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Abstract

The method of template wetting allows one to fabricate highly ordered
arrays of upright standing nanowires or nanotubes from different
materials in a controllable manner. In this method, a porous template is
filled by an appropriate solution or melt. After selective removal of the
template, arrays of nanowires or nanotubes are obtained. Such arrays can
be subsequently integrated into e.g. solar cells and other electronic
devices.

This thesis is focused on the fabrication of thin-film porous anodic
alumina (PAA) templates on different substrates. The fabrication of
organic nanowires and nanotubes via melt- or solution-assisted wetting of
PAA templates is also studied.

Supported PAA templates were obtained by anodization of thin Al
films. Thin Al films produced by evaporation of Al onto different
substrates were studied by SEM and AFM. It has been found that the
structure and surface morphology of these films depend strongly on the
deposition rate, temperature and type of the substrate. In general,
maintaining low deposition rate, low substrate temperature and low
residual gas pressure allows the fabrication of smooth Al films with low
grain size.

The formation of thin PAA films on different substrates (silicon, glass,
ITO-glass, mica) and in different electrolytes (oxalic, sulphuric and
phosphoric acid) was also systematically studied. It has been found that
the structure of such films depends strongly on the structure and
morphology of the initial thin Al films as well as on the anodization
conditions. Anodization of smooth Al films at optimum conditions leads,
in turn, to the formation of highly ordered PAA structures which can be
successfully used as templates for the growth of organic nanowires and
nanotubes.

A novel method for the fabrication of thin-film PAA templates on free-
standing thin-film substrates was developed. The method involves the use



of water-soluble NaCl release layer produced by means of e-beam
evaporation in high vacuum. The PAA templates are fabricated via
anodization of thin Al films supported by thin layers of e-beam
evaporated silicon oxide or aluminum oxide.

The prepared thin-film PAA templates were directly used for the
fabrication of poly(3-hexylthiophene) (P3HT) nanotubes by means of
melt-assisted wetting. Different architectures of solar cells based on
P3HT nanotube arrays and thin films of PCBM were considered.

Additionally, 1D nanostructures from P3HT, poly(9,9-dioctylfluorene-
2,7-diyl) (PF8), 2,7-diphenylcarbazole (DPC), zinc phthalocyanine
(ZnPc) and perylene-tetracarboxydiimide (PTCDI) were obtained by
melt- and/or solution-assisted wetting of commercial PAA membranes
(Anodisc™). Since DPC nanowires were fabricated for the first time by
this technique, their morphology and optical properties are discussed in
detail.



Dansk Resumé

Skabelon-wettingsmetoden tillader fremstilling af hejt ordnede reekker
af opretstdende nanotrdde eller nanotuber af forskellige materialer. |
denne metode fyldes en nanopores skabelon (template) med en passende
oplesning eller smeltemasse. Efter en selektiv fjernelse af skabelonen
opnds raekker af stdende nanotrade eller nanorer. Denne slags raekker kan
dernaest integreres i fx solceller eller andet elektronisk udstyr.

Denne phd-afhandling satter fokus pa fremstillingen af porese
anodiseret aluminium (PAA) tyndfilm skabeloner pa forskellige
substrater. Fremstillingen af organiske nanotrdde og nanorer gennem
smeltemasse- eller oplesning-assisteret wetting af PAA-skabeloner er
ogsa blevet undersogt.

Assisterede PAA-skabeloner blev skaffet ved hjelp af anodisering af
tynde Al-film. De tynde Al-film der blev produceret via Al padampning
pa forskellige substrater blev undersegt med SEM og AFM. Det blev
fundet, at disse films struktur og overflademorfologi afthenger vasentligt
af padampningsrate, temperatur samt substrat-type. Generelt set
muliggeres fremstillingen af glatte Al-film med en lille kornsterrelse ved
at holde en lav padampningsrate, en lav substrat-temperatur, samt et lavt
resterende gastryk.

PAA-filmdannelse péa forskellige substrater (silicium, glas, ITO-glas,
mica) med anvendelse af forskellige elektrolytter (oxalsyre, svovlsyre
fosforsyre) er ogsa blevet systematisk undersogt. Det blev fundet, at disse
films struktur afheenger betydeligt af de initiale tynde Al-films struktur og
morfologi, samt anodiseringsvilkar. Anodiseringen af glatte Al-film under
optimale vilkar ferer til dannelsen af hejt ordnede PAA-strukturer, der
med succes kan anvendes som skabeloner til dyrkning af organiske
nanotrade og nanotuber.

En ny metode til fremstilling af tyndfilms PPA-skabeloner pa
fritstaende tyndfilms-substrater er blevet udviklet. Denne metode
inddrager anvendelsen af et vandopleseligt NaCl-frigerelseslag opnaet



ved hjelp af e-beam-padampning i hejt vakuum. PPA-skabelonerne er
fremstillet via tyndfilms anodisering assisteret med tynde lag af e-beam-
padampet silicium-oxid eller aluminum-oxid.

De fremstillede tyndfilms PPA-skabeloner blev direkte anvendt i
fremstillingen af poly(3-hexylthiophene) (P3HT) nanorer ved hjzlp af
smeltemasse-assisteret wetting. Forskellige solcelle arkitekturer baseret
pa raeekker af P3HT-nanorer og tynde PCBM-film blev taget i betragtning.

Endvidere blev 1D-nanostrukturer af P3HT, poly(9,9-dioctylfluorene-
2,7-diyl) (PF8), 2,7-diphenylcarbazole (DPC), zinc phthalocyanine
(ZnPc) samt perylene-tetracarboxydiimide (PTCDI) opnéaet ved hjelp af
smeltemasse- eller oplesning-assisteret wetting af PAA-membraner
(Anodisc™). Da DPC-nanotrade blev fabrikeret for forste gang med
anvendelsen af denne teknik, omtales deres morfologiske og optiske
egenskaber i detaljer.
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Chapter 1. Introduction

1.1. ANODIZATION OF ALUMINUM

1.1.1. Anodization of thick Al foils

Anodic oxidation (or “anodization”) of aluminium has been widely
used for several decades to produce protective and decorative coatings on
its surface [1]. The development of electron microscopy techniques made
it possible to observe the microstructure of the obtained alumina films [2].

It was found that, depending on the process conditions, two types of
aluminium oxide may exist. If Al is anodized in neutral or basic solutions
(pH > 5) a flat, non-porous, featureless insulating “barrier” oxide forms.
When Al is anodized in an acidic electrolyte (usually sulphuric, oxalic or
phosphoric acid), deep pores, having diameters from 5 to 100 nm and
lengths of a few microns, are formed. This type of oxide is referred to as
“porous anodic alumina” (PAA). The bottom of each pore also consists of
a 10-100 nm thick “barrier layer” [2-6].

It has been known since 1960-s, that anodization of Al in common
acidic electrolytes yielded PAA structures with approximately hexagonal
pore arrangements. In 1995, Masuda and Fukuda [7] reported the two-
step anodization of Al films which allowed the fabrication of highly-
ordered PAA structures. In this procedure, the disordered PAA film
formed during the first anodization step was etched away selectively to
leave periodic concave features on the surface of the Al host. During the
second anodization step carried out at the same conditions as the first
step, the concave features acted as pore nucleation sites, and a highly-
ordered PAA film could be obtained. The use of pre-patterning methods,
such as nanoimprint lithography, allowed the fabrication of perfectly
ordered nanopore arrays over large areas [8, 9].

Optionally, the Al host can be selectively dissolved in HgCl, solution
and the barrier oxide which remains in the bottom of each pore can be
dissolved in phosphoric acid. In such a case, a thick open-through PAA
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membrane is obtained [9-11]. Instead of wet etching, ion-beam sputtering
can be used for the barrier layer removal [12, 13].

1.1.2. Anodization of thin Al films

During the last few years, the fabrication of PAA structures by
anodization of thin Al films on different supports has been attracting great
interest. In most cases, Si wafers are used as substrates for the deposition
of thin Al films [14-26]. Depending on the purpose of the final PAA
structures, intermediate (e.g. conductive) layers can be introduced [18, 19,
21]. Recently, thin PAA films on ITO-coated glass substrates were
successfully fabricated [27-29].

Thin supported Al films are usually anodized at the same conditions
which are applied for thick Al foils. However, for ultrathin (20-50 nm) Al
films, it was found that applying the “common” anodization voltages
leads to the breakdown of the formed alumina films [22, 26]. In such
cases, lower voltages were applied. For example, the maximum
applicable voltage for 30 nm thick Al films was 30 V in oxalic acid and
20 V in sulphuric acid.

1.1.3. PAA formation mechanism

To explain the fact of self-ordering in PAA structures during
anodization, the so-called mechanical stress model has been proposed [6,
31-33]. The mechanism of the self-ordered PAA formation can be briefly
described as follows.

At the beginning of the anodization, the “barrier” film which consists
of non-conductive aluminium oxide covers the entire surface of the Al. At
this stage, a drastic decrease of the current density is usually observed.
The electric field is focused locally on the concave features of the surface.
This leads to field-enhanced and/or temperature-enhanced dissolution of
the formed oxide and to the growth of the pores. This stage is
characterized by an increase of the current density. Some pores might
stop growing due to the competition between the pores, and the current
density slightly decreases again. Finally, the pores grow in a stable
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manner and the current density stays approximately constant. Due to the
repulsive forces which appear between the neighbouring pores, self-
organization occurs. The resulting PAA film has a characteristic
hexagonal ordering of the pore channels.

1.1.4. Factors determining the morphology of PAA structures

The main process parameters which affect the morphology of PAA
structures obtained by anodization of Al are the applied potential, the type
and concentration of the electrlolyte and the temperature [5, 6, 9, 31-36].

It is known that interpore distance of the formed PAA structures is
linearly proportional to the applied voltage with the proportionality
constant being approximately 2.5-2.8 nm/V. The thickness of the barrier
layer can be estimated as a half of the interpore distance [5, 9].

The choice of the electrolyte for the self-organized growth of PAAs is
restricted. In most cases, sulphuric, oxalic and phosphoric acid are
employed. Usually, sulphuric acid is used at relatively low voltages (15-
30 V), oxalic acid is employed at intermediate voltages (30-60 V) and
phosphoric acid is used at high voltages (160-195 V). The reason for this
is the difference in conductivity and pH values of these electrolytes. For
example, sulphuric acid has a rather high conductivity and the
anodization of Al in sulphuric acid at voltages higher than about 30-40 V
results in the breakdown of the oxide layer. The pore size is determined
by the pH value of the electrolyte. The potential threshold for the field-
enhanced dissolution at the pore tip decreases with a decrease of the pH
value, which leads to smaller pore diameters. That explains the fact that
the widest pores are obtained in phosphoric acid (which has the highest
pH in this row), while in oxalic and sulphuric acid, pores with lower
diameters are formed [5, 9, 34-36].

In order to prevent the formed oxide structure from being dissolved in
the electrolyte, the temperature during the anodization is adjusted to be
lower than 15°C (about 5°C for the anodization at high voltages). In
addition, local heating at the bottom of the pores leads to inhomogeneous
distribution of the electric field, which results in electrical breakdown of
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the oxide. The pore growth rate is also affected by the temperature, being
lower at lower temperatures [9, 34].

There are a few other important issues related to the pore ordering in
PAAs. The purity of the Al samples meant for anodization should be
rather high (normally, about 99.99% grade Al is used). The Al samples
are usually annealed at about 500°C for several hours to increase the grain
size. The surface of Al is smoothened by electropolishing which is
commonly performed in perchloric acid — ethanol mixture. Finally, the
electrolyte is kept vigorously stirred during the anodization. Stirring
allows more effective heat removal from the sample and also ensures
more homogeneous diffusion of anions from the electrolyte into the pore
channels [7, 9, 37, 38].

1.1.5. Applications of ordered PAA structures

The main application of PAAs in nanotechnology is their use as
templates for the fabrication of nanowires and nanotubes (see Section
1.2.). If compared to macroporous silicon templates and track-etched
polycarbonate membranes, PAA templates have better ordering of the
pores. The size of the pores can be easily tuned by changing the
electrolyte and the anodization voltage [39-41].

Another important application of PAA films is the production of nano-
dot arrays on different substrates. Such arrays can be made using PAA
films as masks; that provides a cheap alternative to traditional lithography
techniques [14, 24, 42].

Potential use of highly ordered PAA structures in magnetic recording
devices has attracted grate attention in the last few years [1, 40]. The
possibility to use ordered PAA films in optical sensors has also been
considered [43, 44].
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1.2. TEMPLATE-BASED FABRICATION OF 1D
NANOSTRUCTURES

Template-based synthesis of nanowires and nanotubes has been the
main application of ordered PAAs during the last 15 years [39-41]. The
main techniques which utilize PAA templates for the preparation of 1D
nanostructures are electrochemical deposition, electrophoretic deposition
and template wetting.

Electrochemical deposition involves oriented diffusion of charged
reactive species through a solution when an external electric field is
applied. The charged species are reduced at the deposition surface which
also serves as an electrode. In general, this method is applicable for
electrically conductive materials, such as metals alloys, semiconductors,
electrically conductive polymers and oxides. As a template, either a free-
standing PAA membrane with a conductive layer blocking one of its sides
or a thin-film PAA template on a conductive support can be used [40].
This technique was employed to produce e.g. metallic nanowire arrays
[21, 40, 45].

Electrophoretic deposition uses oriented motion of charged particles in
a colloidal solution under an electrical field. If particles are positively
charged, the deposition takes place at the cathode. Otherwise, it occurs on
the anode. Templates for electrophoretic deposition are prepared in the
same manner as the ones dedicated for electrochemical deposition [40].
By this method, nanostructures from e.g. phthalocyanines [46-49] and
perylene derivatives [50] were fabricated.

In the method of template wetting, a PAA template is filled by a
solution which contains the needed material, or a melt. Evaporation of the
solvent (or solidification of the melt) results in the formation of
nanowires or nanotubes in the template pores [51]. This technique has
been used to produce 1D nanostructures from both polymers [52-56] and
small organic molecules [57, 58].

The needed material can also be introduced into the template pores by
vacuum evaporation [40]. In such a way, nanostructures from cabazole,
naphthalene, phenanthrene, and anthracene were obtained [59].
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Chapter 2. Thin Al Films: Microstructure and
Surface Morphology

2.1. INTRODUCTION

In general, porous anodic alumina (PAA) templates can be obtained by
anodization of either thick (tens of micrometers) Al foils or thin (from
tens of nanometers to several micrometers) Al films deposited onto an
appropriate substrate. It is known that during anodization of Al the pores
are preferentially nucleated at concaves and grooves on the surface,
where the local electric field appears to be higher [1, 6, 31-33]. Therefore
it is important to ensure large areas on the Al surface which are flat and
microscopically smooth (free from trenches, hillocks, etc.). In order to
ensure good pore ordering and surface quality of the final PAA templates,
standard pretreatments are employed, such as thermal annealing and
electropolishing. Thermal annealing of Al foils allows formation of large
grains and wide flat areas on the surface of Al [7, 9]. Electropolishing
removes protruding features from the Al surface; in the case of optimal
process parameters it allows formation of very smooth surface on a big
scale [37, 38]. For thin (a few hundreds of nanometers) Al films such
pretreatments are not applicable. Annealing of such films at high
temperatures leads to the growth of hillocks [60]; electropolishing might
remove too much material from the film and even dissolve it completely.
Thus, the preferred way of improving the surface quality of thin Al films
is the careful control over the deposition parameters which influence the
film microstructure and surface morphology.

The properties of thin Al films produced by e-beam or thermal
evaporation and DC- or RF-sputtering have been extensively studied by a
number of research groups [60-78]. It is known that structural and
therefore also electrical and optical properties of thin metallic films are
affected by a few factors, namely by the type of the substrate [79-81], the
thickness of the film [67, 68], the deposition rate [68, 69, 71, 80-82], the
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temperature of the substrate [64, 66, 71, 78, 81], the annealing conditions
[65, 72, 75] and the background gas composition [63, 69].

The deposition rate is one of the most important parameters
influencing the structure and surface morphology of the resulting thin
films. In principle, this parameter can be readily controlled during the
fabrication process. Semaltianos [68] studied thin Al films produced on
quartz substrates by evaporation from a boat at rates from 0.1 to 2 nm/s. It
was found that the root mean square (rms) roughness of the 22 nm thick
Al films increases from about 3.2 to 5 nm with an increase of the rate
from 0.2 to 1.5 nm/s. Qui et al. [69] investigated the influence of the
deposition rate on the structure, composition and resistivity of thin Al
films produced by e-beam evaporation on glass at two rates: 0.17 and
0.55 nm/s. The film prepared at higher deposition rate had larger grain
size but lower roughness than the one made at lower rate. Higo et al. [71]
did not observe any change in the surface roughness of 200 nm thick
evaporated Al films on mica as the deposition rate increased from 0.5 to 2
nm/s. Data on the rate-dependent properties of thin evaporated Al films
on silicon, as well as data for a wide range of deposition rates for glass
and mica, are lacking so far in the literature.

In this chapter, different techniques for improving the surface quality
of Al foils and thin Al films will be considered. The influence of
mechanical and electrochemical polishing on the surface morphology of
Al foils will be briefly discussed. Particular attention will be given to the
influence of deposition rate and substrate temperature on the surface
morphology of thin Al films.

2.2. EXPERIMENTAL DETAILS

2.2.1. Pretreatments of Al foils

Thick (0.1 mm) Al foils were purchased from Goodfellow. The foils
were cleaned by ultrasonication in acetone for 15 min. After that, the foils
were polished either mechanically or electrochemically.

18



Mechanical polishing was made with the help of a hand-held drilling
machine fitted with wool polishing discs (pellets). Commercial diamond
polishing pastes (particle size from 0.25 to 7 um) were used. The
polishing has been made manually, typically during a few minutes, until a
mirror-like surface was obtained.

Electropolishing was performed in a perchloric acid - ethanol (1:4)
solution in a commercial electropolishing setup (Struers LectroPol-5) at
the voltage of 40 V at 10°C for 30-40 s (according to [37, 38]).
Alternatively, electropolishing was made in a 15% Na,CO3; and 5%
NazPO, (“Brytal”) solution at the voltage of 2 V at 80-82°C for 30 min. in
a lab-made setup consisting of two electrodes dipped into an electrolyte
bath kept at constant temperature (according to [37, 83]).

2.2.2. Deposition of thin films

For the deposition of thin Al films, a conventional electron beam
evaporation system (either Edwards Auto 500 or Cryofox 600 Explorer)
equipped with an oil-free turbomolecular pumping system was used. The
film thickness and deposition rate were controlled by a quartz
microbalance. Aluminum films with a thickness ranging from 100 nm to
5 um were deposited on silicon, glass, ITO-coated glass and mica
substrates using a high-purity (99.99%) Al target placed into an
intermetallic (BN-TiB,) crucible liner. For some of the samples, Al was
evaporated from a resistively heated molybdenum boat or a tungsten
filament. Some of the films were also produced by RF-sputtering of a
high-purity (99.999%) Al target in a conventional sputtering system
(Cryofox 600 Explorer). The Ar pressure in the deposition chamber
during sputtering was about 10 Pa.

For the investigation of the deposition rate effects on the film
morphology, the films were produced at 5 different evaporation rates:
0.10 + 0.02, 0.20 £ 0.02, 0.5 £ 0.1, 1.0 £ 0.1 and 2.0 + 0.2 nm/s. The
required evaporation rate was achieved by adjusting the e-beam current.
The pressure in the chamber during deposition was better than 1-10° Pa.
The acceleration voltage of the electron gun was fixed at 4.76 kV and the
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e-beam current was kept in the range between 20 and 80 mA, depending
on the required evaporation rate and the load of the crucible.

For the investigation of the deposition temperature effect on the film
structure and morphology, the films were deposited in the range between
room temperature (25°C) and (roughly) 450°C. In each case, the substrate
was fixed on a flat copper plate which was kept in a firm contact with a
resistively heated molybdenum plate. The temperature of the substrate for
different values of the current was roughly estimated by placing very
small (a fracture of mm in diameter) pieces of pure metals onto the
substrate and fixing the values of current at which they started melting.
For that purpose, the following metals were used: Sn (T, = 232°C), Pb
(Tm=327.5°C) and Zn (T = 419.5°C).

Silicon (Si (100), p-type, resistivity 1-100 Ohm-cm™) and glass (BK7)
substrates were prepared by sawing 1x1 or 2x2 cm? square pieces from
respective wafers in a commercial programmable wafer-sawing unit.
Sometimes Si wafers were also cleaved manually with the help of a
diamond tip. In some cases, microscope glass slides (from Thermo
Scientific) were used instead of BK7 glass substrates. The substrates were
pre-cleaned by ultrasonication in acetone and ethanol (5 min. in each
solvent) followed by oxygen plasma etching (5 min. at 300 W, Branson
IPC 3000 barrel plasma system). Muscovite mica substrates (grade V-3,
Plano GmbH) were cleaved in air and transferred thereafter immediately
into the deposition chamber.

For some of the substrates, a thin (typically 5-15 nm; 1-2 nm for the
case of ITO-coated glass) Ti layer was applied to ensure good adhesion of
Al film. The typical deposition rate for Ti was 0.05-0.1 nm/s. In order to
improve the adhesion of thin Al films deposited onto ITO coated glass,
post-depositional annealing was applied. The films were annealed at 150-
200°C for 3-5 hours.

2.2.3. Characterization of thin films

The SEM imaging of the deposited thin Al films was performed in a
commercial instrument (Hitachi S-4800) with an acceleration voltage of
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2-3 kV. The ranges of grain size of the films were obtained by picking
randomly 20 grains on each SEM image and estimating their Feret
diameters along the horizontal direction.

The AFM characterization was performed using a Dimension 3100
AFM (Digital Instruments, Veeco, CA) operated in tapping mode. The
topographic and phase images were recorded simultaneously using a
standard silicon tip with radius 10 nm. The spring constant of the
cantilever was between 20 and 100 N/m. Root mean square (rms) surface
roughness values were determined for each sample on an area of 30 X 30
um?. Root mean square (rms) surface roughness values were calculated
using free SPM analysis software (Gwyddion [84]).

2.3. RESULTS AND DISCUSSION

2.3.1. Mechanical polishing of Al foils

A top-view SEM image and an AFM scan of an untreated Al foil are
shown in Fig. 2.1. It can be seen that the surface of the foil is very rough
and exhibits a number of almost parallel grooves and ridges. The widths
of the ridges range from several hundreds of nanometers to several
micrometers. Probably these features appear during the rolling step of the
foil manufacturing.

0,85 um

0,00 ym

y: 30 um

Figure 2.1. Top-view SEM image (a) and AFM scan (b) of untreated Al foil.
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0,26 um

0,00 pm

y: 30 um

Figure 2.2. Top-view SEM image (a) and AFM scan (b) of Al foil
mechanically polished with 2 diamond suspensions having different particle
sizes: first 7 um and then 1 pm.

Mechanical polishing allows significant smoothening of the ridges and
trenches and decreasing of the overall surface roughness. For all diamond
particle sizes, such polishing leads to a mirror-like surface. However, the
result is not satisfactory at the micro-scale. The use of 7 pum large
particles results in the formation of deep grooves all over the sample
surface. Some of the particles get trapped on the Al surface. However,
most of them can be easily removed by ultrasonication in acetone. If
smaller particles (0.25 or 1 um) are applied, most of them are trapped in
the trenches at the initial stage of the polishing. The trapped particles
cannot be removed even by prolonged ultrasonication. As can be seen
from Fig. 2.2, the same takes place if the polishing with big particles (7
um) is followed by polishing with smaller ones (1 um).

It can be considered that a big number of incorporated dielectric
particles will not allow the formation of a uniform PAA film during
anodization. Thus mechanical polishing with the use of hard microparticle
suspensions cannot be used for the smoothening of Al foils meant for the
further anodization.

2.3.2. Electropolishing of Al foils

In the present work, Al foils were electropolished either in perchloric
acid - ethanol (1:4) solution or in 15% Na,CO3 and 5% NazPO, (“Brytal”)
solution.
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0,92 pm

0,00 ym

y: 30 um x: 30 um

Figure 2.3. Top-view SEM image (a) and AFM scan (b) of an Al foil
electropolished in perchloric acid - ethanol (1:4) solution at the voltage of 40 V
at 10°C for 40 s.

@) s (b)

0,40 pm

0,00 pm

y: 30 ym

Figure 2.4. Top-view SEM image (a) and AFM scan (b) of an Al foil
electropolished in Brytal solution at the voltage of 2 V at 80°C for 30 min.

As can be seen from Fig. 2.3a, electropolishing of Al in perchloric acid
- ethanol solution results in the formation of periodic curved trenches
having widths of about 100 nm. The formation of similar surface features
at these electropolishing conditions has been observed previously [37,
38]. From a 30 X 30 um? AFM scan (Fig. 2.3b) it can be seen that the Al
surface is very smooth on a big scale. Here, the periodic trenches
mentioned above cannot be seen because of a high scanning rate.

Electropolishing of Al in Brytal solution leads to strait trenches (or
ridges) which are oriented along two directions (Fig. 2.4a). On the surface
of the sample, small (about 1 pm in diameter) “bumps” can be noticed.
As can be seen from a 30 X 30 ;,Lrn2 AFM scan (Fig. 2.4b), few-um wide
ridges still remain on the Al surface.
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Perchloric acid - ethanol solution is known to be effective for
electropolishing aluminum and is the most common electrolyte for such
treatments in the lab practice [37, 38]. However, strong oxidizing
properties of perchloric acid make the use of this mixture rather
dangerous. The use of Brytal solution allows getting satisfactory results in
terms of Al surface roughness while being much safer for handling. The
use of this electrolyte can therefore be considered as a good alternative,
especially when a commercial electropolishing device is not available.

2.3.3. Surface quality of different substrates for the deposition of thin
Al films

In order to compare the surface morphology of the common substrates
(glass, Si, mica) used for the deposition of thin Al films, AFM scans of
these substrates were acquired. For each of the substrates, 5 scans of the
same area (30 X 30 pm?) and at the same scanning parameters were
made.

12,0 nm 23,0 nm
0,0 nm 0,0 nm
10,0 nm 4,0 nm
0,0 nm 0,0 nm

Figure 2.5. AFM scans of the bare substrates used for the deposition of thin
Al films.
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The surface of a microscope glass slide (Fig 2.5a) is rather smooth.
However, a number of sub-um sized particles can be seen on the surface.
These might be some dirt particles which were not removed by
ultrasonication and plasma treatment. On the surface of a BK7 glass
substrate (Fig. 2.5b), randomly distributed grooves are seen. These
grooves probably appear during the sawing of the wafer. The surface of a
Si substrate (Fig. 2.5c) exhibits few-nm high features which are probably
left after the industrial polishing. A cleaved mica sheet has an extremely
smooth surface without any noticeable features (Fig. 2.5d).

The rms surface roughness values, obtained for all of the substrates
from the AFM measurements, are presented in Table 2.1. It can be seen
that both types of glass slides show almost similar roughness values
(around 1 nm), while the roughness of Si substrates is a bit higher. Mica
substrates show a significantly lower rms roughness (about 0.25 nm)
which should also result in smoother Al films after deposition.

Table 2.1. Rms surface roughness (nm) of different substrates for Al
thin film deposition.

Substrate Rms roughness, nm
Microscope glass slide 0.98 £0.28
BK7 glass (sawed from a wafer) 1.06 £0.22
Si (sawed from a wafer) 1.24+£0.20
Mica 0.25+£0.05

From here onwards, BK7 glass slides will be called simply “glass
slides”, since only this type of glass substrates was used for the deposition
of Al.

2.3.4. Thin Al films: the influence of the deposition rate on the
surface morphology

For the investigation of the deposition rate effects on the film
morphology, 100 nm thick Al films were prepared. The Al films were
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fabricated on glass, Si and mica substrates at the following rates: 0.10 +
0.02,0.20+0.02,0.5+0.1, 1.0+ 0.1 and 2.0 £ 0.2 nm/s.

SEM imaging of thin evaporated Al films made it possible to observe
the microstructure of the films as a function of deposition rate and to
estimate the grain size. Fig. 2.6 shows representative SEM images of thin
Al films evaporated onto Si substrates at rates from 0.1 to 2 nm/s.

. 45500Am
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Figure 2.6. SEM images of thin Al films produced on Si substrates at
different deposition rates: 0.1 nm/s (a), 0.5 nm/s (b), 1 nm/s (c) and 2 nm/s (d,
e); (e) is the cross-sectional view of the film shown on (d).
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In order to achieve a better contrast for the film structure, the top view
images (Fig. 2.6, a-d) were obtained with the SEM stage being tilted by
45° with respect to the horizontal position. For all of the films, a grainy
surface structure with well-defined individual grains and voids between
them is observed. The films produced at the lower deposition rate (0.1
nm/s) exhibit a rather smooth grainy surface. The grains have spherical or
oval shape and are almost uniform in size. The films produced at higher
rates (1-2 nm/s) exhibit single outgrowths (hillocks) protruding out from
the film surface. The density of the hillocks increases with an increase in
the deposition rate.

The ranges of grain size (nm) of the deposited thin Al films, estimated
from the SEM images, are presented in Table 2.2 (the grain sizes were
estimated as Feret diameters of the grains along the horizontal direction).

Table 2.2. Ranges of grain size (nm) of thin Al films evaporated on
glass, Si and mica substrates at different deposition rates, as estimated
from SEM images.

Deposition Substrate
rate, nm/s Glass Si Mica
0.1 20-40 15-30 15-30
0.2 20-40 15-40 15-30
0.5 20-50 20-40 20-40
1 30-70 20-70 30-70
2 40-100 30-80 40-100

It can be seen that the average grain size increases monotonically with
increase in deposition rate. At low deposition rates (0.1-0.2 nm/s) the
films consist of small grains with almost uniform size (in the range
between 15 and 40 nm). At higher rates (1-2 nm/s) large hillocks having
size of 50-100 nm appear on the film surface. At the same time, there are
still a lot of smaller (20-50 nm) grains in the areas between the hillocks.
Thus, the grain size distributions of the as-deposited Al films become
wider with increase in deposition rate.
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The surface morphology of the thin Al films on different substrates
was investigated by tapping mode AFM as a function of deposition rate.
Root mean square surface roughness values were determined on an area
of 30 X 30 um®. For each of the samples, including bare glass, Si and
mica substrates, 5 scans of the same area at the same scanning parameters
were performed.

Fig. 2.7 shows typical AFM scans of 100 nm thick Al films evaporated
onto Si substrates at two deposition rates: 0.5 nm/s and 2 nm/s. It can be
seen that at the lower deposition rate of 0.5 nm/s (Fig. 2.7a) the Al film is
rather smooth but exhibits a grainy morphology. For the higher deposition
rate of 2 nm/s (Fig. 2.7b), the same kind of surface morphology is
observed; however, the film consists of bigger grains and there are more
big hillocks on the surface.

15,0 nm

0,0 nm 0,0 nm

Figure 2.7. AFM images (30 X 30 um?) of 100 nm thick Al films evaporated
on Si substrates at 0.5 nm/s (a) and 2 nm/s (b).

In Table 2.3, rms surface roughness for thin Al films, produced on
different substrates at different deposition rates, are summarized.

As can be seen from the data presented, the rms roughness of as-
produced Al films increases significantly as the deposition rate is
increased from 0.1 to 2 nm/s. For low rates (0.1-0.2 nm/s) the roughness
of the films correlates well with the roughness of the bare substrates. In
particular, the films deposited on mica are much smoother than the ones
evaporated on glass and Si.
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Table 2.3. Rms surface roughness (nm) of thin Al films evaporated on
glass, Si and mica substrates, as a function of deposition rate. The mean

values are obtained from 5 scans of 30 X 30 um? size on each sample.

Deposition rate, Substrate
nm/s Glass Si Mica
0 (bare substrate) 1.06 +£0.22 1.24+£0.20 0.25+0.05
0.1 1.12+0.09 1.25+0.10 0.67+0.11
0.2 1.23+0.13 1.30+0.18 1.10+0.17
0.5 16+0.5 1.51+0.25 1.46 £0.15
1 20+0.6 1.73 +£0.19 1.8+£04
2 41+0.7 3.6+ 0.7 3.8+0.6

In the present work, the microstructure of thin evaporated Al films was
observed and evaluated by SEM and AFM. The former technique
provides general information about the surface structure (shape and size
of grains), while the latter technique allows quantitative characterization
of the surface morphology, including e.g. the determination of surface
roughness.

As can be seen from SEM images (Fig. 2.6), all the Al films exhibit a
grainy structure with well-defined columnar grains separated by voids.
This kind of structure was observed for many evaporated and sputtered
films [85-89]. In order to describe it, the so-called structure zone model
was proposed [85, 86]. According to this model, the film surface structure
is dominated by the substrate temperature (T). There are 3 main structure
zones with boundary temperatures T; = 0.3T, and T, = 0.5T,, where T,
(K) is the melting point of the film material. At relatively low
temperatures (T < Ti, zone 1), the surface diffusion of adatoms is too
weak to ensure the filling of the shadowed surface regions (self-
shadowing effect). That leads to the formation of the characteristic well-
defined columnar structure. The films deposited at higher temperatures
(T1 < T < Ty, zone 2) exhibit much larger columns with domed tops. The
surface diffusion of adatoms becomes sufficient which leads to surface
recrystallization under these conditions. The films deposited at T > T,
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(zone 3) consist of big grains with flat and faceted faces [86].

In the present work, the Al films were deposited at room temperature
(20°C, T/Tm, = 0.31 for Al) which corresponds to the boundary between
zone 1 and zone 2. Even if a slight heating of the substrates by radiation
from the evaporation source takes place, that should not lead to any
significant changes in the films structure, according to the zone model.
Therefore, the observed difference in the structure and morphology of the
films is most probably caused by deposition rate effects.

From the SEM images, the average grain size of the Al films prepared
at different evaporation rates was estimated. The results are presented in
Fig. 2.8. It can be seen that for all substrates the average grain size
increases monotonically with increase in deposition rate. For films
deposited onto different substrates at the same rate, the grain size ranges
are approximately the same (see also Table 2.2).
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Figure 2.8. Range of grain size (estimated from SEM images) of thin Al films
evaporated on glass, Si and mica substrates as a function of deposition rate.

The observed dependence of grain size on deposition rate is consistent
with the results obtained by Semaltianos [68] for thin evaporated Al films
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on quartz and also with the results reported by Cai et al. [82] for thin
evaporated Ti films on glass. This trend can be explained by considering
the processes of surface diffusion of adatoms and nucleation and
coalescence of metal clusters during deposition [89]. The Al atoms
arriving onto the substrate surface can diffuse along the surface and form
clusters which can in turn contribute to the formation of crystallites
(grains). At low evaporation rates and low substrate temperatures, the
surface diffusion of the Al atoms and formation of Al clusters is not
prominent. Therefore the density of clusters (nuclei) which can
potentially coalesce to form grains is small, resulting in a small grain size.
At higher deposition rates, the number of Al atoms arriving onto the
surface per unit time is higher. Consequently the number of nuclei formed
on the surface is bigger which leads to the formation of bigger grains.

In addition to the mechanism described above, the residual gases such
as oxygen are considered to affect the growth of the individual grains [69,
89]. The adsorbed oxygen and/or oxide precipitates, which accumulate on
the surface of growing crystallites, can suppress the crystallite growth.
The ratio of the number of residual gas atoms impinging on the substrate
or the film surface to the number of film atoms arriving to the substrate or
the film surface per time and area (in other words, the concentration of
residual gas atoms in the film) is inversely proportional to the deposition
rate [69]. Thus it can be assumed that at given temperature, pressure and
residual gas composition, the concentration of residual gas atoms in the
film decreases by a factor of 20 with increase in the deposition rate from
0.1 to 2 nm/s. Therefore increasing the deposition rate within the stated
range should significantly weaken the influence of the residual gas atoms
on the grain growth and allow the formation of bigger grains.

Surface roughness of metal thin films and coatings is known to
influence their properties (such as wear and corrosion resistance,
reflectivity, etc.) which are critical for practical applications. In the
present work, the surface roughness of the thin evaporated Al films was
determined from AFM data. For each of the samples 5 scans of the same
area (30 X 30 um?) at the same scanning parameters were obtained. The
dependence of the rms surface roughness on the deposition rate is shown
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in Fig. 2.9 (for uncertainties, refer to Table 2.3).

It can be seen that the rms roughness of the Al films on all substrates
increases monotonically with increase of the deposition rate. These results
agree with the data reported by Semaltianos [68] but they are not
consistent with the data presented by Qui et al. [69] who observed a
decrease in the roughness of Al films on glass from 2.5 to 1.5 nm with an
increase of deposition rate from 0.17 to 0.55 nm/s. However in the latter
study only single values of roughness were presented which were
determined from very small areas (0.5 X 0.5 pm?). In such a case the
value of surface roughness on a bigger scale (tens of um), arising from
the large grains and hillocks formed at high deposition rates, might be
underestimated.
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Figure 2.9. Rms surface roughness (obtained from 5 scans of 30 X 30 um®
size on each sample) of thin Al films evaporated on glass, Si and mica
substrates, as a function of deposition rate.

It is known that the main factors contributing to the roughening of
evaporated metal films are self-shadowing (mentioned above) and
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statistical roughening. The self-shadowing effect leads to the formation of
the characteristic columnar structure of thin films in zone 1, according to
the zone model [85, 86]. Statistical roughening is caused by the statistical
fluctuation of the vapor flux. This phenomenon also causes the increase in
surface roughness with an increase of film thickness [68, 89]. The
increase of surface roughness for the Al films under investigation agrees
well with the increase in average grain size estimated from the SEM
images. At lower deposition rates (0.1-1 nm/s) the roughness is
determined by the size of the columnar grains and the depths of the voids
between them. At the higher rate of 2 nm/s the significant increase in
roughness is apparently related to the big number of large hillocks
protruding out from the film surface.

It should be noted that at low deposition rates (0.1-0.2 nm/s) the
roughness of the Al films correlates well with the roughness of the bare
substrates. In particular, the films deposited on mica are significantly
smoother (rms roughness 0.25-0.67 nm) than the ones evaporated on glass
and Si (rms roughness higher than 1 nm). At higher deposition rates (0.5-
2 nm/s) the roughness of the films deposited on different substrates has
very similar values for each rate. It is known [90] that a thin film can
mimic some morphology features from the substrate. Apparently, for 100
nm thick Al films which are evaporated at low rates and consist of fine
grains, this effect is rather prominent. At higher rates, the overall
coarsening of the surface structure does not allow observing any
correlation between the roughness values of the Al films and that of the
bare substrates.

2.3.5. Thin Al films: the influence of the deposition temperature on
the surface morphology

For the investigation of the substrate temperature effect on the film
structure and morphology, thin Al films were deposited at different
temperatures, ranging (roughly) from room temperature (about 25°C) to
about 450°C.

Fig. 2.10 shows SEM images of thin Al films deposited onto Si at
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about 350°C (Fig. 2.10a) and about 450°C (Fig. 2.10b). Both films
consist of very large (a few um) grains and some of the grains exhibit
well-define facets. Such a structure is a characteristic of the 3rd structure
zone [85, 86]. Indeed, since the temperature of transition between zone 2
and zone 3 for Al is about 195°C, both samples should correspond to zone
3, according to the model considered above. The obtained results are in
agreement with the data reported by Higo et al. [66, 71, 81] for thin Al
films deposited on mica at different temperatures.
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Figure 2.10. SEM images: 530 nm thick Al film on Si deposited at about
350°C (a), 750 nm thick Al film on Si deposited at about 450°C (b).

In fact, if the substrate is intensively heated by the evaporation source
during deposition, the formation of Al films with similar morphology can
also take place. For example, if the substrate is placed very close to the
source (crucible or boat) and no external cooling is applied to the
substrate, the deposition proceeds at elevated temperature. Fig. 2.11
shows Al films obtained on Si by evaporation from a resistively heated
boat. The distance between the boat and the substrate was about 5 cm. It
can be noticed that the 200 nm thick Al film (Fig. 2.11a) consists of small
(less than 100 nm) grains with well-defined facets. The same applies to
the 800 nm thick film (Fig. 2.11b), but here most of the grains are about
400-600 nm large. Such structure is again the characteristic of the 3rd
zone. Thus it can be assumed that the temperature of the substrates during
deposition was well above 200°C in both cases.
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Figure 2.11. SEM images: 200 nm (a) and 800 nm (b) thick Al film on Si
deposited under intensive heating from the evaporation source.

2.4. SUMMARY AND OUTLOOK

In the present chapter, different ways of improving the surface quality
of Al foils and thin Al films, meant for further anodization, were
considered.

Mechanical polishing with diamond suspensions cannot be used as a
pretreatment for Al foils, since a lot of particles get trapped on the Al
surface.

Electropolishing of Al foils in perchloric acid - ethanol solution or in
Brytal solution results in rather smooth surfaces. Brytal solution can be
used as an alternative to the perchloric acid - ethanol mixture and is
advantageous in terms of safety.

The surface structure and morphology of thin Al films on glass, Si and
mica substrates were investigated as a function of deposition rate within a
wide range of rates: from 0.1 to 2 nm/s.

SEM imaging of the as-prepared films reveals a grainy structure, with
the grain size and overall roughness being strongly dependent on the
deposition rate. The films produced at higher rates (1-2 nm/s) exhibit
outgrowths (hillocks) the density of which increases with increase in
deposition rate. The mean grain size increases for Al films on all
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substrates from 20-30 to 50-70 nm with increase of deposition rate.

Quantitative AFM characterization reveals a strong dependence of the
surface roughness of the deposited films on the evaporation rate. For all
substrates, the root mean square surface roughness increases
monotonically with increasing the deposition rate from 0.1 to 2 nm/s. For
low rates (0.1-0.2 nm/s) the roughness of the films correlates well with
the roughness of the bare substrates.

Three main factors are believed to be responsible for the observed
dependence of the grain size and surface roughness on the deposition rate.
They are: (1) the characteristic features of the island growth mode
(surface diffusion of adatoms, nucleation and coalescence of Al clusters);
(2) influence of the residual gases (in particular oxygen), which can be
incorporated into the film during deposition, on the grain growth; (3) the
surface morphology of the corresponding bare substrates.

Heating of the substrate up to 350-450°C during the evaporation of Al
results in the formation of big faceted Al grains. A similar structure is
obtained if the substrate is placed very close to the evaporation source and
is intensively heated by the radiation from the source.

In general, maintaining low deposition rate, low substrate temperature
and low residual gas pressure allows the fabrication of smooth Al films
with low grain size. The influence of the structure of Al foils and thin Al
films on the morphology of the subsequently obtained PAA templates
will be considered in Chapter 3.
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Chapter 3. Thin-Film Porous Anodic Alumina
(PAA) Templates

3.1. INTRODUCTION

Porous anodic alumina (PAA) is commonly used as a template
material for the synthesis of nanotubes and nanowires via template
wetting and electrochemical deposition techniques [39-41]. The
traditional method of PAA film fabrication which includes two-step
anodization of thick aluminum foils or plates requires tedious
pretreatments for initial substrates and several days of processing time.
Since the films are fragile, it can be difficult to create free-standing PAA
membranes of relatively low thickness. It is of great technological interest
to develop PAA films on appropriate supports such as silicon wafers,
glass slides, plastic sheets, etc. Having a PAA film on a silicon substrate
facilitates the anodization procedure as well as the following treatments
and allows one to integrate PAA-based devices with silicon-based
electronics. A PAA film on an ITO-coated glass substrate can be used as
a platform for the fabrication of a solar cell. In addition, supported PAA
films show interesting properties which differ from those of porous
alumina on aluminum hosts. The structure of the films depends strongly
not only on anodization solution used, but also on the composition,
structure and thickness of the initial aluminum film. In this respect,
research is required with the aim to fabricate highly ordered PAA films
having a pre-defined thickness, pore size and interpore distance, via
anodization of supported thin aluminum films.

In this chapter, the formation of thin PAA films on different substrates,
including Al foils, is described. The effect of the anodization conditions
(electrolyte, voltage and temperature) and the Al microstructure on the
final morphology of PAA films is discussed. The formation of PAA
templates on conductive underlayers (such as Au and ITO) is also
considered.
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3.2. ANODIZATION SETUP

In the present work, a lab-made anodization setup was used. The
schematic of this setup is shown in Fig. 3.1.

DC power supply

+ -
Al & /Pt

electrolyte

water cooling

Figure 3.1. Setup for anodization of Al.

The main part of the setup was a home-built two-electrode
electrochemical cell. The cell consisted of a cylindrical plastic tank closed
with a rigid plastic cap from the top, two electrodes connected to a DC
power supply and a mechanical stirrer.

The volume of the tank was 1000 ml. The electrolyte was placed into
the tank so that the electrodes were fully dipped into it. The typical
volume of the electrolyte was 600 ml.

The body of the anode was made from a transparent plastic cylinder
and a rectangular rigid plastic sample holder glued onto it. The electrical
contact between the Al sample to be anodized and the positive terminal of
the power supply was made by a metallic wire put through the plastic
cylinder. One end of the wire was fixed on the outer part of the sample
holder by putting a stripe of adhesive Al tape onto it. The other end was
fixed on the upper opening of the plastic tube and connected to the cord
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from the power supply terminal by a clamp. The Al sample to be
anodized was placed onto the strip of Al tape and firmly attached to the
sample holder with the use of scotch tape. The penetration of the
electrolyte beneath the scotch tape was prevented by applying nail polish
along the sides of the tape. For Al foils and thin Al films on Si substrates,
the contact was made directly to the back side of the sample. For thin Al
films on non-conductive supports, the contact was made via a narrow
strip of Al foil. One end of this strip was glued to the top surface of the
sample by silver paint while the other end was fixed on the strip of
adhesive Al tape on the sample holder. The strip was covered by nail
polish to prevent its oxidation by the electrolyte.

The body of the cathode was made from a plastic tube similar to the
one used in the anode. The cathode was made from a 99.9% pure Pt wire,
having length of 80 mm and diameter of 0.3 mm. The Pt wire was bent to
form a circle and placed opposite to the Al sample. The end of the Pt wire
was connected to a steel wire placed inside the plastic cylinder. The upper
end of the steel wire was fixed on the upper opening of the plastic tube
and connected to the cord from the power supply terminal by a clamp.

The bodies of both electrodes were led through the circular holes in the
cap of the tank. The distance between the electrodes was about 6 cm. The
rod of the mechanical stirrer was led through the third hole in the cap near
its center.

The whole electrolytic cell was dipped into a water filled thermostat
bath. The thermostat allowed cooling the electrolyte down to 5°C.

The DC power supply allowed working at voltages of up to 2000 V
and currents of up to 60 mA. For both the voltage and the current, the
upper limit could be pre-adjusted.

3.3. EXPERIMENTAL DETAILS

3.3.1. Anodization of Al foils

The schematic of the procedure for the fabrication of PAA films on Al
substrates or free-standing PAA membranes is shown in Fig. 3.2.
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Figure 3.2. Fabrication of PAA films on Al or free-standing PAA membranes
by two-step anodization of Al foils.

0.25 mm thick Al foils (99.999%, Goodfellow) were pre-treated as
described in Section 2.2.1. The anodization of the Al foils was made
either in 0.3M oxalic acid at 40 V or in 0.1M phosphoric acid at 170 V.
The temperature of the electrolyte was typically 10-15°C for oxalic acid
and 5°C for phosphoric acid. For most of the samples, the conventional
two-step anodization procedure was applied. The first anodization lasted
8-12 hours. After the first anodization, the obtained disordered porous
alumina film was removed by soaking the sample in a mixed phosphoric
acid (5 wt. %) : chromic acid (1.8 wt. %) solution at 80°C for 10-12
hours. The second anodization lasted typically 12-24 hours. In some
cases, the second anodization was stopped after 1-2 hours. For some of
the samples, three- or four-step anodization was also performed. This
procedure resulted in a thin Al film supported by Al foil.

For some of the samples, the Al host was removed and free-standing
PAA membrane was obtained. In such cases, a layer of commercial nail
polish was put onto the top surface of the PAA film after the second
anodization. This layer protected the pores of the PAA from
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contamination during the further treatments. The remaining Al substrate
was removed in a CuCl,-based solution (50 ml of HCI (38%) + 50 ml of
H.O + 1.7 g of CuCl,-2H,0) at room temperature for 10-30 min. For
some of the samples, the Al substrate was just partly removed and a thin
Al “frame” left around the PAA film which made it easier to handle. The
precipitate of metallic Cu formed during the etching process was removed
by several rinses in deionized water. After that the sample was soaked in
a 5% phosphoric acid solution at 35°C for 30 min in order to dissolve the
barrier alumina layer on the bottom of each pore. Finally the nail polish
layer was peeled off by tweezers and a free-standing PAA membrane was
obtained.

3.3.2. Anodization of thin Al films

The schematic of the procedure for the fabrication of thin PAA films
by anodization of thin supported Al films is shown in Fig. 3.3.

Si substrate Deposition of Al Anodization of Al
» ) B
Figure 3.3. Fabrication of thin-film PAAs by anodization of thin Al films.

Thin Al films on different substrates (Si, Si with thin Au film on top,
glass, ITO-coated glass, mica) were prepared as described in Section 2.2.
For the anodization of thin Al films the following electrolytes were used:
sulphuric acid (10%) at 15-20 V, oxalic acid (0.3M) at 30-60 V and
phosphoric acid (0.1M) at 160-190 V. The temperature of the electrolyte
during anodization was around 5°C and the electrolyte was constantly
stirred. For the PAA films fabricated on Au layers supported by Si or on
ITO-coated glass slides, the pores were widened and the barrier layer was
penetrated by etching in 5% phosphoric acid at room temperature for 45-
50 min under stirring. Finally, the PAA films were rinsed several times in
deionized water and dried on a hotplate at 150°C for 15 min.
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The morphology of the obtained PAA structures was observed by
SEM (Hitachi S-4800) operating at acceleration voltage of 2-20 kV.

3.4. RESULTS AND DISCUSSION

3.4.1. PAA films on Al substrates and free-standing PAA membranes
by anodization of Al foils

The common procedure for the fabrication of PAAs by two-step
anodization includes pretreatments for the Al foils, such as thermal
annealing and electropolishing [7, 9, 36-38]. Thermal annealing enlarges
the Al crystal grains and allows the fabrication of big PAA domains with
perfect pore ordering. Electropolishing smoothens the Al surface, which
leads to a better surface quality of the fabricated PAA films. If a perfect
pore ordering is not critical, these pretreatment steps can be skipped.

Fig. 3.4a shows the top surface of a PAA film obtained by anodizing
an untreated Al foil in 0.1M phosphoric acid at 170 V for 12 hours (the
image is slightly distorted because of charging effects). Before the
anodization, the foil was only degreased by ultrasonication in acetone for
5 min. As can be seen from the picture, the first anodization gave a PAA
film with pores of about 100 nm in diameter. The pores are grouped along
the parallel grooves which existed initially on the surface of the Al foil
(see Fig. 2.1). On the other hand, the interpore distance of 200-300 nm,
which is typical for the applied anodization conditions [9], is also
preserved.

After the first anodization, the formed PAA film was etched away
selectively by soaking the sample in H3PO4-H,CrO4 mixture at 80°C for
10 hours. The resulting morphology of the Al surface can be seen on Fig.
3.4b. The first anodization produces a regular array of concaves which
should act as pore nucleation sites during the second anodization [7, 9].
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Figure 3.4. SEM images: PAA film obtained by single anodization of
untreated Al foil (a), periodic concave pattern left on the Al surface after
selective removal of this PAA film (b), PAA film obtained during the second
anodization under the same conditions (c), the bottom-view of the barrier layer
formed during the second anodization (d).
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Figure 3.5. PAA structures obtained after the first anodization (a) and after
the second anodization (b) of Al foils in 0.3M oxalic acid at 40 V. Image (b) is
made by S. Habouti (IMST).
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The second anodization of the so-structured Al foil gives a PAA with a
much better pore ordering (Fig. 3.4c). The pores are about 100 nm wide
and have irregular shapes. In principle, the pores could be widened and
rounded by etching in 5% phosphoric acid at room temperature [7, 9-11].
Such a PAA film supported by the Al host can be further used as a
template for the fabrication of 1D nanostructures, as described in Chapter
5. As an alternative, a free-standing PAA membrane can be made. In that
case the PAA film is detached from the PAA host by soaking the sample
in CuCl,/HCI solution [11]. After that, the top surface of the detached
PAA film is covered by nail polish for protection and the barrier oxide
layer (shown in Fig. 3.4d) is removed from the bottom of each pore by
etching in phosphoric acid [10].

If a good pore ordering is required, the Al foils should be pre-treated
according to the common procedure, i.e. annealed and electropolished. In
the present work, highly ordered open-through PAA membranes and thin
PAA films on Al supports were obtained by two-step anodization of
pretreated Al foils in 0.3M oxalic acid at 40 V, according to the common
procedure [7, 9-11].

The Al foils were annealed at 500°C for 5 hours under nitrogen flow
and electropolished in perchloric acid - ethanol solution according to [7,
9]. During the first anodization, a disordered PAA film was obtained (Fig.
3.5a). The surface of the PAA film shows the “scallop” features which are
also observed for the initial Al surface (see Fig. 2.3). These concave
features are typical for the applied electropolishing conditions and
believed to act as nucleation sites during the first-step anodization [9].
The formed PAA film was dissolved in H3PO4-H,CrO4 mixture and the
second anodization was performed under the same conditions. The image
of the obtained highly-ordered PAA film (after pore widening) is shown
in Fig. 3.5b. As can be seen from the picture, the PAA film consists of
few-micrometer large domains with almost perfect hexagonal
arrangement of the pores. The pores are round and the mean pore
diameter is about 80 nm. Such PAA films were also used for the
template-based fabrication of nanostructures. This approach is described
in detail in Chapter 6.
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3.4.2. Thin PAA films on Si by anodization of thin evaporated Al
films in different electrolytes

In the present work, thin PAA films were fabricated on several types
of substrates. Since Si substrates are very smooth, easy to prepare and
provide a good adhesion for Al films, the morphology of thin PAA films
in most cases was studied for the structures made on Si substrates.

It is known [9, 36] that the morphology of PAAs depends strongly on
the anodization conditions, in particular on the electrolyte and anodization
voltage. In the present work, the anodization of thin Al films was studied
for the three most common electrolytes: sulphuric acid, oxalic acid and
phosphoric acid.

Sulphuric acid

The top-view SEM images of thin PAA films, obtained by anodization
of 500 nm thick Al on Si in 10% sulphuric acid, are shown in Fig. 3.6.
The anodization was performed at 10°C at two different voltages: 15 V
(Fig. 3.6a) and 20 V (Fig. 3.6b). As can be seen from the picture, the
formed PAA films consist of nanotubes having diameters of about 15-20
nm. The tube wall thickness is about 20 nm. Since the diameters of the
nanotubes are close to the resolution limit of the SEM at the used imaging
conditions, it is hard to see any difference between the two samples. In
general, it is known [9, 36] that at higher anodization voltages the pore
diameters and interpore distances in PAAs are higher. Thus one should
expect that the diameters of the nanotubes are a little bit higher for the
sample obtained at 20 V (Fig. 3.6b).

The formation of alumina nanotubes under similar anodization
conditions was reported previously [91]. Such structures were not
observed for the anodization of Al foils in sulphuric acid. Their
appearance was explained by the formation and growth of voids inside
the PAA pore walls. Evolution of such voids causes splitting of the pore
walls and formation of nanotubes.

In general, the applicability of such alumina nanotube arrays as
templates should be further investigated. One can expect that filling of the
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spaces between the alumina nanotubes with solution or melt will lead to
the formation of nanostructures with uncertain shapes, which is
unfavorable for most device applications.

NanoSYD 2.0kV 8.0mm X200k SE(MLAD) 4/18/2010 200nm

Figure 3.6. Thin PAA films on Si obtained by anodization of thin Al films in
10% sulphuric acid at 15 V (a) and 20 V (b).

Oxalic acid

NanoSYD 10.0kV. 11.2mm x150k SE(M) 7/28/2009 300nm

Figure 3.7. Thin PAA films on Si obtained by anodization of thin Al films
with different surface morphology in 0.3M oxalic acid at 40 V. The PAA film
shown in (b) was obtained by anodizing an Al film which had a higher grain
size.

The anodization of thin Al films on Si in 0.3M oxalic acid at 30-60 V

gives PAA films having pore diameters of 30-60 nm and interpore
distances of about 100 nm (Fig. 3.7). That agrees well with the results
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obtained by other authors [18, 21]. The pores can be widened up to 80 nm
by etching in phosphoric acid.

From cross-sectional SEM images of the PAA films, the pore growth
rate was estimated. It was about 200-300 nm/min for the Al films
deposited at 0.5 nm/s and anodized in 0.3M oxalic acid at 40 V and 10°C.
This parameter was found to depend on the grain size of the Al film, as
well as on the anodization voltage and temperature.

Phosphoric acid

Anodization of thin Al films in 0.1M phosphoric acid leads to the
formation of PAA films having pore diameters of 100-150 nm and
interpore distances of 200-300 nm (Fig. 3.8). These results are in
agreement with the data published previously for the anodization of both
Al foils and thin Al films [9, 29].

A short-time (5 min) anodization (Fig. 3.8a) gives a disordered PAA
film with pores having irregular shapes and wide distribution of
diameters. As can be seen from the tilted-view SEM image (Fig. 3.8b),
the surface of the PAA film is rather rough and preserves some of the
features (grooves and hillocks) of the initial Al surface. However, a
longer-time (60 min) anodization results in a quite good pore ordering
(Fig. 3.8¢). Most of the pores are round and their tops are funnel-shaped.
As can be seen from a lower-magnification image (Fig. 3.8d), the
hexagonal pore ordering is obtained within 2-3 um wide surface domains.
The pore channels are straight and almost parallel to each other (Fig. 3.8e,
cross-sectional view). Each pore ends up with U-shaped barrier alumina.
The higher-magnification cross-sectional view (Fig. 3.8f) reveals that the
barrier layer has the same or higher thickness if compared to the pore
walls.

The typical rate of pore growth, estimated from cross-sectional SEM
images, was about 80 nm/min. Thus the pore growth in phosphoric acid
proceeds about 3 times slower than in oxalic acid under the common
anodization conditions. In some cases, this difference can make the use of
phosphoric acid advantageous over the use of oxalic acid as electrolyte.
Since the degree of pore ordering depends mostly on the processing time
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[9, 36], anodization of an Al film of given thickness in phosphoric acid
should result in a better pore ordering.
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Figure 3.8. SEM images of thin PAA films on Si prepared by anodization of
thin Al films in 0.1M phosphoric acid for 5 min. (a, b) and 60 min. (c-f)

3.4.3. Thin PAA films: effects of the Al films surface morphology

Fig. 3.9a is a top-view SEM image of 2 um thick Al film on Si. The
deposition rate for the film was about 2 nm/s. The surface of the film is
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rough and grainy; the typical size of the grains is 300-500 nm. Fig. 3.9b
shows the surface of the PAA film obtained by anodizing the meant Al
film in 0.3M oxalic acid at 40 V. It can be seen that the overall surface
morphology of the Al film is still preserved for the PAA film. The pore
ordering is very poor and the distribution of the pore diameters is wide.
The bigger pores are densely grouped along the grooves between the
grains. On the surface of the grains, the pore density is smaller. It can be
also seen that the pores started growing almost perpendicular to the facets
of the grains.

Figure 3.9. SEM images: 2 um thick Al film evaporated onto Si substrate at 2
nm/s (a) and thin PAA film obtained by anodization of this Al film in 0.3M
oxalic acid at 40 V (b). Image (b) is made by S. Habouti (IMST)

According to the commonly assumed mechanism [6, 31-33], the pore
nucleation starts at local concaves on the Al surface, where the local
electric field turns to be higher. One can expect that in the case of thin
evaporated Al films which have columnar structure, the pores should
nucleate first of all at the “triple points” between the neighboring grains.
The growth of these pores dominates over the growth of the other pores,
which were randomly nucleated at the surface of the grains. As a result, a
highly disordered PAA structure is obtained. Such PAA films cannot be
used as templates for the further nanowire/nanotube growth, and their
structure should be improved.

500 nm thick Al films deposited at 0.5 nm/s exhibit lower grain size

49



and lower surface roughness. Actually the difference should be explained
not only by the lower deposition rate but also by the lower thickness. The
result of the anodization of such a film in 0.3M oxalic acid at 40 V is
shown in Fig. 3.10. Here, the pore ordering is much better and the surface
of the PAA film is smoother, if compared to the previous sample.
However, at some points the pores are connected by well-pronounced
grooves which correspond to the voids between the grains of the Al film.

Figure 3.10. SEM image of a thin PAA film obtained by anodization of 500
nm thick Al film in 0.3M oxalic acid at 40 V. The Al film was deposited at 0.5
nm/s.

Lowering of the deposition rate for Al down to 0.05-0.1 nm/s results in
a very smooth Al film with low grain size (Fig. 3.11a). Here, again, the
thickness of the film is 500 nm. The PAA film formed under the same
anodization conditions also exhibits a very smooth surface which is free
from grooves or hillocks (Fig. 3.11b).

As was mentioned in Section 2.3.4, uncontrolled heating of the
substrate during the Al deposition results in the formation of rough Al
films having big grains. Fig. 3.12a, shows the surface of a 500 nm thick
Al film on mica formed under intensive heating from the evaporation
source. The deposition rate for Al was about 0.2 nm/s. The anodization of
such a film gives a very rough and disordered PAA structure (Fig. 3.12b).
The surface morphology of this film resembles the one which is seen in
Fig. 3.12b: the pores are concentrated in the grooves between the grains,
and the pore density on the grains is low.
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Figure 3.11. SEM images: 500 nm thick Al film evaporated onto Si substrate
at 0.05-0.1 nm/s (a) and thin PAA film obtained by anodization of this Al film in
0.3M oxalic acid at 40 V (b).

.

X3

Nanosvo 20kV QJ\m X501 OK%E(M LAO) 43/2“* o0dm 4
¢ K

' b

Figure 3.12. SEM images: 500 nm thick Al film evaporated onto mica
substrate at 0.2 nm/s at elevated temperature (a) and thin PAA film obtained by
anodization of this Al film in 0.3M oxalic acid at 40 V (b).

The main combinations of thin Al film deposition parameters and
anodization conditions, which were utilized in the present work, are
summarized in Table 3.1. The grain size ranges stated in the table were
estimated from high-magnification SEM images of the respective Al
films. The “expected” interpore distance is the typical distance between
the neighboring pores, which is obtained for long-time anodization of Al
at the same conditions [9, 36].

As can be seen from the presented data, the PAA film morphology
which can be obtained for the given anodization conditions depends on
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Table 3.1. Effect of the Al thin film deposition and subsequent
anodization parameters on the final morphology of PAA films

Al film: .
substrate, Est!ma_ted Anodization: !Expected Pore ordering,
X grain size interpore
thickness, electrolyte, . surface
deposition fpr the Al voltage (V) distance morphology
rate film (nm) (nm)
Si, glass,
mica; 200 0.3M oxalic
nm. 0.05- 20-40 acid, 30-40 V 80-100 | Good, smooth
0.1 nm/s
Si, glass,
mica; 500 0.3M oxalic _
am. 0.1- 50-100 acid, 40-60 VV 100 Good, smooth
0.2 nm/s
i 0.3Moxalic ) _,, Ar%%e\fg: g'ﬁd sl
Si, 58% acid, 40-60 V D llocke
nm, 0.
’ 50-150
nm/s 0.1M Acceptable, small
phosphoric 200-300 | grooves and
acid, 170 vV hillocks
. Poor, small
. gc?g/l f(;( %I(')CV ~100 grooves and
Si, 1-2 ! hillocks
um, 0.5 50-200 Ty
nm/s .
phosphoric 200-300 Si(I)I(())(cj:’kzma“
acid, 170 vV
0.3M oxalic 100 Very poor, big
Si, 2-5 acid, 40-60 V hillocks
um, 2 100-300
nm/s 0.1M Good, regular
phosphoric 200-300 | funnel-shaped
acid, 170 v pore openings
Si, 5 pm, ) 0.3M oxalic _ Very poor, big
2-4 nm/s 100-400 acid, 40-60 vV 100 hillocks
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the grain size of the Al film. For example, anodization in oxalic acid can
only result in well-ordered and smooth PAA films if the grain size of the
Al film does not exceed 100 nm. For the anodization in phosphoric acid, a
quite good pore ordering can be obtained even for rough Al surfaces (see
also Fig. 3.4).

As mentioned above, it is first of all the “triple points” between the Al
grains which act as pore nucleation sites during anodization. The average
distance between the neighboring “triple points” or pronounced concave
features on the Al surface depends on the grain size. On the other hand,
the interpore distance realized during the self-ordering of PAA is
determined by the anodization voltage. If these two values match each
other, or if the grain size is smaller than the expected interpore distance, a
PAA structure with a good pore ordering can be obtained.

In fact, a similar trend is observed for the anodization of thin Al films
which were pre-patterned by mechanical stamping [8, 92, 93]. If the
distance between the “artificial” concave patterns was close to that of a
self-organized PAA structure at a given anodization voltage, highly
ordered PAA films could be obtained. If this distance was significantly
higher, additional randomly organized pores were found between the
“main” ones.

3.4.4. Thin PAA films on conductive underlayers

For the fabrication of 1D nanostructures via electrochemistry-based
techniques (electrochemical and electrophoretic deposition into the pores
of a template), one needs to have PAA structures standing on conductive
supports. Even if the 1D nanostructures are fabricated by other techniques
(for example, by template wetting) it might be necessary to have them in
contact with a conductive support or underlayer. The typical example is
the fabrication of P3HT nanotubes on ITO coated glass substrates for the
further implementation in organic bulk heterojunction (BHJ) solar cells
(this procedure will be described in detail in Chapter 5). In any case, the
critical point is that the bottoms of the PAA pores are fully opened and
reach the underlying conductive layer.
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The anodization of Al films in phosphoric acid results in a barrier layer
which is thicker than the pore walls and cannot be selectively penetrated
(see Section 3.4.2.). Therefore in the procedure described below, only
oxalic acid was used as an electrolyte.

In the present work, the formation of PAA films on Au underlayers
and ITO coated glass substartes was investigated. The schematic of the
fabrication procedure is shown in Fig. 3.13.

Anodization of Al,

Deposition of the Deposition of Al h
Barrier layer removal

conductive layer

»7 = (ARNRRARNNR

&

Si substrate

Anodization of Al,

ITO-glass substrate Deposition of Al g
Barrier layer removal

Figure 3.13. Fabrication of thin-film PAAs on Au underlayers and ITO-
coated glass substrates.

The Au layer (typically 50-100 nm thick) was fabricated by e-beam
evaporation. To provide a good adhesion to both the Si substrate and the
Al film deposited above, thin (5-15 nm) Ti layers were applied.

For the preparation of thin PAA films on ITO, commercial ITO-coated
glass slides were employed. A thin (typically 1-2 nm) adhesion layer was
evaporated onto the ITO, and the Al film was deposited on top.

The thickness of the Ti adhesion layer between the Al film and the
conductive layer is very critical. It was reported [27, 28] that the presence
of a 2-10 nm thick Ti layer below the Al film leads to the formation of a
thick barrier layer during the anodization. The reason for this is that Ti is
oxidized and converted to TiO, which then depletes the electric field
needed for the barrier layer thinning. As a result, the barrier layer turns to
be thicker than the pore walls and therefore cannot be penetrated
selectively. Such a situation can be seen in Fig. 3.14a, which shows a
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PAA film formed on 100 nm Au layer with a 5 nm thick Ti film in
between, after the standard pore widening in phosphoric acid for 45 min.
On the bottom of each pore, an inverted U-shaped barrier layer is seen.

NanoSYD 2.0kV 15.5mm x50.0k SE(M,LA0) 5/17/2011 1.00um

NanoSYD 2.0kV 15.6mm x100k SE(M,LAO0) 5/17/2011 500nm NanoSYD 2.0kV 19.6mm x130k SE(M,LAQ) 1/19/2011 . .400nm

Fugure 3.14. SEM images: thin PAA film on 100 nm thick Au underlayer
supported by Si substrate (a); thin PAA film obtained on ITO-glass by
anodization in 0.3M oxalic acid, after pore widening (b); the high-magnification
view of the pore bottoms, confirming that the barrier layer was penetrated (c);
the bottom of the same PAA film in the region where the barrier layer could not
be penetrated (d). Image (a) is made by S. Habouti (IMST).

The recommended thickness of the Ti layer for the considered
procedure according to [27] is 0.2-0.5 nm. However, in the present work
it was found that such ultrathin Ti layers cannot provide a proper
adhesion between Al and ITO or between Al and Au. The Al films started
flaking and detaching from the substrate right after the beginning of the
anodization. Increasing the thickness up to 1-2 nm did not change the
situation.
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Quite good results were achieved after making low-temperature post-
depositional annealing of the as-prepared Al films. The annealing was
performed in a rough vacuum chamber (pressure about 310 mbar) at
about 150°C for 5 hours. The annealing helped to significantly improve
the adhesion of the Al films to the ITO-glass substrates and made it
possible to carry out the anodization at the normal conditions. Fig. 3.14b,
shows PAA film on ITO-glass obtained by anodization of as-prepared Al
film in 0.3M oxalic acid and subsequent widening of the pores in 5%
phosphoric acid for 45 min. As can be seen from this picture and from the
higher-resolution image (Fig. 3.14c), all the pores are open-through and
reach the underlying ITO layer.

In some regions, small groups of pores with remained barrier layer can
still be found (Fig. 3.14d). Most probably, these are tilted pores which
nucleated at hillocks on the Al surface. The growth of these pores could
be hindered by the evolution of the neighboring pores which were formed
on smoother regions. As a result, the alumina remained under the bottoms
of these tilted pores turned to be thicker and could not be fully dissolved.

It should be noted that increasing the annealing temperature up to
200°C lead to partial detachment and flaking of the Al films during the
annealing. When the annealing procedure described above was applied to
Al films on Au underlayers, it did not give satisfactory results, i.e. the Al
films got detached during the anodization. Thus the optimal annealing
and anodization conditions for Al films on Au have to be further studied.

The anodization of thin Al films on conductive supports can be
effectively controlled by observing the current-time curve [14]. The
drastic decrease of the anodization current corresponds to the point when
the Al film is fully oxidized and the bottoms of the pores have reached the
underlying conductive layer.

Fig. 3.15 shows current-time curves for the anodization of 500 nm
thick Al film on a 100 nm Au film supported by Si. The anodization was
made in 0.3M oxalic acid at 10°C, at voltages from 40 to 60 V. It can be
seen that the steady-state anodization current density increases from about
30 A/m? at 40 V to almost 150 A/m? at 60 V. At 60 V, the anodization
proceeds almost 4 times faster than at 40 V.
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Figure 3.15. Current-time curves for the anodization of 500 nm thick Al films
on Au underlayer supported by Si substrate in 0.3M oxalic acid at 10°C, for
different voltages.

Since thin PAA films are transparent, the anodization can also be
controlled by visual observation. When the Al film is fully converted to
PAA, the underlying Au film can be easily seen. In the case of Al films
on ITO-glass substrates, a transparent “window” is obtained.

When the anodization was carried out at lower voltages (30-35 V) the
minimum of the curve corresponded to the full consumption of the Al
over the whole exposed sample area. For the anodization at higher
voltages (50-60 V) the full consumption of the Al was observed only
within small restricted areas. These areas were surrounded by bigger
regions where non-transparent Al could be seen, i.e. where the PAA did
not reach the conductive layer. Retaining the voltage at the same level
resulted in partial detachment of the PAA film. The uniformity of the
PAA film thickness could only be improved by lowering the voltage
down to 30 V after observing the minimum on the curve, and retaining it
for 1-2 min. In that case, the rest of the Al was fully oxidized without film
detachment.
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3.5. SUMMARY AND OUTLOOK

In this chapter, different aspects of the fabrication of thin-film PAA
templates were considered. Based on the obtained results, the following
conclusions can be made:

1.

2-step anodization of Al foils in 0.1M phosphoric acid at 170 V
without common pre-treatments (thermal annealing and
electropolishing) leads to the formation of PAA films with
acceptable pore ordering. For the preparation of highly ordered
PAA structures, the common pre-treatment procedures should be
employed.

Anodization of thin Al films in 10% sulphuric acid at 15-20 V
results in the formation of alumina nanotubes. The inner diameters
of the nanotubes are about 15-20 nm and the nanotube wall
thickness is about 20 nm. The applicability of such structures as
templates should be further investigated.

Anodization of thin Al films in 0.3M oxalic acid at 30-60 V leads
to the formation of thin PAA films with pore diameters of 30-60
nm and interpore distances of 80-100 nm.

Anodization of thin Al films in 0.1M phosphoric acid at 170 V
results in the formation of thin PAA films with pore diameters of
100-150 nm and interpore distances of about 300 nm.

Since the rate of PAA pore growth during anodization is about 3
times lower in phosphoric acid than in oxalic acid under typical
conditions, the use of phosphoric acid as an electrolyte allows the
fabrication of better-ordered PAA structures for a given thickness
of the Al film.

The structure of thin Al films used for the anodization determines
the morphology of the formed PAA films to a large extent.
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Adjusting the anodization conditions (in particular the electrolyte
and the anodization voltage) against to the average grain size in
the Al film allows the fabrication of well-ordered PAA structures.
On the other hand, using Al films with a definite grain size is the
way to obtain highly ordered PAAs at given anodization
conditions.

Open-through PAA films on conductive underlayers (Au or ITO)
can be obtained by anodizing thin Al films in 0.3M oxalic acid at
40-60 V and subsequent etching of the barrier layer in 5%
phosphoric acid for 45-50 min. It is critical that the thickness of
the Ti adhesion layer between the Al film and the conductive
underlayer does not exceed 1-2 nm. A proper adhesion of the Al
film to the substrate can be achieved by post-depositional thermal
annealing at 100-150°C for a few hours. The procedure does not
work well for the Al films on Au; for that case, the optimal
fabrication conditions still have to be found.

Anodizing Al at low voltages (30-35 V) allows the fabrication of
PAA films with more uniform thickness which is important for
their use as templates. The thickness uniformity for higher
voltages (50-60 V) can be improved by lowering the voltage down
to 30 V at the end of the anodization and retaining it at this value
for 1-2 min.



Chapter 4. Thin-Film PAA Templates on Free-
Standing Thin-Film Substrates

4.1. INTRODUCTION

In general, PAASs can be obtained in two forms in terms of thickness:
as thick (from tens to hundreds of micrometers) porous membranes and
thin (from tens of nanometers to a few micrometers) porous films
supported on a rigid substrate like silicon or glass. Thick AAO
membranes are usually made by anodization of annealed and
electropolished Al foils. After etching away the host aluminum and
removing the barrier layer from the bottom of each pore, a free-standing
thick PAA membrane can be obtained. On the other hand, thin-film PAAs
are made by anodization of thin Al films initially deposited on rigid
substrates by means of evaporation or sputtering. Such structures can be
further integrated into various micro- and nanoscaled devices.

For some applications, it would be highly favorable to make free-
standing PAAs or thin-film PAA structures on flexible thin-film supports.
The idea of making free-standing PAA templates (eventually with open-
through pores) has been realized in different ways. The most widely used
method is chemical dissolution [9-11]. In this method, an Al foil is partly
anodized and the remaining metal is dissolved in HgCl, or CuCl,/HCI
solution. Other techniques involve voltage reduction [94], applying
voltage pulse [95] and voltage reversal [96] during the final step of the
anodization; they result in the detachment of the PAA structure from the
Al host. After releasing the PAA, the barrier layer can be optionally
dissolved and the pores can be slightly widened by etching in phosphoric
acid. These procedures lead to free-standing PAA structures. However,
the brittleness of such unsupported structures for the thicknesses below a
few tens of microns makes them almost useless for practical applications.
Thin PAA films are normally used on the same supports which they were
initially fabricated on. Recently partially free-standing thin-film PAAs
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were realized via making through holes in a Si substrate by etching it
from the bottom side [97]. Fully free-standing thin PAA films were also
made by the so-called “double-layer anodization” [98]. In this method,
the anodization of the sacrificial metal layer introduced below the Al
films allowed facile detachment of the PAA film.

Recently, an elegant approach for the fabrication of thin-film PAA
templates on flexible PDMS substrates was also proposed [99]. The
procedure involved pulsed anodization of a thin Al film on top of a multi-
layered structure fabricated on a PDMS layer. The PDMS layer was
initially formed on a thick Al sacrificial layer supported by a Si wafer.
After the anodization, the Al sacrificial layer was selectively dissolved
and a PAA structure on a conductive Au film supported by a flexible
PDMS substrate was obtained.

In this chapter, a novel method for the fabrication of thin-film PAA
templates on free-standing thin-film substrates is described. The method
involves the use of water-soluble NaCl release layer produced by means
of e-beam evaporation in high vacuum. The PAA templates are fabricated
via anodization of thin Al films supported by thin layers of e-beam
evaporated silicon oxide or aluminum oxide.

4.2. EXPERIMENTAL DETAILS

4.2.1. Deposition of thin films

Silicon (Si (100), resistivity 1-100 Ohm-cm™) substrates were pre-
cleaned by ultrasonication in acetone and ethanol (5 min. in each solvent)
followed by oxygen plasma etching (5 min. at 300 W, Branson IPC 3000
barrel plasma system).

Sodium chloride (NaCl) films with thickness from 20 nm to 5 um
were deposited on unheated Si or mica substrates using a NaCl “ingot”
placed into a tungsten crucible liner. The “ingot” was made by putting
small portions of a saturated NaCl solution into the crucible liner and
slowly evaporating it until about 80% of the liner volume got filled by
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NaCl. The evaporation rate was adjusted in the range between 0.1 and 2
nm/s by changing the e-beam current. All the subsequent films were
deposited in the same vacuum chamber without breaking the vacuum.

Silicon oxide (SiOy) films with a thickness of 4-5 um were deposited
on top of the NaCl film by e-beam evaporation from silicon oxide flakes
placed into a molybdenum crucible liner. The deposition rate was kept in
the range between 10 and 20 nm/s. Alternatively, aluminum oxide
(Al,0O3) films with a thickness of about 500 nm were deposited on top of
the NaCl film by e-beam evaporation from Al,O3 pellets placed into a
molybdenum crucible liner. The deposition rate for Al,O3 was about 0.2
nm/s.

Finally, Al films with a thickness from 500 nm to 2 um were
deposited from an intermetallic (BN-TiB;) crucible liner. The evaporation
rate for Al was adjusted in the range between 0.1 and 2 nm/s. In some of
the experiments, the Al film was evaporated directly onto the NaCl film
without any intermediate layers.

The pressure in the chamber during deposition was better than 1-10°
mbar. The acceleration voltage of the electron gun was fixed at 4.76 kV
and the e-beam current was kept in the range between 1 and 80 mA,
depending on the target material, the required evaporation rate and the
load of the crucible.

4.2.2. Anodization of Al

The obtained multi-layered structure was put into a Petri dish filled by
deionized water at room temperature and the Al film on the supporting
layer was lifted off by dissolution of the NaCl release layer. After the
detachment, a floating thin Al film on a supporting layer was obtained. A
small mica sheet was put below the floating film and the film was
carefully transferred onto it. After wiping the water away and drying, the
film got firmly attached to the mica sheet. The mica sheet with the film
attached to it was placed onto the sample holder of the anodization setup.
To prevent the penetration of the electrolyte beneath the film, it was glued
to the mica sheet by nail polish applied along its edge. Thus the mica
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sheet acted as a flat and rigid support for the thin Al film during the
anodization. The electrical contact between the positive terminal of the
DC power supply and the aluminum film was made with the help of
conductive silver paint.

The anodization of the Al film was performed either in 0.3M oxalic
acid at 40 V or in 0.1M phosphoric acid at 170 V at 5°C. The area of the
Al film surface exposed to the electrolyte was about 8 x 8 mm?. In that
way, a PAA structure on a supporting layer with a thin intermediate layer
of unoxidized Al was obtained. For the PAA film obtained in oxalic acid,
the pores were further widened by soaking the samples in 5% phosphoric
acid at room temperature for 45 min.

Finally, the mica sheet with the supported PAA film on it was dipped
into deionized water. That resulted in the fast detachment of the supported
PAA film from the mica sheet. At the same time, the PAA film was
rinsed to remove the remaining electrolyte. The supported PAA film was
kept at 150°C on a hotplate for 5 minutes in order to remove the water
which could remain in the pores.

The SEM imaging of the fabricated structures was performed in a
commercial instrument (Hitachi S-4800) with an accelerating voltage of 2
kV. In order to avoid charging, all of the samples were sputter-coated
with Au-Pd (2-3 nm) prior to observation.

4.3. RESULTS AND DISCUSSION

The schematic of the fabrication of thin-film PAA templates on thin-
film substrates with the use of NaCl release layers is shown in Fig. 4.1. In
brief, the procedure includes the fabrication of a multilayered thin-film
structure on a rigid substrate, the lift off of this structure by dissolving the
NaCl layer and the anodization of the Al film. The individual stages of
this procedure and the related issues will be discussed in detail below.
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Figure 4.1. Schematic of the fabrication of thin-film PAA templates on free-
standing thin-film supports.

4.3.1. Selection of the release layer

In principle, there are a number of different materials which could be
used as release layers in thin-film fabrication. Relatively thick (a few
microns) evaporated Al films can be used and further dissolved in NaOH
[99]. However, this technique is not applicable in the case of supported
PAA templates since the PAA is also dissolved by NaOH. In addition to
that, multilayered structures obtained on such thick Al films might have
unacceptably high surface roughness. Another modification of this
technique involves electrochemical dissolution of Al layer in a NaCl
solution [100, 101]. That requires making electrical contact to the Al
layer which might be difficult for multilayered structures. Recently the
use of water-soluble organic polymers as release layers in
microfabrication was also reported [102, 103]. However, the adhesion of
inorganic thin films to such layers might be poor and the application of
such layers requires fine optimization of the spin-coating parameters and
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the composition of the precursor solutions.

Evaporated NaCl films have been widely used for producing free-
standing thin films [104-107]. NaCl has the following advantages: it is
cheap and readily available, it can be easily applied by e-beam or thermal
evaporation, and it is very quickly dissolved in water. It is also important
that a NaCl release layer can be deposited in the same vacuum chamber
just before the deposition of the other films, without breaking the
vacuum. That helps to avoid possible contamination of the fabricated
structures.

4.3.2. Optimization of the deposition parameters for NaCl

In the present work, thin NaCl films were produced both by thermal
and e-beam evaporation. The latter method is more convenient, since it
allows a more accurate control of the deposition rate. The NaCl
deposition conditions have been optimized assuming three main
requirements to the release layer.

First, the release layer should be continuous and it should fully cover
the underlying substrate. If the layer has holes going down to the
substrate, the subsequent thin films will be in contact with the substrate
and the complete lift off of the films will be impossible.

Second, the release layer should have a low surface roughness. A high
roughness of this layer will lead to the roughening of the subsequently
deposited films which is unfavorable.

Finally, the release layer should be quickly dissolved allowing fast
lift-off of the subsequently deposited films.

In order to determine the optimal deposition conditions, NaCl films
were evaporated at different rates ranging from 0.1 to 2 nm/s. Films with
thickness from 20 nm to 5 um were deposited. In Fig. 4.2a, SEM image
of 5 um thick NaCl films on Si deposited at 2 nm/s is shown. It can be
seen, that the film has a rough grainy surface. The grain size varies from
about 500 nm to 1-2 um. At some points between the grains, large
(around 1 pum) voids can be seen. Lowering the evaporation rate down to
0.5 nm/s results in a film with a similar grain size distribution, but in that
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case only a few small voids are observed (Fig. 4.2b). Thus in order to get
continuous NaCl films, lower deposition rates should be employed. 5 pum
thick NaCl films on Si are lusterless, which is also indicative of high
surface roughness value. 600 nm thick NaCl film deposited at
approximately the same rate (0.4-0.5 nm/s) has a reflective surface and is
also much smoother on the microscopic scale (Fig 4.2c). Most of the
grains are less than 500 nm in size, although a few grains of bigger size
(1-2 pum) can also be seen.
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Figure 4.2. SEM images: 5 um thick NaCl films on Si deposited at 2 nm/s (a)
and 0.5 nm/s (b); 600 nm thick NaCl film on Si deposited at 0.5 nm/s (c), the
same film partly dissolved and recrystallized after keeping in ambient air for a
few hours (d).

It should be noted that post-depositional SEM observations of thin

evaporated NaCl films are problematic since such films can easily get
dissolved in humid air. Fig 4.2d shows a 600 nm thick NaCl film which
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was partly dissolved and recrystallized after keeping it in ambient air for a
few hours. To avoid the dissolution of the films during the time between
the deposition and the SEM imaging, they were stored in sealed boxes
with silica gel. However such precautions did not help for the films
having lower thicknesses (below 100 nm). Therefore in the present work
SEM imaging was not performed for the films thinner than 100 nm.

From the obtained results, it can be concluded that the surface
roughness of thin evaporated NaCl films increases with increase of both
the deposition rate and the thickness. Thus in order to obtain smooth
NaCl release layers, these parameters should be kept as low as possible.
The minimum rate, which could be retained constant in the employed
deposition machine, was about 0.1 nm/s.

To determine the lowest thickness of a NaCl film which would allow
the complete and fast detachment of the thin films deposited above, a few
more NaCl films of different thicknesses, starting from 20 nm, were
deposited onto Si substrates. On top of each film, a thin (200-300 nm) Al
layer was evaporated. The Al films were lifted off by putting the samples
in a Petri dish with deionized water. For the 20-40 nm thick NaCl films,
the detachment of the Al layer took too much time and the Al layer got
partly broken. For the 60 nm thick NaCl film, the complete detachment of
the Al film took about 2 minutes for a 1 x 1 cm? sample and the Al film
remained undamaged.

Thus, the rate of 0.1 nm/s and the thickness of 60 nm were assumed to
be the optimal parameters for depositing NaCl release layers.

4.3.3. Selection of the supporting layer

In some of the experiments, thin Al films were deposited directly onto
NaCl release layers. After the lift-off, the obtained free-standing Al films
were anodized to form PAA films. It was found that a self-standing Al
film should have a thickness of at least 3-4 um, preferably 5-10 um.
Thinner films can easily get broken and cannot be held without supports.
As a consequence, two main difficulties appear in this approach.

First, few-micrometers thick Al films usually have very high surface
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roughness which will lead to a poor pore ordering in the finally obtained
PAA films.

Second, producing thick Al films is problematic in most laboratory-
scale evaporation systems because of the small crucible size and because
of the spreading of the molten Al over the crucible walls.

If the thickness of the Al is reduced, the use of a supporting layer for
the Al film should be considered. There are a few main requirements for
such a supporting layer.

First, taking the deposited NaCl films out of the vacuum chamber will
lead to their partial dissolution and therefore should be avoided. This
means that the supporting layer should be made by some common
deposition technique in the same deposition chamber without breaking
the vacuum.

Next, it should be possible to produce few-micrometers thick
supporting layers within acceptable time, i.e. the deposition rate for the
respective material should be rather high.

Finally, the supported layer should have a smooth top surface and
provide a good adhesion to the Al film deposited above.

There are two materials which meet (fully or partly) all of the
mentioned requirements: evaporated silicon oxide (SiOy) and evaporated
aluminum oxide (Al,O3).

Both materials are readily available and can easily be deposited by e-
beam evaporation. In the present work, deposition rates for SiOy as high
as 10-20 nm/s were obtained at intermediate (20-30 mA) beam currents.
The maximum deposition rate obtained for Al,O3; was 0.2 nm/s. However,
this value could be increased by placing the substrates more close to the
deposition source. It is important that both materials form smooth
amorphous films. In general, an amorphous supporting layer should be
better than a polycrystalline one, since it will not introduce additional
roughness to the subsequently deposited Al film by a grainy structure.
Finally, both SiO4 and Al,O3 are known to provide good adhesion to Al
films. Thus it is not necessary to introduce an adhesion layer between the
supporting layer and the Al film.
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4.3.4. Fabrication of PAA structures

The typical thickness of a SiOx supporting layer was 4-5 um. On top of
the SiOy, a 0.5-1 um thick Al film was deposited. The typical thickness of
an Al,O3 supporting layer was 500 nm because of lower deposition rate.
The lower thickness of the supporting layer was compensated by
depositing a thicker (about 2 um) Al film.

The Al film on the supporting layer was lifted off by dissolving the
NaCl release layer in water. After the lift-off, the Al film on the
supporting layer was laminated onto a mica sheet (sometimes this
technique is referred to as “lift-off lamination) and fixed on the sample
holder of the anodization setup. The mica sheet acted as a flat and rigid
support for the Al film during the anodization. After the anodization, the
formed PAA film on a supported layer could be easily delaminated from
the mica sheet by dipping the sample into water. In such a way the PAA
film on a supported layer can be again transferred to some other substrate,
if needed.

The as-prepared supported Al films were anodized either in 0.3M
oxalic acid at 40 V or in 0.1M phosphoric acid at 170 V at 5°C. As a
result, a PAA structure on a supporting layer with a thin intermediate
layer of unoxidized Al was obtained.

Fig. 4.3a shows the top surface of a thin PAA film on a SiOy
supporting layer obtained by anodization in 0.1M phosphoric acid at 170
V. The pores are about 100-150 nm wide and the interpore distances are
about 300 nm. The film has a typical morphology which is expected for
the employed anodization conditions (compare, for example, to Fig. 3.8).
In Fig. 4.3b, the cross-sectional view image of the fabricated structure is
shown. It can be seen that the SiO4 layer is homogeneous and rather
smooth. The presence of hillocks on the surface of the PAA film is
explained by the high-rate deposition of the Al and also by the heating of
the Al from the evaporation source during the deposition. Between the
PAA and the SiOy, a thin layer of unoxidized Al can be seen.
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Figure 4.3. SEM images: top surface of a thin PAA film on a SiOy supporting
layer obtained by anodization in 0.1M phosphoric acid at 170 V (a), cross-
sectional view of the same structure (b)

In Fig. 4.4a, the top surface of a thin PAA film on an Al,O3 supporting
layer, obtained by anodization in 0.3M oxalic acid at 40 V, is shown. The
pores are about 30 nm wide and the interpore distance is about 50-70 nm.
Here, again, the “usual” PAA morphology, which is expected for the
anodization of an Al film in oxalic acid, is obtained. Fig. 4.4b shows the
cross-sectional view of the same structure. On the bottom of the structure,
the Al,O3 supporting layer is seen. Above the Al,O3, a thick layer of
unoxidized Al is located. Within this layer, three sub-layers with a bit
different grain sizes can be noticed. The reason for their appearance is
that the Al deposition was terminated two times and the chamber was
opened for the refilling of the crucible. Thus the growth of Al columnar
grains was terminated at some point and a thin native aluminum oxide
film was formed.

The figure also shows the top view (Fig. 4.4c) and the cross-sectional
view (Fig. 4.4d) of the same structure after the standard pore widening in
phosphoric acid. It can be seen that the pore diameters increased to about
60-80 nm and the surface between the pores was smoothened. The
hillocks on the PAA surface, which can be noticed in Fig.4.4b,
correspond to the big grains of the Al film.
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Figure 4.4. SEM images: top surface of a thin PAA film on an Al,O3
supporting layer obtained by anodization in 0.3M oxalic acid at 40 V (a); cross-
sectional view of the same structure (b); top view and cross-sectional view of the
same structure after pore widening in 5% phosphoric acid for 45 min.

4.4, SUMMARY AND OUTLOOK

In summary, thin-film PAA templates on free-standing thin-film SiOy
or Al,O3 supporting layers were successfully fabricated by a novel
technique, which employed the use of water-soluble NaCl release layers.

It was found that the evaporation rate of 0.1 nm/s and the thickness of
60 nm are the optimal parameters for the deposition of NaCl release
layers. The as-deposited NaCl films allow the fast and reliable lift-off of
the subsequently deposited thin films.

Films of evaporated SiOy and Al,O3 can act as appropriate supporting
layers for thin Al films and subsequently fabricated PAA structures.
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Some steps of the described procedure can be further improved. In
particular, the Al thin films should be deposited at a lower rate (0.1-0.2
nm/s) and with a proper cooling of the substrate. This will allow the
preparation of smooth Al films with small grains and PAA structures with
good pore ordering.

As an option, the anodization of the Al could be made for the initial
multilayered structure, i.e. without dissolving the NaCl layer. In such a
case, the formed PAA template could be used for the fabrication of
nanostructures and then lifted off at the very end by dissolving the NaCl
layer. However, it is problematic to effectively isolate the NaCl layer
from the electrolyte and to avoid its local dissolution during the
anodization.

The fabricated PAA films on supporting layers can in principle be
transferred to other substrates by lift-off lamination. As a temporary
support, a thin mica sheet can be used.

Applying a thin conductive film between the Al and the supporting
layer in the same manner as was described in Section 3.4.4 would make it
possible to fabricate PAA templates on conductive thin-film substrates.
Such templates could in turn be used, e.g. for the fabrication of metallic
nanowire arrays on thin-film supports via electrochemical deposition.
Furthermore, the fabricated nanowire arrays could be transferred to
another substrate via lift-off lamination.

The application of the as-prepared PAA templates for the fabrication
of organic nanotubes by means of template wetting will be described in
detail in Chapter 6.
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Chapter 5. Nanowires and Nanotubes from z-
Conjugated Organic Materials Fabricated by
Template Wetting

5.1. INTRODUCTION

1D nanostructures from z-conjugated organic molecules are known to
possess interesting optical, electrical and optoelectronical properties,
namely emission of light following electrical or optical excitation,
waveguiding and lasing. They have already been used successfully as
active layers in field effect transistors, light emitting diodes, full colour
displays, organic semiconductor lasers and solar cells [108-111]. Mutual
alignment and orientation of such nanostructures may influence the
device performance. Therefore, it is important to synthesize well aligned
nanoaggregates, having high aspect ratios, in a controllable manner.

The use of PAA’s as templates is a versatile approach to the
preparation of 1D nano- and microstructures. Wetting of PAA templates
with solutions or melts allows fabrication of nanowires and nanotubes
from a wide variety of materials. The diameters and lengths of such 1D
structures correspond to those of the templates, which in turn can be
readily tuned within a wide range by adjusting the anodization conditions.

In the present chapter, the fabrication of 1D nanostructures (nanowires
and nanotubes) from poly(3-hexylthiophene) (P3HT), poly(9,9-
dioctylfluorene-2,7-diyl) (PF8), 2,7-diphenylcarbazole (DPC), zinc
phthalocyanine (ZnPc) and perylene-tetracarboxydiimide (PTCDI) by
means of wetting of PAA templates, is considered.

The investigation of the formation of 1D nanostructures form these materials
(as well as from the other derivatives bearing the same molecular
structure units) is important since they are promising candidates for
different electronic device applications. P3HT is employed as active
material in BHJ solar cells [112]. Polyfluorenes, polycarbazoles as well as
phthalocyanines and perylene derivatives are also considered as active layer
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materials for different optoelectronic devices [54-56, 113-115].

Since the DPC nanowires are obtained for the first time by the
mentioned technique, their morphology and optical properties are
systematically studied and compared to those of the DPC nanoaggregates
obtained by organic molecular beam deposition (OMBD) on mica
substrates. The fabrication of P3HT nanostructures for the further
implementation in bulk heterojunction solar cells will be described in
details in Chapter 6.

5.2. MECHANISMS OF TEMPLATE WETTING

The morphology of 1D nanostructures and microstructures obtained by
wetting of porous templates is determined by the wetting mechanism
involved [51-53].

It is considered that wetting of pores by liquids consisting of molecules
with low molecular weight starts with the formation of a wetting layer on
their walls, which is similar to the formation of precursor films on smooth
substrates. However, curved liquid films are susceptible to instabilities.
Occurrence of instabilities leads to the formation of menisci and can
eventually lead to a complete filling of the pore volume, if more liquid
moves into the pore. In such a case, nanowires can be obtained (Fig.
5.1a).

In the case of a melt containing sufficiently mobile macromolecules
whose characteristic dimensions are larger than the pore diameter, a
mesoscopic wetting layer is rapidly formed on the pore walls. If such a
layer is kinetically stable, nanotubes can be obtained after solidifying the
polymer (Fig. 5.1b). As this mechanism involves the formation of a
precursor film, it can be referred to as “precursor wetting”. A prerequisite
for “precursor wetting” is a sufficiently high surface energy of the pore
walls which is realized for PAA templates.

If templates are wetted with polymers at temperatures slightly above
their solidification temperatures or by microphase-separated block
copolymer melts, individual macromolecules cannot easily be removed
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from the bulk. In such a case, rapid formation of a precursor film is
suppressed. The pore volume is entirely filled by the material and
nanowires are obtained (Fig. 5.1c). As this mechanism is driven by
classical capillarity, it may be referred to as “capillary wetting”. The same
mechanism governs infiltration if the initially polar pore walls are
converted into a non-polar surface with low surface energy, for example
by silanization. Then, there is no more driving force for the rapid
formation of a precursor film [51-53].
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Figure 5.1. Mechanisms of template wetting [116].

5.3. EXPERIMENTAL DETAILS

5.3.1. P3HT nanotubes

P3HT (regioregular, semiconductor grade) was purchased from Rieke
Metals. For the fabrication of nanostructures by means of template
wetting, commercial membrane filters (Anodisc™), having mean pore
diameters of 200 nm and thickness of 60 um, were used. The P3HT was
inserted into the pores of the template by both solution- and melt-assisted
wetting. In the case of solution-assisted wetting, two solutions of P3HT in
chlorobenzene having different concentrations (a saturated solution and a
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1 mg/ml solution) were used. A drop of P3HT solution was placed on top
of a membrane and the membrane was sandwiched between two glass
slides. The membrane was left covered for 10-12 hours to allow slow
evaporation of the solvent. In the case of melt-assisted wetting, a thin
P3HT film was formed on a glass microscope slide by spin-coating from
a saturated solution in chlorobenzene (at 600 rpm for 60 s). A porous
membrane was placed onto the P3HT film and heated on a hotplate to
250°C for 15 min. In both cases, a sticky carbon pad was attached to one
side of the membrane, while the other side was cleaned from the excess
polymer by scratching with a scalpel. The nanotube arrays were freed by
dissolving the membrane in a 2M NaOH solution for 5 hours.

5.3.2. PF8 nanowires and nanotubes

Regioregular PF8 was purchased from Sigma-Aldrich. For the
fabrication of nanofibers by means of template wetting, commercial
membrane filters (Anodisc™) mentioned above, were employed. The PF8
was introduced into the pores of the template by both solution- and melt-
assisted wetting. In the case of solution-assisted wetting, two solutions of
PF8 in toluene having different concentrations (a saturated solution and a
1 mg/ml solution) were used. A drop of a PF8 solution was placed on top
of a membrane and the membrane was sandwiched between two glass
slides. The membrane was left covered for about 10 hours to allow slow
evaporation of the solvent. In the case of melt-assisted wetting, a thin PF8
film was formed on a glass slide by spin-coating from a saturated solution
in toluene (at 600 rpm for 60 s). A porous membrane was placed onto the
PF8 film and heated on a hotplate to 180°C for 15 min. A sticky carbon
pad was attached to one side of the membrane, while the other side was
cleaned from the excess polymer by scratching with a scalpel. The
nanowire/nanotube arrays were released by dissolving the membrane in a
2M NaOH solution.

5.3.3. DPC nanowires
The DPC was synthesized by I. Wallmann et al. following the
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procedure described in details elsewhere [117]. For the fabrication of
nanowires by means of template wetting, commercial membrane filters
(Anodisc™) mentioned above, were employed. Two solutions of DPC in
DMSO having different concentrations (a saturated solution and a 0.02M
solution) were used. The DPC was introduced into the pores by means of
so called “drip-and-dry” method. This method involved placing the
template on a 50°C hot plate and slowly dripping the precursor solution
onto it. After each drop was added, the solvent was allowed to evaporate.
After a prescribed number of “drip-and-dry” cycles (typically 20), a piece
of the membrane was attached to an adhesive carbon pad and excess
material was removed from the top of the membrane using a scalpel.
Supported DPC nanofibers were obtained by selective dissolution of the
supported membrane in 2M NaOH solution. Another piece of the same
membrane was left unsupported and freed from excess material on both
sides. In that case, nanofibers were freed by dissolution of the membrane
(2M aqueous NaOH, 5 hours), rinsed several times in deionized water and
collected by centrifugation.

5.3.4. ZnPc and PTCDI nanowires

ZnPc and PTCDI (semiconductor grade) were purchased from Sigma-
Aldrich. Both materials were introduced into the pores by means of so
called “dip-and-dry” method. In that technique, the porous membrane was
dipped into the respective solution for 2 minutes. After dipping, the
membrane was put on a 50°C hot plate and the solvent was allowed to
evaporate. 5 mg/ml solution of ZnPc in N,N’-dimethylacetamide and
saturated solution of PTCDI in chloroform were used. After 20 “dip-and-
dry” cycles, a sticky carbon pad was attached to one side of the
membrane, while the other side was cleaned from the excess polymer by
scratching with a scalpel. The nanowire arrays were released by soaking
the membrane in a 2M NaOH solution for 5 hours.

5.3.5. Characterization of the nanostructures

Optical images of nanowire/nanotube arrays and single
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nanowires/nanotubes were obtained by a fluorescence microscope (Nikon
Eclipse). Polarization measurements (for DPC nanowires) were
performed using the same microscope with a rotational stage mounted on
its sample holder. Temperature dependent fluorescence spectra of the
DPC samples between room temperature and 6 K were performed in a
He-cryostat with the pressure in the sample chamber being lower than
5-10° mbar. Fluorescence of the DPC samples was excited by a He-Cd
laser (A = 325 nm) and the spectra were acquired using a spectrograph
coupled to a cooled CCD camera.

Scanning electron microscopy (SEM) images of all nanowire/nanotube
arrays were acquired using a Hitachi S-4800 instrument operating at beam
voltages of 2-3 kV. In order to facilitate SEM imaging, all of the samples
were coated with Au/Pd (2 nm) by magnetron sputtering (Cressington HR
208 sputter coater). Atomic force microscopy (AFM) was performed with
an apparatus from JPK Instruments operating in tapping mode.

5.4. RESULTS AND DISCUSSION

5.4.1. P3HT nanowires and nanotubes
VSR
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Figure 5.2. Top-view SEM image of a commercial PAA membrane
(Anodisc™)

A top-view SEM image of a commercial PAA membrane (Anodisc™)
is shown in Fig. 5.2. On the image, individual pore openings are clearly
seen. The pores have irregular shape and are not well arranged, which is a
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characteristic of a single-step anodization process. The pore openings are
funnel-shaped. Over the pore openings a very thin porous layer with
lower pore diameters and interpore distances can be seen. Such a complex
structure of the membrane arises, probably, from some specific
manufacturing conditions (changing the anodization voltage, etc.).

SEM images of P3HT nanotubes fabricated by template wetting are
presented in Fig. 5.3. Fig. 5.3a shows a bundle of P3HT nanotubes
obtained after the wetting of a template by 1 mg/ml P3HT solution. Fig.
5.3b shows an array of P3HT nanotubes obtained by wetting of a template
by a P3HT melt. The nanotubes have the same diameters as those of the
template pores (about 250 nm). The endings of the nanotubes are grown
together and are funnel-shaped. Thus the formed P3HT nanotubes
represent a replica of the structure of the PAA template. Most of the
nanotubes are bent showing mechanical flexibility.

(D"2,0kV 8;5mrr1 X500k SE(M LAG) 6/8/2010

Figure 5.3. SEM images of P3HT nanotubes obtained by wetting of a PAA
template: by a saturated solution of P3HT in chlorobenzene (a) and by P3HT
melt (b).

It should be noted that for P3HT, both solution- and melt-assisted
wetting leads to the formation of nanotubes, not nanowires. That can be
explained by the “precursor wetting” mechanism described above. This
mechanism involves the formation of kinetically stable precursor film on
the walls of the PAA template. The evaporation of the solvent (in the case
of P3HT solution) and solidification of the polymer after cooling it below
the melting point (in the case of P3HT melt) leads to the formation of
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nanotubes in the pores of the PAA template.

5.4.2. PF8 nanowires and nanotubes

SEM images of PF8 nanostructures prepared by template wetting are
presented in Fig. 5.4. Fig. 5.4a shows a bundle of PF8 nanotubes obtained
after the wetting of a template by a 1 mg/ml PF8 solution. The nanotubes
has the same diameters as the pores of the membrane (about 250 nm). The
shapeless residue between the nanotubes is probably the alumina which
was not removed completely during the PAA template dissolution. In Fig.
5.4b, the opening of a single nanotube is shown. The nanotube wall
thickness, as can be estimated from the picture, is about 50 nm. Figures
5.4c and 5.4d show arrays of PF8 nanowires obtained by wetting of a
template by a saturated PF8 solution and PF8 melt, respectively. Many of
the nanowires are bent, showing some degree of flexibility.

Figure 5.4. SEM images of PF8 nanotubes obtained via wetting of a PAA
template by PF8 solutions in toluene having different concentrations: (1 mg/ml
(a, b), saturated solution (c)) and by PF8 melt (d).
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It should be noted that for the 1 mg/ml PF8 solution, mostly nanotubes
are formed, while for the saturated solution and melt only nanowires can
be obtained. This fact can be explained by the “precursor wetting”
mechanism which is described above for P3HT. However, in the case of
PF8 the formed precursor film is not stable. The template pores can be
completely filled if the amount of material is sufficient, which is the case
for concentrated solutions and melts of PF8.

5.4.3. DPC nanowires

Since the DPC nanosturctures were obtained for the first time by
template wetting technique, their morphology and optical properties were
studied in more detail. The results were compared to those for DPC
nanoaggregates grown on mica by organic molecular beam deposition
(OMBD). These structures were fabricated by A. Ghazal in his Bachelor
Thesis [118]. The detailed analysis of the results for these two types of
DPC nanostructures is given in [119].

Figure 5.5. Fluorescence microscopy images of DPC nanowires obtained by
wetting of a PAA template: bundle of nanowires lying on a carbon pad (a) and a
single nanowire isolated via centrifugation (b).

Fluorescence microscopy images of the DPC nanowires obtained by
wetting of a PAA template by a saturated solution of DPC in DMSO are
shown in Fig. 5.5. Fig. 5.5a shows a bundle of blue-emitting nanowires
remained on the surface of a carbon pad after complete dissolution of the
porous template. It can be seen that the ends of the nanowires are merged
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together. Bright blue emitting regions on the image correspond probably
to some excess of the DPC which did not go into the pores of the
template. In Fig. 5.5b a single DPC nanowire (or a small bundle of
nanowires) isolated by centrifugation is displayed. The mean nanowire
length estimated from the fluorescence microscopy images is about 30
um which is two times less than the pore depth of the PAA template (60
um). Probably, the employed number of “drip-and dry” cycles was not
enough to fill all the pores of the template completely. Some of the
nanowires (or bundles of nanowires) could also get broken during the
template removal procedure.

NanoSYD 2.0kV 8.9mm x25.0k SE(M,LAO) 78/2010

Figure 5.6. SEM images of DPC nanowires obtained by wetting of a PAA
template: by a saturated solution of DPC (a) and by a diluted (0.02M) solution of
DPC (b).

SEM images of DPC nanowires fabricated by template wetting are
presented in Fig. 5.6. Fig. 5.6a shows a bundle of DPC nanowires
obtained after the wetting of a template by a saturated DPC solution. The
nanowires have the same diameters as those of the template pores (about
250 nm). Some of them are slightly bent showing some degree of
flexibility. The shapeless residue which can be seen in between the wires
is most likely the alumina which was not dissolved completely during the
template removal. In the Fig. 5.6b DPC nanowires obtained by wetting of
a template by a diluted (0.02M) DPC solution are shown. The as-prepared
nanowires are quite short (less than 2 um) if compared to those obtained
with the use of a saturated DPC solution. Apparently, in the case of lower
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concentrations the lack of material inside the template pores does not
allow the formation of longer structures. The tips of the wires show a
characteristic funnel-like shape originating from the initial surface
morphology of the porous template (see Fig. 5.2).

Fig. 5.7 shows an AFM scan of a single DPC wire by template
wetting, lying on a glass substrate. It can be seen that the shape of the
wire is not perfectly cylindrical but exhibits a few facets. On the surface
of the wire some small grains are also seen. Most probably these features
originate from the morphology of the PAA templates. The width of the
wire measured by AFM is about 350 nm, i.e. higher than the value which
can be obtained from SEM images. However the substrate below the wire
might not be perfectly flat and the wire itself can be slightly bent and
raised above the substrate surface; therefore it is hard to extract the real
dimensions of the wire from the presented image. Thus for the case of
single nanowires obtained by the wetting technique and transferred to
another substrate, only quantitative characterization can be made by
AFM. The wire dimensions should be estimated from SEM images.

20pm
¥: H 0.00 pm

x: 2.0 um
Figure 5.7. 2D (a) and 3D (b) AFM image (2 x 2 pm?) of a single DPC
nanowire obtained by template wetting.

Polarization properties of DPC nanostructures

Polarization measurements performed on the as-fabricated DPC
nanowires reveal their strong polarization anisotropy. The dependence of
the fluorescence intensity on the polarization angle for single DPC
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nanoaggregates obtained by OMBD and template wetting are shown in
Figures 5.8 and 5.9, respectively.
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Figure 5.8. Dependence of the fluorescence intensity on the polarization
angle for a single DPC nanofiber obtained by OMBD at substrate temperature

330 K.
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Figure 5.9. Dependence of the fluorescence intensity on the polarization
angle for a single DPC nanowire obtained by template wetting.
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It can be seen that the intensity in the second maximum is lower than
in the first one, i.e. the nanowires undergo bleaching when being
irradiated by UV light in air. Since the observed dependence is highly
distorted by the bleaching, only the first S-shaped branch of the curve was
used to determine the polarization ratio. For this purpose, a fit of this
branch for each case by a sin* was made.

The measured polarization ratio p = (Imax - Imin)/(Imax + Imin) Of the
maximum (Imax) and minimum (Imin) intensities is 0.86 + 0.02 for a single
nanowire obtained by OMBD and 0.49 + 0.02 for a single nanowire
obtained by template wetting. The difference in these values can be
explained by the higher degree of molecular alignment within the
nanoaggregates made by OMBD. As it has been shown by scanning near-
field optical microscopy (SNOM) and polarized linear fluorescence
measurements for p-6P nanofibers grown on mica by OMBD [120, 121],
deviations from the mean polarization angle can be caused by
inhomogeneities within individual nanoaggregates, i.e. each nanowire can
consist of domains having different molecular orientations. Thus the
difference in the polarization ratios found for the two methods can also be
explained by a wider distribution of orientations of such domains within
individual wires made by template wetting. In addition, some of the
observed wires may actually consist of several individual aggregates
which cannot be resolved by the microscope. That should also lead to the
lowering of the observed polarization ratio.

For both methods of fabrication, the maximum fluorescence intensity
is observed for the orientation of the polarizer being almost perpendicular
(88°) to the nanowires’ long axes. This is in agreement with the results
obtained for p-6P nanofibers on mica [120, 122]. Thus it can be
concluded that for DPC nanowires obtained by both techniques the main
linear transition dipole moment is oriented nearly perpendicular to the
wire axes.

Low-temperature photoluminescence of DPC nanostructures

Temperature dependent PL spectra for bulk DPC as well as for DPC
nanostructures obtained by template wetting and OMBD at two different
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substrate temperatures are presented in Appendix B (pages 127-130).

Since all the measurements were performed in vacuum (pressure lower
than 5-10° mbar), no changes in the PL spectra due to bleaching were
observed. As can be seen from the picture, the shape of the spectra
changes significantly with decreasing the temperature from 298 K to 6 K.
The structure of the spectra is also different for all the samples under
investigation. In particular, the spectral features are significantly different
for DPC nanowires obtained by wetting if compared to the case of
OMBD; for OMBD they also differ for two substrate temperatures. It
should be also noted that with decreasing the temperature, the overall
intensity of all PL spectra increases significantly, i.e. the fluorescence
yield increases.

22 2.4 26 2.8 3.0 3.2

Energy, eV

Figure 5.10. PL spectrum of bulk DPC measured at 60 K (solid line), fit of
the spectrum by Gaussian peaks (dotted lines).

For the quantitative analysis, all of the spectra were fit with a set of

Gaussian curves. An example of such a fitting is shown in Fig. 5.10.
From the fitting procedure individual peak positions, linewidths
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(FWHMs) and relative intensities were determined. The three most
pronounced vibronic peaks are 0-0, 0-1 and 0-2. The intensity of the 0-0
peak for the bulk DPC is negligible, that can be explained by a strong self
absorption.

In Fig. 5.11, shifts of the 0-0 and 0-1 peaks with respect to the room
temperature spectrum for bulk DPC and DPC nanowires obtained by
template wetting and by OMBD at two substrate temperatures are shown.
It can be seen that the 0-0 and 0-1 peaks for all samples show a blue shift
with decreasing temperature. The position of the 0-2 peak (not shown on
the picture) does not present any distinct trend. The blue shift in low
temperature PL spectra was also observed for p-6P nanofibers [122, 123].
It was attributed to exciton-phonon interactions, the probability of which
decreases with decreasing temperature.

In Fig. 5.12, widths of the 0-0 and 0-1 peaks for all PL spectra are
presented. The peak widths decrease monotonically with decreasing
temperature, pointing to an inhomogeneous broadening mechanism [123].
For the 0-2 peak in the spectra of bulk DPC and DPC nanowires obtained
by template wetting (not shown) the same trend is observed. For the
nanowires obtained by OMBD, the width of this peak slightly increases
between 298 K and 210 K and then decreases again. It should be noted,
however, that the structure of PL spectra observed at relatively high
temperatures (above 200 K) is not well pronounced, which makes the
quantitative analysis rather difficult. In particular, the exact widths and
relative intensities of the 0-2 peak and peaks corresponding to higher
order transitions are hard to determine.

With decreasing the temperature, a redistribution of relative peak
intensities is observed for all samples. In particular, the relative intensity
of the 0-O peak decreases, becoming negligible (less then 1%) at
temperatures below 90 K. The relative intensity of the 0-1 peak slightly
increases between 298 K and 230 K and then decreases again.

For the temperatures below 90 K, the PL spectra cannot be fitted with
the same set of peaks which is used for higher temperatures. Additional
peaks have to be introduced between 0-0 and 0-1 peaks and also between
0-1 and 0-2 peaks (see Fig. 5.10, the corresponding peaks are labeled as
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Figure 5.11. Peak shifts with respect to the room temperature spectrum for
bulk DPC and DPC nanowires obtained by template wetting (a) and for DPC
nanowires obtained by OMBD at two substrate temperatures (b).
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Figure 5.12. Peak widths in PL spectra of bulk DPC and DPC nanowires
obtained by template wetting (a) and of DPC nanowires obtained by OMBD at
two substrate temperatures (b).
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“add 1” and “add 2”). These additional peaks show the same behaviour as
0-0 and 0-1 peaks, namely they shift to the blue with decreasing the
temperature and their linewidths also decrease. Furthermore, the relative
intensities of these peaks increase when decreasing the temperature from
90 K to 6 K. The appearance of additional peaks in the high-energy part
of a PL spectrum was reported for p-6P nanowires [122, 123]. The nature
of these peaks is still unclear. They can be assigned e.g. to another
molecular species in the deposited film [123].

5.4.4. PTCDI nanowires

PTCDI was introduced into the template pores by means of so-called
“dip-and-dry” method. This method involved dipping a PAA template
into a saturated PTCDI solution in chloroform a number of times and
letting the solvent fully evaporate each time. The “drip-and-dry”
technique used for DPC could not be employed for the case of PTCDI.
Because of its very high volatility, chloroform would fully evaporate
before the solution could fill the template pores completely. As a result,
the PTCDI would crystallize just on top of the template, and not inside
the pores.

Figure 5.12. PTCDI nanowires obtained by wetting of a PAA template with a
saturated solution of PTCDI in chloroform.

PTCDI nanowires obtained by wetting of a PAA template with a
saturated solution of PTCDI in chloroform are shown in Fig. 5.12. The

90



tips of the nanowires are connected to big unstructured pieces of PTCDI
which was not completely removed before the template dissolution. The
nanowire diameters are about 100 nm which is much lower than the
template pore diameter (250 nm).

In fact, it is unclear from the obtained SEM images, if the PTCDI
forms only nanowires, and not nanotubes, under these particular
conditions. To determine the morphology of the PTCDI nanostructures
obtained by template wetting, further studies have to be conducted.

5.4.5. Nanostructures from ZnPc

ZnPc was inserted into the template pores by means of so-called “dip-
and-dry” method. That was made by dipping a PAA template into a 5
mg/ml solution of ZnPc in N,N’-dimethylacetamide a number of times
and letting the solvent fully evaporate in each cycle. As in the case of
PTCDI, dripping the ZnPc solution onto the template would lead to the
crystallization just on top of the template, because of the fast evaporation
of the solvent.

36 bic SE(M,LAD) 10/1 0394

Figure 5.13. Pores of the PAA membrane filled with ZnPc (a) and ZnPc
aggregates formed after crystallization of ZnPc in the template pores (b).

This approach failed to give any pronounced 1D nanostructures form
ZnPc. As can be seen from Fig. 5.13a, the pores of the PAA template
were at least partly filled by ZnPc after the employed wetting procedure.
Fig. 5.13b shows ZnPc nanoaggregates formed in the template pores close

91



to the pore openings. In the upper part of the picture, unstructured ZnPc
film which covered the PAA template can be seen. The SEM images
confirm that the ZnPc solution entered the pores during the wetting
procedure. Apparently, the amount of material crystallized inside the
template pores was not enough to form pronounced nanowires. Probably,
long nanoaggregates could be formed after employing a big number of
dip-and-dry cycles. However, the need to employ too many of such cycles
would make the approach itself unfeasible. As an alternative,
electrophoretic deposition of ZnPc into the template pores could be used.
This technique has been successfully used to prepare nanowire arrays
from other phthalocyanines [46-49].

5.5. SUMMARY AND OUTLOOK

In this chapter, the template fabrication of 1D nanostructures from
P3HT, PF8, DPC, PTCDI and ZnPc is described. It is shown that all of
the mentioned materials, except from ZnPc, form nanowires and/or
nanotubes when being introduced into the pores of a PAA template in the
form of solution or melt. The results are summarized in Table 5.1 and
compared to the data obtained by other authors for the same molecules or
chemically analogous derivatives.

Nanostructures form the polymers P3HT and PF8 can be obtained by
both solution- and melt-assisted template wetting. For these materials, the
so-called “precursor wetting” is realized. For P3HT, the precursor film
formed on the pore walls is kinetically stable, and therefore this material
can only form nanotubes — for wetting with both solutions and melts. For
PF8, the formed precursor film is not stable and the morphology of the
obtained nanostructures depends on the amount of material introduced
into the pores. For solutions with lower concentrations, mostly nanotubes
are obtained. For highly concentrated solutions and melts, the pore
volume can be filled completely, and the formation of nanowires is
dominating.
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Table 5.1. 1D nanostructures from z-conjugated organic materials

fabricated via template-based techniques.

- Morphology of
. Method of Fabrication .
Material | Reference fabrication conditions the obtained
nanostructures
[124] MAW 250°C, Nanohillocks
vacuum
NIL with PAA
[125] filmon Sias a 125°C Nanohillocks
stamp
P3HT SAW 1 mg/ml Nanotubes
solution
Present SAW Saturqted Nanotubes
solution
work
250°C Nanotubes/
MAW ’ hollow
vacuum .
nanohillocks
[56] SAW 40 mg/ ”." PF8 Nanotubes
solution
[54, 55] SAW 60 mg/ml PF8 |\ owires
solution
PF8 SAW 1 mg/m_l PF8 Nanotubes
solution
Present Saturated
work SAW . Nanotubes
solution
MAW 180°C Nanowires
Carbazole [103] PVD into PAA 150°C Nanotubes
template
DPC Present SAW, d1p Saturqted Nanowires
work and-dry solution
. CF;COOH as
PDD [50] ED into PAA protonating Nanowires
template
agent
PTCDI- Present SAW, “drip- Saturated Nanowires
C8 work and-dry” solution
CuPc,
EuPc,, EDinto PAA | CFaCOOH as .
[46-49] protonating Nanowires
GdPc,, template agent
HErPc, g
Present SAW, “drip- 5 mg/mi Small
ZnPc v, .
work and-dry solution nanoaggregates
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Abbreviations: PDD — “perylene-diimide derivative”, CuPc — copper phthalocyanine,
EuPc, — europium bisphthalocyanine, GdPc, — gadolinium bisphthalocyanine, HErPc, —
erbium bisphthalocyanine; MAW — melt-assisted wetting, SAW — solution-assisted
wetting, NIL — nanoimprint lithography, PVD - physical vapor deposition, ED —
electrochemical deposition.

The small molecules DPC, PTCDI and ZnPc can be introduced into a
PAA template by wetting it with a corresponding solution a number of
times and letting the solvent fully evaporate after each wetting approach
(“dip-and-dry” and “drip-and-dry” techniques). These techniques result in
the crystallization of the corresponding material inside the template pores
and its accumulation with each wetting-drying cycle.

For DPC, it was demonstrated, that the length of the nanowires
depends on the concentration of the wetting solution (for the same
number of “drip-and-dry cycles”). For a saturated solution of DPC, the
pores are filled almost completely, while for a diluted (0.02 M) solution
only few-um long wires could be obtained. The obtained nanowires show
strong polarization anisotropy. The polarization ratio was found to be
0.49 + 0.02, indicating a rather low degree of mutual alignment of DPC
molecules (and/or molecular domains) in the nanowires. Detailed analysis
of the temperature dependent PL spectra from the as-prepared DPC
nanowires reveals many of the trends reported for p-6P nanofibers [123],
namely blue shifts and narrowing of the spectral peaks with decreasing
temperature and redistribution of peak intensities.

For PTCDI, the wetting of a template with a saturated solution gives
few-um long nanowires whose widths are lower than the pore diameters
(around 100 nm).

For ZnPc, introducing a 5 mg/ml solution into the template pores gave
only small aggregates. Therefore, template wetting cannot be considered
as the optimal technique for the fabrication of ZnPc nanowire arrays.
Instead, electrophoretic deposition of ZnPc into the template pores could
be used.
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Chapter 6. Template Fabrication of
Nanostructures for Bulk Heterojunction Solar Cells

6.1. ARCHITECTURE OF BHJ SOLAR CELLS

The ideal structure of a BHJ solar cell is schematically shown in Fig.
6.1. The phases of donor and acceptor within the BHJ have to be
interspaced with an average length scale of around 10-20 nm, i.e. equal to
or less than the exciton diffusion length. The two phases should form
percolated highways to ensure high mobility charge carrier transport with
reduced recombination. Furthermore, a pure donor phase at the hole
collecting electrode and a pure acceptor phase at the electron collecting
electrode should be placed. That will minimize the losses by
recombination of the wrong sign charges at the wrong electrode. A pure
donor or acceptor phase will also act as a diffusion barrier for the wrong
sign charge carriers at the respective electrode [126, 127].

Fig. 6.1. The ideal structure of a BHJ solar cell [127].

Self-organization of organic semiconductors has been introduced by
e.g. an amphiphilic primary structure like di-block copolymers resulting
in a self-organized phase [128] or liquid crystalline self-organizing
columns of donor-acceptor phases [129]. In the mentioned devices, the
device architectures were not optimal in terms of their nano-scale
morphology. Further improvements were needed to obtain devices of
higher efficiency.

A promising approach for the realization of the architecture mentioned
above is filling of PAA pores with semiconducting polymers. This idea
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has been realized by different authors for P3HT and PCBM as the active
layer materials [124, 125, 130-134]. In most approaches, 1D
nanostructures from P3HT were fabricated on ITO electrode and the
space between them was filled by PCBM. The P3HT was introduced into
PAA pores by melt-assisted wetting [124, 132, 134] and also by
nanoimprint lithography, using PAA templates as mechanical stamps
[125]. P3HT-PCBM blends were also used [133], in that case 1D core-
shell structures were obtained in the template pores. PCBM was applied
on top of the P3HT nanostructures by lift-off lamination [125].

It has been demonstrated that the hole mobility in regioregular P3HT
can be enhanced by a factor of 20 by infiltrating it into straight nanopores
of a PAA template. Furthermore, optical characterization of the formed
P3HT nanowires showed that the polymer chains are partially aligned in
the charge-transport direction [131]. It was reported [124] that in a
photovoltaic device utilizing P3HT nanorods as donor and Cg as
acceptor, a seven-fold efficiency increase, compared to a device with a
planar bilayer, is achieved. Thus PAA template-based nanostructuring of
active layers in BHJ solar cells was proved to be effective for improving
their performance.

This chapter describes the fabrication of P3HT nanostructures for the
further implementation in organic BHJ solar cells. Different aspects of
using thin-film PAA templates for this purpose are discussed in detail.

6.2. EXPERIMENTAL DETAILS

6.2.1. Fabrication of P3HT nanotubes — “Procedure 1”

The schematic of the fabrication procedure is shown in Fig. 6.2.
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Figure 6.2. Template fabrication of P3HT nanotubes on ITO coated glass
substrates (‘“Procedure 17).

PAA template preparation

ITO-coated glass slides were cleaned by ultrasonication in isopropanol
for 5 min. followed by oxygen plasma etching (5 min. at 100 W, Branson
IPC 3000 barrel plasma system). Thin Al films (thickness 500-800 nm)
were produced on ITO-coated glass slides by e-beam evaporation. The
deposition rate was 0.1-0.2 nm/s. The substrates were kept in contact with
a water-cooled stage at temperature about 10°C. To improve the adhesion
of Al to ITO, a thin (1-2 nm) Ti layer was formed on top of ITO by e-
beam evaporation, prior to the deposition of Al.

The as-prepared thin Al films were anodized in 0.3M oxalic acid at 40-
60 V at 5°C. After the anodization, the barrier oxide was penetrated and
the pores were slightly widened by soaking the sample in 5% H3PO, at
room temperature for 45 min. Afterwards the PAA templates were rinsed
3 times in deionized water, dried on a hot plate at 150°C for 15 min. and
cleaned by oxygen plasma etching (5 min. at 300 W, Branson IPC 3000
barrel plasma system).

Fabrication of P3HT nanotubes
A thin P3HT film was made on the top of a PAA template by spin-
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coating from a saturated P3HT solution in chlorobenzene at 900 rpm for
60 s. The formed P3HT film was baked at 70°C for 30 min. in air to let
the remaining solvent fully evaporate. Afterwards the PAA template with
a thin P3HT film on top was placed into a vacuum chamber and heated up
to 250-270°C for 30 min to allow the melt-assisted wetting of the PAA
template. The pressure in the chamber was about 10 mbar. After the
heating was turned off, the sample was left for cooling down to the room
temperature at the same pressure. The excess of the P3HT was fully
removed from the top of the PAA template by gently wiping it with a soft
tissue wetted by toluene. In some of the experiments, the P3HT nanotubes
were partly released by etching the PAA template in 2M NaOH for 10-30
min. or fully released by soaking in a stirred 2M NaOH for 2 hours at
room temperature.

6.2.2. Fabrication of P3HT nanotubes — “Procedure 2”
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Figure 6.3. Template fabrication of P3HT nanotubes on ITO coated glass
substrates (‘“Procedure 2”).

The schematic of the fabrication procedure is shown in Fig. 6.3.

PAA template preparation
Silicon (Si (100), p-type, resistivity 1-100 Ohm-cm™) substrates were
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pre-cleaned by ultrasonication in acetone and ethanol (5 min. in each
solvent) followed by oxygen plasma etching (5 min. at 300 W, Branson
IPC 3000 barrel plasma system). Thin Al films (thickness 500-1000 nm)
were produced on Si substrates by e-beam evaporation. The deposition
rate was 0.1-0.2 nm/s. The substrate temperature during deposition was
about 10°C. To improve the adhesion of Al to Si, a thin (5 nm) Ti layer
was deposited by e-beam evaporation, prior to the deposition of Al.

The as-prepared thin Al films were anodized in 0.1M H3PO4at 170 V
at 5°C. The obtained PAA templates were rinsed 3 times in deionized
water, dried on a hot plate at 150°C for 15 min. and cleaned by oxygen
plasma etching (5 min. at 300 W, Branson IPC 3000 barrel plasma
system).

Fabrication of P3HT nanotubes

ITO-coated glass slides were cleaned by ultrasonication in isopropanol
for 5 min. followed by oxygen plasma etching (5 min. at 100 W, Branson
IPC 3000 barrel plasma system). A thin P3HT film was made on the top
of ITO-coated glass slide by spin-coating from a saturated P3HT solution
in chlorobenzene at 600 rpm for 60 s. In some of the experiments, a thin
P3HT film was made both on ITO-glass and on top of the PAA template
used for wetting. In such cases, the spinning rate was 900 rpm for both
substrates. The formed P3HT films were baked at 70°C for 30 min. in
order to remove the remaining solvent.

For some of the samples, a thin layer of PEDOT:PSS was formed on
ITO-glass prior to the application of P3HT. PEDOT:PSS was applied by
spin-coating a filtered solution at 3000 rpm for 60 s. The formed
PEDOT:PSS thin film was baked at 110°C for 50 min.

PAA template was placed on top of P3HT film on ITO-glass upside
down and the two structures were firmly fixed together by metallic
clamps. The “sandwiched” samples were placed into a vacuum chamber
and heated up to 250-270°C for 30 min as described above for “Procedure
1”. The P3HT nanotube- or nanohillock-arrays on ITO glass were
released by etching the PAA template and the remaining Al in 2M NaOH
for 5-24 hours (depending on the sample size) at room temperature and
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lifting off the Si substrate.

In some of the experiments, thin PAA films on Al supports prepared
by two-step anodization of Al foils were used as templates. The two-step
anodization of Al foils was made as described in Section 3.4.1. The
procedure for the P3HT nanotubes preparation was similar to the one
described above

6.2.3. Fabrication of PSHT nanotubes — “Procedure 3”
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Figure 6.4. Template fabrication of P3HT nanotubes on ITO coated glass
substrates with the use of NaCl release layer (“Procedure 3):

Step 1 — NaCl release layer, SiO, or Al,Os supporting layer and thin Al film
are deposited onto a Si substrate;

Step 2 — thin Al film on supporting layer is detached from the Si substrate
and anodized to form PAA template, the PAA template is placed upside down
onto a thin P3HT film on ITO-glass;

Step 3 — as a result of melt-assisted wetting, P3HT nanotubes are formed in
the pores of the PAA template;

Step 4 — the PAA template is removed by etching in NaOH.
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The schematic of the fabrication procedure is shown in Fig. 6.4.

PAA template preparation

The procedure for the fabrication of PAA templates on thin-film
supports, which was used in “Procedure 3”, is described in detail in
Chapter 4.

Fabrication of P3HT nanotubes

The ITO-coated glass slides were pre-cleaned as described above for
“Procedure 2”. A thin P3HT film was made on the top of ITO-coated
glass slide by spin-coating from a saturated P3HT solution in
chlorobenzene at 600 rpm for 60 s and the formed films were baked at
70°C for 30 min.

Thin-film supported PAA template was placed on top of P3HT film on
ITO-glass upside down and made in a firm contact with the ITO-glass by
gently pressing it from the top. The “sandwiched” samples were heated
up to 250°C for 5 min. The P3HT nanotube- or nanohillock-arrays on
ITO glass were released by etching the PAA template and the remaining
Al in stirred 2M NaOH solution for 10-50 min. (depending on the sample
size and the supporting layer of the PAA template) at room temperature.

6.3. RESULTS AND DISCUSSION

6.3.1. “Procedure 1”

In “Procedure 17, the PAA template is made on ITO-coated glass and
the pores are subsequently filled with P3HT melt to form P3HT
nanotubes staying in contact with the ITO electrode (see Fig. 6.2).

For the efficient work of a solar cell, it is critical that the P3HT
nanotubes stay in electrical contact with the bottom electrode (i.e. ITO
layer) while the complementary material (typically PCBM) fills the free
spaces between the P3HT nanotubes. It is important that the PCBM does
not have any contact with the ITO electrode.
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Fig. 6.5a, shows a PAA template filled with P3HT according to
“Procedure 1”.
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Figure 6.5. SEM images: PAA template filled with P3HT via melt-assisted
wetting (a), cross-sectional views of a P3HT-laden PAA template standing on
ITO-glass (b, ¢), P3HT nanotubes partly released by etching the PAA template
in 0.1M NaOH for 15 min. (d),

On the picture, tips of the P3HT nanotubes, sitting in the template
pores, are seen. The outer diameter of the nanotubes is equal to the
template pore diameter (about 80 nm). The nanotube wall thickness, as
can be estimated from the image, is about 20-30 nm and is almost the
same for all of the nanotubes. Some of the pores were merged together
during the etching in H3PQO,; thus, the respective nanotubes are also
merged. Since the template pore diameter varies from about 60 to 100
nm, the inner diameter of the narrowest P3HT nanotubes can be as small
as 5-10 nm. In principle, for narrower pores (less than 50 nm) only
nanowires could be formed. In such a case the complementary material
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(PCBM) could not be inserted into the tubes and the area of the interface
between the two phases would be much smaller. As was mentioned
above, the P3HT and PCBM should be interspaced with an average length
scale of around 10-20 nm, i.e. equal to or less than the exciton diffusion
length. Therefore the optimal template pore diameter is considered to be
higher than 60 nm, preferably in the range between 60 and 100 nm. These
diameters are typically obtained after controlled etching of the PAA
prepared by anodization of Al in oxalic acid at 60 V. The nanotubes are in
contact with the underlying ITO layer, as can be seen form Fig. 6.5 (b, c).

There is one more reason why the use of oxalic acid at this particular
voltage is favourable. The thickness of the barrier layer formed after
anodization of Al in the other two common electrolytes, namely sulphuric
acid and phosphoric acid, is higher than the PAA pore wall thickness. For
such PAA films, the barrier layer cannot be removed without penetrating
the pore walls. On the other hand, the barrier layer for the PAA films
formed in oxalic acid at 60 V (i.e. close to the breakdown voltage) is
thinner than the pore walls and can be easily penetrated by wet etching
[27, 28].

One could assume that partial release of the P3HT nanotubes from the
template pores would increase the area of the interface between P3HT
and PCBM and increase the device performance. Fig. 6.5d, shows an
array of P3HT nanotubes partly freed by soaking the sample in 0.1M
NaOH at room temperature for 15 min. As can be seen from the picture,
the pores of the remaining PAA film are significantly widened and there
are gaps between the walls of the P3HT nanotubes and the PAA pore
walls. It is known [3-4] that PAA films consist of two types of aluminum
oxide which have different density. The outer part of a pore wall is built
from a lower density oxide, while the inner part consists of oxide having
higher density. As a result, the wet etching of PAA films is not isotropic.
The outer parts of the pore walls are etched away significantly faster,
leaving rod-like upright standing PAA fragments consisting of higher-
density aluminum oxide. Such a situation is unfavourable for the
fabricated solar cell device since the layer of electron acceptor (PCBM)
applied at the next stage will fill the gaps between the P3HT nanotubes
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and the PAA pore walls and get in contact with the ITO electrode. In
addition to this, the widened template pores will not serve as a
mechanical support for the P3HT nanotubes any more.

Thus it can be concluded that for “Procedure 17 the further wet etching
of the PAA template should not be made. In that case, the electron
acceptor material should be applied on top of the P3HT-laden template.

6.3.2. “Procedure 2”

In “Procedure 27, a thin P3HT film is formed on ITO-glass by spin-
coating and a thin-film PAA template on a silicon substrate is placed
upside-down on top of the P3HT film and firmly attached to it. Heating of
the “sandwiched” structure above the melting point of P3HT leads to the
wetting of the template by the P3HT melt. After solidification of the melt,
P3HT nanotubes are formed in the template pores. The arrays of P3HT
nanotubes (or hollow “nanohillocks”) upright standing on a thin P3HT
film are released by dissolving the PAA and the remaining Al in NaOH
and lifting off the silicon substrate.
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Figure 6.6. P3HT nanohillocks on a thin P3HT film made by template
wetting. The P3HT film is formed directly on ITO-coated glass, without
intermediate PEDOT:PSS layer (a). The structured P3HT film may get damaged
and partly detached during the template removal procedure if a PEDOT:PSS
layer is present below the P3HT film (b).
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Fig. 6.6a shows an array of P3HT nanohillocks on a thin P3HT film,
formed on ITO coated glass. The mean diameter of the nanohillocks is
about 100 nm which is equal to the mean diameter of the pores of the
PAA template used (see Fig. 3.8). The mean nanohillock height is equal
to the mean depth of the PAA pores (400-500 nm). Between the hillocks,
small ridges can be seen. The ridges are about 100-200 nm high and less
than 50 nm wide. They result from the filling of the concave features of
the PAA template surface (see also Fig. 3.8) by the P3HT melt. Thus the
formed P3HT nanostructures form a replica of the surface of the PAA
template employed.

In fact it is not possible to conclude from the presented SEM images, if
nanotubes (or hollow nanohillocks) or nanowires were formed. However,
SEM images of a similar PAA template wetted by P3HT melt under the
same conditions (Fig. 6.5) confirm the formation of nanotubes. For this
sample, the excess of P3HT was fully removed from the top of the
template by wiping with a soft tissue wetted in toluene and the template
pores could be directly observed. The nanotube wall thickness is
estimated to be 20-30 nm. Thus it should be expected that the P3HT
nanohillocks obtained in “Procedure 2” are hollow and have the wall
thickness of about 20-30 nm. The inner volume of these hillocks is
probably filled with air captured from the template pores on the stage of
melt-assisted wetting.

It should be pointed out that the melt assisted wetting procedure
described here is very different from the structuring of P3HT films by
nanoimprint lithography using PAA templates as stamps. The latter
procedure involves the pressing of the softened polymer into the template
pores. In such a case, the polymer is heated up to a temperature which is
far below its melting point. As a result, only nanowires (or filled
nanohillocks) can be obtained. The melt assisted wetting involves the
formation of P3HT precursor film on the walls of the template. In the case
of P3HT, this film is kinetically stable, which leads to the formation of
nanotubes after the solidification of the polymer.

It was found that the optimal aspect ratio of the PAA template pores,
which allows the fabrication of upright standing nanotubes, is about 3 to
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5. Nanostructures of higher aspect ratios tend to bend and merge together.
The required aspect ratios can be obtained by carefully controlling the
anodization time for the given electrolyte and voltage. For the anodization
in 0.1M phosphoric acid at 170 V the needed time is 5 min. These
parameters give PAA films with 100 nm wide and 300-500 nm deep
pores. Anodization in 0.3M oxalic acid at 40-60 V is also an option. In
that case the subsequent pore widening in HsPO,4 will give 80 nm wide
pores and low interpore distances (around 50-100 nm compared to 200-
300 nm for the anodization in phosphoric acid).

The “surface quality” of the PAA template (i.e. pore ordering, absence
of grooves between the pores) in “Procedure 2” is less critical than in
“Procedure 1”. On the opposite, the trenches between the formed P3HT
nanohillocks, originating from the grooves between the PAA pores,
increase the area of the interface between P3HT and PCBM. That should
increase the overall device performance.

In general, the described procedure allowed the fabrication of upright
standing P3HT nanohillocks on large areas (up to 1 X 1 cm?). However,
for bigger samples (2.5 X 2.5 cm?), the etching of the PAA during the
template removal step took an extremely long time (up to 48 hours), even
under intensive stirring. The etching process was also hard to control
because of the rigidness and opacity of the Si substrates.

The presence of a thin PEDOT:PSS films below the P3HT film
introduced additional difficulties. The water based NaOH solution used to
remove the PAA could also penetrate beneath the P3HT film and partly
dissolve the PEDOT:PSS layer. That led to fragmentation and partial
detachment of the P3HT film, as can be seen from Fig. 6.6b. Such a
difficulty occurred even if the sides of the samples were covered by nail
polish to prevent the dissolution of PEDOT:PSS.

The described problem was caused by the need to etch the PAA and
the remaining Al from the sides of the sample and hence by the prolonged
soaking of the samples in the etching solution. In order to reduce the
etching time and to improve the control of the PAA removal, thin PAA
films supported by Al foils were used as templates. These films were
prepared by two-step anodization of Al foils and had approximately the
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same morphology (pore sizes and interpore distances) as the PAA films
on Si substrates. These films were employed in the same manner as the
ones fabricated on Si supports. The advantage of using PAA films on Al
substrates was that the substrate could be also removed by wet etching.
CuCl,/HCI solution was used as etching solution for Al. This solution
allowed very fast and selective (with respect to aluminum oxide) etching
of the Al host. Complete removal of the Al support took typically 5-7
min. and after that the PAA was etched away by soaking the sample in
2M NaOH for 20 min.

Though the duration of the template removal step was reduced to about
30 minutes, this approach failed to give big arrays of P3HT nanotubes.
The P3HT structures were found to form only on very small, restricted
areas on the P3HT film.

Such a failure can be explained by the fact that thick Al foils have a
rather big surface roughness on a big scale. In other words, the foils are
“wavy” on the scale of tens or hundreds of microns. Therefore the area of
contact between the PAA film on Al foil and the P3HT film during the
wetting procedure can be restricted to a few small regions. The rest of the
PAA template is not wetted by the P3HT melt.

In order to overcome the difficulties described above for “Procedure
27, thin-film PAA templates on thin-film supports were employed. The
corresponding procedure is denoted as “Procedure 3”.

6.3.3. “Procedure 3”

“Procedure 3” described below is the modified version of “Procedure
2”. In this procedure, a thin PAA film supported on either a thin silicon
oxide film or a thin aluminum oxide film is used as a template. Such free-
standing thin-film PAA templates are prepared with the help of NaCl
release layers, as described in detail in Chapter 4. These templates are
employed in the same manner as the ones fabricated on rigid Si or Al
supports.

Fig 6.7a shows an array of P3HT nanohillocks on a thin P3HT film on
ITO-coated glass. These structures were obtained via melt-assisted
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wetting of a PAA template shown in Fig. 4.3. The template was prepared
by anodizing thin Al film supported by 5 pm thick evaporated silicon
oxide in 0.1M phosphoric acid at 170 V. The morphology of the
nanostructured P3HT film represents the surface features of the employed
PAA template. The hillocks have heights of 200-400 nm and diameters of
100-200 nm. The distance between neighbouring hillocks is 200-300 nm.
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Figure 6.7. P3HT nanostructures obtained by wetting of free-standing thin-
film PAA templates.

On Fig 6.7b, P3HT nanotubes supported by thin P3HT film on ITO-
glass are shown. The structures were made by melt-assisted wetting of a
PAA template shown in Fig. 4.4. The template was prepared by anodizing
thin Al film supported by 500 nm thick evaporated aluminum oxide in
0.3M oxalic acid at 40 V. The pores were subsequently widened by
wetting the sample in 5% phosphoric acid for 45 min. at room
temperature. The obtained nanotubes are about 10 um long and are
merged together. The aspect ratios of these particular structures are not
optimal for the considered solar cell architecture. However they can be
readily decreased by tuning the anodization time.

Thin-film PAA templates on thin film supports have clear advantages
over templates fabricated on rigid supports like Si and Al.

First, such templates are rather flexible which makes it possible to
have a firm contact between a template and a spin-coated polymer film.
Even in the case of a “wavy” polymer film surface, a flexible thin-film
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template will follow all of the surface features. That allows the fabrication
of ordered 1D polymer nanostructures on large areas.

Second, the thin-film nature of the supporting layers facilitates
significantly the PAA template removal. As the etching of the PAA
proceeds, the flexible silicon oxide layer lifts off gradually. That makes
the etching much faster. When the etching is completed, the silicon oxide
film can be easily removed from the top of the nanostructured P3HT film
without shifting or damaging it. If a PEDOT:PSS layer is formed below
the P3HT film, the reduction of the etching time should help to prevent its
dissolution.

If the supporting layer consists of aluminum oxide, it can be readily
etched together with the PAA film. In such a case, the template removal
procedure is even simpler and takes about 20 minutes.

The mentioned advantages makes “Procedure 3” a very effective
procedure for the fabrication of P3HT nanostructures on P3HT thin films
via template wetting.

6.4. SUMMARY AND OUTLOOK

In this chapter, different aspects of the realization of BHJ solar cells
via template wetting approaches were considered.

P3HT nanotubes having diameters of 80 nm and wall thickness of 20-
30 nm were successfully realized by melt-assisted wetting of thin-film
PAA templates on ITO-glass substrates (“Procedure 17). Structuring of a
thin P3HT film on ITO-glass by applying a PAA template from top and
heating up the “sandwiched” structure allows the fabrication of
nanohillock arrays.

Using PAA templates on rigid substrates like Si (“Procedure 2”) is
only suitable for small samples (less than 1 X 1 cm?) because of
difficulties with the template removal.

The use of thin-film PAA templates on thin-film supports (“Procedure
3”) facilitates the template removal procedure and allows effective
formation of P3HT nanostructures over large areas. The use of this
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technique in the case of a PEDOT:PSS underlayer needs further
optimization.

The next step in the realization of solar cell devices is the application
of the electron acceptor material (typically PCBM). Finally Al top
electrode is made on top by thermal evaporation and electrical contacts
are made (Fig. 6.7).
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Figure 6.7. Fabrication of organic BHJ solar cells via template based
approach: application of the electron acceptor material and fabrication of the top
electrode for “Procedure 1” (), “Procedure 2 and “Procedure 3” (b).

Applying the electron acceptor layer may not be straightforward. Fig.
6.8 shows arrays of P3HT nanotubes fabricated according to ‘“Procedure
1“ and partly covered by PCBM by spin-coating. The spin-coating was
made from a saturated solution of PCBM in dichloromethane at 900 rpm
for 2 min. It can be seen that the PCBM film is not continuous and there
are big areas on the PAA template surface which are not covered at all. It
is also unclear whether the PCBM has filled the P3HT nanotubes or not.
Apparently the time used for spin-coating was not enough to allow the
filling of the P3HT nanotubes. Besides that, the amount of PCBM which
was supplied from one droplet during the spin-coating was not enough to
cover the surface of the PAA template completely. On the other hand,
prolonged exposure of the P3HT nanotubes to the dichloromethane-based
solution and/or applying PCBM from several droplets will most probably
lead to the partial dissolution of these structures.

The alternative method of applying the electron acceptor material is
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vacuum evaporation. In such a case, fullerene Cg can be used instead of
PCBM. If the aspect ratios of the P3HT nanotubes don’t exceed 2 or 3,
one could expect that the nanotubes as well as the space between them
will be filled.

The performance of the solar cell architectures discussed in this
chapter should be checked by conducting relevant electrical
measurements on the samples having different sizes of the P3HT
nanotubes and different spacing between them.

Figure 6.8. P3HT nanotube arrays fabricated according to ‘“Procedure 1*“ and
partly covered by PCBM by spin-coating.
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7. Conclusions

This thesis is focused on the fabrication of thin-film porous anodic
alumina (PAA) templates on different substrates. The influence of
different parameters on the quality of the PAA templates was
investigated. The preparation of organic nanowires and nanotubes via
melt- or solution-assisted wetting of PAA templates was also studied.

The structure and surface morphology of thin evaporated Al films
depend strongly on the deposition rate, temperature and type of the
substrate. The overall surface roughness of the films increases
monotonically with increasing the deposition rate from 0.1 to 2 nm/s.
Heating of the substrate up to 350-450°C during the evaporation of Al
results in the formation of big faceted Al grains. A similar structure is
obtained if the substrate is placed very close to the evaporation source and
is intensively heated by the radiation from the source. For low deposition
rates (0.1-0.2 nm/s) the roughness of the films correlates well with the
roughness of the bare substrates.

In general, maintaining low deposition rate, low substrate temperature
and low residual gas pressure allows the fabrication of smooth Al films
with low grain size.

The morphology of the thin-film PAA structures, obtained by
anodization of either Al foils or thin Al films, depends on the anodization
conditions, such as type of the electrolyte, voltage and time.

The structure of thin Al films used for the anodization determines the
morphology of the formed PAA films to a large extent. Adjusting the
anodization conditions (in particular the electrolyte and the anodization
voltage) against to the average grain size in the Al film allows the
fabrication of well-ordered PAA structures. On the other hand, using Al
films with a definite grain size is the way to obtain highly ordered PAAs
at given anodization conditions.

The critical point in the fabrication of thin-film PAA templates on
conductive substrates is the thickness of the Ti adhesion layer between
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the Al and the ITO and the voltage during the anodization. The proper
adhesion of Al to ITO with an ultra-thin (1-2 nm) Ti layer can be
achieved by post-depositional thermal annealing at 100-150°C for a few
hours. The thickness uniformity for PAA films prepared in oxalic acid at
high voltages (50-60 V) can be improved by lowering the voltage down to
30 V at the end of the anodization.

Thin-film PAA templates on free-standing thin-film SiOx or Al,O;
supporting layers were successfully fabricated by a novel technique,
which employed the use of water-soluble NaCl release layers. Films of
evaporated SiOx and Al,O3 can act as appropriate supporting layers for
thin Al films and subsequently fabricated PAA structures.

1D nanostructures from P3HT, PF8, DPC and PTCDI were obtained
by solution- and/or melt-assisted wetting of PAA membranes. The
morphologies of these nanostructures are different and depend on the type
of material and the fabrication conditions. For DPC nanowires, which
were obtained for the first time by this technique, it was demonstrated,
that the length of the nanowires depends on the concentration of the
wetting solution. The obtained nanowires show strong polarization
anisotropy. Detailed analysis of the temperature dependent PL spectra
from the as-prepared DPC nanowires reveals many of the trends reported
for p-6P nanofibers, namely blue shifts and narrowing of the spectral
peaks with decreasing temperature and redistribution of peak intensities.

The fabrication of P3HT nanostructures for the further implementation
in organic BHJ solar cells was investigated. P3HT nanotubes having
diameters of 80 nm and wall thickness of 20-30 nm were successfully
realized by melt-assisted wetting of thin-film PAA templates on ITO-
glass substrates. Structuring of a thin P3HT film on ITO-glass by
applying a PAA template from top and heating up the “sandwiched”
structure allows the fabrication of nanohillock arrays. The performance of
the obtained structures in real solar cell devices should be checked by
conducting relevant electrical measurements on the samples having
different sizes of the P3HT nanotubes and different spacing between
them.
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Appendix B. Temperature dependent PL spectra of
DPC samples

1. PL spectra of bulk DPC
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2. PL spectra of DPC nanowires obtained by template
wetting
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3. PL spectra of DPC nanoaggregates obtained by OMBD
(substrate temperature 330 K)
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4. PL spectra of DPC nanoaggregates obtained by OMBD
(substrate temperature 370 K)

298 K

29 2.4 26 2.8 3.0 3.2 3.4
Energy, eV

240 K
270 K

130



