than 1nm
on top of the (In)AlGaAs layer resulting in a thickness of layer ratio of more than

d . . ..
% > 33. Therefore the effective plasma frequency lies far below the visible
g
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Figure 3.18: Exemplary reflection and transmission spectra of the sample G23.
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For large frequencies

the transmission drops to zero due to the enhanced absorption of (In)AlGaAs. At an

energy of hw = 1.85eV a maximum due to a Fabry-Pérot resonance would be expected.

In the experimental data this maximum is suppressed, probably due to slight thickness

variations of the very thin silver film. For thicker silver layers the plasma frequency

moves to the visible range. The drop of the transmission can be clearly recognized for all

samples and it shifts to higher frequencies for smaller thickness ratios. Again Fabry-Pérot

resonances are not as pronounced as expected from theory. The reason for this might be

| # | dumyaigass | dag

winding number

a7 34 nm 25 nm 5
a9 34 nm 22 nm 6
a3 34 nm 19 nm 4
K2 35 nm 16 nm 4
K8 34 nm <1 nm 5
G23 20 nm 11 nm 8

Table 3.1: Layer thicknesses and winding numbers of the microrolls investigated during

this thesis.
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Figure 3.19: Calculated transmission and reflection spectra of superlattices consisting of
six rotations of GaAs/silver double layers and the corresponding effective permittivities.
While the semiconductor layer thicknesses are kept constant (34nm) the thicknesses of
the silver layers are varied, thus tuning the position of the effective plasma frequency.

again the surface roughnesses of the silver films. Furthermore our nanosized light source
emits light with lateral wavevectors larger than k) = 0 and the microscope objective
collects wavevectors with lateral components up to k| = 0.8 ko, where kg is the maximum
propagating wavevector in vacuum. Therefore the Fabry-Pérot resonances are smeared
out further due to different transmission angles through the superlattice. Since we do not
know the wavevector distribution of the emitting light source a quantitative analysis is
not possible.

Figure 3.20(d) shows the positions of the plasma frequencies versus thicknesses ratio 7
for the different rolled-up superlattices. The plasma frequencies were estimated from the
transmission spectra as described above. For comparison the theoretical plasma frequency
for an effective medium is plotted. Both curves show the same qualitative characteristics,

i.e. the plasma frequency shifts to larger energies for lower thickness ratios 7.

The reflectivities for all samples are shown in figure 3.21. The sample K8 with a
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Figure 3.20: (a) Transmission measurements on microrolls with different ratios of layer
thicknesses for (In)AlGaAs and silver layers. The dots correspond to measured data
points, while the lines are guides to the eye. For these samples the thickness of the
(In)AlGaAs was (34 £ 1) nm, while the thicknesses of the silver layers were varied. For a
better demonstration two groups of the same samples are shown together ((b), (c)) with
the transmission calculated by a transfer matrix approach (solid lines). (d) The plasma
frequencies for all samples were estimated from the transmission curves and compared to
an effective medium model.

very thin silver film shows only Fabry-Pérot interferences in the reflectivity spectrum,
while the reflectivity for samples with finite silver layer thicknesses increases up to one
below the plasma frequencies wy. For the samples a3 (n = 1.79) and K2 (n = 2.19)
the experimental data coincide well with theoretically calculated reflection curves: Above
wp Fabry-Pérot resonances appear, whose maxima and minima have the same position
as in the calculations. For the samples a7 (n = 1.36) and a9 (n = 1.55) there are
some deviations between the theoretical and experimental curves, which might be due

to additional gaps between successive layers of the microroll. Nevertheless clear Fabry-
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Pérot resonances as well as an increase in reflectivity for frequencies smaller than w, can
be observed. Furthermore the reflectivity curves are shifted with respect to each other
for different thickness ratios. The positions of the plasma frequencies are estimated as
described in the following: A linear regression line is fitted to the increase of the reflectivity
curve below w,, while a second regression line is fitted to the increasing reflectivity curve
of the first Fabry-Pérot resonance. The intersection of both lines gives the position of the
local minimum, which coincides qualitatively with the plasma frequency of an effective
medium as described above. These data show, that our rolled-up superlattices can be
qualitatively described by an effective medium with a permittivity component € and a
plasma frequency w,. In the following we will discuss how effective parameters can be

retrieved from these transmission and reflection curves.
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Figure 3.21: (a) Reflection measurements for the microrolls discussed in figure 3.20.
For a better demonstration two groups of the same samples are shown together ((b),(c)),
with the reflection calculated by a transfer matrix approach (dashed lines). (d) Estimated
plasma frequencies are compared to an effective medium model.
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3.3.4 Retrieval of optical parameters

As described in chapter 4 the effective optical permittivity and permeability of a
metamaterial can be retrieved from its complex reflection and transmission coefficients.
In the case of superlattices the permittivity is described by a bianisotropic tensor, so two
components €| and €, as well as the isotropic permeability p (TM polarization) have to
be retrieved. In our experiment we assume k)| = 0, i.e. only ¢, influences the transmission
and reflection spectra. Furthermore we can assume that the permeability p = 1 for all
frequencies. For different values of 1 a coupling between the magnetic field component
of the light wave and the metamaterial would be necessary and ring currents would have
to be induced inside its metallic structures. However since the metallic layers of the
superlattice are extended infinitely in two dimensions their inductivity is equal to zero

and no coupling to the magnetic field component of an external field is possible.

In principal the remaining component €|, which consists of a real and an imaginary
part, could be retrieved from reflection and transmission curves, i.e. two parameters
which are available in our measurements. For this retrieval the metamaterial is assumed
to be a slab with a thickness d and an effective isotropic permittivity eﬁ. The absolute
values of the transmission and reflection coefficients of the slab can be calculated by
equations A.5 and A.6. Putting the experimental data into these equations, they can
be solved numerically for the real and the imaginary part of eﬁ. However we found that
such a retrieval is instable with respect to its input parameters and fails for superlattices
with layers thicker than a few nanometers. To test the retrieval method reflection and
transmission curves of silver/GaAs superlattices have been generated by a transfer matrix
calculation. The data for an effective medium as well as for superlattices with finite layer
thicknesses are shown in Figure 3.22(a). The total thicknesses of the superlattices as well
as their thickness ratios have been kept constant. Especially for frequencies above the
effective plasma frequency differences between the superlattices and the effective medium
appear: For increasing layer widths the transmission is lowered while the reflection is
enhanced. The reason for this is that for thicker layers transmission and reflection of a
superlattice are more and more dominated by the air/silver and the GaAs/air interfaces
on both ends of the superlattice. Since the absolute values of the permittivities of GaAs
and silver are larger than the permittivity of the corresponding effective medium, the
transmission is lowered while the reflectivity increases. The enhanced layer reflectivity is

also the reason for more pronounced Fabry-Pérot resonances.
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Figure 3.22(b) shows the calculated permittivities retrieved from the transmission and
reflection curves in (a) with equations A.5 and A.6. As starting points for the numerical
calculations of eﬁ, the permittivities of an effective medium with the same thickness
ratio were set. For very thin layer thicknesses (d4y, = 1nm) the retrieved permittivities
approach the permittivities of a corresponding effective medium quite well (red dots).
This is also true for thicker layers. However at frequencies nearby the effective plasma
frequency the curves retrieved for layer thicknesses much larger than 1 nm are bent down
and no physical meaningful solutions can be found for higher frequencies. This is surprising
since the corresponding wavelengths of the transmitted light are still much larger than
the lattice constants of the superlattices and the effective medium approximation should
be fullfilled. Variations of the starting conditions of the numerical approach did not give
meaningful results either as investigated in detail by the diploma student Andreas Rottler
[Rot10]. We conclude from this that the retrieval fails in the case of superlattices with

thick layers and additional information is required.

If we give up the condition © = 1 and consider additionally to the transmission and
reflection data also the phase of the transmitted and reflected light, we can use the retrieval
method developed by Smith et al. [Smi05] for inhomogenous metamaterials, which has
been already used in section 4 for split ring resonators. To test the retrieval data the
complex transmission and reflection coefficients of a superlattice consisting of GaAs and
silver layers have been calculated theoretically. Since the phase of the transmission and
the reflection coefficients can vary by +27m (m is an integer), there exists an infinite
number of mathematical solutions for the retrieved permittivities and the physically
meaningful branches have to be chosen. Figure 3.23 shows the retrieved permittivities of
superlattices consisting of GaAs and silver layers with varying layer thicknesses. Different
colors correspond to different phase factors m, physically meaningful branches are marked
by red arrows: For very thin layer thicknesses (figure 3.23(a)) the permeability p of the
superlattice is almost equal to one as expected from the discussion above. For thicker
layers the permeability of the same branches deviates from this value. We believe that this
is an artefact of the retrieval mechanism, which compensates the effect of the finite layer
thicknesses on the transmission and reflection spectra. However, as shown figure 3.23(c)
the retrieved permittivities agree well with the effective medium theory (pink dashed line)
for thin (black line) and thick layers (red line). Therefore this retrieval can be used to

retrieve the effective permittivity of our superlattices and to predict the position of the
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Figure 3.22: (a) Retrieved permittivities ¢ for superlattices with n = 2, but different
layer thicknesses. The permittivity was retrieved from transmission and reflection data,
which were generated by a transfer matrix calculation. (b) Transmission and reflection
curves for the same superlattices.

effective plasma frequency.

Unfortunately we are only able to measure absolute values of the transmission and
reflection coefficient. To obtain the phase of the transmitted and reflected light a Michel-
son interferometer would have to be used, as for example in [Dol06]. To retrieve the
permittivities from our experimental data the phases were calculated theoretically and
put together with the measured transmission and reflection spectra. Figure 3.24 shows the
retrieved permittivities for our samples. The arrows mark the positions of the theoretical
plasma frequencies of corresponding effective media. The theoretical plasma frequencies
agree well with the retrieved data from the samples K2 and a3, while for the samples

a9 and a7 some deviations appear. Nevertheless the plasma frequencies of these samples
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Figure 3.23: Retrieved permittivities and permeabilities for superlattices with (a) dag, =
Inm, dgeas = 2nm and (b) dag = 15nm, dgeas = 30nm. The solutions for different
phase factors m are plotted in different colors. The correct branches are marked by red
arrows. These branches are plotted separately in (c). Even for thick layers an effective ¢,
can be retrieved, while the effective permeability shows some nonphysical deviations.
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are shifted to higher values, due to the lower thickness ratios of (In)AlGaAs and silver in
these samples. The permittivity of the sample K8 shows no transition to a metallic state
and stays positive for all frequencies. As in section 3.3.3 the retrieval indicates that the
plasma frequency is shifted by varying the thicknesses ratio of the microrolls in a broad

range of the visible and near-infrared regime.

The results of this section can be summarized as follows: On the supposition p = 1 the
retrieval of the effective permittivity € from transmission and reflection data fails for layer
thicknesses larger than 1/100 of the wavelength of the transmitted light. For thicker layers
changes of the reflectivity and transmission spectra can only be compensated by assuming
values of p different from one. In this case retrieved values for € are in good agreement
with the effective medium theory, also for layer thicknesses up to A\/10. However the
good agreement is bought dearly by the unphysical solution p # 1. Nevertheless this
method can be used to determine the position of w), and therefore the working wavelength
of the channeling regime, where the microrolls are expected to show hyperlensing with

subwavelength resolution.

3.4 Near-field scanning microscopy measurements in
cooperation with the University of Bourgogne

As discussed in section 3.1.1 it is possible to use rolled-up metal/semiconductor mi-
crorolls as magnifying hyperlenses for wavelengths in the visible and near-infrared regime.
The tapered fiber tips, described in section 3.3.1, can be used as light sources with
subwavelength spatial features, which are magnified and form an image on the surface of
the hyperlens. However the magnifications of hyperlenses prepared so far are too small to
observe a clear change of the image by optical microscopy. For example the magnification
of the microroll a9 with the thickest wall of 330nm and an inner radius of 1.5pm is
expected to be V = 7;01—“; = 1.22. This means, that the distance of 570 nm between the
two holes inside the metallization of the tapered fiber, shown in figure 3.14, is magnified
to a distance of 695 nm on top of the microroll. At a working wavelength of 700 nm this
change in distance is too small to be observed by an optical microscope. A possible way to
investigate the image with high spatial resolution is near-field optical scanning microscopy
(NSOM) [MAP96|. In cooperation with Dr. Fréderique de Fornel and Dr. Benoit Cluzel

at the University of Bourgogne (Dijon) first NSOM measurements were performed on

rolled-up metal /semiconductor microrolls. The setup is shown in figure 3.25: Like in our
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Figure 3.24: Retrieved permittivities for the samples investigated in the previous section.
Arrows mark the positions of the plasma frequencies expected from an effective medium
theory.

microscope transmission setup a tapered fiber with a hole structure drilled by FIB inside
its metallization illuminates a rolled-up microroll from the inside. As a light source the
beam of a supercontinuum white-light was coupled into the fiber. Another sharp tapered
fiber tip, the so called NSOM probe, with a tip diameter of typically 50 — 200nm, is
brought into close proximity to the microroll. The fiber is scanned by two piezos in x
and y direction parallel to the plane of the sample, while the height h above the sample
was kept constant by a so called shear-force feedback loop. For this purpose the NSOM
probe is excited resonantly by a tube piezo (dither piezo) to perform small oscillations
with an amplitude of about 1nm parallel to the sample surface. The resonance frequency
of the NSOM probe changes due to forces between the probe and the sample surface and
therefore depends on the sample-probe distance. The change of the resonance frequency
feed back is used to control the distance between the NSOM probe and the sample. The
error feedback signal supplies a topographical image of the sample, as in atomic force
microscopy. This topographical image can be overlayed with the corresponding optical

signal. Further details about the setup can be found in [Fab0§].
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In our measurements the NSOM was performed in so called collection mode: The light
emitted from the tapered fiber is collected by the NSOM probe and is transmitted to a
spectrometer and a photomultiplier. By scanning the NSOM probe in two dimensions at
constant height above the sample an image of the field distribution of the scattered light
can be obtained. Thereby not only the far field but also the near field is coupled into the
NSOM probe and transferred to the detector.

monochromator

shear force
mechamsm

- V.__ F

. NSOM probe /

Photo-
detector

controller: .
Xy scan white
7 feedback - light source
z A
tapered fiber tip

B e T

Figure 3.25: Sketch of the NSOM setup used in cooperation with the University of
Bourgogne on rolled-up metal /semiconductor microrolls. The inset illustrates the principle
of the shear force mode, explained in the text.

In the experiment scans on top of the tapered fiber tip as well as on top of the microroll
(G23 (compare table 3.1) were performed. As shown in figure 3.18 of the preceding section,
this microroll has a plasma wavelength at about 800 nm, where the transmission drops
sharply and the reflection increases. Nearby this wavelength at A = 725 nm NSOM images
above the tapered fiber and above the microroll were performed. A SEM image of the
tapered fiber is shown on the left side of figure 3.26(a). The FIB drilled structure inside

the tapered fiber consists of two hole pairs which are seperated by 4 pm from each other.
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The holes at the tip end have a distance of 600 nm from each other. On the right side of the
figure the corresponding optical NSOM image of the tapered fiber is shown. At the position
of the two holes a strong field intensity is measured. The image of the two holes is blurred,
due to influences of the tapered fiber tip, which will be discussed in detail at the end of
this section. The cross-section through the image, shown in figure 3.26(c) shows some
sharp peaks which can be allocated to the hole structure. Furthermore NSOM scans on
top of the microroll have been performed (figure 3.26(b)). On the left side a topographical
image of the microroll is shown, which helps to determine the position of the tapered fiber
inside the microroll. Clearly the silver layer can be separated from the (In)AlGaAs layers.
The two figures in the middle and on the right side of figure 3.26(b) show NSOM scans of
the tapered fiber field profile which is transmitted through the microroll. The scans were
performed at two different heights above the microroll. In the figure in the middle the
NSOM probe had a distance of only a few nanometers from the sample, while the probe was
lifted to a distance of about 700 nm at the right figure. At this distance we would expect
that all near field components of the hole structure image have vanished. Cross-sections
along the lines of the field profiles in figure 3.26(a) and (b) are compared with each other
in (c). The field profile on top of the microroll resembles the profile above the needle, while
there is a clear broadening in the far field above the microroll. This is a first indication that
near field components of the hole structure inside the tapered fiber have been transmitted
through the microroll. Unfortunately the resolution of the NSOM probe seems to be
not good enough to resolve a clear subwavelength image. The reason for this is that the
NSOM probe was not coated by a metal and therefore no subwavelength aperture on the
NSOM probe was defined. This kind of probes is used for experiments where the fields are
bound to the surface of the sample, like for microresonators. Unfortunately a large part
of the light emitted from our tapered fiber is propagating to the far field, thus leading
to artefacts in the NSOM image, since propagating waves are able to couple into the
fiber from a broad spatial region. To testify our first results either NSOM probes with a
subwavelength aperture inside a metallisation, or light sources which emit only evanescent
waves have to be used. Based on the experience we gained during our cooperation further
experiments at the University of Hamburg are planned. The experiments will be performed

with a commercial NSOM microscope (Attocube), which has just been delivered to our

lab.



45

(a)

(b)

(C) —o— nearfield above microroll
—o— farfield above microroll
— o — nearfield above needle

intensity (r.l.u.)

length (um)

Figure 3.26: (a) Scanning-electron micrograph of the tapered fiber used in the experi-
ment at the University of Bourgogne. On the right side the corresponding NSOM image is
shown. Dashed black lines mark the shape of the tapered fiber. (b) Topographical NSOM
image of the microroll (left image) and the field profiles directly above (middle image)
and in a distance of 700 nm (right image) above the microroll. (c) The cross-sections of
the fields along the lines shown in the images of (a) and (b). While sharp features can be

observed in the near field of the tapered fiber and of the microroll, the image is broadened
in the far field of the microroll.



CHAPTER 4

METAMATERIALS MADE OF
INAS/METAL
MICROROLL ARRAYS

While in the preceding chapter metamaterials were defined by the subsequent layers
inside the wall of a rolled-up microroll, it will be shown in this chapter how metamaterials
can be realized by arrays of microrolls. It is expected from analytical calculations that
these arrays exhibit a negative permeability u for frequencies in the far infrared. To justify
the analytical calculations and for a deeper understandig of more complex structures
numerical calculations have been performed in the framework of the diploma thesis of Nils
Gerken |Ger08] with a three-dimensional solver of Maxwell‘s equations (CST Microwave

Studio). Several aspects how the resonance frequency can be tuned will be discussed.

4.1 Negative permeabilities for microroll arrays

The permeability of all materials known so far in nature is equal to one for frequencies
well above the gigahertz regime, i.e. there is no coupling of the material with the magnetic
field of an electromagnetic wave. John Pendry proposed in the year 1999 that such a
coupling could be realized by artificial metamaterials made of arrays of so called split-ring
resonators [Pen99|. Figure 4.1 shows the concept of a conventional split-ring resonator.
Each split-ring consists of a single metal winding, which forms an inductance L, and a gap
between the metal layer, which exhibits a capacitance C. In a simple model the split-ring
can be described as a LC circuit that gets resonantly excited at the resonance frequency
wo = 1/@ by the magnetic field component of the electromagnetic field irradiating the
split-ring. This way ring currents are induced inside the metal winding, which lead to a
magnetic field inside the split-ring opposite to the external field. If the lattice constant
of an array of splitrings is much smaller than the wavelength of the exciting light the

permeability of such an effective medium can be described by a Lorenz lineshape:
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where F' = % is the fraction of the unitcell and the splitring volume and R is the
resistance of the metal winding. As shown in figure 4.1(c) the permeability p becomes
negative for frequencies between fy = wp/2m and f;. The positions of the frequencies
fo and f1 can be tuned by the geometrical dimensions of the split-ring array. During
the last years split-ring resonators with resonance frequencies from the microwave- to the

near-infrared regime have been realized [Smi00, Liu08§].

We propose to fabricate metamaterials with negative permeabilities by arrays of rolled-
up microrolls. The concept is shown in figure 4.3(a). A double layer of strained (In)GaAs
and metal is rolled-up one time, so that the metal layer overlaps on top of the microroll,
separated by the insulating (In)GaAs. A capacitance is formed which is proportional to

the overlap area of the metal layers:

A

C = epe20erlap (4.2)
AdrnGaAs

The inductivity can be approximately calculated by the inductivity of a ring coil with a

single winding;:

7TT’2

L = po (4.3)

Imicroroll
Using the commercial three-dimensional Maxwell‘s equations solver CST microwave studio
the transmission and reflection coefficient through a microroll array could be determined.
In the simulation setup sketched in figure 4.2(b) the microroll consisting of GaAs and
gold is illuminated by a plane wave (which is defined by so called Floquet ports in the
software), whose magnetic field component points into the direction of the microroll axis.
An array of microrolls was simulated by applying periodic boundary conditions to the
lateral directions of the simulation volume. Figure 4.2(c) shows transmission and reflection
curves for an array of microrolls with diameters of about 1pum, gold/InGaAs thicknesses
day = dinGass = 10nm and a winding number of n = 1.05. In the transmission spectrum
a small dip appears at a frequency of about 3.3 THz, which lies in the far-infrared regime.
At the same position there is a small peak in the reflection spectrum. Furthermore the

phases ¢; of the transmitted and reflected plane waves can be calculated. From these
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Figure 4.1: (a) Circuit diagram for the splitring resonator shown in (b). A magnetic
field, which is oriented perpendicular to the splitring, induces ring currents which lead
to an inductance L. The capacitance C' is formed by the small gap between the metal
winding on top of the ring. (c¢) Real and imaginary part of the effective permeability p for
an array of split-ring resonators. Between the resonance frequency fp and the frequency
f1 the permeability becomes negative.

parameters an effective refractive index n and an impedance Z can be retrieved for the

microroll array [Smi05]:

1 1 P
n o=+ —cos”’ (g (1—r2+t2)) +Z—§1, m=+1,42,+3 ... (4.4)
1+7)% —¢2
7 - r) (4.5)
(1—1r)" —¢2

where k = 27/ is the wavenumber of the light wave, d is the thickness of the effective
medium, 7 and ¢ are the complex reflection and transmission coefficients. In the simulation
integer multiples of 27 of the phases ¢; do not change the complex transmission and
reflection coefficients. Therefore also multiple solutions for the refractive index exist
corresponding to integer multiples of z—g added to the right side of equation 4.4. Since
the microroll array is quasi two dimensional with a thickness much smaller than the
wavelength of the transmitted light, the correct solution for the refractive index is always
m = 0. The sign of the refractive index is determined by the condition Im [n] > 0, since
the microrolls do not contain elements, which exhibit optical gain. From the refractive

index the permittivity and the permeability can be calculated:
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€ =

(4.6)

NI =

w = nZz (4.7)

The retrieved permeability for the microroll array is shown in figure 4.2(d). At the
frequency, where the two resonances appear in the transmission and reflection spectrum
the permeability shows a resonant behavior and becomes negative.

To confirm this calculation the field distributions at the resonance frequency wg were
calculated. As expected from the LC circuit theory currents are induced by the external
magnetic field inside the gold layer (4.3(b)), and an electrical field builds up at the position
where the metal layers overlap (4.3(c)). This leads to a magnetic field inside the microroll
which is in antiphase with respect to the external magnetic field (4.3(d)). If the lattice
constant of the microroll array is much smaller than the wavelength of light, the total field
response of the array can be obtained by averaging over the fields of the single microrolls,

thus leading to an effective permittivity smaller than zero.

4.2 Preparation of microroll arrays

The microroll preparation described in chapter 2 utilizes a strained InGaAs/GaAs bi-
layer as a rolling template for the metal layer. An alternative approach for the preparation
of hybride metal/semiconductor rolls with small diameters was presented in [Sch05]. The
GaAs layer is replaced by specific metals with high melting temperatures like chromium,
which are evaporated on top of the In,Gai_,As layer. It has been found [Tho89] that
due to the differences of the melting temperature of chromium (7 promivm = 1900°C)
and the GaAs substrate (Tgqeas = 1200°C) tensile strain, which supports the rolling up
process, is induced in the chromium. This method allows the fabrication of large arrays
of metal /semiconductor microrolls with diameters of less than 1pm. The preparation
steps are shown in figure 4.4: On top of a few nanometer thick IngsGag7As layer,
small rectangular arrays of chromium are evaporated. The chromium rectangles have
to be aligned along the < 110 > crystal axis, since microrolls roll up preferably along
this direction [Gru03, Men05|. The length of the rectangles, which defines the rolling
distance, was chosen in such a way, that the microrolls roll up only one time. Around
the chromium rectangles a U-shaped mesa is etched deeply into the AlAs sacrificial layer
by reactive ion etching (RIE) (etching parameters are listed in appendix B2). After
removing the AlAs sacrificial layer by diluted hydrofluoric acid (5%) the microrolls rolled

up. The samples were dried by a critical point dryer to minimize surface tensions by the
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Figure 4.2: (a) Sketch of a microroll consisting of (In)GaAs and a metal. (b) Setup for
all simulations in this chapter which were performed with CST Microwave Studio. The
simulation volume is defined by the dashed line box. Along the x and y direction periodic
boundary conditions were applied, while there is an open boundary in z direction. On top
of the simulation volume a plane wave (Floquet port) is excited, which transmits at an
angle of zero incidence through the structure. The H field of the plane wave points into
the direction of the tube axis. The complex reflection and transmission coefficients were
calculated by a frequency domain solver integrated in the software. (c) Reflection and
transmission curves through an array of microrolls with the parametersd s, = dgeas =
10nm, r = 500nm, { = 500nm, a; = a, = 2pm and a winding number of n = 1.05. (d)
Retrieved permeability for the same microroll array.
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evaporating liquid. Figure 4.4(c) shows a scanning electron micrograph of a typical array
of microrolls. The microrolls contain a 15 nm thick chromium layer and have diameters of
about 1pm. Overall 2500 microrolls were rolled up on the sample with a yield of almost

one hundred percent.

Transmission experiments with a far-infrared Fourier spectrometer were performed in
cooperation with Kevin Rachor at our institute. The setup is sketched in figure 4.5(a):
Light emitted from a mercury lamp enters a Michelson interferometer and is split into
two beams by a beamsplitter (BS). One beam is reflected by a fixed mirror (M1), the
other one by a mirror (M2) which moves periodically along the light path. Depending
on the distance Az the two reflected beams are time delayed with respect to each other.
The superimposed beams are guided by a waveguide into a helium-bath cryostat. At the

end of the waveguide the beam passes a polarizer and the sample, which is rotatable with

(In)GaAs
metal
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Figure 4.3: Simulated field and current distributions inside the microroll of figure 4.2 at
the resonance frequency wg. (a) Sketch of the simulated structure. (b) Surface currents
inside the metal layer of the microroll, which are induced by the external magnetic field
H. (c) In the overlap region of the metal layers an electrical field is formed. (d) The
magnetic field inside the microroll is opposite to the external field, thus leading to a
negative permeability p.
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Figure 4.4: (a)-(c) Preparation steps for arrays of rolled-up microrolls. (d) Scanning
electron micrograph of an array of rolled-up microrolls. The array consists of several
thousand microrolls including 15nm thick chromium layers, which are rolled one time.
The lateral lattice constant of the squared microroll array is 15x15 pm.
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respect to the polarizer. The transmitted light is detected by a bolometer in dependence
of the delay distance Ax. By Fourier transformation of this interferogram a frequency

dependent spectrum is obtained. Further details about the spectrometer can be found in

[Rac09].

Figure 4.5(b) shows the experimental transmission spectrum through the microroll
array described in figure 4.4(d). Since we expect the resonance to be polarization de-
pendent, the transmitted intensity for the microroll axis parallel (TM) to the magnetic
field component was normalized to the intensity with the microroll axis perpendicular
(TE) to the magnetic field component of the transmitted light. The measurements were
performed with different beamsplitter configurations, since the choice of the beamsplitter
as well as its velocity influence the transmission spectrum. In the figure an exemplary
curve is plotted. The transmission is about one for the frequency range from 1.5 THz to
7.3 THz. The frequency range between 7.3 THz and 9.5 THz (grey shaded) have to be
excluded from our considerations since the transmitted intensities for both polarizations
drop to almost zero due to interaction of light with longitudinal phonons inside of the
GaAs substrate (reststrahlen band). Therefore no normalisation can be performed in this

regime. Above the reststrahlen band two resonances (marked by arrows) appear at the
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Figure 4.5: (a) Sketch of the transmission setup. Details of the setup are explained in
the text. (b) Experimental transmission through a microroll array. Two peaks appear
slightly above the reststrahlen band (grey shaded). The peak position does not depend
on the experimental configuration.
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frequencies 10.1 THz and 10.9 THz, respectively. The positions of the resonances do not
depend on the beamsplitter configuration, so they can be assigned to the interaction of
light with the sample. The magnetic resonance of the microroll, calculated in figure 4.2,
lies in the same frequency range as the observed peaks. However from the simulation
we would expect a dip in the transmission spectrum instead of a peak. Furthermore the
peaks are very weak with respect to the signal-to-noise ratio of our measurements, so
further measurements with optimized samples have to be performed to investigate our
preliminary results further. A possible reason for the weakness of the magnetic resonance
in the experiment is the difficulty to control the overlap region of the metal layers on top
of the microroll. As shown in figure 4.6 already small changes in the overlap area of the
metal result in a change of the capacitance and therefore of the resonance frequency wg.
A possible route to circumvent this problem is to insert an additional, well defined slit
into the microrolls, for example by electron-beam lithography. The overall capacitance is
formed by a series circuit of the slit capacitance and the capacitance of the overlap region:

1 1 -1
Ctotal — < + ) (48)

CSlit COverlap

Since Uit < Coverlap small deviations of the overlap region do not influence the position
of wg. Figure 4.6(b) shows the simulated transmission spectrum through a microroll with
an additional 180 nm wide slit inside the gold layer. As expected the resonance frequency

depends only weakly on the microroll overlap. Due to the smaller capacitance of the slit
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Figure 4.6: (a) Simulated reflection spectrum for slightly varying rotation numbers,
which lead to different overlap regions of the metal. (b) Simulated reflection spectra for
an array of microrolls with an additional slit of d = 200 nm (red curve) and without a slit.
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the resonance frequency is shifted to higher values. However the incorporation of slits
into the preparation of large microroll arrays turned out to be very difficult, so further

optimizations have to be performed in the future to prepare such structures.



CHAPTER 5

SUMMARY AND OUTLOOK

5.1 Summary

In this work the realization of metamaterials by rolled-up metal /semiconductor micro-
rolls has been investigated both theoretically and experimentally. We distinguish between
metamaterials composed of arrays of metal/semiconductor microrolls and metamaterials
defined by alternating metal and semiconductor layers inside the wall of a single microroll.

We showed in chapter 3 that the optical properties of the latter type of metama-
terial can be described in an effective medium approximation by an highly anisotropic
permittivity tensor. The anisotropy leads to an anomalous wavevector dispersion, which
governs the field propagation through the superlattice. While large wavevectors decrease
exponentially in free space, the upper boundary for wavevectors propagating through the
superlattice is only limited by the layer thickness of the superlattice and absorption inside
the layers for specific frequencies. A special case appears in the so called channeling
regime, where the lateral permitivity components €., become zero, while the component
€, perpendicular to the layers is large. In this frequency regime all wavevectors propagate
in a beamlike fashion through the effective medium and an image with subwavelength
resolution is formed on the surface of the superlattice. It was further shown by finite
difference time domain (FDTD) simulations that for cylindrical superlattices the image
is not only transferred through the superlattice but also magnified. The magnification
depends on the ratio of the inner and the outer radius of the cylindrical superlattice.
Therefore cylindrical superlattices work as so called hyperlenses in the channeling regime,
i.e. they allow microscopy with subwavelength resolution.

In the experimental part it was described how such curved superlattices can be pre-
pared by rolling up a strained metal/AlGaAs/InGaAlAs multilayer into a microroll with
several rotations. This method yields high quality radial metal/semiconductor super-

lattices with a high control over layer thicknesses. To investigate light transmission
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through the walls of the microrolls a nanosized light source was prepared by drilling
nanostructures inside the metallization of a tapered fiber with focused ion beam. A
microscope setup, developed in the framework of this thesis, allowed us to manipulate
the fiber inside the microroll and to perform transmission and reflection measurements.
The measurements showed that in good agreement with transfer matrix calculations, the
permittivity of the superlattice has a metallic dispersion with a characteristic plasma
frequency wy. At this plasma frequency the permittivity components €, , are zero, so we
expect channeling through the superlattice as described above. By changing the ratio of
metal and semiconductor layer thicknesses the frequency wy, and therefore the working

frequency of the hyperlens, could be tuned in a broad range.

So far the magnification of our experimentally realized microrolls is too small to observe
an image with subwavelength resolution with an optical microscope. Microrolls with a
higher winding number and therefore a higher ratio of inner and outer radii are required
for a larger magnification. To investigate the image resolution of our current microrolls
near-field scanning microscopy (NSOM) was performed in cooperation with the University
of Bourgogne. Although an image of the nanosize structure could be measured on the
surface of the microroll the optical resolution of the microscope in Bourgogne was too low

to observe clear subwavelength features.

Metamaterials consisting of microroll arrays have been investigated by numerical simu-
lations in chapter 4. These simulations have shown that arrays of gold/InGaAs microrolls
with one winding exhibit a negative permeability u at wavelengths in the far infrared. The
Lorenz like dispersion of the permeability could be described approximately by modelling
the microroll as a LC' circuit, whereby the inductivity L is formed by the metal winding
and the capacitance C by the overlap of the two metal layers separated by the InGaAs.
The coupling of the microroll array to the external magnetic field can be attributed
to ring currents, which are excited resonantly inside the metal windings. Simulation
and visualization of the induced currents and fields inside the microroll confirmed this
model. The resonance frequency, where the permeability becomes negative, can be tuned
by varying the diameter of the microrolls and the overlap region of the metal layers.
Since this frequency depends strongly on the geometry of each single microroll, arrays
of microrolls with a high homogeneity are required for sharp resonances. Furthermore
microroll arrays with dimensions of several square millimeters and a high microroll density

had to be prepared to achieve a sufficient signal-to-noise ratio for measurements in the
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far infrared. By optimizing preparation parameters large arrays with several thousand
chromium/InGaAs microrolls could be realized. However transmission measurements
could not validate the simulated results so far, probably due to inhomogenities of the
winding number of the rolled-up microrolls. As a possible improvement the insertion of
additional slits inside the metal layers has been discussed. These slits form a well defined
capacitance in series with the capacitance of the overlap area. If the capacitance of the
slits is much smaller than the capacitance of the overlap the resonance frequency depends

less on the hardly controllable winding overlap and sharper resonances would be expected.

5.2 Outlook

Rolled-up microrolls offer many perspectives for the realization of novel types of
metamaterials. A major drawback of all metamaterials reported so far in the literature is
the high amount of absorption, which stems from material losses as well as from strong
dispersion of the effective optical constants. This absorption prevents the implementation
of metamaterials into practical applications. For example the resolution of hyperlenses
is strongly reduced due to absorption as shown in chapter 3. The absorption could be
decreased by adding a material with optical gain to the lossy metal, as proposed in [AR03].
Rolled-up metal /semiconductor microrolls offer the unique possibility to combine high gain
semiconducting quantum structures with metals into three-dimensional metamaterials.
The quantum structures, e.g. AlGaAs quantum wells or quantum dots, are integrated
into the strained semiconducting bilayer and are rolled-up together with the metal layer.
Optical or electrical pumping of the quantum structure leads to stimulated emission, which
partly compensates the losses inside the metal layers. First transfer matrix calculations,
which were performed for superlattices consisting of AlGaAs quantum wells and silver
layers have shown that the transmission through the superlattice could be increased
considerably. For these calculations the permittivity of the quantum well was approached
by a Lorenz-oscillator model with a negative imaginary part of the permittivity at its

bandgap energy.

Furthermore three-dimensional metamaterials can be realized by patterning rolled-up
structures afterwards with focused ion beam. The example structure, shown in figure
5.1(a), consists of an array of rectangular holes, which are “drilled” through the wall of a
microroll consisting of six rotations of metal and semiconducting layers. It is known from

the literature that these so called fishnet structures exhibit a negative refractive index
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in the near infrared [Dol06]. We could show by numerical calculations performed with
CST Microwave Studio (figure 5.1(b)) that this is also true for our rolled-up structures.
However due to the complexity of these structures further progress in the preparation of
metal /semiconductor microrolls has to be made to achieve a higher yield of compactly

rolled-up three-dimensional superlattices.
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Figure 5.1: (a) Fishnet structure drilled inside a metal/semiconductor microroll (in
cooperation with Daniel Stickler from the group of professor Dr. Hans Peter Oepen). (b)
Simulated transmission and reflection as well as retrieved refractive indices for a fishnet
structure consisting of rectangular holes inside six layers of a silver /GaAs superlattice. The
parameters of the fishnet structure are defined in (c): a; = ay = 300nm, w, = 102nm,
wy = 68nm, tay = tGaas = 17nm.



Appendix A

A.1 Transfer matrix for metal/dielectric superlattices

In the following the reflection and transmission coefficients through a multilayer con-
sisting of single layers ¢ with permittivities ¢; and permeabilities p; will be calculated using
a transfer matrix approach. We assume that the magnetic field H inside each single layer
can be expressed by a superposition of plane waves which travel in positive and negative

z directions and have a vector component k, in x-direction:

Hy(F.w) = Heitharthez—ot) | f=gilkor—koz—et)

(3

For the following calculations we assume p polarization of the fields, i.e. H = Hy; Th

S = O

electrical and the magnetic field of a plane wave are connected with each other by the

Maxwell equation:
iwE =k x H

At the boundary between two layers the parallel components of the magnetic field H and

the electrical field D = ¢E have to be continuous. This leads to a set of two equations:

HSE*’HO:' = H8;+1+H_

0i+1
ki n _ koit1 + _
—?(Hm + Hy;) = e (Ho; 1 + Hyi i q)
7 i+1

These equations can be written in in matrix form:

(1)n ()
HOi HOZ'—H

The transfer matrix

€ikzi Gk

T, — L+ €xkzi ! €xkzi

ik 1 — €ikzk 1+ €ikzk
€rkzi erkzi
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connects the magnetic fields on the border of the layers ¢ and k. For s-polarization the
transfer matrix reads:
1+ Keb ] K
T = ko ko
=% 14+ 3
Fields on the left and on the right side of a single layer of thickness d; are connected to

each other by a phase matrix:

p — exp(ikzidi) 0
v 0 exp(—ikzidi)

With the help of these matrices the propagation of fields through a multilayer can be

easily calculated by multiplying the single transfer and phase matrices for each layer with

each other:
H, ) ( H H
o =TnP-...- P 1Th_1n on | = M On
( HOO H()n HOn

Since the space after the last layer is infinetely open no light gets reflected and the field
H, can be set to zero, while the field H, can be arbitrarely set to 1. The reflectivity is
defined by the absolute ratio of the incoming and the reflected fields in front of the first

layer:
2
Hyg
Hy,

The transmission through the layer is defined by the ratio of the incoming intensity and

2
_|mu

-

mai

the intensity after the last layer:

2 2

Hog
Hyo

To calculate the transmission and reflection coefficients the superlattice of figure 3.1 is

|

1
mi1

embedded in a medium with permittivity e, like for example vacuum. Using the transfer
matrix approach the fields on both sides of the superlattice with n rotations are connected
to each other by the matrix

(5)-u(%)

n
with
~ ~ A A A A n . « A A
Mg =161 <P1T12P2T21) P PoTos (A.2)
The transfer matrices T()l and ng denote the transfers functions of the fields to the

surrounding media of the superlattice, the matrix products inside the brackets yield
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the unit cell matrix already known from equation 3.9. The equation system above is
overdefined, so there are two coefficients which can be chosen arbitrarely. Since the space
behind the last layer extends to infinity the coefficient £ = 0, i.e. no light is reflected
behind the last layer of the superlattice. As last free parameter the field component E;
can be set to 1, which leads to a normalisation for transmission and reflection coefficients.

From this equation system the reflection as well as the transmission can be calculated:

ET|? 2

R = |20 —|2 (A.3)
EO mi1
E+ 2 1 2

T = |2 :'— (A.4)
EO mi1

As already shown in equation 3.13 the optical properties of the superlattice can be
described by an anisotropic permittivity tensor in the effective medium approximation.
Therefore the transmission and reflection coefficients can be expanded in powers of the
layer thicknesses d; and ds to a form which equals the transmission and reflection coeffi-

cients through a slab with anisotropic permittivity:

o 2
R (2~ 23) sn 120 -

(k32€? + k2e,) sin (kid) + 2ik,kee, cos (kid)

2
2
T = |tf = (A.6)
. k*e k .
2cos (kid) — 1 <l<:zgem ﬁ) sin (kid)

Both transmission and reflection are shown in figure A.1 for an effective medium con-
sisting of silver and GaAs with a thickness of layer ratio n = 1.3. The light transmits
perpendicularly through the medium, i.e. k£, = 0. As can be seen from equations A.5
and A.6 for k, = 0 only the transversal component €, influences the transmission and

reflection spectra, while the component €, is cancelled out.

Below the plasma frequency w,, where the effective medium becomes metallic, the
transmission drops to zero while the reflection increases to almost 1. Above the plasma
frequency the superlattice becomes transparent and light waves can propagate through
the effective medium slab. Due to back reflections at the interfaces of the slab Fabry-Pérot
resonances form oscillations in the reflectivity and transmission spectrum. For a clearer
demonstration of these resonances the imaginary part of the GaAs permittivity was
neglected in these calculation, so the oscillations are not damped away. By inverting
equations A.5 and A.6 the effective permittivity €, can be retrieved. This will be investi-

gated in further detail in chapter 4.2.
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Figure A.1: Transmission for a lateral wavevector k, = 0 for an effective medium
consisting of GaAs and silver with a thickness of layer ratio of 1.3.

A.2 Dispersion in the effective medium approximation
As shown in chapter 3.1 the dispersion of Bloch waves in a superlattice is given by

solving the eigenvalue equation:
Mw, ky) = exp(ik;A) (A.7)
where A is the eigenvalue of the transfer matrix

N m m N N N A~
M, = ( 12 ) — P Ty PyToy (A.8)
mao1 Ma2

This matrix connects the fields of subsequent unit cells and A = dy + ds is the lattice
constant of the superlattice. The matrix M, is unimodular, i.e. det(M) = 1. Therefore

the eigenvalue is given by

A= %(mn + mog) = \/%(CL +b)2 -1 (A.9)

Equation A.7 has a solution for $|a + b| < 1 and the dispersion for the real part of k} is

1 1
cos(k;A) = §(m11 +mag) = cos(k,1dy) cos(kyods) — 5(,%12 + /le) sin(k,1dy) sin(k,2ds)
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(A.10)

where k,; and d; are the wavevectors and thicknesses in each layer. If the thicknesses are
much smaller than the wavelength of transmitted light this equation can be expanded by
powers of kXA, k,1d; and k,od2 up to second order. Inserting the dispersion relation 3.2
for k,; and neglecting powers higher than two for the layer thicknesses d; one derives the

dispersion relation:

k2 =k

dier + daea)? w\2 (dre1 + dae

5(112 2€2) +(_> (die1 + daeo) (A.11)
A €1€2 C T

Solving for (w/c)? yields the dispersion relation 3.13 for an anisotropic effective medium:

()2 = k_%+k_§ (A.12)

c €, €

-1
with o = o+ G md e = (42 +48)

For TE polarized light the dispersion relation in the long wavelength limit becomes:

1

€x

(=)? (k2 + k2) (A.13)

w
Cc

This is the dispersion relation for an isotropic effective medium with the permittivity e,.



Appendix B

B.1 Sample parameters
All samples used in this thesis were grown by Dr. Holger Welsch and Andrea Stem-
mann by molecular beam epitaxy at our institute. The samples used for rolled-up super-

lattices had the following layout:

| #2153 |
Top layer Aly3Gag7As | 17 nm
Strained layer InAlGaAs 17 nm
Sacrificial layer AlAs 40 nm
GaAs Substrate
| #2252 |
Top layer Aly3Gag7As | 10 nm
Strained layer InAlGaAs 10 nm

Sacrificial layer AlAs 40 nm
GaAs Substrate

Samples for rolled-up metal/(In)GaAs arrays had the following layout:

| 11988 - #1990

Strained layer | InAlGaAs | 3 nm, 4 nm, 6 nm
Sacrificial layer AlAs 40 nm
GaAs Substrate

B.2 Etching parameters
For shallow etching of the mesa a mixture of phosphoric acid and hydrogen peroxyde

was used with a volume ratio:
H3P04 . H202 =500:1

Both components were stirred for at least one hour to achieve a constant etching rate. The

etching rate was calibrated for each sample series and was about 1.3nm/s. The etched
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surfaces are quite rough with an average roughness of about 6 nm. Therefore the etching
has to be stopped several nanometers above the sacrificial layer to prevent leakage of the
hydrofluoric acid through holes into the sacrificial layer. For rolled-up superlattices deep
etching was performed by the same phosporic acid solution described above. For microroll

arrays the U-shaped starting edge was etched by reactive-ion etching with the parameters:

SiCly : 20scem
Pforward : 100W

Generally we found that the deep etching of the starting edge has to be performed very
shortly before the last etching step for a higher yield of rolled-up microrolls.

The selective etching of the Al As sacrificial layer was performed with diluted hydroflu-
oric acid, which shows a high selectivity with respect to GaAs. The concentration of the
acid was 5% and 10%. We found that the yield of rolled-up microrolls increased for the

higher concentration.
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