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Abstract

This thesis describes the preparation and characterization of anodic alumina ox-
ide (AAO) templates and complex nanostructures based on such templates. The
aim of our investigation is to achieve materials that allow a pronounced energy
transfer following the concept of nanocontacts between the oxide framework,
plasmonic metal and molecular components. For this reason free standing as well
as ultra thin AAO templates are prepared by a well-controlled, two step anodiza-
tion process. Hexagonal pore arrangements with honeycomb-like boundaries are
formed via a self-organized oxidation process. The effect of tuning parameters,
such as temperature, composition and geometry of the etching cell, are system-
atically investigated. In this way the pore diameter is tunable from 20 nm to 200
nm and template thicknesses from 150 nm to 20 µm are achieved. The physical
and chemical properties of the AAO templates evidently influence the character-
istics of the resulting nanocomposites and are therefore investigated as function
of preparation methods and conditions. The relation between photoluminescence
and optical absorption has been studied in detail. The absorption spectra of an-
nealed AAO can be divided into several Gaussian bands located at 4.3 eV, 4.9 eV
and 5.4 eV, respectively. These absorption bands originate from different oxygen
vacancies (color centers, F+ and F2) that also lead to a related photoluminescence
(PL). The Stokes shift between these two processes is rather large and attributed
to the amorphous structure of the templates. Via annealing the concentration of
oxygen vacancies can be controlled leading to nonmonotonical changes of ab-
sorption with temperature and time. Nanowire arrays from plasmonic Au wires
as well as magnetic materials are grown by electrochemical deposition of met-
als or oxides in the AAO template. The wire arrays are decorated by molecular
species such as Mg-phtalocyanine or Aza-BODIPY. We observe Förster resonance
energy transfer (FRET) between AAO and the molecules using the color centers
of AAO as a donor. The quenching of PL is further studied using picosecond and
femtosecond resolved luminescence measurements. The characteristic life times
are tuned by doping with Benzoquinone and CdSe quantum dots. We demon-
strate a tailoring of the dynamic optical properties of the complex nanostructures
using geometry as well as characteristic energies of the constituents.
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Überblick

Die vorliegende Arbeit beschreibt die Herstellung und Charakterisierung von
nanoporösen Matrizen, basierend auf anodisiertem Aluminiumoxid (AAO), und
komplexen Nanostrukturen. Das Ziel unserer Untersuchungen ist es, Materialien
herzustellen, die einen gezielten Energietransfer zwischen nanoskaligen Metall-
strukturen, Molekülen, und der umgebenden AAO Matrix erlauben. Daher wer-
den sowohl freistehende als auch ultradünne AAO Matrizen über einen wohl
kontrollierten, zwei-Schritt Anodisierungsprozess hergestellt. Hexagonale Pore-
nanordnungen mit wabenförmigen Grenzeflächen werden über eine selbst organ-
isierte Oxidation erreicht. Der Einfluss von Parametern wie Temperatur, Zusam-
mensetzung und Geometrie der Anodisierungskammer auf die Probeneigen-
schaften wird systematisch untersucht. Auf diese Weise können Nanoporen
mit Durchmessern in einem Bereich von 20 nm bis 200 nm und AAO Schicht-
dicken von 150 nm bis 20 µm erzielt werden. Die physikalischen und chemischen
Eigenschaften der AAO Matrizen haben einen starken Einfluss auf die Eigen-
schaften der daraus resultierenden Nanokomposite und werden daher als Funk-
tion von Herstellungsparametern untersucht. Insbesondere der Zusammenhang
zwischen der Photolumineszenz und der optischen Absorption wird im Detail
untersucht. Das Absorptionsspektrum von getempertem AAO kann in mehrere
Gauss-Banden bei 4.3 eV, 4.9 eV und 5.4 eV aufgeteilt werden. Diese Absorp-
tionsbanden rühren von unterschiedlichen Sauerstoffdefiziten (Farbzentren, F+

und F2), die wiederum zu einer Photolumineszenz (PL) führen. Die Stokes-
Verschiebung zwischen diesen Prozessen ist relativ groß, was mit der amorphe
Struktur der Matrizen erklärt wird. Durch Tempern kann die Konzentration
der Sauerstoffdefekte gesteuert werden, was zu nicht-monotonen Änderungen
der Absorption mit Temperatur und Zeit führt. Plasmonische Gold-Nanodrähte
sowie Nanodrähte aus magnetischen Materialien werden durch elektrochemis-
che Abscheidung von Metallen gezüchtet. Die resultierenden Anordnungen wer-
den mit Molekülen wie Mg-Phtalocyanin oder Aza-BODIPY belegt. Wir kön-
nen einen Förster-Resonanz-Energie-Transfer Prozess (FRET) zwischen AAO und
den Molekülen unter Ausnutzung der AAO Farbzentren beobachten. Weiter-
hin wird ein Quenchen des Photolumineszenz-Signals beobachtet und mit piko-
und femtosekunden aufgelösten Lumineszenz-Messungen erfolgreich charakter-
isiertn. Die daraus resultierenden Lebensdauern werden durch Dotierung mit
Benzoquinon und CdSe-Quantenpunkten gezielt verändert. Wir demonstrieren
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ein gezieltes Maßschneidern der dynamischen optischen Eigenschaften von kom-
plexen Nanostrukturen mithilfe der zugrundeliegenden Geometrie sowie der
charakteristischen Energien ihrer Bestandteile.
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Chapter 1

Introduction

Nanoscale materials and phenomena are fascinating because of their unique
properties and functionalities based on, e.g. size effects [1]. Interactions and pro-
cesses on smallest (i.e. atomic) and mesoscopic length scales can be controlled
and manipulated to design novel bulk materials and surfaces. This allows for a
systematic preparation of attractive materials instead of discovering them by trial
and error. As Nobel prize winner Prof. Roald Hoffmann famously said: "Nan-
otechnology is the way of ingeniously controlling the building of small and large
structures, with intricate properties; it is the way of the future, with incidentally,
environmental benignness [sic] built in by design." [1] In this sense, the main goal
of nanoscience is the intentional and precise control of structural elements and
their interplay.

Nanoporous materials are a prime example of this relation because of their
high surface to volume ratio and large porosity. In addition the pore walls may
be functionalized. Nanoporous materials of different pore size, porosity, pore
distribution, and composition are developed for different potential applications,
as [1]:

• High efficiency filtration and separation membranes

• High efficient catalysis

• Porous electrodes

• Hydrogen and energy storage

• Templates for preparation of complex nanostructures.

Periodically ordered nanostructures have attracted a vast amount of scien-
tific attention because of the perfect hexagonal pore arrangement that may be
achieved at the surface by comparably inexpensive techniques. The preparation
of ordered nanopore and wire arrays allows to form more complex materials, e.g.
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core shell and decorated matrices, that have properties which cannot be achieved
with simpler systems.

Anodized aluminum oxide (AAO) templates have been studied since 1950,
with pioneering work done by Keller et al., who reported the structural features
of porous alumina using an electron microscope [2]. In 1995, Masuda and Fukuda
have developed a two-step anodization process which results in highly ordered
pores [3]. Since then, the formation mechanism and physical properties of AAO
and derived materials have been broadly investigated. Used techniques include
scanning electron microscopy (SEM), optical absorption spectroscopy, and pho-
toluminescence spectroscopy. AAO as templates offer the possibility to prepare
macroscopic amounts of nanoscale materials, such as quantum dots, nanowires
and nanotubes [4, 5, 6].

In this thesis we demonstrate the preparation of nanoporous oxidic templates
and more complex nano materials with the aim of establishing arrays with cou-
pled molecular/plasmonic degrees of freedom.

The outline of this thesis is as follows:
Following chapter 1, chapter 2 presents the AAO growth mechanism, basic

theory of surface plasmons, and molecular excitons.
Chapter 3 focuses on the preparation, characterization of AAO and nanostruc-

tured arrays with the AAO as a template. The experimental setups for preparing
AAO, quantum dots, and nanowires are introduced as well. Additionally, the
characterization techniques for morphology of various AAO and nanostructured
arrays are described. Finite element method (FEM) simulation is presented as it
describes plasmonic properties of Au nanowire arrays.

Chapter 4 presents the optical properties of porous alumina depending on the
annealing temperatures. New results are given for photoluminescence and ab-
sorption spectra of annealed AAO based on time resolved studies in the picosec-
ond to femtosecond time range. The formation mechanism of oxygen defects and
recrystallization process in AAO are discussed in detail in this chapter.

Chapter 5 presents experimental and simulation results of surface plasmon
resonance (SPR) of Au nanowire arrays. Absorption spectroscopy is used to de-
tect the SPR of Au nanowire arrays. The results relate the SPR signals to the size,
arrangement, or environment of Au nanowires. We realize these changes by an-
nealing and chemical etching. SPR simulation results of Au nanowire arrays are
comparable to the actual experimental results.

Chapter 6 concerns organic molecular states located close to Au nanowires.
This results in a coupling by the SPR of Au nanowires. Mg-phtalocyanine and
Aza-BODIPY are used in the experiment to detect the related energy transfer.
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Chapter 2

Basic theory

2.1 Electrochemical preparation of nanoporous templates

In this chapter we will describe theoretical aspects of the electrochemical prepa-
ration of nanostructured materials. This includes chemical reaction paths and
the description of parameters that determine the morphology and perfectness of
structures. We will describe the properties of surface plasmons and their coupling
to external light fields as well as their coupling to molecular excitations of molec-
ular species. Optical properties of oxidic materials and plasmonic structures have
been investigated within this thesis. A deeper discussion of the data is given in
chapter 3 to 6.

Two types of oxide layers can form on the surface of aluminum depending on
the anodizing conditions: a compact barrier type layer and a porous oxide layer.
The electrolyte plays a key role in determining which type of layer is formed [2, 7].
The barrier type layer grows in air or in a neutral solution (pH = 5 - 7), such as
boric acid, aqueous phosphate solutions and some organic electrolyte [9, 10, 11,
12].

The following equations describe the anodic reaction that takes place in the
air:

4Al + 3O2 → 2Al2O3 (2.1)

2Al + 3H2O → Al2O3 + 3H2 . (2.2)

The porous oxide layer can only grow in a strong acidic electrolyte with an
anodizing reaction, for instance, sulfuric, oxalic, phosphoric and chromic acid [2,
8]. The following equations show the reactions on different electrodes.

On the anode, the reaction is given by:

2Al + 3H2O = Al2O3 + 6H+ + 6e− . (2.3)

On the cathode, the reaction equation is given by:

6H+ + 6e− = 3H2 . (2.4)
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In general, the barrier type layer is extremely thin with a uniform thickness
and is dielectrically compact. The porous oxide layer grows from the barrier
layer [9, 10, 13, 14, 15], and is in part soluble in the electrolyte. The formation
of anodic alumina oxide layers also has been studied in some mixed electrolytes,
such as fluorine-containing oxalic acid [16], phosphoric and hypophosphorous
acid [17], as well as sulfuric and oxalic acid [18]. These results show the simplic-
ity of achieving a transition between the barrier type layer and the porous oxide
layer. In this section, the growth mechanism of anodic alumina oxide layers with
highly ordered nanopores is discussed.

Figure 2.1 is an idealized model of an anodic alumina oxide (AAO) template.
The cells are hexagonally ordered with uniform size, each cell containing a pore
which grows perpendicular to the film surface. A dense barrier layer is located
between the porous layer and the aluminum base. In general, the structure is
characterized by parameters such as pore size, inter pore distance, pore depth
and barrier layer thickness. Depending on experimental results, these parameters
are mainly determined by anodizing conditions.

Aluminum

nanopores
cells

porous
layer

barrier
layer

Figure 2.1: The AAO includes three layers: the porous alumina, a barrier layer
and an aluminum metal base.

Over the last fifty years, the preparation and application techniques of AAO
have been successfully developed, but the formation and growth mechanisms of
the pores are still controversial. Several theories have been proposed and devel-
oped. For instance, Baumman reported that oxygen ions are generated on the
bottom of the pores at the gas/electrolyte interface. Meanwhile, the dissolution
of the oxide layer leads to the pore’s growth [19, 20]. Keller developed a theory
where by a homogeneous barrier film is formed at the beginning of the anodizing
process and the dissolution is caused by current, meanwhile the current raises
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the local temperature which can enhance the dissolution of the oxide [2]. Mur-
phy and Michelson developed another theory for the oxidation process. They
reasoned that the outer side of the barrier layer is transformed into hydroxide
and hydrate compounds because of the contact with the electrolyte. This layer
can absorb or bond anions from the electrolyte to create a gel-form matrix. The
inner layer is a dense oxide layer. Transmission of oxygen anions towards the
metal base leads to the oxidation between the inner and the outer layer, and ini-
tial pores are formed at defect sites [21].

Oxide layer

Aluminum

(a) (b) (c) (d)

Figure 2.2: A typical anodizing current density achieved in this thesis as a func-
tion of time. It is divided into 4 parts corresponding to the anodizing process as
shown in the lower schematics. (a) formation of a barrier layer on the aluminum
surface; (b) random formation of pore centers; (c) pores deepen and form a new
barrier layer on the interface between the metal and the oxide; (d) stable growth
of pores.

Figure 2.2 shows a typical anodizing current density as a function of time
during the anodization of aluminum in 0.3 M oxalic acid with 40 V anodic voltage
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at 0◦C.
The evolution of current with time is divided into 4 parts according to differ-

ent stages of pore formation. When a constant voltage is applied on the surface
of the aluminum (stage a), the current decreases with time until the local min-
imum is reached. Simultaneously a barrier layer grows on the interface of the
electrolyte and aluminum, which is non porous with a homogeneous thickness.
Subsequently the current increases gradually to a steady point, and pore precur-
sors form on the oxide layer (barrier layer) surface, which can be dissolved in the
electrolyte (stage b). The formation of these pore precursors is random, and usu-
ally occurs around a defect. Further anodizing and etching results in the growth
of pores (stage c), and the aluminum is constantly anodized under an electric
field, pores are widened, and at the same time the growth of the barrier layer is in-
creasingly stable. Finally, the growth and the dissolution of the oxide layer reach
an equilibrium on the electrolyte-oxide interface and oxide-metal interface [8].
In this stage, the current density is constant (stage d). Anodizing conditions de-
termine the current parameters, such as the minimum current value, the rate of
current decrease, and the time after which the steady state forms.

For thermal assisted and field-assisted mechanisms, it is generally accepted
that the growth of the barrier film occurs due to the high field ionic conduction,
and the porous structures develop from the barrier film [9, 22]. The field strength
shows local variations at the surface with defects and impurities. These non-
uniform current distributions and local temperatures induce an enhancement of
the field-assisted dissolution of the oxide and an increase of the oxide film thick-
ness [22, 23]. With the formation of pores, the current focuses on their base, which
can increase pore curvature. Simultaneously, new pores are produced to maintain
a uniform field strength across the barrier layer.

The outward migration of Al3+ from the metal-oxide interface, and the in-
ward migration of O2− and OH− from the oxide-electrolyte interface lead to the
growth of porous alumina. Figure 2.3 shows the migration of elements through
the barrier layer [24].

The generation of Al3+ mainly contributes to anodic current:

Al → Al3+ + 3e− . (2.5)

The formation of O2− and OH− is from the decomposition of water during the
anodic process. The O2− can also be from the electrolyte-oxide interface where
OH− ions are absorbed by the oxygen vacancies [24],

H2O+ 2e− → 2OH− +H2 , (2.6)

O2 + 2H2O+ 4e− → 4OH− . (2.7)

The amorphous alumina grows according to the following equations [8]:

2Al3+ + 3H2O → Al2O3 + 6H+ + 6e− , (2.8)
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Figure 2.3: The migration of ions through the barrier layer. Al3+ ions migrate to
the electrolyte; O2− and OH− ions migrate into the barrier layer. [24]

2Al + 6OH− → Al2O3 + 3H2O+ 3e− , (2.9)

2Al + 3O2− → Al2O3 + 6e− . (2.10)

Masuda and Satoh discovered a two-step anodization process for the prepa-
ration of highly ordered arrangements of nanopores in sulfuric, oxalic and phos-
phoric acid [25]. Before anodization, a series of pretreatment steps are neces-
sary to improve the surface of the aluminum foils. An annealing process reduces
stresses between the grains and increases the average grain size [26, 27]. Typical
annealing conditions are 400◦C - 500◦C for 3 - 5 h in air, argon or nitrogen atmo-
sphere. Another important pre-treatment step is polishing the aluminum foil. For
different aims, different polishing techniques can be used. Mechanical polishing
leads to a smooth surface before anodizing [28, 29, 30], while chemical polishing
leads to highly ordered nanostructures [31, 32]. The most commonly used elec-
trolyte for chemical polishing is 60% HClO4 : C2H2O5 (1 : 4 volume), and the
anodizing potential is 18 - 20 V for 4 - 5 min.

For specifically sized nanopores, specific anodizing parameters are required.
Table 2.1 includes general electrolytes and experimental conditions [33, 38].

The pore diameter heavily depends on the anodizing potential in a specific
electrolyte [8]. The pore diameter is homogeneous at the bottom of the pores,
while the diameter close to the surface is larger because of random initial growth
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Table 2.1: Anodizing conditions for different pore parameters.

Acid Anodizing potential Optimum Pore
range (V) potential (V) diameter (nm)

0.3 M H2SO4 10 - 25 25 25
0.3 M H2C2O4 30 - 100 40 60

1% H3PO4 160 - 195 195 200

of the pores. The pores reorganize in a hexagonal arrangement with increasing
anodizing time, but the diameter of pores does not change with anodizing time [2,
14]. According to O’Sullivan and Wood [8], the following equations describe the
relation between pore diameter and a constant anodizing potential:

Dp = Dc − 2 ·W = Dc − 1.42 · B = Dc − 2 ·Wu ·U , (2.11)

Dp is the pore diameter, Dc is the cell diameter, B is the barrier layer thick-
ness, and Wu is the wall thickness per volt. U is the anodizing potential. The
wall thickness is about 71% of barrier layer thickness. Experimentally obtained
equations describe the relationship between the interpore distance and anodizing
potentials [39, 40]:

H2SO4 : Dc = 12.1 + 1.99U (U = 3− 18V) , (2.12)

C2H2O4 : Dc = 14.5 + 2U (U ≤ 20V) , (2.13)

C2H2O4 : Dc = −1.70 + 2.81U (U ≥ 20V) . (2.14)

The diameter of pores formed under optimum self-ordering conditions results
in an inregular hexagonal arrangement of pores [41]. A high anodizing tempera-
ture and the use of a strong acidic solution may enhance the chemical dissolution
of the oxide [9, 14], which results in a widening of the pores. Recently, the re-
lationship between pore diameter and anodizing temperature was reported in
detail for sulfuric acid [42].

Table 2.2: The pore diameter as a function of anodizing temperature in sulfuric
acid at 15 - 25 V. [42]

Potential U (V) Temperature (◦C) Dc (nm)
15 - 25 -8 1.06 + 0.8 U

1 12.35 + 0.53 U
10 9.34 + 0.72 U
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A barrier layer is formed at the pore bottom. It is a dense and compact di-
electric layer like an oxide film formed in the atmosphere. The dissolvability and
thickness of the barrier layer is very important, because it is related to the fur-
ther application of the porous nanostructures. For instance, the growth of metal
nanowires into pores with a barrier is impossible by electrochemical deposition.
Generally, the thickness depends on the anodizing potential (1.15 nm·V−1) [43].
Both wall and barrier thickness can be easily altered by chemically etching, this
is known as the pore widening process. Usually, alumina with through pores is
prepared by chemically dissolving the barrier layer after removing the remaining
aluminum metal.

The porosity is defined as the ratio of the surface area occupied by pores to
the whole surface area [44]. The following equation defines the porosity of a
nanostructure with hexagonally arranged cells:

α =
π

2
√
3
·
(

Dp

Dc

)2

= 0.907 ·
(

Dp

Dc

)2

. (2.15)

The most important factors influencing the porosity of the structure are the
anodizing potential and the pH value of the electrolyte. Increasing the anodiza-
tion potential results in the decrease of the porosity in sulfuric acid, oxalic acid,
phosphoric acid and chromic acid [38, 39, 40, 45, 46]. Increasing the anodizing
temperature also results in the decrease of the porosity in oxalic acid [47], while
the opposite effect has been reported in sulfuric acid [42].

It is reported that for a perfect hexagonal arrangement of nanopores prepared
under optimum anodizing conditions, the ratio between pore diameter and in-
terpore distance is about 0.33 - 0.34 [41], which means the porosity is about 10%.
The optimum anodizing potentials for sulfuric, oxalic and phosphoric acids are
25, 40 and 195 V, respectively.

2.2 Surface plasmons and molecular excitons

The collective properties of electrons determine many physical and chemical
properties of matter. For instance, noble metals have attracted attention since
early times because of their specific properties. Their particles were used as pig-
ments to decorate church windows and other goods appliances [48, 49, 50]. Fara-
day et al. first pointed out that the colors result from colloidal metallic particles.
This started scientific research about interaction between free electrons in met-
als and electromagnetic radiation [51]. In chemistry, when a molecule absorbs a
quantum of energy which results in a transition from one electronic state to an-
other excited state, this process is called an exciton. Especially in dye modecules,
this transition may lead to an energy transfer between two molecules [52]. In this
part, we will introduce the basics of surface plasmons and molecular excitons, as
well as the coupling between them.
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2.2.1 Theory of surface plasmons

The propagation of a surface plasmon on the metal-dielectric interface is sup-
ported by the localized charge density oscillation along the interface [53], which
is called surface plasmon polariton (SPP), shown in Figure 2.4. It has attracted
great interest in the field of near-field optical spectroscopy [54]. We consider an
idealized model consisting of two semi-infinite nonmagnetic media, one metal
layer and one dielectric layer. The wavevector of the SPP should be a complex
number like in a metal, k = kr + iki, since the dielectric constant ε(ω) = εr(ω)+iεi(ω)
is complex, where εr is the real part of the dielectric function and εi is the imagi-
nary part. Depending on the solution of Maxwell’s equations with an absence of
a light source [55, 56],

Dielectric

Metal

x

z

Figure 2.4: The surface charge and electric field distributions associated with the
SPP mode. The right figure shows the penetration depth of the field into the
dielectric material and into the metal.

k =
ω

c

√

εrεd
εr + εd

+ i
ω

c

√

εrεd
εr + εd

εiεd
2εr (εr + εd)

, (2.16)

where εd is the dielectric constant of the dielectric medium, the energy po-
sition of SPP is determined by kr, and the propagation length of the SPP along
the interface is decaying exponentially and is determined by ki. The penetration
depth of the electromagnetic field into the dielectric medium is of the order of λ/2
of the wavelength in this medium, however, the depth is given by the skin depth
in the metal [55, 56], as seen the left diagram in figure 2.4.

Figure 2.5 shows the dispersion curve of the surface plasmon polaritons. The
surface mode is close to the light line at low frequencies and the mode moves fur-
ther away from the light line upon approaching the surface plasmon resonance
frequency ωsp. Directly exciting surface plasmons is impossible because kspp is
always larger than kc. In this case, surface plasmons polaritons can be excited
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Figure 2.5: The blue line is the dispersion curve of a bulk plasmon polariton, the
red line is the dispersion curve of a surface plasmon polariton, and the black line
is the dispersion curve of light in a dielectric.

by high energy electrons or by a structure known as a Kretschmann-Raether cou-
pler [57]. Figure 2.6 shows that a metal layer is deposited on the top of a dielectric
prism by vapor deposition. The angle of incidence is larger than the angle of to-
tal internal reflection. At a certain angle θ, the component of the incident wave
vector on the prism-metal interface matches with the SPP wave vector on the air-
metal interface, as the wave vector of incident light increases in the prism with a
high refractive index n.

For nanoparticles, the polarizability of a sphere α with volume V under an
incident light is given by the Clausius-Mossotti relation [58, 59]:

α = 3ε0V

(

ε− εd
ε+ 2εd

)

, (2.17)

where ε0 is the dielectric constant of a vacuum and εd is the dielectric constant
of the surrounding material. ε is the complex dielectric function of the metal. De-
pending on these equations, the polarizability is infinite when εr = -2εd [60, 61].
In this case, the charge of nanoparticles creates a density oscillation with the in-
cident light, and results in a resonance with the electromagnetic field of the light,
which is termed surface plasmon resonance (SPR). For noble metals (gold, silver
and copper) SPR takes place in the visible frequency region [48, 49]. The electro-
magnetic fields are strongly enhanced around the particles due to the plasmon
resonance, and this plasmonic near-field can affect the properties of materials in
close proximity to the particles. For instance, it was used in surface enhanced Ra-
man spectroscopy (SERS) [62, 63]. The parameters size, shape and surrounding
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Figure 2.6: Kretschmann configuration of an attenuated total reflection setup for
coupling surface plasmon. The plasmons propagate along the interface of metal
and dielectric medium. The lower graph shows the increase of the wave vector
of the incident light with the assistance of high refractive index of prism.

medium strongly influence the oscillation energy [65, 66, 67] in optical spectra. It
also means that the optical properties of plasmonic nanoparticles can be tuned by
changes in their size, shape and morphology.

The charge oscillations under an incident electromagnetic field induce a sep-
aration between free electrons and the ionic metal core, which results in a restor-
ing Coulomb force. In UV-Vis spectroscopy, the SPR oscillation shows a strong
absorption of light at specific energies, which is the origin of the color of the par-
ticles as explained by Mie [68]. In the case of nanorods, electron oscillations can
take place in two directions, depending on the incident light: transverse (T-mode)
and longitudinal (L-mode).

The dielectric constant of a metal is described according to the Drude-
Sommerfeld model [69]:
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Figure 2.7: Left side: Electronic coherent surface plasmon resonance (SPR) oscil-
lation on the surface of Au nanospheres and nanorods. Right side:F Absorbance
spectra of nanospheres and nanorod arrays. Details of geometry and measure-
ment techniques are given in chapter 5.

ε (ω) = 1−
ω2
p

ω2 + γ2
+ i

γω2
p

ω (ω2 + γ2)
, (2.18)

where ωp is the volume plasma frequency [70, 71], and γ is the damping con-
stant. For bulk gold ωp = 13.8· 1015 s−1 and γ = 1.075· 1014 s−1 [51].

ωp =

√

ne2

meε0
, (2.19)

The real part of the dielectric constant is negative and the value is decreas-
ing with decreasing frequency ω. The surface plasmon absorption band for
gold nanoparticles with a diameter of 14 nm is at around 520 nm and for sil-
ver nanoparticles with a diameter of 16 nm it is at around 410 nm. The surface
plasmon resonance frequency is given by the following equation [72]:



14 Chapter 2. Basic theory

ωsp =

√

Ne2

meε0(ε∞ + 2εm)
. (2.20)

It is determined by the real part of the dielectric function, while the absorp-
tion contribution and line width of the surface plasmon resonance band are de-
termined by the imaginary part of the dielectric constant [72]. The mean free path
of electrons in metallic nanoparticles is much smaller than in the bulk. Therefore,
the scattering of the electrons by the nanoparticles surface plays an important role
in the study of surface plasmon resonance [61]. For instance, when particles are
smaller than 10 nm, the resonance line is broadened. The width is inversely pro-
portional to the size diameter [61, 73]. The following equation gives the linewidth
of the surface plasmon resonance of a metallic nanoparticle [73]:

∆ω 1

2

≈ 2εi |sp
(dεr/dω) |sp

. (2.21)

Hence, the imaginary part of the dielectric function represents a metal depen-
dent "loss factor" [73]. The plasmonic quality is used to describe the combined
effect of the real and imaginary part of the dielectric function. It is given by the
energy position of the plasmon resonance divided by its linewidth. Silver has
a higher plasmon quality than gold, because much stronger plasmon fields are
produced in silver [74]. However, gold is very often chosen in order to study the
surface plasmon experimentally, because of its higher stability against oxidation.

The size of nanoparticles has a strong influence on the SPR behavior. As the
size increases, the number of electrons increases proportionaly to the volume, and
higher-order oscillation modes are excited when the size is comparable to the in-
cident wavelength [58]. The plasmon resonance is significantly broadened by the
higher order modes because of a reduction in the phase coherence [61]. Mean-
while, the scattering contribution increases as the particle size increases, while the
plasmon lifetime decreases [58]. These effects are shown in the absorption spectra
where the plasmon resonance band shows a red shift and a broadening [61, 75].

The maximum peak position of the SPR in the absorption spectra depends
not only on the dielectric constant of the metal and its environment, but also on
the particle’s shape. There is a restoring Coulomb force between a displacement
of the conduction electron cloud [58] and the positive metallic lattice under the
influence of the electromagnetic field. The magnitude of this restoring force is
related to the shape of the electron cloud and the incident polarization. Consider-
ing an ellipsoidal particle, the restoring force on the electron cloud along the light
polarization direction is weaker than that of a sphere. The shape polarizability is
given by [53]:

α =
ε0V

L

(

ε− εm

ε+
(

1+L
L

)

εm

)

, (2.22)
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L depends on the shape and is a depolarization factor. In a sphere, L=1
3
. The

plasmon resonance condition is given as [53]:

εr = −
(

1− L

L

)

εm . (2.23)

Ellipsoidal and rod-shaped nanoparticles have a long axis A and a short axis
B. This results in two SPR modes along two different directions, as shown in
Figure 2.7. The values of the depolarization factors depend on the aspect ratio
B given as [76]:

LA =
1− e2

e2

(

1

2e
ln
1 + e

1− e
− 1

)

, (2.24)

LB =

(

1− LA

2

)

, (2.25)

with e =
√

1− (1/B)2. Compared to LB, LA is more sensitive to the aspect
ratio. With the increase of B, LA decreases sharply, which leads to a red-shift
of the longitudinal mode. Hence, the SPR energy is tunable in the visible and
near-infrared region by the shape of the nanoparticles [76]. Many applications
in biology and chemistry depend on this unique property [77, 78, 79]. The in-
tensity of the electromagenetic field |E|2 is enhanced strongly by the sharp peaks
which support a strong near-field plasmon. For instance, the |E|2 from silver
nanorods with an aspect ratio of 2.8 is 4500, compared to a value of 200 from
silver nanosphere with a diameter of 20 nm [80].

For the preparation of the nanostructure, chemical synthetic methods [77, 78]
and optical lithography [81] are chosen depending on the specific parameters.

2.2.2 Molecular energy levels

In quantum physics, the Schrödinger equation describes the origin of discrete
energy levels of an atom. The Hamiltonian is defined as [82]

H = − ~
2

2m

∑

j

▽2
j − Ze2

∑

j

1

rj
+
∑

i>j

e2

rij
, (2.26)

It includes three parts, the kinetic energy of the electrons, the Coulomb in-
teraction of the individual electrons, and the Coulomb interaction between the
electrons. The quantum numbers take the following values:

The main quantum number

n = 1, 2, 3... , (2.27)

The orbital momentum
l = 0, 1, 2, ...n − 1 , (2.28)
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The magnetic quantum number

m = −l,−l + 1, ...l − 1, l , (2.29)

Finally, the spin of the electron within each orbital has a possible spin quan-
tum number ms = ±1

2
.

In an atom with only one electron, i.e., the hydrogen atom, H, there is no
Coulomb interaction between the electrons. In a molecular system, however, with
many electrons, the solution of the Schrödinger equation is more complex, be-
cause the interactions between electrons and the orbitals of increasing energy are
populated by pairs of electrons according to the Fermi-Dirac statistics.

The molecular energy E is separated into the following different contribu-
tions [83]:

E = Etrans + Evib + Erot + Eelec , (2.30)

Etrans is the translational kinetic energy( i. e. 1
2
mv2 for the whole molecule);

Evib is the vibrational energy; Erot is the rotational energy; Eelec is the electronic
energy [83]. These contributions are not completely independent from each other,
as every electronic state has a number of vibrational levels superimposed on it.
Typically the energy hierarchy is given by ∆Eelec>∆Evib>∆Erot. A photon with
an energy equal to the difference in energy between the excited state and the
ground state, as shown in Figure 2.8, can excite the electrons. The electronic ab-
sorption spectra generally consists of broad bands because there is a range of
wavelengths that can lead to a transition.

At room temperature, the majority of the molecules are in the ground state
energy S0. The excited electronic states S1 and S2 represent the electronic singlet
state and T1 represents the first electronic triplet state. The energy of the T1 is
lower than the corresponding singlet state S1. Absorption transitions can occur
when the energy of the incident photon is equal to the energy difference between
S1 → S0 or S2 → S0. The molecules can be excited to different vibrational levels
of the excited state. Vibration relaxation and internal conversion usually follow
the excitation process, which leads to the molecular state to the main excited elec-
tronic level or an intersystem crossing from the singlet state to the correspond-
ing triplet state. Fluorescence (FL) occurs after the vibrational relaxation; the
molecules return to the ground state by emission of a photon. However, most
excited molecules lose their excitation energy by heat or through collisions with
the surrounding medium to return to the ground state. The intersystem cross-
ing process occurs when the vibrational levels in the singlet and the triplet states
overlap. The electrons transfer from an excited singlet to a triplet state. Other
radiationless processes contain internal and external conversion. No photons are
emitted in these processes, and all the excitation energy transfers to heat.

In the following we describe properties of molecules that have promising op-
tical properties. As this thesis concerns the interaction of plasmonic arrays with
molecular electronic degrees of freedom both the mechanism and the interaction
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Figure 2.8: Typical diagram for a photoluminescence system. The Jablonski dia-
gram shows a number of possible routes by which an excited molecule can return
to its ground or room temperature state.

strength are important. In many cases molecular systems interact with each other
or with plasmonic fields via virtual dipole dipole transition. In the field of life sci-
ence this is often described as Förster resonance energy transfer (FRET). Energy
is transferred from a donor to an acceptor molecule. To allow this, the distance
should not be too large and a spectral overlap of emission and absorption should
exist. Therefore the characteristic energies of molecular systems are very impor-
tant. The chemical functionality of the molecules can be used to tailor a certain
distance in the nanomaterial to be investigated.

As an example we describe here the properties of the dye molecule BODIPY as
it has a useful tunability of its excitation levels and is widely available. Samples
have been provided by the group of Prof. M. Bröring, IAAC, TU Braunschweig.
Other molecules or reactants that have been investigated are Mg-phtalocyanine,
benzoquinone, and CdSe quantum dots (Maple red, Evitag). A quantum dot is
a nanoscale, crystalline portion of matter with confined excitons. The size of the
dot determines the characteristic energy scale of the excitons. They are sometimes
called artificial atoms and show a high absorbance at a certain energy.
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Figure 2.9: Nomalized fluorescence emission spectra of 1) BODIPY FL, 2) BOD-
IPY R6G, 3) BODIPY TMR, 4) BODIPY 581/591, 5) BODIPY TR, 6) BODIPY
630/650, 7) BODIPY 650/665 fluorophores in methanol. [85]

Boron-dipyrromethene (BODIPY) dyes were first discovered by Treibs and
Kreuzer in 1968 as a class of fluorescent dyes [84]. Compared to other dyes, BOD-
IPY dyes are extremely versatile because of their specific optical properties can be
tuned [85]. Depending on the substituents they can emit in variable fluorescence
bands in the visible to near infrared range, as shown in Figure 2.9. The quantum
yields can reach up to 100 % even in water. The small linewidth of the emission
bands and the high molecular extinction coefficients contribute to overall bright-
ness [85]. BODIPY is used to generate fluorescent conjugates of proteins [86] and
fluorescent enzyme substrates [87].

The core structure of the BODIPY fluorophore contains a BF2 unit, and has
green fluorescence. Both fluorescence and absorption spectra shift to lower en-
ergies when the suitable substituents allow extended conjugation. Aza-BODIPY
(difluoro-bora-1,3,5,7-tetraphenyl-aza-dipyrromethene) dye has been known for
more than 15 years [88] as a BODIPY derivative. Their Π systems are affected by
introducing heteroaromatic groups in the 1-,3- and 5-,7-positions of the pyrrole
ring. Figure 2.10 shows the structures of BODIPY and Aza-BODIPY.

The high chemical stability [89, 90] and tunable infrared absorption [91, 92]
of Aza-BODIPY are the key reasons for its wide use in organic solar cell de-
vices [93, 94, 95]. Research on the nature of the interaction between single Aza-
BODIPY and inorganic substrates shows the influence of the environment on the
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Figure 2.10: Structure of BODIPY and Aza-BODIPY

absorption behavior and the electronic properties of molecules [96]. Scanning
tunneling microscopy (STM) investigations show there is no preferred orienta-
tion when the Aza-BODIPY is deposited on the Au(111) surface [97]. The unoc-
cupied electronic states in Aza-BODIPY give a broad and intense peak located ap-
proximately at 0.7 V [97]. The interaction between the Au surface and molecules
results in the phenyl rings rotating, and the BODIPY core is slightly raised com-
pared to the phenyl rings, which leads to conically shaped molecules on the Au
surface [97]. DFT-LDA (Density functional theory and Local-density approxi-
mation) calculation results prove that charge transformation takes place between
Aza-BODIPY and the Au (111) surface, which results in broadened orbitals of the
molecules. This is an outstanding property, because Au is a chemically stable
metal, usually dye molecules only physisorb on its surface [98, 99].

In this thesis, we deposited Aza-BODIPY on a Au nanowire array. The fre-
quency of the longitudinal plasmon is tuned to the Aza-BODIPY absorption peak
at 648 nm via the aspect ratio of Au nanowires. The electromagnetic coupling
between molecules and Au nanowires is achieved through a small shift of the
longitudinal mode leading to a spectral overlap with the molecular absorption.
The overlapping area in the absorption/emission spectra allows a coupling by
FRET. We will discuss this effect further in Chapter 4.
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Chapter 3

Preparation and characterization:
basic techniques

In this chapter we will introduce the preparation techniques of porous alumina
based on a two-step anodization process. Vertical and horizontal anodizing cells
are compared in terms of their advantages and disadvantages. The preparation
processes for free standing and ultra thin AAO templates are individually intro-
duced. Various characterization techniques are introduced in this chapter, which
are used to study the morphology and physical properties of AAO. We will also
describe the preparation process of nanowires and nanodots based on AAO tem-
plates. The SPR simulation method will be introduced at the end of this chapter.
Results of the preparation of nanowire arrays in AAO templates have been pub-
lished [100].

3.1 Experimental setup of template preparation

3.1.1 Vertical anodizing cell

Figure 3.1 shows a vertical anodizing cell. It consists of two glass bottles with a
horizontal branch. The bottles are filled with electrolyte and water, respectively.
A polished aluminum foil is fixed between the electrolyte and water and used as
the anode in the anodizing process. A platinum (Pt) sheet acting as the cathode
is inserted in the electrolyte bottle. To stir the electrolytes continuously, a mag-
netic stirrer is used. This keeps the electrolyte at equilibrium temperature. The
whole vertical cell is dipped into a mixture of ice and water, which is constantly
at T = 0◦C. We connect a computer with a home-made program to the circuit to
record the anodizing current and voltage. The used potentiostat/galvanostat has
a working range of 0 - 300 V and 0 - 600 mA. The software records voltage and
current as a function of time and displays these data on the screen. This record is
very important to control the anodization process.

In this cell, the anodizing reaction occurs on the side of the aluminum in con-
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Figure 3.1: Schematic diagram of the vertical anodization cell. The aluminum foil
is fixed between two bottles. The left bottle is filled with an electrolyte and the
right bottle is filled with water. A platinum sheet is inserted in the electrolyte
as a cathode. A magnetic stirrer is used to keep the electrolyte at equilibrium
temperature.

tact with the electrolyte, termed "the front side" in our experiment. Before the
anodization takes place, the whole cell, with the electrolyte and water is placed
in cooling water at 0◦C for more than 1 hour to ensure a homogeneous reaction
temperature. The platinum plate size is 1 cm×1 cm, and parallel to the aluminum
foil to achieve a homogeneous electrical field.

In case of preparing a template with through pores, we have to remove the
remaining aluminum and barrier layer on the bottom of the pores. This can be
achieved by replacing the water in the right bottle with a dissolving solution, as
well as replacing the anodizing electrolyte with distilled water with reagent to
keep a constant pressure on both sides of the AAO. When the pores are opened,
the water color becomes pink, because the reagent is sensitive to the dissolving
acid.

Removing the heat that results from the anodizing reaction is a challenge with
the vertical anodizing cell. The junction connecting the two bottles is made from
teflon. As a good anti-corrosion material, teflon has a low heat conductance.
Huge amounts of heat [32,33] are generated on the bottom of the pores. The
templates will burn if the heat removal efficiency is too small. The electrolyte



3.2. Preparation and morphology of anodic alumina oxide templates 23

concentration gradually changes after a long anodization process, even though
a magnetic stirrer constantly works during this process. We can clearly see the
reagent color changing from the bottom of the bottle to the top. The inhomo-
geneous electrolyte results in inhomogeneous chemical reactions taking place on
the surface of the templates.

3.1.2 Horizontal anodizing cell

We developed a horizontal anodizing cell to overcome the drawbacks of the ver-
tical anodizing cell. Figure 3.2 shows the a sketch of the setup. There are two
parts in this apparatus, an anodizing cell and a cooling system. The anodizing
cell is filled with the electrolyte, and the polished aluminum foil is fixed on a cop-
per plate. As a cooling system we use a teflon based stirrer driven by a motor to
keep the anodizing temperature and electrolyte concentration homogeneous. As
a cathode, a platinum mesh is fixed on the opposite side of the aluminum foil.
Similar to the vertical anodizing system, a computer is connected with the power
supply to record the data during the anodizing process. The cooling system con-
sists of cooling solution, a self-made cooling box and a cooling generator.

As a good thermal conductor, copper can remove the joule heat generated in
the reaction effectively. The teflon made cell prohibits a heat exchange with the
outside environment. The aluminum foil is installed horizontally to the bottom
of the cell, which means that the anodizing temperature and electrolyte concen-
tration are homogeneous on the aluminum surface. For the preparation of large
(4 cm×4 cm) porous alumina template with high quality, a horizontal anodizing
setup is essential.

3.2 Preparation and morphology of anodic alumina oxide
templates

3.2.1 Free standing porous alumina

In our experiments, free standing AAO templates are used to prepare nanowires.
The purpose of this section is to describe the preparation conditions of self-
assembled porous alumina with variable diameter and aspect ratio.

The preparation of porous alumina is a multistage process consisting of pre-
treatment, anodizing, and post-treatment steps. Firstly, the aluminum foil with
a high purity of 99.99% is cleaned with acetone in an ultrasonic bath for 30 min
to remove contaminations. Then the aluminum foil is annealed in air at 400◦C-
500◦C for 4-5 h to reduce the stress in the material. The electrochemical polishing
of the aluminum foil is then carried out in a mixture of HClO4 and C2H6O with a
volume ratio of 1:4, with polishing parameters of 20 V for 4 min. After polishing,
the aluminum surface becomes smooth and shiny.
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Figure 3.2: Schematic diagram of the horizontal anodizing cell. A motor con-
trolled stirrer is inserted into the electrolyte. As an anode, the aluminum foil is
fixed on a Cu plate. The whole cell is fixed on a self-made cooling box which is
filled with the cooling solution. A platinum mesh parallel to the aluminum foil
acts as the cathode, and a computer is connected to the circuit to record current
and voltage.

Before starting the first anodizing process, the electrolyte in the anodizing cell
is cooled down to 0◦C with the help of our cooling system. In our experiments,
sulfuric acid, oxalic acid and phosphoric acid are employed as the anodizing elec-
trolyte. As an example, in the following we will describe the mild anodizing con-
ditions for oxalic acid. The anodizing potential is 40 V. For each electrolyte, there
is a certain potential and concentration which can be applied without burning
the oxide film. The standard potential and concentration is 25 V for 0.3 M sulfuric
acid, and 195 V for 1% phosphoric acid. The self-organized growth of pores hap-
pens perpendicular to the surface of the aluminum. The growth rate for the mild
anodization process is relatively slow with ≈ 2 nm/s, because of the low current
density. However, in a hard anodizing process, the oxide growth rate can reach
1 µm/s, combined with a much higher current density [101]. In this thesis, all
templates are prepared by using mild anodization conditions.
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Figure 3.3: Flow diagram of AAO template preparation by a two-step anodiza-
tion in oxalic acid [102].

In order to get a highly ordered arrangement of pores, the first self-organized
porous oxide layer is etched away chemically. This etching process is carried out
in a mixed solution containing 6% H3PO4 and 1.8% H2CrO4 in a water bath at
45◦C for 8 hours. The thickness of the oxide layer scales with the etching time.
Following the removal of the first oxide layer, the second anodizing process is
carried out with the same anodizing potential as a first anodization. The anodiz-
ing time varies from 2 - 20 hours depending on the required thickness. For a
free-standing template, it usually takes more than 8 hours to finish this process.
Otherwise, the template is too thin and fragile to handle. A three-step anodizing
procedure can be carried out by repeating the cycles of anodization and removal
of the oxide layer [29]. The experimental results show, however, that the order of
nanopores is comparable with the two step anodization [29, 102]. Meanwhile, the
pore size increases with increasing of anodizing steps [103].

We remove the remaining aluminum base and barrier layer from the non-
oxide side to open the pores. This is called the post-treatment process. Firstly, a
mixture solution of HCl and CuCl2 is employed to dissolve the aluminum via the
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Figure 3.4: SEM pictures of porous alumina. Nanopores were formed by self-
organized anodization under different anodizing conditions. The pore diameter
and interpore distances are variable depending on the experimental parameters.
The lower left picture shows AAO formed in oxalic acid at 40 V.

reaction:

3Cu2+ + 2Al → 3Cu + 2Al3+ . (3.1)

The template becomes transparent when all the aluminum is replaced by
Cu2+. The barrier layer is removed afterwards with a 5% H3PO4 solution. For
pores grown in sulfuric, oxalic and phosphoric acid, these processes are carried
out at 30◦C for 15 min, 30◦C for 32 min, and 45◦C for 30 min, respectively. In
general, with an increasing temperature or etching time, the pores are signifi-
cantly widened because the walls are dissolved along the horizontal direction.
That means that the pore diameters are increasing together with a decrease of
inter pore distances. Physical etching techniques, such as Ar+ etching can also
be employed to remove the barrier layer [104, 105, 106], but the etching time and
operation are more complicated than chemical etching.

The structural features of porous alumina anodized in different electrolytes
and with varying potentials are shown in Figure 3.4. All SEM measurements were
done in Prof. M. Schilling’s group, EMG, TU BS. The interpore distance and pore
diameter also depend heavily on the anodizing conditions. Adopting the stan-
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dard two step anodization process, the pore diameters formed in 0.3 M sulfuric
acid, 0.3 M oxalic acid and 1%H3PO4 are 20 nm, 60 nm, and 200 nm. Meanwhile,
their interpore distances are around 25 nm, 40 nm and 230 nm, respectively. The
pores are in a hexagonal arrangement and parallel to each other on the surface,
but there are defects at the boundaries between ordered domains [35, 107]. A
typical size of domain is 2 µm2, probably given by domains in the aluminum foil.
The defect pores do not have the regular number of six neighboring pores, as
correctly formed pores.

3.2.2 Ultra thin porous alumina on Si substrate

In addition to free standing AAO, ultrathin AAO templates are widely used as
masks for the preparation of nanoparticle arrays on different substrates [108, 109,
110]. In this thesis, we used two methods to prepare ultra thin AAO on Si sub-
strates in combination with the deposition of nanoparticles.

SiPolystyrene

solution

AAO

AAO
Si

a

b

Figure 3.5: Preparation of ultra thin AAO on a Si surface. a) The template is
floating on the water surface with the help of polystyrene. The Si substrate is
used to take the AAO out; b) the polymer is dissolved by chloroform.

First we will discuss free-standing AAO on a Si substrate. The first anodiza-
tion process is the same as for the preparation of free standing AAO templates.
A highly pure (99.99%) aluminum foil is degreased and annealed in the pre-
treatment process. Next, the first anodizing process and the removal of the oxi-
dation layer are carried out under different experimental conditions, depending
on the requirement for the morphology of nanostructures. The second anodizing
process takes a very short time to form an ultra thin oxide layer on the aluminum
bases. In order to remove the remaining aluminum metal and barrier layer, a thin
layer of polystyrene is spin coated on the surface of the pores. Then the templates
can float on the dissolving solution with CuCl2 and HCl. When all aluminum is
dissolved, the template becomes transparent and floats. Then the barrier layer is
dissolved by the H3PO4 solution. The etching time is the same as removing the
barrier layer of free standing AAO templates, because the thickness of the barrier
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Table 3.1: Anodizing and etching conditions of ultra thin AAO.

Electrolyte Potential Anodizing Polystyrene Template
time concentration thickness

0.3 M H2SO4 25 V 90 s -150 s 1.4% 100 nm - 200 nm
0.3 M C2H2O4 40 V 120 s - 200 s 1.4% 100 nm - 200 nm

1% H3PO4 195 V 20 min 10% ≈ 1 µm

layer remains constant when aluminum is anodized at a constant voltage using
an acid electrolyte. Following the typical experimental parameters given in Table
3.1 that depend on the anodizing electrolyte.

After opening the pores, the templates are cleaned with distilled water several
times and left floating on the water surface. A Si wafer is employed to remove
them from the water surface, as shown in Figure 3.5. After the remaining wa-
ter evaporates in air, the templates stick to the Si surface. Then chloroform is
employed to release the pores from the polystyrene film.

200nm200nm

Figure 3.6: SEM pictures of free standing ultra thin AAO on the Si substrate. The
template is formed in oxalic acid at 40 V. The left picture shows pores through to
the Si substrate with a thickness of around 180 nm. The right picture is a top view
of pores on Si, the red circle marks a folded part of the template.

Figure 3.6 shows the morphology of free standing ultra thin AAO on Si sub-
strate. The sample is prepared in 0.3 M oxalic acid at 40 V for 200 s. The top view
picture (Figure 3.6 right) shows that the main arrangement of pores is hexago-
nal as in normal free-standing templates. The disordered pores are caused by
not only the boundary of domains, but also the folding of templates as marked
by the red line. Because the template is too thin, it might be folded during the
rinsing process of dissolving polystyrene. The thickness of this sample is about
180 nm, and the pores are through to the Si surface. Later we will introduce the
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preparation of nanodots on a Si substrate by using free standing ultra thin AAO
as masks.

Another way to prepare ultra thin AAO on a Si substrate is by directly anodiz-
ing AAO on silicon. A highly pure (99.99%) aluminum film is evaporated on the
Si(100) surface by electron beam deposition in Prof. A. Waag’s group, IHT, TU
BS. The thickness of the Al film is 500 nm, which limits the thickness of the AAO.
A standard anodizing process is employed. In our experiments, oxalic acid and
sulfuric acid are used as the electrolyte, the anodizing potentials are 45 V and 30
V respectively, which is higher than for free standing AAO because of the lower
conductivity of the Si wafer. A two-step anodization process is carried out. The
time for the first anodization is only 9 minutes, resulting in an aluminum layer of
only 500 nm. The second anodization process usually takes around 15 - 20 min-
utes, until all the metal is anodized. Figure 3.7 shows the anodization current and
the anodizing processes in a sketch.

Si

AAO

Al

a b c

a b c

Figure 3.7: The current figure is from the anodization processes of aluminum on
a Si substrate: the first (red line) and the second (blue line) are the two anodizing
processes. The current evolution from the second anodization process is divided
into three parts a, b, c, which correspond to different stages during the anodiza-
tion process, shown in the lower figure as a sketch.

In the first anodization process (red line), the reaction is stopped when the
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Figure 3.8: The cross view picture shows the thickness of AAO (about 200 nm).
The top view shows an inhomogeneous pore arrangement and irregular shapes
compared to free standing AAO.

current is constant. In the second anodization process (blue line), the current
drops at around 600 s, because all metal is anodized and the barrier layer reaches
the Si substrate (process b). The reaction will etch the barrier layer and the pores
grow slowly through to the Si wafer (process c). The SEM pictures show the
morphology of directly anodized AAO on silicon in Figure 3.8. The thickness of
the oxide layer is about 200 nm, the arrangement of the pores is not as ordered
as the one in free standing ultra thin AAO. From the cross-view, we can find the
remaining barrier layer on the Si surface. The connection between template and
Si makes AAO-Si useful for electrochemical deposition techniques. Later we will
introduce the preparation of Au nanowires with the directly anodized AAO-Si as
a mask.

3.3 Characterization techniques

Several techniques have been used to characterize AAO and nanostructures in-
cluding metallic and molecular species based on AAO. We mainly used optical
spectroscopy (absorption) and electron microscopy (SEM). The optical properties
and energy transfer were recorded by the photoluminescence spectra and time
resolved photoluminescence. Absorption spectroscopy is used to detect oxygen
vacancies in AAO and to investigate surface plasmon excitations of the Au-AAO
matrix. Furthermore, Raman spectra and X-ray diffraction were used to investi-
gate the recrystallization processes of AAO and to derive information that allows
an improvement of preparation conditions. In addition to scanning electron mi-
croscopy also transmission electron microscopy was used to characterize the mor-
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phology of the nanostructures. In this section, we will introduce some techniques
we have used.

3.3.1 Photoluminescence experiment
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Figure 3.9: Diagram of the photoluminescence experiment.

In a photoluminescence process, photons are focused on the surface of sam-
ples, and the incident energy can be absorbed when the photon energy is greater
than the band gap of the materials (E > Eg). This leads to a photo-excitation pro-
cess. The electrons within the samples are excited to higher states, and return to
a lower energy state accompanied by the emission of a photon. Photolumines-
cence spectroscopy is widely used in material science, biochemistry and physics
because of the high sensitivity and nondestructive character of this technique.

A photoluminescence experiment consists of an incident laser, a lens, a sam-
ple, a spectrometer, a filter, an optical fiber and a computer to record the spec-
trum, as shown in Figure 3.9. A UV laser with the wavelength 405 nm is used
as incident light source, the laser is focused on the sample after passing through
several lenses. The photoluminescence signal is collected by a lens and analyzed
by a highly sensitive spectrometer (Hamamatsu C9405CA), consistive of optical
elements, an image sensor and a drive circuit. The spectral resolution is 1 nm.

3.3.2 Raman scattering experiment

The information obtained from Raman spectra is comparable to that retrieved
from IR spectra but complimentary with respect to selection rules. Vibrational
modes reveal characteristic information about the material under investigation
("fingerprint") and are, hence, suitable to indentify and quantify these materials.
This is in contrast to other optical spectroscopies such as photoluminescence. The
disadvantage of Raman spectroscopy is the generally small scattering cross sec-
tion when compared to, e.g., photoluminescence. This can be overcome, however,
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Figure 3.10: Sketch of a Raman scattering experiment [111].

by employing non-linear effects such as phonon-plasmon interactions, for exam-
ple, using surface enhanced Raman scattering. In a Raman scattering process,
incident photons with a frequency ωi and momentum ~ki interact with a medium,
which leads to scattered photons with ωs and ~ks, and the scattering medium pro-
gresses from an initial state |i> to |f>. The vibrational, rotational and other low
frequency modes can be expressed by Raman shifts ∆ω in a Raman spectra [112].
Raman scattering is different from photoluminescence with respect to the scatter-
ing mechanism. Essentially it is a more rare process with a better defined energy
resolution. The formula is given by:

∆ω = ωi − ωs =

(

1

λi
− 1

λs

)

· 2πc (3.2)

The basic components of a Raman experimental set up comprise a laser as
the light source exciting the inelastic Raman scattering of a sample under inves-
tigations, an optical system to collect and separate the Raman signal from the
elastically scattered light (Rayleigh scattering), typically a high resolution opti-
cal spectrometer and an array detector (CCD) for the detection of the scattered
light, as shown in Figure 3.10. In our experiments, the wavelength and power of
a frequency-doubled Nd:YAG laser are 532.1 nm and Pmax = 20 mW, respectively.
Before reaching the sample, the laser light passes through a filter, a polarizer, and
a variable slit, producing a well-defined light polarization and accurate power.
The well-focused beam forms a spot with a diameter of about 100 µm on the sam-
ple. The inelastically scattered light is collected by a lens that focuses the signal
onto the entrance slit of a triple grating spectrometer (Dilor XY 500). The Stokes
and Anti-Stokes scattered signals are dispersed by this device and guided onto
a liquid nitrogen cooled back-illuminated charge-coupled device (Horiba / Jobin
Yvon Spectrum one CCD-3000V). The resolution of the spectrometer is 3 - 5 cm−1.
For solids, phonons and other excitations are typically located in the range of 30
- 1000 cm−1.
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3.3.3 Femtosecond resolved fluorescence spectroscopy
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Figure 3.11: Diagram of a femtosecond fluorescence up - conversion experimental
setup.

Femtosecond-resolved fluorescence spectroscopy is probed by using a fem-
tosecond upconversion setup (FOG 100, CDP) in which the sample is excited
at 375 nm (0.5 nJ per pulse), using the second harmonic of a mode-locked
Ti-sapphire laser with an 80 MHz repetition rate (Tsunami, Spectra Physics),
pumped by a 10 W Millennia (Spectra Physics). The laser beam is frequency
doubled in a nonlinear crystal (Nc1) (1 mm BBO, θ = 25◦, φ = 90◦). The beam was
then focused on the sample after passing through a dichroic mirror (DM) and
a mirror. The fluorescence emission was collected and refocused by lenses and
mixed with the original laser beam (750 nm) coming through a delay line. Then
the fluorescence emitted from the sample is upconverted in a nonlinear crystal
(0.5 mm BBO, θ = 10◦, φ = 90◦) using a gate pulse of the fundamental beam. The
upconverted light is dispersed in a double monochromator and detected using
photon counting electronics. A cross-correlation function obtained using the Ra-
man scattering from water displayed a full width at half maximum (FWHM) of
165 fs. The femtosecond fluorescence decays are fitted using a Gaussian shape for
the exciting pulse. This experiment has been performed in the group of Dr. Samir
Pal, SBNC, Kolkata, India.
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3.3.4 Absorption spectroscopy
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Figure 3.12: Diagram of an absorption spectroscopy setup.

Ultraviolet and visible (UV - Vis) absorption occurs when light passes through
a transparent sample. The electrons of the sample transit from their ground state
to an excited state by absorbing photons. The atom within the sample can also
rotate and vibrate in addition to the electronic excitation. These rotational and
vibrational motions can broaden the energy levels. The resulting spectrum is pre-
sented as a graph of absorbance (Aλ). The following equation gives the quantity
of the absorbance, where I0 is the intensity of the incident before passing through
the samples, and I1 is the intensity of the light that has passed through the sam-
ples.

Aλ = log10

(

I0
I

)

(3.3)

The absorption measurement is carried out by using a Cary 50 UV-Vis spec-
trometer. Figure 3.12 is a simple sketch of the setup. A Xenon flash lamp with
a long lifetime of up to 3 × 109 flashes is used as the source of UV - Vis radia-
tion. The intense flashes of the lamp allow that the light can pass through a beam
splitter to give simultaneous reference beam correction without producing excess
photometric noise. Before the beam is focused on the sample, the beam passes
through an excitation monochromator, that is used as a band pass filter. In our
experiments, the surface plasmon of Au nanowires along the long axis can only
be excited by P - polarized light. Therefore, a P - polarizer is added to the light
path. The plasmon intensity of Au is also sensitive to the incident angle. We fixed
the sample on a rotator, which can adjust the incident angle from 0◦ - 60◦. The
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whole wavelength range is 190 nm - 1100 nm, and the absorbance spectrum of
the samples are recorded by the software Cary WinUV.

3.4 Preparation of nanostructured arrays in porous alu-
mina

The preparation of regular nanostructures has attracted a considerable interest
due to their wide applications in nano-devices [113, 114, 115]. Porous alumina
with self-organized hexagonal ordered nanopores are used for the transfer of
nanopore arrangements to other materials. Generally, the preparation of nanode-
vices may be carried out in two ways: electrochemical deposition and physical
deposition. This follows the general scheme of top - down and bottom - up pro-
cesses. In electrochemical deposition, the nanowires are directly grown in free
standing AAO with open pores from bottom to top. The second approach is us-
ing AAO as a mask on some special substrate, and nanomaterials grow on the
substrates through the open pores.

In this thesis, the preparation of nanomaterials with the assistance of AAO
can be divided into nanostructures on Si substrates, magnetic nanowires, and Au
nanowires.

3.4.1 Quantum dots and nanorods on Si substrates

Quantum dot arrays on Si substrates are prepared by the evaporation of metals
onto the ultrathin AAO template. The advantages of the evaporation method are
an easy control of the nanodot growth the and extraction of the template without
chemical pollutants.

In section 3.2, we introduced the preparation of free standing ultra thin AAO
on an Si substrate. The AAO templates attach directly onto a Si (100) substrate be-
cause of van der Waals forces. High purity Ag (99.99%) is degreased and cleaned
in aceton and distilled water. The Si substrate (1×1 cm) with AAO on top is in-
stalled in the cell. When the pressure of the cell reaches 10−7 Pa, the evaporation
starts and the deposition time depends on the desired nanodots height (growth
rate 20 nm/min). After deposition, the AAO template is simply peeled off with
the assistance of tape, leaving the Ag nanodots on the Si substrate. All deposition
is done at room temperature.

SEM is performed to determine the size and long range order arrangement of
the nanodot arrays. Figure 3.13 shows the Ag nanodots on the Si substrate after
removing the AAO templates. The templates grow in oxalic acid and sulfuric
acid with pore sizes of 60 nm (a) and 30 nm (b), respectively. A well-ordered,
homogeneous Ag nanodot array is shown in Figure 3.13 a. The dot size and inter
dot distance match with the templates. Some dots are missing in Figure 3.13 b
(as shown in arrows), and the pore size is not homogeneous on a small length
scale. We assume that the existence of parts of the barrier layer between the Si
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Figure 3.13: SEM image of Ag nanodots on Si substrate after peeling off the tem-
plates. The size and arrangement of the nanodots is in agreement with that of the
pore arrays. a) nanodots grown in templates anodized in oxalic acid. b) nanodots
grown in templates anodized in sulfuric acid.

and the pores results in the partial lack of dots. The quality might be improved
by extending the etching time of the barrier layer in H3PO4.

Metallic nanorod/nanotube arrays are prepared by electrochemical deposi-
tion on directly anodized AAO templates on Si substrates. The advantage of this
method over deposition is a stable connection between the nanostructures and Si.

The Si substrates combined with AAO templates are prepared as described in
section 3.2. The deposition cell is self-made with a sample size of 1 cm (diameter).
A Au plating solution (Au amount 25 g/L) from Sigma is used as the electrolyte,
the reaction is controlled by a standard three electrode potentiostat (VersaSTAT 3
from Princeton Applied Research). The current between the reference electrode
(Ag/AgCl) and the working electrode is constant at 300 mA. The growth rate is
about 2 nm/s, which means that the nanorod length depends in a linear way on
the deposition time.

Figure 3.14 shows SEM pictures of Au nanostructures on Si substrates. From
the top view picture (Fig 3.14 a), the nanotubes grow from pores and the size and
arrangement are fixed by the pores. When the deposition time is too long, Au
can overgrow and form a layer on the top of pores, as shown in Fig 3.14 b. The
length of the pores is about 200 nm. Au nanorods grow from the bottom of pores
and cover the surface. Many techniques are employed to remove this layer, such
as Ar etching and plasma etching. Au may form block structures on the top of
pores, if the barrier layer is partly remaining on the bottom of pores. In this case,
the Au nanorods can not fill all pores, as shown in Fig 3.14 c.
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Figure 3.14: SEM image of Au nanorods/nanotubes on a Si substrate with AAO
templates. The size and arrangement are controlled by the pores. a) Au nanotube
formed in AAO templates on Si substrate. b) Cross view of overgrown Au layer
and nanorods on Si substrates. c) Top view of partly overgrown Au blocks on the
top of templates from Si substrates. The shadow-like effects are due to the argon
etching used to remove the overgrown Au.

3.4.2 Magnetic nanowires

Magnetic nanostructures have stimulated a great deal of scientific, technological
and application interest in the field of sensors and data storage [116, 117]. A much
stronger magenetic effect has been developed from one dimensional magnetic
composites structures, and they have been studied widely in recent decades [118,
119, 120]. In this section, we will introduce the preparation and characterization
of magnetic nanowires in free standing AAO templates.

Two approaches are carried out to prepare magnetic nanowires: electrochem-
ical deposition and sol-gel deposition. In both methods, free standing AAO tem-
plates with open pores are employed as a mask.

Electrochemical deposition is the better method for high aspect ratio nanowire
growth because of the stable growth rate. In our experiment, a Ag film (around
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Figure 3.15: Sketch of the electrodeposition setup used to grow magnetic
nanowires inside AAO templates.

300 nm thickness) is evaporated on one side of the pores as a contact cathode,
then the edge of the samples and the Ag film are covered by nail polish which
is insulating, so that only the contact at the bottom of the nanopores is exposed
through the pores in the electrolyte, and wires grow from the bottom of the pores.
A platinum foil is used as the anode. A sketch of the setup is given in Figure 3.15.

For Fe nanowires, the electrolyte contains 80 g/L FeSO4 · 7H2O and 30
g/L H3BO4. The deposition potential is 1.5 V, and the growth rate is about 5
nm/second. For the deposition of Ni nanowires, 26 g/LNiSO4 · 6H2O and 45 g/L
H3BO4 is used as electrolyte. All experiments are done at room temperature.

Sol-gel has also been considered as a powerful approach for preparing ce-
ramic materials based on an AAO template [121, 122, 123]. In our experiment,
we prepared CoFeO nanowires with the intended spinel stoichiometry CoFe2O4

in AAO templates using a sol-gel precursor solution by three steps. First, stoi-
chiometric amounts of Fe(NO3)3 · 9H2O (0.032 mol/L), Co(NO3)3 · 6H2O (0.016
mol/L) are dissolved in 10 ml ethylene glycol and stirred at 110◦C until a gel is
formed as the sol-gel precursor solution. The template is immersed in this so-
lution for more than 30 hours with the assistance of an ultrasonic bath, then the
template surface is cleaned with glycol. Next, the templates filled with sol-gel are
annealed in air with the annealing temperature linearly increasing by 60◦C/hour
until 550◦C for 12 hours. Finally, the templates are dissolved in a NaOH solution
in order to investigate individual wires with electron microscopy.
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Figure 3.16: Electron microscopy pictures of magnetic and ceramic nanowires
after dissolving the templates. Left: Electrochemically deposited Fe nanowires.
Right: sol-gel deposited CoFeO nanowires.

Figure 3.16 shows Fe nanowires deposited by the electrochemical approach
and CoFeO nanowires deposited by the sol-gel approach. The diameter of the Fe
nanowires is essentially controlled by the pore size. The length is approximately
7 µm, leading to an aspect ratio of 1 : 90. The length of CoFeO nanowires is
shorter than that of the Fe nanowires because the diffusion of ions is limited by
the diameter of the pores. The sharp tip of the nanowires proves this point. We
did not check the chemical composition of the wires as we were mainly interested
in the relation of template and nanowire geometry and whether the length scales
of these objects can be transferred [100].

3.4.3 Au nanowires

Au nanowires are used as a biosensor for targeted species detection because of
their high capture efficiency and fast response time [124]. In our experiments,
we prepared Au nanowire arrays in AAO templates and studied the coupling
between molecular excitons and the specific surface plasmon from Au nanowire
arrays. In the following we will introduce the preparation process of Au nanowire
arrays.

Before electrodeposition, a 300 nm Ag layer is sputtered on one side of AAO
as a conductive layer. Then the electrodeposition of the nanowires is carried out
in a standard three electrode electrochemical cell. A platinum mesh is employed
as a counter electrode, and a Ag/AgCl (saturated KCl solution) electrode is used
as a reference electrode. The electrolyte is Auruna 5000 (gold content 7 g/L) with
a pH value of 6. A constant current mode with 382 µA/cm2 is used to deposit
Au nanowires into the pores, and the growth rate is about 3 nm/second. To
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Figure 3.17: SEM images of Au nanowires with different morphology: a) Cross
view of Au nanowires in AAO templates; b) Released nanowires from AAO tem-
plates; c) Au nanowires in AAO templates after Ar etching; d) Free standing Au
nanowires with partly removed AAO. The wires agglomerate because of adhe-
sive forces after removing the AAO template.

liberate the nanowires from the template, the template is immersed in 5% H3PO4

for several hours until all of it is dissolved. Then the nanowires are washed with
a large amount of deionized water. For studying optical properties, the Ag layer
on the template is dissolved by HNO3, and the sample is thinned down from top
to bottom by Ar ions.

The surface and cross views of different kinds of Au nanowires are shown in
Figure 3.17. Au nanowires grown in a template prepared in oxalic acid are charac-
terized in Figure 3.17 (a). The white lines are the Au nanowires growing along the
pores. After dissolving AAO with H3PO4, the nanowires are released, as shown
in Figure 3.17 (b). After etching the top empty part of the AAO template, the
wires are partially freestanding as shown in Figure 3.17 (c).
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It is reported that the wire diameter is significantly smaller after the removal
of the Ag layer from the template, which leaves a gap between the nanowires
and the pore walls of AAO templates [125]. In later experiments, we deposited
molecules in this gap and characterized the coupling between surface plasmons
of Au nanowires and excitons of the molecules. Auger electron spectroscopy
(AES) was used to detect the element composition of the Au nanowires arrays.
This experiment is done in Prof. W. Daum’s group, TU Clausthal. Figure 3.18
gives the spectra, and C, Al, O, and Au were detected. The carbon is from the
anodizing process, because oxalic acid is used as electrolyte, some oxalates are
formed and remain in the alumina.

Figure 3.18: Auger spectrum of an Au nanowires array in AAO template, differ-
ent peaks for C, O, Al and Au are observed.

3.5 Theoretical modeling

In this chapter, we will demonstrate the formation of an external plasmonic mode
in Au nanowire arrays based on the finite element method (FEM). JCMwave soft-
ware from the Zuse Institute Berlin (ZIB) for applied mathematics and computer
science is used to simulate the propagation of electromagnetic (EM) waves with
an exceptionally high accuracy. The main part of JCMwave is JCMsolve, which
allows to handle the EM simulation with 1D, 2D and 3D geometries. JCMgeo
is a flexible geometry tool, which automatically generates 1D, 2D and 3D finite
element meshes. We define all details of sources, geometries and materials by
embedding scripts with Matlab. All parameters can be conveniently changed in
the scripts after building the simulation project.
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As we have described in chapter 2, the geometry and shape of metallic
nanoparticles dominates the surface plasmonic behaviors. In order to interpret
the EM coupling between the dipolar longitudinal plasmon resonance we mod-
eled single Au nanowire and Au nanowire arrays in an AAO matrix to simulate
their optical properties. In addition, the anisotropic nature of the Au nanowires
SPR is observed in the simulation.

In a single nanowire model, a hexagonally shaped 3D AAO cylinder is filled
with Au in the center part, and the remaining top and bottom parts are filled with
air pillars. There are two exterior infinite air layers located on the top and bottom
of the whole model. The dielectric constant of AAO is defined as ε = 2.56, the
length and diameter of nanowires are 200 nm and 25 nm, respectively. Through
the infinite air layer, the incident light is p polarized with a varying incident angle
between 0◦ and 50◦, because the longitudinal mode of Au nanowires can only
be excited by p polarized light. The dielectric constant of Au is obtained from
Drude’s law[134, 135].

εDrude (ω) = 1−
ω2
p

ω2 + η2
+ i

ηω2
p

ω (ω2 + η2)
(3.4)

where ωp is the plasma frequency, with ωp = 13.8·1015s−1, and η is the damping
constant, with η = 1.075·1014s−1.

In the Au nanowire arrays model, all nanowires are arranged with a periodic
hexagonal arrangement in an AAO matrix with an infinite number of wires. Both
inter wire distances and wire length are tunable. There are infinite air layers on
the top and bottom of Au-AAO arrays. The periodic geometry greatly reduces
the amount of memory required to perform the calculations. The incident source
and the dielectric constant of AAO and Au are defined as being the same as for
a single nanowire model. Figure 3.19 gives the model geometries. Different ma-
terials are marked in different colors, the triangle size defines the accuracy of the
calculation. From the top view figures we can see that the Au nanowire is located
at the center of the pores. Both models are compared to the samples prepared in
our experiments.
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Figure 3.19: a) The single Au nanowire model, shown in side view and top view;
b) The Au nanowire array. All nanowires are perpendicular to the infinite air
layers with a hexagonal order from the top view.
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Chapter 4

Investigations of porous alumina

AAO templates with insulating properties and chemical inertness allow the ap-
plication of electrochemical and other techniques for preparation of a wide range
of nanoscale periodic materials [126, 127]. It is evident that the physical and
chemical properties of the AAO influence the characteristics of the nanocompos-
ites. Therefore, they must be investigated and optimized according to preparation
techniques and conditions. In this chapter, we will introduce the investigation of
AAO templates, including optical properties, crystallization of AAO and Raman
spectra. Results of our investigation of optical properties of AAO have been pub-
lished [128] as well as the results on energy transfer between organic molecules
and porous alumina [129].

4.1 Optical properties

4.1.1 Photoluminescence and absorption spectra

Up to now, research focuses mainly on photoluminescence (PL) spectra as the
basic information on the optical properties of AAO [130, 131, 132, 133]. These in-
vestigations show a blue PL band in the wavelength range of 300 - 600 nm. The
origin of this band has been discussed, and it has been found to depend on the
preparation conditions of the templates. In the application of plasmonic arrays
as sensing devices a possible readout scheme may be based on a fluorescence sig-
nal modified by energy resonance transfer involving, e.g., quantum dots or dye
molecules which can be further sensitized by plasmonic nanoparticles and wires.
In this section, we combine the PL spectra and absorption spectra to investigate
the optical properties of AAO.

In our experiments, all PL and absorption data are from AAO templates pre-
pared by a typical two-step anodizing electrochemical procedure, and all anneal-
ing processes are carried out in the air. Figure 4.1a presents the PL spectra of as-
prepared and annealed AAO templates prepared in oxalic acid, measured with
an excitation energy of 405 nm. It can be seen that an intensive and broad PL
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emission band appears at about 500 nm. The intensity of this band increases with
increasing annealing temperature and reaches a maximum for the sample an-
nealed at 600◦C. However, the intensity drops with further increasing of anneal-
ing temperatures to 700◦C, and the signal even vanishes at 800◦C. These optical
properties of PL are associated with the density of oxygen vacancies in AAO and
the recrystallization processes of AAO annealed at different temperatures. The
X-ray diffraction shown below reveals that the AAO transforms into a crystalline
phase from the amorphous state after annealing at 800◦C.

a

b

Figure 4.1: a) PL spectra of AAO templates with open pores. The samples are as
prepared and annealed at 500◦C, 700◦C, 800◦C, respectively; b) PL spectra of as
prepared AAO and Au-AAO templates using 405 nm excitation.

The PL intensity is quenched or suppressed, comparing the as-prepared AAO
template with the template that incorporates Au wires of approximately 50 nm
length, as shown in Figure 4.1b. This quenching is due to an efficient fluorescent
resonance energy transfer [136, 137] between the plasmonic absorption of the Au
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wire lattice and the PL band of AAO. Such an energy transfer depends critically
on the donator-acceptor separation, which is small due to the spatial proximity
of the wires and the AAO. Therefore, within the sensitivity of our setup, we are
not able to detect any PL in AAO templates with deposited Au wires with high
aspect ratio.

200nm 200nm

200nm 200nm

As-prepared 500°C

800°C 1100°C

Figure 4.2: SEM pictures of the as-prepared AAO and the templates annealed at
500◦C, 800◦C and 1100◦C, respectively.

The morphology and absorption spectra of as-prepared and annealed AAO
are investigated in our experiments to confirm origins of the intensive PL sig-
nals. Figure 4.2 gives the SEM pictures of as-prepared AAO and the templates
annealed at different temperatures. The as-prepared sample is prepared in oxalic
acid with a pore diameter of 60 nm and inter pore distances of 40 nm. After an-
nealing at 500◦C, the pores are still ordered, but the template becomes layered.
We assume that this is caused by the decomposition of oxalic impurities in AAO.
After annealing at 800◦C, the pore orientation and distance are less ordered and
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fluctuate to a large extent. We attribute this change of appearance to an inho-
mogeneous volume expansion of Al2O3 during the annealing processes in which
the remaining aluminum particles are oxidized. After annealing at 1100◦C, the
pores are not open because of the recrystallization of Al2O3. With respect to the
macroscopic properties, the templates change from as-prepared transparent film
to ceramic-like opacity.

Figure 4.3: Absorption spectra of AAO as prepared and annealed at 200◦C, 500◦C,
600◦C, 700◦C, 800◦C.

The optical absorption spectra of AAO templates prepared in 0.3M oxalic acid
and annealed at different temperatures are shown in Figure 4.3. Due to the treat-
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ment, an increase in absorbance is observed, leading to a structured maximum in
the spectral range of 4 - 6 eV. With increasing annealing temperatures, it reaches
its maximum for an annealing temperature of 600◦C and then decreases for an-
nealing at higher temperatures. For annealing temperatures of 800◦C and 900◦C,
the absorption bands decrease. This behavior is similar to the PL spectra of the
annealed AAO templates. Higher energy absorption data of as-prepared AAO
with one absorption peak at approximately 6 eV is available in Ref [138]. The
analysis of this peak has been omitted here as it is close to the high energy limit
of our setup.

Figure 4.4: Absorption spectra of AAO annealed at 600◦C and 900◦C, respectively,
together with a deconvolution into four processes denoted by a, b, c, d.

Figure 4.4 shows spectra for samples annealed at 600◦C and 900◦C together
with a spectrum deconvolution using four absorption sub-bands at 3.8, 4.3, 4.9,
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5.4 and 6.1 eV. These peaks are attributed to various oxygen vacancies in AAO
templates. As the intensity of oxygen vacancies changes at different tempera-
tures, they dominate the intensity of PL and absorption spectra. For higher an-
nealing temperatures, a significant change of the absorption and PL is observed
as a function of time, as shown in Figure 4.5. This shows some processes based
on a chemical reaction taking place in AAO with a temperature close to 700◦C.

Figure 4.5: Absorption spectra from AAO templates annealed at 600◦C and 700◦C
for 2, 5, and 8 hours, respectively.

The doping of transition metal or rare earth ions into solid state matrices is of-
ten used to realize optically active materials, that can be used, e.g. in LASER ap-
plications. Examples are Ti:sapphire lasers (Ti:Al2O3) and ruby lasers (Cr:Al2O3).
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As the AAO template allows easily a doping during or after the pore formation,
we have investigated briefly the optical properties of the respective materials. We
have also noticed that metallic aluminium of inferior purity used to prepare AAO
template is often polluted by transition metal ions. In the following we will show
that optical absorption of AAO templates can be used to detect such intentional
or unintentional dopings.

The chromium doped samples allow us to study the crystallization pro-
cess during annealing using Cr as an internal sensor. This can be achieved by
(S)EXAFS, EXAFS and XANES spectroscopy. These tools reveal the structural en-
vironment of the nearest and next-nearest neighbouring crystallographic shells
of the tracer atom in a similar way as described by Kizler et al. [139]. In our
experiments, templates with open pores are doped with Cr3+ by immersing the
templates in a Cr(NO3)3 solution for 8 hours, and then crystallize to the α-Al2O3

phase. With excitation at 532 nm, a strong PL signal is observed at about 693 nm
and 694 nm, as shown in Figure 4.6. The as-prepared AAO templates give a broad
PL spectra, which quenches when the sample is annealed at 900◦C. We suppose
this behavior is associated with the crystallization process of AAO templates at
high temperatures. When the annealing temperature reaches 1100◦C, the AAO
with doped Cr3+ gives a strong sharp peak at around 694 nm. This is obviously
related to the R-line of ruby. The inset in Figure 4.6 shows an enlargement near
694 nm. The PL spectrum indicates the successful doping of Cr3+ is into the crys-
tallized α-Al2O3 phase, and the PL spectra of the samples heavily depend on the
structural properties of the host. The phases of AAO are not pure after annealing
at 900◦C, however, a pure α-Al2O3 phase is formed at 1100◦C. This crystallization
process is confirmed by X-ray diffraction of AAO described in a later section.

4.1.2 Oxygen defects

The PL and absorption properties of undoped AAO are related to the oxygen
defects in AAO as the optical gap is very large [140, 141]. Studying the defects,
their formation, mechanisms and emission characteristics can help to understand
the origin of PL and absorption signals. In this section, we investigate different
types oxygen defects in AAO templates. Additionally, we control and vary the
defect density by annealing at different temperatures. This allows the clarification
and optimization of optical properties of the AAO. As the templates are free-
standing and the pores are permeable, no side effects due to supporting agents or
substrates exist.

For single crystalline Al2O3, extensive studies exist on defect-induced absorp-
tion which is naturally present or induced by radiation damage [142, 143, 144].
Such studies were mostly motivated by the high stability and application of Al2O3

as a catalyst support. In AAO templates, one might expect analogous defect cen-
ters, complex composition and amorphous structures. It is understood that oxy-
gen ions migrate through the barrier layer along a high electric field (106 V/cm)
by means of a vacancy mechanism [145, 146, 147]. The inhomogeneous electric
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Figure 4.6: The PL spectrum of the as-prepared AAO and annealed AAO ob-
tained with an excitation wavelength of λ = 532 nm. The inset zooms into the PL
spectrum from AAO annealed at 1100◦C.

potential at the pore centers and towards the pore walls leads to the formation of
oxygen vacancies during the self-organized growth of the AAO membranes [148].

We assume that the experimentally observed sub bands (Figure 4.4) in the ab-
sorption at 3.8, 4.3, 4.9, 5.4 and 6.1 eV originate from optical transitions between
various energy levels of the color centers. To allow an assignment, we compare
our data with earlier experimental and theoretical studies on defects in crystalline
Al2O3. In irradiated Al2O3, optical transitions observed at 3.8 eV (a), 4.8 eV (b),
and 5.4 eV (c) were attributed to F+ centers and optical transitions at 6.1 eV were
attributed to F centers [149, 150]. The optical transitions in amorphous Al2O3

films were also observed in a similar energy range [151, 152, 153]. While single
crystalline Al2O3 films have a gap of ∆ ≈ 9 eV [154], the luminescence excitation
spectra of amorphous Al2O3 shows a broad band gap. The gaps of amorphous
Al2O3 and alumina vary in the literature from 3 - 7.9 eV [152, 153, 155]. These val-
ues depend on the Al coordination number and atomic bond lengths [152, 154]
and therefore on the structural relaxation of ions surrounding an oxygen va-
cancy. The amorphous and relaxed structure of AAO also promotes an enhanced
electron-phonon interaction [151, 152, 153, 154]. Figure 4.7 gives the relative en-
ergy positions of oxygen vacancies in neutron-irradiated crystalline sapphire.

In addition, the formation energy of defects in AAO is smaller than in single
crystalline materials [156, 157]. For annealed Al2O3, it has been shown that the
concentration of F centers is much larger than that of F+ centers [158, 159]. The
same effect can be expected in AAO, where F centers with high mobility may
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Figure 4.7: The relative energy positions of different oxygen vacancies in sapphire
of several charge states [150].

combine and form F2 centers by annealing, or the electrons in F centers may be
excited in the annealing process to form F+. The aggregation process of F centers
is supposed to lead to the band at 4.3 eV based on F2 centers. The latter have an
energy of 4.1 eV in crystalline Al2O3. In contrast, the mobility of F+ centers is too
low to allow for a notable aggregation.

Within this scenario we expect a general reduction of the optical absorption
with annealing that goes hand in hand with a broadening and shift to lower en-
ergies. In contrast we observe a non-monotonous dependence of the absorption
area (Figure 4.8). We have integrated the area of the color center F+ and plot-
ted it together with the area of the peak at 4.3 eV, attributed to F2. As seen in
Figure 4.8, there is a pronounced maximum of F+ absorption as a function of an-
nealing temperature with a peak at 600◦C. The integrated absorption drops for
higher annealing temperatures. In contrast, the intensity of F2 defects is temper-
ature independent in the lower annealing temperature (< 600◦C) range. We do
not expect that the oscillator strength of the color centers changes with annealing.
Therefore the integrated area is a measure of the defect density. To describe the
initial increase of integrated absorption and related defect density, we consider
that residual metallic Al is left from the electrochemical anodization process [160]
during preparation and oxidizes in a subsequent annealing. This leads to spa-
tially inhomogeneous reducing conditions. Al2O3 single crystals grown under
reducing conditions show a form of AlAl2O4 spinels as a microcystalline second
phase [161]. The oxidation of nanoscale metallic Al is also consistent with the
generation of oxygen vacancies in the surrounding AAO matrix until at higher
temperatures also oxygen with longer diffusion paths can be utilized for the oxi-
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Figure 4.8: Dependence of the summed absorption area from peaks located at (3.8
eV, 4.9 eV and 5.4 eV): F+ and 4.3 eV: F2 color centers as function of annealing
temperature. The concentration of defects in AAO is proportional to this inte-
grated area.

dation.

The newly formed oxygen defects lead to a maximum as a function of an-
nealing temperature in the integrated optical spectra of absorption and PL, and a
broadening of the underlying absorption bands. For higher temperatures, the de-
fect mobility is also the reason for the large change of morphology demonstrated
in Figure 4.2. This interplay of both temperature dependent reactivity and dif-
fusivity within a nanoscale inhomogeneous matter leads to interesting dynamics
with temperature and time. The similarity of the optical absorption and PL inten-
sity with respect to their dependence on annealing temperature, shown in Figure
4.1 a and Figure 4.3, indicates a relation of the two processes. Above, we have es-
tablished oxygen vacancies as a primary origin of absorption in the spectral range
3 - 6 eV. It is, however, not clear why the PL band is only at approximately 500
nm ≈ 2 eV. The Stokes shift between related absorption and emission processes
is due to vibrational coupling and relaxation and is much smaller in molecular
systems. We attribute the big Stokes shift (∆λ ≈ 250 nm) to a very high number
of emitted phonons during non radiative processes and the amorphous struc-
ture of AAO [162]. An amorphous solid has a dense spectrum of vibrational and
electronic levels, momentum conservation is canceled and randomness leads to
back-scattering and localization of light [163, 164]. This combined effect is pro-
posed to increase the electron-phonon coupling and thereby the phonon emission
and the Stokes shift.
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4.2 Energy transfer between organic molecules and porous
alumina

AAO is used as a template for a variety of nanotechnological applications, for ex-
ample, for growing rare earth wires (Tb, Eu) [165, 166], polymers [167, 168] nanos-
tructures, sensor materials [169], photonic crystals [170], and solar cells [171],
magnetic storage [172], cell culturing [173], as well as for drug delivery [174].
We discussed the oxygen vacancies and the photoluminescence properties in ear-
lier sections, which enable us to study the properties of the nanocomposites re-
lated to AAO templates. For the last decades, the mechanic properties and the
preparation mechanisms [175] of AAO have attracted a vast research attention.
The luminescence mechanisms of morin and morin protein embedded into AAO
films have been discussed by Jia [177]. The results show that the PL appearance
and enhancement are induced by the interaction of morin and the remaining alu-
minum in AAO as well as by the coexistence of the embedded dye and protein.

Therefore, in this section, photo-induced charge transfer from AAO to differ-
ent molecules is studied. All AAO templates are anodized in oxalic acid solutions
and then annealed at 500◦C. This allows a maximum number of color centers and
hence strong optical activity. Benzoquinone (BQ, Alfa Aesar) is a well-known
electron acceptor [178]. The charge transfer dynamics of AAO templates and BQ
as a complexation is investigated using femtosecond-resolved fluorescence up-
conversion techniques. The Förster resonance energy transfer (FRET) dynamics
from AAO templates to nanopore embedded CdSe (Map Red) (EVIDOTS, USA)
quantum dots (QDs) and Au nanowires will also be demonstrated in the follow-
ing experiments. The ion transport channel of the exciton generated in the QD is
enhanced by using FRET in inorganic QD based solar cells, as the traditional lim-
itations of charge separation and transport are bypassed by an additional path
way [179, 180, 181]. Picosecond-resolved fluorescence spectroscopy and steady
state spectroscopy are used to demonstrate that QDs/Au nanowires embedded
in AAO can be excited by the color center-induced PL from AAO templates. This
is due to the enhancement of light absorption. In this context, another pathway of
nonradiative quenching, nano-surface energy transfer (NSET) [182], was found to
prevail in AAO-Au composites. We will present a detailed demonstration of the
ultrafast excited state deactivation of porous alumina with various fluorescence
quenchers in this context. The experiments were performed in the laboratory of
S. Pal, SNBC, Kolkata, India.

According to the following equations [183], the Förster distance (R0) is given
to estimate the FRET efficiency of the donor (AAO) and hence to determine dis-
tances of donor-acceptor pairs:

R0 = 0.211×
[

κ2n−4QDJ
]
1

6 , (4.1)

where κ2 is defined by the relative spatial orientation of the transition dipoles
of the donor and acceptor. κ2 is assumed to be 2/3 when the donors and acceptors
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are randomized by rotational diffusion prior to energy transfer. n is the refractive
index of the medium, which is assumed to be 1.4 [129]. The integrated quantum
yield of the donor (QD) in the absence of an acceptor is measured to be 5.0×10−3,
with respect to a reference dye Proflavine (QD = 0.34). J is a factor describing
the degree of spectral overlap between the donor emission intensity (normalized
to unit area) [184] and the acceptor absorption, which is given by the following
equation:

J =

∫

∞

0
FD (λ) εA (λ)λ4dλ
∫

∞

0
FD (λ) dλ

, (4.2)

where FD(λ) is the dimensionless fluorescence intensity of the donor in the
wavelength range of λ to λ+dλ. εA(λ) is the molar extinction coefficient (in
M−1cm−1) of the acceptor at the wavelength λ. In our experiments, Map Red
QDs and Au nanowires with extinction coefficients 7×10−5M−1cm−1 (λ = 591
nm) [185] and 7.66×10−9 M−1cm−1 (λ = 528 nm) [186] have been studied as two
energy-acceptor molecules. J is in units of M−1cm−1nm4 for a given wavelength
in nm. The donor-acceptor (D-A) distance (r) can be easily calculated using the
following equation, if the value of R0 is known:

r6 =

[

R6
0 (1− E)

]

E
, (4.3)

here E is the efficiency of the energy transfer that was measured using the
relative fluorescence lifetime of the donor, in absence (τD) and in presence (τDA)
of an acceptor.

E = 1− τDA

τD
, (4.4)

From the average lifetime for the AAO-Map Red or AAO-Au system, we ob-
tain the effective distances between the donor and the acceptor (τDA), using equa-
tion 4.3 and 4.4.

In order to get a pure AAO template as a molecular host, a thermogravimetric
analysis (TGA) is used to study the decomposition processes of oxalic impurities
in AAO and the recrystallization processes of AAO. There are three weight loss
regimes in the TGA results of the as prepared AAO, shown in Figure 4.9. Simi-
lar results were reported by Sun [187]. The first weight loss section extends from
room temperature to 335◦C, which is mainly attributed to desorption of weakly
bound water molecules from the surface and inner walls of nanopores. As the
temperature increases to the temperature range of 335 - 615◦C, the oxalate impu-
rities are decomposed, which prompts the second weight loss in the figure. The
third section results from a phase transition taking place at 855 - 990◦C. In later
experiments, we observe a phase transition in XRD at T = 900◦C. The templates
used in this section are annealed at 500◦C because all organic oxalate impurities
are decomposed and they give the maximum PL intensity.
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Figure 4.9: Thermogravimetric analysis for the as-prepared AAO template.

In Figure 4.10a, the PL spectra of pure AAO in the absence and the presence
of BQ in the nanopores are depicted. The purple line is the excitation spectrum.
All experiments are carried out at room temperatures. The frequency of the BQ
carbonyl stretch vibration shows a red shift when the BQ is absorbed on a semi-
conductor surface in the infra spectra as reported by Burda [178]. The absorbed
BQ molecules remove the photoexcited electron from the conduction band of the
semiconductor faster than the laser pulse duration (< 120 fs) [188, 189, 190]. The
electron transfer dynamics from the AAO templates upon excitation is studied
by using the BQ as a complexation of the templates in our experiments. Fig-
ure 4.10b and c show the picosecond and femtosecond resolved PL quenching of
AAO upon complexation with BQ at 450 nm. The picosecond resolved PL spec-
tra of AAO-BQ and pure AAO templates are quite similar. Thus the excited state
electron transfer process is too fast to be measured in the picoseconds resolved
PL study. Therefore, we performed femtosecond PL spectroscopy to improve the
understanding of the excited electron transfer process from the conduction band
of AAO to the LUMO of BQ molecules. At the excitation of 375 nm, the fluores-
cence spectrum of AAO embedded in BQ shows a sharp decay of about 400 fs
(59%). Previous studies demonstrated that electron transfer from CdSe quantum
dots to surface-attached BQ induces an additional decay channel [190]. This re-
sults in a short decay component with a characteristic time constant comparable
to the combination CdSe-BQ (≈ 600 fs). The analogous dynamics of the electron
transfer of the AAO-embedded BQ system with those of the CdSe-BQ system
clearly signify the existence of an ultrafast photo-induced electron transfer dy-
namics from host AAO to the organic guest molecule BQ.

PL spectra of pure AAO and AAO impregnated with Map Red QDs and Au
nanowires are shown in Figure 4.11a. We notice an apparent quenching of the
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Figure 4.10: (a) Normalized excitation and emission spectra of AAO in the ab-
sence and the presence of BQ. (b) Picosecond-resolved fluorescence transients of
AAO membranes in the absence (pink) and the presence of BQ (blue) measured at
450 nm (excitation = 375 nm). (c) Femtosecond-resolved fluorescence transients of
bare AAO (pink) and BQ impregnated AAO (blue) collected at 450 nm showing
a faster decay (excitation at 375 nm).
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Figure 4.11: (a) Steady state emission spectra of AAO membranes, in the ab-
sence and the presence of gold nanowires and Map Red, (b) picosecond-resolved
fluorescence transients (excitation at 375 nm, monitored at 450 nm), and (c)
femtosecond-resolved fluorescence transients of bare AAO (red), Au nanowires
(green), and Map Red (blue) impregnated AAO (excitation at 375 nm) collected
at 450 nm.
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PL spectra at around 450 nm after the QDs and nanowires are embedded. In the
picosecond resolved PL spectra of Figure 4.11b, the lifetime of the AAO-Map red
and AAO-gold is shorter than the bare AAO. Here, we suppose FRET takes place
from a donor AAO to Map Red or gold acceptors, and it is responsible for the
observed inhibition of the emission bands. To study the assessment of distances
in numerous biomolecular assemblies, FRET in combination with Förster theory
is considered an invaluable tool [183, 191, 192]. The FRET process is based on the
concept of treating an excited donor as an oscillating dipole that can undergo en-
ergy exchange with a second dipole of a similar resonance frequency [183]. The
excitation energy of the donor can directly transfer to the acceptor via the ex-
change of a virtual photon, if the fluorescence emission spectrum of the donor
molecule overlaps the absorption spectrum of the acceptor molecule and the dis-
tance between donor and acceptor is small enough (1 - 10 nm). Figure 4.12 show
the spectral overlap of the AAO emission spectrum with that of the Map Red and
Au absorption spectrum.

Tables 4.1 and 4.2 give details of fitting parameters of the luminescence tran-
sients. The effective distance between the donor and the acceptor pairs of AAO
- Map Red and AAO - Au complexes are obtained from the average lifetime fol-
lowing equations 4.3 and 4.4. A donor-acceptor distance for AAO - Map Red
and AAO - Au has been determined as rDA ≈ 5.2 nm and 21.5 nm, respectively.
The distance from the donor singly positive oxygen vacancy states to the center
of the acceptor QDs is considered as the effective D - A distance for the AAO -
Map Red complexation. However, the expected separation of donor and accep-
tor is supposed to be the radius of Map Red QDs (≈ 3.2 nm) [190]. The donor
oxygen centers are estimated to be located within (5.2 - 3.2) nm = 2 nm from the
AAO surface boundary in the case that the D - A distance is 5.2 nm in the FRET
measurement on an AAO - QD system. Note that the exact position of oxygen va-
cancy centers in an AAO template is very consistent with the location of defects
in ZnO nanoparticles [188, 193, 194]. However, the D - A distance for an AAO -
Au system is determined with a much too large value of 21.5 nm compared to the
D - A distance between the oxygen vacancy centers and the metal surface. As the
donor F+ center transfers energy to the surface plasmon of the Au nanowires at a
distance of 2 nm the validity of FRET in the determination of the D - A distance
in the case of an AAO - Au system is doubtful.

Another calculation method, based on nanosurface energy transfer
(NSET) [195, 196, 197], is carried out to calculate the D - A separations. The NSET
method is based on the model of Persson and Lang [196]. The momentum and
energy conservation in the dipole - induced formation of electron hole pairs are of
concern in this model. The energy transfer rate is given by the following equation:

kNSET = 0.225
c3ΦD

ω2ωfkfd4τd
, (4.5)

where c is the speed of light, ΦD is the quantum yield of the donor (0.005), ω
is the angular frequency for the donor (4.2×1015 s−1), ωF is the angular frequency
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Figure 4.12: (a) Steady state absorption spectra of acceptor Map Red (red) and
emission spectra of donor AAO (blue) are shown. (b) Steady state absorption
spectra of acceptor gold nanowires (green) and emission spectra of donor AAO
(blue). The overlap zones have been shown in light blue, respectively.

Sample τ1 (ns) τ2 (ns) τ3 (ns) τav (ns)
AAO 1.47 (46%) 4.54 (48%) 10.5 (6%) 3.49

AAO - BQ 1.42 (49%) 4.54 (46%) 10.5 (5%) 3.30
AAO - Map Red 0.15 (38%) 1.7 (37%) 5.5 (25%) 2.06

AAO - Au 0.79 (37%) 2.9 (50%) 7.8 (13%) 2.76

Table 4.1: Picosecond-resolved luminescence spectra of pure AAO & AAO in the
presence of several quenchers.



62 Chapter 4. Investigations of porous alumina

Sample τ1 (ps) τ2 (ps) τ3 (ps)
AAO - 44.2 (28%) 1472 (72%)

AAO - BQ 0.40 (59%) 8.4 (6%) 1472 (35%)
AAO - Map Red 0.875 (17%) 12.2 (14%) 1472 (69%)

AAO - Au - 35.5 (35%) 1472 (65%)

Table 4.2: FS decay periods of luminescence measured with pure AAO& AAO in
the presence of several quenchers. τ3 has been fixed.

for bulk gold (8.4×1015 s−1), and d is the distance between donor and acceptor.
τD is the average lifetime of the donor (3.48 ns), and kf is the Fermi wave vector
for bulk gold (1.2×108 cm−1) [198]. In our experiment, kNSET is defined as:

kNSET =
1

τdonor−acceptor

− 1

τdonor
, (4.6)

where τdonor−acceptor is the average lifetime of the AAO - Au system. Depend-
ing on the equations (4.5 and 4.6), the distance between donor and acceptor is 2.7
nm, which is the separation of the oxygen vacancy centers from the Au surface,
and the location of the oxygen vacancy centers from the AAO surface is justified
(≈ 2 nm from the surface).

From Figure 4.11c, the femtosecond - resolved luminescence transients of
AAO - Map Red, it is noted that there is a faster lifetime component of 0.87 ps.
We supposed this is related to the excited state of the AAO - Map Red adduct
and arises due to charge transfer from AAO to the conduction band of the Map
Red quantum dots. In the AAO - Map Red system, both the electron and energy
transfer processes are coupled in the deactivation process of the excited AAO.
However, the same effects are not detected from the femtosecond - resolved lu-
minescence transients of an AAO - Au system.

4.3 Recrystallization processes

As-prepared AAO templates are amorphous and contain a large number of oxy-
gen vacancies. As described earlier, these oxygen vacancies give a strong photo-
luminescent signal. In the optical studies of the nanostructures based on AAO
templates, this signal might be influenced by the PL of AAO. In order to remove
the oxygen vacancies from the templates, we crystallized the templates by an-
nealing. The processes of phase change of AAO with annealing are investigated
by X-ray diffraction and Raman spectroscopy.

The templates we measured were prepared in oxalic acid and sulfuric acid
which leads to different morphology, as shown in chapter 3. In the pre-treated
processes, they are annealed at temperatures between 300◦C and 1100◦C for 4
hours in air. The X-ray diffraction (CuKα radiation, λ = 0.15406 nm) patterns
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Figure 4.13: a) X-ray diffraction patterns of the as-prepared AAO in oxalic acid
and AAO annealed at different temperatures for 4 h in air. Reflexes correspond-
ing to different crystallographic phases are marked. b) X-ray diffraction of the
annealed AAO prepared in sulfuric acid and oxalic acid. The annealing tempera-
ture is 1100◦C.

are given in Figure 4.13 a. The as-prepared templates and the AAO annealed up
to temperatures of 600◦C are still amorphous. With higher annealing tempera-
tures (900◦C), the γ-Al2O3 phase appears, indicating a partial crystallization of
the AAO. When the annealing temperature is increased even further, crystalliza-
tion continues and the presence of θ-Al2O3 and γ-Al2O3 is observed at 1000◦C. At
1100◦C, a nearly complete phase transformation is achieved with α-Al2O3 being
the dominant phase. However, other studies have shown that the crystallization
and phase transformation temperatures vary as a function of atmospheric and
geometrical properties of the AAO templates [187, 199]. With the ongoing crys-
tallization process, the oxygen vacancies vanish quickly, which is shown using
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the absorption spectra, see Figure 4.3.
In our experiments, the phase transition of templates prepared in sulfuric acid

has similar behavior to templates anodized in oxalic acid. The phase completely
transforms when the annealing temperature reaches 1100◦C. The XRD figure is
given in Figure 4.13 b. The diffraction peaks indexed to γ-Al2O3 phase appear,
indicating the crystallization of AAO at 1100◦C.

The recrystallization behavior of AAO annealed at high temperatures induces
a smaller intensity of PL and absorption as well as a change of the morphology
of AAO, as shown in Figure 4.2. The recrystallization of AAO is also proven by
the Raman spectrum in Figure 4.14. The measurements are conducted at room
temperature using a 532 nm laser as excitation. The template anodized in ox-
alic acid is annealed at 1100◦C in the air. Sapphire (α-Al2O3) has seven Raman
modes [200], and all of them can be observed in this spectrum. The modes are
at 418 and 645 cm−1 for the A1g and 379, 430, 448, 577 and 751 cm−1 for the Eg

modes. The blue shift of phonon modes compared to sapphire is caused by the
uniaxial pressure from the crystallization process [201]. In the Raman spectra of
annealed templates, a small blue shift also appears with respect to bulk sapphire.
This is induced by different tensile or stretch stresses during the recrystallization
process.

Figure 4.14: Raman spectrum of an AAO template annealed at 1100◦C.

The Raman spectra of as-prepared templates and templates annealed at low
temperatures only show strong PL signals, because of the oxygen vacancies and
the impurities produced during the anodization process.
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Chapter 5

Surface plasmon resonance of Au
nanowire arrays

5.1 General remarks

As introduced in the second chapter, Au nanowires exhibit strong surface plas-
mon resonance (SPR) signals with strong anisotropy. The optical properties of
Au nanoparties, e. g., gold nanowires [60, 61] and nanoprisms [202] have been
reported earlier. The unique coherent oscillations of the electrons from the inter-
action of single Au nanowires with electromagnetic fields dominate the optical
properties of the Au nanowires arrays. This has attracted a significant amount of
attention recently. Studies focused on the metal dimers [203], chains [204], and
3D assemblies [205] of plasmonic structures.

In this chapter, we will show the experimental results of the SPR from Au
nanowire arrays, which depend on the geometry of nanowires and preparation
conditions. The simulation of SPR is carried out based on the finite element
method. The results are in qualitative agreement with the experimental results.
Results of our investigation of surface plasmon of Au nanowire arrays have been
published [206].

Au nanowire arrays are obtained by electrochemical deposition in an AAO
template, which is introduced in chapter 3. The geometry of the nanowires is
controlled by the nanoporous arrangement of the AAO templates, such as the
wire diameter and inter wire distances. The length of nanowires is dominated by
the deposition time; briefly, the growth rate is about 2 nm/s. The nanowires are
imaged by a scanning electron microscope (SEM).

5.1.1 Absorption spectroscopy

Optical absorption has been used to identify the plasmon energies. The modes
are differentiated using the polarization and its angle dependence.
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5.1.2 Aspect ratio dependence of SPR

The UV-visible absorption spectroscopy is used to measure the SPR of the gold
nanowire arrays, which shows the maximum intensity at a specific electron oscil-
lation energy.

b

100nm

a

Figure 5.1: a) SEM image of the Au nanowire array in an AAO template. b)
UV-visible absorption spectrum of Au nanowire arrays in an AAO template as a
function of angle incidence. The incident light is p polarized.

Figure 5.1 (a) is the SEM picture of a typical Au nanowire array in an AAO
template. The arrangement of all wires is controlled by the pores, which are par-
allel to each other and perpendicular to the template surface. The wire diameter
and inter wire distance are 25 nm and 30 nm, respectively. The absorption spec-
tra only contain one single peak at around 510 nm, in case of a normal incident
or s polarized incident (the electric field of light oscillates perpendicular to the
long axis of the nanowires). This resonance is associated with the transverse (T)
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mode, which is induced by the electron oscillations along the short axis of the
nanowires. However, there are two peaks in the spectra when the incident is
oblique with p polarized incident (the electric field of light has a component both
parallel and perpendicular to the long axis of the nanowires): T mode and longi-
tudinal (L) mode, which is associated with the oscillation of electrons along the
long axis of the nanowires. The L mode becomes prominent with the increase
of the angle of incidence because of the enhancement of the electric field compo-
nent along the long axis. The angular sensitivity of the L mode shown in Figure
5.1 (b) illustrates the strong anisotropy of the structure generated by the orienta-
tion of the nanowires. In fact, both of the T mode and L mode energy positions
originate from the strong electromagnetic (EM) field coupling between the long
axis dipoles of isolated nanowires within the arrays. Later, the simulation results
show that the L mode of a single nanowire appears around 2 µm. The coupling
of the long axis dipole is also confirmed by the simulation of the EM field distri-
bution along the nanowires in the later part of this chapter. The field is located
on the extremities of single wires, while a maximum of the field appears on the
middle part of the wire arrays.

Figure 5.2: Angular dispersion of the L-mode for incidence angles varying from
10◦ to 60◦.

As we see in Figure 5.1 (b), the L mode energy is also related to the angle
of incidence, and it shifts to higher energies with an increase of incident angle.
The angular dispersion of the L mode is shown in Figure 5.2, and it depends on
the coupling strength between the nanowires. With the increase of the effective
inter wire distance d’, which is defined by the dielectric constant of the medium
surrounding the nanowires ǫ and the inter wire distance d [208], the coupling
strength decreases [207].

The L mode energy strongly depends on the aspect ratio and the inter rod
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distance in the array, which is confirmed by the influence of the shape and geom-
etry [53], and on the dielectric constant of the surrounding material. The shape
polarizability of a single wire is given in equation 5.1 [53].

α =
ε0V

L

(

ε− εm

ε+
(

1+L
L

)

εm

)

(5.1)

L is a depolarization factor, which is related to the shape of the nanoparti-
cles, V is the volume of the nanoparticles and εm is the dielectric constant of the
surrounding material.

A red shift of the L mode energy upon an increase of the dielectric constant
is observed because the negative real part of the Au dielectric funcition increases
with increasing wavelength [61]. Meanwhile, a reduction of the restoring force
is caused by the increasing aspect ratio, which can lower the L mode resonance
energy [76]. All these results take place within a single nanowire, and there is no
other electric field influence except the incident light. In case of a nanowire array,
the strong coupling of the electromagnetic field between nanowires dominates
the optical properties because of the limited inter wire distance that is realized in
the prepared arrays [80, 209, 210, 211].

Figure 5.3: Absorption spectra of Au nanowire arrays in an AAO as a function of
wire aspect ratio.

The SPR behavior of Au nanowire arrays as a function of aspect ratio is il-
lustrated in Figure 5.3. The L mode position shows an obvious blue shift as the
aspect ratio increases, while the T mode energy is relatively stable. The inter wire
distance and wire diameter are 35 nm and 25 nm, respectively. The length of the
nanowires is tuned by the deposition time in our experiments, which defines the
aspect ratio as 13, 11.6 and 6.8. However, the SPR of a single nanowire with the
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same aspect ratio gives a longitudinal resonance at a much longer wavelength
compared to a nanowire array [212, 213]. The following equation was given by
Jain [214] to describe the electric field E’ surrounding each nanowire as the sum
of the electric field from the neighboring nanowires and the incident electric field
E.

E′ = E+ ξ
µ

4πεmε0d3
, (5.2)

where µ is the dipole moment due to the wire plasmon and ξ is an orientation
factor. The electric field localized on the nanowire surface is enhanced due to the
interaction of the plasmon oscillations.

The dipole-dipole interactions [216, 217] of the individual chromophores in
the arrays is described by an exciton coupling theory, which is comparable to a
dimerization aggregation of organic molecules and its effect on the optical prop-
erties [215]. In this sense the arrangement of nanowires in the assembly is anal-
ogous to the H aggregation of the organic molecules [215]. There are two states
generated from the coupling of the monomer depending on the arrangement of
the dipoles in the dimer, one lower energy level and one higher energy level rel-
ative to the excited state of the monomer. The energy splitting 2U is considered
as a Coulomb interaction between the interacting monomers. The angle and the
distance between the dipoles 1 and 2 influence the quantity of U [218]:

U =
1

4πε0

|µ|2
n2mR

3
ξ , (5.3)

where ξ is the orientation factor ξ = cosθ12 - 3cosθ1Rcosθ2R. For parallel
dipoles, such as nanowires in the assembly, θ12 = 0◦, θ1R = θ2R = 90◦, and ξ =
1; nm is the refractive index of the surround medium; µ is the transition dipole
moment and R is the distance between the dipole centers.

In a 3D Au nanowire array with a hexagonal arrangement, when the inter wire
distance between two adjacent wires is 32 nm, the inter wire distance between
two next-nearest neighbor wire is only about 60 nm. The sum electric field of
every wire is from the overlap of all adjacent wires and next-nearest neighbor
wires. When the inter wire distances decrease further, the number of wires which
influence the sum electric field dramatically increases and the energy splitting 2U’
becomes broader. The schematic of the energy level splitting resulting from the
electric fields interaction of nanowires is shown in Figure 5.4 [208, 213, 216, 219].

U′ = U+
1

3
√
3
U +

1

8
U + · · · (5.4)

For parallel nanowires, the spectrum only consists of a single, higher energy
band (L mode energy) because the electron transition to the lower energy excited
state is forbidden [73]. The interaction between the nanowires is repulsive, as in
Figure 5.4. In the absorption spectra, we observe the blue shift of the L mode
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Figure 5.4: Energy diagram of the plasmonic resonances in the Au nanowire ar-
rays with respect to a single nanowire. The arrow is direction of dipole moment.

energy from the Au nanowire arrays with respect to the L mode from the single
nanowire.

In our experiment, the Au nanowire is deposited on the Ag film evaporated on
the bottom of the pore. Then the Ag film is removed chemically or mechanically.
An oxidation of Ag into Ag+ may take place when the Au3+ touches the Ag film
before the electrochemical deposition starts, as equation 5.5 describes.

3Ag (s) + AuCl−4 (l) → Au (s) + 3AgCl (s) + Cl− (l) . (5.5)

This reaction leads to the formation of a mixed AuAg film on the bottom of the
pores. Next the Ag is resolved by HNO3, and the nanowires are connected on the
top part by the remaining Au network. Figure 5.5 left, gives the top view struc-
tures of the nanowires in AAO templates; and the white lines in the figure are Au,
the black dots are empty pores, and the white dots are the tops of nanowires.

The spectrum of the connected Au nanowire arrays shows an obvious blue
shift of the L mode, and the L mode almost overlaps with the T mode, as shown
in Figure 5.5 right. The spectrum is divided into two subbands, one of which
relates to the T mode resonance located at 510 nm, while the other relates to the
L mode resonance located at 560 nm. We assume that the blue shift of the L
mode resonance energy stems from an additional pathway for electrons between
different nanowires, which is provided by the Au network between the isolated
Au nanowires in the AAO templates.
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500nm

Figure 5.5: Absorption spectra of Au nanowire arrays with connected wire tops
in AAO .

5.1.3 Annealing and etching dependence of SPR

The L mode SPR frequency of the Au nanowire arrays depends not only on the
aspect ratio, the coupling strength between wires, and the geometry as we de-
scribed in the last section, but also on the dielectric properties of the surrounding
materials [207, 220]. Many groups have studied the optical sensitivies of noble
nanoparticles in different dielectric solvents. For instance, Papavassiliou [221]
observed the color sensitivities of the Cu, Ag and Au nanoparticles in the solvent
with various refractive indices; Ghosh et al. [220] studied the shift of the local
surface plasmon resonance spectrum from the Au nanoparticles in an alternate
refractive index of the solvent.

Figure 5.6: Absorption spectra of as-prepared and annealed at 130◦C Au
nanowire arrays in AAO.
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To obtain a uniform air shell around the Au nanowires, the Au nanowire ar-
rays in AAO templates are annealed at 130◦C for 4 hours in the air. As we de-
scribed in the previous chapter, the weight loss after annealing AAO templates at
lower than 200◦C is induced by the moisture removal from AAO. The evaporation
of H2O results in a shrinking of the alumina volume, which forms an additional
air shell around the Au nanowires. Figure 5.6 gives the absorption spectrum of
the as-prepared and annealed Au nanowire arrays. The L mode frequency shows
an obvious blue shift after annealing because the dielectric constant of air (εair ≈
1) is significantly smaller than the dielectric constant of AAO (εAAO ≈ 2.56).

Depending on the polarizability of Au nanoparticles [58, 59] under an inci-
dent, the SPR takes place at around εr = -2εm, which is given in equation 2.17.
The real part of the dielectric function of Au nanoparticles determines the reso-
nance frequency. When the dielectric constant of the surrounding medium εm is
changed, the resonance frequency shows a shift. In the simulation part, a quanti-
tative shift is also observed after altering the εm.

5.2 Results of finite element method simulation

JCMsolve developed by ZIB in Berlin is used to simulate the SPR of Au nanowire
arrays. It is based on the finite element method. The models of nanowire ar-
rays and a single nanowire are described in section 3.5. Three dimensional Au
cylinders with infinite numbers are inserted in a dielectric medium. The inci-
dent source is p polarized, and the dielectric function of Au is defined by the
Drude model. In this section, the simulation results as a function of inter wire
distances, alteration of the dielectric medium, and the aspect ratio of nanowires
are described, depending on the simulated absorption spectrum. The distribution
of the electromagnetic field of Au nanowire surface plasmon along the XY profile
and YZ profile respectively are also given.

5.2.1 Plasmon coupling strength dependence on inter wire distance

The L mode energy, dependent on the inter wire distance, is shown in Figure
5.7. In the simulation model, the length and diameter of wires are 200 nm and 25
nm, respectively, with a dielectric constant of the AAO εm = 2.56. The incident
angle is set to 50◦ with p polarized, which can excite the L mode. The influence of
the inter wire coupling strength is investigated by tuning the inter wire distances
from 148 nm to 27 nm. For the larger inter wire distance 148 nm, the L mode
locates at 2175 nm. When the inter wire distance is reduced to 27 nm, the L mode
energy moves to 934 nm. Reduction of the inter wire distance leads to an apparent
blue shift of the L mode energy, as shown in Figure 5.7a. With reference to the L
mode resonance energy, the distribution of the electric field along the long axis
of the wires is shown in Figure 5.7b. When the wires are far apart (inter wire
distance is larger than 80 nm), the field localizes on both wire extremities with a
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symmetric distribution and illumination. The model is analogous to a single wire
embedded in the dielectric AAO medium. However, the field distribution moves
to the middle part of the wires as the the inter wire distances decrease and the
field strength at the wire’s extremities simultaneously decreases. The dielectric
constant of the whole structure becomes a complex number with a negative real
part [208]. The results of the field distribution proves that the strong coupling of
the field between the wires is responsible for the optical response of the arrays,
and that the surface plasmon can effectively propagate from wire to wire when
the inter wire distance is small enough. In contrast to the L mode behavior when
decreasing the inter wire distance, the T mode energy only shows a small red
shift, which can not be investigated in the experiments because of the accuracy of
the instrument.

5.2.2 Plasmon frequency dependence on the dielectric constant

The electric field distribution around the single Au nanowire is calculated. The
incident source, the length, and the diameter of wires are the same as those in
the arrays. The thickness of the surrounding AAO medium is set to 13.5 nm, as
for the nanowire with the inter pore distance of 27 nm. The field distribution
localizes with the incident field on the extremities of wire. The field strength and
illumination is much lower than in arrays, as shown in Figure 5.7b.

The experimental results show that the dielectric constant εm of the surround-
ing medium exerts a strong influence to the L mode energy, which is described
in section 5.1.3. A red shift of the L mode is observed as εm decreases. An anal-
ogous behavior of the L mode is proven by the simulation. In the computation,
εm is altered from 1.56 to 4, and the L mode energy shifts from 2.5 eV to 0.97 eV,
as shown in Figure 5.8 a. The electric field distribution around the nanowires is
given in Figure 5.8 b. We can see that the electric field located on the bottom end
of wires becomes weaker with increasing εm, and a stronger field appears at the
middle part of the wires. These results are essentially in accordance to our exper-
imental investigation and motivate further studies using decorated wires with
core shell structures.



74 Chapter 5. Surface plasmon resonance of Au nanowire arrays

E

kq

148nm 104nm 52nm69nm 52nm

Nanowire arrays Single
wire

(a)

(b)

Figure 5.7: a) L mode energy shift of the SPR from Au nanowire arrays as a func-
tion of the inter wire distance. b) Electric field distribution of L mode in the Au
nanowire arrays for different inter wire distances, and the electric field distribu-
tion of L mode in a single Au nanowire surrounded by AAO.
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Figure 5.8: a) L mode energy shift of the SPR and b) Electric field distribution
of L mode from Au nanowire arrays as a function of the dielectric constant εm
of the surrounding medium. The εm are 1.56, 2.2, 3, and 4, from the left to right
respectively in figure b).
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Chapter 6

Plasmons touch molecules

Over the last decades, great developments have been made in the field of biosen-
sors for the application of environmental monitoring, food control, and medical
diagnostics [222, 223, 224]. Surface plasmon resonance (SPR)- based biosensors
take advantage of the sensitivity of SPR to the molecules [225]. For instance,
some biomolecules can be captured by the surface of a noble metal, the binding
of which alters the refractive index. This behavior can be observed by the spec-
troscopy of the SPR [225]. The fluorescence signal from molecules can also be
enhanced by the strong local electric field of the SPR [226]. Research on poten-
tial biosensing applications [243] is demonstrated by the Alivisatos group, and
Sönnichsen [244] who described a "molecular plasmon ruler".

With the development of SPR applications, many theory models have been
developed to study the interaction between SPR and molecular excitations. Mat-
subara presented long range surface plasmon (LRSP) theory [227], Chien de-
scribed a mode of surface plasmon coupling with a dielectric waveguide [228],
and Dostalek presented the Bragg-scattered surface plasmons [229]. These mod-
els are usually employed to illuminate specific interactions. We demonstrated the
optical spectrum of the SPR from the AAO - Au nanowire arrays in the previous
chapter. The longitudinal mode (L-mode) position from the sample is tunable
by the aspect ratio and the geometries of the arrays. In this chapter, different
molecules are put on the surface of Au and their optical properties are detected
to investigate different interaction behaviors between the SPR and molecules.

6.1 Photoluminescence enhancement by MgPC

Fluorescent organic dyes are notably employed as a probe or indicator due to the
high sensitivity to the environment. When the dye molecules are doped into var-
ious hosts, attractive properties are used for optical data storage, optical sensing,
or photocatalysis [230, 231, 232]. Nanoporous hosts provide a specific environ-
ment for the molecules because of the confined space of the pores, the large sur-
face areas, and well-defined pore arrangement [233]. Quantum efficiency of light



78 Chapter 6. Plasmons touch molecules

emission is considered the most important requirement for an efficient fluorescent
biosensor. Surface plasmon coupling is available as one of the most advanced
techniques to enhance efficiency of the dye emission [234, 235, 236].

For our experiments, magnesium Phthalocyanine (MgPC) is provided by Prof.
K. Morgenstern’s group at the Institute for Solid State Physics, LU Hannover. The
molecules are investigated by dipping the AAO - Au arrays into solution. MgPC
is widely used in copy and printer systems [237, 238] because its absorption and
emission spectra are located in the red spectral range. Figure 6.1 gives the ab-
sorption and emission spectrum of MgPC in PrOH. The molecular structure is
also shown in the inset of Figure 6.1. The absorption spectrum of MgPC in PrOH
contains three peaks at around 604, 638, and 668 nm. The emission spectrum also
contains three bands at around 671, 704, and 742 nm. From literature, the ground
electronic 0 - 0 transition in MgPC is attributed to the strongest peak [241, 242],
and relatively weak peaks are due to the electronic vibrational transitions.
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Figure 6.1: Emission spectrum of MgPC in PrOH and schematic molecular struc-
ture of MgPC [239, 240].

The AAO template was anodized in sulfuric acid with a pore diameter around
25 nm. Before the deposition of Au nanowires, a Ag film was deposited on one
side of the template as a working electrode. Then the Au nanowires were de-
posited by a standard three-electrode system. The Ag film was dissolved after
deposition, which means the Au nanowires are free standing in the pores. Then,
the sample was immersed in a MgPC molecular solution with a concentration of
1.86×10−3 mol/L for 1 hour. The PL spectrum was investigated after drying the
sample in the air. The excitation wavelength was 370 nm. The PL results of pure
AAO templates, AAO - MgPC, and AAO - Au - MgPC are shown in Figure 6.2.

Pure AAO templates exhibit a very strong fluorescence signal at around 450
nm, which is induced by the oxygen vacancies in AAO templates formed during
the anodization process. When the surface of pure AAO is decorated with the
molecules, the intensity of the PL peak from AAO shrinks a little bit, while a new
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Figure 6.2: Photoluminescence spectra of bare AAO template and Mg - phtalo-
cyanine on different substrates.

PL signal caused by the MgPC appears at around 680 nm. The PL spectra of AAO
- Au - MgPC show a strong enhancement of the peak at 680 nm. Meanwhile, the
fluorescence peak at 450 nm vanishes. The maximum intensity of the PL of MgPC
from the AAO - Au substrate is approximately 3 times larger than that from the
AAO substrate. Therefore, the pure AAO templates cannot effectively enhance
the PL of MgPC, while the presence of Au nanowires plays a crucial role in the
enhancement of the molecular PL.

Previous studies indicated that the electromagnetic density of states can be
enhanced by the surface plasmon excitation and that the emission rate of semi-
conductor and organic materials can be increased as well [245, 246]. However,
there are two processes. A nonradiative energy transfer from the molecule to the
metal induces a quenching of molecular luminescence, while the presence of a
local field enhances the excitation rate [247, 248]. In our case, the nonradiative
energy transfer is the dominating process. Therefore, the luminescence quenches
when the molecule directly touches the noble metal surface. The dielectric con-
stants of the metal, the surrounding material, and the emission wavelength in-
fluence the effective length between the molecules and the metal surface [246].
Therefore, we concluded that most of the MgPC molecules were located on the
AAO template surface instead of being absorbed onto the Au surface in our ex-
periments. The increased radiative rates for molecules near the Au nanowires
due to the coupling of surface plasmons generated on the Au nanowire is at-
tributed to the enhancement of PL. The quenching of the fluorescence at 450 nm
is attributed to the energy transfer between Au nanowires and AAO templates,
which was discussed in the last chapter.
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6.2 Electron transfer between Aza-BODIPY and Au
nanowires

When organic molecules and an inorganic noble metallic surface are combined in
a nanostructure, unique functionalities become possible because of the coupling
between surface plasmons and the excitons [249, 250]. The absorption of photons
creates electrically neutral electron - hole pairs in the organic molecules. The ex-
citonic states of molecules are widely used to store and guide energy for energy
conversion, which contributes to the preparation of artificial devices. BODIPY
derivatives currently attract a significant amount of attention for organic solar
cell applications [251, 252] because of their convenient synthesis. In our exper-
iments, we investigate Aza-BODIPY for the coupling of surface plasmons. Fig-
ure 6.3 shows the absorption and emission spectra of Aza-BODIPY. We found
the maximum absorption peaks of Aza-BODIPY on pure AAO templates has the
same position as in the solvent.

Figure 6.3: The absorption and emission spectra of Aza-BODIPY. The blue line is
the absorption spectrum of Aza BODIPY on as-prepared AAO templates.

Au nanowire arrays provide plasmonic fields. The preparation of Au
nanowires arrays was described in the previous chapter. The Au nanowires
are grown in the AAO templates, by electrochemical deposition. Then the Ag
layer is dissolved by HNO3. In this section, the templates with a diameter of 25
nm and pore distances of 25 nm were employed. The diameter and spacing of
nanowires are decided by the geometry of the AAO templates. The rod length
can be tuned using the deposition time. The nanowire arrays are strongly uniaxi-
ally anisotropic with wires parallel to each other and perpendicular to the surface
of the templates. The optical properties of the Au nanowire arrays can be tuned
by the aspect ratio of wires in the red and near infrared range. As shown in Fig-
ure 5.1, the absorption spectra consist of two resonances, the L mode and the T
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mode. Aza BODIPY was diluted in chloroform to prepare a solution. Then a 6
µL Aza-BODIPY solution with concentration of 1×105 mol/L was dropped on
the surface of Au-AAO. The templates were then dried in the air before optical
investigations. Previous studies proved that a space was left between the Au
nanowires and the pore walls after dissolving the Ag layer [125], which means
the molecules can be absorbed onto the Au nanowire surface after chloroform
evaporation.

a

b

Figure 6.4: a) Absorption spectrum of the hybrid Au nanowire arrays with weak
plasmon-exciton coupling. b) Absorption spectrum of the hybrid Au nanowire
arrays with strong plasmon - exciton coupling.

We used Au-AAO matrices with L mode plasmonic resonances at 647 nm and
682 nm as substrates to investigate the coupling strength as a function of overlap
area between plasmons and excitons. Figure 6.4a and b show absorption spectra
of hybrid systems. When the overlap area is small, weak coupling is observed, as
shown in Figure 6.4a, the L mode plasmonic resonance wavelength is λ = 682 nm
and the exciton wavelength of a molecule is λ = 648 nm because the hybrid sys-



82 Chapter 6. Plasmons touch molecules

tem is determined by the resonances of the isolated systems. Conversely, figure
6.4b shows a strong coupling behavior. The L mode plasmonic resonance wave-
length is λ = 648 nm and overlaps with the molecular excitons. The hybrid states
show a pronounced decrease at 648 nm because the Au electronic polarization is
scrambled by the exciton transition dipole of the molecules [253, 254].

r1r2

e1
e2

Pplasmon Pexciton

molecule
Au nanowire

Figure 6.5: Sketch of the electronic polarization in Au nanowires with the exci-
tonic polarization of molecules. [253]

Figure 6.5 shows a model of the nanowire coated with molecules. In the fre-
quency range of interest, the interaction between electronic dipoles and excitonic
dipoles takes place. The absorbance peak frequency depends on the effective po-
larizability αeff of the hybrid system, which is defined by the effective dielectric
constant εeff [253]. The following equations present expressions for the quantities
of αeff and εeff as obtained from Mie scattering theory [53, 253].

εeff =
ε2
εm

(ε1 + 2ε2) + 2 (ε1 − ε2) (r1/r2)
3

(ε1 + 2ε2)− (ε1 − ε2) (r1/r2)
3

, (6.1)

αeff = 4πεmr
3
2

εeff + 1

εeff − 2
, (6.2)

where ε1 and ε2 are the dielectric constants of Au and the molecules, and εm
is the dielectric constant of the surrounding medium. The sum of the intraband
transitions (free electronic motions in the conduction band) and interband transi-
tions (electronic transitions between the valence band and the conduction band)
dominates the dielectric constant of the metal ε1. When the excitonic transitions
of molecules coherently couple with the interband transitions, strong coupling
takes place [253]. In other case, the excitons couple to the free electrons and weak
coupling takes place [253]. The asymmetry, hybrid peak shape and larger band-
width are due to the inhomogeneous local field on the particle surface.

In Figure 6.4, only the L mode was observed to couple with the excitons of
molecules and produce the hybrid state. In our experiments, the L mode energy
was modified by the aspect ratio to tune the overlap between the plasmon reso-
nance energy and the transition energy of molecule, which directly influence the
coupling strength. Four hybrid states would be observed if both T mode and L
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mode of SPR from Au nanowire arrays were to be coupled with the excitons of
molecules [254].

These studies show that that excitation dynamics of the composite AAO-Au-
molecule can be tailored to a big extend via spectral overlap. The spectra overlap
is again tuned by size effects. Thereby the advantageous properties of nanoscale
materials are demonstrated.
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Chapter 7

Summary

In this thesis we further developed the preparation techniques of AAO, including
the fabrication of free standing AAO as well as ultra thin AAO. The pore size
and geometry have been controlled by the type of electrolyte and anodization
voltage. Free standing templates have the advantage that they can be used in
simple transmission or diffusion experiments. Open pores allow transport and
the growth of nanoscale objects. On the other side, free standing templates tend to
a geometrical waviness that prevents scanning probe investigations or nonlinear
optics with full resolution. To circumvent such problems, we have used argon ion
etching to flatten the templates. Ultra thin AAO templates have the advantage
that they can be used as a mask to prepare quantum dots on a flat surface.

Within the free standing AAO templates, arrays of metallic nanowires have
been deposited by electrochemical methods. Spinel nanowires have been pre-
pared by sol-gel methods. Metallic nanodots with plasmonic properties have
been deposited on Si wafers using ultra thin AAO as a mask. Meanwhile, the
structural and physical properties of AAO have been tailored to a certain extend.

The physical properties of AAO templates have been studied using optical
spectroscopy, X-ray diffraction (XRD) and Raman spectroscopy. Oxygen vacan-
cies in AAO give a strong blue emission signal, which indicates that the templates
could be a good host for energy transfer studies. Different organic molecules and
semiconducting quantum dots have been doped into AAO to evaluate the role of
Förster resonance energy transfer on picosecond and femtosecond resolved pho-
toluminescence. This has been performed in collaboration with the group of S. K.
Pal, Kolkata, India. Optical absorption spectra give information about changes of
oxygen vacancy density, e.g. as a function of annealing temperature. The struc-
ture evolution has been independently checked by XRD measurements.

Plasmonic excitations of Au nanowire arrays are detected in the optical ab-
sorption. Sharp maxima at different energies define longitudinal and transverse
modes. These excitations also have different polarization selection rules. The fre-
quency, linewidth and coupling strength of the longitudinal plasmons have been
tailored by the aspect ratio and other geometrical factors of the Au nanowires.
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Calculations of the electric field distribution in the nanowire arrays have been
performed using a finite element method in collaboration with Dr. S. Burger, Zuse
Institute of Berlin (ZIB). The following table gives a summary of the molecules
used within this thesis. Combining nanomaterials with biomolecules such as Mg-
phtalocyanine and Aza-BODIPY is the basis of studying contacts in nanosystems
and their metrological aspects as promoted by our work in the NTH School and
the International Graduate School of Metrology.
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Table 7.1: Coupling between molecules and nanostructures, used techniques and spectral features

Host Guest Manipulation /
Type of investiga-
tion, etc.

Spectral and electronic
features

Comments

AAO
annealed
(1100◦C)

Cr3+ions and an-
nealing at 1100◦C

PL, Raman Ruby modes, Al2O3

phonon modes
Amorphous AAO is crystallized

AAO CdSe (Maple red)
QD

PL, picosecond PL,
femtosecond PL

Abs. of Map Red and
PL of AAO (450 nm)
show overlap

Förster resonance energy transfer
(FRET) from AAO to QDs

AAO Benzoquinone
(BQ)

PL, picosecond PL,
femtosecond PL

BQ is an electron accep-
tor

Charge transfer from AAO to BQ

AAO Au nanowires PL, picosecond PL,
femtosecond PL

Abs. of Au (520 nm)
and PL of AAO (450
nm) show overlap

1. PL of AAO is quenched
2. Nanosurface energy transfer
from AAO to Au nanowires

AAO Au nanowires Absorption
spectroscopy
(Abs.)

Spectral shift, Quench-
ing of color center PL

Aspect ratio, surrounding medium
influences mode energy

AAO+Au Mg-
phtalocyanine
(MgPC)

PL PL of MgPC is at 690
nm

1. PL of AAO is quenched
2. PL of MgPC is enhanced by
the Au nanowire array surface plas-
mon

AAO+Au Aza-BODIPY Absorption
spectroscopy

1. Weak coupling: L
mode (684 nm) and
Abs. of molecules (648
nm) show partial over-
lap 2. Strong coupling:
L mode and Abs. (648
nm) of molecules (648
nm) fully overlap

1. Weak coupling induces the blue
shift (13 nm shift) of absorption
2. Strong coupling leads to the for-
mation of two hybrid energy states
(596 nm and 700 nm)
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