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Abstract

This thesis is focused on directed growth of organic nano bes on struc-
tured gold surfaces. In the past years, growth of phenylenedsed organic
nano bers has been investigated thoroughly. One interestig model sy-
stem is growth of para-hexaphenylene (p6P) nano bers on muscovite mica,
where the molecules self-assemble into mutually parallel n@ bers, when
deposited on the heated mica surface in a high vacuum environent [1, [2].
These nano bers emit intense blue, polarized, anisotropiclight under UV
excitation [I] and show both waveguiding [3] and lasing4] poperties, which
make them interesting candidates as components in new typesf optoelec-
tronic devices. However, the lack of ability to pre- or post-process muscovite
mica puts severe restraints in its use as a device substrateAlthough several
transfer techniques have been employed in order to transfethe nano bers
to more device applicable substrates[]5], controlled tranfer onto specic
micrometer-sized regions de ned by the substrate, while redining the par-
allelism of the nano bers, is not yet possible. Growth of p6P nano bers on
various other substrates such as Au(111)6,17], TiQ [8] and alkali halides
[3,/2] has also been demonstrated, although without growth blong, mutually
parallel nano bers as in the case of muscovite mica.

In this work, growth of p6P nano bers on structured gold surfaces is
demonstrated as a method for obtaining mutually parallel nano bers on
substrates, which allow for pre- or post-processing. It is sbwn, that na-
no bers can be grown on a non-structured gold Im prepared by dectron
beam deposition unlike other metals such as aluminum, silv@, titanium
and chromium. Furthermore, structures, which guide the sulsequent nano-
ber growth, can be fabricated in the underlying substrate (silicon) prior
to gold deposition. It is shown that both micron-sized ridgesand channels
guide the subsequent nano ber growth into preferred directons perpendic-
ular to the structures. Besides the orientation control of the nano bers,
the microstructures are also demonstrated to de ne the lengh of the na-
no bers. Di erent parameters, which a ect this growth mech anism such as
the size of the structures and the substrate temperature duing growth, are

LIt should be noted, that short nano bers can be grown on silver surfaces, if the surface
temperature is su ciently high.



investigated in detail in order to establish conditions for obtaining mutually
parallel nano bers with speci ¢ lengths on these substrates.

Nanostructured gold surfaces are also investigated as pdb$e substrates
for guided nano ber growth. In this case, the structured gold surfaces are
prepared by gold deposition on porous alumina templates, wtih lead to
periodically nanostructured gold surfaces. Indications & guided nano ber
growth is also seen on these substrates, however, directedogvth of nano -
bers on a larger scale could not be observed as in the case ofomistructured
gold surfaces. This work therefore describes a method for heving directed
growth of organic nano bers on structured gold surfaces andelaborates on
several key points in this aspect. The method is believed to & useful for
integration of organic nano bers on device platforms.



Dansk resune

Dette projekt er fokuseret imod retningsbestemt v kst af or ganiske nano -
bre p strukturerede guld over ader. | de forgangnear er p henylene-baseret
organiske nano bre blevet grundigt unders gt. Et interessant model system
er vkst af para-hexaphenylene (p6P) nano bre p muscovite mica, hvor
selv-samlende molekyler danner indbyrdes parallelle nandre ar de de-
poneres p den opvarmede mica over ade i et h jt vakuum milj [L] 2]. Disse
nano bre udsender intenst [t, polariseret, anisotropi sk lys under UV exci-
tation [L] og viser hde lysledende [3] og laser([4] egenskeer, hvilket g r dem
til interessante kandidater som komponenter i nye typer af @toelektroniske
devices. Den manglende formaen til at pre- eller post-processere muscovite
mica har dog lagt begr nsninger p dets brug som device subgrat. Selvom
adskillige overf rsels-teknikker har v ret brugt til at ove rfre nano brene
til mere applikations-anvendelige substrater [5], har kontolleret overf rsel
til speci kke mikrometer store omader de neret af substr atet, imens par-
alleliteten af nano brene bevares, endnu ikke v ret muligt . V kst af p6P
nano bre p forskellige substrater, asom Au (1 1 1) [6, 7]/, TiO » [8] og alkali-
halogen forbindelser([[3/ 9] er oga blevet demonstreret, dg uden v kst af
lange, indbyrdes parallelle nano bre, som det er tilf I[det med muscovite
mica.

| dette arbejde demonstreres v kst af p6P nano bre p struk turerede
guld over ader, som en metode til at opa indbyrdes paralle lle nano bre
p substrater, som tillader pre- og post-processering. Detvises, at nano -
bre kan gros p ustrukturerede guld over ader, forberedt v ed elektron stale
deponering, i mods tning til metaller som aluminium, s Iv E titanium og
krom. Ydermere kan strukturer, som dirigerer den efterf Igende nano ber
v kst, fabrikeres i det underliggende substrat (silicium) fr guld deponer-
ing. Det vises, at bde mikrometer store h jderygge og kanaler dirigerer
den efterf lgende nano ber v kst i foretrukne retninger vi nkelret p struk-
turerne. Ud over kontrol af nano brenes retning, demonstreres det oga,
at mikrostrukturene de nerer nano brenes | ngde. Forskel lige parame-
tre som pvirker denne v kst-mekanisme, asom st rrelsen  af strukturerne

’Det skal nvnes, at korte nano bre kan gros p slv over ader, hvis over ade-
temperaturen er tilstr kkelig h j.



0g substrat temperaturen ved v ksten, er unders gt i detalj er, aledes at
betingelser for at opa indbyrdes parallelle nano bre med speci kke | ngder
p disse substrater kan etableres.

Nanostrukturerede guld over ader er ligeledes unders gt ®m mulige sub-
strater til at dirigere nano ber v kst. | dette tilflde er d e strukturerede
guld over ader forberedt ved guld deponering p por se alu miniumoxid sk-
abeloner, som f rer til periodisk nanostrukturerede guld over ader. Indika-
tioner p dirigeret nano ber v kst ses oga p disse subs trater, men ret-
ningsbestemt v kst af nano bre over st rre omader kunne i  kke observeres,
som det er tilf Idet med mikrostrukturerede guld over ader . Dette arbejde
beskriver derfor en metode til at opa retningsbestemt v k st af organiske
nano bre p strukturerede guld over ader, og uddyber nogl e vigtige punkter
af dette aspekt. Metoden menes at v re brugbar til integrati on af organiske
nano bre p device platforme.
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Chapter 1

Introduction

1.1 Microtechnology and nanotechnology

From the middle of the last century, microtechnology, and epecially micro-
electronics, found its break-through and revolutionized the existing technolo-
gies [10]. Top-down fabrication of micrometer-sized compons, de ned by
optical lithography, became the standard for fabrication o integrated cir-
cuits and had a huge impact on the computer industry. During the years, a
continuous e ort was put in to further downscale the size of the components,
in order to continuously increase the computation capacity of computers,
which had grown exponentially as predicted by Gordon E. Mooe, called
Moore's law [11].

The downscale in size has today pushed the top-down fabricatin close
to its limits, with characteristic structure sizes well wit hin the nano-regime,
i.e. well below 100 nm[[12]. In this strive towards miniaturization, a concep-
tually di erent method compared to top-down technology is being explored,
namely bottom-up technology. Here, instead of decreasing th size of a
larger object, the structures are built by assembly of indivdual building
blocks such as atoms or molecules. The size of these strucas are there-
fore not limited by the precision with which one can structure an object.
Instead, it is essentially limited by the size of the individual building blocks
themselves. Examples of structures fabricated by each metid are given in
gure LTI

This signi cant downscaling opens up for new physical consierations,
which are inherently di erent from those related to bulk or m icron-sized
materials. First of all, the impact from forces, which are important in a
macroscopic context, may become irrelevant in a nanoscopicontext and
vice versa. Gravity for example has an insigni cant e ect on nano-objects,
whereas surface forces such as Van der Waals forces becomendwnt. The
impact on a object by photons is also very di erent in the nano-regime, since
it is easily possible, due to their small sizes, to manipula¢ and move nano-

11
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Figure 1.1: Schematic of top-down fabricated micro- and nanestructures
and bottom-up assembled organic nanostructures with charaeristic sizes.

objects with light [I3]. Furthermore, the ability to synthe size molecules
and nanostructures with a high precision of size, shape andamposition, in
principle at an atomic level, has opened for novel classes ohaterials with
unique properties. Examples are 1-D nanostructures, such asanotubes
and nanowires [14/15], and 0-D nanostructures, such as quann dots [1§],
with striking electrical and optical properties. At sizes well below 100 nm,
guantum mechanical e ects may arise, which give rise to fun@amentally new
properties of materials, such as for example tuning of the eergy bandgap
in semiconductors by size reduction. Several remarkable exples such as
single-electron transistors based on carbon nanotubesTl#@hd quantum dots
[18] have been demonstrated as a result of quantum con nemen

Therefore, although nanotechnology has not yet had the comrmrcial
break-through in all the areas in which it was predicted to haw big im-
pact, it is foreseen a future as bright as for microtechnolog many years
ago. Back in 1959, Richard Feynman gave his famous speech ataffech, in
which he stated: "There's plenty room at the bottorm!' [I9], meaning that by
working with atoms, one could build up a huge number of di erent systems,
which could potentially revolutionize existing technologies. In the decades
to come, he was indeed proven right.

1.2 One-dimensional nanostructures

One dimensional (1-D) nanostructures are objects with a heigt and width
below 100 nm, whereas the length of the objects is large. Therexist many
di erent kinds of 1-D nanostructures in the form of nanotubes, nanorib-
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bons, nanowires, nano bers and more. It should be noted howeer, that
the distinction between a nanowire and nano ber is often undear, and both
terms have been used in the literature for the same type of sticture. In this
work, the term nano ber is used only for the special type of prenylene-based
nano bers, which are studied in this work, otherwise the term nanowire is
used.

In the recent years, such 1-D nanostructures have obtained auyge inter-
est within the scienti c community, due to their large appli cation potential
within for example sensing [20[ 21, 22, 23], electronic5 |R25], photovoltaics
[26, [27] and opto-electronics and photonics [28, 29]. This gential arises
from the fundamental properties of these structures, whichare closely re-
lated to the downscaling of their dimensions. Their surfacdo volume ratio is
increased, and electrons and photons are much better con néas compared
to micron-sized components. 1-D nanostructures are the objdés with the
smallest dimensionality that can transport electrons and @tical excitations.
This makes them very interesting as nanoscaled components idevices. Es-
pecially carbon nanotubes [[14[°30] have been demonstratea tfunction as
novel components in electrical devices, but also inorganicsemiconducting
nanowires [15] have had a major break-through within numeros devices.
This is for example silicon nanowires, which have e ectivey been employed
as new eld-e ect transistors [31]. Furthermore, IlI-V inorg anic semicon-
ducting nanowires have been widely used within light-emitting diodes [32]
and lasers[[33], areas where a special type of organic hanaebs [1] also have
found interest.

When fabricating a device based on 1-D nanostructures, therare in
general three critical aspects to consider, in order to makéhe device work.
First of all, the desired device functionality is essentialfor the choice of na-
nostructure fabrication and integration. Secondly, the 1-D nanostructures
need to be fabricated in a controlled way, so that they meet tle demands
for their use, i.e. their size, crystallinity, purity etc. n eed to be controlled.
Thirdly, the 1-D nanostructures need to be integrated into a device platform.
Typically this means, that they should be placed in a speci c way on the
device platform, for example on speci ¢ micrometer-sized rgions de ned on
the platform. This could also include additional fabricati on steps, for exam-
ple in order to establish electrical contact to the nanostructures. Examples
within each area are shown in gure[1.2 and explained in the flowing.

It should be noted, that the di erent aspects depend critically on each
other. When fabricating a speci ¢ type of device, one has to onsider which
type of nanostructure to use, in order to meet the demands forthe func-
tion of the device. The integration is then performed by usirg a method,
which is suitable for the specic type of nanostructure. This can either be
by transferring the nanostructures onto the device platfom or by in-situ
growth (sec. [1.Z.2). In the latter case, the nanostructure &brication and
integration is performed simultaneously. Afterwards, the steps which make
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Figure 1.2: Examples from each of the three dierent areas neded for
fabrication of devices based on 1-D nanostructures: Nanosiicture fabri-
cation: Organic nano bers and seeded bottom-up nanostructue fabrica-
tion [B34]. Integration: Roll printing [35], uidic alignme nt [36] and in-situ
growth. Function: Solar cells [37], diodes on exible substates [38] and
light emitting-diodes [28].

the device function are employed in a way, which is compatit# with both
the type of nanostructure and integration method. Therefore, one needs to
consider solutions within each step carefully, before the dsired device can
be fabricated. In this work, the focus is on growth and integtion of or-
ganic nano bers. Therefore, the function of these devicessi only considered
brie y throughout this work.
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1.2.1 Fabrication of one-dimensional nanostructures

Many di erent top-down or bottom-up methods have been used in ader
to fabricate 1-D nanostructures. As for top-down fabrication, conventional
methods such as lithography [[39] is often employed. Howeveithe small
scales of the structures and the request for using other tharconventional
microfabrication compatible materials, have increased tle use of bottom-up
methods and materials. However, di erent combinations of top-down and
bottom-up methods, such as placement of catalyst particles ¥ laser ablation
[4Q] or electron beam lithography [41] for subsequent bottm-up growth of
nanowires, have been proven successful.

In the case of bottom-up processes, synthesis from the vaporhase of
the materials are typically employed. This can be done eithe by direct va-
por phase methods[[42], i.e. without relying on any catalytc particles, or
from the more well known vapor-solid-solid (VSS) [43] or vapotliquid-solid
(VLS) [44] 45] methods. Especially the latter is probably the most success-
ful for fabricating single-crystalline nanowires today. Examples of template
assisted synthesis have also been widely demonstrated [48/], which can
be performed either from the vapor or liquid phase of di erert materials. In
general, nanowires can be grown either epitaxial or non-epéxial depending
on the material and substrate used. Many examples of epitaxlly grown
nanowires have been demonstrated, such as vapor phase epiial (VPE)
growth of inorganic semiconducting nanowires[[48] or moladar beam epi-
taxial (MBE) growth of semiconducting organic nano bers [49]. Today, such
techniques are standard in the fabrication of various kindsof crystalline
nanowires with tailored dimensions of both organic and inoganic materials
[21]. In this work, organic nano bers are grown from vapor dgosition of
the organic material on di erent substrates. Examples of badh epitaxial and
non-epitaxial growth of these nano bers will be demonstrated.

1.2.2 Integration of one-dimensional nanostructures

Integration of nanowires is a key aspect in the fabrication & nanowire
based devices. Often, highly controlled integration on welde ned regions
is needed, which sometimes is a bottle-neck in exploration ofthe unique
properties of nanowires. Di erent methods can be applied dpending on the
speci ¢ type of nanowires, which need to be integrated. In geeral, inte-
gration can be done either by transferring the nanowires fron the growth
substrate to the desired device platform or, byin-situ growth, i.e. growth
of nanowires directly where they are needed.

In the case of transferring, many examples within inorganicnanowires
have been employed for transferring an ensemble of wires. Hse rely on for
example contact printing [38, (50], roll printing [B5] (g. 1_2) or uidic inte-
gration [36] (g. L2Z). Methods for transferring organic nanostructures have
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also been demonstrated[5], although not on such a large s@ahs for the inor-
ganic nanowires. Nano bers can also be transferred by simpel drop-casting
of a nano ber suspension on a substrate, and then afterwardsnanipulate
the nano bers mechanically [17,[51]52] in order to achievetie desired con-
guration. Several considerations besides position and dentation need to
be considered during these transfer processes. This is fokample how to
avoid contamination of the wires during the transfer proces and also how
to avoid damaging of the individual wires, which for exampleis a problem in
the case of organic nano bers due to their mechanically frage nature (van
der Waals bound molecules)([51, 52].

During the years, many di erent methods for in-situ growth of nanowires
have been employed. Typically, these rely on carefully plaement of a cata-
lyst particle, from where the nanowire growth starts. As mertioned earlier,
conventional top-down fabrication methods are normally use for de ning
the placement of the catalyst particles, such as optical[[5Bor electron beam
[47] lithography, followed by bottom-up growth of the nanowires. The orien-
tation of the grown nanowires can be controlled in di erent ways, typically
they are epitaxially de ned [41], but for example electric- eld alignment has
also been demonstrated [53].

Both for transferring and in-situ growth, the di erent techniques em-
ployed depends critically on the system, i.e. on the type of anowires and the
device substrate, and therefore it is di cult to make any general statement
regarding advantages and disadvantages for the two integtéon methods.
However, for 3-D integration of nanowires where transferriig is di cult, in-
situ growth has a clear advantage. One example is placement of daon
nanotubes at silicon cantilever tips for scanning probe micoscopy. Here,
transferring is only realistic in small numbers, due to the time consump-
tion of the method [54], instead, in-situ growth has allowed for wafer scale
integration of carbon nanotubes at such tips[[55]. Howevernowadays, trans-
ferring at a wafer scale is possible in other con gurations[38], and therefore
the type of method which is bene cial depends on the individwal system
investigated.

In this work, a new method for achieving in-situ growth of organic na-
no bers on microstructured gold surfaces will be demonstraed.

1.3 Organic nano bers

As already mentioned, this project is focused on growth and nitegration
of a special kind of organic semiconducting nano bers. Orgaic semicon-
ductors have in general many advantages, such as large-scafgnthesis,
solution-processability, optical and electrical tunability by molecular de-
sign and easy and low cost fabrication and mechanical exildity [56] 57].
Among organic molecules, oligomers built up of -conjugated systems have
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received a lot of attention due to their interesting optical, electrical and op-
toelectronic properties. Especially rod-like molecules sth as pentacene 58],
oligo-thiophenes [59] and oligo-phenylenes [60] 1] are amortgose studied
the most. Among devices built from these systems are for exapie organic
transistors [61], organic light emitting diodes [62,[63] an photovoltaic cells
[64, [65,[66]. In general, the performance of such devices isitally de-
termined by how the molecules assemble in the solid state [$.7 Today, it
is possible to fabricate one-dimensional, crystalline orgaic nano bers with
very few defects, which make them important model systems foboth fun-
damental studies and device applications.

Examples of the type of nano bers investigated in this project are shown
in gure L33] The nano bers are grown from physical vapor deposition of
the organic molecules on di erent substrates at elevated tenperatures; the
main substrate explored in this project is gold. Typical dimensions of the
nano bers are shown in the gure, however, all three dimensons of the
nano bers can be varied by changing the growth conditions[[].

Figure 1.3: uorescence microscopy (top right) and AFM (lower) image of
nano bers grown on mica along with measured dimensions. SEMmage
(top left) of nano bers grown on a gold coated silicon microgructure.

150 nm

These nano bers emit intense, polarized, anisotropic, ble light under
UV excitation [L] and show both waveguiding [3] and lasing poperties [4],
which makes them interesting for optical and opto-electronc applications.
However, the lack of ability to integrate these nano bers in a controlled way
usually hinders their implementation in devices. Although several transfer
techniques from the growth template (usually muscovite mi@) to a device
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substrate have been demonstrated, transferring of mutualf parallel nano-
bers at speci ¢ micron-sized regions de ned by the device sibstrate is so
far not accomplished. A di erent approach, which relies onin-situ growth
of the nano bers directly at nano- and micro-structured substrates, are in-
vestigated as the key topic in this work.



Chapter 2

Experimental

2.1 The organic molecular beam epitaxy system

The organic molecular beam epitaxy (OMBE) system used for gowth of
para-hexaphenylene nano bers is described in the following. Thesystem is
a two chamber system, which consists of a transfer chamber @aha main
chambef (9. Z1).

The rst step in a growth process is to introduce a growth subgrate
into the transfer chamber, which is sealed o from the main chamber by a
pneumatic valve (1). This is done by xing the substrate mechanically on
a sample plate and then connect it to a magnetically driven transfer rod
(2) in the transfer chamber. After pump down of the transfer chamber,
the sample plate can be introduced into the main chamber by opning the
pneumatic valve and transfer it with the magnetically drive n transfer rod.
The sample plate is placed in a sample holder in the main chamdr, gure
[Z2a. The sample holder can be heated to the desired tempenate by the use
of two thermo coax cables, which are integrated in the sampldolder. The
temperature is measured with a type K thermocoupl. The sample holder is
connected to a manipulator (3), which makes it possible to réate the holder
and to move it in a vertical direction. Below the sample holde, a water-
cooled quartz microbalance is placed in order to measure théeposition rate
and nominal thickness of the deposited Im. Once the substrae temperature
is reached, the oven (4) can be heated. The oven consists of ae built

1This system was developed and built by: Henrik H. Henrichsen, Mor ten Madsen, Ralf
Frese and Kasper Thilsing-Hansen.

2http : ==srdata:nist:gov=its 90=main=its 90n, ain ,age:html. It should be noted that
although the thermocouple has not been calibrated, measurements of the temperature
dependence on p6P nano ber dimensions on muscovite mica have shownquantitatively
same results as reported by others (sec[(3.4R2) and the measured tempmtures are therefore
assumed to be correct. Furthermore, since small variations in the te mperature occur across
the sample plate when heated, special care has been taking in mountingthe substrates
in the same way for each deposition, in order to allow for direct comparis on between the
samples.

19
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Figure 2.1: The organic molecular beam epitaxy system usedf growth of
p6P nano bers.

Knudsen cell wrapped in a thermo coax cable, which is conneet to a type
K thermocouple, gure EZb. The oven is furthermore wrappedin a heat
shield.

The typical temperature for the sublimation process to take place is
around 670 K. A shutter (5) is placed in front of the Knudsen cdl, which is
opened once the desired rate (typically €L A/s) is reached. After deposition,
the sample plate is cooled in the sample holder for approximizly 30 minutes,
simply by turning o the heating of the holder, before it is tr ansferred back
to the transfer chamber, which is then sealed and vented.

2.2 Characterization equipment

In this section, the characterization equipment used in this project is brie y

described along with some considerations regarding the iruence of the
equipment on the measurements. The following characteriz@on equipment
is used in this project:

Fluorescence microscope from Nikon, model: Eclipse ME600D. Hg
lamp, peak wavelength of 365 nm. Used for investigating morphol-
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Sample plate g Microbalance

Figure 2.2: (a) Image of the sample holder and the sample plat which
is introduced into the holder. A microbalance is placed bela the sample
holder. (b) Image of the Knudsen cell wrapped in thermo coax ables and
with a connected thermocouple (design and image by Henrik HHenrichsen).

ogy, uorescence spectra and polarization properties of tb organic
nanoaggregates.

Interference microscope  from Fogale nanotech, model: Microsurf
3D. Lateral resolution is di raction limited to 0:6 m, vertical reso-
lution can reach 0.1 nm. Can scan pro les with heights up to 4@ m.

Used for measuring 3-D pro les of the fabricated microstrucures in

silicon.

Atomic Force Microscope (AFM) from JPK, type: Nanowizard.
Used for investigating the morphology of nanoaggregates ah thin
Ims.

Scanning Electron Microscope (SEM) from Hitachi, model: S-
4800 Field Emission Scanning Electron Microscope. Resolian of 2.0
nm at an accelerating voltage of 1 kV and a magni cation up to 800.000
times. Used for investigating the morphology of organic nawaggre-
gates and fabricated nano- and micro-structured templates.

The organic nano bers, which are investigated in this project, are me-
chanically fragile (van der Waals bound molecules), and spsal care must
be taken in order not to damage the nano bers during characteization.
Bleaching of the nano bers may occur during uorescence micoscopy mea-
surements [68], however, this can be avoided by using relatly low inten-
sities and short integration times. AFM measurements may aso damage
the nano bers [52], however, by scanning in intermittent contact mode with
an appropriate set-point value, non-destructive AFM measurenents of the
nano bers can be made.
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In terms of damaging the nano bers during characterization, SEM mea-
surements are the most critical characterization tool. Seeral measurements
was made in order to investigate possible e ects from electsn beam irradi-
ation on the organic nano bers, the results are described irthe following.

2.2.1 P6P nano ber characterization with SEM

The ability of the SEM to operate at low voltage (down to 100 V), makes it
possible to examine poor conductive material, such as the ganic nano bers,

without detecting any noticeable charge build-up during the scans. However,
when high voltages are employed, or when the exposure time o long

(i.e. when the electron dose is large), e ects such as changy and radiation-

induced modi cations of the nano bers can be seen. Figuré—Z shows SEM
images of the same area of nano bers taken at di erent voIta@ﬁ, starting

from 100 V (g. £.34) to 300 V (g. 2.3b) and nally 600 V (g. 2 3c). Itis

seen, that the di erent image conditions modi es the measured nano bers.

Clearly a dierent image contrast is observed at 600 V compaed to 100
V, which is due to the higher electron energy. It should be notd that the

nano bers, that are examined in these experiments, are tragferred from
their growth substrate (muscovite mica) to silicon(100), in order to avoid

charging e ects from the substrate.

Figure 2.3: SEM images of p6P nano bers on silicon imaged wit (a) 100
V, (b) 300 V and (c) 600 V. A magni cation of 50.000 was chosen dring
the SEM measurements.

Also e ects from increasing the electron beam exposure timénave been
investigated. This is demonstrated in gure [Z4 which showsSEM images of
nano bers from the same area after exposing it for O minutes @. £.4&), 10
minutes ( g. £4b) and 20 minutes ( g. Z.4¢), respectively. Itis seen that the
nano bers appear bigger, when the exposure time is increaske This increase
of the nano ber dimensions have been veri ed by AFM measurenents [69].

A de-acceleration voltage of 1.500 V was used in all experiments. The voltage here
refers to the e ective voltage, i.e. the accelerating voltage minus t he de-accelerating
voltage. A beam current of 10 A was used in all experiments in this section.
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Figure 2.4. SEM images of p6P nano bers on silicon. The area &s been
scanned for (a) below a minute, (b) 10 min and (c) 20 min. The vdtage was
200 V. A magni cation of 50.000 was chosen during the SEM meagements.

Additional information on the maodi cation of the nano bers during elec-
tron beam irradiation can be obtained by uorescence microsopy investi-
gations. Figure[Z.5 shows uorescence microscopy images pép nano bers
grown on a Au surface, after they have been exposed to electnobeam ir-
radiation (acceleration voltage was 1.000 V). Only the cenér part of the
images have been exposed to the electron beam. It is seen, ththe nano-
bers change their uorescence properties after they have leen exposed to
the beam. After 20 s of exposure ( g.[25a), the exposed nanders start to
become dim, whereas after 180 s of electron beam exposure ( 3b) the
nano ber uorescence seem to exhibit a redshift.

Figure 2.5: Fluorescence microscopy images of p6P nano bgrexposed to
electron beam irradiation for (a) 20 s and (b) 180 s. The eleabn beam
voltage was set to 1.000 V. The nano bers are grown on a gold stace.

Detailed analysis of the changing uorescence properties ra obtained
from uorescence spectra from the exposed areas of the nanbers (g. E.6).
Nano bers exposed to 1.000 V (left) and 30.000 V (right) for 0s, 20 s
and 180 s are examined. The reference spectrum (0 seconds ebeam
illumination) shows the known relation between the (0-1), (0-2) and (0-3)
optical transition peaks for p6P nano bers (see g. [32). It should be noted
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that the (0-0) transition is not present in these spectra, dueto the presence
of a UV lter in the microscope (cut-o wavelength at 420 nm). T he spectra
are normalized, so that the intensity of the (0-1) peak is 1, ie. the total

intensity can not be deduced from the spectra.
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Figure 2.6: Fluorescence spectra from p6P nano bers expodeto electron
beam irradiation with a voltage of 1.000 V (left) and 30.000 V (right). The
nano bers have been exposed for 0 s, 20 s and 180 s, respechve The
nano bers are grown on a gold surface.

It is seen, that the amplitude of the (0-1), (0-2) and (0-3) transitions
change relative to each other. This is the case both for the 1% and 30 kV
measurements, where the intensity of the (0-2) and (0-3) trangion increase
relative to the (0-1) transition. In the 30 kV measurements, the increase is
more pronounced than in the 1 kV measurements, due to the higér electron
energy. This change could be due to damage or defects in the na bers,
which appear as a consequence of the electron irradiation. ufthermore,
besides the change in intensity ratio between the peaks, a me broad emis-
sion peak appears above 500 nm, and a small peak at around 60@nn This
indicates a change in the molecular structure of the nano bes for example
due to electron-induced polymerization of the nano bers. Indications on
electron-induced polymerization have also been observedif@4P nano bers
[7Q].

In summary it can be concluded, that fast scans and low voltags (max-
imum around 1 kV) should be used in order to make non-destructie char-
acterization of the nano bers by SEM. If too high voltages or too long scan
times are chosen, damage and modi cations of the nano bers dke place,
which clearly change the optical properties and morphologs of the bers.



2.3 Optical lithography - process recipe 25

2.3 Optical lithography - process recipe

The recipe used for the optical lithography is described in he following.
The aim of the lithography and subsequent etching is to fabrcate microstruc-
tured ridges in silicon, which afterwards can be used as temptes for nano -
ber growth (see sectioi 411). An optical microscopy image ahe lithography
mask is shown in gure[2.1.

500 um

Figure 2.7: Optical microscopy image of the mask employed fothe optical
lithography.

The mask consists of parallel arrays of metal lines with gapsf a few mi-
crometer in between. In order to produce micrometer sized dges, negative
lithography was chosen. The steps are as follows:

1. Wafer: The start wafer is a 4 inch silicon(100) wafer.

2. HMDS treatment: A monolayer of adhesion promoter Hexamethyl-
disilane (HMDS) is deposited on the clean wafer at 130 C, in order
to enhance resist adhesion.

3. Resist spincoat: Photoresist (type: AZ5214E) is spin-coated on the
wafer, rst at 500 rpm for 5 sec. then at 4000 rpm for 30 sec. The
resulting resist layer is approx. 1.5 m thick.

4. Prebake: The resist coated wafer is prebaked at 90C for 1 min.

5. UV exposure: UV exposure is performed in a MA150 mask aligner
from Karl Suss (soft contact mode, approx. 1.5 sec.).

6. Inversion bake: Inversion bake is done at 120 C for 100 sec.
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7. Flood exposure: UV ood exposure without mask is done for 25
sec.

8. Develop: The resist is developed for 1 min (in a AZ351B developer)
with subsequent water rinse for 2 min.

After the optical lithography steps, silicon is selectively etched by reac-
tive ion etching, which will be described in the next section

2.4 ICP-RIE etching

The etching is performed in an inductively coupled plasma ractive ion etch-
ing (ICP-RIE) system from Alcatel (type: AMS 110). The BOSCH p rocess,
which uses a mixture of Sk and C4Fg, is used for etching of the silicon
wafers. In the BOSCH process, Sk is used as the active etch gas and
C4Fg is introduced in order to passivate the sidewalls in betweerthe etch
cycles. The passivating layer is preferentially removed fom the bottom of
the trenches by ion bombardment during the etch cycles, whegas etching of
the sidewalls is hindered by the passivating layer. This reslts in a highly
anisotropic etch. After etching, the resist is removed in aetone (5 min.)
and subsequently cleaned in an oxygen plasma.

Several parameters in uence the nal etch result in the BOSCH process.
A list of these is given in table[Z]1.

Etch cycle time Passivation cycle time

SFg ow rate C4Fg ow rate

Etch cycle coil power Passivation cycle coil power

Etch cycle chuck power | Passivation cycle chuck power

Etch cycle pressure Passivation cycle pressure

Wafer temperature Wafer distance from source plasma

Table 2.1: List of parameters which in uence the silicon etding in a BOSCH
process|[71].

The listed parameters and the balance between the etch and sivation
determine the etch process. This includes parameters suclsdhe silicon etch
rate, the photoresist etch rate, the pro le angle and the sicewall roughness
or the size of the scallops, which originate from the alternéing etching (SFg)
and passivating (C4Fg) cycles. Several studies describe the in uence of the
di erent parameters in details [[71], [72,[73,[74].

In this work, deep etching pro les are not needed, and the siton etch
rate is considered to be less important. Instead, the focusdms been on fabri-
cating microstructures with a low line edge roughness, sire this potentially
has an e ect on the subsequent nano ber formation on the strictures (sec-
tion @I). Experimental investigations demonstrated, that a low line edge
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roughness was obtained by reducing the sidewall roughnes#n general, sev-
eral parameters a ect the sidewall roughness such as the dopower [73]
and the passivation cycle times|[[711]. However, a rather simlp method for
reducing the sidewall roughness is to reduce the overall cle times, while
maintaining the etch and passivation cycle ratio [74]. It should be noted
that this also results in a lower etch rate. A standard recipe supplied by
Alcatel and experimental investigations of some of the proess parameters
resulted in a process recipe, which has a silicon etch rate & m/min. The
parameters are listed in table[Z.2.

Process parameter Gas independent| SFg | C4Fg | O2
Gas ow - etch [sccm] - 300| 60 0
Gas ow - passivation [sccm] - 0 200 | 25
Etch duration [s] 2.8 - - -
Passivation duration [s] 0.8 - - -
Chuck temperature [ C] 0 - - -
Chuck distance to source [mm] 120 - - -
Coil power [W] 1200 - - -
chuck high power (10 ms) [W] 90 - - -
chuck low power (90 ms) [W] 0 - - -

Table 2.2: List of parameters used for achieving an etch withreduced line
edge and sidewall roughness. The silicon etch rate is 3m/min.

In this recipe, O is applied in order to e ectively remove the passivating
layer at the bottom of the trenches [75], which thereby further increases the
etch rate at the bottom of the trenches compared to the sidewds [78].

A 10 m wide microridge fabricated in silicon by the described reipe is
shown in gure E.8. The total process time for the etching ste was 60 s.
As it can be seen from the pro le cross-section (measured by terference
microscopy), the resulting depth is approx. 3 m. The line edge roughness
of the etched ridges was investigated by SEM, and showed a rginness below
50 nm. No further attempts to reduce the line edge roughness g&re made.

As a nal test of the optimized process parameters for both the optical
lithography and the subsequent reactive ion etching, a graing structure
with a period of 2 m was fabricated. The resulting structures are shown in
gure 291 Although small variations appear across the wafe and on some
of the structures, the nal etch result, in terms of structur e dimensions and
periodicity, is believed to be su ciently good for the work i n this project,
and no further optimization has been performed.
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Figure 2.8: SEM image of a 10 micrometer wide ridge fabricat in silicon.
The cross-section prole, measured by interference microspy, reveal an
etch depth of approx. 3 m.
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Figure 2.9: Tilted SEM image of a grating structure fabricated in silicon by
optical lithography and subsequent reactive ion etching. The grating period
is2 m.
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Chapter 3

Nano bers from
para -hexaphenylene
molecules

3.1 Introduction

This project is focused on nano bers made from the rod-like m¢ecule para-
hexaphenylene (p6P). In a series of experiments in the pastears it has been
shown that nano bers can be grown from this molecule on varias substrates
such as muscovite mica [49, 2], Alkali Halides [3, 9], Ti@ [8] and Au [7, 6].

Especially the optical properties of p6P nano bers have inceased the
interest for them in the past years. This is for example theirability to emit
polarized, blue light after UV excitation [1] and their waveguiding [3, 9]
and lasing [4] properties. One of the promising features oftte nano bers is
the ability to tune their properties by chemical synthesis of the individual
molecules prior to growth, which for example has led to secattharmonic
generation in such nano bers [57, 77]. So, although this wdt is based on
p6P nano bers alone, the growth and handling techniques of he nano bers
extend to other types of bers as well. In this chapter, nano bers made
from p6P are described. This includes a general introductio to the p6P
molecule along with the formation of crystal structures in thin Ims as well
as in nano bers, which mainly govern p6P nano ber growth on muscovite
mica and Au coated silicon.

It should be noted that growth of nano bers on Au coated silicon is of
special interest in this work. As it will be demonstrated in chapter 4, it is
possible to structure silicon prior to nano ber growth, and thereby modify
or direct the nano ber growth. However, in the present chapter only growth
on planar Au coated silicon will be covered.

31
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3.2 Molecular structure of  para -hexaphenylene

Para-hexaphenylene (GgH2g) is an oligomer of the conjugated polymer,
poly-paraphenylene. Itis a an aromatic molecule, which corist of six pheny-
lene rings (Fig. 3.1). This type of molecule is especially iteresting due to
its promising application potential within electronic and opto-electronic de-
vices, such as light emitting devices [78, 79, 80, 81] and thi Im transistors
[82].

The optical and electrical properties are mainly governed ly the delocal-
ized electron system. In p6P, the carbon atoms hybridize to form hree sp?
orbitals and one 2p orbital. The sp? electrons form strong bonds while the
remaining 2p electrons form bonds, which are delocalized over the entire
molecule. It is the orbitals, that constitute the highest occupied molecu-
lar orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO),
which again, to a large extend, govern the optical and elecical properties
in p6P.

Figure 3.1: The p-6P molecule (GgH2s) which consist of six phenylene rings.

In such organic molecules, which posses conjugated electron systems,
the electrons are easily excited from the HOMO to the LUMO level. In
the case of p6P, the energy bandgap is around 3.1 eV [83], whigives rise to
blue uorescence. When an electron is excited from the HOMO ével to the
LUMO level, an electron-hole pair (exciton) is generated, wih a correspond-
ing Coulomb force between them. The energy of this electron-ble pair is
therefore smaller than the energy gap between the HOMO and LWO levels,
and thus, when the electron and hole recombine, the photo-eméson occurs
at energies that are lower than the bandgap. In the uorescege spectrum of
p6P, several peaks are visible, which correspond to trandgitns between the
LUMO ground state and di erent HOMO vibrational states. This is demon-
strated in gure 3.2, which shows a uorescence spectrum frmn an ensemble
of p6P nano bers. It should be noted, that the uorescence sgectrum from
a thin Im of p6P shows the same characteristic as for an ensetve of nano-
bers, although the ratio between the peaks change, and the paks appear
broader [84]. Both the (0-0), (0-1), (0-2) and (0-3) bands are clarly visible
in the spectrum. The reason for the suppressed (0-0) band is rabsorption.

When discussing thin Ims, either continuous or an ensembls of nano-
bers, an important aspect is that the optical and electronic properties of
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Figure 3.2: Fluorescence spectrum from an ensemble of p6P mabers
grown on muscovite mica. Excitation wavelength at 325 nm.

these depend strongly on the orientation of the molecules,rébm which the
thin Ims are assembled. For example does the optical absorion of p6P
depend strongly on the orientation of the individual molecues relative to
the surface of the substrate [85]. Furthermore it has be demmstrated that
the internal alignment of the molecules in p6P based light entting devices
has a strong e ect on the e ciency of the device [78]. Therefae, an under-
standing of the p6P crystal structure and the formation of p6P thin Ims on

substrates is of crucial importance for the understanding 6 the properties
of these devices. This will be described in the following séons.

3.3 Crystal structure of para -hexaphenylene

In the gaseous phase, p6P molecules are nonplanar with alteating torsion
angles between adjacent phenyl rings of around 30- 40 [86, 87]. This
torsion is due to two competing forces between, on one handepulsion of
positively charged orthohydrogens on neighboring rings, Wwich forces the
molecules into nonplanar con guration, and on the other hard, the delocal-
ized electron system, which tends to planarize the molecule. Hoewer, in
a crystalline environment, the molecules are expected to belanar [86, 60].
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Para-hexaphenylene crystallizes in a monoclinic lattice with P2 sym-
metry and lattice constants of a = 8:09 A, b=5:57 A, ¢ = 26:24 A,
and = 98:2 [86]. The molecules are packed in a herringbone structure,
with the molecular axes parallel to each other (g. 3.3a) andthe molecular
planes are tilted with 66 with respect to each other [60] as shown in gure
3.3b. This crystal structure is known as the -phase of p6P.

Figure 3.3: Arrangement of hexaphenylene molecules in the -phase. (a)
The hexaphenylene molecule form layers with a thickness of3297 A. (b)
The molecular planes of neighboring molecules are tilted b6 relative to
each other. Reproduced from [60]

The reason for this herringbone packing of the molecules istamic charges
on the hydrogen atoms [88]. This results in Coulomb forces wikh act be-
tween the molecules. The fact that the Coulomb forces are stinger than
the van der Walls interactions [60] leads to a parallel aligment of the long
molecular axes. While the Coulomb forces thus lead to layerdrmation, the
much weaker van der Walls interactions seem to act between th layers [60].
The thickness of a layer is 25997 A ( gure 3.3a).

In gure 3.4, a space- Il model of the room temperature bulk p6P crystal
structure is depicted along with the (100) and (1-1-1) planeswhich resemble
two close-packed faces of the bulk crystal. Depending on thenieraction
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between the molecules and the surface, the molecules can bigher upright

standing or lying on the substrate surface. When the interation between
the molecules and the surface is small, the molecules tend tstand upright

on the surface, with their close-packed (100) face paralleld the surface [60].
This is for example observed for p6P deposited on alkali haties [89]. The
resulting Ims therefore exhibit step heights of around 2.6 nm, corresponding
to the length of the p6P molecule. When the interaction is large, for example
due to electrostatic interactions [60], lying molecules wth e.g. their (1-1-1)
or (20-3) faces parallel to the substrate are observed. Thissifor example
the case for p6P deposited on mica [49] and TiQ[8].

Figure 3.4: The room temperature bulk structure of p6P. Part of the bulk
unit cell together with the (100) and (1-1-1) planes are shown.Reproduced
from [90].

It should be noted, that for some substrates, both lying and wpright
standing molecules can be observed, depending on the growitonditions.
This is the case for growth on alkali halides, where both sultsate tem-
perature [91] and deposition rate [89] in uence, whether lyng or standing
molecules are formed. Therefore, strict control of the paraneters during
thin Im growth is an obvious demand.

A rather simple method for determining, whether lying or upright stand-
ing molecules are formed on the surface, is by uorescence oroscopy under
normal incidence excitation. The reason is, that the transtion dipole mo-
ment between the HOMO and the LUMO level in p6P is aligned alorg the
long molecular axes [92] and as a consequence, only moleaulging on the
substrate surface can be excited under normal incidence réation, whereas
upright standing molecules do not couple to the normal incicknce excita-
tion light [85]. Furthermore, information of the molecules orientation to
each other can be found by investigating the polarization poperties of the
Im. A Im, which consist of mutually parallel molecules emi ts polarized
uorescence, since the transition dipoles are all aligned.



36 Nano bers from  para -hexaphenylene molecules

3.4 Para -hexaphenylene thin Im growth

Due to the insolubility of p6P in common solvents, depositicn of p6P mole-
cules on substrates is done by vacuum sublimation. Sublimabn processes
are in general advantageous compared to Ims prepared from aolution,
due to the fact that the molecules are deposited from the gas Ipase in a
high vacuum environment (typically around 10 & mbar), which results in
thin Ims of high purity. Mainly two techniques have been employed for
growth of p6P thin Ims, either organic molecular beam epitaxy (OMBE)
[49] or hot wall epitaxy [2]. In this work, p6P nano bers are grown on dif-
ferent surfaces under various conditions in an OMBE system.The system
is described in more details in section 2.1. In short, p6P is éposited via
sublimation at around 670 K at a pressure of around 108 mbar. The nom-
inal thickness of the deposited material and the depositionrate (typically
around 0.1 A/s) are monitored by a water-cooled quartz microbalance. The
substrate temperatures range from around 350 K to 450 K.

In this section, growth of di erent thin Ims from p6P molecu les will
be described. This include rst some general aspects of thergwth process
followed by speci ¢ examples of thin Im growth on muscovite mica, metal-
oxide and metal surfaces. The focus in these examples is ondfformation
of p6P nano bers on di erent surfaces.

3.4.1 Thermodynamic aspects of thin Im growth
Growth modes

When p6P is deposited on a surface, one of the three followingrowth modes
are generally accepted to take place: Volmer-Weber growth, fank-Van der
Merwe growth or Stranski-Krastanof growth [93]. The three growth modes
are illustrated in gure 3.5.

Figure 3.5: lllustration of the three typical thin Im growt h modes: Frank-
Van der Merwe growth, Stranski-Krastanof growth and Volmer-Weber
growth.

In Frank-Van der Merwe growth, layers are formed on the substate,
the mode is also denoted as layer-by-layer growth. In StranskKrastanof
growth, a wetting layer is formed on the surface followed by $land growth.
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The Volmer-Weber growth is pure island growth. The mode, whid is
active during thin Im growth, depends on the strength of the molecule-
molecule interaction compared with the molecule-surface iteraction as well
as strain in the formed Ims. In Frank-Van der Merwe growth, th e molecule-
surface interaction is stronger than the molecule-moleculénteraction, and
this therefore results in layer-by-layer growth. When the molecule-molecule
interaction is stronger, pure island growth is present (Voimer-Weber), whereas
Stranski-Krastanof is a mixture between the two. This espeally occur when
the interface energy is high, thus allowing for initial layer-by-layer growth,
and when the strain energy in the Im is also high, making subgquent island
growth energetically favorable [94].

Nucleation and kinetics

Considering the case where atoms or molecules impinge on almirate sur-

face, the deposited molecules follow one of the three growtmodes depend-
ing on the molecule and surface properties. Stable islands ouclei may form

on the substrate surface, which are accompanied by a free-emgy change,
G, given by [93]:

G=asr® Gy + ayr? jy + ar? s af? o (3.1)

Here the interface energies are indexed bys (substrate), f (Im) and
v (vapor), respectively. a is a geometric constant, r is the nucleus radius
and Gy is the chemical free-energy change per unit volume. The di eent
parameters are shown in gure 3.6, which is an illustration d the nucleation
processes on a surface during vapor deposition.

Thermodynamic equilibrium is achieved whend G=dr = 0, which leads
to a critical nucleus size,r , and its free energy change, G , given by [93]:

r= 2@ f+aits a s

3.2
3az Gy ( )
4@ v + A2 fs A2 sv)
G = 3.3
2735 G2 33)
_ 16 ( +v)® 2 3cos +cos? (3.49)
3( Gy)? 4

Here, G is given by two factors. The rst factor describes homoge-
neous nucleation, and the second factor describes the wettjj, which is 0
for =0 , i.e. complete wetting, and unity for = 180 . Direct dif-
ferentiation, assuming an inert substrate and inserting typical values yields
[93]:
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Figure 3.6: lllustration of the nucleation processes on a dostrate surface
during vapor deposition. Reproduced from [93]

— >0; — >0 (3.5)

Hence, an increase in substrate temperature, T, leads to amcrease in
the critical nucleus size and its free energy change. Furthenore, considering
the dependence on the deposition rate, R:

-— <0 ; — <0 (3.6)

Hence, the critical nucleus size and its free energy changadrease for
decreased deposition rates. Therefore, from these basicrtsiderations, the
in uence of the substrate temperature and deposition rate o the initial nu-
cleation can be deduced. In general, low deposition rates ahigh substrate
temperatures lead to an increase in the nucleus size. This &lso seen in the
case of p6P deposition on for example muscovite mica (sec. 432) and Au
surfaces (sec. 3.4.4).

Once stable nuclei are formed, they diuse over the heated sostrate
surface and may coalesce or agglomerate to form larger aggites. From
thermodynamics, the e ective di usion, D¢ , can be described by [95]:

Eeff

Where is the attempt frequency, E¢¢ is the e ective activation energy
and T is the substrate temperature [95]. The e ective di usion therefore

Dett =  exp(
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increases with substrate temperature. This basic expressn for the e ective
di usion is an important relation for the growth of p6P nano bers, since
the bers are assembled from di using clusters, which therdore, to a large
extend, can be controlled by surface temperature. It shouldoe noted, that
for real surfaces, parameters like cleavage steps and sucka imperfections
in uence the diusion of nuclei on the substrate surface. Typically such
imperfections hinder di usion, and thus a signi cantly hig her density of
nuclei is usually observed near cleavage steps and other $ace imperfections
[93].

In this section, some of the basic thermodynamic aspects ofhin Im
growth were discussed, in the following, some speci ¢ exanips of p6P de-
position on di erent surfaces are demonstrated.

3.4.2 Para -hexaphenylene on muscovite mica

Deposition of p6P molecules on muscovite mica leads to forntimn of mutu-

ally parallel nano bers. The mica is cleaved just before it is introduced to
the OMBE system, where p6P is deposited on the heated substta. As al-
ready noted in the previous section, there are several impoant parameters
in such a nano ber growth process, which in uence the end reslt. Three

of the main parameters are the substrate temperature duringdeposition of
the molecules, the deposition rate and the nominal thicknes of the p6P
layer. These parameters strongly in uence both the dimensbns and den-
sity of the grown nano bers [1, 96]. One example of this is deronstrated
in gure 3.7 which show uorescence microscopy images of p6mano bers
grown on muscovite mica at three di erent substrate temperaures. The
nominal thickness of the p6P layer is 5 nm in all cases. It is esly seen
that the density of the nano bers is decreased with an incresed substrate
temperature.

Figure 3.7: Fluorescence microscopy images of blue light atting p6P na-
no bers grown on muscovite mica at a substrate temperature é (a) 390 K,
(b) 417 K and (c) 449 K.

In gure 3.8, atomic force microscopy images of the same sanhgs are
shown. As seen from images, the nano ber dimensions increaswith an
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increasing substrate temperature. This is mainly the mean éngth of the
bers, which increase from around 6 m at 390 K to around 25 m 449 K.

The width of the nano bers also increases from around 200 nm &390 K to

around 300 nm at 449 K. These observations are quantitativel the same as
those previously observed for p6P nano bers on muscovite neia [96].

Figure 3.8: AFM images of p6P nano bers grown on muscovite mia at a
substrate temperature of (a) 390 K, (b) 417 K and (c) 449 K. The height
range is (a) 100 nm, (b) 70 nm and (c) 116 nm, respectively.

Growth of p6P nano bers on muscovite mica follows the Strangi-Krasta-
nof growth mode. A detailed illustration of this is demonstrated in gure 3.9.
There are di erent stages present in such a growth process. iFst a wetting
layer is formed on the surface, second clusters are formed tiha critical
size and number density are reached, and then nally bers ae assembled
from these clusters [96, 97], whose di usion can be descridefrom equation
3.7, i.e. the e ective di usion is increased with temperature. The clusters
are crystalline [97] and their size depend on temperature: he cluster size
increases for increasing substrate temperatures [96], wth is consistent with
basic nucleation theory (see eqg. 3.5). The large increase Iength compared
to height and width can be assigned to anisotropic moleculainteractions,
i.e. the molecules tend to pack with the molecular axes pard¢l to each
other.

Investigations of the microscopic growth process of p6P nambers on
muscovite mica by LEED measurements have revealed, that thenano -
bers grow with either the (1-1-1) or the (2-1-1) face of the bulk cystal
( -structure) parallel to the substrate, i.e. the nano bers are assembled
from molecules lying on the substrate surface [1]. This is ab indicated by
the uorescence microscopy images (g. 3.7), since only lyig molecules can
be excited under normal incidence irradiation.

The reason for the growth of mutually parallel nano bers on muscovite
mica is a combination of epitaxy and electric- eld induced alignment of the
molecules. The nano bers grow along one of the two possibleigh sym-
metry directions on mica, i.e. along one of thenl1G directions determined
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Figure 3.9: lllustration of the Stransky-Krastanov growth mode. Cluster
growth is present on top of a wetting layer until a critical cluster size and
density is reached from where nano ber growth starts.

from Schlag gur investigations [90]. The long molecular axes are almost
perpendicular to the long ber axis and are parallel to electic elds present
on the mica surface upon cleavage [98]. The orientation of # molecules to
the electric elds is likely due to a dipole-induced dipole interaction, since
the average dipole moment of p6P is zero [90]. In gure 3.10,He growth
of p6P nano bers on mica is illustrated. In g. 3.10a, the (1-1-1) face of
the bulk p6P crystal is depicted along with the surface unit cell. The long
nano ber direction is marked by a blue arrow. In g. 3.10b, th e unit cell
is reproduced together with the (001) face of mica. The nanober growth
direction is along the h11G direction of mica. The electric elds present on
the surface are marked with arrows.

3.4.3 Para -hexaphenylene on metal-oxide surfaces

In recent studies it has been demonstrated that highly ordeed p6P Ims
can be grown on single-crystalline metal-oxide surfaces [8,99 100, 101].
The p6P Ims display single crystallinity and in certain cas es also nano ber
growth. In contrast to mica, where oriented growth of nano b ers is due to a
combination of epitaxy and electric eld induced alignment, pure epitaxial
grown, mutually parallel nano bers are observed on TiO;(110) [8] and on
(2x1) oxygen reconstructed Cu(110) [100].

On TiO 2(110) mutually parallel, segmented nano bers are observed
The nano ber growth direction is along the [1-10] direction of the highly
anisotropic TiO2(110) and X-ray diraction (XRD) data reveals, that the
molecules are oriented perpendicular to the long ber axishamely along the
[001] direction [8]. Therefore it is believed that molecula alignment along
the atomic rows on the single-crystalline TiO,(110) surface is the reason
for the oriented growth [8]. The nano ber growth on TiO »(110) is di erent
from the ber growth on muscovite mica, where nano bers are assembled
from crystalline clusters (section 3.4.2). Instead nano bers on TiO»(110)
are assembled from individual, aligned molecules, which ar all mutually
parallel over the entire surface and hence display only a simjie crystalline
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Figure 3.10: (a) The (1-1-1) face of the bulk p6P crystal strucure together
with the surface unit cell. (b) The (001) face of mica togetherwith the unit

cell. The short axis of the unit cell is parallel to mica hL10. The direction
of the molecules is parallel to the electric elds, which aresymbolized by
arrows. Reproduced from [90].

orientation. As mentioned before, the nano bers are segmeted, and are
therefore limited in length to around 1 m [8].

Similar growth has been observed on Cu(110)(2x1)O surfacesvhere
mutually parallel nano bers are grown from molecules whichalign parallel
to the O rows, i.e. perpendicular to the long ber axis [100]. Both on
Cu(110)(2x1)O and TiO2(110) surfaces, lying molecules with their close-
packed (20-3) face parallel to the substrate are formed [8, 99100, 101].

Although a high degree of order is achievable on these surfas, the di -
culty in preparing the clean!, ordered substrates makes them less interesting
from an applied point of view.

3.4.4 Para -hexaphenylene on metal surfaces

Due to its large application potential, metal surfaces are & special inter-
est as substrates for nano ber growth. This is for example the possibility
to act as contact electrodes in new types of organic eld e et transistors
(OFET's) or organic light emitting diodes (OLED's). In the p ast it has been

Typically the cleaning process involves sputtering with Argon ion s in vacuum and
subsequent annealing in ultra high vacuum.
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demonstrated, that nano bers from p6P molecules can be grow on Au sur-
faces, for example on Au coated mica [6] and on Au(11l1) surfas [7]. In
this work, deposition of p6P is investigated on various met#s as substrates
for nano ber growth.

In contrast to previous studies, the metal substrates here ee prepared
by electron beam deposition (10° mbar, 0.6 A/s) of around 50 nm metal
on either silicon(100) or glass (pyrex) substrates. After netal deposition,
the substrates are immediately transferred into the OMBE system (section
2.1) for deposition of the organic molecules.

Deposition of p6P on such simple prepared metal surfaces itieads to
nano ber formation in specic cases. This is demonstrated n gure 3.11,
which shows uorescence microscopy images of p6P deposited an electron
beam evaporated Au surface (g. 3.11a). For comparison, naa bers grown
on muscovite mica at the same conditions are shown as well (g3.11b).

Figure 3.11: p6P nano bers grown on (a) 55 nm Au, deposited onpyrex
glass, and on (b) muscovite mica. The nominal thickness of th p6P layer
is 5 nm, the nano bers are in both cases grown at a substrate teperature
of 432 K.

It is clearly possible to grow nano bers on such Au surfaceshowever,
in contrast to hano bers on mica, no preferred orientation of the nano bers
is observed. In the following, deposition of p6P on various ratal substrates
will be described. P6P deposition on Au surfaces will be desibed rst
followed by p6P deposition on various other metal surfaces.

Para -hexaphenylene on Au surfaces

In previous studies, p6P deposition on crystalline Au(111)surfaces has been
described [7, 102, 103]. On Au(111) surfaces, p6P depositideads to one of
three di erent Im types depending on the substrate temperature. At low
temperatures (93 K), an almost continuous at Im is formed o n the surface,
whereas a more island-like Im is formed at room temperature ¥]. In the
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latter case, a wetting layer is rst formed on the surface, ard the growth
mode can be described by a Stranski-Krastanof mode. At high teperatures
(430 K) nano bers, which consist of lying molecules, are fomed along with
terraces made of upright standing molecules [7, 103]. The ma ber growth
direction is along three directions separated by an angle 020, which is
a clear indication of an epitaxial relationship between thenano ber growth
and the Au(111) surface geometry [7]. This has also been obsed for p6P
deposited on Au coated muscovite mica [6].

As already demonstrated, p6P deposition on electron beam eporated
Au surfaces also leads to nano ber formation (g. 3.11a). The nano ber
formation exhibits a clear temperature dependence, as it ishown in gure
3.12. The gure shows uorescence microscopy images of 5 nm6p de-
posited on Au at a substrate temperature of 388 K (g. 3.12a),416 K (g.
3.12b) and 449 K (g.3.12c). The Au surfaces were prepared bgvaporating
55 nm Au onto silicon(100) substrates. The substrates wereransferred to
the OMBE system immediately after Au evaporation.

Figure 3.12: Fluorescence microscopy images of p6P nano b& grown on
Au coated Si at a substrate temperature of (a) 388 K, (b) 416 K,(c) 449 K.

It is seen, that the nano ber density decreases with an incrased sub-
strate temperature. Furthermore, the nano ber length incr eases with tem-
perature. These observations are similar to those seen forg® nano ber
growth on muscovite mica (g. 3.7 and g. 3.8). No preferred growth ori-
entations of the nano bers are observed on these substrates.e. there seem
to be no epitaxial relationship between the organic molecu#s and the Au
surface, indicating that the Au surface is non-crystalline. It should be noted
that no cleaning of the substrates was performed after the sSostrates were
introduced to the OMBE system, i.e. the Au surface cannot be &pected to
be completely clean.

For both p6P and p4P deposition on Au(111) surfaces, the in uence from
an initial carbon layer on the Au surface has been studied. Inthe case of
p6P [102], the rst p6P layer changes from highly regular andwell-de ned
on clean Au (111) to disordered on carbon covered Au(111)

For p4P Ims, a change of both morphology and orientation of gown
nano bers has been demonstrated as a consequence of carbooverage on
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Au(111) surfaces [104, 105]. On clean Au(111) surfaces, p4Rano bers
with preferred orientations are observed due to an epitaxia relationship
between the lying molecules and the surface [104, 105, 10607. Again
the growth mode can be described by a Stranski-Krastanof grotihh mode.
When covered with carbon, this epitaxial relationship is weakened, resulting
in a less oriented ber growth. Furthermore, the grown bers are no longer
straight, but start to bend due to the carbon coverage on the Au surface
[105]. A further carbon covered Au(111) surface leads to a in of upright
standing molecules without any nano ber growth [104, 105].

Therefore, not only the crystal structure of the surface, bu also the
surface composition a ects the formation of nano bers on Au surfaces. A
clean, crystalline surface is needed for achieving orientep6P nano bers on
non-structured Au surfaces.

Figure 3.13 show AFM images of p6P nano bers grown on evapotad Au
surfaces at substrate temperatures of 388 K (g. 3.13a), 41& (g. 3.13b)
and 449 K (g. 3.13c), respectively. As uorescence microsopy revealed
(g. 3.12), the nano ber density decreases with an increasng substrate
temperature. The AFM measurements show, that small clustes are present
in between the nano bers, and that the size of these clusterslepends on
the substrate temperature during growth. The cluster width increases from
around 50 nm at 388 K to 200 nm at 449 K, whereas their height inceases
from around 20 nm at 388 K to 40 nm at 449 K. This growth behavioris
similar to that of p6P nano bers grown on muscovite mica (secion 3.4.2),
where the nano bers are assembled from crystalline, di ushg clusters, whose
sizes are also temperature dependent. This is also qualitately expected
from basic nucleation theory (sec. 3.4.1).

Figure 3.13: AFM images of p6P nano bers grown on Au coated Siat a
substrate temperature of (a) 388 K, (b) 416 K, (c) 449 K. The hdght range
is (a) 299 nm, (b) 230 nm and (c) 206 nm, respectively.

As already seen from uorescence microscopy measurementse length
of the nano bers increases with temperature (g. 3.12). The AFM measure-
ments reveal an increase in nano ber width with substrate temperature as
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well. The width increases from around 150 nm at 388 K to around400 nm
at 449 K. Furthermore, the AFM measurements show, that the nano bers
are not at as in the case of p6P nano bers grown on mica. Instad, the
nano bers show a faceted structure. This has also been obsexd for nano-
bers grown on Au coated mica [6]. A more detailed image of thenano ber
morphology is shown in gure 3.14, which shows a 3D represeation of a
single nano ber grown on Au at a substrate temperature of 449K. The
facets along the nano ber are easily seen together with the mall clusters
from which the bers are assembled.

Figure 3.14: 3D AFM image of a p6P nano ber grown on Au coated $at a
substrate temperature 449 K. The width of the image is 4 m. The height
range is 206 nm.

Para -hexaphenylene on Ti, Cr, Al and Ag

In addition to Au, p6P deposition on Al, Ag, Ti and Cr has been investi-
gated. The metals are deposited onto glass (pyrex) substras by electron
beam deposition, afterwards 5 nm p6P is deposited on the metaurfaces at
a substrate temperature of 432 K. Figure 3.15 shows uoresage microscopy
images of the Ims grown on (a) Al, (b) Ag, (c) Ti and (d) Cr, res pectively.
As it is seen, the Ims do not show any nano ber formation as in the case
of p6P deposition on Au, instead only small clusters of di erent kinds are
seen on the surfaces. For Al (g. 3.15a), elongated p6P clustrs are formed
on the surface, whereas for both for Ag and Cr, smaller and mar circular
shaped clusters seem to appear. The fact that the p6P clusteron Ag uo-
resce much more than on Cr, indicates, that di erent moleculr orientations
are present on the two surfaces, i.e. lying molecules are fared on the Ag
surface, whereas upright standing molecules are formed orhé Cr surfacé.
A more detailed analysis of the grown Ims is made by AFM measue-
ments. Figure 3.16 shows AFM images of the same samples, i.&5 nm

2|t should be noted, that a di erence in sticking coe cients and opt ical re ectivity,
may in uence on the comparison of the uorescence microscopy measurements on the
di erent metals.
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Figure 3.15: Fluorescence microscopy images of p6P nano b& grown on
55 nm (a) Al, (b) Ag, (c) Ti and (d) Cr, deposited on a pyrex glass. The
nano bers are grown at a substrate temperature of 432 K.

p6P deposited on (a) Al, (b) Ag, (c) Ti and (d) Cr, respectively. For Ag

(g. 3.16b) and Cr (g. 3.16d), clusters with typical widths around 600 nm
and typical heights around 60 nm appear, although with some wariations
in both dimensions across the sample. For Ti (g. 3.16¢), at islands of
di erent shapes are formed. The typical height of these islads is around
20 nm. Furthermore, small clusters with typical height around 200 nm are
formed as well. From comparing the uorescence microscopy raalysis with

the AFM analysis, it is assumed, that the at islands are assenbled from
upright standing molecules, whereas the small clusters arassembled from
lying molecules, since they uoresce when excited by normaincidence UV
light (g. 3.15c). On Al, the growth can be characterized as dongated clus-
ters, both seen in uorescence microscopy and the AFM imagesHowever,
high resolution imaging by AFM was not possible when scannig this parti-

cular surface. It could not be determined, whether lying or yright standing

p6P molecules are formed on the Al surface.

It should be noted, that at higher temperatures, short nano bers start to
form on Ag surfaces. This is not the case for the other metalsFigure 3.17
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Figure 3.16: AFM images of 5 nm p6P deposited on (a) Al, (b) Ag,(c) Ti
and (d) Cr at a substrate temperature of 432 K. The metals weredeposited
on a pyrex substrate by electron beam evaporation. The heighrange is (a)
571 nm, (b) 426 nm, (c) 260 nm and (d) 205 nm, respectively.

shows uorescence microscopy images of 5 nm p6P deposited sitver coated
(50 nm) silicon at 439 K. It is seen that small bers start to form at this
temperature, however, these nano bers are much shorter tha nano bers
grown on gold at the same temperature. The nano bers also gre randomly
in all directions, as it the case for nano ber growth on gold.

The reason why these substrates do not lead to nano ber formton is not
clear, however, the relatively high density of clusters/idands on the surface
suggest, that the molecules are less mobile on these surfaceompared to
molecules on Au surfaces, where long, separated nano bergeaformed at
the same substrate temperature (g. 3.11a). As demonstrate for p6P on
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Figure 3.17: Fluorescence microscopy image of 5 nm p6P depiesl on Ag
coated (50 nm) silicon at 439 K.

muscovite mica, the morphology of the nanostructures depetts strongly on
the surface energy [90]. On mica, bend bers and upright stading molecules
are observed at a reduced surface energy [90], compared tanpy mutually
parallel nano bers on freshly cleaved muscovite mica. The grface energies
of the di erent metals are listed in table 3.1 [108, 109].

Metal Surface enegergy
Aluminum (Al) 1.143 J/m?
Silver (Ag) 1.246 J/m?
Titanium (Ti) 1.989 J/m?
Chromium (Cr) 2.354 J/m?
Gold (Au) 1.506 J/m?

Table 3.1: Surface energy of Al, Ag, Ti, Cr and Au [108, 109].

Both for Titanium and Chromium, the surface energy is higher than
for gold. However, Titanium, Chromium and Aluminum are all k nown to
form a thin oxide layer, which reduces the surface energy [93the samples
are transferred in air after metal deposition). This can be me explanation
for the di erent nanostructure formation on the metals, however, further
investigations are needed to verify this assumption. This ould for example
include growth on metal Ims which are prepared in the vacuum system.

The fact, that the organic Ims are formed from molecules or dusters,
which di use over the heated metal surfaces, makes the qualy and rough-
ness of the metal surface important. The surface roughnessf the ve dif-
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ferent metal Ims evaporated on pyrex glass (including Au, g. 3.11a) has
been measured by AFM, using the sofware: The Scanning Proberlage Pro-
cessor (SPIP) version 3.3.6.0 from Image Metrologyy The measured RMS
Im roughness of the di erent metal Ims are listed in table 3 .2. Although

some variations of the roughness are seen, they are in all aswithin one to
a few nanometers, and it is not expected, that smoother Ims would a ect

the nanostructure growth on the di erent metals a lot.

Metal (55 nm on pyrex glass) | RMS roughness
Aluminum (Al) 2.49 nm
Silver (Ag) 3.75 nm
Titanium (Ti) 1.06 nm
Cromium (Cr) 1.23 nm
Gold (Au) 1.31 nm

Table 3.2: RMS roughness of dierent metal Ims (55 nm) prepared by
electron beam evaporation on pyrex glass. The roughness hagen measured
at a scan area of 3 m? in all cases.

3.5 Summary

In this chapter, nano ber growth from para-hexaphenylene (p6P) molecules
on non-structured surfaces has been described. This includethe molec-
ular and crystal structure of p6P along with some basic propeties. The
assembly of the molecules into nanostructures on various sfaces has been
discussed. In general it can be concluded, that oriented namber growth
is possible on muscovite mica, TiQ(110), Cu(110)(2x1)O and Au(111) sur-
faces, however, only on muscovite mica, long, mutually parel nano bers
are formed. Common for these substrates is, that they are crstalline, i.e.
the directed growth is epitaxial driven through the interaction between the
molecules and the substrate surface. On non-crystalline sfaces, nano ber
growth has been demonstrated on Au surfaces, however, the gwth is not
directed due to the non-crystallinity of the surface. P6P depsition on other
metal surfaces (Al, Ag, Ti, Cr) has been investigated as we|l however, no
nano ber growth was possible on these, with exception of Ag grfaces, where
short nano bers were observed at high surface temperatures

Swww.imagemet.com



Chapter 4

Nano bers on structured
templates

In chapter 3, growth of p6P nano bers on di erent planar surf aces was dis-
cussed. As it was shown, nano bers can be grown on di erent shbistrates,
however, long, mutually parallel nano bers can solely be gown on a spe-
ci ¢ crystalline growth template, namely muscovite mica. In many applica-
tions, however, parallel nano bers on speci ¢ micrometer szed regions (for
example on ridges or in channels) are needed, which requirgse- or post-
processing of the substrates [20, 22, 28]. Therefore, for diee purposes,
mica is unsuitable. One way to overcome this problem, is by tansferring
the nano bers from mica to a device substrate, while retainng there paral-
lelism. Previous studies have shown, that p6P nano bers carbe transferred
from muscovite mica, as an ensemble or individually, to othe substrates [5],
which for example has allowed for investigations of the elddcal [110] and
mechanical [52] properties of the bers. However, large-sda, controlled
transferring of the nano bers onto speci ¢, micrometer sized device areas
is a very dicult task. Furthermore, destruction or contami nation of the
nano bers during transferring also restrains the usefulnes of this method.

In this chapter, a new approach, which relies on growth on nao- and
micro-structured surfaces, is presented. The aim of this méiod is to achieve
in-situ growth of mutually parallel p6P nano bers on prefabricated device
platforms, i.e, to grow the nano bers in a controlled way, where they are
needed. An obvious choice of device substrate is silicon, éuo its excellent
compatibility with micro-processing techniques, which hawe been exploited
for decades in microelectronics. However, as previous stigs have shown
[111], and as demonstrated in gure 4.1, p6P deposition on §con does not
lead to nano ber growth. The gure shows SEM images of 2 nm p6Pde-
posited on silicon at a substrate temperature of 435 K. The dicon substrate
is partly coated with Au. The Au was deposited through a mask, therefore
only the lower (bright) part on gure 4.1a is coated with Au, w hereas the

51
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upper (dark) part is uncoated, i.e. p6P on bare silicon.

Figure 4.1. SEM images of 2 nm p6P deposited on Au coated silbie(100) at
a substrate temperature of 435 K. (a) The Au has been deposité through
a mask, so only the lower (bright) part of the substrate is coded with Au,
whereas the upper (dark) part is pure Si. On (b) a zoom-in on theboundary
region between Au and Si is shown.

As it is seen, the Au coated part shows random nano ber growth(as
it was demonstrated in section 3.4.4), whereas the bare silon part only
shows a few p6P islands. So although silicon itself does noflaw for nano-
ber growth, a thin Au layer circumvents this problem. Metal deposition
is a standard process within micro-fabrication, and theref@e this does not
preclude its usage from a device oriented point of view.

In gure 4.1b, a zoom-in on the boundary region is shown. The Au
Im is changed in this region from continuous to cluster-like, which clearly
modi es the nano ber growth from long, separated bers on th e continuous
Im, to shorter and more closely packed nano bers in the boundary region.
This can be explained by a limited di usion of p6P molecules @ clusters in
this region, which increase the nucleation sites. This demustrates, that it is
possible to modify the di usion and thereby nano ber growth by structuring
the Au surface prior to p6P deposition.

The basic idea demonstrated in this chapter, is growth of p6Pnano bers
on periodically structured Au surfaces, as a method for actdving oriented
growth of nano bers on device compatible substrates. Au hashe advantage,
that it can be deposited on various substrates and still allev for nano ber
growth (sec. 3.4.4). Therefore it is possible to use di erenhtypes of nano- or
micro-structured substrates as the base template, and then éposited Au to
achieve the structured Au surface. In this work, two di erent substrates have
been used, namely silicon and alumina templates. Silicon cabe structured
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in a controlled way on a micrometer scale by optical lithogrgphy and etching,
and is therefore ideal for growth on microstructured templaes. Alumina
templates with a high pore regularity can rather easily be faricated [112].
This is therefore a cheap and fast method for fabricating naostructured
templates compared to for example electron beam lithograpy although it
does not allow for the same design exibility.

4.1 Au coated microstructured silicon

4.1.1 Au coated micro-ridges

In this section, growth of nano bers on microstructured Au surfaces is
demonstrated. The microstructures are fabricated in silion(100) by optical
lithography and reactive ion etching. An Au layer is deposited on the struc-
tured substrate by electron beam deposition to achieve the necrostructured
Au surface. Experimental details regarding the optical lithography and re-
active ion etching are described in section 2.3 and section.£2, respectively.
In short, the optical lithography is performed by using a Karl Sass MA 150
mask aligner, the subsequent reactive ion etching (RIE) is dne in a deep
plasma etching system type AMS 110 from Alcatel, using the BGCH pro-
cess with a mixture of SFK/C 4Fg/O >. One microstructured con guration,
which has been investigated, is periodically ordered micraidges fabricated
with di erent dimensions. In gure 4.2 an interference micr oscopy image of
10 m wide micro-ridges fabricated in Silicon is shown.

Figure 4.2: 200 m x 200 m interference microscopy image of 10 m wide
micro-ridges fabricated in Silicon by optical lithography. The height of the
structures is 3 m.

After etching and resist removal, the wafers are cleaned in & oxygen
plasma, before 55 nm Au is deposited on the substrates. The Adeposition
is done at a rate of 0.6As ! in a BOC Edwards 500 system, with a deposition
pressure of around 10° mbar. The Au coated substrates are immediately
transferred into the OMBE system (section 2.1), where the p® deposition
is performed.

In gure 4.3, a uorescence microscopy (g. 4.3a) and a SEM ( g. 4.3b)
image of p6P nano bers, grown on such a Au coated micro-ridge taa sub-



54 Nano bers on structured templates

strate temperature of 388 K, is shown. The width of the ridge 8 5 m and
the nominal p6P thickness is 5 nm.

Figure 4.3: (a) Fluorescence microscopy image and (b) tiltd scanning elec-
tron microscopy image of p6P nano bers grown on a 5 m wide Au coated
ridge at a substrate temperature of 388 K.

As it is seen from the images, nano bers grow, as expected, ltlo on top
of the ridge and at the bottom of the substrate, since the whok substrate
is coated with Au. In the uorescence microscopy image (g. 43a), the
nano bers, which are grown at the bottom of the substrate, appear blurred,
since they are out of focus. The nano bers grown on top of the rige (and
at the bottom of the substrate) grow in all directions, as it is the case for
nano bers grown on planar Au surfaces (g. 3.12), i.e. their orientation is
not a ected by the micron-size ridge. This is not surprising considering the
dimensions of the nano bers and the ridge, since the nano bes are shorter
than the ridge width.

Figure 4.4, shows a uorescence microscopy (9. 4.4a) and aEEM ( g.
4.4b) image of p6P nano bers grown on a 5 m wide Au coated ridge at a
substrate temperature of 435 K. Again the nominal p6P thickness is 5 nm.

At this substrate temperature, the nano bers are much longer, and the
orientation of the nano bers is clearly a ected by the micro-ridge. The
nano bers, which are grown on top of the ridge, grow almost pependicular
to the long ridge axis, whereas those grown at the bottom of tle substrate
still grow randomly in all directions (g. 4.4a). This demon strates, that
it is possible to grow mutually parallel p6P nano bers on microstructured
Au surfaces, if the substrate temperature is high enough. TIs e ect has
been analyzed in more details by investigating the substra¢ temperature
dependence on the orientational distribution of the nano bers grown on top
of both 25 m(g. 45,5 m(g. 46) and 10 m (g. 4.7) wide Au
coated ridges.

The orientational distributions show a strong temperature dependence
for growth on both 2.5, 5 and 10 m wide Au coated ridges. The growth
is almost random at 388 K, however, at a small ridge width (g. 4.5 and
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Figure 4.4: (a) Fluorescence microscopy image and (b) scaimy electron
microscopy image of p6P nano bers grown on a 5 m wide Au coated ridge
at a substrate temperature of 435 K.
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Figure 4.5: Orientational distribution of p6P nano bers gr own on 2.5 m
wide Au coated ridges at a substrate temperature of 388 K, 40X, 416 K,
435 K and 449 K, respectively. The growth orientation is with respect to
the long ridge axis.

g. 4.6), oriented growth start to occur even at this temperature. At high

substrate temperatures, the nano ber growth is almost perpendicular to the
long ridge axis. It should be noted, that the mean value is notthe same in
all distributions, however, it is always close to 90. The distributions reveal,

that growth orientation is not only temperature dependent, but depend on
the ridge width as well. This is demonstrated in gure 4.8, which shows a
plot of the standard deviation of the orientational distrib utions as a function
of the ridge width for nano bers grown at a substrate temperature of 388
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Figure 4.6: Orientational distribution of p6P nano bers gr own on 5 m wide
Au coated ridges at a substrate temperature of 388 K, 403 K, 48 K, 435 K
and 449 K, respectively. The growth orientation is with respect to the long

ridge axis.
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wide Au coated ridges at a substrate temperature of 388 K, 40X, 416 K,
435 K and 449 K, respectively. The growth orientation is with respect to

the long ridge axis.

K, 403 K, 416 K, 435 K and 449 K, respectively. Clearly the stamard
deviation is smaller at higher substrate temperatures, i.e the nano bers are
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better oriented at high temperatures. Furthermore, the standard deviation
increases with ridge width, i.e. nano bers are better orierted at narrow
ridges.
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Figure 4.8: Standard deviation of the orientational distributions as a func-
tion of the ridge width for nano bers grown at a substrate temperature of
388 K, 403 K, 416 K, 435 K and 449 K, respectively.

Length distributions of the nano bers grown on 2.5 m(g. 4.9),5 m
(g. 4.10) and 10 m (g. 4.11) wide Au coated ridges at the di erent sub-
strate temperatures have also been measured. The distribidns show, that
the nano ber length increases with temperature as on planarAu surfaces
(sec. 3.4.4). Furthermore it is seen, that on 25 m (g. 49)and 5 m
(g. 4.10) wide ridges, the nano ber length is at high substrate tempera-
tures limited to the size of the ridge. This is especially clar when looking
at the nano bers grown at 435 K, which show a peak value in lengh, that
corresponds to the ridge width, i.e. 2.5 m (g. 49)and 5 m (g. 4.10),
respectively. This is not seen on 10 m wide ridges (g. 4.11), where the
nano ber lengths are shorter than the ridge width. Therefore, the nano ber
length does not only show the expected temperature depender, but also
a ridge width dependence. This is clearly seen in gure 4.12which shows
the mean length of the nano bers as a function of ridge width br the dif-
ferent temperatures. The gure shows, that the nano ber length increases
with temperature and slightly increases with the ridge width, since at wider
ridges, the nano bers lengths are not limited by the ridge width, as on nar-
row ridges. Lines placed at 2.5 m, 5 m and 10 m clearly show, that the
nano bers lengths are limited to the size of the ridges at 2.5 m (at 435 K)
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and almost at 5 m, whereas at 10 m, the ridge width exceeds the bers
lengths. It should be noted, that the increase in length with temperature

is not monotonic, instead the mean length actually decreasdrom 435 K

to 449 K, independent of the ridge width (g. 4.12). This decrease is not
fully understood, however, it is supposed, that some of the ano bers tend

to break up at this high temperature and therefore lower the nean length.
At temperatures around 460 K and above, no further nano ber gowth is

observed, presumably due to the lower sticking coe cient of the incoming
molecules at this temperature [1].
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Figure 4.9: Length distribution of p6P nano bers grown on 2.5 m wide Au
coated ridges at a substrate temperature of 388 K, 403 K, 416 K435 K and
449 K, respectively.

The orientational and length distributions dependence on toth substrate
temperature and ridge width can be explained as follows: At bw substrate
temperatures, short nano bers are grown on the ridge, both rear the edge
and in the center part of the ridge. At these temperatures, the molecu-
les or clusters have a relatively short di usion length, and they therefore
nucleate at the center part of the ridge away from an edge. Ths results
in non-oriented nano bers as it is the case for nano bers gromm on planar
Au surfaces (sec. 3.4.4). At higher substrate temperaturesthe di using
molecules or clusters reach an edge, at which they nucleatend nano ber
growth then starts. This result in nano bers, which are oriented almost
perpendicular to the ridge. Hence, oriented growth starts fom an edge.
The fact that the length of the nano bers grown at high temperatures on
25 mand 5 m wide ridges peaks at 2.5 m and 5 m, respectively, is
because the nano bers are grown perpendicularly orientedd the ridge at
these temperatures and therefore are limited in size by theidge width. This
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Figure 4.10: Length distribution of p6P nano bers grown on 5 m wide Au
coated ridges at a substrate temperature of 388 K, 403 K, 416 K435 K and
449 K, respectively.
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Figure 4.11: Length distribution of p6P nano bers grown on 10 m wide
Au coated ridges at a substrate temperature of 388 K, 403 K, 48 K, 435 K
and 449 K, respectively.

is not the case for nano bers grown on 10 m wide Au coated ridges, since
the ridge width is bigger than the nano ber length; therefore the nano bers
are less oriented on 10 m wide ridges.

The dierence in orientational and length distribution for nano bers
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Figure 4.12: Mean length of p6P nano bers as a function of theridge width
for nano bers grown at a substrate temperature of 388 K, 403 K 416 K,
435 K and 449 K, respectively. The dotted line shows the nanober length
if full coverage of the ridge width is achieved.

grown on Au coated ridges and on a planar Au surface is demonsdted in

g. 4.13. The orientational distribution clearly shows ran dom growth for

nano bers on the planar Au surface, compared to oriented grath on the

ridges. The length distributions show that the ridge width clearly limits the

length of the nano bers on the ridges compared to the planar Al surface. A
relatively large spread is observed in the length distributon on the planar
Au surface. This is due to the fact that nano bers branches irnto smaller

bers, i.e. smaller bers are grown from bigger bers, this is also seen in
gure 3.12c. The mean length of the nano bers is 18.5 m on the planar

Au surface compared to 3.9 m on the 5 m wide Au coated ridge.

The nano ber morphology has been investigated by AFM. Figure 4.14
shows AFM images of p6P nano bers grown on a 10 m wide Au coated
ridge at 388 K (g. 4.14a) and at 449 K (g. 4.14b). It is seen that the
nano ber density is higher at 388 K than at 449 K. Furthermore, clusters,
whose size are temperature dependent, appear in between theno bers.
Whereas the nano ber density decreases with increasing teperature, the
cluster density is seen to increase with temperature. Thes@bservations
are qualitatively similar to those seen both for p6P nano bers grown on
muscovite mica (sec. 3.4.2) and for nano bers grown on planaAu surfaces
(sec. 3.4.4). Both the nano bers and clusters increase in ge with tempera-
ture, which is also similar to growth on planar Au surfaces (gc. 3.4.4) and
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Figure 4.13: (a) Orientational and (b) length distribution s of p6P nano bers
grown on 5 m wide Au coated ridges and a planar Au surface, respectively
The nano bers were grown at a substrate temperature of 449 K.

consistent with basic nucleation theory (sec. 3.4.1).

A closer look at the morphology of a single nano ber grown on al0 m
wide Au coated ridge ( g. 4.14c) and a planar Au surface ( g. 4.14d) shows
as expected similar characteristics. Clusters, from whichthe nano bers
assemble, are visible around the nano bers. Furthermore, he nano bers
grown on the ridge also exhibit the same kind of faceted morpblogy as
nano bers grown on planar Au surfaces. This is even more clgain gure
4.15 which shows a 3D representation of a single nano ber gwn on a 10

m wide Au coated ridge at a substrate temperature of 449 K. Thefacets
along the nano ber are easily seen together with the clustes.

In this work, the crystalline structure of the nano bers and their facets
has not been determined. However, as described in section33.polarized
uorescence microscopy images reveal, if there is an inteal alignment of
the molecules, from which the bers are assembled. Figure 46 shows po-
larized uorescence microscopy images of p6P nano bers gmen ona5 m
Au coated ridge at a substrate temperature of 449 K. The polaizer direc-
tion is marked with arrows on the images. It is seen that the nao ber
uorescence is intense, when the polarizer direction is alrast perpendicular
to the nano bers, whereas almost no uorescence is detectedvhen the po-
larizer direction is approximately parallel to the long nano ber axes. This
is similar to nano bers grown on muscovite mica [96], and it indicates, that
the nano bers consist of molecules, that are mutually paralel, and aligned
almost perpendicular to the long nano ber axes.

Although it is argued, that oriented growth starts from an edge, the ex-
act mechanism for this growth perpendicular to the ridges isstill unclear.
However, since the growth of nano bers depends critically @ the di using
clusters and hence on surface temperature, it is tempting tcassume, that
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Figure 4.14: AFM images of nano bers grown on a 10 m wide Au coated
ridge at (a) 388 K and (b) 449 K. AFM images of a single nano bergrown
at 449 K on (c) a 10 m wide Au coated ridge and (d) a planar Au Im.
The height range is (a) 225 nm, (b) 269 nm, (c) 230 nm and (d) 174m,
respectively.

temperature gradients on the structured surfaces a ect thegrowth process.
Note that the Au coating is covering only the horizontal part s of the surface.
The vertical sidewalls are essentially not coated, i.e. arenade of Si. There-
fore, due to both the di erence in the emissivity of Si and Au, and to the
very geometry of the structures, temperature gradients is gpected from the
ridge edge to their centers. This has been investigated by iisg COMSOL
Multiphysics version 3.4 (see appendix A). Although tempeature gradients
are found to be present on the structures, the small values othe gradients
makes it unlikely, that these gradients alone account for tte observed growth
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Figure 4.15: 3D AFM image of a single p6P nano ber grown on 10 m wide
Au coated ridge at a substrate temperature 449 K. The width ofthe image
is 3.3 m and the height range is 262 nm.

Figure 4.16: Polarized uorescence microscopy images of p6nano bers
grown on a5 m wide Au coated ridge at 449 K. The polarizer direction is
marked with arrows.

perpendicular to the structures.

In previous studies, p4P needle growth perpendicular to smilhstep edges
in Au Ims has been demonstrated, indicating that the indivi dual molecules
align parallel to those edges [106]. However, in the case ofionostructured
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ridges, the line edge roughness (sec. 2.4) of the ridges is ofubigger than
the individual p6P molecules, and it is therefore not expeced, that an align-
ment of individual molecules or small clusters is responsile for the observed
oriented growth.

4.1.2 Au coated micro-channels

In the previous section it was demonstrated, how microstrutured ridges
could guide the growth of p6P nano bers into a preferred direction perpen-
dicular to the long axes of the ridge. Since an edge is neededrforiented
growth to take place, it is easy to be convinced, that a micro-bannel could
account for the same e ect. Although no detailed analysis ha been per-
formed, gure 4.17 demonstrates, how a micro- uidic channelcan guide the
growth of nano bers into a preferred direction as well. The gure shows a
SEM image of a micro- uidic platform with a reservoir at the ri ght, and a
micro- uidic channel connected to this reservoir. The chanrel depth is ap-
prox. 3 m whereas the channel width is approx. 2 m. The whole sample
is covered with both Au and p6P. Inside the reservoir where nostructures
or edges appear, the nano bers grow randomly in all directims. However,
inside the channel, the nano bers grow perpendicular to thechannel, similar
to nano bers grown on ridges.

The micro- uidic samples were produced by the S. Tamulevicits group
from the Institute of Physical Electronics, Kaunas University of Technology,
Lithuania. In short, the structures were fabricated in silicon(111) by opti-
cal lithography and reactive ion etching. The Si samples wez cleaned in
boiling dimethyl formamide and in an oxygen plasma. The strwctures were
processed by RIE etching in the SE/N > gas mixture (at 0.6 W/cm, RF
power density).

Figure 4.17: SEM image 10 nm p6P deposited on a Au coated micraidic
platform fabricated in silicon by optical lithography and r eactive ion etching.

These observations demonstrate the exibility of this in-situ growth
method, since it is not limited to growth on top of a specic structure
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alone, but can be combined with other device con gurations. However, fur-
ther measurements are needed in order to demonstrate the gihnment e ect
with respect to both temperature and channel dimensions. A$o, since the
nano bers are grown on parts which have been etched in the RIEsystem,
the e ect of surface roughness is expected to play a role.

4.2 Au coated alumina templates

As an attempt to increase the growth control of p6P nano berson structured
Au surfaces, a further downscaling of the structure dimensins has been
employed. Typically, nanostructures in silicon are fabriated by electron
beam lithography (EBL) and subsequent reactive ion etching Although
EBL allow for fabrication of smaller structures than optical lithography,
fabrication of structures below 100 nmis both a di cult and t ime-consuming
task. A much more simple approach for achieving periodic naastructures in
Au Ims is to use Au coated porous alumina templates. These tenplates are
normally used for growth of both organic and inorganic nano bers inside the
vertically aligned pores [46, 47, 113], which after templag¢ removal results
in an ensemble of standing nano bers. However, since thesemplates can
be fabricated with high pore regularity, they also become igal templates
for producing nanostructured Au surfaces, simply by coatirg the fabricated
templates with a thin Au layer.

Although these templates allow for much less exibility than EBL fabri-
cated nanostructures in terms of structure dimensions and dsign, they are
cheap, easily fabricated and also allow for nano ber growthwhen coated
with a thin Au layer. This is demonstrated in gure 4.18, whic h shows a
tited SEM image of 10.5 nm p6P deposited on a Au coated alumia tem-
plate at a substrate temperature of 418 K. The template was cated with
a thin Au layer prior to p6P deposition. Note that there is a crack in the
template, which makes it possible to see the vertical poresi the template.

The Au coated alumina templates were produced by the M. Es-Soni
group from the Institute for Materials and Surface Technology, University
of Applied Sciences, Kiel, Germany. In short, the porous terplates were
fabricated by double anodization of a high purity (99.999%)aluminum foil
under a constant voltage (40V) in an oxalic acid solution [LR2]. The pores
produced from this process had a diameter of approximately @ nm and
a center to center distance of 105 nm. A SEM image of such a tentqte
is shown in Fig. 4.19. The pores are hexagonally-ordered in # surface
plane, and have a moderate long-range ordering with domain ges extending
typically up to several micrometers. After processing, a thn Au layer is
sputter-deposited on the templates (Emitech - K550, 12 V DC - gplied to
Au target, 2.5 cm target-substrate distance, 1x10 ! mbar Ar, | = 15 mA).
The sputter deposition time is varied to investigate the in uence of di erent
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Figure 4.18: Tilted SEM image of 10.5 nm p6P deposited on a Au @ated
alumina template at a substrate temperature of 418 K.

Au thickness on the subsequent nano ber growth.

Figure 4.19: SEM image of a porous alumina template. The poreliameter
is around 40 nm.
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In gure 4.20 SEM images of 6 nm p6P deposited on di erent Au layers
on an alumina template are shown. As it is seen, only elongate clusters
are formed on the bare alumina template ( g. 4.20a). However once a thin
Au layer is deposited on the surface, nano bers start to growon top of the
Au coated template. At thin Au layers, a mixture between nano bers and
islands are formed on the surface (g. 4.20b-c), whereas onlgano bers are
formed on thick Au layers (4.20d). The typical nano ber length is a few
micrometers. The p6P deposition is in all cases at a substra temperature
of 415 K.

Figure 4.20: SEM images of 6 nm p6P deposited on a (a) bare and{d)
Au-coated alumina template. The Au deposition time is (b) 3 minutes (c)
5 minutes and (d) 10 minutes, respectively.

In gure 4.21, the di erence between growth on a bare (g. 4.21a) and
Au coated (g. 4.21b) alumina template is more easily seen. #bngated
cluster growth on bare templates is modied to ber growth on the Au
coated templates. Note that the pores become smaller when ated with
Au, however, they still remain unsealed.

Fluorescence microscopy (g. 4.22) investigations revealthat the na-
no bers grown on the Au coated templates consist of lying moécules. By
rotating a polarization Iter during the uorescence micro scopy investiga-
tions it is seen, that the nano bers exhibit some degree of ¢ystallinity,
since the emitted uorescence is polarized. However, sincthe nano bers
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Figure 4.21. SEM images of 6 nm p6P deposited on a (a) bare and)
Au-coated alumina template. Au deposition time: 10 min.

on a large scale grow randomly in all directions, this has notbeen imaged
for an ensemble of nano bers.

Figure 4.22: Fluorescence microscopy image of 6 nm p6P depiesl on a
Au-coated alumina template. Au deposition time: 10 min.

The fact that the nano bers grown on the templates grow randomly
in di erent directions suggests, that the pores have no ordeing e ect on
the nano bers. However, a closer look at the nano ber growthreveals, that
some of the nano bers tend to grow along the directions of theordered pores.
This is demonstrated in gure 4.23, which shows a tilted SEM image of 6
nm p6P deposited on the Au coated template at a substrate temprature
of 415 K. This indicates that the pores, to some extend, guidehe di using
molecules, so that nano bers are formed in speci ¢ directims de ned by the
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pore ordering on the template. The reason why no order is seean a large
scale is partly due to the fact, that the pores are only ordere within domains
of a few tens of micrometers at maximum, i.e. due to the changig domain
boundaries, the nano bers are not ordered on a larger scalelt should be
mentioned that although some bers align along the pore directions, some
also grow across a line of pores.

Figure 4.23: SEM images of 6 nm p-6P deposited on an alumina teptate
at a substrate temperature around 415 K.

In order to investigate this in more detail, a thinner p6p layer is deposited
on a Au coated alumina template. Figure 4.24 shows SEM (g. 424a) and
AFM (g. 4.24b) images of 2 nm p6P deposited on a Au coated alunma
template at a substrate temperature around 415 K. The imagesare from
areas where only very small or no nano bers are grown.

From the images it is seen, that the porous template consistef clusters
that are hexagonally ordered around the pores. As it is seerrém the SEM
image, some of the small bers which are formed on the templat tend
to grow in between these clusters. This e ect is seen even merclear on
the AFM image, where a small layer of p6P seems to grow from thgores
and in between the hexagonally ordered clusters, i.e. the dered valleys
between the clusters seem to act as nucleation centers for ¢hdi using p6P
molecules or clusters. Therefore, the early stage of growtbould be similar to
that observed for growth on microstructured ridges; the di using molecules
or clusters nucleate at a surface imperfection or defect whre di usion is
hindered, and from here the nano bers grow. It is therefore asumed, that
if the pores are ordered, ber growth along a symmetry direcion is preferred.
However, more investigations are needed for making a quartitive analysis
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Figure 4.24: (a) SEM and (b) AFM image of 2 nm p-6P deposited on an
alumina template at a substrate temperature around 415 K. The height
range on the AFM image is 33 nm.
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of this e ect, which for example include the in uence of changing pore sizes.
The reason that some of the nano bers grow across a line of pes could
be, that the pores are too small compared to the nano bers. Ths could
maybe be avoided if the pore sizes are increased. Also paratees such as
the substrate temperature and p6P thickness could have an esct on this
growth process. Furthermore, the use of electron beam lithgraphy would
allow for testing of di erent nanostructured con guration s, which is not
possible with the alumina template approach.

4.3 Summary

In this section it has been demonstrated, that it is possibleto modify the
growth of p6P nano bers on Au surfaces in a controlled way, byperiodically
structuring the Au surface. Two main techniques have been emloyed for
fabricating the structured Au surfaces:

Microstructured Au Ims are fabricated on silicon by optica | lithogra-
phy with subsequent reactive ion etching and metal depositn.

Nanostructured Au Ims are fabricated by metal deposition on porous
alumina templates, fabricated with high pore regularity.

The periodic microstructures have an ordering e ect on the gown nano-
bers, so that growth perpendicular to the structures is mainly observed. In
the case of micro-ridges, this orientation e ect is shown to ke strongly de-
pendent on the substrate temperature during growth; growth perpendicular
to the structures is observed at high temperatures, whereasandom growth
is observed at low temperatures. Furthermore, the width of the ridges also
in uence the growth; narrow ridges (2.5 m) lead to a stronger alignment
of the bers than wide ridges (10 m). This can be explained by the as-
sumption that oriented growth perpendicular to the structu res begins at the
edge of the structure. Therefore, when the temperature is sgiently high
and the ridge width su ciently low, the di using species, fr om which the
nano bers are assembled, can reach an edge, which leads toogrth per-
pendicular to the structure. At low temperatures or wide rid ges, nucleation
takes place away from an edge, leading to random growth as onlgnar Au
surfaces. The ridges also a ect the length distribution of the nano bers.
On ridges, the length of the nano bers is much smaller than onplanar Au
surfaces, and the distributions are much more narrow. This $ due to the
ridge limiting the length of the nano bers. Furthermore, or iented growth in
a microstructured channel, perpendicular to the long chanmel axis, has also
been demonstrated, although only qualitatively. The exact mechanism for
the growth perpendicular to the microstructures is still unclear.

Growth on nanostructured Au coated alumina templates has slown, that
the ordered pores in the Au Im have an e ect on the nano ber growth on
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top of the Im. In the initial growth stage, the p6P layer seems to form

in between clusters hexagonally ordered around the pores,nal hence, the
nano bers tends to favor growth along one of the symmetry directions of
the ordered pores. However, when the nano bers grow too bigthey start to

grow across a line of pores, probably due to the small dimensis of the pores.
Furthermore, the pores are only ordered within micrometer-§&zed domains,
which makes it impossible to achieve an ordering of the p6P nao bers on a
larger scale (several tens of micrometers), for that, furtler experiments with
electron beam lithography fabricated nanostructures are eeded.



Chapter 5

Methods for integration of
nano bers

Organic nano bers can be positioned on device platforms elier by in-situ

growth, as demonstrated in sec. 4, or by transferring of the ano bers.

However, since transferring on specic, micron-sized regias is so far not
possible, structuring has to be made after transferring, inorder to obtain

well de ned regions with mutually parallel nano bers. Inth is section, results
from a simple method for transferring organic nano bers arereported. The
method allows both for transferring onto planar surfaces an into nano ber

suspensions. Furthermore, structuring of transferred nawo bers by laser
ablation is demonstrated.

5.1 Transferring of organic nano bers from mus-
covite mica

P6P nano bers can be transferred from muscovite mica by weting of the
nano ber covered mica surface with water, whereupon the nao bers detach
from the surface [114]. The nano bers can then either be trasferred onto
a planar surface, simply by pressing the mica against the plaar surface
immediately after wetting or, alternatively, the water can be collected a few
minutes after wetting of the mica surface, by which process auspension with
nano bers is obtained. Figure 5.1a shows a uorescence mioscopy image
of an ensemble of nano bers transferred from muscovite micanto glass,
by pressing of the mica surface against the glass after wetig with water.
Note that the nano bers retain their parallelism in this tra nsferred region.
Furthermore, uorescence microscopy images of nano bersritegrated into a
capillary tube are shown (g. 5.1b and g. 5.1c). In this case, the nano bers
have been transferred to a suspension with water, which sulegjuently has
been sucked through the capillary tube. The inner diameter 6 the tube is
19 m. Note that the nano bers tend to align along the direction of the
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capillary tube.

Figure 5.1: Fluorescence microscopy images of (a) p6P nanbers trans-
ferred onto glass [115] and (b-c) into a capillary tube. The imer diameter of
the tube is 19 m. Note that there is a lens e ect due to the curved surface
of the tube.

Although these methods describe a simple way of placing theano bers
at speci ¢ positions, di culties in controlling the transf er makes the use-
fulness of these methods limited. In case of transfer of the ano bers into
capillary tubes, the nano bers easily stick to each other ard to the capil-
lary tube, which makes it di cult to transfer them in a contro lled way, as
it has been demonstrated for inorganic nanowires [36]. As fothe trans-
fer to planar surfaces, controlled transfer onto well de nad, micron-sized
regions is so far not possible, which limits its use for apptiations. For ma-
nipulation of individual nano bers after transfer, scanning probes [17, 52],
cantilevers [51] or other micromanipulators [29] can be emipyed. Although
these methods o er control of individual 1-D nanostructures, they are rather
time-consuming and must be considered barely as methods foruilding up
prototype systems. Besides that, these methods can be ratheleteriorat-
ing, and in the case of organic nano bers lead to damage of théndividual
nano bers [51, 52]. In the following section, a method for stucturing an
ensemble of transferred nano bers by laser ablation is demustrated. This
methods results in mutually parallel nano bers in speci c regions on di e-
rent substrates.
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5.2 Structuring of organic nano bers by laser ab-
lation

In this section, cutting of p6P nano bers on glass is demonstated as a
method for structuring an ensemble of nano bers. In these egperiments, an
ArF excimer laser emitting at 193 nm was used (for experimenal details see
[115]). Figure 5.2a shows a uorescence microscopy image @dP nano bers,
which have been transferred onto a glass surface, and subsemtly ablated
in a selected area with the 193 nm laser light. The output enegy of the
excimer laser was around 50 mJ. The AFM image ( g. 5.2b) revel that the
glass surface is molten by the UV laser light and shows a ripgd structure.

Figure 5.2: (a) Fluorescence microscopy image of laser alidsd p6P nano-
bers on glass. (b) AFM image of the same ablated area as showin (a).
The laser wavelength was 193 nm. [115]

A close-up of the cut nano bers reveals, that the steepness ahe cut is
around 600 nm (g. 5.3). Note from the line pro le in gure 5.3 , that a nat-
ural occurring break in the nano ber shows much steeper prole compared
to the laser cut.

By lowering the laser output energy, the nano bers can be cutwithout
melting the underlying glass. This is demonstrated in gure 5.4, which
shows AFM images of ablated p6P nano bers on glass, the outpuenergy
was in this case around 10 mJ. The nano bers have been cut wittfa) 1, (b)
3 and (c) 5 laser pulses, respectively. It is seen, that afteirradiation with
a single pulse (g. 5.4a), the nano bers are only slightly modi ed, whereas
after 3 (g. 5.4b) and especially 5 pulses (g. 5.4c), both the nano bers
and the small clusters in between the nano bers are removedThis is easily
seen in the close-up image of the area ablated with 5 pulses (.g5.4d). It
should be noted that debris from the nano ber cutting is present around
the ablated areas.
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Figure 5.3: AFM image of two laser ablated p6P nano bers witha measured
line pro le along one of the bers. The di erence in steepnes of a natural
occurring break in the nano ber and the cut end is easily seen[115]

The steepness of the cut nano bers has also been investigateat this
lower output energy. Figure 5.5 shows AFM images of nano bes cut with
the 193 nm laser light at three di erent focus positions, namely 0 m, -15

m and -30 m, respectively (arbitrary values). The nano bers have bea
cut with three laser pulses at an output energy of around 10 mJn all cases.
At the 0 m position, the nano bers are not completely removed by the
laser light whereas at -15 m they are almost fully ablated. At -30 m,
the nano bers are fully removed, and the underlying glass apgars slightly
molten. In gure 5.5d, the measured line pro les for each foaws position are
shown. It is clearly seen that the nano bers cut with the laser light at a
focus position of -30 m show the steepest pro le, with a steepness around
400 nm. From this it is concluded that the sharpest focus is rached around
-30 m.

5.3 Conclusions

In this section, methods for integration of p6P nano bers by transfer has
been demonstrated. The nano bers are transferred by a sim@ technique,
in which the nano bers are either transferred as an ensemblento planar
substrates, or by adding them to a nano ber suspension, in with they can
be transferred into micro-channels. Structuring of an ensernle of nano bers
has also been demonstrated. This is done by laser ablation tiie transferred
nano bers in selected areas, using a 193 nm ArF excimer laseA minimum
steepness of around 400 nm for the cutting region has been dlihed.
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Figure 5.4: AFM images of laser ablated p6P nano bers on glas The nano-
bers have been ablated with (a) 1, (b) 3 and (c) 5 laser pulsesrespectively.
In (d), a zoom-in image of the nano bers ablated with 5 pulses § shown.
Note that both the nano bers and the small clusters in between them are
removed.
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Figure 5.5: AFM images of p6P nano bers on glass, irradiatedwith 193 nm
laser light with a focus position of (&) 0 m, (b) -15 m and (c) -30 m,
respectively. (d) Measured line pro les for cut nano bers at the di erent

focus positions. At optimum position, a steepness of 400 nmsiobtained.
[115]



Chapter 6

Conclusions and outlook

In this project, growth and integration of organic nano ber s have been in-
vestigated. The main focus areas have been growth of nano bre on planar
surfaces and on micro- and nano-structured surfaces. Furthenore, inte-
gration of nano bers by transferring and subsequent laser sucturing have
been demonstrated. In the following, the main results in these areas are
summarized.

6.1 Growth of nano bers on planar surfaces

This work is focused on nano bers based on the moleculpara-hexaphenylene
(p6P), which can self-assemble into nano bers on speci ¢ suiaces, when de-
posited by physical vapor deposition under high vacuum condions. The
vacuum system used in this work is a two-chamber organic moledar beam
epitaxy system, in which the molecules can be deposited on veus heated
substrates under di erent conditions. It is demonstrated, how deposition
onto muscovite mica leads to growth of long, mutually parallel nano bers,
which are quantitatively similar in terms of density and dim ensions to those
reported by others in previous studies [96]. This is used aseference mea-
surements for the later experiments.

It is shown, that deposition of p6P molecules on gold surfacge also leads
to nano ber growth. In contrast to crystalline gold surfaces, as examined
in previous studies [6, 7], the gold surfaces in this projectire prepared by
electron beam deposition of a gold Im (around 50 nm) on silion and glass
substrates. Although these gold surfaces lead to growth of ano bers, the
bers are grown randomly in all directions with a broad length distribu-
tion. Other metals are also examined for nano ber growth. These include
aluminum, silver, titanium and chromium. Only nanoscaled p6P clusters
or islands are observed on these surfaces, except at high sace temper-
atures, where short nano bers are observed on silver. The @&son for the
big di erence in the nanostructures formed on the di erent metal surfaces
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is unknown, however, it is expected that oxidation of the metl surfaces,
which leads to a decreased surface energy, has an in uence ¢time growth.

6.2 Growth of nano bers on structured surfaces

Two di erent types of structured gold surfaces have been inestigated in this
project. This is microstructured gold surfaces, fabricatel by conventional
microfabrication techniques in silicon with subsequent gtd deposition, and
nanostructured gold surfaces, fabricated by gold depositin on nano-porous
alumina templates.

6.2.1 Microstructured gold surfaces

Within the microstructured con guration, both micron-size d ridges and
channels have been examined. Deposition of p6P moleculestorthe heated
surfaces show in both cases directed growth of nano bers, maely growth of
nano bers perpendicular to the microstructures. In the case of the ridges,
this e ect has been analyzed in detail, by measuring orientéional and length
distributions as a function of both ridge width and surface temperature. It
has been demonstrated, that smaller ridges and higher surte temperatures
(until a speci c maximum in reached) lead to a better alignment of the
nano bers. At these conditions, growth perpendicular to the ridges is ob-
served. Furthermore, the length of the nano bers are at hightemperatures
and small ridge widths limited by the width of the ridges. It i s argued,
that the oriented growth starts from the edges of the ridges,which explains
the strong dependence on both ridge width and surface tempeture. There-
fore, by controlling these two parameters with respect to eah other, oriented
growth can be observed. However, the reason for the growth ppendicular
to the ridges is still unknown. Both temperature gradients, and an e ect
from alignment of molecules or clusters at the ridge edges,otld be of in-
uence. The temperature pro les of the ridges have been simiated, and
temperature gradients perpendicular to the long ridge axesobserved. How-
ever, due to the small values of these gradients, it is assurdeto be unlikely,
that the gradients alone account for the alignment e ect. Furthermore, due
to the big line edge roughness of the structures, an alignmere ect at the
ridge edges is not expected. However, further investigatios are needed, in
order to determine the exact mechanism for the oriented growh. In the case
of microstructured channels, it has been demonstrated, thinano bers can
be grown perpendicular to the channels, although this has nbbeen analyzed
in detail, as in the case of microstructured ridges.
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6.2.2 Nanostructured gold surfaces

Nanostructured gold surfaces has also been investigated asibstrates for
oriented growth of p6P nano bers. These substrates were preared by gold
deposition on porous alumina templates, which displayed a igh pore regu-
larity with mono-domain sizes ranging from a few to a few tens & microm-

eters. Although some nano bers seem to grow along the high symetry

directions of these pores, the changing domain boundariesinibit a long

range order of the nano bers, since the domains are not mucharger than

the length of a single ber. Furthermore, when the nano bers are too wide,
they do not all follow a speci c symmetry direction of the pores, i.e. they
tend to grow across a line of pores. When depositing ultra-thi p6P lay-

ers, however, indications of p6P nucleation between hexagally ordered

clusters is seen. This leads towards the same conclusions &x the mi-

crostructured surfaces: Directed growth starts with nucleation of the p6P

molecules or clusters at fabricated surface structures. Bycontrolling the

dimensions, quality, periodicity etc. of these structures one can steer the
growth of the nano bers into preferred directions. Polarized uorescence
microscopy investigations have revealed that the grown naa bers consist
of lying molecules, and that they are to some extend crystalhe, since they
emit polarized uorescence. This is the case for nano ber gowth on both

the nano- and micro-structured substrates.

6.3 Integration of nano bers

Integration of nano bers by transferring has been demonstated. The nano-
bers are either transferred as an ensemble on planar surfags or into micro-

channels through a nano ber suspension. Although these siple methods
work, the uidic integration is so far limited to very small a reas, whereas
the transfer to planar substrates is di cult to perform in a ¢ ontrolled way

in speci c areas. Structuring of an ensemble of nano bers agr transferring

has been demonstrated. The structuring is done by laser abteon, using

an ArF excimer laser with a wavelength of 193 nm. This method herefore
describes an alternative way of achieving mutually parallé nano bers at

speci ¢ positions on di erent substrates. However, there ae several draw-
backs when using this method. First of all, the diculty in tr ansferring

an ensemble of parallel nano bers at a large scale restrairts use to minor

areas. Furthermore, problems related to the ablation methal, such as dam-
aging of the substrate and contamination from nano ber debris, need to be
controlled. A minimum steepness of around 400 nm for the cuting region

has been obtained.
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6.4 Outlook

For growth on planar metal surfaces, further experiments onvarious other
metals could be useful, in order to understand the basic conitlons needed
for obtaining nano ber growth. This is for example the in ue nce of sur-
face energy (after possible surface oxidation), surface tghness and metal
thickness. In the case of growth on structures surfaces, ftiner experiments
on nanostructured gold surfaces should be made, in order toltain know-
ledge on the initial growth stage. Electron beam lithography should be
employed, in order to fabricate nanostructures with di erent dimensions,
and in dierent con gurations. New experiments using this method are
being performed by R. Melina de Oliveira Hansen [116], whiclso far con-
rm the results demonstrated in this work, namely that nano bers grow
perpendicular to line structures.

The results presented in this work could be useful foiin-situ growth of
organic nano bes on device platforms. However, the growth$ so far limited
to be on gold surfaces, which of course is an important consatation for the
device functionality. In many applications, such as solar ells [27], eld e ect
transistors [31] and light emitting diodes [32, 117], eledfcal contacts are
established to each end of the nano bers, which are placed oan insulator.
This is so far not possible with this method. However, SEM inwestigations
has demonstrated, that the nano bers in certain cases grow ot from the
ridges, indicating, that they could grow across small gapsn the Au surface
(this is also seen on g 4.4b). This could make it possible to stablish
electrical contact to the two ends of a nano ber, and potentially limit contact
problems, since the nano bers are grown directly on the coract electrode.
Furthermore, the thin gold Im allows for surface plasmon polariton (SPP)
excitations [118], which could be useful for SPP waveguidig in organic
nano bers. Therefore it is believed, that this method could be useful within
optical and nanophotonic as well as electrical applicatios.



Appendix A

Temperature gradients on
microstructured ridges

The fact, that the density and dimensions of p6P nano bers are strongly
in uenced by the surface temperature during growth, makes t relevant to

investigate the temperature pro le across the substrate suface when it is
heated. In the case of planar substrates with homogeneous gace composi-
tion, this is less interesting, since a uniform temperatureacross the substrate
surface can be assumed. However, for structured surfaceshigh consist of
di erent materials, as it is the case for micron-sized, gold oated silicon
ridges (sec. 4.1.1), a more complex temperature pro le is gxected to be
present. In previous studies it has been demonstrated, thatoth the di-

mensions and density of p6P nano bers on muscovite mica candmodi ed

by local heating with an Argon ion laser [119], indicating that not only the

absolute temperature but also temperature gradients couldhave a possible
e ect on the nano ber growth. In the case of growth on microstructured

ridges, temperature gradients perpendicular to the ridgesare expected to be
present during heating, due to both the very geometry of the idges and due
to the di erent materials on top (Au) and on the sides (Si) of t he ridges.
The temperature pro les of the di erent ridges have been modeled by using
COMSOL Multiphysics version 3.4. In this simple 2D model it is assumed,
that the temperature below the ridge is constant, i.e. the ridge is heated
uniformly by the whole Si sample and therefore only the ridge and not the

rest of the sample, is taken into account. Furthermore, onlyheat transfer
by conduction in the material and radiation is considered, asuming bulk
values for both silicon and gold. The emissivity has been seto A, = 0:02
for gold and s; = 0:6 for silicon. The ridges have a height of 3 m and

widths of 25 m, 5 mand 10 m, respectively. It should be noted, that in

the gures, the scaling in the y-direction (height of the ridg es) is twice as big
as in the x-direction (width of the ridges) within each pro le . Furthermore,

each pro le has its own temperature scale.
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Figure A.1. 2D model of temperature pro les for Au coated Si ridges with
widths of 25 m, 5 mand 10 m, respectively.

In gure A.1, the temperature pro les for Au coated silicon r idges are
shown for ridge widths of 25 m, 5 m and 10 m, respectively. The
thickness of the Au is 55 nm. It is seen, that a temperature grdient is
present on the substrate surface perpendicular to the ridge This is both
due to the geometry of the ridge and the di erence in emissiviy of Si and Au.
As a consequence, the sidewalls are cooled more than the top the ridge,
which gives rise to funnel shaped heat pro les from the heat surce (constant
temperature at 450 K is assumed just below the ridge). Tempeature pro les
for pure Au (g. A.2) and Si (g. A.3) ridges has also been modded?.

Figure A.2: 2D model of temperature pro les for pure Au ridges with widths
of 25 m,5 mand 10 m, respectively.

Indeed temperature gradients perpendicular to the ridges ee still present,
although the pro les appear as more circular shaped from theheat source,
since the ridges are cooled equally on the sides and on the tofhis demon-
strates, that the temperature gradients on the Au coated Si idges originate
both from the geometry of the ridge, and from the di erent mat erials on
the side and top of the ridge. In general however, the size ofhe modeled
temperature gradients is small, both on Au coated Si ridges ad on pure Au
and Si ridges. In gure A.4, the temperature gradients for Au coated Si,
pure Au and pure Si ridges, respectively, are plotted for 2.5 m, 5 m and

it should be noted, that the temperature scales are not shown on the ind ividual
pro les, instead values for the temperature gradients are given in gur e A.4
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Figure A.3: 2D model of temperature pro les for pure Si ridges with widths
of 25 m,5 mand 10 m, respectively.

10 m wide ridges.
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Figure A.4: Modeled temperature gradients for Au coated Si,pure Au and
pure Si ridges with widths of 2.5 m, 5 m and 10 m, respectively.

It is seen from the gure, that the largest gradients are present, when the
ridge consists of pure Si, whereas for pure Au, the gradientare very smalf.

2The gradients are given as the ratio between the temperature di eren ce at the center
of the ridge and the ridge edge, with respect to the corresponding distance. This therefore
gives an average value of the gradient perpendicular to the ridge

3From an experimental point of view it should be noted, that a pure Si and A u ridge
is only interesting for comparing the temperature pro les with Au ¢ oated Si ridges.
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For the Au coated Si ridges, the temperature gradients are srller than
for the values of pure silicon ridges, although this di ererce is decreasing
with an increasing ridge width. This demonstrates, that the temperature
gradients, that are present on the ridges, arise as a consegnce of both the
geometry of the ridges and the di erent materials present onthe top and on
the sidewalls of the ridges.

In conclusion, the temperature pro les modeled for the miciostructured
ridges show, that temperature gradients are present on the ubstrate sur-
face, perpendicular to the gold coated silicon ridges. Howeer, the modeled
gradients are very small, with typical values around 1.3 K/m.
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Publication list

The list is ordered chronologically by date of publication.

F. Balzer, R. Frese, M. Madsen, K. Thilsing-Hansen and H.-G. Ribahn.
UV-Laser Treatment in the Nanodomain: Forming of Organic Nano-
bers J. Laser Micro/Nanoeng. 1, pp. 275-280 (2006).

M. Madsen, M. Schiek, P. Thomsen, N. L. Andersen, A. Lutzen and
H.-G. Rubahn. Organic nano ber nanosensorsProc. SPIE. 6769, pp.
676908 (2007).

F. Balzer, J. Brewer, J. Kjelstrup-Hansen, M. Madsen, M. Schek, K.
Al-Shamery, A. Lutzen and H.-G. Rubahn. Printed second harmonic
active organic nano ber arrays Proc. SPIE. 6779, pp. 677901 (2007).

F. Balzer, M. Madsen, R. Frese, M. Schiek, T. Tamulevicius, STamule-
vicius and H.-G. Rubahn. Bottom-up tailoring of photonic nano bers
Proc. SPIE. 6883, pp. 68830T (2008).

J. Fiutowski, V. G. Bordo, L. Jozefowski, M. Madsen and H.-G. Rubahn.
Light scattering from an ordered area of needle-shaped orgéc nanoag-
gregates: Evidence for optical mode launchind\ppl. Phys. Lett. 92,
pp. 073302 (2008).

A. Sileikaite, T. Tamulevicius, S. Tamulevicius, M. Andrul evicius, J.
Puiso, A. Guobience, I. Prosycevas, M. Madsen, C. Maibohm aah H.-
G. Rubahn. Periodic structures modi ed with silver nanoparticles for
novel plasmonic applicationProc. SPIE. 6988, pp. 69881Q (2008).

M. Madsen, J. Kjelstrup-Hansen and H.-G. Rubahn. The surface mi-

crostructure controlled growth of organic nano bres Nanotechnology.
20, pp. 115601 (2009). Highlighted paper at Nanotechweb.gr.
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Rubahn. Scanning electron microscopy of semiconducting nanowires
at low voltagesMater. Sci. (Medziagotyra). 15, pp. 86-90 (2009).

M. Madsen, G. Kartopu, N. L. Andersen, M. Es-Souni and H.-G.
Rubahn. Para-hexaphenyl nano ber growth on Au-coated porous alu-
mina templates Appl. Phys. A. 96, pp. 591-594 (2009).
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Controlled growth of organic nano bers on nano-and micro-dructured
gold surfacesProc. SPIE. In preparation (2009).
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Francis. Accepted (2010).



Bibliography

[1] F. Balzer and H.-G. Rubahn. Adv. Funct. Mater., 15:17, 2005.

[2] A. Andreev, G. Matt, C. J. Brabec, H. Sitter, D. Badt, H. Se yringer,
and N. S. Sariciftci. Adv. Mater., 12:629, 2000.

[3] F. Balzer, V. G. Bordo, A. C. Simonsen, and H.-G. Rubahn. Phys.
Rev. B, 67:115408, 2003.

[4] F. Quochi, F. Cordella, A. Mura, G. Bongiovanni, F. Balzer, and H.-G.
Rubahn. J. Phys. Chem. B, 109:21690, 2005.

[5] J. Brewer, H. H. Henrichsen, F. Balzer, L. Bagatolli, A. C. Simonsen,
and H.-G. Rubahn. Proc. SPIE, 5931:59310Y, 2005.

[6] F. Balzer, L. Kankate, H. Niehus, R. Frese, C. Maibohm, aml H.-G.
Rubahn. Nanotechnology 17:984, 2006.

[7] S. Mallegger, G. Hlawacek, T. Haber, P. Frank, C. Teichat, R. Resel,
and A. Winkler. Appl. Phys. A, 87:103, 2007.

[8] G. Koller, S. Berkebile, J. R. Krenn, G. Tzvetkov, G. Hlawacek,
O. Lengyel, F. P. Netzer, C. Teichert, R. Resel, and M. G. Ramsy.
Adv. Mater., 16:2159, 2004.

[9] H. Yanagi and T. Morikawa. Appl. Phys. Lett., 75:187, 1999.
[10] J. S. Kilby. IEEE Trans. Electron Devices, ED-23:648, 1976.
[11] G. E. Moore. Electronics, 38:114, 1965.

[12] ITRS 2007 Edition. International Technology Roadmap for Semicon-
ductors, 2007.

[13] A. Ashkin, J. M. Dziedzic, J. E. Bjorkholm, and S. Chu. Opt. Lett.,
11:288, 1986.

[14] S. lijima. Nature, 354:56, 1991.

89



90 BIBLIOGRAPHY

[15] K. Hiruma, T. Katsuyama, K. Ogawa, M. Koguchi, H. Kakiba yashi,
and G. P. Morgan. Appl. Phys. Lett., 59:431, 1991.

[16] A. P. Alivisatos. Science 271:933, 1996.

[17] H. W. Ch. Postma, T. Teepen, Z. Yao, M. Grifoni, and C. Dekker.
Science 293:76, 2001.

[18] D. L. Klein, R. Roth, A. K. L. Lim, A. P. Alivisatos, and P. L. McEuen.
Nature, 389:699, 1997.

[19] R. P. Feynman. Engineering and Science 23:22, 1960.

[20] D. J. Sirbuly, A. Tao, M. Law, R. Fan, and P. Yang. Adv. Mater.,
19:61, 2007.

[21] F. Patolsky, G. Zheng, and C. M. Lieber. Nat. Protoc., 1:1711, 2006.

[22] Z. Fan, J. C. Ho, Z. A. Jacobson, H. Razavi, and A. JaveyProc. Natl.
Acad. Sci. U. S. A., 105:11066, 2008.

[23] J. Hahm and C. M. Lieber. Nano Lett., 4:51, 2004.

[24] Z. Chen, J. Appenzeller, Y.-M. Lin, J. Sippel-Oakley, A. G. Rinzler,
J. Tang, S. J. Wind, P. M. Solomon, and P. Avouris. Science 311:1735,
2006.

[25] A. Javey, S. Nam, R. S. Friedman, H. Yan, and C. M. Lieber. Nano
Lett., 7:773, 2007.

[26] M. Law, L. E. Greene, J. C. Johnson, R. Saykally, and P. Yag. Nat.
Mater., 4:455, 2005.

[27] B. Tian, T. J. Kempa, and C. M. Lieber. Chem Soc. Rev, 38:16, 2009.
[28] Y. Huang, X. Duan, and C. M. Lieber. Small, 1:142, 2005.

[29] M. Law, D. J. Sirbuly, J. C. Johnson, J. Goldberger, R. J. Saykally,
and P. Yang. Science 305:1269, 2004.

[30] A. Javey. ACS Nano, 2:1329, 2008.

[31] Y. Cui, Z. Zhong, D. Wang, W. U. Wang, and C. M. Lieber. Nano
lett., 3:149, 2003.

[32] F. Qian, Y. Li, S. Gradecak, D. Wang, C. J. Barrelet, and C. M.
Lieber. Nano Lett., 4:1975, 2004.

[33] S. Gradecak, F. Qian, H.-G. Park, and C. M. Lieber. Appl. Phys.
Lett., 87:173111, 2005.



BIBLIOGRAPHY 91

[34] L. Samuelson.Materials Today, 6:22, 2003.

[35] R. Yerushalmi, Z. A. Jacobson, J. C. Ho, Z. Fan, and A. Jaey. Appl.
Phys. Lett., 91:203104, 2007.

[36] Y. Huang, X. Duan, Q. Wei, and C. M. Lieber. Science 291:630, 2001.

[37] B. Tian, X. Zheng, T. J. Kempa, Y. Fang, N. Yu, G. Yu, J. Huang,
and C. M. Lieber. nature, 449:885, 2007.

[38] Z. Fan, J. C. Ho, Z. A. Jacobson, R. Yerushalmi, R. L. Alley,
H. Razavi, and A. Javey. Nano Lett., 8:20, 2008.

[39] H. Namatsu, K. Kurihara, M. Nagase, and T. Makino. Appl. Phys.
Lett., 70:619, 1997.

[40] A. M. Morales and C. M. Lieber. Scienceg 279:208, 1998.

[41] T. Mrtensson, M. Borgstem, W. Seifert, B. J. Ohlsso n, and
L. Samuelson. Nanotechnology 14:1255, 2003.

[42] Z. W. Pan, Z. R. Dai, and Z. L. Wang. Science 291:1947, 2001.

[43] T. I. Kamins, R. S. Williams, D. P. Basile, T. Hesjedal, and J. S.
Harris. J. Appl. Phys., 89:1008, 2001.

[44] R. S. Wagner and W. C. Ellis. Appl. Phys. Lett., 4.89, 1964.

[45] J. Hu, T. W. Odom, and C. M. Lieber. Acc. Chem. Res, 32:435, 1999.
[46] R. O. Al-Kaysi and C. J. Bardeen. Chem. Commun, page 1224, 2006.
[47] C. R. Martin. Science 266:1961, 1994.

[48] B. Mandl, J. Stangl, T. Mrtensson, A. Mikkelsen, J. Er iksson, L. S.
Karlsson, G. Bauer, L. Samuelson, and W. SeifertNano lett., 6:1817,
2006.

[49] F. Balzer and H.-G. Rubahn. Appl. Phys. Lett., 79:3860, 2001.

[50] T. Takahashi, K. Takei, J. C. Ho, Y.-L. Chueh, Z. Fan, and A. Javey.
J. Am. Chem. Soc, 131:2102, 2009.

[51] J. Kjelstrup-Hansen. Integration of nhanocomponents in microsystems
PhD thesis, Technical University of Denmark, 2006.

[52] J. Kjelstrup-Hansen, O. Hansen, H.-G. Rubahn, and P. B gdld. Small,
2:660, 2006.

[53] A. Ural, Y. Li, and H. Dai. Appl. Phys. Lett., 81:3464, 2002.



92 BIBLIOGRAPHY

[54] H. Dai, J. H. Hafner, A. G. Rinzler, D. T. Colbert, and R. E . Smalley.
Nature, 384:147, 1996.

[55] E. Yenilmez, Q. Wang, R. J. Chen, D. Wang, and H. Dai.Appl. Phys.
Lett., 80:2225, 2002.

[56] M. T. Lloyd, J. E. Anthony, and G. G. Malliaras. Materials Today,
10:34, 2007.

[57] M. Schiek, F. Balzer, K. Al-Shamery, A. Lstzen, and H.-G. Rubahn.
Soft matter, 4:277, 2008.

[58] M. Bendikov, F. Wudl, and D. F. Perepichka. Chem. Rev, 104:4891,
2004.

[59] C. Ziegler and H. S. Nalwa (Ed.). Handbook of organic conductive
molecules and polymersvolume 3. Chapter 13. Wiley, Chichester,
1997.

[60] R. Resel.Thin Solid Films, 433:1, 2003.

[61] C. D. Dimitrakopoulos and P. R. L. Malenfant. Adv. Mater., 14:99,
2002.

[62] N. Koch, A. Pogantsch, E. J. W. List, G. Leising, R. I. R. Blyth, M. G.
Ramsey, and F. P. Netzer. Appl. Phys. Lett., 74:2909, 1999.

[63] R. H. Friend, R. W. Gymer, A. B. Holmes, J. H. Burroughes, R. N.
Marks, C. Taliani, D. D. C. Bradley, D. A. Dos Santos, J. L. Br edas,
M. Legdlund, and W. R. Salaneck. Nature, 397:121, 1999.

[64] J. J. M. Halls, C. A. Walsh, N. C. Greenham, E. A. Marseglia, R. H.
Friend, S. C. Moratti, and A. B. Holmes. Nature, 376:498, 1995.

[65] G. Yu, J. Gao, J. C. Hummelen, F. Wudl, and A. J. Heeger. Science
270:1789, 1995.

[66] C.J.Brabec, N. S. Sariciftci, and J. C. Hummelen.Adv. Funct. Mater,
11:15, 2001.

[67] F. J. M. Hoeben, P. Jonkheijm, E. W. Meijer, and A. P. H. J. Schen-
ning. Chem. Rev, 105:1491, 2005.

[68] C. Maibohm, J. R. Brewer, H. Sturm, F. Balzer, and H.-G. Rubahn.
J. Appl. Phys., 100:054304, 2006.

[69] T. Tamulevicius, A. Sileikaite, S. Tamulevicius, M. Madsen, and H.-G.
Rubahn. Mater. Sci. (Medziagotyra), 15:86, 2009.



BIBLIOGRAPHY 93

[70] K. Hanel, A. Birkner, S. Mullegger, A. Winkler, and Ch . Well. Surf.
Sci., 600:2411, 2006.

[71] A. M. Hynes, H. Ashraf, J. K. Bhardwaj, J. Hopkins, I. Johnston, and
J. N. Shepard. Sens. Actuators, A 74:13, 1999.

[72] A. A. Ayon, R. Bra, C. C. Lin, H. H. Sawin, and M. A. Schmi dt. J.
Electrochem. Soc, 146:339, 1999.

[73] A. A. Ayon, R. A. Bra, R. Bayt, H. H. Sawin, and M. A. Schm idt.
J. Electrochem. Soc, 146:2730, 1999.

[74] L. A. Donohue, J. Hopkins, R. Barnett, A. Newton, and A. Barker.
Proc. SPIE, 5347:44, 2004.

[75] M. A. Blauw, G. Craciun, W. G. Sloof, P. J. French, and E. van der
Drift. J. Vac. Sci. Technol. B, 20:3106, 2002.

[76] J.-H. Min, G.-R. Lee, J. k. Lee, S. H. Moon, and C.-K. Kim. J. Vac.
Sci. Technol. B, 22:893, 2004.

[77] M. Schiek, F. Balzer, K. Al-Shamery, J. R. Brewer, A. Lutzen, and
H.-G. Rubahn. Small, 4:176, 2008.

[78] H. Yanagi and S. Okamoto. Appl. Phys. Lett., 71:2563, 1997.

[79] S. Tasch, C. Brandstatter, F. Meghdadi, G. Leising, G. Foyer, and
L. Athouel. Adv. Mater., 9:33, 1997.

[80] H. Yanagi, S. Okamoto, and T. Mikami. Synth. Met., 91:91, 1997.

[81] F. Meghdadi, S.Tasch, B. Winkler, W.Fischer, F.Stelze, and
G.Leising. Synth. Met., 85:1441, 1997.

[82] D. J. Gundlach, Y.-Y. Lin, T. N. Jackson, and D. G. Schlom. Appl.
Phys. Lett., 71:3853, 1997.

[83] P. Puschnig and C. Ambrosch-Draxl. Phys. Rev. B, 60:7891, 1999.

[84] F. Balzer, V. G. Bordo, R. Neuendorf, K. Al-Shamery, A. C. Simonsen,
and H.-G. Rubahn. IEEE Trans. Nanotechn., 3:67, 2004.

[85] A. Niko, F. Meghdadi, C. Ambrosch-Draxl, P. Vogl, and G. Leising.
Synth. Met., 76:177, 1996.

[86] K. N. Baker, A. V. Fratini, T. Resch, H. C. Knachel, W. W. A dams,
E. P. Socci, and B. L. Farmer. Polymer, 34:1571, 1993.

[87] S. Guha, W. Graupner, R. Resel, M. Chandrasekhar, H. R. @an-
drasekhar, R. Glaser, and G. Leising.Phys. Rev. Lett., 82:3625, 1999.



94 BIBLIOGRAPHY

[88] D. E. Williams and T. L. Starr. Computers and Chemistry, 1:173,
1977.

[89] F. Balzer and H.-G. Rubahn. Surf. Sci., 548:170, 2004.

[90] F. Balzer, K. Al-Shamery (Ed.), H.-G. Rubahn (Ed.), and H. Sitter
(Ed.). Organic nanostructures for next generation devicesChapter 3.
Springer-Verlag, Berlin Heidelberg, 2008.

[91] Y. Yoshida, H. Takiguchi, T. Hanada, N. Tanigaki, E.-M. Han, and
K. Yase. J. Cryst. Growth, 198/199:923, 1999.

[92] E. Zojer, N. Koch, P. Puschnig, F. Meghdadi, A. Niko, R. Resel,
C. Ambrosch-Draxl, M. Knupfer, J. Fink, J. L. Bedas, and G. L eising.
Phys. Rev. B 61:16538, 2000.

[93] M. Ohring. Materials science of thin Ims. Academic Press, 2002.

[94] H. Sitter, R. Resel, G. Koller, M. G. Ramsey, A. Andreev, C. Teichert,
K. Al-Shamery (Ed.), H.-G. Rubahn (Ed.), and H. Sitter (Ed.). Or-
ganic nanostructures for next generation devicesChapter 1. Springer-
Verlag, Berlin Heidelberg, 2008.

[95] B. Krause, A. C. Durr, K. Ritley, F. Schreiber, H. Dosch, and D. Smil-
gies. Phys. Rev. B, 66:235404, 2002.

[96] L. Kankate, F. Balzer, H. Niehus, and H.-G. Rubahn.J. Chem. Phys,
128:084709, 2008.

[97] C. Teichert, G. Hlawacek, A. Andreev, H. Sitter, P. Frank, A. Winkler,
and N. S. Sariciftci. Appl. Phys. A., 82:665, 2006.

[98] K. Mdller and C. C. Chang. Surf. Sci., 14:39, 1969.

[99] G. Koller, S. Berkebile, M. Oehzelt, P. Puschnig, C. Amlyosch-Draxl,
F. P. Netzer, and M. G. Ramsey. Science 317:351, 2007.

[100] A. J. Fleming, S. Surnev, F. P. Netzer, M. G. Ramsey, H.-G Rubahn
(Ed.), H. Sitter (Ed.), G. Horowitz (Ed.), and K. Al-Shamery ( Ed.).
Interface Controlled Organic Thin Films. Chapter 27. Springer-verlag,
Berlin Heidelberg, 2009.

[101] M. Oehzelt, L. Grill, S. Berkebile, G. Koller, F. P. Netzer, and M. G.
Ramsey. ChemPhysChem 8:1707, 2007.

[102] S. Mullegger and A. Winkler. Surf. Sci., 600:1290, 2006.

[103] T. Haber, S. Mallegger, A. Winkler, and R. Resel. Phys. Rev. B,
74:045419, 2006.



BIBLIOGRAPHY 95

[104] R. Resel, M. Oehzelt, T. Haber, G. Hlawacek, C. TeicharS. Mullegger,
and A. Winkler. J. Cryst. Growth, 283:397, 2005.

[105] G. Hlawacek, C. Teichert, S. Mullegger, R. Resel, andA. Winkler.
Synt. Met., 146:383, 2004.

[106] S. Mallegger, S. Mitsche, P. Pelt, K. Hanel, A. Birk ner, C. Well, and
A. Winkler. Thin Solid Films, 484:408, 2005.

[107] S. Mallegger, I. Salzmann, R. Resel, G. Hlawacek, C. dichert, and
A. Winkler. J. Chem Phys, 121:2272, 2006.

[108] W. R. Tyson and W. A. Miller. Surf. Sci., 62:267, 1977.

[109] L. Vitos, A. V. Ruban, H. L. Skriver, and J. Kolar. Surf. Sci., 411:186,
1998.

[110] J. Kjelstrup-Hansen, H. H. Henrichsen, P. B ggild, andH.-G. Rubahn.
Thin Solid Films, 515:827, 2006.

[111] M. Cranney, Y. Chalopin, A. J. Mayne, and G. Dujardin. Appl. Phys.
A., 94:767, 2009.

[112] G. Kartopu, S. Habouti, and M. Es-Souni. Mater. Chem. Phys,
107:226, 2008.

[113] A Vlad, M. Make -Temp i, S Faniel, V Bayot, S Melinte, L Piraux,
and S Mae -Tempi. Nanotechnology 17:4873, 2006.

[114] F. Balzer and H.-G. Rubahn. Patent PA 2004 01676

[115] F. Balzer, R. Frese, M. Madsen, K. Thilsing-Hansen, andH.-G.
Rubahn. J. Laser Micro/Nanoeng., 1:275, 2006.

[116] M. Madsen, R. Melina de Oliveira Hansen, J. Kjelstrup-Hansen, and
H.-G. Rubahn. Proc. SPIE, Submitted, 2009.

[117] X. Liu, J. Kjelstrup-Hansen, K. Thilsing-Hansen, H. H. Henrichsen,
and H.-G. Rubahn. Proc. TNTO9 conference., In preparation, 2009.

[118] B. Steinberger, A. Hohenau, H. Ditlbacher, A. L. Stepanov, A. Drezet,
F. R. Aussenegg, A. Leitner, and J. R. Krenn. Appl. Phys. Lett.,
88:094104, 2006.

[119] F. Balzer and H.-G. Rubahn. Nano lett., 2:747, 2002.



	Introduction
	Microtechnology and nanotechnology
	One-dimensional nanostructures
	Fabrication of one-dimensional nanostructures
	Integration of one-dimensional nanostructures

	Organic nanofibers

	Experimental
	The organic molecular beam epitaxy system
	Characterization equipment
	P6P nanofiber characterization with SEM

	Optical lithography - process recipe
	ICP-RIE etching


