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Abstract

Faster, smaller, cheaper are the three magic words that define the
goal of modern semiconductor manufacturing industry. While speed and
price behave satisfactorily, downscaling is the culprit. The ”More than
Moore” era pushes the scientist to dream about innovative devices, per-
forming more operations at smaller and smaller scales and based on dif-
ferent physical principles. Molecular and organic electronics, spintronics
and quantum computing as well as carbon nanotubes and ” Graphenium
Inside” exponentially emerging fields are only few to be cited. These con-
cepts for sure will have their place in the tomorrow technologies. What
we don’t know is how they will perform.

One typically thinks that sizing down or changing the structural and
operating philosophy of the electronic circuit elements will allow us to
continue the progress. This is essentially true and remains the major
tendency in advancing the information technology. Vertical stacking of
multiple active components, providing identical functionality, can be re-
garded as a relatively long term option. Instead of shrinking, we can pile
them up at their nominal size and fit the same number of active elements
on a given surface area. Technologically, both approaches could require
the same degree of processing complexity. Other option is to use pho-
tons instead of electrons to manipulate, store and transmit data. The
electrons are operated at a few GHz for everyday computing and the
increase of the operation frequency can seriously complicate the fabrica-
tion tasks; the visible and infrared spectrum range photons are already
"operating” at hundreds of terahertz. In this thesis, we bring together
these two fields, which are closely related in their fabrication methodol-
ogy. Nanoporous templates have been found to be excellent candidates
for this study since their peculiar morphology is well suited for both
purposes. Ordered, modulated dielectric media could be directly em-
ployed to mold the flow of light. Indirectly, they can be used to confine
and stack various electronic components in the nanoscale channels. By
combining them novel optoelectronic devices could be advanced.

Two types of porous materials have been extensively exploited. First,
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we consider the nano- to macro-scale manipulation of self-organized, an-
odic aluminum oxide templates. Parallel integration of single nanowires
is highlighted. We provide a full processing technology, starting from a
bulk silicon substrate and finishing with a cross-bar latch having at its
heart single, template-embedded nanowires. A novel statistical protocol
for template processing is put forward. The comprehensive explana-
tion of the experimental and simulated stochastic behavior relies on a
straightforward analytical formalism and the technology is interpreted
in terms of surface and packing optimization. The method is scalable
and can be generalized to virtually any type of templates.

Simultaneously, high resolution electron beam lithography was used
to generate highly ordered 2D and 3D templates. A novel type of resist-
and dose-modulated electron beam lithography (RDM-3D-EBL), exten-
sively exploiting the intrinsic properties of resist-electron beam inter-
action was developed. Surface initiated and template confined aniline
polymerization was then used to provide a genuine method for con-
trolled nanoscale processing of polyaniline, a prototypical conjugated
polymer that definitively settled the concept of synthetic metals. Us-
ing nanoscale polymerization reactors, ultimate resolution patterning
and processing control of single polyaniline nanostructures was feasible.
Near teradot /inch? pattern transfer technology, complex 3D structuring
and physico-chemical functionalization of polyaniline have been subse-
quently harnessed to build a large variety of architectures with potential
for emerging optoelectronic technologies. This allowed the implemen-
tation of a simple scheme for single polyaniline nanowire fabrication,
processing and device integration.
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Preface

Les enfants seuls savent ce qu’ils cherchent.

Antoine de Saint-Ezupéry

Nanoporous materials and templates have definitively settled the con-
cept of mass production of low dimensional structures in the nanotech-
nology field. While the process simplicity, the variety of synthesized
systems, and the order control over large areas have boosted them to the
top of nanopatterning techniques, the major drawback that restricts their
pervasive integration into real working devices is the mismatch between
their dimensionality and today’s technological ability. A careful review
of the literature reveals that the porous templates have led to amazing
discoveries in the field of nanotechnology. However, it also discloses that
mainly their specific dimensionality was extensively exploited, in occur-
rence, the nanoscale dimensions of the open channels. Large area ordered
structuring, high-density parallel patterning, vertical manufacturing as
well as their intrinsic properties such as periodic modulation of dielectric
properties and high surface-to-volume ratio with very versatile composi-
tion and chemistry are only modestly considered. Pervasive integration
into modern semiconductor manufacturing and device fabrication is con-
spicuously missing. Hence, nanoporous template processing technologies
are continuously developed and tested.

Two concepts, closely related in their design and fabrication method-
ology, were tested throughout this work. The first one is directly related
to the intrinsic structure and properties of porous materials. In analogy
to the electron flow in a conducting crystal where the periodic potential
of the lattice dictates the conduction properties, the propagation of light
in a periodically modulated dielectric lattice (or equivalently, a periodic
index of refraction) could be also allowed or prohibited. If the dielectric
contrast of the crystal constituents is sufficiently high and the absorption
of waves is minimal, then the reflection/refraction of light from all of the
interface configurations can produce many of the same phenomena for
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photons. Thus, photonic crystals represent one of the most advanced so-
lutions for optical control and light manipulation. The operating scales
of electronic and photonic crystals are different. The first one occurs at
atomic level (A scale) while the latter depends on the used wavelength.
For the visible and infrared parts of the electromagnetic spectrum this
corresponds to few hundreds of nanometers! and matches the character-
istic length scale of nanoporous materials. Hence, taking into account
their vast composition and easy structural control, they seem to be the
perfect candidates for such applications. Though we know to manufac-
ture them at ultra large scales, technological requirements are striking
again. In the same way as blocks of metallic aluminum and semiconduct-
ing silicon are to be fashioned in order to compute your everyday tasks,
a periodic photonic lattice needs as well to be reworked to be able to
bend the light at straight corners, control and switch its intensity. This
is where the use of porous materials starts to be discouraging. Solutions
exist and can be categorized either as pre-synthesis (one induces the pat-
tern during the template fabrication) or post-synthesis (one processes a
uniform template in order to obtain the desired pattern) structuring.

The second concept uses indirectly the porous templates. Air chan-
nels were found to be excellent hosts for different types of confined growth
and deposition techniques. Various multidimensional metallic, semicon-
ducting and organic as well as heterogeneous systems have been fabri-
cated and studied using template confined methods. To this miscella-
neous compositional and size diversity we can add the ability of verti-
cal multifunctionality (for example, building a bistable electrical element
and a rectifying structure along a nanowire will eliminate cross-talking in
cross-bar latch devices). General approaches to date consisted in study-
ing large assemblies of nanostructures fabricated inside templates or em-
ploying allied techniques to localize and analyze single nano-objects. We
stress out that these procedures exploit only the reduced dimensionality
and not the high-density imposed by the nanoporous templates: parallel
integration of template embedded nanostructured devices is prominently
missing. By integrating both concepts, one can imagine visionary devices
where light-emitting nanowires are build inside a porous materials pho-
tonic slab to guide the emitted light and perform as hybrid optoelectronic
devices. This work tried to advance both fields.

!The Yablonovite structure was the first experimental photonic crystal demon-
strating the existence of a complete photonic band gap. It consisted of a dielectric
medium, mechanically drilled along the three lattice vectors of the fcc lattice on the
centimeter scale for measurements of microwave propagation. With the subsequent
development of micromachining and nanoscale processing it was possible to build
smaller and smaller photonic crystals and to probe other wavelength scales.
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In the first Chapter, we offer a simple description of nanoporous tem-
plates. A classification by composition, fabrication methods and charac-
teristic sizes is given. As the field is very broad, the discussion is mainly
centered on potentially useful materials. A brief overview of general
applications is also provided.

Chapter 2 details their specific applications for nanotechnology. Em-
phasis is put on their use in photonics and in nanowire electronics. Gen-
eral concepts of photonic crystals and plasmonic structures are given in
order to facilitate further comprehension. Though, due to limited exper-
imental capabilities, optical characterization of fabricated architectures
remained qualitative, the expected behavior was theoretically predicted.
Instead of presenting general cases, we have chosen to work by the way of
examples. For the fabricated 2D and 3D photonic crystal like structures,
we have calculated and optimized the structural parameters in order to
maximize the band gap and minimize the looses. An overview of plas-
monic structures obtained using template methods is presented. A brief
description including theory and applications of surface plasmons in sev-
eral rapidly developing areas of nanotechnology (biophotonics, biosens-
ing, biochemistry and medicine) is also given. Recent trends in the field
of nanowire electronics (especially those fabricated in nanoporous tem-
plates) will try to convince the reader that further optimization methods
are indeed required. The reader will be indeed persuaded that the present
work fits well to the latest advances in this field.

Porous anodic aluminum oxide is the main concern of Chapter 3.
We shall not insist on the fabrication methods and applications of AAO
templates. The topic is well studied and an exhaustive description in
literature exists. The focus is put on the newly developed micro- and
nanostructured techniques. A full processing technology, starting from
a bulk silicon substrate and finishing with a cross-bar latch having at its
heart single, template-embedded nanowires is provided. First, AAO mi-
crostructuring techniques are presented, detailing supported membrane
fabrication, nanowire decoration of microelectrodes and alumina pat-
terning. Nanostructuring is used to further confine the growth with
ultimate single-nanowire resolution. At the same time, a statistical in-
terpretation is given. We present a systematic study on the number of
accessed nanopores using selective mask processing of anodic aluminum
oxide [1,2]. Modulating the size and geometry of the mask enables sta-
tistical, yet accurate control over the achieved resolution. A well-defined
probability dispersion, with distinct maxima at integer number resolu-
tion it is found to exists for a given circular mask diameter range. We
propose a simple image analysis procedure to simulate the experimental
data, enabling fast screening of the processing reliability. The method



4 Preface

generalizes to virtually any type of templates. While the comprehensive
explanation of the experimental and simulated stochastic behavior relies
on a straightforward analytical formalism, the technology is interpreted
in terms of surface and packing optimization.

Organic materials are at the heart of Chapter 4. KEssentially, poly-
methylmethacrylate templates are used to confine polymer nanowires.
In contrast with the previous Chapter, where the nanoporous structures
are mass-generated and then processing techniques are used to isolate
single features, here this is done solely by using electron beam lithogra-
phy. Though it is generally considered as a slow and costly technique,
EBL still remains the foundation for high-resolution, high overlay ac-
curacy, relatively large area nanoscale patterning and next generation
device process development, at least at research and development level
and for small batch production. Using EBL defined templates, a novel
protocol for patterning the semiconducting polyaniline with an unprece-
dented areal patterning order and density exceeding 0.25 teradot /inch? is
presented [3]. A simple two-step process is put forward to hierarchically
build a large variety of functional PANI nanostructures on virtually any
type of flexible or rigid substrates. Using template confinement, through
platinum catalyzed electroless growth, highly-ordered arrays of distinct
PANI nanowires are produced with a typical diameter of ~ 15 nm and
aspect ratio higher than 20. Complex three-dimensional structural con-
trol is achieved through a direct pattern transfer using a novel type of
resist- and dose-modulated electron beam lithography. The method is
scalable and provides a generic approach for nanopatterning surfaces
with functional polymers. Aspects of the PANI growth mechanism at
nanoscale are discussed and sub-picogram scale fabrication is empha-
sized. The tunable optoelectronic properties achieved through a sim-
ple doping/dedoping scheme are considered. A simple scheme for the
single PANI nanowire fabrication, processing and device integration is
presented.

Alternative methods for the template fabrication were also studied
and are presented in Chapter 5. They mainly concern the porous struc-
turing of silicon. Due to its excellent properties and very well established
nano- and micro-structuring techniques, silicon represents the main com-
ponent for various optoelectronic applications. Metal assisted chemical
etching is a simple way to fabricate silicon nanowires or nanoporous sil-
icon. Colloidal lithography was the second studied alternative method.
Here 3D assembly provides direct template structuring, while 2D assem-
bly is used for masking purposes: via shadow physical vapor deposition
or reactive ion etching arrays of nanoscale elements are produced. Nanos-
tructuring at centimeter scale highlights the enormous potential provided
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by this method.

The exhaustive description of the operating principle for used ex-
perimental equipments was left aside. Instead, when appropriate, short
descriptions of the unusual experimental approaches and findings were
presented. Only the electron beam lithography, as being an important
tool for this work, and the associated processes and developments have
been extensively described.

Finally, even if some parts of this work still need a more profound ex-
perimental characterization to fully approve their intended utility, they
may provide ”débouchées” for further research in the field. Proposed
protocols for alumina patterning could be used for purposes other than
single nanowire electronics: surface functionalization, single channel fil-
ters, statistical ”"gambling” with other types of templates and so on.
Polymethylmethacrylate templates could be used to structure other ma-
terials than polyaniline. Reversely, polyaniline electroless growth could
be confined using other, more ”innovative” templates and on more so-
phisticated ”substrates”. So, even if skeptics will consider this work as
never being able to reach an industrial production level, we shall not
forget the philosophy behind ” curiosity driven” research. A large part of
the modern scientific research is very often justified by its potential use
in everyday applications, though, it will remain at the stage of published
papers and laborious reports for funding agencies. Moving researchers
from ” curiosity-driven” science, for example space exploration and parti-
cle physics, into ”driven” science does not make sense and it is certainly
not how scientists are motivated. The history of science has shown that
many hot topics (that were considered perfectly suited for high social
and technological impact) were eventually left aside while others, after
being long time considered as fundamental, have emerged as valuable
technological solutions. Hence, studying and understanding the mater
behavior at the nanoscale in the adventurous beginning century of ”all-
nano” should remain the key motivation, especially for young researchers,
who seek the fascination of Nature.






Chapter 1

Nanoporous materials

Le trop de quelque chose est un manque de quelque
chose.

Proverbe arabe

1.1 Introduction

The concept that matter is composed of discrete units and cannot be
divided into arbitrarily tiny quantities has been around for millennia, but
these ideas were founded in abstract, philosophical reasoning rather than
on experimentation and empirical observation. The nature of atoms in
philosophy and physical sciences varied considerably over time and be-
tween cultures and schools. A lot of work has been done to study and to
understand the properties of these tiny objects constituting the matter.
The past two centuries abounded in various experimental confirmations
and theoretical models correlating the bulk properties with the atom-
istic behavior of materials. Nevertheless, only in the past 3 decades,
with the advent of technology at small scales, it was possible to truly
visualize and manipulate atoms [4,5]|. This fruitful period in science has
been marked by the onset of nanotechnology dealing with the study and
control of matter at atomic and molecular scale. In principle, nanotech-
nology refers to structures with a typical size smaller than 100 nm and
involves developing materials or devices within that size (Fig. 1.1).

Nanoporous materials possess unique surface, structural, and bulk
properties that underline their important uses in various fields such as
ion exchange, separation, catalysis, sensor, biological molecular isolation.
Nanoporous materials abound in nature, both in biological systems and

7
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natural minerals. Some nanoporous materials have been used industri-
ally for a long time. Recent improvements in our ability to see and
manipulate on the nanoscale are transforming our use of these materials
from merely opportunistic to directed design. This is most strikingly
true for the creation of a wide variety of membranes, where control over
the pore size is increasing dramatically, often to atomic levels of perfec-
tion.The theoretical space of possible engineering permutations for such
materials is vast and will present many opportunities for the control of
substances at the molecular and atomic levels for years to come.

Structure size,

MACRO

Applications of
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Integrated
exploitation of
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principles physical
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Figure 1.1: Threshold of nanotechnology as basic sciences converge at
nanoscale [6].

Much effort has been undertaken to develop methods for the synthe-
sis of nanostructures over macroscopic surface areas. Template synthesis
has proved to be an elegant, inexpensive and technologically simple ap-
proach for the fabrication of various nanoscale sophisticated materials.
It consist in confined structuring of the desired material inside the void
channels of a porous matrix. This alternative method overcomes many
of the drawbacks of lithographic techniques, and exploit templates which
differ in material, pattern, range of order and periodicity, feature size and
overall dimensions. Templating methods employing a variety of porous
membranes are commonly used for the synthesis of high-density, ordered
arrays of nanodots, nanotubes and nanowires. The origin of the tem-
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plate used for nanofabrication may also be lithographic; the relatively
high cost of its preparation may limit the application. Although the
aspect ratio achievable is not high, lithographically prepared templates
have the undeniable advantage of exploiting a much wider spectrum of
substrate choices than do porous membranes. The most significant draw-
back of membrane-templating methods is the poor long-range order in
the formed nanostructures, even though a short-range order is main-
tained satisfactorily. An important discriminating factor comes from the
intended application. If one desires to fabricate, analyze and characterize
bulk quantities of nanostructures then a self-organized (or self-arranged)
template is more suitable. Working on distinct single nanostructures may
be troublesome doing so and may require additional processing complex-
ity. Lithography approaches directly solve this issue as the number and
position of nano-objects can be easily controlled. Basically, the choice for
using a given porous material or template will be given by the intended
application, available technology and process simplicity.

1.2 Classification

Nanoporous materials are all about holes and channels that are less
than 100 nm, although there are some interesting porous materials with
voids above this size; this work will not be too strict about the ”arbitrary”
100 nm limit [7]. Like many nanostructured materials, nanoporous mate-
rials abound in the natural world. The walls of our cells are nanoporous
membranes, although with a lot of added complexity. The same way
as biological membranes are designed to perform and act in a specific
way, the scientists are looking for synthetic ”intelligent” membranes en-
gineered to accomplish dedicated tasks.

In principle, any solid material which contains cavities, channels or
interstices may be regarded as porous, though in a particular context
a more restrictive definition may be appropriate. Thus, in describing a
porous solid, care must be exercised in the choice of terminology in or-
der to avoid ambiguity. A strict classification of porous materials based
on their specific size, morphology, chemical composition and fabrication
method is difficult to draw. Sizes can span form few nanometers up to
micrometers with 1D to 3D morphology. Sorting by application is also
difficult as the same material can behave differently upon specific require-
ments. For example, the same porous matrix can be used as catalyst (due
to its increased specific area), filtering media or confining environment
for nanomaterial structuring. As the primary intent in this work was the
use of porous materials for nanostructuring, in the following, a coarse
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classification based primarily on the characteristic dimensions is given.
Worth mentioning is the fact that the 2D porous materials are also called
channeled (or nanochanneled if the size goes below 100 nm) materials as
they can be regarded as a network of parallel channels ”drilled” in a solid
matrix. Both definitions are correct to some extent and which of them
is to be used is mainly a subjective question. This kind of materials are
at the heart of this work. Namely, nanoporous alumina and nano- to
macro-porous PMMA systems have been studied and detailed in follow-
ing chapters. It may be also convenient to divide nanoporous materials
into bulk materials and membranes (or films). While bulk materials
are predominantly used for storage, filtering and catalysis applications
the porous membranes have found utility in nanofabrication due to the
flexibility to integrate them on a substrate and our actual possibility to
process 2D rather than 3D geometries.

1.2.1 Zeolites and mesoporous materials

Zeolites (also known as molecular sieves) are a class of aluminosili-
cate minerals with pore size of ~ 15 A. In zeolites the template refers to
a single molecule or ion. They have a porous structure that can accom-
modate a wide variety of cations such as Na®, KT, Ca®>*, Mg*t. These
positive ions are rather loosely held and can readily be exchanged for
others in a contact solution. Some of the more common mineral zeolites
are analcime, chabazite, clinoptilolite, heulandite, natrolite, phillipsite,
and stilbite. Other types of materials that can be included in this class
are the metal-organic frameworks and aggregated surfactant structures.

Porous materials having pores with diameters between 2 and 50 nm
are usually classified as mesoporous materials!. They have huge surface
areas, providing a vast number of sites where sorption processes can
occur. The synthesis of these materials is of considerable interest and is
constantly being developed to introduce different properties. A typical
example is MCM-41, composed of rod like surfactant aggregates (Fig. 1.2
(a)) [8-13]. The pore size distribution in MCM-41 is usually quite narrow
(~ 40 A) but it is not as tightly defined as that for a zeolite. 3D porous
networks can also be prepared (MCM-48) (Fig. 1.2 (b)) [8,14,15]. A
variety of different layered structures can be formed. These data apply
to MCM-50, a stabilized layered structure (Fig. 1.2 (c)). Stabilized
structures contain surfactant bilayers and collapse when the surfactant
is removed. Typical synthesis consists in the self-assembly of surfactant

! According to ITUPAC notation, microporous materials have pore diameters of less
than 2 nm and macroporous materials have pore diameters of greater than 50 nm
and the mesoporous category lies in the middle.
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micelles modified with silicate species and then calcinated to obtain the
porous silica matrix [16].

Figure 1.2: M41S group phases. (a) MCM-41 with the unidirectionally non-
interconnected hexagonally arranged pores. (b) 3D cubic structure of MCM-48.
(c) Lamella structures of MCM-50.

Though they display extremely reduced channels dimensions, the
high specific area rather than the confinement properties are mainly
exploited in these materials. Even when the confinement of active ma-
terials was possible the characterization was performed on bulk archi-
tectures and not on single nanoobjects. For example, Wu and Bein
have synthesized the smallest ever made (3 nm in diameter) conduct-
ing polyaniline filaments using the channel system of the aluminosili-
cate MCM-41 [17,18]. Authors noted that about 20 aligned polyaniline
chains could fit in the respective volume. It would be extremely in-
teresting to perform electrical transport measurements on this type of
systems, where the intra- or inter- molecular charge transfer may have
the same contribution to the electrical performance. Yet, even nowadays
it would be difficult to realize an adequate experimental set-up for this
kind of measurements 2. The main constraint is that the characteristic
sizes, morphology and properties of this class of porous materials are
well above our modern processing capabilities.

1.2.2 Nanoporous templates

A special class of porous materials are the so called nanoporous tem-
plates. The main specificity of this category is that they can be processed
in the form of films with 1D, 2D and 3D morphology. The class is very
broad and some representative groups are described in the following.

2The authors used contact less microwave absorption technique to probe the charge
transport on bulk quantities of polyaniline nanofilaments, obviously, averaging the
data.
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Block copolymers are made up of blocks of different polymerized
monomers [19-23|. Due to the inherent immiscibility of the majority of
polymer blocks, phase separation is usually observed in block copoly-
mers. Because the polymer blocks are strongly linked to each other,
macroscopic phase separation cannot occur and a structural organiza-
tion appears with domain periodicities in the range of tens of nanome-
ters, either in the melt, bulk state or in solution. As prepared, these
materials present no porosity. Only after a selective removal of one of
the components, void spaces (or the porous structure) can be obtained.
Selective removal methods (inherent to the chemical properties of the
constituents or of the linker groups) are as vast as the chemical nature of
the constituents making this class of materials almost limitless in their
design and applications. Moreover, the morphology of the accessed hi-
erarchical architectures extends (or can be virtually extended) to any
desired superlattice with characteristic dimensions in the range of a few
nanometers up to several micrometers (Fig. 1.3). The main microstruc-
tures observed in solid state are lamellar (LAM), hexagonally packed
cylinders (HEX), a body centered cubic array of spheres (BCC) and a
gyroid structure (GYR).

Amongst these structures the HEX is the most interesting for use as
template for high density nanowire arrays growth [25,26]. Applying an
electric field during segregation of the A block in hexagonally ordered
cylinders from the B block (in which they are embedded) their axes could
be aligned parallel to the applied field and perpendicular to a conduct-
ing substrate. By selective removal of the constituent A, a hexagonally
ordered nanoporous template of B constituent could be obtained. The
main advantages of this template are the mild preparation conditions
and the ordered arrangement of nanopores in a high density structure of
typically 10! - 102 pores/cm?.

Nanochanneled inorganic oxides. Porous materials obtained
mainly from electrochemical anodic etching of various metals. Char-
acteristic sizes are typically higher than for the block copolymers. Den-
sities as high as 10'! pores/cm? can be achieved. A brief description of
nanochanneled anodic aluminum oxides is given in Chapter 3.

Track etched membranes. When an energetic particle crosses a
certain material it leaves a trail of radiation damage which shows up as
a track. Such tracks were first observed in the 50’s in mica exposed to
fission fragments from uranium [27]. Upon etching in a suitable reagent
it has been found that the tracks are very selectively attacked and hollow
channels are formed along the particle paths, while the remaining mate-
rial is mainly unaffected (Fig. 1.4 (a)). Various inorganic and organic
materials were tested and studied [28]. In fact, it has been found that
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Figure 1.3: Spherical micelles, cylindrical micelles, vesicles, fcc- and bce-
packed spheres (FCC, BCC), hexagonally packed cylinders (HEX), various
minimal surfaces (gyroid, F surface, P surface), simple lamellae (LAM), as
well as modulated and perforated lamellae (MLAM, PLAM) morphologies can
be designed and produced. From [24].

this effect could be efficiently used for charged particles detection. Only
much later, in the mid 90’s, it was recognized that track etched polymers
could be used also as templates for nanowires fabrication [29-31]. Such
track etched templates are fabricated by irradiating polymer membranes
such as bisphenol-A polycarbonate (PC) with heavy ions [32| produced
by a particle accelerator in the MeV - GeV range. The ion irradiated PC
film is then UV irradiated to increase the selectivity of the subsequent
chemical etching. Etching is performed with a NaOH aqueous solution
to form nanopores (nanochannels) with a desired diameter. A typical PC
nanoporous membrane could be seen in Figure 1.4 (b). The main char-
acteristics of this kind of templates are: random pore distribution; pore
diameters from 10 nm to a few pm tunable by the etching time; and den-
sities ranging from 10° to 10'° pores/cm? controlled by the irradiation
flux and time.

Porous silicon. Porous material made out of silicon by electrochem-
ical or metal assisted chemical etching. A recent metal assisted method
has gained much interest due to its specificity and selectivity during the
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Figure 1.4: SEM images of the surfaces of track-etched membranes. (a) Mus-
covite mica exposed to UT?® ions. The crystalline structure of mica imposes
different etch rates for different directions relative to the crystal axes. The
slowest etching planes are those terminated by oxygen. As a result of this etch-
rate anisotropy, pores etched in mica have a diamond-shaped cross section.
From [33]. (b) Circular pores are obtained using an amorphous ion bombarded
material, in occurrence, a polycarbonate membrane.

etching of silicon. Details on this approaches will be given in Chapter
5. The porosity can range from 4% to 95% depending on the fabrication
conditions. The pore size can be tunned as well: from less than 2 nm
to few micrometers (going actually into the macroporous range) upon
appropriate etching conditions and surface treatments.

1.2.3 Macroporous membranes

This class is characterized by materials having pores larger than 100
nm. In principle it can be divided into 2 subclasses: self-assembled and
lithographically defined porous structures. Self-assembled macroporous
materials are mainly composed of crystallized colloidal structures (silica,
PMMA or polystyrene spheres). The 2D or 3D porous structure origi-
nates from the spherical shape of constituents and hence, formation of
void spaces between the packed structure. The second subclass materials
are actually the patterned resist films using various lithographic exposure
techniques. It is one of the most simple and flexible methods, in terms
of characteristic sizes and lattice geometry, for the fabrication of 2D and
3D templates. The lower pore size limit is around 5 nm while the higher
limit is virtually infinite. Thus, lithographically defined templates can
cover all of the classes upon considering the pore size as the main classi-
fication criterion. Pattern shape and positioning can be controlled with
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single-feature resolution. The main drawbacks that are usually evoked
are the low aspect ratio and fabrication throughput combined with the
high processing costs. More details on these types of templates will be
given in Chapters 4 and 5.

These type of templates can be used as fabricated or post-processed
to yield new types of macroporous materials. 2D structures, or chan-
neled templates, are either inverted to obtain post type structures or
used at etch masks to transfer the porous matrix to the substrate. The
later approach is intensely used in silicon technology for the fabrica-
tion of photonic devices (waveguides, photonic crystals and wires). For
3D structures it is difficult to transfer the pattern to the substrate due
to the internal shadowing elements. Typically, conformal coating tech-
niques (chemical and electrochemical as well as various physical depo-
sition methods) are used. If the original material is removed, then a
new macroporous material is obtained which is an inverted replica of the
initial one.

1.3 General applications

Porous materials are expected to play an increasingly important role
in our daily life. There are plenty of advantages offered by these materi-
als. Without being redundant, some of them are listed below. As there
is always pay off for the benefit, the disadvantages are also mentioned.
Applications regarding their use as light modulating materials (or pho-
tonic crystals) and their use as growth templates are skipped here. The
respective methodologies are detailed in the next Chapter.

e Filtering medias. As the regulatory limits on environmental emis-
sions become more and more stringent, industries have become
more active in developing separation technologies that could re-
move contaminants and pollutants from waste gas and water streams.
Adsorbent materials and membranes (typically mesoporous and
nanoporous) are increasingly being applied and new adsorbents
and membranes are constantly being invented and modified for var-
ious environmental applications. Traditional types of commercial
adsorbents are activated carbons, zeolites, silica gels and activated
alumina. The main advantages are the high surface area and the
void volume fraction per unit mass of porous materials. Smaller
are the characteristic dimensions, better are the performances. In
turn, decontamination or release of trapped species can be difficult.

e Energy production and storage. Future energy supply is dependent
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on hydrogen as a clean energy carrier. It can be produced from fos-
sil fuels, water electrolysis and biomass. Porous materials can be
very useful during the fabrication, separation, storage and efficient
energy conversion of hydrogen fuels. Currently there are no op-
timal systems for hydrogen storage. It can be stored in gaseous,
liquid and more recently in solid forms. Despite many controver-
sial reports in the literature, hydrogen storage in carbon nanotubes
(that can be also treated as mesoporous materials) may one day
become competitive and usefull. Another type of nanostructured
carbon is templated using 3D ordered mesoporous silicates. Metal-
organic frameworks represent another class of synthetic porous ma-
terials that store hydrogen. Efficient and secured storage - release
processes need still to be optimized.

Catalysis and photocatalysis. More efficient catalytic processes
require improvement in catalytic activity and selectivity. Both
aspects will relly on the tailor-design of catalytic materials with
desired microstructure and active site dispersion. The traditional
methods of impregnating metal ions in nanoporous supports are as
not as effective in achieving high dispersion of active centers. In-
corporation in template or intercalation are more advanced tech-
niques rendering a high activity owing to the high surface area
of the active components and selectivity due to the narrow pore
size distribution. Transition metal oxides exhibit a wide range of
physical, chemical and optical properties appropriate for such ap-
plications. One of the most studied metal oxide is semiconducting
Ti0,. Titania in anatase form exhibits a strong photocatalytic
effect. Regeneration of contaminated catalysts can be difficult.

Sensors and actuators. Gas sensing relies on the detection of the
electric resistivity change upon modification in gas composition
or concentration and the sensitivity is normally dependent on the
surface area. Gas sensors based on nanoporous metal oxides such
as SnQOsy, TiO, ZrOy and ZnO are being developed and applied
in detectors of combustible gases, humidity, ethanol and hydro-
carbons. Zirconia is typically a good sensor material for oxygen.
Disadvantages are related to the selectivity as well as to regenera-
tion of the sensing surfaces.

Biological applications. Nanomaterials that are assembled and
structured on the nanometer scale are attractive for biotechnology
applications because of the potential to use materials topography
and the spatial distribution of functional groups to control proteins,
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cells, and tissue interactions, and also for bioseparations. Bionan-
otechnology is all about creating nanomaterials or biomaterials for
biological applications. Nanoporous materials being porous and
bio-compatible afford the capability to build enzymatic systems
that mimic natural biological reactions. Immobilizing recombinant
enzymes into nanoporous materials can be useful for long-lifetime
biological reactors for a variety of applications. The possibilities
for using enzymes in small-scale reactors for producing drugs, en-
ergy, decontaminating wastes, and creating complicated synthetic
reactions are limitless. Nanopores embedded in an insulating mem-
brane fabricated by physical methods have been demonstrated use-
ful to examine biomolecules one by one, achieving single-molecule
analysis [34]. The passage of individual molecules through nano-
sized pores in membranes is central to many processes in biology.
Previous experiments have been restricted to naturally occurring
nanopores, but advances in technology now allow artificial solid-
state nanopores to be fabricated in insulating membranes. By
monitoring ion currents and forces as molecules pass through a
solid-state nanopore, it is possible to investigate a wide range of
phenomena involving DNA, RNA and proteins. The solid-state
nanopore proved to be a surprisingly versatile new single-molecule
tool for biophysics and biotechnology [35]. The most supervis-
ing result of this field was that the DNA molecules do not thread
meekly through these nanopores like a noodles, but instead come
through the pores in several configurations. This is an important
breakthrough towards DNA sequencing, demonstrating the poten-
tial applications of nanoporous materials in bioengineering.






Chapter 2

Porous materials for
nanotechnology

Il faut faire partie d’un groupe. Seul, vous ne valez
rien. Que vous apparteniez, cela vous grandit et
rassure en méme temps ceux qui, loin, ne peuvent
aller vérifier votre qualité.

Jacques Folch-Ribas

2.1 General overview

In the previous Chapter we offered a condensed view on types, char-
acteristics and utilities of porous materials. In this Chapter we will try to
a give a more detailed picture of only two potential applications: photon-
ics with an emphasis on PBG materials and template confined growth.
In principle, every material having a structural periodicity along one
or more directions can behave as a PBG material, if properly dimen-
sioned and engineered. The operation spectrum range will depend on
the characteristic dimensions. As it will be shown further, nano- and
macro-porous materials can be designed to affect the electromagnetic
waves in the useful, visible and infra-red spectral ranges. Template con-
fined growth exploits the structure of porous materials to produce new
structures which preserve the morphology of the initial building block.
Compared to other applications (such as catalysis, storage, sensing or ac-
tuation) these applications are truly benefiting from the intrinsic struc-
ture of the porous materials. On one hand, catalysis, storage and sensing
can be done using non-porous materials. On the other hand, shaping ma-
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terials to possess a PBG will be impossible otherwise than structuring
them.

2.2 Photonics

The term ”Photonics” appeared in the late 1960s to describe a re-
search field whose goal was to use light to perform functions that tra-
ditionally fall within the typical domain of electronics, such as telecom-
munications and information processing. Generally, the science of pho-
tonics! includes the emission, transmission, amplification, detection, and
modulation of light. The power of photonics is based on the simple fact
that the energy of light quanta lies in the energy range of electronic and
vibrational transitions in matter. This fact is at the core of our abilities
for visual perception and is the reason why experiments with light are
very close to our intuition. In recent years, relying on the momentum
of flowering nanosciences and the understanding of optical phenomena
on the nanometer scale, researchers started to tailor nanomaterials with
novel optical properties. Photonic crystals, single-photon sources and
optical microcavities are the products of this effort. The strong interest
in near-field optics gave birth to the fields of single-molecule spectroscopy
and plasmonics, and inspired new theoretical work associated with the
nature of optical near-fields.

2.2.1 Photonic crystals

Photonic crystals are periodic optical structures that are designed
to affect the motion of photons in a similar way that periodicity of a
semiconductor crystal affects the motion of electrons. In analogy with the
well-known Bragg reflection and diffraction of X-rays from crystals, these
“optical” crystals show Bragg resonances, that is, certain frequencies
or wavelengths are completely reflected whereas others are transmitted.
It is possible to create "optical” crystals that exhibit a periodicity in
either 1, 2 or 3 dimensions and in general we talk of photonic band gap
crystals, indicating the existence of certain frequency regions in which

Photonics is closely related to optics. Photonics is also approximately synony-
mous with quantum optics, quantum electronics, electro-optics, and optoelectronics.
However each term is used with slightly different connotations by scientific and gov-
ernmental communities and in the marketplace. The term photonics more specifically
addresses the particle like properties of light, the potential of creating signal process-
ing device technologies using photons as well as the quantum optical technologies
which are easily manufacturable and can be low-cost.
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transmission of light is prohibited. Photonic crystals provide the unique
ability to guide light around very tight bends and along narrow channels.

2.2.1.1 Theoretical consideration

Many basic ideas are common to both solid-state and photonic crys-
tals and they have been utilized to build fundamental theories of the
photonic crystals. The difference between them is the scale of the lattice
constant, which is of the order of the wavelength of the relevant elec-
tromagnetic radiation in photonic crystals, while it is few angstroms in
the other case. The theoretical solution for photonic crystals is based on
Maxwell’s equations in form of an eigenvalue problem for the harmonic
Fourier components of the electric and magnetic fields?. This makes
an analogy of the electromagnetic problem with the Schrodinger equa-
tion, and allows one to take advantage of some well-established results
from quantum mechanics, such as the orthogonality of modes, the vari-
ational theorem and the perturbation theory. In the following, a very
short description of the concepts applied to this field will be given with
an emphasis on the employed materials in this work and their potential
use as photonic materials. For a more complete theoretical description
the reader can refer to Joannopoulos [36] and Novotny [37] books that
inspired this part.

Maxwell’s equations govern the electromagnetism, including the prop-
agation of light in a photonic crystal:

V- -D(r,t)=p V-B(rt)=0

0B(r,t) oD(r,t)

ot ot
where D is the electric displacement, B - the magnetic induction, F - the
electric field, H - the magnetic field and J, t and p are the current density;,
time and charge density, respectively. For perfect dielectric materials (i.e.
with relative permeability p, = 1), by assuming a source-free region
(J = 0 and p = 0) in which the structure does not vary with time,
Maxwell’s equations can be reduced to four relations, each involving
only one type of field. The representation can be simplified by relating
B to H and D to E. The components D; of the displacement field can
be related to the electric field components F; via power series:

V x E(r,t) = V x H(r,t)=J+

Di/fo = ZeijEj + ZXijkEjEk + O(Eg) .
J Jik

2Maxwell’s equations, being scale invariant provide a secure basis.
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For many dielectric materials it is convenient to use the following as-
sumptions: (i) linear regime, the field strengths are small enough so
that x;j, can be neglected; (ii) macroscopic and isotropic materials, the
dielectric constant can be approximated by a scalar dielectric function
e(r,w); (iii) ignoring any frequency dependence of the dielectric func-
tion (in the subsequent, we will simply choose the value of the dielectric
constant appropriate to the frequency range of the studied systems) and
(iv) consider low-loss, transparent materials, €(r) is real and positive.
Thus, the electric displacement is given by D; = €pe(r)E(r,t) and con-
sidering that the photonic crystals are not realized in magnetic materials
(ur = 1), the magnetic induction can be written as B = poH(r,t). A
new set of equations is obtained:

V-H(r,t)=0 VxE(r,t)—l—uoW—O
V - [eoe(r)E(r, t)] =0 V x H(r,t) — eoe(r)aEg:’t) =0 .

The field functions F and H are complicated functions of both space and
time. Due to the linearity of Maxwell’s equations it is easier to separate
the time dependence from the spatial dependence by expanding the fields
into a set of harmonic modes:

E(r,t) = E(r)e_m H(r,t) = H(r)e_m )

We can rewrite the new set of equations in an eigenvalue problem having
w?/c? as eigenvalues and the fields E(r) and H(r) as eigenfunctions:

1 w?
V-H(r) =0 Vv x (mv X H(r)) = S H()
w2
V-le(e)E(r)) =0 Vx|V xEr)]= —C—QE(T) ,

where ¢ = 1/, /€yfio is the vacuum speed of light. As it can be observed,
the right-hand equations are eigenfunctions and the equation defined in
H(r) is called the master equation as combined with the fact that the
magnetic field is transverse (V - H = 0) offers a more convenient way to
solve the electromagnetic problem using this representation. A generally
adopted representation, using a differential operator © is:

w? 1
—H(r) , where 0=V x [%

One interesting aspect of electromagnetism is that there is no fun-
damental length scale. In atomic physics, the spatial scale of potential

vx}
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functions is generally set by the fundamental length scale of Bohr radius.
Hence, configurations of materials that differ only in their overall spatial
scale have very different physical properties. For photonic crystals the
solution of the problem at one length scale determines the solution at
all other length scales. This simple fact is very important for practical
considerations. The fabrication of complex micrometer-scale photonic-
crystals can be difficult. Yet, models can be easily made and tested in
the microwave regime, at the much larger length scale of centimeters, if
materials can be found that have nearly the same dielectric constant?.

To solve the problem for a photonic crystal, it is necessary to im-
pose that the dielectric function is periodic. In real space this can be
in one, two or three-dimensions corresponding accordingly to 1D, 2D
and 3D photonic crystals. The periodicity can be reduced to two con-
cepts: the basis - defining the spatial arrangement of the unit cell and
the lattice - the confinement of the unit cell. Photonic crystals (like
traditional crystals of atoms or molecules) do not have continuous trans-
lational symmetry. Instead, they have discrete translational symmetry,
that is, they are not invariant under translations of any distance, but
rather, only distances that are multiple of some fixed step length. For
a system with lattice constant a, because of the discrete symmetry, we
will have €¢(r) = €(r 4+ a) or, by repeating this translation, we can see
that e(r) = e(r + R) for any R which is a linear combination of a;:
R =73 ".na; for (i =1,2,3..).

A system with translational symmetry is unchanged by a translation
through a displacement d. We can then define an operator Ty associated
with an arbitrary displacement d and when applied on a function f(r)
shifts the argument by d. In a continuous dielectric medium Tye(r) =
e(r £d) = €(r), or equivalently [T, 0] = 0. The eigen-functions of the
T, operator must have the functional form of a plane wave:

TdHOeik-r _ Hoeik-(Ter) _ (eik-d)Hoeik-r ’
where Hy is any constant vector and e?*¢ is the corresponding eigenvalue.
This equation shows that for continuous dielectric media, the solution
of master equation must have the form of plane waves. Imposing the
transversality condition (VH(r) = 0), the dispersion relation of photons
in a medium with dielectric permitivity € (or refraction index n = \/e)
can be obtained: w = c|k|/+/e.

3You will ascertain a similar scale invariant approach in Chapter 3. You will
see that in the same way as photonic crystals can be tested at the centimeter scale
and then transposed at the nanometer scale without any fundamental differences, the
reliability of the statistical patterning can be verified as well using macroscale objects.
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Photonic crystals are invariant under discrete translational symme-
try defined by the vector R described previously. Being Tx the unitary
operator associated with the discrete translation R, the rule for the trans-
formation in the basis defined by eigenfunctions of T states:

Oy =TrOuTy" & =Tpely'  H'(r) = (TH)(T5'r) .

Photonic crystal invariance under Tr means that the operator ©x and
the dielectric function € are left unchanged. The application of T to the
master equation yields a new eigenvalue problem for the transformed
H'. However, since [, Tg] = 0, it can be showed that H must satisfy
the same equation that holds for H, and fulfilled if equal to H' within a
multiplication factor:

w?

2
~ N ~ w* A
OgH = 7H <=> OgTrH = 7TRH .
c c
Consequently, H is a linear combination of degenerate eigenfunctions of
the translation operator Tg: TrH(r) = aH(r), the eigenfunctions of
Tr are plane waves and the eigenvalues are complex numbers of unitary

modulus:

fu(r) = foe™"  Trfu(r) =M Ef(r)  a=e R

Using symmetry and operator formalism we can find the general form
for the solution of Maxwell’s equation in a photonic crystal. The discrete
periodicity in the 7 direction leads to a r dependence for H that is simply
the product of a plane wave with a r-periodic function (detailed calcula-
tions can be found in the cited books). This result is commonly known
as the Bloch-Floquet theorem which states that the general solution of a
master equation invariant under a translational symmetry operation Tr
is a periodic function wuy(r) multiplied by a phase factor e**7:

TrHy(r) = Hp(r — R) = e " *FH(r) |
or in a more compact form :

up(r) = e kT Z c(k+ B)frip(r) —  Hp(r) =e*up(r) .

Without going to much into the mathematical details, we shall recall
briefly the notions related to the reciprocal lattice and the Brillouin
zone. The Bloch’s theorem is used to express an electromagnetic mode
as a plane wave that is modulated by the periodic function u(r). The
function u shares the same periodicity with the crystal. In principle, we
need only to consider the wave vectors k that lie in a certain region of
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the reciprocal lattice known as the Brillouin zone. If we are working with
a lattice-periodic function out of plane wave (with period or the lattice
vector R), we need only to consider the plane waves with wave vectors
g such that e’ = 1 for all the lattice vectors. The vectors that satisfy
the relation €% = 1 or equivalently ¢ - R = 2w N are called reciprocal
lattice vectors. They span the so-called reciprocal space K3 which is the
dual space of the Euclidean space R3. For a given set of lattice vectors
R, the lattice vectors are determined by the equation ¢- R = 2aN. If we
represent the lattice vectors R in terms of the primitive lattice vectors
(R = lay + mas + nas, where [, m,n integers, and a1, ay and ag are
the smallest vectors pointing from the lattice point to another) then the
primitive lattice vectors are expressed as follows:

2 Qj X 5];2

b1 = 7&1; bz = QW[Iim]iA; aj Ak
a; (aj X 5k)

b, =2r—————
a; - (a; x ay)

in 1D, 2D and 3D space, respectively, where k gives the direction of
the z axis and 4, j, k label the primitive vectors. As such, when we
take the Fourier transform of a function that is periodic on a lattice, we
need only to include terms with wave vectors that are reciprocal lattice
vectors. To construct the reciprocal lattice vectors, we take the primitive
lattice vectors and perform the operations depicted above. Further, the
Brillouin zone is the region delimited by cutting the reciprocal space with
planes perpendicular to the primitive vectors at |b;/2| from the origin.
For a cubic (3D) or square (2D) lattice the reciprocal primitive vectors
are simply b; = %&i' This is not the case for other lattices as will be
discussed further for the triangular lattice.

Two more concepts are needed and exemplified further: the band
structure and the photonic bandgap. As mentioned, the electromagnetic
modes of a photonic crystal with discrete periodicity in three dimensions
can be written as Bloch states: Hy(r) = e*7uy(r). By inserting the
Bloch state into the master equation we can solve uy(r):

b
€(r)

The mode profiles are determined by the eigenvalue problem subject to
transversality (ik + V) - uxp = 0 and the periodicity condition wug(r) =
ug(r + R). Because of this periodicity condition, we can treat the eigen-
value problem as being restricted to a single unit cell of the photonic
crystal. Since k enters as a continuous parameter, the frequency of each
band will vary continuously as k£ varies. In this way we have a descrip-
tion of the modes of a photonic crystal: a family of continuous functions

w(k)

2
(ik + V) x —— (ik + V) x uy(r) = <T) up(r).
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wp (k) indexed in order of increasing frequency by the band number. The
information contained in these functions is called the band structure of
the photonic crystal. Because of the boundary condition, we can regard
the eigenvalue problem as restricted to a single unit cell of the photonic
crystal. The situation is similar to the quantum mechanics problem of
the 7electron in a box” where the restriction of the eigenvalue problem
to a finite volume leads to a discretization of the energy spectrum.

In addition to the Bloch vector and the index n, there is also another
important degree of freedom that characterizes the solution of the mas-
ter equation, namely, the polarization o. Hence, for each choice of (k,n)
there are two independent solutions with different polarizations. In gen-
eral, it is found that the polarization is not independent of the Bloch
vector 0 = o(k). Therefore, it is convenient to absorb the polarization
degree of freedom in the band index n. Only for some specific cases,
where at least one polarization is independent of the Bloch vector, the
index o is used to label the eigenfunctions and eigenfrequencies. As it
will be shown further, this happens for the in-plane propagation in 2D
photonic crystals.

It is worth mentioning that the spectrum w can be further classified
by considering other symmetry properties of the photonic crystals (other
than translational). For example, a given photonic crystal can be left
invariant after a rotation, a mirror reflection or inversion operation. It
can be shown that whenever a photonic crystal will have one of the
mentioned symmetries, the w(k) functions will have that symmetry as
well. This particular collection of symmetry operations is called the
point group of the crystal. Since the functions w(k) possess the full
symmetry of the point group, we don’t need to consider them at every k
point in the Brillouin zone. The smallest region within the Brillouin zone
for which the w(k) is not related by symmetry is called the irreducible
Brillouin zone. Other symmetry aspect is the time-reversal invariance
yielding w(k) = w(—k). The above relation holds for almost all photonic
crystals, with the exception of magneto-optical materials. The frequency
band has the inversion symmetry even if the crystal does not.

A photon with energy w will propagate in a photonic crystal only
if A(k,n) : w = w(k). Thus, we can define the photonic bandgap as
the spectral region [wy,ws] for which Vw € [wi,ws], B(k,n) : w = w(k).
Photonic bandgap means that in the frequency window [w;,ws| there is
a null DOS p(w) which for a photonic crystal is defined as:

p(@) =33 6w —wn(k))
n keBZ

Contrary to the smooth DOS for a homogeneous medium, in a photonic
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crystal DOS presents peaks and dips around a mean value given by the
effective medium theory.

To conclude, for a given photonic crystal €(r) we can calculate the
band structure functions w(k). For that, various computational tech-
niques are available. In the next section, the band structures of some
photonic crystals was calculated using MPB (MIT Photonic Bands AbI-
nitio)* [38]. To avoid solving the master equation for every point of the
irreducible Brillouin zone, it is often enough to do it along the symmetry
lines, because they correspond to higher degree of symmetry with respect
to the internal point and for this reason they are more representative.

2.2.1.2 2D and 3D systems

In the following we will discuss the cases for 2D and 3D photonic
crystals. To avoid redundancy, we will analyze the particular systems
used throughout this work. Going back to the porous materials their
architectures can be treated as a 2D photonic crystal of air columns in a
dielectric substrate or by inverting them, as an array of dielectric columns
in an air matrix. The square and the triangular (or hexagonal) lattices
are the most representative of the 2D class. By making a porous film
”suspended”, we can obtain a new hybrid structure, known as photonic-
crystals slabs or planar photonic crystals. For the 3D structures we will
limit to the case of a simple cubic lattice. As for the dielectric nature,
the polyaniline in both, doped and dedoped states, silicon, alumina and
PMMA will be the materials of interest.

A 2D photonic crystal is periodic along two of its axes and homoge-
neous along the third axis. For the simplicity, the size in the third axis
is considered to be infinite®. Photonic band gaps appear in the plane of
periodicity. For light propagating in this plane, the harmonic modes can

4The MIT Photonic-Bands (MPB) package is a free program for computing the
band structures (dispersion relations) and electromagnetic modes of periodic dielec-
tric structures, on both serial and parallel computers. It was developed by Steven
G. Johnson at MIT along with the Joannopoulos Physics group. This program com-
putes definite-frequency eigenstates (harmonic modes) of Maxwell’s equations in pe-
riodic dielectric structures for arbitrary wavevectors, using fully-vectorial and three-
dimensional methods. It is especially designed for the study of photonic crystals
(a.k.a. photonic band-gap materials), but is also applicable to many other problems
in optics, such as waveguides and resonator systems.

5In reality it is experimentally impossible to realize such structures. For a finite
size in the z direction the out of plane propagation has to be taken into account.
The states with wavevectors with nonzero component in the vertical direction will
fill completely the 2D band structure. A solution to this problem is the concept of
finite height 2D photonic crystal: structuring the 2D crystal in a planar dielectric
waveguide so that the in-plane confinement is provided by the photonic crystal,
while the vertical confinement is obtained through total internal reflection. However,
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be divided into two independent polarizations, each with its own band
structure. TE modes have H normal to the plane, H = H(p)Z and E
in the plane E(p) - 2 = 0 and TM modes have just the reverse. The
band-structure for TE and TM modes can be completely different and it
is possible to have a band-gap for one polarization but nor for the other
one.

We will begin with the simplest case®, the square lattice made out
of "transparent” pillars with high e. Silicon is an excellent candidate
as it has € ~ 12 — 14 with low absorption coefficients over a wide spec-
trum range (900 to 9000 nm). It is one of the most attractive material
for constructing photonic band gap materials for the telecomunication
wavelengths (1550 nm). Although it is not considered practical for the
visible range because it absorbs light, silicon is an indirect band gap
semiconductor with weak absorption in the submicrometer wavelength
range: a ~ 10%2cm~! at 1.25 eV (~ 1000 nm) and o ~ 103cm~! at 1.6
eV (~ 775 nm). Hence, the absorption of light can be insignificant in a
photonic crystal if the volume fraction of silicon is low, low enough for
high transparency in the visible range and high enough for opening a
rather large photonic band gap [39]. For the simplicity, we will not take
into account these aspects. Other important parameter is the dimension-
less lattice constant. The lattice period a as well as the pillar radius (a
more general parameter is the ratio between the pillar radius to lattice
period r/a) can modify the photonic band appearance. Obviously, there
is a optimum value of r/a for which the band gap is maximized. In the
following, we will restrict to this condition.

Figure 2.1 shows the photonic band structure for the discussed struc-
ture. The frequency (left axis) is expressed as the dimensionless ratio
wa/2me. For the simplicity, further we will use f for the frequency. This
is equivalent to a/\, where X is the vacuum wavelength (27¢/w) or, ex-
pressed in terms of photon energy to 1241.25/a. As it can be observed,
a large band gap is opened only for the TM mode (shaded gray region)
between the band 1 and 2. The band gap size is defined as the gap-
midgap ratio Aw/wy, x 100% (scale independent value), where Aw is the
frequency width of the gap and w,, is the frequency at the middle of the
gap. Thus, we have a 39% TM gap centered at 0.354 - f. There is also a
smaller (3.9%) TM gap at 0.732- f as well as an apparent TE gap (0.27

this does not simplify so much the problem as the introduction of the waveguiding
component in the photonic crystal modify the 2D band structure and not transposable
out of plane losses appear.

5Simple because of geometry: a square lattice has a square reciprocal lattice,
pointing in the same directions.



2.2. Photonics 29

R i 20
085
AR EE
R EE _ 15
2 X
e 0o 0 00 %0-6_- g
IS}
R EE & N
< 04 -
5o
Mo S
& =
ol 05
r X - T™M
- TE
0.0 P T SR SR AN TR ST SO T NN S S S| 0.0
r X M r

wavevector

Figure 2.1: Left: the dielectric function of a square lattice of rods and the
Brillouin zone (with the irreducible zone shaded in blue). Right: the photonic
band structure of a square lattice of silicon rods in air with r/a=0.194, as
obtained by maximizing the TM gap, shown as the shaded gray area.

%) at 0.881 - f7. Due to the scale independence, the band structure is
valid for all the range where € was considered to be constant (900 - 9000
nm or 1.38 - 0.138 eV, respectively). This means that you can center the
band gap (without affecting the band structure or the gap size) in this
range by adjusting a. For example, centering the band gap at 0.8 eV (or
1550 nm) it is possible for a lattice with =550 nm. Now, the right axis
in Figure 2.1 is a plot of f in €V units only for a= 550 nm. Technically,
a 550 nm lattice constant and 206 nm pillar diameter (or r/a=0.194) are
is easily feasible. Combined with the high transparency of silicon in the
infrared region explains why S still remains one of the most used mate-
rials in photonics for the telecommunication applications. It is possible
to design band gaps in visible as well, though with some modifications.
First, the increase in e will slightly modify the band structure. Second,
as mentioned, low filling fraction crystal will be needed in order to min-
imize the absorption. Poborchii et al. used a square lattice of silicon
pillars with a= 270 nm and r= 32 nm to demonstrate a green light band
gap (2.23 eV).

Using a triangular lattice it is possible to open even a larger band
gap. Again, we have computed the band structure of a triangular lattice
of silicon pillars (e = 13, band gap optimized geometry) and the results

"The sources of ”false positive” band gaps are explained in details in the MPB
manual.
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Figure 2.2: Left: the dielectric function of a triangular lattice of rods and the
Brillouin zone (with the irreducible zone shaded in blue). Right: the photonic
band structure of a triangular lattice of silicon rods in air with r/a=0.176,
obtained by maximizing the TM gap, shown as the shaded gray area. A TE
gap opens as well in this case displayed by the shaded blue area. Bottom:
Electric-field distribution for the first 6 TM bands at the K-point. For the
clarity, only the contour of the dielectric function is represented. The colors
indicate the amplitude of the displacement field pointing in the z direction
(blue - negative, red - positive).

are shown in Figure 2.2. Now the size of the TM gap is 50.2%, centered
at 0.38 - f. We can observe that there is also a TE gap of about 8.36%
centered at 0.89 - f. If centering the band gap at 0.8 eV we obtain the
value for a = 590 nm (and hence, a modified right axis). Using the MPB
data analysis tools it is also possible to examine the real part of the z
component for the displacement fields inside the lattices (bottom plots in
Fig. 2.2). The real part representation shows us the field intensities of the
modes at a given instant in time. We can learn several things from these
plots. The first band has most of its energy in the dielectric regions and
has a low frequency. The second band must have a nodal plane in order to
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be orthogonal to the first and thus, has most of its energy in the air region
with a corresponding higher frequency. Successive bands have more and
more complex nodal structures in order to maintain orthogonality. As
such, we can see that a triangular lattice can open a bigger TM band gap
than a square lattice, though, in both cases, a full band gap for both, TM
and TE modes is absent. It will be shown further that this is possible
using a different lattice configuration, namely, a triangular lattice of
air holes in a dielectric. Nevertheless, the post-type structure can be
sometimes useful. As mentioned, working with an absorbing material
requires low material filling fraction. From sterical considerations it can
be shown that a triangular lattice of air holes can has a minimum filling
fraction of ~ 0.1% while for the post-type structures the filling fraction
can be made much smaller.

Before going further, we will analyze the case of a crystal made out
of polyaniline pillars (see more details in Chapter 4). Silicon and most
of materials have a definite constant refractive index (or dielectric con-
stant) at a given wavelength?. Hence, to modify the band structure
of an already fabricated photonic crystal you can either modify the
lattice parameters (very often difficult to do that) or, change the sur-
rounding medium dielectric constant (also, not so practical). As it will
be shown in Chapter 4, polyaniline has very interesting optoelectronic
properties. Protonation/deprotonation or other chemical modifications
induce strong changes in the electric conductivity as well as in the dielec-
tric constant. Hence, it could be possible to fabricate a photonic crystal
with tunable properties by chemically modifying the material dielectric
properties. But there are other problems to solve before doing that. For
instance, polyaniline has strong absorption bands in the visible spectrum
range, property which may alter the photonic band gap properties. As
pointed out previously, by reducing the material filling fraction in the
crystal, it is possible to render it ”transparent”. However, polyaniline
has a low dielectric constant, which may be insufficient to open a band
gap in a low filling fraction structure. In turn, in the near-infrared re-
gion, it has low absorption for both, protonated and deprotonated states,
with relatively high and still tunable dielectric constants (e= 5.2 and e=
2.8 for protonated and deprotonated phases, respectively). The results
are shown in Figure 2.3.

First, the band structure was calculated for the protonated polyani-
line, again maximizing and centering the TM gap at 0.8 eV (left plot

8You can also calculate that. Take a look at Figure 3.15 and at the afferent text
descriptions and you will find rapidly the answer.

9We exclude non-linear optical media; for example, affecting the refractive index
using static electric fields (Pockels effect) or using acoustic waves.



32 POROUS MATERIALS FOR NANOTECHNOLOGY

g e
=N o0

frequency (wa/2mc)
o
~
(A9) 4B.12u2 uojoyd

e
o

0.0

wavevector wavevector

Figure 2.3: Band structure of a triangular lattice of polyaniline pillars in the
protonated (left) and deprotonated (right) state.

in Fig. 2.3). A relatively large band gap (28.86%) opens at 0.44 - f.
Here, 0.44 - f represents 0.8 eV for a lattice having the constant a= 690
nm. The gap maximizes for a/r= 0.2236 or, for pillars having the di-
ameter of 310 nm. As it will be shown in Chapter 4 the fabrication of
such lattice is relatively a simple task. Deprotonation leads mainly to
a change in the dielectric constant of polyaniline'®. The same structure
with a new € has a different band structure. The band gap is narrower
(11.6%) and centered at a higher frequency 0.52 - f. Thus, it is possi-
ble to chemically tune the optical properties of a polyaniline photonic
crystal. What is more interesting is that the process is reversible and we
can switch between the states by simply dipping the structures into a
given pH solution. Probably, the approximations that were made are too
severe (rough estimation of the €, neglecting the absorption, etc.). What
is sure is that there is a change in the dielectric constant between the two
states (and probably with some intermediate states) and fine chemical
tuning of polyaniline photonic structures is possible [40]. There is still
some work to do but this could be further exploited to build chemically
tunable optical switches as well for in optical sensing.

Up to now we have reviewed the post-type photonic structures, which
are the inversed replicas of porous materials. To recall, a porous material
consists of air-holes in a solid matrix (usually dielectric). Making them

0Polyaniline films ”shrinks” upon deprotonation and presumably, there will be also
a change in the pillar diameter. We will neglect that here.
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ordered will result in a periodically modulated dielectric structure or
a photonic crystal. In the following we will shortly review only the
triangular lattice of air holes as this geometry is the most encountered in
self-organized systems (AAOQ, self-assembled colloids). We will focus only
on silicon, AAO and PMMA structures and we will reduce the analysis
mainly from the technological point: whether is possible or not to make
them operational in the visible and infrared spectrum ranges.
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Figure 2.4: Left: the dielectric function of a triangular lattice of air holes
and the Brillouin zone (with the irreducible zone shaded in blue). Right: the
photonic band structure. The right axis corresponds to a=600 nm where the
complete gap is centered at 0.8 eV.

Using this geometry it is possible now to obtain a complete band
gap for both TE and TM modes. The band structure for a lattice of air
holes drilled in silicon with r/a=0.44 is shown in Figure 2.4. As it can
be observed, there is a large TE gap (shaded blue region, 51.9 %) and a
small TM gap which actually is the complete gap for both TE and TM
modes (shaded red region, 7.8%). Making this structure to operate in the
infrared range (for example centering its band gap at 0.8 eV) requires
a lattice constant of 600 nm and hole diameter of 530 nm. These di-
mensions are easily accessible using standard top-down microprocessing
techniques as well as using bottom-up self-assembled approaches. For
example, arranging 620 nm PS spheres (see Figure 5.5 (a)) on a silicon
substrate we can then etch holes arranged in a triangular lattice and ob-
tain the ”telecomm-operating” photonic crystal. It is possible to further
augment the size of the band gap, yet this will require an increase in
the hole radius and the fabrication of such structure may become trou-
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blesome. It is worth mentioning that the air-holes structures are more
used for the photonic structures than the post-type structures from the
application and fabrication points of view. First, as we saw, it is possi-
ble to open complete band gaps. Second, we have treated crystals with
infinite z axis that will be difficult to realize. In practice, finite height
architectures are used, namely, the photonic-crystal slabs combining the
2D periodicity with the total internal reflection vertical confinement. We
will not discuss them here, the domain is intensely studied and a vast
literature on this topic exists [41].
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Figure 2.5: Left: band structure of porous alumina photonic crystal. Right:
waveguide mode propagating along a linear defect in a triangular lattice of
rods. This structure supports a single guided band within the band gap.

Let’s consider now the cases of AAO and PMMA photonic crystals.
Both are known to have very low absorption coefficient (then we can
approximate € to n?) in the visible range of spectrum and to have op-
toelectronic properties sensitive (at different extents) to the preparation
conditions. For the PMMA, small variations are observed for different
molecular masses though, the differences are so small that they can be
neglected (for example n= 1.495 and 1.506 for 950k and 495k PMMA).
For alumina the variations are larger (e varies between 2 and 2.8) and
are sensitive to the preparation conditions. For example, the e-beam
evaporated alumina has ¢ = 2.7 while the sputter deposited alumina
has e = 2.5 at 631 nm wavelength. The dielectric behavior of AAO is
even more complicated because it depends on the anodization chemistry
and species that are incorporated during the oxidation of aluminum [42].
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Moreover, it was found that the porous alumina structure is composed
of a duplex oxide layer: an inner oxide layer consisting of pure alumina
oxide (e ~ 2.8), and an outer oxide layer of a nonuniform refractive index
(e ~ 2.4 - 2.7 in near-IR) [43|. The authors suggested that the nonuni-
form refractive index of the outer oxide arises from an inhomogeneous
distribution of anion species concentrated in the intermediate part of
the outer oxide. They’ve used a composite dielectric structure to model
the experimental observations. We will neglect these aspects and focus
on photonic structures that will operate in the visible range (assuming
€=2.2 for PMMA and e¢=2.8 for AAO at 631 nm). As the difference in
the dielectric constant of these materials is relatively small, the band
structure is not significantly modified and the same discussion is valid
for the 2 structures.

The ”optimized” band structure, obtained for r/a= 0.4 is shown in
Figure 2.5 left panel. Only a relatively small band gap (TE mode, gap
size 9.7%, centered at 0.48 - f) is observed. It can be shown that the gap
is further diminished for decreased values of € and eventually disappears
for e= 2. In practice, it would be difficult to measure such small band
gaps as we have to take into account the processing defect that will
alter the band structure (as well as the fact the for alumina e will be
smaller in reality). Instead, it can be measured the I' - M direction
and as calculated, a band gap centered around 0.42 - f is expected. This
was confirmed experimentally using large-area porous alumina fabricated
using imprint method [43,44]. Using alumina with a= 500 nm, a band
gap in near-IR was measured (1200 - 1300 nm wavelength). To open the
band gap in the visible (at 630 nm as proposed above) we will need an
alumina with interpore distance of ~ 300 nm and pore diameter of 240
nm. For porous alumina, the interpore spacing can be varied between 50
nm and 500 nm, leading to theoretical photonic band gaps centered at
wavelengths in the range between 100 and 1300 nm, depending on the
filling ratio. The electronic band gap of alumina (corundum) is around
7.5 eV, while porous alumina has a lower band gap due to its amorphous
nature. Experimentally, however, absorptions for wavelengths above 400
nm is negligible over the size of a photonic crystal. This is valid also for
PMMA fabricated structures.

Although, for practical implementation, the realization of such struc-
tures in AAO or PMMA is feasible, there are some constrains. Without
any pre-patterning procedure, highly ordered AAO films are made of
few-pm -size domains in which the ordering is preserved but the orien-
tation of the inter-domain lattice is random. Hence, even if the ordered
AAOQO can be made over squares centimeters, the poly-domain structure
prohibit the realization of photonic band gap structures over large ar-
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eas. Using PMMA, this problem is eliminated as the lattice is precisely
patterned using EBL. Other problem is related to the low refractive in-
dex of both materials. We have treated only infinite structure, with no
propagation of light in the z-direction. Finite-height structures are more
practical, yet they require some special design. As already mentioned,
the photonic crystal slab is an excellent option. However, this configura-
tion requires index guiding properties and one of the main requirements
is the high index contrast of the dielectric compared to the surrounding
media. As for both, n is close to 1.5, it would be relativelly difficult to
find materials with lower n (actually, PMMA and alumina are sometimes
used as low-refractive substrates). The best option is to use structures
completely embedded in air (e= 1). Obviously, it is impossible to do that
for all the discussed configurations (try to imagine a suspended rod-type
structure). For air-hole like structure this is possible, as the configura-
tion is self-sustained (down to a given filling ratio). The option that is
widely used is the definition of the photonic crystal on top of a sacrifi-
cial layer (~ 1 pm thick) and then remove it to obtain the suspended
structure (of course, all of that on a rigid substrate for handiness). For
AAO this seems technologically challenging.

And last, is the ability to define defects in PMMA and AAO photonic
structures (applicable in general for all photonic crystals). Up to now
we have treated periodic lattices of rods or air-holes and observed that
in some conditions we can inhibit the propagation of light through these
ordered lattices, which normally are transparent. A question that could
arise is why do we need that, what for render a transparent material
opaque? We can use them to inhibit spontaneous emission (2D or 3D
structures) or to build perfect mirrors (1D multilayered films) but, per-
haps, one of the most studied aspect is the light localization and guiding
using defects. Basically, by modifying one or an array of lattice elements
in a photonic crystal it is possible to confine the light in that region.
For examples, in a slab, the index guiding will confine the propagation
in z-direction and the in-plane band gap will restrict the propagation
in the z-y-direction (valid for the light with the frequency within the
band gap). One example of such waveguided mode is shown in Figure
2.5 (right panel). Here, a line-defect is created by removing an array of
rods along the I' - K direction. This can be extended to any of 1D, 2D
or 3D systems and obtain an analogous of electrical wiring but this time
with photons.

Even if the photonic slabs can be treated as 3D systems they are not
truly 3D photonic crystals. In the same way as for 2D photonic crystals,
a structure with discrete translational symmetry in three-dimensions is
called a 3D photonic crystal. Using these structures it is possible to
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achieve full 3D control over the light propagation. They are also largely
encountered in the nature, for example in the natural opal formed from
close-packed domains of amorphous colloidal spheres of silica. Some in-
sects and butterflies (Morpho and Ancyluris meliboeus butterflies, ) have
also micro- and nano-structured photonic crystal domains on their wings
responsible for brilliant iridescent colors [45-47]. Some of the represen-
tative structures of the class (with full band gap) are the diamond lattice
of spheres [48], the Yablonovite [49], the woodpile crystal [50,51] and in-
verse opal structures [52]. We will not review all of these structures and
will turn our attention to the simple cubic lattice. As it will be shown in
Chapter 4, a cubic lattice can be simply fabricated in a single-step EBL
process. Moreover, the inversion of a cubic lattice of rectangular rods
results as well in a cubic lattice of rectangular rods. For example, in Fig-
ure 4.27 (a), a polyaniline cubic lattice fabricated by inverting a PMMA
cubic lattice is shown (as you can see, it can be roughly approximated to
a cubic lattice of rectangular rods). We will focus only on the inverted
structure and analyze the two realizable geometries: (i) rectangular rods
lattice and (ii) cubic lattice of spheres connected by rectangular rods
(closer to the real structure).

First, we will discuss the case of silicon and then will see how things
are changed for a lower dielectric lattice, for instance, using PMMA (the
case of the original template). The computation result is shown in Figure
2.6. As it can be observed, it is possible to open a complete band gap
in a cubic lattice of high-dielectric rectangular rods (see inset). The gap
is relatively high (7.62%) and centered at 0.38 - f. It is obtained for the
vein size of 0.3 - a (for this geometry only the vein size can be tunned).
Direct writing of such a perfect lattice using the procedure described
in Section 4.2.3 may be difficult. At the intersection point of high-dose
rods with the low-dose lines, the resist will be over-exposed and it will
look more like a bump. It can be approximated to a sphere and the new
structure is a cubic lattice of spheres connected by rectangular rods. In
this configuration the band structure is susceptible to both, the vein size
and the sphere radius. We will consider the same structure as in the
previous case (0.3 - a vein size) and look how the band gap is modified
for different sphere sizes. Sphere radius below 0.15 - ¢ has no physical
sense as it is englobed by the rectangular rods. Increasing further, no
significant change can be detected in the gap size (band gap is situated
between band 2 and 3). At 0.225-a it starts to have an influence and the
band gap decreases with the increase in sphere radius until it vanishes
completely at 0.325 - a. Yet, we can see that a new band gap appears
(between the band 5 and 6) that reaches a maximum size of 9% and
then, disapears at 0.5 - a.
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Figure 2.6: Photonic band structure for cubic lattices made of rectangular
rods with (top-right) and without (top-left) spheres at the intersection points
(e= 13). Middle: corresponding lattice structures and the first Brillouin zone,
with high symmetry k-points marked. Bottom-left: band structure for a crystal
made out of PMMA. Bottom-right: the influence of the sphere radius on the
size of the second (open circles) and the fifth (open squares) band gaps for the
cubic lattice of silicon spheres and rectangles.
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As such, it is possible to open a complete 3D bang gap using struc-
tures fabricated in a single EBL writing step. The only requirement
is that a high-dielectric material for fabrication is needed. Calculations
show that silicon is a good candidate. The main problem is to reliably fill
the template with silicon without compromising the template structure
(PMMA template are relatively sensitive to temperature and operating
chemistry). Presumably, using CVD or ALD methods this could realized,
though experimental verifications are required. How about the band-gap
in the as-fabricated PMMA templates? Due to the low dielectric con-
stant, the complete band gap is absent. Yet, as it can be observed from
the band diagram, a gap exists in the I' - X direction or physically, in one
of the direction parallel to the rectangular rods. In Figure 4.7 you will
see some colored patterns. They were made using the developed RDM-
3D-EBL on a multilayered resist stack by varying the exposure doses
and lattice spacing from pattern to pattern. Probably, it is premature
to attribute those colors to a photonic band gap as the environmental
configuration in which they were made does not allow for direct evidence.
Nevertheless, it is possible to achieve that and some further work can
be done in order to improve that. As a summary to this section, we
can say that porous materials can be (and are) used as photonic crystal
structures to control the flow of light. The self-organized materials are
extremely useful as they allow for the fabrication of photonic structures
on very large areas. Their main drawback is the momentary lack of
reliable techniques to create various kinds of defects, providing ”plenty
room” for EBL and micro- and nano-fabrication techniques.

2.2.2 Plasmonics

Plasmonics enables the control of light with sub-wavelength metallic
structures. It offers an opportunity to merge photonics and electronics
at nanoscale dimensions, and to realize very large scale electronics and
photonics integration. Already well known applications are the surface
plasmon resonance and surface enhanced Raman spectroscopy. Among
emerging applications are: superlenses (or sub-wavelength lithography),
cloaking devices, negative refractive index materials, optical antennas
and twizzers [53]). We will briefly discuss here only (i) useful materi-
als for plasmonics (ii) periodic structures, preferentially fabricated using
porous materials or self-assembling methods.

The interaction of metals with electromagnetic fields can be also un-
derstood in a classical framework based on Maxwell’s equations (see Sec-
tion 2.2.1.1). The differences arise from the metallic nature of matter in
this case compared to the dielectric medium treated previously. Hence,
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J and p can no more be neglected. Over a wide frequency range, the
optical properties of metals can be explained by a plasma model, where
a gas of free electrons moves against a fixed background of positive ion
cores. The optical response of metals (including as well other materials)
in the far infrared and mid infrared spectral range (or bellow the thresh-
old of transitions between electronic bands) can be described fairly well
by the classical oscillator Drude model. However, this model is not ade-
quate for the description at high frequencies. For example, in the cases
of gold and silver, the most important metals for plasmonic studies, this
validity breaks down at the boundary between the near-infrared and the
visible [54]. Above their respective band edge thresholds, photons are
very efficient in inducing interband transitions, where electrons from the
filled band bellow the Fermi surface are excited to higher bands. The
main consequence of these processes concerning surface plasmon polari-
tons is an increased damping and competition between the excitations
at visible frequencies. To overcome the limitations of the Drude model
several Lorentzian terms to account for the interband transition have to
be added [55]. The dielectric function of the free electron gas will look
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where the sum term is a Lorentz-oscillator term with A;, w; and ~;
accounts for oscillator’s strength, center frequency and damping, wg =
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the residual polarization due to the positive background of the ion cores.

Interesting, a similar equation will be used in Chapter 4 to find the
optical constants of polyaniline in the protonated (doped) state. We
have not yet reached the high infrared reflection and negative values for
the real part of the dielectric constant specific of metallic phase. Never-
theless, metallic transport in polyaniline exists. This was demonstrated
by Lee et al. in a recent paper by performing temperature dependent
resistivity measurements [56]. The metallic nature was also confirmed
by reflectance measurements and data modeling using the Drude model.
They found that the reflectance dropped throughout the mid-infrared to
a minimum at 1.4 eV, indicative of the free-carrier plasma resonance in
near-infrared, characteristic of a metal''. Then why not to use polyani-
line instead of metals for the above mentioned plasmonic applications?
Mainly because to produce surface plasmon effects we need to know how
to process metals at the nanoscale, a fact that is not valid for polyaniline.

is the plasma frequency of the free electron gas, e, originates from

"For most metals, the plasma frequency is in the ultraviolet regime, 5 - 15 eV
explaining why most of them have the shiny reflection in the visible.
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As you will see in Chapter 4 a high structural control over polyaniline
nanostructuring can be achieved which may encourage research in this

field.

Many of the optical range plasmonic effects arise in nanoscale metallic
structures. Control over the propagation of SPP'? or plasmon waveguides
is much alike the photonic crystals waveguides or slabs. Control over the
transmission of light through sub-wavelength apertures via plasmon ex-
citations is of great importance as well. Fundamentally, they rely on
completely different approaches that can be sometimes easier to trans-
pose experimentally. As we saw in the previous Section, photonic crystals
have to be designed in order to bulk confine the light hence, bulk mi-
croprocessing is needed. As their name states, the propagation of SPP
is a surface confined phenomena and requires only surface processing.
Metal surface bumps or gratings are already enough to achieve the SPP
confinement. Ordered metallic dot and line arrays, height modulated
structures and holes in thin-metal films are only few examples to be
cited. A SPP Bragg reflector was demonstrated by Ditlbacher consist-
ing of ordered particle arrays on a metal substrate [57]. This concept
can be further extended to create band gaps or subsequently waveguides
for SPP [58]. SPP waveguiding is possible to achieve also along metal
stripes or Y-splitters though their fabrication is not related to porous
materials [59].

Other class of artificial materials with controlled photonic response
are metamaterials. Metamaterials are structured photonic media with
unit cells smaller than the wavelength of light and unlike natural sub-
stances, enable magnetism to be achieved at optical frequencies. As for
photonic crystals, these unit cells can be regarded as the elementary
building blocks of an artificial material, in analogy to atoms in conven-
tional materials. The ring is the ”leitmotif” in plasmonics with large ap-
plications for surface enhanced spectroscopies such as surface enhanced
Raman spectroscopy, surface enhanced infrared absorption and localized
surface plasmon resonance [60]. A structure with reach physics is the
SRR'3, which in the simplest form is a ring with a gap. The SRR struc-
ture can exhibit negative permeability and combined with wire or rods

2Qurface plasmon polaritons are electromagnetic excitations propagating at the
interface between a dielectric and a conductor, evanescently confined in the perpen-
dicular direction arising via the coupling of the electromagnetic fields to oscillations
of the conductor’s electron plasma.

13 A magnetic flux induces a magnetic moment in a SRR via the induction of cur-
rents flowing in circular paths. The structure acts as a sub-wavelength LC circuit.
The magnetic permeability p will then exhibit a resonance at wrc = 1/v/LC and for
frequencies above that, p will be negative.
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arrays should exhibit a frequency region where both € < 0 and p < 0 im-
plying negative refraction index [61-63|. Recently, the group of Giessen
have realized new types of three-dimensional photonic metamaterials and
stereometamaterials at optical frequencies by stacking multiple layers of
SRR arrays [64,65].

As you will see in Section 4.4.3, there are many ways to fabricate
nanostructured gold-polyaniline composites. For instance, shadow metal
evaporation parallel to the main axis of diameter modulated nanowires
produces stacked self-aligned gold-rings. It is possible to obtain 3D SRR
arrays just by tilting slightly the main axis of the sample, where the
SRR size and vertical spacing can be easily accessed through adequate
RDM-3D-EBL processing. By carefully tuning those parameters it is
possible to achieve p < 0 in these potential metamaterials. Now, if we
will dope polyaniline and render it metallic, then € as well can be turned
on the negative side and we may obtain a structure that will exhibit
negative refractive index. Dedope the polyaniline or chemically modify
it and the property will be destroyed. And all of that in a reversible way.
For the moment, we are relatively far from observing these phenomena,
nevertheless, we propose the methodology for their physical realization.

2.3 Nanowire electronics

Another way to use the porous materials is to exploit their confined
media to build 1D electrically active devices. In the following we will
review some of the template confined fabrication techniques as well as
the characterization techniques with main emphasis on single-nanowire
devices. The field is so reach that we will don’t have space even to briefly
describe it!4.

2.3.1 Template confined fabrication

Electrochemical deposition is probably one of the most used tech-
niques for the template confined fabrication [66]. It consists in electro-
plating the desired material inside the void channels. The structural
parameters are transfered with high fidelity. Due to the rich chemistry
and well established electrochemical protocols complex systems with pre-
cise composition and structural engineering can be fabricated. Simple
metallic, organic, semiconducting or hybrid multi-layered nanosystems

\Make a simple comparison with optics. We can electrically characterize the insu-
lators, obtain many parameters (leak currents, capacitance, breaking voltage), make
an extended analysis and even write papers. An opaque material basically does not
transmit light and that’s all.
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(wire, rods and dots) have been synthesized and characterized using this
technique [25,26,29-31,67-72,72-76]. As for templates, almost all of the
materials described in Chapter 1 have been used. This type of process-
ing requires a conductive layer (typically a metal film) on one side of the
porous membrane acting as working electrode during the electrodeposi-
tion. Relatively large plating areas are required in order to monitor the
process and ensure reproducibility!®.

Confined synthesis is another option for the low-dimensional structur-
ing. It includes chemical and physico-chemical synthesis or deposition
methods. Non-, poor-conducting (polymers, metal and semiconductor
oxides) and materials difficult to realize otherwise (carbon nanotubes,
III-V semiconductors) are fabricated using this approach. Direct chemi-
cal synthesis (polymerization, precipitation, pyrolysis), ALD, CVD and
PECVD growth are only few to be cited [12,13,17,18,74,77-82]. Contrary
to the electrodeposition, here are no limitations in size or quantities of
fabricated materials. Single as well as a large number of nanostructures
can be achieved in the same batch process. The limitation mainly con-
cerns the compatibility between the porous matrix chemical and physical
stability and the deposition method. With this respect, AAO templates
are the most used as they can withstand temperatures as high as 650°C
and have good mechanical and chemical resistance.

Wetting or infiltration of soft materials into the pores allows the
nanoscale structuring of materials that are difficult to accomplish using
previous methods. Melted polymers and liquid crystals as well as vari-
ous solutions of small molecules have been tested and provided valuable
results [83-89]. Infiltration is based either on pressure injection or capil-
lary induced mass transport. Again, there are no limitation in quantity
of fabricated nanostructures. The main restriction is the size of the pore
and the capability to fill them entirelly. Also, removal of the residual
material on the surface of the template is required.

Physical mask etching and deposition is a very powerful technique
to nanofabrication using porous templates [84,90-92|. It has almost no
limitations with respect to the material to be patterned, the processing
scale and quantity. In stencil mask deposition, the evaporated material
travels (penetrates) through the pores and is deposited on the substrate.
Removal of the matrix is required to access the nanofabricates (an in-
verted morphology is obtained). The main drawback is the clogging
of the pores with the incoming material and hence, low aspect ratio
(tapered nanoposts are obtained). Etching using porous materials as
masks transfers the pattern with the same morphology to the substrate.

5Electroless plating can avoid this limitation.
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Anisotropical etching (RIE, ion milling) is preferred and the main lim-
itation here is the etch resistance of the mask. These techniques also
require good alignment of the pores with respect to the substrate.

2.3.2 Characterization techniques

A major inconsistency in employing porous materials for nanoelec-
tronics is that using present knowledge we are exploiting only a small
part of the potential provided, namely, the reduced diameter of the
channels, and for some application, the elevated aspect ratio as well.
High-patterning density, structural ordering and exceptional mechan-
ical, chemical and optoelectronic properties are simply ignored!6. A
great effort was focused on the mass integration of template fabricated
nanowires into operational devices with few reliable proposals for par-
allel processing at the moment (see Fig. 2.7). We don’t want with the
following descriptions to convince you that our work is the best in the
field. Neither that in the next PC you will buy there will be circuits
statistically routing single polyaniline nanowires devices. This Section
just gives an idea of the current status and the reader will judge himself
where our work is situated.

2.3.2.1 Template-embedded methods

Within this methods we will include not only those approaches that
keep the nanowires (or generally, fabricated nanostructures) embedded in
the original template but generally, approaches where the as-fabricated
structural ordering is preserved (Fig. 2.7 (a) - (d)). These techniques
require either self-sustained or substrate supported porous membranes.
One of the most powerful method is the bulk characterization of fab-
ricated nanostructures [25, 93,103, 104]. It basically reduces to build
macro-scale electrodes on both sides of the template and measure large
number of nanostructures (typically 10° - 10'%). The first contact is
actually the working electrode for the electrodeposition or the seeding
layer for the various types of growth and is made of a thick metal film.

60ne can found in literature many cases when high-patterning densities (exceed-
ing 10" per inch?) obtained using porous materials with high potential for applied
nanoelectronics are strongly emphasized and actually only 1 single nanowire is some-
how electrically contacted on the substrate, of course, implying the destruction of the
template and laborious work to re-position and build electrical connections (the total
area including the nanowire and electrodes being of order of few pm?). Where are
the rest of 10" — 1 it is not clear. Probably after staying some time in a well labeled
flask they are thrown away. As for the occupied area of the new "nanodevice”, you
loose 3 to 4 orders of magnitude in patterning density for each occupied pm?. Isn’t
a little bit early to etiquette them as nanomaterials for nanoelectronics?
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Figure 2.7: (a) Bulk electrical connection using conducting silver paint. From
[93]. (b) Measuring single nanowires using self-contacting techniques. From
[94]. (c) Contacting AAO embedded single nanowires using nanoindentation.
From [67]. (d) Current sensing AFM characterization of single polypyrrole
nanowires fabricated using block copolymer templates. From [25]. (e), (f) Top
and bottom definition of electrodes using lithography. From [95,96]. (g) SEM
image of a 4 x 4 crossed-nanowires field-effect transistor decoder. From [97].
(h) 3D height image collected by confocal scanning laser microscopy on an array
of 3D SWNT. The inset shows a SEM image of the 3D structure. From [98] (i)
SEM images showing arrays of electric field assembled nanowires. From [99].
(k) 3-terminal nanowire device obtained combining electric-field assembly and
lithography. From [100]. (1) Schematic of the optical trapping experiment
using single-beam optical-tweezers system. From [101]. (m) A junction of
crossing nickel nanowires on ferromagnetic electrodes obtained using magnetic
field alignment. From [102].
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The second electrode is usually made by metal evaporation using shadow
masking with relatively large apertures (few tens of ym?) or simply us-
ing a droplet of conductive paste deposited on the sample surface. It is
very useful as it allows fast screening of the electrical behavior of novel
synthesized systems and, as it requires large number of nanostructures,
the synthesis is facilitated as well (mainly for electrochemically prepared
samples). The drawbacks are related to the averaging of the measured
properties, no advantage from the high-structural density and ordering
as well as difficult scale-down implementation.

A slightly modified approach is the use of a self-contacting layer in
the above mentioned configuration [94]. This method is restricted to
electrochemical processing. First, a metal film is evaporated on the free
sides of the porous membrane (the other being already covered with the
conductive impermeable film). The metal film should be thin enough
to avoid clogging the pores, yet thick enough to be electrically contin-
uous. During the subsequent electroplating, as soon as the first emerg-
ing nanowire(s) will contact the self-contacting layer, the growth of the
other nanowires is interrupted, by favoring the formation of a film of
the deposited material on this contacting layer. This method enables
the electrical connection of a single nanowire. If working on large areas,
low pore densities are preferred. The process is scalable and we have
used a modified version to locally restrict the number of contacted from
a statistically grown bunch of nanowires (see Section 3.5).

Single-ion-track etched templates were used for single nanowire syn-
thesis and characterization [105]. This is an ingenious method to control
and characterize single nanostructures though, due to the relatively in-
creased experimental protocol, it is difficult to scale-down the technology
or to integrate it into mass production. A similar in concept approach
is presented in Section 4.5 where single polyaniline nanowires are grown
and circuit-integrated in parallel.

More recent techniques are based on the use of SPM probes to isolate
and interrogate single nanostructures fabricated using porous materials
[25,67,68,84]. Despite the fact that some of them require removal of the
template mask for subsequent characterization, the structural integrity
is preserved. Basically, after mass template fabrication, a SPM probe is
either used to directly characterize or to isolate and build subsequently
electrical connection for one single nanostructure. SPM probes have thus
been used in nanoindentation, current-sensing or in piezoresponse modes.
The process is readily scalable and offers the potential to truly exploit
the benefits provided by porous templates. It will be shown in Section
3.4.3 that it is possible to operate in parallel thousands of SPM tips and
statistically perform mainly single nanostructures interrogation.
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2.3.2.2 Template-free approaches

Within this class, we include techniques where the as-fabricated struc-
tural integrity is perturbed (Fig. 2.7 (e) - (m)). As an intermediate step
the removal of the nanowire from the original substrate and dispersion in
a carrier media is performed. Probably one of the most employed is the
top-contact definition using lithographic methods [95, 96, 103, 106-108].
The nanowires are arbitrarily transfered from the suspension to a de-
sired substrate, their position with respect to some alignment marks is
acquired and then, lithography and metal deposition is performed to
build the electrical connections. This platform is widely used for single
nanowire characterization. It lacks the ability of parallel integration and
may require laborious experimental work. Dispersion of nanowires on
top of pre-fabricated electrodes can be also used.

Position controlled dispersion can be done using flow alignment tech-
niques [97,98,109-114|. Shear forces associated with a rapidly moving
fluid, positions the nanoscale objects in the direction corresponding to
the flow vector of the fluid. Air or liquid flow alignment have been
demonstrated. The technique is very powerful as it allows multi-layered
alignment of nanostructures with controlled directionality. The group of
Prof. C. M. Lieber advanced significantly the field and by demonstrating
rationale logic gates, computation and other circuits including sensing
devices made out of fluid assembled nanowires.

Electrical trapping exploits the dipole arrangement (and hence the
nanowire axis positioning) in an alternating high-electric field generated
between two microelectrodes [99,100]. Magnetic nanowires have can be
positioned using externally applied magnetic fields [102,115]. Infrared
single-beam optical traps were used to individually trap, transfer and
assemble high-aspect-ratio semiconductor nanowires (diameters as small
as 20 nm and aspect ratios of more than 100) into arbitrary 3D structures
in a fluid environment [101]. Mechanical manipulation on a surface of
nanowires can be also done using SPM probes [83].

When the parallel processing is possible, the described techniques and
procedures are too heavy to handle at large scale. Most of them are de-
signed to operate only at the laboratory level. As well, the occupied area
of the new devices is much more larger than the as-synthesized specific
area. Even for the techniques using SPM tips for electrical interrogation,
thus preserving the patterning density, a preliminary alignment step was
performed in order to ascertain for single-object characterization. We
will show later that this is not compulsory and a high probability (close
to 100%) to land the tip on a single nanostructure can be obtained
purely statistically. As for the necessity to fabricate or not large number
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of nanostructures and then spend time to ”separate” them, we will show
that with some systems this can be done by patterning, growing and
processing a given set of single nanowires.

2.4 Nanowire-based photonics

Today’s ability to manipulate photons is in many ways in its infancy,
compared with how we can manipulate electrons. For example, the all-
optical switches are still very rudimentary and bulky, and the size of an
optical integrated circuit is most often in the millimeter or centimeter
range rather than the sub micrometer dimensions common in electronic
technology. For the control of the electron flow we don’t need a perfect
crystal. In fact, we are using everything else but not perfect crystals
in modern electronics (amorphous and polycrystalline conductors and
semiconductors are at the basis of present technologies). For light, we
are still at the point where a perfect lattice is needed.

Nevertheless, we are starting to learn how to exploit light at the
nanoscale and out of the nanoscale objects. I11 —V axial or radial het-
erostructures, carbon nanotubes as well as many other nanoscale conju-
gated systems (polymers, liquid crystals) show great promises for the fab-
rication of nanoscale integrated optoelectronic systems [83,113,116-119].
Many groups have achieved effective coupling between the light emit-
ting nanostructures (nanowires, quantum dots) to photonic structures
to study the light emission inhibition or guiding. Photonic crystal and
quantum dot technologies for all-optical switches and logic devices are
believed to be the future for ultra-fast optical digital processing sys-
tem [106,120].

We can grow many types of nanostructures using the void channels
of the templates. We can also use the void channels to build photonic
crystals. Isn’t this a direct way to fulfill the ambitious task of nanowire-
based photonics? Imagine future devices where on the different ends
of a waveguide (made of a porous material), light-emitting and light-
collecting (or sensing) nano-devices are created using the same porous
material yet, this time, exploiting only one single nanopore. Place a
”tunable” photonic element somewhere in between and you have long
years of fruitful research to do. The possibilities are vast. Yet, we have
still some work to do in order to achieve and reliably control that. In
the following you will see two different design concepts that provide the
same result: cross-bar nanowire devices embedded in dielectric matrices
with potential for next-generation optoelectronic nanodevices.



Chapter 3

AAQO templates

Pour une passoire, ce n’est pas un défaut d’avoir des
trous.

Proverbe libanais

3.1 Overview

The drive toward superior materials for nanotechnology applications
at the frontier of the knowledge is usually hampered by their stability
and the difficulties to preciselly control and manipulate their structural
and physical properties. Today, the research spotlights are focused on
self-organized nanostructured materials with a periodic arrangement of
nanopores. Much interest has been put on the hexagonal densely packed
nanoporous structures obtained by anodization. The electrochemical for-
mation of self-organized nanoporous structures produced by the anodic
oxidation, besides aluminum, has been reported for only a few materials
such as Si [121,122]|, InP [|123|, T% |124,125], Nb [126], H f [127] and
Sn [128]. During recent years, the anodization of aluminum, due to its
great commercial significance, represented one of the most important and
widespread method used for the synthesis of ordered nanostructures con-
sisting of close-packed cells in a hexagonal arrangement with nanopores
at their centers. However, full technological benefit from the provided
architectures is missing. The major drawback that restricts their perva-
sive integration is the mismatch between their morphology and today’s
technological ability.

In this Chapter we will deal with porous anodic aluminum oxide
templates. A full processing technology, enabling parallel integration of
template synthesized and embedded nanowires, is described. A short
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overview of the anodic oxidation of aluminum, fabrication methods and
some important applications is intended to introduce the reader to this
field. The emphasis is put on the micro- and nano-processing technology
elaborated during this thesis allowing for an unprecedent level of inte-
gration of nanoporous alumina templates into the microfabrication tech-
nology. Alumina structuring, nanowire decorated microelectrodes, single
nanowire growth resolution together with other structuring approaches
are converged to build up devices. By means of a statistical processing
method, we show that ultimate resolution structuring of virtually any
type of nanoporous template is possible.

3.2 Anodic oxidation of aluminum

Electrochemical oxidation of aluminum is used since almost a century
for protective and/or decorative coating of aluminum products. It has
been found that certain electrolytes used for the anodization of the alu-
minum produce compact oxide layers while others produce porous ones.
The first characterization of these oxide layers dates back to the early
50’s [129]. A nanoporous structure is formed when a competitive equilib-
rium is established between electrochemical oxide growth and chemical
dissolution of the oxide in certain acidic electrolytes [130,131]. Although
the anodization process has been extensively studied, the involved com-
plex processes are not yet fully elucidated. The simplified view of the
anodization mechanism can be represented as described in the follow-
ing [132,133|. It is not fully clear which oxygen carrying anion species,
O?~ or OH™, is involved in the anodic process. The OH~ ions are
generated in the anodizing electrolyte from water by simple splitting, or
by the cathodic reduction of water and dissolved oxygen following reac-
tions 3.1 and 3.2. On the other hand, O?>~ ions can be formed at the
electrolyte/oxide interface from adsorbed OH ™ ions by oxygen vacancy
annihilation, simple splitting of water at the interface, or from water by
interaction with adsorbed electrolyte anions. Anodic polarization of alu-
minum in the acidic electrolyte leads to the amorphous oxide film growth
according to reactions 3.3, 3.4 and 3.5. The main contribution to the
anodic current is given by the reaction 3.6.

The evolution of oxygen at the metal/oxide interface was reported as
well for the aluminum anodization in various electrolytes accounting for
reactions 3.7, 3.8 and 3.9. The formation of oxygen bubbles within an-
odic alumina, according to reaction 3.9 in the vicinity of the metal/film
interface, can proceed due to the presence and compositions of impurities
or second-phase particles [133,134]. It was also suggested that oxygen
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evolution is directly linked to the growth of the pores in alumina and
can be used for testing transition form barrier-type to porous-type coat-
ings [132]. The anodic process is further complicated in the presence
of electrolyte anions susceptible to oxidation. Recently, a self-organized
process that occurs during the anodization of aluminum in acidic elec-
trolytes has become one of the most frequently employed method for the
synthesis of highly ordered nanostructures.

Hy0 +2e~ — 20H™ + Hy (3.1)

Oo 4 2H50 + 4e~ — 40H ™ (3.2)

2AI3T + 3HyO — AlyO3 + 6H™ + 6e™ (3.3)
2A1 +60H  — AlsO3 + 3H50 + 3e™ (3.4)
2Al + 30%*" — AlyO3 + 6e~ (3.5)

Al — AP 4 3e” (3.6)

2H50 — Og + 4H™' + 4e™ (3.7)

40H™ — 2H50 + Oy + 4e~ (3.8)

2027 — Oy + 4e™ (3.9)

3.2.1 Nonporous anodization

Aluminum forms instantly a barrier oxide layer when in contact with
air. This compact barrier layer has a thickness of 1 - 2 nm and withstands
electric field as high as 1 V/nm. It also protects the aluminum from fur-
ther corrosion. A strongly adherent, non-porous oxide layer could be
also formed by anodizing aluminium in neutral solutions (pH = 5 - 7) in
which the anodic oxide layer is not chemically affected and stays practi-
cally insoluble. The group of electrolytes used for this barrier-type film
formation includes boric acid, ammonium borate, ammonium tartrate
and aqueous phosphate solutions, as well as tetraborate in ethylene gly-
col, perchloric acid with ethanol and some organic electrolytes such as
citric, malic, succinic, and glycolic acids [135]. The main applications of
nonporous alumina are restricted to protective, insulating or capacitive
coatings.

3.2.2 Porous anodization

For anodic porous alumina, the film growth is associated with local-
ized dissolution of the oxide, as a result of which pores are formed in the
oxide film. Although long time it was generally accepted that the nature
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of an electrolyte used for anodizing aluminum is a key factor which deter-
mines the type of oxide grown on the surface, recent experiments have
misconfirmed that. Porous anodic layer formation has been reported
for various acidic electrolytes such as malonic [136], tartaric [137], cit-
ric [138,139], malic, glycolic [140] and even chromic acid [141]. Anodic
porous oxide films have been also obtained in unpopular electrolytes,
including a mixed solution of phosphoric and organic acids with cerium
salt [142], or in a mixture of oxalic acid, sodium tungstate, phosphoric
and hypophosphorous acids [143|. The porous oxide film was also ob-
served for anodization carried out in a fluoride-containing oxalic acid
electrolyte [144]. The formation of nanopores by self-organized anodiza-
tion has also been studied in a mixture of sulfuric and oxalic acids [145].
In fact, these results show that there is strict rule in the selection of
electrolytes for the formation of barrier or porous films during the an-
odization of aluminum. Moreover, the transition from a barrier-type
film to a porous oxide occurs easily; the anodizing time is responsible
for the development of a porous oxide structure on a previously formed
barrier-type film. Some excellent reviews on barrier-type oxide films have
been published [135,146]. Details of the porous oxide layers were equally
reported’ [135,150].

It is widely recognized that pore formation is attributed to the ther-
mally assisted, field-accelerated dissolution of oxide at the oxide/electrolyte
interface. On the other hand, the growth of oxide occurs mainly at the
oxide/metal interface for typical acidic electrolytes including sulfuric,
phosphoric, and oxalic acids. The growth of porous alumina involves
the inward migration of oxygen-containing ions (O?~ or OH ™) from the
electrolyte through the barrier layer, and the simultaneous outward drift
of AI** ions across the oxide layer.

Pore’s growth is accompanied by a phenomenon of self-ordering to-
wards perfectly ordered honeycomb nanoporous structure (Fig. 3.1).
Highly-ordered nanostructures are characterized by a set of parameters:
pore diameter, wall thickness, barrier layer thickness and interpore dis-
tance. The uniform pore diameter, which is easily controllable by al-
tering the anodizing conditions, can range from a few nanometers to
hundreds of nanometers. The depth of the fine parallel channels can be

!'Note that a fiber-like porous oxide morphology has been reported for the an-
odization of aluminum in chromic [147] and sulfuric acid [148]. A completely different
morphology of the oxide layer formed by anodizing aluminum in oxalic or sulfuric acid
has been observed by Palibroda et al. [149]. Interestingly, a cross-sectional view of
an anodized layer exhibits hemispherical and spherical patterns that appear during
anodization as a result of simultaneous gas evolution and the formation of a gel-like,
nascent oxide.
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Figure 3.1: Idealized structure of anodic porous alumina (a) and a cross-
sectional view of the anodized layer (b).

as high as 100 um, a characteristic which makes anodic porous alumina
one of the most desired nanostructures with high aspect ratio and high
pore density. During the steady state of oxide growth, current density
under potentiostatic conditions or anodizing potential under galvanos-
tatic anodization of aluminum remain almost unchanged. Systematic
studies have shown that the degree of the pore ordering could be influ-
enced by the preparation conditions, i.e. anodization time, electrolyte
type and its pH, applied voltage and temperature [151|. Perfect regu-
larity could be obtained by pre-patterning the aluminum surface before
anodization with various techniques like e-beam lithography or nanoin-
dentation [152]. The process of anodization has been extensively de-
scribed using semi empirical models. For instance, the pore diameter
and the interpore distance depend linearly on the anodization voltage:
D, = X, x U and D;py = Gt X U, where Dy, and D;,,; are the pore di-
ameter and interpore distance respectively and A, and (¢ are the linear
regression correlation parameters. (;,; was found to be dependent on
the anodization regime and electrolyte chemistry while A, less or not at
all (see Chapter 1 in [153| for an exhaustive description). For the as-
prepared alumina, the obtained pore diameter varies between 15 and 50
nm depending on the anodization conditions. It can be further increased
through the so called enlargement or widening step and the achievable
diameter is limited by the interpore distance. Contrary to the pore di-
ameter, once anodized, the interpore distance could no more be changed
and typical values are ranging from 50 up to 500 nm. The ability to
modulate the interpore distance or pore diameter has been used to de-
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sign and fabricate novel types of hyperbranched and 3D pore-modulated
AAO templates. Meng et al. have exploited these properties to build
hierarchically branched nanopores, nanotubes and nanowires [74]. They
have gradually decreased the anodization voltage and thinned the bar-
rier layer before further anodization and then fabricated a large variety
of multibranched architectures. Finally, they functionalized them by
CVD with carbon nanotubes or electrochemical deposition of metallic
nanowires. A different approach was used by Lee and co-workers. Using
pulse-anodization of aluminum they achieved a structural engineering of
nanoporous AAO and fabricated diameter modulated nanochannels or
delaminated single AAO slabs [84, 154].

Common alumina membranes obtained by anodic oxidation of alu-
minum foils could be supported on the remaining non oxidized aluminum
substrate or self-supported if they are removed from this substrate. The
minimal thickness of the self-supported membrane is limited to ~ 20-
50 pm due to brittleness. The membrane can be removed, either by
selective chemical etching of aluminum, by diminishing stepwise the an-
odization voltage [131], or by reversing the applied voltages [155]. For
supported nanoporous membranes on aluminum, despite the high melt-
ing point of AloO3 (~ 2050°C), the highest working temperature is given
by the melting point of aluminum (~ 658°C). Other limiting factors
are the recrystallization temperature of the alumina (> 400°C) and its
phase transformations (> 820°C) which can cause mechanical deforma-
tion of the self-supported membranes. These drawbacks limit the use of
nanoporous alumina as templates for processes such as CVD, where high
temperatures are needed. They also restrain thermal treatments of the
nanowires arrays which are synthesized by electrochemical methods thus
limiting severely the advantages of this low temperature synthesis when
these treatments are needed.

To conclude, the main features of alumina templates are: the or-
dered arrangement of nanopores in a high density structure (109 - 1012
pores/cm?) and the ability to control the interpore distances by the an-
odization voltages. The pore diameter is also related to the anodization
voltage but it can be easily increased by etching: the typical ranges is
between 5 and 300 nm in function of the preparation conditions.

3.3 AAO microstructuring
Although highly-ordered AAO templates are strongly desirable, their

fabrication it is not always compatible with the intended application.
For instance, a major problem could be related to the fabrication of sup-
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ported AAO templates. Here we refer to the fabrication of supported
AAO membranes on substrates other than aluminum. For example,
glass, Si, Si02 covered with thin metal films or patterned substrates
bearing basic metal electrodes or prefabricated circuitry. For this type
of systems, the high-ordering is relatively hard to achieve. Perfect or-
dering in AAO is done using additional aluminum surface preparation
procedures. Electrochemical polishing, two-step anodization and alu-
minum surface pre-patterning are the most used techniques. The first
two methods are proceeding through the stripping of a sacrificial, rel-
atively thick (of the order of micrometers), aluminum layer. Applying
them to a supported aluminum layer can be quite difficult?.

This is why throughout this Chapter, partially ordered, 1 - 2 pum
thick, supported AAO membranes have been used. They have been fab-
ricated on various substrates with different structural complexity. Pore
ordering was not a concern and as it will be shown it barely influenced
the reliability of the fabricated devices. However, for the devices requir-
ing a high-ordering degree, this issue has to be solved. Optimization
of deposition procedures in order to start with a thick (more than 10
pm) aluminum with a mirror-quality surface is under way and prelim-
inary results are promising. Nevertheless, if the process works in the
worst conditions® then, there should be no problems in transposing the
technology to a highly-ordered structure. The processing philosophy will
remain the same even for other active elements than metallic nanowires
studied in this work. Only the growth steps and the reliability of electri-
cal contacts (if an electrical device will be built) will need to be adapted
accordingly.

2 Initial aluminum films are typically prepared either by physical vapor deposition
or sputtering techniques. Their thickness is limited to few micrometers mostly due
to technical constrains (see next Section for details). Surface roughness reduction
by electro-polishing or the use of pre-anodization step to induce ordering will con-
sume massively the deposited aluminum, complicating the procedure. Surface pre-
patterning could be an alternative and it was reported for already flattened substrates.
In this technique either a mold bearing protrusions made out of a hard material (N4,
SiC or diamond) is impinged on the aluminum surface, or argon milling through a
lithographically defined mask or focused ion beam milling are used to seed the nucle-
ation points for pores in the desired pattern. The deposited aluminum morphology is
affected when deposited on structured substrates (bearing metallic electrodes or var-
ious circuitry) and, as it will be detailed in Section 3.3.2, the best option is to have
a conformal deposition (i.e. aluminum molds and follows the underneath profile).
Adapting these techniques to 3D Al profiles will require a laborious work.

3Usually, reduced ordering is associated with the low quality AAO and hence, to
the ”worst” fabrication and operation conditions.
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3.3.1 Supported AAO fabrication

The general process starts with a physical vapor deposition on a
carefully cleaned substrate of a conducting underlayer. This conducting
layer has a double role of serving as an anodization barrier during electro-
chemical oxidation of the aluminum layer, and as working electrode for
further electroplating processes. It should not oxidize under anodization
conditions, typically being a layer of gold or platinum. Intermediate ad-
herence layers are used between the substrate and the conducting layer,
and between the conducting layer and the subsequent aluminum layer.

Aluminum layer deposition is a critical step in the sense that small
thicknesses (up to a few hundred nm) are easy to realize but thicker ones
need special deposition conditions. The temperature of the substrate and
deposition rate are key factors for compact aluminum layers deposition
without hillock and pitting defects [156,157]. At substrate temperatures
higher than ~70°C (Fig. 3.2 (a)) and also at low temperatures (Fig. 3.2
(b)) such defects are present.

Figure 3.2: SEM micrographs from aluminum thin film surfaces, deposited by
e-beam evaporation at a rate of 60 A/min: (a) the substrate temperature was
not kept constant but it was allowed to vary naturally from room temperature
(300K) to ~ 400 K during deposition; the total thickness was 2 pm and (b)
substrate was cooled to ~ 77 K; the deposited thickness was ~ 1 pm.

When the temperature of the substrate is kept constant at about
300 K for deposition rates larger than 300 A/ min, e-beam deposited Al
layers are compact and without defects. The deposit is polycrystalline
with grain sizes (and surface roughness) decreasing with increasing de-
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position rate. Experimental investigations show that high rates, up to
6000 A /min at room temperature, permit the realization of e-beam de-
posited Al layers with thicknesses up to 10 gm. On the other hand, using
magnetron sputtering, the Al layer thickness can reach up to 2 um for
deposition rates of ~ 1000 A /min.

Depending on the final objectives, thermal treatment at 400 - 450°C
for 20 min - 4 h in Ar gas and/or electrochemical polishing in perchloric
acid (HC1Oy) containing electrolytes at constant current densities of 100-
200 mA /cm?, can follow the deposition step to increase grain sizes and
decrease surface roughness. For anodization, low working temperatures
of about 0°C are used. By controlling the anodization current at the end
of the process, when no more metallic aluminum remains on the sub-
strate, nanopores down to the conducting underlayer can be obtained.
This allows for the subsequent growth of nanowires inside nanopores
by DC electrodeposition. Pore widening to desired values follows the
anodization step using mainly hydrofluoric, phosphoric or sulfuric acid
solutions at temperatures ranging between 30 - 40°C. This step termi-
nates, in principle, the supported nanoporous alumina fabrication. By
controlling the preparation conditions, pore diameters can be adjusted
between 5 - 350 nm and pore lengths between 150 nm - 10 pm.

3.3.2 Nanowire decorated microelectrodes

The process presented in the previous Section is a general way to pro-
duce supported alumina. For the specific realization of nanowire based
devices, specific criteria are required and the fabrication is AAO fabri-
cation is slightly modified. A full fabrication process sheet is given in
the Appendix A. First, we have to work on insulating substrates: for
example glass or oxidized silicon. For the simplicity, thermally oxidized
silicon wafers, with a grown 300 nm thick SiO2 layer have been used as
fabrication platforms. A thick oxide layer was choosed to ensure handi-
ness during subsequent processing steps and to avoid shorting with the
underlying silicon layer. Second, for the processing and electrical charac-
terization simplicity, patterned rather than full-wafer deposited metallic
underlayers were preferred. Photolithography and physical vapor depo-
sition were employed to pattern the metallic tracks. Mainly, they were
fabricated in Au with an adhesion T layer. A typical lift off structuring
was as follows. 1.5 um thick image reversal photoresist* was spin coated
on the wafer and used as masking material. An i-line UV source was em-
ployed for exposure through a laser generated photolithography mask®.

4A7Z 5214E, MicroChemicals GmbH
5Photronics Inc.
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After development of the resist, a T and Au bilayer was deposited using
electron-beam evaporation, followed by lift off in acetone. The thickness
of metallic stripes was tunned in order to induce a minimal effect on
the anodization and electrochemical growth process. They don’t have to
be too thick as to avoid protruding morphology of the aluminum layer,
yet, thick enough to allow for low resistivity of the metallic tracks. A
good compromise was found to be: 2 - 4 nm of 7% and 40 - 50 nm of
Au. Pads design plays an essential role as well: as electrochemistry is
used to grow the active parts, the metallic stripes which will serve as
bottom electrodes have to be electrically connected to external wires.
Next, Al is deposited covering all the surface. An intermediate 5 nm 7'
adhesion layer is used and prior the metalization, a short exposure to an
Ar plasma is performed (though not necessary) to remove any residual
contaminants. This finalizes the pre-fabrication steps. Up to this point,
the processing is classical and apparently not requiring any optimiza-
tion®. All the steps are done on a 3-inch wafer and after AAO precursor
deposition the wafer is diced in 10 mm x 6 mm chips constrained by the
anodization procedure. A schematic view of the chips is given in Figure
3.3.

Single step anodic oxidation” of the 1 - 2 um thick Al layer was per-
formed in HyC304 (0.3 M) at 60 V using a two electrode cell. It is be-
lieved that the surface oxide layer provides uniform pore nucleation sites
at the early stage of anodization, preventing local catastrophic events
such as local flow of high electrical current and defects by surface pit-
ting. As the anodization is accompanied by a large evolution of heat,
it has to be effectively removed using an appropriate electrochemical
setup, maintaining the electrolyte and the substrate at 2°C during the
anodic oxidation process. Eventually, the pores could be enlarged in an
orthophosphoric acid solution (0.5 M) at 30°C (typically 45 min for a
pore diameter of ~ 90 nm). Initially, the enlargement step was realized
prior to the electrodeposition though it was found to induce reliability
instabilities (see further discussion about the statistic variations and top
electrode issues). Subsequently, it was found that a two step enlarge-
ment gives good reproducibility: 80 - 90 % of the nominal values shortly
after the anodization, and the rest priot the electroplating.

A full view of a processed chip-supported AAO is given in Figure
3.4 (a). The design of chips is simple: an array of stripes with external
bonding pads working as BE’s and orthogonally to them, an array of

50nly during the aluminum anodization it was found that the patterning method
of the underlying electrodes is very important and is discussed further.

If otherwise mentioned, these are the typical anodization parameters used in this
work.
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incomplete tracks for the TE’s definition. Overlay alignment marks are
very important as further processing needs accurate placement. As it
can be observed, the anodization results in a circular supported AAO
membrane surrounded by the initial, conducting Al film. To avoid elec-
trical shortening on the BE, the anodization has to be complete, down
to the T'i layer. The ”good” samples displayed resistance of the order
of MQ) between different BE’s attributed to the semiconducting 17O,
layer. This implies that the areas which are no more in contact with the
remaining Al layer will be no more able to sustain the electrodeposition
(referring to the case presented in Fig. 3.4 (a)). Electroplating at this
stage (by connecting the working electrode to the Al film) will occur only

on the electrically conductive areas.

Figure 3.3: Schematized view of the pre-fabrication steps. (a) Bottom elec-
trodes definition. Connection pads for top electrodes are also deﬁned during
this steps (not shown for the simplicity). (b) Deposition of the Al layer.

The anodic oxidation of aluminum (as well as the uniformity of elec-
trochemically grown structures) was found to be very dependent on the
quality of the fabricated electrodes. Three different cases were desig-
nated: non-patterned, ordinary patterned (in occurrence using metal
lift-off) and defect-free patterned (other than lift-off, wet etching being
the representative) samples. After the anodization, the quality of AAO
is difficult to be visually verified, yet anomalies could be detected in the
anodization curves and they will be discussed below. Moreover, to assess
the quality of AAQ, electroplating was used to fill the pores followed by
template removal and SEM inspection. Examples of architectures fabri-
cated on top of lift off patterned microelectrodes are presented in Figure
3.5, while the electrochemical behavior is displayed in Figure 3.4 (b).
The analysis of non-patterned samples (Fig. 3.5 (a)) reveals a high de-
gree of uniformity of the grown structures. The few detectable voids are
mostly due to the coalescence of the nanowires after the dissolution of
the alumina. A slightly different situation occurs in the case of patterned
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Figure 3.4: (a) View of an anodized chip. The middle circular area is AAO
while the rest is the remaining aluminum film. Arrows are indicating working
BE’s. The anodization area has to be chosen in a such a way that the re-
maining Al film overlaps with the BE’s. The green arrow indicates a situation
to be avoided. For security (as well as for 4 - terminal measurements) each
BE has 2 external pads and at least one of them had a good overlap with the
aluminum layer. The blue-bordered inset shows the central area with 4 BE’s
and 6 precursor pads for TE’s. A series of alignment marks are defined in the
photolithographic step for subsequent processing. SEM inset shows the typi-
cal AAO morphology after pore enlargement. (b) Typical anodization curves
of 1 pm thick aluminum films deposited on non-patterned substrates (black),
ordinary (green) and defect-free (red) patterned samples. The anodization
conditions are identical. Inset: Corresponding Ni electrodeposition curves.
(c) Schematic representation of the chip after the anodization step.

substrates (Fig. 3.5 (b)). An increased number of void-type defects is
detected in comparison to the non-patterned samples. Noticeable is the
absence of parasitic nanowires outside the microelectrodes areas. The
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Figure 3.5: Top view SEM micrographs depicting Ni nanowires (diameter 80
nm, length 1.2 pum). The corresponding anodization and electroplating curves
are shown in Figure 3.4 (b). (a) Homogeneous growth on non-patterned sub-
strates. (b) Non-uniform growth on lift-off patterned microelectrodes. Inset:
optical micrograph showing the aluminum residuals after the anodization.

nanowires coverage varies from 65 to 85 % of the area of metallic pads.
The variation in the fabricated structures between the patterned and
non-patterned substrates can be interpreted in terms of different behav-
ior during anodization (Fig. 3.4 (b)). The high noise level and the modi-
fied shape of the anodization curve for ordinary lift-off patterned samples
offer direct evidence for a disturbed anodization mechanism. The anodic
oxidation is altered by the surface and bulk imperfections present in
the aluminum layer [158]. They originate from typical lift off problems
(retention, ears and redeposition) which increase the surface roughness
of the aluminum. Each of them will induce a non-uniform deposition
of the aluminum layer translated into an inhomogeneous anodization.
The electrochemical process is stopped once the anodic current starts
to increase (using a computer controlled current compliance), originat-
ing from contact between the electrolyte and the underlying conductive
layer. In other words, the in-depth advancement of the pores will be
irregular, some of them reaching faster the underlying conductive layer
than others. This will imply that in some areas, non-anodized aluminum
will still be present prohibiting subsequent electroplating (or even if tak-
ing place, stripped during the template removal step). These areas can
be detected using a optical microscope having the appearance of white
spots (inset to Fig. 3.5 (b)). Initially, we tried to overcome this step
by increasing the current compliance during the anodization (from 10 -
15 to 75 mA /em~2). Although, with relatively good results, the reverse
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effect was the destruction of the metallic tracks due to high anodiza-
tion voltages and currents (and associated thermal effects), especially in
the areas where the first pores are reaching the substrate. Eventually,
pulsed anodization (anodizing followed by pause intervals), only at the
end of the process, was implemented to diminish the thermal effects. The
technique was left aside as a simpler solution was found by adequately
processing the metallic tracks.

Improved anodization conditions can be achieved using defect-free
patterned microelectrodes (red curves in Fig. 3.4 (b)). Two approaches
have been successfully used: wet etching definition and rigorous clean-
ing of lift-off patterned metallic electrodes. The cleaning and the defect
removal were performed by prolonged ultrasonication (15 - 60 minutes)
in hot acetone in a cleanroom environment. The etch patterned samples
were prepared as follows. The Ti/Au stack was electron-beam evapo-
rated on the oxidized wafers. The same UV exposure procedure with a
positive tone photoresist® produces an inversed image of the developed
photoresist. The Awu film was etched away in a home-made Aqua Regia
solution (visual inspection was used to detect the complete removal of
gold film). After the photoresist removal (in hot acetone), the wafers
were shortly dipped (10 - 15 seconds) in a freshly prepared Piranha etch
solution to remove the underlying 7% layer. No significant difference in
anodization was found between the etched and lift-off decontaminated
patterned electrodes. Yet, the later microstructure has the disadvantage
of being less reproducible as the prolonged ultrasonication may destroy
the metallic strips. This is why all the subsequent work was done using
wet etch microstructuring of the bottom underlayer. Referring again to
Figure 3.4 (b), important is the fact that for all the cases (flat, lift-off and
wet etched samples), the electrodeposition curves are smooth and resem-
bling, therefore supporting the supposition that the critical fabrication
step is the anodic aluminum oxidation.

The improved quality of fabricated nanowire patterns using wet etch
patterned microelectrodes is clearly demonstrated in Figure 3.6, pre-
senting cross-section snapshots acquired at the different stages of the
processing. Uniform growth of nanowires inside the alumina template
is observed without any significant difference in their height. After the
alumina removal, uniformly distributed close-packed nanowire patterns
are found on the substrate (more than 95% coverage) demonstrating the
overall good nucleation and filling of the pores. There are still some
minor 7 Y-type” defects present only at the edges of the microelectrodes
(Fig. 3.6 (g) and (h)). Their nature is explained by the nonparallel pore

8AZ 6612, MicroChemicals GmbH
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initiation caused by the 3D profile of the Al layer. Al deposit follows
the substrate morphology and creates a local protrusion at the edges
of metallic electrodes. As the pores are nucleated perpendicular to the
metallic surface, in the respective areas, they will no more be parallel
and will end up with the fabrication of branched nanopores or nanowires.
Though following a different structuring mechanism, a large variety of
multilevel structures with interesting optoelectronic properties could be
obtained exploiting the ”Y-type” nanoarchitectures [74,83].

Figure 3.6: Sequential SEM imaging of the fabrication steps ((a) - (¢) enlarged
view, (d) - (f) - one microelectrode close-up). (a), (d) AAO covering the
metallic tracks. (b), (e) Partial Ni electroplated membranes. (c), (f) Free
standing nanowires after the removal of the alumina. Cross-section images
of the Y-branched defects after the anodic aluminum oxidation (g) and the
electroplating (h). (i) Schematic view of the chip after electroplating.

Important to note is that this process provides a direct bottom-up,
self-aligned nanowire patterning protocol. The electroplating will take
place only on top of conducting pads and if they are in contact with
the external electrode. Equivalently, using CVD-type deposition tech-
niques, growth will take place only on top of catalyst areas. Further,
using adapted electrochemical set-up’s and adequate circuit design it is
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possible to grow separately distinct types of nanowires on closely spaced
microelectrodes. This type of architectures could be useful for ther-
moelectric applications as well as for the fabrication of sensing devices
or nanoscale high-performance electrochemical batteries |69, 159]. How-
ever, for single nanowire devices, further processing to isolate a reduced
number of nanowires (1 is preferred) and structure the AAO and the
remaining aluminum film is required and discussed in the sequel.

3.3.3 AAO patterning

At the stage presented in Figure 3.4 (a) all of the electrodes (BE’s
and TE’s) are electrically shunted. To build up vertical nanowire cross-
bar devices we will need to keep AAO in some areas, remove it form
others (for example to reveal the TE’s viases) and for sure, get rid of the
shunting aluminum layer between each electrode. The detailed protocol
is discussed in the following.

The process is based on the wet etch chemistry of the AAO and alu-
minum layer. As the thickness of both is relatively high (> 1 pm) dry
etching (RIE, argon milling) is unsuitable, almost impossible, because it
will implie the use of thick or extremely hard masks. Wet etching, us-
ing strong basic solutions was found to work excellently using thin mask
films. Aqueous potassium hydroxide solution (2M KOH or NaOH)
was used to etch both components. Due to relatively harsh chemistry,
PMMA masks were found to be unsuitable. PECVD SiN, instead resists
well with no signs of degradation. After the anodization, the chips were
cleaned in acetone with 1 to 2 minutes of ultrasonication to remove any
surface residuals?. Next, a 300 to 400 nm thick SilV, film was deposited
using a PECVD system (see Section 3.4.1 for the SiN, deposition and
RIE details). 1 pm thick PMMA film was used to pattern and transfer
the desired design onto the SilN, layer using EBL and RIE. Important,
yet not critical, is to reveal the alignment marks during the AAO mi-
crostructuring step. SE signal from buried marks will be very low (almost
absent) if using low emission currents. The first EBL step, requiring ex-
posure of large areas (with relatively low resolution) was done using high
working beam currents (15 - 25 nA) to increase the throughput. It also
enabled facile visualization of marks and respectively alignment. Sub-
sequent EBL steps require higher resolution (i.e. low beam currents)
making troublesome visualization of the marks. So, clearing the AAO
from the top can facilitate the work. Aluminum plots are also left on
each contact pad, helping the reliable bonding. Subsequently, the sam-

9As the process it is not performed in a clean room environement, it is better to
do so.
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ples were immersed in the KOH and leaved until complete removal of
aluminum layer was visually detected!?. Visual instead of timed detec-
tion was preferred because of the variation in the etching rates; aging
of the hydroxide solution being the influencing factor. Typically, the
etch takes 6 - 8 minutes. After this lapse of time, two dippings, each
1 minute long in different KOH baths were used to rinse the surface
of AI3* ions which could precipitate during the water rinse step. The
remaining T and 77O, layers were removed using a HF 2% solution.
The dipping is short (15 - 25 seconds) and again visual detection is used
to stop the etch. As soon as the sample surface starts to change in color
(evidence of gradual removal of SiOs layer) it was left for another 10
seconds for assurance!'. The remaining SiN, was subsequently stripped
using RIE'2. Its presence and morphology is embarrassing for further
processing (PMMA coating, top contact definition). For example, the
self-contacting layer (as it will be discussed in Section 3.5) needs to be
defined directly on top of the AAO membrane.

Basically, at this point, only a small AAO slab needs to be defined
on top of the BE’s (as schematically presented in Fig. 3.7 (d)). The rest
could be effectively removed. It is the specificity of the present process
that forced us to adapt the particular design presented in Figure 3.7 (a).
The electrochemical growth requires an electrical continuity between the
macroscopic electrode and the plating area. This is realized by using
the remaining aluminum layer after the anodization. During the EBL
step, a macroscopic contact pad is defined in Al, on the edge of the

10Gimilar to the work of Li et al., the wet etch of AAO was found to occur in a highly
anisotropic way [160] (Fig. 3.7 (b), (c)). They have microstructured ordered AAO
templates for photonic applications using an evaporated and photolithographically
patterned Al layer. As their membranes were supported by Al, selective wet etch
chemistries (acid based mixtures compared to the base solution used in our protocols)
were used to stepwise remove each of the components and maintain ”supported” the
AAOQO slabs. In our case, such restriction is absent, both components being removed
using the same chemistry. Interesting is that the etching anisotropy is insensitive to
the process chemistry. Since in the opened area the solution can penetrate into the
holes and therefore the etching takes place at the whole oxide/solution interface, the
actually removed lateral part is only half of the pore wall thickness. Therefore, the
etching is quite fast in the parts with open pores. On the other hand, full removal
of aluminum requires longer times, explaining the large undercuts obtained (Fig. 3.7
(b), (c))-

"The color change indicates the full removal of the T% in the SiOy areas, pre-
sumably, as well from the TE’s pads. A slight over etch was used. The removal of
Ti/Ti0, from metallic pads is very important as it will dictate the quality of top
electrical connections. This is one of the steps were the use of thick SiO: film is
justified.

2Unprotected SiOz areas are exposed to plasma etching as well, being thinned
down again. This is another argument to use thick SiOs film.
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Figure 3.7: (a) Optical microscope view of the chip after the AAO and alu-
minum etching. The PMMA and SilN, masks are still present. Macroscopic
electroplating electrode is connected only to 2 BE’s (marked by black arrows).
The split area is marked by the red arrow. The need for aluminum film over-
lap with the working BE’s is evident. Square pads of aluminum are left on
each connection pad (not visible) to facilitate wire bonding. The AAO is left
all along the working BE’s (see main text for discussions). The circular area
(replica of the original AAO membrane) is the result of non-uniform etching
of Si0s layer during the T'i/Ti0, wet etch step (HF 2%). Inset: magnified
view of the central area. The alignment marks are revealed to facilitate their
imaging during subsequent EBL steps. (b), (¢) Crossection view of arbitrarily
etched AAO slabs with SiN, layer on top. Highly anisotropic etching as well
as the large undercut are visible. The exposed area is free of any residual ma-
terial. The remaining SiN, "umbrella” is stripped and not used subsequently
for confined electroplating. (d) Simplified view of the achieved step.

chip, to facilitate the interface with the electrochemical set-up (noted
as ”Electroplating contact” in Fig. 3.7 (a)). A stripe is also defined
connecting the later to the working BE’s. Their number and position
(black arrows) can be controlled using splitters (red arrow) defined as well
during the EBL step. Due to the nature of active parts (for the moment
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only metallic nanowires) the basic cross-bar circuit was employed: 1 x n
design. The practical realization was limited to the use of 6 TE’s. On
the discussed chip, 2 BE’s are operational at this step, yet only one of
them will be used further (caution taken in case that processing errors
will alter the quality of one of them).

As it will be shown further, very reduced areas, or in other words,
a countable number of nanowires will be electrodeposited. From the
experimental point of view this implies plating currents of the order of
few nA. The problem is that there are always some defects, ramping
up the current into the hundreds of nA to few pA making the use of
preliminary calibrations troublesome. For example, the initial work was
done using an AAQO slab with a configuration as presented in Figure 3.7
(d), requiring a great deal of work to mask the pads of the exposed BE’s
(as the electrochemical cells working areas are few mm across). This was
tested using very thick SilV, layers (1 - 3 um) with no satisfactory results.
The main problem was the isolation of interface area between the BE’s
and the AAO slab margins. Straight corners and elevated height profiles
of AAO was impossible to conformally coat and completely isolate from
the electrolyte, using PECVD technique. This could be accomplished
using variable angle deposition as in the case of TE’s definition discussed
in Section 3.5.2, yet leaving AAO all along the BE’s connections was
found easier to implement and was further used. During the masking step
for confined electroplating, they are protected by the same masking layer
and the topography induced defects are minimized. Anyway, defects
are still present (though, at lesser extent) and these aspects could be
optimized further either through more careful processing or by using
controlled large electroplating zones (patterned somewhere outside the
active areas) to increase in signal to noise ratio.

3.4 AAO nanostructuring

This Section deals with the reliable fabrication of single (or few)
nanowire architectures. This could be done in two ways. In the first
method, the nanowires could be grown all over the BE’s and then they
are contacted preferentially. One approach, based on the use of AFM
nanoindentation was proposed by Fusil et al. and was used to charac-
terize and to build single nanowire spin-transfer devices |67,68|. The
protocol requires mechanical polishing of the filled templates (because
of the non-uniformity in the electrochemically grown structures) and the
use of inert metals during the final step of electroplating is preferred.
The other method, which was adapted in this work, is to locally con-
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fine the growth using a mask and to contact the grown bunch(es). Both
of them have advantages and disadvantages and the present choice was
based on technical limitations. PECVD SiN, films were found to be
excellent candidates for the masking step. Though, in the final device
there are no more traces of SilN,, during the fabrication it plays a crucial
role. The deposition, etching as well as some physico-chemical properties
of used SilN, films are presented.

3.4.1 Silicon nitride deposition and etching

The very first test consisted in depositing (at 50°C) and pattern-
ing a SiN, mask on top of aluminum and then anodizing this stack.
The results were catastrophic (non-uniform anodization, SiN, break-
down) and were left aside. The pre-existing stack is typically made of
Ti/Au/Ti/Al. Increased temperature may induce interdiffusion between
layers, degrading the quality of the alumina when reaching the underlayer
and subsequently the quality of electrodeposits. Hence, SiN, deposits
were performed at a substrate temperature of ~ 40°C. The reacting gases
composition was selected arbitrarily, based on a pre-existing recipe in the
used tool. The unique recipe used is the following3: deposition pressure
- 0.8 mTorr; RF power density - 60 mW /cm?; gas flow and composition:
SiH4 5% dilluted in No - 500 sccm, N Hz - 2 scem and Na - 750 scem.

In time, it was found that the low temperature deposition is not
the best option. First, the reproducibility was poor. The used tool has
calibrated working temperature range between 150 - 350°C. Tempera-
ture control below 100°C was difficult and the deposition were actu-
ally made in between 30 and 60°C, each time being different. Second,
residual porosity posed problems for effective masking. Many of samples
were partially or completely electroplating even when using 200 nm thick
SiN,. And third problem was the adhesion, especially on the revealed
metallic parts. It is well known that the quality of the PECVD films
increases with the deposition temperature: higher etch resistance, de-
crease in the porosity, better adherence, improved dielectric properties.
Obviously, we were not in the good regime.

Subsequently, the deposition temperature was raised to 150°C. Poros-
ity as well as adhesion problems were effectively eliminated. To further
improve the adhesion, an in situ pre-clean step was performed using
N>O as reactive gas (deposition pressure - 1 mTorr; RF power density -
60 mW /cm?; gas flow - 100 sccm). The glow discharge splits the NoO
molecules following a simple reaction: NoO — Ny 4+ O providing reac-
tive oxygen radicals for the cleaning reaction. To have a better view on

13Using a Oxford PlasmaLab100 PECVD system.
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| | 50°C | 150°C | 250°C | 350°C |

Deposition rate (nm/min) 24 18 18 16
Etch rate (nm/min) > 50 35 13 4
n (at 632 nm) 1.8 2.4 2.7 2.8
k (at 632 nm) 0.02 0.03 0.07 0.09
Adhesion on Au poor good | good | good
Adhesion on Pd poor good | excel | excel
Adhesion on Al poor good | excel | excel

Table 3.1: Silicon nitride properties function of deposition temperature. De-
position and etch rates were determined using ellipsometry. Etch rate is ref-
ereed to the wet buffered HF removal rate. The augmentation of n and k is
indicative of an increase in Si content. Adhesion was verified using scotch tape
test and 15 minutes ultrasonication in water. Qualificatives were ascribed as
follows: poor - scotch test negative; good - scotch test positive while ultrason-
ication with slight signs of degradation; excel - both tests positive.

the influence of the deposition temperature on the quality of the SiN, a
series of experiments were performed and the results are summarized in
Table 3.1. Clearly, the 50°C deposit is the worst. Higher temperatures
mainly influences the etch rate and slightly the adhesion. Spectroscopic
ellipsometry measurements give us some insight into the nature of de-
posited films. The fit models were different for different temperatures,
indicating different chemical and structural composition. The refractive
indexes of films (even for those deposited at 350°C) were found to be
increased compared to stoichiometric Si3/Ny indicating a high content of
silicon. In a seminal work, Charavel et al. showed that the refractive
index of PECVD SiN, films increases linearly with the Si content [161].
They have correlated the electrical properties of metal-insulator-metal
capacitors using SiN, dielectrics (reliability, breakdown and leakage cur-
rent) and the physical properties and showed that the behavior of the
fabricated devices can be predicted by analysing physical properties of
the dielectric. In our case the study was not so profound, being limited
to basic mechanical and chemical properties. Presumably, the 25 to 2
mass flow ratios between the SiH, and N H3 in the reaction mixture is at
the origin of the elevated Si content [162]. Higher quality films however,
brought some complications for the reactive ion etching using PMMA
mask (discussed in the next paragraphs).

Other complication was the correlation between the thickness of used
of SilN, and AAO morphology. Initially, the pores were not enlarged,
being randomly distributed over the surface and mainly concentrated at
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Figure 3.8: AAO surface before (a) and after (b) pore enlargement. (c) Top
view of AAO on top of SiOy (left) and BE (right). The lower part of the
surface is covered with 40 nm of Au. (d) Morphology of the SiN, deposited
on enlarged AAQO. Underlying layers: left - SiOs, right - BE.

the initial aluminum grain boundaries. Their diameter is around 10 -
20 nm. Hence, 100 - 150 nm SN, was found to be enough to protect
effectively the pores. The pore enlargement was realized with the pat-
terned mask on top and obviously occurring only in the exposed area.
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The process was found to be instable. A correlation between the mask
size and the number of grown nanowires was difficult to establish. As
was found later (and detailed bellow) the instability originates from the
pore widening step. Thus, increased reproducibility was attained using
a pre-enlargement process (about 80 - 90% of nominal value) after the
anodization, the rest being done shortly before the electroplating. The
dissimilarities are attributed to differences in the morphology of AAO
before and after pore enlargement (see for comparison Figure 3.8: (a)
surface of the pristine anodized sample and (b) the same surface af-
ter the enlargement). During this step, a part of AlsOs is etched away
from the pore sidewalls increasing their diameter. But at the same time,
the alumina is etched from the surface, changing completely the porous
membrane appearance (take a look again at the panels (a) and (b)).
This occurs also for a masked AAO though it is difficult to predict the
etched configuration.

Associated to the increase in the pore size was the use of thicker
masking layer to avoid any parasitic growth. In this configuration, 200
to 400 nm of SilN, were found to clog effectively the porous surface. The
drawback was that increased etch times (already enhanced by the use
of 150°C deposits) using the same thickness and patterned resolution
PMMA masks was required.

Figure 3.8 (c) shows the top view of the AAO surface at the BE’s
boundary. For the reasons explained in Section 3.5.2 the samples is par-
tially coated with Au. Clear differences between the AAQO surface present
on Awu and on Si0O4 surface can be detected. For example, grain bound-
aries, originating from initial polycrystalline aluminum film could be still
observed in the outer-BE’s area, the morphology being comparable with
the case presented in panel (a), although, the pores were enlarged. The
alumina grown on BE’s is clear of such defects and resembles more to
normal case (fortunately, this is the region of interest). The same could
be ascribed to the morphology of deposited silicon nitride film (Fig. 3.8
(d)). The surface is smoother on AAO grown in BE’s area than in outer
region. Differences in surface topography of AAO on these two regions
could be at the origin of this effect. Most remarkable is the difference in
AAO morphology.

In principle, this could be attributed to two distinct steps present in
the AAO fabrication: anodic oxidation or deposition of the aluminum
film. Let’s suppose that the anodization step is at the origin and the
aluminum film has the same composition and morphology throughout
the volume. As the observed difference is a surface phenomenon, the
discrepancy should arise in the very first moments of anodization by dis-
similarities in the heat dissipation or current density non-uniformities.



72 AAO TEMPLATES

Yet, considering the ”bulkiness” of the as-deposited aluminum film, the
anodization should be uniform and not influenced by the underlying
structure. Only at the end, when the Al film is thinned and the Au pads
are responsible for the current uniformity and heat dissipation or genera-
tion due to high current densities involved, anomalies should be observed
(and they are detected as already described). However, they could not
influence the top most surface morphology. Hence, the first supposition
can be ruled out and the origin of the discrepancy can be attributed to
the aluminum deposition step or, to a different aluminum crystallisation
behavior on patterned and non-patterned areas of the substrate.

As mentioned at the beginning, a good thermalization of the sub-
strate is needed to have uniform aluminum films. The difference in ther-
mal conductivity between Au and Si0- is almost three orders of magni-
tude at room temperature (300 and 1 W/mK, respectively). Thus, alu-
minum crystallization during the deposition step is strongly affected by
the difference in thermal dissipation between the two type of substrates.
Presumably, this happens only at the beginning, while the thickness is
still low, yet, already providing dissimilar morphology seeding layers for
subsequent metal crystallization. Subsequently, the film growth will take
place non-uniformly and so the anodization. Chemical surface pattern
could be also invoked, nevertheless being minimized by the evaporation
of the T'i layer prior the Al deposition.

For selective electroplating, SiN, mask has to be locally removed
to allow for the electrolyte to be in contact with the BE’s. This was
typically done by transferring the pattern from an EBL exposed PMMA
mask to the SilN, layer using RIE. Contrary to the PECVD step, the
etching protocol was continuously improved. The initially used, 100 nm
thick nitride films were easy to etch. EBL using 100 to 200 nm PMMA
allowed for 20 - 30 nm resolution in resist film and 50 - 70 nm in Si/V,.
The RIE was based on SFg and C'H F3 chemistry achieving etch rates
selectivities of 1.5 (PMMA to SilN;) [1]. Once the thickness was raised
to 300 - 400 nm and the PECVD was performed at 150°C it was difficult
to attain the same resolution in SiN,. A new protocol was developed.
Pure SFg chemistry provided excellent result in therms of selectivity
and anisotropy'. Etch rates function of operating parameters were de-
termined and results are presented in Figure 3.9. It can be observed that
the total chamber pressure has an interesting influence on the compo-
nents removal rates and especially on the selectivity. By increasing the
pressure, a slight acceleration of the removal rate for both components is
detected, reaching a maximum and then monotonically decreasing. This

1Using a PlasmaLab100 ICP-RIE system.
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Figure 3.9: Measured SiN, and PMMA etch rates as well as the calculated
selectivity defined as their ratio function of: (left) total chamber pressure (RF
power constant - 20 W) and (right) RF power (pressure constant at 45 mTorr).
SFg flow - 100 sccm; table height - 20 mm; substrate held at RT.

could be explained by 2 factors. First, an increase in pressure while
keeping constant the gas flow signifies a low rate arrival of fresh reactant
and, as explained in next paragraph, combined with a large amount of
organic species generated during the plasma and their subsequent fluo-
rination can result in the precipitation of fluoro-polymers on the sample
surface and decrease in the etch rates. The other factor is based on the
observation that the DC bias generated during plasma is decreasing with
the increase in pressure signifying less mechanical damaging (or removal
rate) of both components. Important, however, is the enhancement of
the selectivity, reaching values as high as 6 (SiN, to PMMA etch rates
ratio) at 45 mTorr explained by a reactive selective removal rather than
ion stripping. Keeping the pressure constant at 45 mTorr, the influence
of RF power upon etching dynamics was tested. Both were found to
increase linearly (as well as the DC bias) with the increase in RF power,
diminishing drastically the selectivity. As higher pressures or lower RF
power is difficult to attain and maintain it was decided to work in this
conditions: 45 mTorr and 20 W.

Important to note is the sample etch configuration. Several small
samples are etched at a time; while the etcher tool is designed to process
one wafer (3-inch diameter). This introduces a necessity of using a wafer
support, on which the sample is lying during the process. It is impor-
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tant to maintain same chemistry in the plasma chamber and as the wafer
support is much bigger than the samples of interest, it will influence pri-
marily the enchant composition. As the silicon is known to be etched
effectively in SFg plasma, it was decided to work with PMMA coated
wafers (from where the assumption that many fluorinated organic species
are generated in the chamber). The edges of samples can perturb the
flow of etching gas and thus affect the etching rate. Differences between
the electrical conductivity of a sample substrate and supporting wafer
influence locally the homogeneity of the electric field, which in turn influ-
ences the etching rate. Despite small differences, the etching characteris-
tic remains linear and the amount of etched material proportional to the
RIE period. Examples of etched holes in nitride masks and subsequently
grown nanowire architectures are discussed in the following.

3.4.2 Selective electroplating

Once the mask was structured, the samples were electroplated, allow-
ing the growth only in the exposed area. The electrodeposition was car-
ried out using an EG&G PAR 263 potentiostat (Princeton Applied Re-
search) in a conventional three-electrode cell with a Pt counter electrode
and Ag/AgCl as reference electrode. In order to ensure a homogeneous
growth, the pulse plating method was used to deposit the Ni nanowires
from a solution containing NiSO4 (0.5 M) and H3BO3 (0.5 M) at RT.
The deposition process is stopped as soon as the first nanowires emerge
at the surface, as detected by a rapid increase of the plating current.
For the following characterization steps, the SilV, layer was completely
removed using the same S Fg plasma etching recipe followed by wet chem-
ical etching of the alumina with a solution of 2M NaOH. This yields
freestanding nanowires on the substrate, which could be imaged easily
using a SEM.

Examples of fabricated architectures are presented in Figure 3.10. By
carefully adjusting the dimensions of the openings in the SiN, (see next
Section) mask and, the interpore distance in the alumina template we
were able to grow either single or bunches of nanowires. Panel (a) shows
an array of 3x3 mask openings fabricated using early protocols (PECVD
on non-enlarged pores, EBL, enlargement). Thin SiN, layer (100 nm)
and high-energy electron imaging (5 keV) allows for the visualization
of the underlying AAO. Non-uniform, 15 - 20 nm diameter pore orga-
nization can be detected. Grown architectures on both, non-patterned
and structured substrates are shown in panels (b) to (f). Bunches of
nanowires ((c), (f)) were easy to achieve by fabricating relatively large
openings (few hundreds of nanometers). The number of nanowires in
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Figure 3.10: (a) Top view of a fabricated silicon nitride mask. Inset: zoom
revealing the presence of pores in the alumina layer. (b) - (f) Micrographs of
fabricated single- and multi-nanowire architectures on planar substrates and
microelectrodes. (g) Complex ”art-work” made out of nanowires. The original
picture (top inset) was converted into an input signal to the EBL pattern
generator. Bottom - left inset: magnified view revealing nanowire pixelization.
It must be noted the high contrast between patterned and nonpatterned areas.
(h), (i) Schematic representation of the achieved steps.

each group was not uniform (even for equal size opening) and this was
attributed to the processing variations. The initial work methodology
was mainly based on high-throughput screening of the achieved resolu-
tion. A large number (few thousands) of mask openings, with various
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diameters (50 - 500 nm), were used for the study. Eventually, single-
nanowire resolution regions were obtained. Interesting was that in these
area, mainly single, doubled or missing nanowires were observed (panels
(b), (d) and (e)). Regions like those presented in (b) and (d) were ex-
tremely rare, yet showing that it is possible to achieve single nanowire
resolution. Eventually, this led to the systematic study on the number of
accessed nanopores using selective mask processing of AAO templates.
More complex architectures composed of distinct nanowires could be ob-
tained by adequately designing the exposure pattern (panel (g)).

Going back to the sample fabrication step achieved in Figure 3.7,
worth mentioning are some important aspects regarding this type of de-
vice processing. First, the AAO has to be left to ensure mechanical and
chemical encapsulation. Thus, the determination of grown and subse-
quently contacted nanowires has to be performed indirectly. Next, due
to the 1 xn design (n was typically 6), only 6 openings were to be defined.
The extremely low working area or reduced number of nanowires (mini-
mum 6 required and typically around 50 patterned) necessitates plating
currents of the order of few nA, sometimes lower than the noise of the
system, making the reproducible fabrication of multijunction nanowires
difficult. The presence of defects further induced complications. Plating
current density function of time plot was usually featureless, close to 0,
during the pore plating and only once they emerged from the template,
current jumps could be detected, indicative of higher plating area. An-
other important aspect is the insertion of a ”self-contacting layer” in
between the AAO and nitride mask before mask structuring and elec-
troplating. It should be thick enough to ensure electrical continuity yet
thin enough to avoid clogging the pores (see fabrication details in Sec-
tion 3.5.2). These two steps could schematically represented as depicted
in Figure 3.10 (h) and (i). Before detailing further, we’ll say few words
about the selective electroplating statistics.

3.4.3 Statistical interpretation

As already intuitively suggested, if no overlay alignment is used, the
number of accessed nanopores depends on the size of the openings in the
nitride mask. Some questions regarding these processing aspects have
been already raised by the referees during the publication procedure of
the above presented results [1]. To cite them: (i) does the exposure of
only a portion of the nanopore opening yield smaller diameter nanowires,
or there is any effect on the growth rate associated with the electrodepo-
sition? and (ii) it should be very difficult to have patterns like shown in
Figure 3.10 (b) with single pores exposed for patterning. To grow single
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Figure 3.11: Top view SEM micrographs presenting used masks and obtained
nanowires architectures for the statistical study. The correspondence between
the images is given by the arrows. Scale bar is given by the center-to-center
mask distance of 2 ym. Direct imaging of revealed pores is difficult and usually
erroneous (low contrast, depending on the electron acceleration energy and
magnification) explaining why subsequent electroplating was used for the study.

nanowires, we have to etch holes through PMMA / SiN, at exact posi-
tions where the nanopores are located. How the authors achieve this? Or
it was purely by luck? Indeed, at that moment most of the structures
were done ”purely by luck”. However, observations like why only 0, 1 and
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2 nanowires were grown in areas where majoritarily a single nanowires
was expected, intrigued us as well. The first question, concerning the
overlap between the mask openings and the pores and what is the op-
eration threshold which allows electroplating to occur also aroused our
curiosity. Hence, at some point of the project, a systematic study was
set in place, explaining and revealing many remarkable aspects.

Two directions have been attacked: (i) experimental studies of the
number of accessed nanopores function of mask diameter and (ii) de-
velopments of a simulation method to enable fast screening of the ex-
perimental behavior. Briefly, the experimental part can be described as
follows. Selective-site electroplating was realized by patterning a 350-nm
thick SiN, (PECVD 150°C) mask deposited on top of AAO. Circular
masks with diameters (Dezp) ranging from 30 to 500 nm, defined using
EBL and RIE, were used for the statistical study of the selective AAO
patterning. The patterning was purely random due to the absence of
mask overlay alignment. To study the overlapping occurrence of the
mask with the template pores, pre-enlarged AAO was used. Comparing
again surface morphologies of AAO before and after enlargement (Fig.
3.8 (a) and (b)) it is clear that the pore widening step will interfere,
yielding the overall processing dispersions rather than the masking sta-
tistic dispersions. After Ni electroplating, the size of the masks was
determined using SEM inspection (+9 nm measurement error, pixel size
in the acquired micrographs) followed by SilN, and AAO removal. To
avoid as much as possible to induce processing errors, the thickness of
the electroplated material was limited to 200 nm. Low aspect ratio
nanowires are mechanically more stable and their removal during the
template release was minimized. The samples were inspected again by
SEM to count the number of grown nanowires. A series of SEM snap-
shots acquired in each step is shown in Figure 3.11. They give just a
partial overview as more than 100 of such images were acquired and
analyzed. The number of events corresponding to the observation of a
fixed number of nanowires for a mask diameter D, was counted; the
Deyp bin being set to 18 nm (pixel size in the acquired images). The
data accumulated for each bin was divided by the total number of events
within the respective bin, to obtain the probability. About 1100 events
were included in the histogram shown in Figure 3.12.

The experimental behavior was found to be simply simulated using
a common image analysis procedure (see Appendix B for details). The
probability of having N nanopores inside a circular mask at various lo-
cations on AAQO surface was computed using image analysis routines
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provided by Igor Pro software!®. Basically, a circular ROI was generated
on top of SEM images and the number of nanopores inside the ROI was
counted.

Intuitively, one can reason that the number of revealed nanopores
in the lithographic process will depend on the geometry and size of the
mask. Indeed, as displayed in Figure 3.12, a definite resolution proba-
bility could be achieved for a given circular mask diameter range. Note
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Figure 3.12: Experimental histograms and simulated probability dispersions
for selection and processing of a given number of nanopores inside an alumina
template with short range pore ordering. For the sake of clarity, the histograms
and curves are shifted. The mask size cutoff is 30 nm. The mean pore diameter
(dmean) and interpore distance (hieqn) are 72 and 132 nm, respectively. For
simulation, a counting threshold close to 0 was used. The good agreement with
the experiment is explained by the self-repair mechanism of the mask during
the etch step through accommodation of the frontier pores (see further).

that the patterning resolution (from 0 to more than 8) is given in our ex-
periments as the number of the subsequent grown nanowires and not the
revealed nanopores, hence, processing induced variations are unavoid-

Wave Metrics Inc.
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able. The sources of experimental errors (as compared to the simulation
approach) can be categorized as follows:

e Defects due to up-ward or down-ward pore branching (a surface re-
vealed nanopore will produce 2 nanowires or reversely and probably
counter-balanced if present at the same amount in the template)
or insufficient bottom barrier removal (no nanowire will be grown
for a revealed nanopore).

e Clogging of the pores with the masking material (again, no nanowire
will be grown for a revealed nanopore).

e Processing instabilities during the template removal or drying and
sample manipulation. Removal of the nanowires is the error source.
For example, even if ” correct” number of nanowires was grown for a
given mask diameter, 1 or more removed nanowires will imply that
the respective mask will be accounted for a wrong pore resolution.

e Measurement and counting. As the diameter determination and
especially the nanowire counting was done manually, errors are
unavoidable.

Conceptual understanding of this manufacturing path simply resumes
to the counting of the number of nanopores inside a region of interest,
arbitrary selected from an image that describes the morphology of the
template. The good agreement (within the error bars) between the ex-
periment and the simulation of the patterning process proves that, fun-
damentally, there is no preference to any specific sites of the templates.
Remarkably, the single-nanopore resolution is realized with a yield as
high as 70% at a mask diameter of ~70 nm for the considered case (red
histogram in Fig. 3.12). Furthermore, it interferes only with (~9%) null-,
(~18%) double-, and (<3%) triple-pore patterning resolution. Now, the
first experimental observations (explained above) are more clear. In the
areas where mainly 1 nanowire was observed (or roughly in the maximum
probability range), 0 and 2 were also present. The same is of applicabil-
ity for bunches of nanowires. More we increase the size mask, more we
will statistically grow different numbers of nanowires for the same mask
size. For example, at the 4-nanowire maximum, there will be as well
2, 3, 5, 6 and 7 grown nanowires (and the spread further increases for
bigger masks).

Having set in place and validating the simulation protocol, templates
with different morphologies have been studied. Qualitative analysis of
the AAO templates (mean pore diameter and interpore distance dis-
tribution) is based on a Delaunay tessellation and has been detailed
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Figure 3.13: Simulated probability distribution using a circular mask for
different morphology of AAO (left) and respective pore diameter (deqrn) and
interpore distance Aeqn size distribution histograms (right). (a) Short range
ordered AAO anodized at 60 V (the same as shown in Figure 3.12 without
shifting the curves). (b) Partially ordered AAO fabricated at 40 V having
a lower interpore distance. Increased ordering compared to previous case is
quantitatively described by the narrower interpore distribution (or qualitatively
detected by inspecting carefully the SEM micrograph). (c¢) Highly-ordered
AAO (confirmed by the narrow interpore distance distribution) fabricated in a
2-step anodization process. Insets: 1x1 pm? SEM views of analyzed template
surfaces.
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elsewhere [163|. Short-range, partially and highly-ordered AAO surfaces
(prepared using different anodization conditions, for example, by chang-
ing the anodization voltage) were tested. It is found that downscaling
the template features primarily translates into a left-side shift of the
probability peak positions accompanied by a reduction of the full-width
at half maximum (compare Fig. 3.13 (a) with (b)). However, due to a
relative pore ordering, some predominant resolutions could be already de-
tected. Higher nanopore ordering degree has a more intriguing influence
upon the selection probabilities (Fig. 3.13 (c)). A preferential behav-
ior for some nanopore-resolution numbers (3, 4 and 7) together with a
detrimental effect on the others (2, 5 and 6) can be observed. This is
correlated to the radial symmetry of the circular mask and the hexago-
nal packing of the nanopores. Noticeably, the single-pore resolution at
its maximum expectation overlaps only with null- and double-pore res-
olution to a lesser extent and it increases up to 90 % compared to the
random-nanopore template. Correlation between the mean lattice para-
meters and the obtained probability plots is difficult to establish. Let’s
analyze, for example, the highly-ordered case (panel (c)). The peak max-
imum for single-pore resolution is achieved for a mask diameter of 65 nm.
The relationship between hpean, dmean and the peak position it is not
straightforward. One would be tempted to state that the maximum will
be obtained for a mask diameter of hpean — dmean, yet, 57 nm obtained
is slightly lower than the obtained value (the same applies for the rest of
templates). The morphology histograms give us an indication about the
degree of uniformity in the template and not about the lattice geometry.
However, the probability enhancement for some numbers of nanopores
(3, 4 and 7) indicates that the symmetry of the template as well as of
the mask could play a role.

Unexpectedly, statistically patterning using a square mask, was found
to alter insignificantly the probability dispersion (Fig. 3.14 (a)). The
single nanopore resolution remains close to 90%. Mainly, a left-side
”compression” compared to circular mask is observed and some modi-
fication of the higher-number pore resolution (5, 6 and 7). The square
mask has to be treated carefully. Overlapping pattern of a 4-fold ro-
tational symmetry shape with a p6m wallpaper symmetry group will
be angular rotation dependent. The pattern alignment will be repetitive
each 30°. Hence, rotation of the square during the simulation is required.
In a different way, this will happen as well in practice. Perfect lattice
in highly ordered templates exists over spatially limited domains'6. Ori-

Typically tens of microns in size without any pre-patterning procedures. This
could be increased using pre-structuring techniques. For example, graphoepitaxy for



3.4. AAO nanostructuring 83

entation is different from a domain to an adjacent one. Without any
preliminary analysis of the lattice orientation, the square mask orienta-
tion will take any possible angle with respect to the template symmetry.
Or the same as keeping the template pattern orientation fixed and ro-
tating the mask around it’s center. Of course, a preliminary analysis to
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Figure 3.14: Interpretation of probability plots using a square mask. (a)
Simulated probabilities for a highly ordered AAO template. Color code for the
achieved resolution is the same as in previous Figures. (b) The actual shape
of the used mask. The image is the average of 9 rotated squares. (c) The real
shape of an arbitrarily positioned square mask revealing the radial symmetry.
The plot is the approximation of an infinite number of rotated squares (in
reality, is the average of 1000 squares). Color bar scale: 0 (yellow) to 1 (black)
intersection probability (x). (d) Crossection plot of (x) along the diagonal
shown in panel (c). (e) Close-up on the decreasing range (open circles) and
the fit to function (red line).

determine the domains orientation could be done. Yet, this will imply a
laborious mapping procedure and the subsequent patterning will be no
more purely statistic as some degree of alignment is imposed. Moreover,
this will be possible only for ordered structures, without any sense for
partially or short-range ordered templates. A full, 90° rotation of the
square was applied for the simulation presented in Figure 3.14 (a). Prac-

block-copolymers, stamping or etching for inorganic templates and so on.
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tically, this was done by rotating the square by 10° for each simulation
(from initial 0° to 80°) and then averaging the data. The actual shape
of the used mask is presented in panel (b) (or 9 superposed squares).
As it was difficult to define such mask in the simulation procedure (see
further) the method using the rotation of the square was used. The
circular symmetry is already visible. For a real case, discretization will
be transformed into an infinity of rotational positions and the shape of
the mask will look as presented in panel (c). Now it can be observed
that the mask has a perfect circular symmetry, almost identical to the
circular mask. The difference is the blurred concentric area. The square
has two characteristic lengths: the lateral size L and the diagonal Lv/2.
A pore (diameter d) centered at (4 + 5,4 + LT‘/E) from the center of
the mask will intersect or not with the square mask depending on the
rotation angle. Hence, an intersection probability (x), intrinsic to the
mask shape has to be defined. y = 1 if the pore is tangent to the mask
and subsequently will decrease function of the distance. Variation of x
along the diameter of the obtained shape is presented in panel (d). In-
tersection probability of 1 is obtained over a range width L (or for the
central disc which has actually the diameter equal to the lateral size of
the initial square). Outside this range, y diminishes following a simple
relation y =1 — %arccos % Hence, a square mask used for a statistical
patterning can be treated as circular mask, explaining the similarities
between the probability dispersion plots. The rationale can be extended
to every shape of mask (if they will have any practical signification), each
time being approximated to a circle with a ”blurred” region. Their size
will be however dictated by the initial mask design.

Some aspects need to be further studied. For example, the corre-
lation between the left-side shift and the geometry of masks would be
interesting to explore. The peak maximum for single-nanopore resolution
is at ~65 nm circular mask diameter and ~50 nm lateral size for square
masks. This signifies that the shell of the main circle for square masks
is very important, contributing substantially to the patterning probabil-
ity. Presumably, both the mask and the template parameters have to be
taken into account to explain the left-side shift. Important, however, is
that single-nanopore resolution with a probability as high as 90 % could
be obtained using a square mask as well. Though, patterning a mask
with squares having 50 nm lateral size may have no practical signifi-
cation, indirect use of a squared shape is of importance. For instance,
it could be regarded as the intersection of 2 orthogonally crisscrossed
stripes defined on different parts of the template. Hence, this may en-
able the integration of the present method within the Hewlett Packard
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proposed cross-bar latch technology [164].

3.4.4 Analytical modeling

Despite the simplicity of the analysis there are still some intriguing
points. The existence of double pore resolution at the maximum expec-
tation for the single pore is somehow unanticipated. One can reason
that for random templates this may be explained by the wide interpore
distance and pore diameter distributions and that inevitably there will
be an overlap. But, the same behavior is observed for the highly ordered
templates (narrower interpore distance and pore diameter distributions),
where one would naturally expect that the maximum for the single-pore
resolution occurs when the mask diameter is equal to the difference be-
tween interpore distance and pore diameter. Furthermore, while the
probability dispersion for the short range ordered templates is properly
fitted following a Gaussian function, the same approximation failed for
the highly ordered templates relying on a different analytical distribu-
tion. To get more insight into this aspect, the problem has been mathe-
matically modelized. To simplify the representation, a perfect triangular
lattice (d pore diameter and h interpore distance) has been artificially
generated and probability distributions for a given pore resolution pat-
terning have been simulated using the presented image analysis protocol
(Fig. 3.15 (d), open circles). It turns out that the intersection occurrence
of a mask having a diameter D with the lattice pores is proportional to
the surface areas generated by the ”virtual” circles having the diameter
equal to D + d concentric with the pore'”. The intersection area of 2,
3, or more circles is subsequently proportional to the probability of 2,
3 or more pore resolution. The probability thus, will be the fraction of
surface area for each type of intersection. The issue takes into a surface
optimization problem.

Due to the triangular symmetry, the surface area calculation can
be limited to the triangular elementary cell. For the case I (Fig. 3.15
(a)), only null- and single-pore resolution is expected and the analytical
functions describing the patterning probabilities are: POI =1-P] (1)

and Pl = F%(%)Q (2), respectively. Obviously, the square power law
distribution described by the equation (2) has no local maxima and hence
neither does the single-pore resolution. Actually, the first maximum
occurs for the case II (Fig. 3.15 (b)), when the overlapping of two virtual

circles marks the onset for the double-pore patterning resolution'®. The

1" This representation is nothing else than the 2D projection of the efficient cross-
sections as described by the collision theory.
8The upper limit of case I is actually the Thue theorem.
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Figure 3.15: Analytical representation of the statistical structuring method-
ology. (a) - (c) The dashed curves are delimiting the pores (60 a.u. and 120
a.u.), the gray circle represents the circular mask, and the areas enclosed by the
virtual circles are the probability surface plots. The colors white, red, blue and
green correspond to the probabilities for null-; single-, double- and triple-pore
resolution, respectively. The geometrical boundary conditions for each case
are also given. (d) Image analysis simulated (open circles) and analytically-
computed (solid curves) probabilities. The functions describing the probabili-
ties have values also outside the boundary condition, although with no physical
signification (shallow curves). The color code has a double signification: it de-
limits (i) the surface area fraction for each finite-pore resolution and (ii) the
loci of the mask center to achieve it.

probability functions write as:
Pl =1-pP - P (3)

17 ﬁ D+d\2 o
Pl =n2> (=) 2P (4)

Pl = /3h72 [(D + d)? arccos (D h ) - h\/m] (5)

+d
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where P{!, P/ and PJ! represent, respectively, null-, single- and double-
pore resolution. Indeed, Plj I reaches a maximum and then monotonically
decreases. Continuing further to the case III (Fig. 3.15 (c)), marked by
the overlapping between three virtual circles, we observe the onset for
P3IH , while POIH completely vanishes. Concomitantly, P{!! continues
to decrease whereas P! passes through a maximum. The elaborated
analytical equations describing case III are skipped, yet, following the
same principle, the calculation can be extended to any diameter D of
interest.

As it can be observed, no fundamental length-scale is intervening
in the probability equation description. Thus, this approach is scale
invariant. The same selection statistics will apply when considering a
STM probe approaching surface lattice atoms or when walking on brick
pavements (how many atoms or bricks and how often will be accessed
with the STM tip or foot, respectively)!?.

Let’s take another example. Make an origami lattice and watch
through a tube and check how many and how often lattice features one
will detect. Scale down the origami and the tube and you are in the
nanoscale statistical patterning regime. For an appropriate tube size
and a hexagonal origami lattice one will detect very often only one fea-
ture. Increase a little bit the tube size and you will no more see only one,
but more features, with finite probability. Further, whenever one will see
more than one feature, they will not be arbitrarily placed with respect
to each other; they will obey precise symmetry selection criteria. For
examples, 3 features will be selected always in the C3v symmetry group
as can be seen in Figure 3.15 (d). No other geometrical combination of 3
features will possible using a circular mask. Change the mask diameter
as you want, the "green loci” will always be the result of the intersection
of 3 virtual circles centered at the corners of the triangular unit cell.

For realistic statistical nanostructuring, the pores and the mask will
no more be described by perfect circles and the regular arrangement will
be disturbed. Interpretation will rely on a Gaussian distribution rather
than on precise geometrical functions. However, important is that the
analytical approach remains the same: by ”expanding” the pores linearly
with the mask size there will be always a finite probability for null- and
double-nanopore patterning resolution at the maximum expectation of
single-pore resolution. One of the key issues is to find the optimal in-

19 This scale invariance is ubiquitous in science. Designing the photonic crystals
(as decribed in Chapter 2) is very much similar in scaling conception with the present
statistical protocol: one conceives the device at centimeter scale (microwave regime)
and then transposes the design at the nanometer scale (optical frequencies) and it
will work.
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terplay between the lattice parameters and the geometry of the mask to
minimize this effect and to maximize the single-pore resolution probabil-
ity. Making a parallel to the honeycomb perfection, the hexagonal pack-
ing of the pores in a template seems to provide the highest probability
to achieve the single-nanopore resolution using the statistical approach.
For example, a perfect square lattice will have a maximum probability
of 2tan § = 0.828 compared to Qﬁtan% = 0.928 for the hexagonal
lattice, provided that both of them are bearing circular pores (values
obtained by solving the equation (4) at maximum: d(P{!)/d(D) = 0).
Interesting is that the probability of 0.904 obtained for single-pore resolu-
tion, calculated through simulation on the fabricated ordered templates
(Fig. 3.13 (c)), is very close to the ideal value. This corroborates the
high ordering degree of the template and highlights the robustness of the
statistical procedure against the structural inhomogeneities of the tem-
plate via smearing and averaging effects. Also, experimentally achieved
resolution (using a short-range ordered template) is only 24% lower than
the ideal value. Other important observation is the relationship between
the peak position and the template structural parameters. For the per-
fect hexagonal packing, the single-pore resolution maximum is achieved
at a mask diameter of ﬁ — d. This indicates that aside the charac-
teristic dimensions of the template h and d, lattice pattern infers and has
a contribution as well (i.e. the cos7/12 denominator originating from
the hexagonal symmetry).

Though, it could be conjectured that the hexagonal lattice will pro-
vide the highest yield using the statistical patterning or selection ap-
proach, some exceptions may arise. For example, following the analytical
protocol, if a combination of mask pattern, template features geometry
and ordering will result in a hexagonal tiling (p6m wallpaper symme-
try group) then, probability of 1 could be reached. Though in practice,
this would be almost impossible to realize, systems approaching this per-
fection exists. For example, Masuda et al. fabricated AAO templates
having hexagonal pores arranged in a hexagonal lattice [165]. Using a cir-
cular mask it is possible to achieve single-pore resolution as high as 0.96.
Technologically, this translates into an increase in the processing com-
plexity with a little gain in processing resolution reliability. Furthermore,
downscaling AAO features while still preserving their geometry seems
difficult. Recent progress in block-copolymer self-assembly showed that
organization could be induced in patterns other than hexagonal using ad-
vanced engineering of polymer structure and composition. In the same
manner as square arrays were possible to construct through supramole-
cular assembly of hydrogen-bonding units with controlled phase separa-
tion of di-block copolymers [91], it could be possible to obtain hexagonal
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pores in the tens of nanometer size regime. Related to the Thue’s theo-
rem and the honeycomb perfection, the hexagonal lattice offers the most
optimal template features arrangement for the statistical approach. So,
even if it is possible to increase the probability by engineering the pore
geometry or the masking design, the aspect of increasing the single-pore
resolution to values higher than 0.928 will be an interplay between the
process complexity and the application defect tolerance.

3.4.5 Counting threshold and process reliability

Up to this point we have detailed only one concern raised by the
referee’s report (see the first paragraph in Section 3.4.3). The second
is detailed in the following. Does the exposure of only a portion of the
nanopore opening yield smaller diameter nanowires, or do we see an ef-
fect on the growth rate associated with the electrodeposition? The answer
to the first part of the question was no, because the diameter of the
grown nanowires is set by the pore size. However, the second part was
more intriguing. Indeed, what would happen if the overlapping of the
mask with the pore will be only few nanometer across? Will the liquid
penetrate and allow the electroplating in the respective pore and what
will be the operation threshold in our case and in general? For example,
for the situation schematically shown in Figure 3.16 (a) it is difficult
predict the number of grown nanowires: 1, 4 or 6. One can be certain
that a fully revealed nanopore will yield one nanowire. Partially revealed
pores will more probably result as well in grown nanowires, hence there
is a chance to access 4 sites. Accordingly, the probability plots will be
affected as for the same mask size, the number of valid nanopores (or
grown nanowires) will be different. We have analyzed these aspects and
the obtained result was remarkable.

Careful SEM inspection of the fabricated masks revealed that the
etching step is correcting the pattern shape and accomodates the fron-
tier pores. As can be visualized in panels (b) to (d), the pores which in
principle should remain covered by the nitride, are completely revealed.
Moreover, sometimes, some of them were also exposed outside the mask-
ing area. This is attributed to the surface corrugation in the PECVD
masking material and bowl-shaped profile resulting from the isotropic
RIE step (panels (e) and (f)). The surface roughness will induce a non-
uniform etching profile while bowl-shape will imply the SN, thinning at
the bottom of the mask. Mechanical stability of the presumably created
thin masking layer could play also a role in the process. Reacting gas
penetration in the partially masked nanopores and subsequent ”bottom”
removal could explain also the complete removal as well as the presence
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Figure 3.16: (a) Schematic representation of masking uncertainty. While the
growth is clearly possible in the central pore, an incertitude for top (likely the
grow will occur) and bottom (presumably no growth will occur) pores exists.
(b) - (d) Top SEM views of self-repaired masks. The inclusion of frontier pores
is visible. Sometimes, even outside mask area pores were revealed (d). (e)
Crossection view of the same type of masks outlining the bowl-shaped profile.
(f) Etched PMMA /SiN, /Si stack using the same recipe. Uniform etching
profile is visible.

of exposed pores outside the masked region (remember that the etch
step is majoritarily reactive: high-pressure, low applied RF power and
measured DC bias). A bottom-up Y-branched nanopore having only one
branch exposed will allow the gas circulation also in the second branch
(etching for the underneath) and hence, give the appearance of an out-
side mask revealed pore. For comparison, the etching profile on a flat S'%
substrate is given in panel (f). The PECVD layer is flat, the bowl-shape
is present as well and the bottom profile is more uniform. Interesting is
that the etching trench in the underlying St reproduces well the PMMA
mask shape, giving the impression that Si is etched anisotropically in
SFg plasma, despite that it is generally known that the process pro-
ceeds in a highly isotropic way. Exception are known, for example, using
SFg/Ar microwave multipolar plasma operated at low pressures [166].
As it was not the main concern of this work, an in depth analysis was not
performed; however it would be interesting to study this etching process
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in detail.

Let’s consider the computational approach and how see these para-
meters could be integrated. In the simulation, a counting threshold, (,
was introduced. If the intersection of ROI with a pore displayed by the
SEM image is less than the threshold value, defined as { X Ajean, the
pore is accounted as 0, otherwise it is accounted as 1. The influence
of ¢ on the probability plots was calculated. For the simulation, SEM
images describing the surface morphology of AAO used for the exper-
imental statistic study were employed. This also allowed to determine
the experimental value of ¢ for the selective electroplating process.

The patterning probability distribution dependence is shown in Fig-
ure 3.17 (a). ¢ was varied from 0 to 0.429 in steps of 0.039. Interesting
to observe is that it has almost no influence upon the achieved resolu-
tion and the probability plots are resembling quite well. A quantitative
analysis was done by fitting each plot using a Gaussian equation and
comparing the fit coefficients. The obtained coefficients are shown in
Table 3.2. It is clear that W; and W3 remain constant (within the error
range) and only Ws increases. This signifies that the maximum value and
FWHM of the distribution (closely related to W3) are maintained con-
stant for various ¢ values and only the peak center position changes. In
other words, the same probability could be obtained for various threshold
values just by adjusting the mask size. Up to a certain value (depending
on the pore size uniformity), ¢ mainly induces a right-shift of the prob-
ability plots without altering the overall shape and the maxima values.
Only once the area of pores are becoming comparable in size with the
¢ X Apean value and hence, excluded from the simulation, the probability
plots are affected and no more reflect the reality. This is schematically
shown in Figure 3.17 (b), showing the distribution of the pore surface
area on a typical short-range ordered AAO surface. The plot can be
regarded as a replica of pore diameter distribution (see Fig. 3.13 (a)).
The wide spread in the pore surface area, ranging from 1500 to 5800 nm?
can be observed. The mean value?’, corresponding to the Gaussian fit
peak is at ~ 4000 nm?. The minimum detected value for pore surface
area is around 1100 nm?. Hence, for ¢ < 0.276 (or ¢ X Apean < 1100
nm?), all of the pores will be included in the simulation. As the simula-
tion protocol is based on surface area comparisons and not on the shape
recognition, for higher values, some of the pores will no more be included

20A careful interpretation is required for the short-range ordered templates. Due
to a large spread in pore diameter, multiple images have to be analyzed and averaged
to apply a Gaussian fit properly. Even so, discrepancies could arise. For example, in
panel (b), we obtain Amean = 3650 nm? using an arithmetical averaging method yet,
the fit indicates a maximum at 4000 nm?.
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¢ W Wo W3

0 0.71 65.5+0.4 51.7+0.7
0.039 0.72 75.8+0.5 49.3+0.8
0.078 0.72 82.4+0.5 48.94+0.7
0.117 0.72 87.7+0.4 49.6+0.8
0.156 0.72 93.0+0.4 49.2+0.6
0.195 0.72 97.54+0.3 49.440.5
0.234 0.72 101.74+0.2 49.6+0.4
0.273 0.72 105.8+0.3 49.440.4
0.312 0.72 109.8+0.3 49.51+0.4
0.351 0.72 113.9+0.3 50.44+0.4
0.390 0.71 118.1+0.2 51.440.3
0.429 0.71 122.01+0.2 52.2+0.3

Table 3.2: Gaussian fit coefficients for the simulated probability plots pre-
sented in Figure 3.17 as a function of (. The fit function is P = Wy +
Wi exp 7(DT73W2), where Wy = 0 and P, D are the probability and mask diam-

eter, respectively. W indicates the achieved probability and W5 peak position.

in the simulation?!. This signifies that fewer pores will be included in

the simulation and the shape of probability plots will start to change. In
Figure 3.17 (a), ¢ values as high as 0.429 have been used, indicated in
panel (b) by the vertical arrow. The pores having the surface area lower
than this value have been not simulated. However, as only 5% of pores
have been excluded, the probability plots are only slightly affected.
Giving the fact that small variations in  induce a horizontal shift in
the probability distribution, it would be difficult to ascertain the experi-
mental ¢ value during the selective electroplating process (see Fig. 3.12).
The MSE between the experimental and simulated distributions for each
patterning resolution, function of ¢ was calculated and is represented in
Figure 3.17 (c) (following the same color code). Each plot is character-
ized by a minimum centered at a different ¢ value. Negative values have
no physical signification. The fact that in some cases MSE minimizes
for ¢ < 0 is due to the experimental errors (as already detailed). As the
simulated curves are shifted uniformly with ¢, the sum of all errors gives

21Suppose that you use ¢ = 0.33, signifying that surface area for the intersection of
the mask with the pore has to be larger than 1320 nm? to account, by definition, the
pore as 1. However, if some pores are smaller in surface than the respective value,
even if they are completely encircled by the ROI, they will be counted as 0 (surface
area pondering instead of shape recognition).
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Figure 3.17: (a) Probability plots function of ¢. The short-range ordered
AAO template was simulated. The morphology is the same as for the statistical
experiment (Figs. 3.12 and 3.13 (a)). Ounly, 1-, 2- and 3-nanopore resolution
are represented. (b) Distribution of the nanopores surface area (bars) and the
Gaussian fit (line). By definition, ¢ = 1 corresponds to the peak maximum in
the Gaussian fit or A,,cqn. The dashed vertical line shows the ¢ value for which
all of the pores are included in the simulation. Arrow indicates the maximum
value used for simulations presented in panel (a). (c) Calculated MSE function
of ¢ for the experimental statistical histograms and respective simulated data.

the overall MSE dependence (black line). In correlation with the SEM
observations of self-repaired masks, ¢ value for the selective electroplat-
ing process using the described protocol is found to be 0 (or at least close
to 0 for 1- to 7-nanopore resolution). To calculate the absolute value,
more parameters need to be taken into account: mask size uncertainty,
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fraction of branched nanopores in the analyzed templates as well as the
probability of nanowire removal during the subsequent processing steps.
What is important, is the minimal influence of ¢ on the achieved proba-
bility. For an increased ¢ value the same probability could be revoked by
increasing the mask size. This behavior can be simply explained using
the analytical representation (Fig. 3.15). Increasing the threshold value
translates into a decrease of the apparent pore diameter and, accord-
ingly, a decrease of the size of the virtual circles defining the probability
surface plots. Obviously, this can be recalled by increasing the mask

size??.

3.4.6 Statistical processing

The presented statistical approach is very important for the AAO
structuring process and single-nanowire device fabrication adopted in
this work. Primarily, this analysis provides a simple protocol to deter-
mine the mask size to be used and the number of grown nanowires. As
the electroplated nanowire(s) remain embedded in AAO, it is difficult to
determine their precise number. However, the size of the patterned mask
can be measured without deteriorating the architecture integrity?® and
the probability to grow a given number of nanowires can be inferred.
Using electrical measurements it is possible to ascertain precisely the
number of contacted nanowires and not of grown nanowires.

Many developed nanotechnologies are using the templates to grow
advanced low-dimensional systems and then, ”destroy” them and finish
with a disordered system requiring further processing. Further process-
ing means dispersion on a new substrate and contacts realization. There
are however methods (aside the presented selective AAO electroplating
protocol) which are statistical by their nature. Scanning probe interro-
gation on single nanostructures fabricated and embedded or not in the
original template is one approach. For example, Piraux et al. have used
AFM tip indentation to create nano-sized holes in a insulating poly-
mer film with the prospect of electrically connecting single nanowires
fabricated and embedded inside AAO (Figure 3.18 (a)) [67|. Lee et al.
have used a slightly different approach. They employed block copoly-
mers templates as confined media for electrochemical growth of various

#2The x-axis shift (or the increase in mask diameter value to achieve the same prob-
ability) function of ¢ value is related to the surface area of circle-circle intersection.

231t is worth mentioning here that while the EBL can provide a precise control
over the pattern size and shape, the employed RIE step proceeds in a non-uniform
way, hence a direct correlation between the designed pattern and final mask size is
difficult, SEM inspection of the etched hole being preferred.
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conducting polymers and after matrix removal, used a current sensing
AFM probe to measure single polymer nanorods (Figure 3.18 (b)) [25].
Both approaches could operate the SPM in conducting and morphol-
ogy imaging mode, to ascertain for single objects. Interesting, in both
papers, some approximations correlating the probe diameter with the
template morphology were done. Based on them, the authors consid-
ered their measurements as representative for single objects yet, without
any in-depth statistic analysis. But their methodology, fundamentally,
is identical to the presented statistical selective AAO structuring: arbi-
trary placing a probe on a template surface is the same as the described
AAO masking process. Using more tips, large areas could be scanned

E 2D cantilever
array chip

Nanoporous ) i
storage media

Figure 3.18: (a) SPM nano-indentation approach (reproduced from [67]).
(b) conducting - AFM interrogation of template free, supported polypyrrole
nanorods (reproduced from [25]). (c¢) Schematic view of the Millipede concept
(reproduced form [167]). (d) The envisioned cross-bar latch integrating porous
membranes.

and parallel interrogation of single nanowires could be possible. Par-
allel actuation of thousand of AFM tips is not new, as the concept,
called ”Millipede”, proposed by IBM, is in its prototype version since
2000 [167|. It was presented as a new data storage vision having a po-
tentially ultrahigh density, terabit capacity, small form factor and high
data rate. Its potential for ultrahigh storage density has been demon-
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strated by a new thermomechanical local-probe technique to store and
read back data in very thin polymer films. In addition to data storage
in polymers or other media Millipede may open up new perspectives
and opportunities in many areas in nanotechnology as envisioned by its
fathers. Why not using nanoporous materials? Confining the material
of interest in the template nano-channels and then statistically probing
them with thousand of tips operated in parallel seems feasible. More-
over, a plethora of active materials (metals, semiconductors, polymers,
organic molecular assemblies and so on) and effects (electric, magnetic or
optic) could be exploited without any evident impediment for the char-
acterization and easily adaptable to any desired specific application®*.
Increasing the ordering, the single-element resolution could be increased
up to 92%, though short-range ordered templates are good as well by
providing 70% reliability to achieve the same resolution.

Furthermore, as already nuanced, a square mask provides very strict
selection rules as well. This geometry can be regarded as the product of
intersection of 2 orthogonal stripes. Structuring both on the same side of
the template may have no technological relevance. Patterning them on
different sides of the template completely changes the architecture signif-
icance. In this configuration, it can be regarded as a cross-bar latch node.
Multiple lines could be criss-crossed and if their size adjusted accordingly
to the template structural parameters, a high prospect of contacting pri-
marily single nanostructures could be achieved. Many materials could
be integrated and the high throughput nano-fabrication is complemented
by the parallel characterization. Extending further the concept, as rela-
tively high probabilities to address single nano-structures in high-density
matrices is possible, the method could be an alternative for TERAMAC
defect tolerant computing architectures [168-173].

One final interesting aspect is the mentioned counting threshold or
(. While for the selective electroplating it was found to be close to 0 due
to the shape correction of the mask during the etch step, we may not be
so lucky with other applications. Using the SPM’s approaches or filled
porous templates the self-repairing is no more possible. For example, a
reliable electrical connection will require some contact area and ¢ will
have a finite value to account for that. Certainly, ¢ will be process de-
pendent. Nevertheless, as already explained and shown in Figure 3.17,
it influences only the peak position and not the patterning probability.
Technologically, this implies that the same single-pore selection reliabil-
ity can be achieved for different threshold values just by adjusting the

#For example, the thermomechanical local-probe technique used has still unre-
solved technical issues, the irreversible polymer degradation being the main concern.
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mask size.

3.5 Single nanowire crossbar devices

Now, I switch from the task of growing single nanowires to the task
to electrically connecting them at the both extremities. Basically, the
type of active material deposited inside the nanopores will dictate the
employed strategy for the subsequent contacting method and it would
be difficult to establish a general approach. This work was initially
focused on the fabrication of various magnetic devices in cross-bar latch
architectures®®. To build such devices, metals such as Ni, Co, Cu or
NiggFegy alloy are usually employed. The bottom contact with the Au
pads is formed during the electroplating and remains protected from the
corrosion or oxidation by the subsequently deposited metal. It is the top
part of the nanowires that poses problems. The cited metals are known
to form and oxide layer on their surface once in contact with air and
moisture. The oxide barrier layer has to be removed, otherwise it will
deteriorate the electrical characteristics of the devices. Terminating the
electroplating with a noble metal is an alternative, yet it complicates the
electrochemical processing by requiring the use of different electrolyte
baths.

Two approaches have been envisioned at the beginning. The first
is based on the oxide layer removal prior the top contact metal depo-
sition. In situ etch and metal deposition could be performed only in

25 A primary problem in cross-bar latch architectures is the crosstalking. The term
crosstalk refers to any phenomenon by which a signal transmitted on one circuit or
channel of a transmission system creates an undesired effect in another circuit or
channel. In the cross-bar latch architectures this phenomenon is imminent. Applied
signal to one cross-point propagates all over the circuit being susceptible of influ-
encing other cross-points (destroying the bits during the write erase steps). There
are few methods to avoid such undesirable effects. The simplest is the construction
of 1 X n architectures which are very useful to characterize the electrical properties
(Here, 1 row x 6 columns). For example, a specific location can be written by apply-
ing a programming voltage or current to the selected row, while maintaining all the
unselected rows and columns at one-half of the voltage of the selected row [174-176].
That specific location is further read by applying a read-voltage to the selected row
with all unselected rows and columns at 0 V, and reading the current in the associ-
ated column. Current rectification in such devices is an attractive property, because
it can minimize cross talk between individual elements in arrays. The rectifying el-
ement can be intrinsic to the device or additional processing can be done to add
diodes at each cross-point [177,178]. As preliminary experiments were performed on
metallic nanowires (with no rectifying behavior) and that building additional rectify-
ing elements on the fabricated devices will require further work, the first option was
adopted.
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a sputtering system, implying an Ar strip step. As the electrodes are
lithography defined, the processing necessitates thick, over-exposed bi-
layer resist stacks to whitstand the etching step and the conformal metal
deposition for a good lift-off. The second, which was finally the working
option is based on the use of a self-contacting layer. As it is detailed in
the following, this approach allows for statistical control of the number of
grown nanowires and concomitantly for a precise control on the number
of connected nanowires.

The design of the top electrical connection is based on 2 important
steps: (i) realization of the self contacting layer and (ii) top electrode
definition. Both are based on the same fabrication principle. EBL over-
exposure of thick double layer resist stack to obtain a pronounced resist
undercut and variable angle metal deposition.

3.5.1 Self-contacting layer definition

A thin metal film was patterned in the areas where the selective elec-
troplating will take place. The SCL should be thin enough to avoid clog-
ging the pores, yet thick enough to remain electrically continuous. Dur-
ing the electroplating, the first emerged nanowire will contact this layer
and further electrodeposition will take place as well on the SCL. This
has several implications: (i) the plating current density in the rest of the
pores diminishes reducing the growth rate for the remained nanowires,
(ii) at the same time, the pores are rapidly clogged with the new elec-
trodeposited material and (iii) the electrical contact is ”naturally” formed
and remains protected by the re-deposited metal. Subsequently, it is
enough to contact this layer to have access to the nanowire.

In principle, EBL and metal evaporation could be enough to realize
that. Yet, due to the specific morphology of the AAO it was decided
to use double-angled evaporation through a large undercut in the resist
layer. This step was done in order to confine the SCL only on top of
the AAO membrane. As already mentioned, AAO templates can be also
used as physical vapor deposition mask if pores are aligned parallel to
the incoming beam [84,179]. The successful use of AAO stencil masks
as thick as 500 nm have been reported. This means that the metal
could penetrate to that depth along the pores. The difficulty comes
from the fact the penetration is expected to occur in a non-uniform
way and the pores sidewalls to be ”contaminated” by metal to different
extents (depending on their diameter and orientation)?®. Using angled

26The first tests were done using normal metal deposition and lift-off. During the
electrodeposition, large anomalies were detected from sample to sample. The esti-
mated thickness (or the height of nanowires) for the deposited metal before reaching
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evaporation, the thickness of the SCL could be confined only to the top
of the pores with very few variations mainly depending on the pores
diameter. Thus, a better reproducibility was possible.

mliplalnlinlsly

Figure 3.19: Top-view optical micrographs of the overexposed resist (left)
and patterned SCL’s (right). Insets: schematic view of the angled evaporation
technique (left) and close-up on the central part of the chip after the SCL
definition.

Angled evaporation implies a special design of the used resist mask.
Normal profile will fail in a correct processing as the deposited metal in
the patterned area will not be interrupted from the metal deposited on
the rest of the resist. This will result in a difficult lift-off with many de-
fects, especially in the formation of the retention years. For that, a highly
overexposed, double layer resist stack was used (2 pm PMMA(8.5)MAA
and 1 um PMMA). Even when evaporating metal at 45° tilt, there is
no continuity between the metal deposited in patterned area and on the
resist. Subsequent lift-off is performed without any difficulty and no
special treatments.

Examples of the used masks and obtained SCL’s are shown in Fig-
ure 3.19. The large undercut is clearly visible and it extends in the
PMMA (8.5)MAA for 3 - 5 um with respect to the top PMMA layer.
For a 3 pm resist stack, a 3 um undercut is already enough to evaporate
metal at 45° tilt. The sample tilting was performed in situ and 2 + 2 nm
of T'i followed by 20 + 20 nm of Au?" were evaporated successively at 4+
45° with respect to the sample normal. The sample was placed such that
the beam arrival direction was perpendicular to the BE’s axis. From geo-
metrical considerations, the maximum penetration depth of metal along

the SCL (observed by sudden jumps in the electroplating plots) varied from 200 to
800 nm making impossible a reproducible processing.

2"Treating the film thickness as the height perpendicular to the substrate plane.
Physically, due to the 45° tilt, 2v/2 + 2v/2 nm of T followed by 20v/2 + 20v/2 nm
of Au were evaporated.
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the pores is equal to the pore’s diameter (here, ~ 80 nm).

After lift-off removal of the remained resist, the samples were processed
for the selective growth of nanowires only on top of the SCL?8. PECVD
was used to protect the AAO surface by 300 nm thick SiN, deposited
at 150°C. EBL was subsequently used to define 100 nm holes in a 200
nm thick PMMA layer and then the pattern was transfered to the SiN,
layer using RIE as already described. The samples were over-etched: 9
minutes instead of expected 6 minutes. At this stage, 6 selective electro-
plating masks with a nominal diameter of ~ 300 nm are present only at
the center of the SCL’s on the working BE.

After a short soak in H3PO4 0.5 M at 30°C for 5 min (the post-
enlargement step), Ni was selectively electrodeposited. This brief en-
largement step is mainly done to "rehydrate” and ”clean” the AAO pores
sidewalls after being so long exposed to air and to various process chem-
icals. As an extremely reduced number of nanowires are plated on each
sample (~ 50 as expected by the processing statistics) caution is required.
The plating current is of the order of few nA (if no parasitic growth sites
are present). To increase the signal to noise ratio the electrochemical
cell is placed in a Faraday cage. Once the nanowires are contacting the
SCL’s, small jumps in the plating current could be observed (not shown
here). Typically, all of the 6 SCL’s are connected. A Ni ”mushroom
cap” is also formed on each plated area. At this stage, the samples are
ready for final processing namely, the top contact definition.

3.5.2 Top contact definition and SCL statistics

As the Ni is known to oxidize slowly in air, direct patterning of TE’s
will fail in the realization of a good electrical connection as it has to be
realized through the oxide layer. Hence, the SilN, film protecting the
SCL slabs was removed (using the same recipe as for its etching). This
exposes the underlying gold film which is electrically connected to the
nanowire(s). Thus, the nanowires are actually connected through the
SCL.

Due to the sharp bent profile of the patterned AAO film (see Figure
3.7 (b) and (c)) angled metal deposition was again required. The prepa-
ration and exposure protocol is identical to that for the SCL patterning
with the exception of the pattern design (lines connecting the opposite
TE’s precursor pads and covering the SCL area). A +45° tilt angle was
used to deposit 1 pum of AI??. An example of conformally coated AAO

28Which, obviously, were defined on top of the operational BE’s for further process-
ing (see Figure 3.7 (a)).
To avoid any metal accumulation at the AAO slab edges, the sample tilt was
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Figure 3.20: (a) Tilted SEM view of a TE surmounting the AAO edge. Shad-
owed arca during angled metal deposition is visible. (b) Schematic view of the
final device. (c) Optical micrographs of two fabricated 1 x 6 crossbar devices.
The central black spots are the cap of flooded nanowires. Due to a defectuous
processing, the growth can be observed as well on some parts of the SCL. A
50% yield to connect a single nanowire is achieved.

step edge is shown in Figure 3.20 (a). Thick metal coating was used
because of the relatively non-uniform profile of the AAO slab sidewalls.
This step in principle finishes the processing and a crossbar devices with
single nanowires connected at each cross point is obtained (panel (b)).
Even if an increased number of defects in the contact area was de-
tected, the preliminary results are promising®’. The resistance of each
cross point was measured in a pseudo-4-contact configuration in DC

switched after each deposited 20 nm. Again, the film thickness is measured normal
to the substrate and physically 1.414 pm of aluminum was evaporated.

30For the respective samples the SCL patterning step was problematic. Metal
particles originated during the lift off protocol sedimented on the SCL area and their
removal was unsuccessful. Hence, the SiN, deposit didn’t conformally coated them
and in the following processing steps parts of the metal were exposed. Probably, the
growth on those area occurred once the SCL was electrically contacted by the growing
nanowires.



102 AAO TEMPLATES

mode. The expected resistance for 1 single Ni nanowire (bulk resistivity
7x107% Qm, 80 nm diameter and 1.5 pm) is 21 €. On 6 crosspoints,
approximately the same resistance was measured (as noted in the Fig-
ure 3.20 (c)). The small variations could be attributed to differences in
contact resistance as well as variations in the nanowire diameter. Defi-
cient sites have been also detected as well as double or triple connected
nanowires sites. It seems that the SCL has a ”"cheating” effect on the
growth ”"gambling”: it reduces the contacting statistics to 1 nanowire.
Thus, it is possible to statistically control the number of grown nanowires
and contact only 1. This can be important for applications were the envi-
ronment of the analyzed nanowires is important (thermalization, mutual
influence or coupling). Further work will be required to in depth analyze
the self-contacting statistics.

3.6 Conclusion

In this Chapter we have primarily presented a full processing path
for single nanowire devices using AAO templates. Various approaches
for the AAO micro- and nanostructuring have been developed to ensure
a facile fabrication. The processing demands are fairly well compatible
with the present CMOS requirements and a future co-integration is not
to be excluded. The AAO morphology is fully exploited by keeping the
nanowires embedded, offering physico-chemical stability and enabling
vertical structuring. We developed a statistical approach to structure
porous materials with high potential for nanotechnology. The exemplifi-
cation is done using a porous alumina membrane but as the theoretical
model is dimensionless the concept is of applicability at any scale. We
stress that this line-of-thought is not limited only to the porous materials
but could be generalized to any lattices. Interrogation of single - elements
from various arrays of particles, wires, pores, tubes or of any desired ob-
jects, sizing from nano- to, let’s say, origami-scales, could be performed
easily using a single unified approach as described in this Chapter. For
sure, at the nanoscale this is of great interest.



Chapter 4

Polymer templates

Simplicity is the ultimate sophistication.

Leonardo da Vinci

4.1 Why EBL templates?

The previous Chapter presented techniques and approaches to struc-
ture AAO nanotemplates. Although such self-assembled porous mate-
rials can be finely tuned, there is still a limited range over which the
modifications can be made. For example, we will not always strive for a
hexagonal pattern, which represents the typical arrangement in self or-
ganized systems. Square or mixed-pattern lattices could be very useful,
yet difficult to realize through self-assembly. The things may get worse if
we would like to design defects in a photonic crystal structure. Coupling
a quantum wire or a cavity to a photonic crystal will require a great deal
of work and accuracy; yet, all of them are made using regular arrange-
ments of dielectric material. The experimental approaches described in
the previous chapter (patterning and single nanopore-resolution struc-
turing) could solve these issues. However, the complexity of the process
increases and simpler solutions are welcome. A final, practical aspect
of the problem is that the fabrication of the self-assembled structures
requires extended materials knowledge or advanced experimental setups.

Let’s consider lithographic approaches summarized in Table 4.1. If
one would consider a relatively thick resist film, irradiate small-diameter
dots and reveal the exposed areas he will end-up with a material bear-
ing void channels (air) in a dielectric matrix (the remaining resist film).
Much more alike a porous material. Interestingly, we can fill-up the voids
with a given material and fabricate an inverse replica of the template or

103
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transfer the pattern from the resist film to the substrate resulting in a
porous material. Obviously, with this approach the pattern design can
be readily changed to satisfy the application demands. Characteristic
dimensions can be easily down-scaled to sub-10 nm region and pattern
densities as high as 1 Teradot/inch? [180,181] could be obtained. Also,
patterning single- or a specific number of nanowires at predefined po-
sitions becomes more easier. However, there are some technical and
material related limitations to this approach:

e Achievable resolution. For example, high-resolution, sub-50 nm
patterning can be achieved either using EBL, nanoimprinting, or
electron projection lithography.

e Aspect ratio of the template channels. This is typically bel-
low 100 and it is mostly dependent on the penetration depth of the
used irradiation.

e Pattern transfer and stability. Due to the chemical nature of
this type of templates (usually organic materials) this aspect is
troublesome. Typically, mild processing conditions are of applica-
bility: reduced temperatures and resist specific chemistry. More-
over, intermediate steps are sometimes required (e.g. transitional
masking layers) and subsequent processing and stability of the re-
sist encapsulated devices is delicate.

In the following Chapter we will deal with EBL nanofabricated tem-
plates and their subsequent utilization for the ultimate resolution struc-
turing of the polyaniline. After few general considerations, challenges
in the ultra-high resolution lithography will be presented. As through-
out this thesis the e-beam structuring of PMMA-based resists has been
extensively used and improved, an emphasis on their state of the art is
given. The operation principle and the implications of the novel resist-
and dose-modulated 3D EBL technique are presented. Subsequently, we
will detail the electroless polymerization of aniline: the growth mecha-
nism, the engaging implications and the optoelectronic properties of the
synthesized material are discussed. Finally, we will show that by converg-
ing EBL nanostructuring with the electroless polymerization polyani-
line, nanoarchitecturing with an unprecedent structural control can be
achieved. This enables the design and the realization of a series of devices
and circuit elements based on single polyaniline nanowires.
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Tool Application Resolution | Cost
Mask Aligner Small  batch 500 nm 0.5 M$
Optical R&D
Lithography | 1 ,ser  Direct | Production 500 nm | 0.3-2 M$
Write Small batch
Stepper Production 100 nm 5-10 M$
Next  genera- | EUV, XRL, | Production <50 nm >10 M$
tion methods SCALPEL
Printing tech- | Nanoimprinting,| Small batch <10 nm <0.5 M$
niques MIMIC, puCP R&D
Mask fabrica- | Production 50 nm >5 M$
EBL .
tion
Direct Write Small batch | < 10 nm | <0.1-5 M$
R&D
Scanning probe | STM, AFM, | R&D <10 nm <0.5 M$
techniques Dip Pen

Table 4.1: Overview of modern lithographic techniques. It is almost evident
that a direct write EBL offer the most balanced lithography equilibrium be-
tween the price (including the maintenance and overall processing costs) and
the patterning resolution. Although it is a serial method and sometimes it is
regarded as a low throughput and costly technique it clearly presents many
advantages: (i) very high resolution, almost to the atomic level for R&D appli-
cations and small batch production; (ii) established top-down technology; (iii)
simple change of design rules; (iv) easiness for next generation device process
development. A careful analysis reveals that all the rest of techniques (exclud-
ing the scanning probe approaches) are at some point dependent on the EBL
as they will require the master or the mask fabrication.

4.2 Electron beam lithography

Electron beam lithography is a specialized technique for creating ex-
tremely fine patterns. It has its origins from early scanning electron mi-
croscopes; adequate, highly specialized tools have been developed since'.
The technique consists in scanning a beam of electrons across a surface
covered with a resist film sensitive to those electrons, thus depositing
energy in the desired pattern into the resist film. The first electron
beam lithography machines were developed in the late 1960’s. Shortly
thereafter came the discovery of PMMA as an excellent electron beam
resist [182] and the EBL became one of the most powerful tools for micro-
and nanoscale processing.

Though, even nowadays, much work continues to be done on converted SEMs.
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Figure 4.1: Schematic diagram showing the main components of an EBL
system. Reprinted from [183].

Fig. 4.1 shows the block diagram of a typical electron beam lithog-
raphy tool. The column is responsible for generating, accelerating and
scanning the electron beam. In a SEM, the beam is scanned uniformly all
over the surface. Underneath the column is a chamber containing a stage
for moving the sample around and facilities for loading and unloading it.
The stage is controlled by piezo-DC motor hybrid technologies using a
set of laser interferometers to achieve sub-10 nm positioning control by
software and visual inspection. Associated with the chamber is a vac-
uum system needed to maintain an appropriate vacuum level throughout
the machine and also during the load and unload cycles. A set of con-
trol electronics supplies power and signals to the various parts of the
machine. Finally, the system is controlled by a computer, which may
be anything from a personal computer to a mainframe. The computer
handles diverse functions such as setting up an exposure job, loading
and unloading the sample, aligning and focusing the electron beam, and
sending pattern data to the pattern generator. Throughout this work
two systems have been used for EBL structuring:

e A modified FEI X130 SEM (PHILIPS) with ELPHY Plus package
and compact laser interferometer controlled stage (RAITH). The
maximum acceleration energy is 30 keV. The system is semiau-
tomatic: manual load-unload, semiautomatic exposure and align-
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ment protocols. Electron optics does not allow high electron beam
currents for small beam sizes. Typical high-resolution lithography
uses 50 pA beam current. It accommodates maximum 3-inch sam-
ples.

e A high resolution electron beam lithography system JBX-9300FS
(JEOL). The maximum acceleration energy is 100 keV. The system
is fully automatic. Electron optics allows higher electron beam
currents for small beam sizes. For example, higher resolution (than
the previous case) lithography is possible using a beam current of
1 nA (20 times faster)! It accommodates up to 8-inch wafers with
an autoloader capacity of 2 cassettes.

4.2.1 General considerations

In the following we will analyse the fabrication of nanometer sized
porous templates using EBL. The considered example is based on PMMA
as the electron sensitive material, deposited on a 10 nm thick platinum
film. In a first approximation, we will use S7 as the substrate. The usage
of the platinum film will be justified in the following sections. Suppose
that we would like to fabricate 50 nm diameter channels, having a spac-
ing of 200 nm in a 1 pum thick resist. Even if the modern EBL tools
are guaranteed to provide sub-50 nm resolution, would it be possible
to realize the envisioned structure in every type of machine? The first
thing to check is the penetration depth of the electrons and related to
that, the spatial profile of the forward and backward scattered electrons.
Intuitively, this is correlated to the acceleration energy. The incident
electron penetrates into the resist on a substrate and undergoes compli-
cated scattering processes, in which the incident electron loses its energy
due to inelastic collisions. For practical application to EBL, the spatial
distribution of energy dissipation is the most important quantity.

The theoretical prediction of electron trajectories in the defined multi-
layer sample is realized using a Monte Carlo simulation using the CASINO
software?. Monte-Carlo simulations have become basic methods for the-
oretical studies of EBL, such as proximity effects [184], spatial ultimate
resolution and the optimum of exposure conditions. The complex single
scattering Monte Carlo program is specifically designed for low energy
beam interaction and can be used to generate many of the recorded sig-
nals (X-rays and backscattered electrons) in a SEM. The main idea is

2The CASINO acronym is been derived from the word "monte CArlo SImulation
of electroN trajectory in sOlids”. It is a free ware software developed by the research
team of Raynald Gauvin (Ph.D., Full professor at Université de Sherbrooke, Québec,
Canada). http://www.gel.usherbrooke.ca/casino/
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to simulate enough electron trajectories to represent the realistic condi-
tions used to image structures by SEM. The described stack has been
subjected to the virtual exposure and the result is depicted in Figure
4.2. Applying a step-function cutoff filter to the computed distribution
provides a simple way to approximate the resist decomposition and devel-
oping processes. With such a filter, it is possible to achieve quantitative
agreement between the predicted and observed profile in the resist film.
In a simple representation, the ”dense blue” areas can be regarded as the
completely removed areas after the exposure and the development. Only
500 electrons per exposed area have been used in the simulation for the
simplicity. This is the equivalent of an exposure dose of approximately 3
pC/cm?. In practice, 100-300 pC/cm? is the working window at 30 keV
acceleration energy. Even so, the data can be considered valid.

4.2.1.1 High vs. low electron energy

As can be visualized in the Fig. 4.2, the electron beam energy has a
drastic influence upon the penetration depth and the scattering profile.
At 5 keV acceleration energy, the electrons barely penetrate down to the
half-thickness of the resist stack. The simulation does not include the
charging effect, which is very significative at low beam energies and the
real profile will be more blurred. One thing is clear: at this energy, it
is impossible to fabricate the envisioned structure (PMMA-based porous
membrane with 50 nm diameter void channels in a 1 pgm thick resist and
pitch of 200 nm). By using thinner resist it is possible to fabricate distinct
structures, though, with lower aspect ratio. Nevertheless, the low energy
exposure has some intrinsic advantages. For example, it is an excellent
option for high-sensitivity resists as it requires very low exposing times
and thus ensures a high throughput. The proximity effect is negligible
and has a very low damaging effect on the resist and substrate. The
reverse side is that, as it requires very thin resist films, it complicates the
pattern transfer. One interesting aspect is the ability of 3D resist shaping
using low-energy beams. Let’s take a look again at the upper panel of
the Fig. 4.2. Removing the exposed area in a developer will result in
a local resist thinning. Varying the energy (or the penetration depth)
along a horizontal line will provide a 3D resist profile after subsequent
processing [189]. The approach is not straightforward as changing the
acceleration energy implies readjustments of the column optics and the
overlay alignment can be loosed. Other, more easier to use, 3D EBL
approaches will be discussed further.

At 30 keV the picture changes. The electrons have now sufficient
energy to penetrate completely the resist. However, forward and back-
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Figure 4.2: CASINO simulation of the PMMA (1 pm) / Pt (10 nm) / Si
(substrate) stack exposed to different energy electron beams. The beam radius
is 50 nm and the spacing is 200 nm. 500 electrons have been used for the
simulation. The program uses different models to simulate the interaction of
electrons with a solid [185]. The following physical model was used here: total
cross section and partial cross section - Mott by interpolation; effective section
ionisation - Casnati [186]; ionisation potential and dE/dS calculation - Joy and
Luo [187]; random number generator - Press et al. [188]. Blue and red lines
are the trajectories of forward and backward scattered electrons. The collision
points are omitted for the simplicity. Plot scale: X axis = 2200 nm and Y axis
= 1200 nm.
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ward scattering and associated proximity effects are important making
impossible to fabricate closely spaced channels. The range of 15 - 30
keV beam energy is one of the most used in the EBL systems. There-
fore, physical models are continuously developed and improved to correct
these complex and unwanted phenomena.
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Figure 4.3: (a) Schematic representation of the electron-material interactions.
Big and small arrows are the high- and low-energy electrons, respectively. The
spatial distribution is very dependent on the beam energy. (b - d) Wide view
(X axis = 100 pum, Y axis = 80 pm) of the impact generated by different
electron energies. Electron beam size is 50 nm. Scale bars on each image
are representing the area affected by the proximity effect. Back scattering
coefficients are: 0.046, 0.157 and 0.11 for 5, 30 and 100 keV, respectively.

At this stage is worth mentioning few words about the resist and
substrate interactions with the electron beam. Primary, as already men-
tioned, the incident beam suffers from forward and backward scattering.
The first (blue trajectories in Figs. 4.2 and 4.3), occurs very often, is an
inelastic process and generates secondary electrons with a few-eV kinetic
energy. The few-eV electrons are very important as they are actually
responsible for most of the resist exposure. An empirical formula can
be used to calculate the increase in the effective beam diameter due
to forward scattering. If R; is the resist thickness in nanometers and
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V4 is the beam voltage in kilovolts then the widening of the beam in
nanometers can be approximated as dy = 0.9(R;/V3)%?. Important to
note that this is only the widening of the beam and not the profile of
the final shape after the subsequent processing. The second type of
scattering (red trajectories in Figs. 4.2 and 4.3), takes place occasion-
ally, is an elastic process and generates high kinetic energy electrons (in
the range of primary electrons). These electrons will further produce
few-eV electrons through forward scattering but far from the incident
beam region (the origin of the proximity effect). The distribution of the
resist exposure can be estimated using the energy deposition function
F(r) = k{exp[—(r/cf)?] + n(os/op)? exp|—(r/op)?]}. The distributions
of scattered electrons can be approximated as Gaussians with oy and
op being the characteristic widths for the forward-scattered and back-
scattered electrons, respectively [190]. Here 7 is the radial distance from
the exposure center, 7 is the ratio between the energy dissipation of back-
scattered and incident electrons along the beam axis, and & is a constant
used to normalize F'(r) to 1 at r=0.

At 100 keV the simulation profile looks more like the desired struc-
ture (Fig. 4.2). Each exposed zone is distinct and "heavily” affected
by the electrons while the ”in-between” area not. The backscattering
in the resist films is also less important. This originates from the high-
penetration depth of the electrons and the fact that all the discussed
events are taking place deep in the substrate. The simulation shows
that PMMA thickness as high as 10 um could be used to create the
desired structure. In practice, this is difficult. The fragility of the tem-
plate, which is the result of the poor mechanical stability, as well as the
large residual stress in the thick spin-coated polymers films (in occur-
rence PMMA) are among the reasons. Dark erosion of the unexposed or
partially exposed areas plays also a key role. The development implies
the selective removal of the exposed areas using a specific chemistry.
Those chemicals are optimized to ensure a good contrast if reacted short
times but they also have a detrimental effect on the remaining resist
film. Swelling induces degradation and undesirable deformations in the
resist pattern and dark erosion - the dissolution of the partially or un-
exposed areas. Trying to fabricate channels having 50 nm in diameter
and 2 - 4 um in length will require long developing times. Arrival of the
fresh developer and the removal of the dissolved components (without
any external driving force such as ultrasonication) are the limiting steps
in this process. Nevertheless, high energy EBL, remains the only option
for high-resolution processing of thick resist films.

To end-up, Table 4.2 summarizes the discussed aspects. Each energy
range will be more appropriate for a given application. The main part



112

POLYMER TEMPLATES

1-5 keV

5-30 keV

30-100 keV

high resist sensitivity

very well understood

very thick resists

high throughput

acceptable throughput

process latitude

no proximity effect

”economic” equipment

substrate damage

pattern transfer

forward scattering

low resist sensitivity

3D resist shaping

proximity effect

H H |+ [+ |+

resist heating

thin resists

He| | He |+ [ [

He| | | ] |+

costly equipment

sub 30 nm resolution

sub 10 nm resolution

sub 10 nm resolution

Table 4.2: Influence of electron energy on resist-type, porous templates man-

ufacturing.

of the work presented in this Chapter was done using a 100 keV electron

beam.

4.2.1.2 Resist types

Electron beam resists are the recording and transfer media for EBL.
The usual resists are polymers dissolved in a liquid solvent [183|. Electron-
beam resists are classified upon the type of the induced modification

following exposure:

e Positive resists: average molecular weight is reduced by exposure.
Exposed area is solved much faster in the developer and thus re-
moved. Examples: PMMA, EBR-92, ZEP4, PBS, PMGI as well as
some photoresists from AZ series in different formulations.

e Negative resists (chemically amplified): average molecular weight
is increased by exposure (cross-linking of molecules). Unexposed
area is removed in the developer. Examples: COP?, Shipley SAL-
6016, P(SI-CMS)”, EPTR®, FOX12° and NEB - 2210,

If we will expose a positive resist to a range of doses and then develop
the pattern and plot the average film thickness versus dose we will obtain

3 Acrylate-based resist, poly(2,2,2-trifluoroethyl-chloroacrylate).

4Copolymer of -chloromethacrylate and -methylstyrene.

SEpoxy copolymer of glycidyl methacrylate and ethyl acrylate.

5A mix of a base polymer, an acid generator and a crosslinking agent.

"Poly trimethylsilylmethyl-methacrylate chloromethylstyrene.

8 A combination of o-cresol novolac glycidyl ether and triphenylsulfonium hexaflu-

oroantimonate photoinitiator.
9Hydrogen SilsesQuioxane.

10A mix of propylene glycol monomethyl ether acetate, poly vinyl phenol deriva-
tives, photoactive compound and crosslinking agent.
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what is called a gradation curve. The sensitivity of the resist is defined
as the point at which all of the film is removed i.e. at the clearing dose.
Ideally, the film thickness would drop abruptly to zero at the critical
dose. In practice, the thickness line drops with a finite slope. Schematic
representation of gradation curves for a positive and a negative resist is
given in Fig. 4.4.

The resist contrast is defined as v = [log Dg/D1]™!, where D; is
the largest dose at which nothing is removed (the extrapolation of the
linear portion in Fig. 4.4 (a) to 1) and Dy is the dose at which all
of the film is lost (the extrapolation of the linear portion in Fig. 4.4
(a) to 0). The same expression defines the contrast of a negative resist
(the film is retained where irradiated) by inverting the therms in the
logarithmic fraction. Briefly, high-resolution as well as high-aspect ratio
nanostructuring is easier to be done using high ~ resists. In order to
minimize bias and proximity effects, positive resists should usually be
exposed and/or developed as lightly as possible while still adequately
clearing the resist down to the substrate.

The low contrast resists, even if longtime considered as not suitable
for EBL, have been found to be excellent candidates for the 3D EBL
applications. Operating above the Dy (for the case of positive resists)
is considered as conventional lithography while in between D; and Dy
as 3D lithography. By using different exposure dose in this region (dot-
ted vertical lines in Fig. 4.4 (a)) we can modify the remaining resist
thickness to two different values (dotted horizontal lines). The resists
with low contrast (v close to 1) will be much easier to 3D process. Ex-
posing more complex patterns with various doses will yield various 3D
topological profiles in the resist. This technology is also known as gray-
scale 3D EBL [191]. This kind of structures have already found utility
in MEMS applications [192], microlenses, phase holograms and optical
mirrors [193]. This is an example of 3D transcription of a 2D digital
pattern. Nevertheless, it is not really a 3D patterning technique. It pro-
vides only a controlled topographical profile and not an internal resist
structuring. Detailed description of truly 3D lithographic approaches as
well as an exhaustive description of a novel 3D EBL approach will be
given in the Section 4.2.3.

At the first sight, the approach can be compared with the 3D resist
shaping using variable energy beam as discussed in the previous Section,
Fig. 4.3. Nevertheless, there are several technological and fundamental
differences between them. From the practical point of view, it is easier
to modulate the exposure dose than the beam energy. The exposure
mechanism is different as well. The energy modulation technique is based
on different penetration depth of the beam. In the dose modulation
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Figure 4.4: Remaining thickness versus exposure dose for a positive (a) and
a negative (b) resist. These are the typical shapes for the resist gradation
curves. Absolute dose values are very much dependent on the acceleration
energy, pattern design, density and developing procedure. The clearing dose is
typically linearly depended on the beam energy and the resist thickness. Inset:
Schematized view of the gray-scale 3D lithography. Each segment is exposed
at a different dose in between Dy and Dy. (c) Example of clearance dose
dependence on the PMMA resist thickness. White squares are the cleared zones
and the gray or the ”dirty” areas are significative of the remaining resist. The
dotted is an eye-guide for the linear extrapolation. Calibration was performed
using a 100 keV beam on Si/SiOg [400 nm| / Pt [130 nm| substrates for each
case. The exposed areas (50 x 50 ym?) were developed (3 min) in a MIBK /TPA
mixture (1/3 v/v), rinsed with IPA (2 min) and DI water (5 min) and dried in
No.

approach (the beam is completely penetrating the substrate) the shaping
is provided by a combination of the deposited energy profile and the
subsequent developing procedure [194, 195]. As described in previous
Section, the resist is primarily exposed by the few-eV energy electrons
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generated through the collisions with the resist atoms. Increasing the
dose (or the number of electrons), statistically, will increase the number
of collisions deep in the resist and thus will permit its removal. This
is a simplified picture as the influence of the beam energy, chemistry
of the developing procedure and other phenomena have to be taken in
consideration for a complete description.

PMMA is one of the first materials developed for e-beam lithogra-
phy [182,196]. It is a positive resist based on a special grade of poly-
methyl methacrylate designed to provide high contrast and high resolu-
tion for e-beam, deep UV (220-250 nm) and X-ray lithographic processes.
Standard products include 495k and 950k molecular weight polymer in
a wide range of concentrations formulated in chlorobenzene or anisole!!.
Upon electron irradiation, the polymer chains are broken into small frag-
ments that preferentially dissolved in a solvent. The common solvent is
the MIBK, yet it is too strong (increased dark erosion, poor contrast)
and it is usually mixed with a weaker developer such as [IPA'2. A mixture
of 1 volume MIBK and 3 volumes IPA enables very high contrast but low
sensitivity [197]. The sensitivity of PMMA scales linearly with electron
acceleration voltage. Interestingly, it can be used also as negative resist:
if exposed to more than 15-20 times the clearance dose, crosslinking will
occur'3. In its positive mode, PMMA has an intrinsic resolution of less
than 10 nm as first shown by Van der Gaag and Sherer using a system
having a lower resolution [198]*4. In the negative mode, the resolution is
at least 50 nm, the processing is complicated and with the invention of
ultra-high resolution negative resists, it has not found large applicability.
Finally, we note that, by exposing PMMA (or any other resist) on a thin
membrane (as will it be discussed in the next section), the exposure due
to secondary electrons can be greatly reduced and the process latitude
thereby significantly increased.

HThe resists used in our laboratory are purchased from Microchem Corp,
www.microchem.com

2Which is also a developer and not an inert dilution media or an antisolvent as
typically considered.

13This is typically observed during alignments on the chip such as the
”contamination dot” - exposure of one spot for extended times. The center of the
spot will be crosslinked, leaving resist on the substrate, while the surrounding area is
exposed positively (proximity effect) and washed away.

1 As at that time the typical beam size was of the order of 40-50 nm, they had the
ingenious idea of overlapping several low-voltage electron beams and only developing
their intersecting areas in a high-contrast bilayer resist (100k and 950k PMMA).
Nowadays, the electron optics are focusing the electron beam down to 1 nm allowing
for direct writing of sub-10 nm structures.
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4.2.1.3 Substrate influence

In this part we will discuss the influence of the substrate on the EBL.
As already discussed, while the electrons continue to penetrate through
the resist into the substrate, many of them will experience large angle
scattering events. They may return back through the resist at a sig-
nificant distance from the incident beam (see for example Fig. 4.3 for
the influence of the beam energy on the characteristic length), causing
additional resist exposure (or the electron beam proximity effect). The
backscattering is also very sensitive to the substrate. Low-atomic num-
ber materials gives less backscattering. An illustrative example is given
in Fig. 4.5. Only 30 and 100 keV beams have been simulated. High-
(Pt) and low- (Teflon) atomic number materials as well as vacuum were
used as substrates. One can clearly observe that the Pt has an en-
hanced electron-blocking effect and the backscattering is enormous (the
backscattering coefficient is approximately 0.47 for both 30 and 100 keV).
A teflon sheet (or any other polymeric material) reduces almost by half
the backscattering events compared to the Si substrate (0.074 and 0.046
compared to 0.157 and 0.11 for 30 and 100 keV, respectively; see also Fig.
4.3 (b) and (d)). This is explained by the fact that the constituent ele-
ments (C, H, O and N) have lower atomic weights. The situation will be
similar for other substrates: glass, SiOs, Si3N4, polysilicon and porous
silicon as well as thin metal films. To get rid of this annoying effect,
the best option is to work with suspended resist films or deposited on
electron transparent substrates. Practically, working with a suspended
1 pm thick PMMA film will be extremely delicate. An excellent solution
is to work on suspended (yet, mechanically stable) SizNs membranes.
The approach is not new and has been extensively used for ultra-high
resolution EBL [199] and TEM structuring [200].

4.2.2 High-resolution lithography

The primary goal of e-beam lithography is the high resolution and
high speed (implying a trademark between the resist sensitivity and the
operation beam current) processing. The problem is that the highest
resolution resists are usually the least sensitive. We can see a reason for
this trend when we consider the limit of resist sensitivity. For example,
NEB-22 or FOX12 negative resists have a sensitivity of 10 - 20 uC/cm?
at 30 keV. Exposing a 10 x 10 nm? pixel will require 60 - 120 electrons.
At this sensitivity, every small changes in the number of electrons will
cause variations in the dose delivered to each pixel. If the sensitivity is
increased further, then the number of electrons in each pixel becomes
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Figure 4.5: Substrate influence on the EBL parameters. Platinum, teflon and
vacuum substrates have been simulated at 30 and 100 keV. The resist thickness
is 1 pm. Plot scaling: X =6 pm x Y = 5 pm for Pt; 18 um x 12 pm for teflon
at 30 keV and 120 gm x 90 pm at 100 keV; and 1 pm x 1.2 pm for vacuum.

too small to allow an even exposure of the pattern. There are also tool
limiting factors'®. Although there is room for improving the sensitivity
of both high and low resolution resists, the statistics of resist exposure
will eventually limit the resist sensitivity and exposure rate.

The PMMA is a good candidate for the high-resolution processing.

5For example, the tool in our laboratory (FEI XL30 - RAITH Elphy Plus) has a
minimum recommended writing speed of 1 us. This will require beam currents of 10-
20 pA, slightly bellow the used values (25 - 50 pA). The current can be diminished
by reducing the size of the strip apertures but still remains in a very critical range.
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Simple and reproducible processing conditions, low sensitivity, sub-10 nm
lithography and very well established and documented protocols provide
the best option for an EBL beginner. Nevertheless, pattern transfer to
another materials is difficult as it has poor dry etch resistance. For ex-
ample, fabrication of high-aspect ratio using PMMA as masking material
will imply thick resist films, which in turn will have a detrimental effect
on the achievable resolution and pattern density and even if this can
be achieved, isotropic removal of the PMMA mask during the etch will
heavily affect the pattern transfer. Intermediate processing steps (thin
sacrificial mask etching or Cr liftoff metalization) have been found to
fulfill these tasks. In subsequent sections we will show that the PMMA
is a good candidate for the nanoscale patterning of polyaniline.

4.2.3 Resist and dose modulated 3D EBL

In the following we will present a novel 3D EBL approach developed
in our lab. Before detailing the mechanism and the advantages of the
technique, we drop few words about general approaches for 3D nanoscale
structuring. Ordered 3D nanostructures are very important for many ar-
eas of nanotechnology: NEMS and MEMS 98], photonic [201] and plas-
monic [64] devices, biomimetics [202] and surface functionalization [203],
microfluidics [204] and biomedical applications [205]. Typical 3D man-
ufacturing rely on multi-step processing, progressive planar lithography
and layering of materials. This require accurate registration and overlay
alignment between the layers. In theory, this layer-by-layer approach can
be extended to fabricate all major types of 3D structures. But exponen-
tial increase in production costs and the accumulation of defects as the
number of layers increases retains their practical implementation. Al-
ternative, non-trivial techniques, have been developed to provide access
to certain types of 3D structures in a more effective fashion. They can
be primarily divided into 2 main sections: (i) advanced lithography and
(ii) structural engineering of bottom-up approaches. They are briefly
described below.

e Focused beam writing - serial processing. The principle relies on
the weak interaction of the out of focus beam with the substrate or
resist (ideally also transparent) and strong in the focal point. Laser
beam ablation [206]| or induced deposition [207] and two-photon
absorption polymerization (also called Direct Laser Writing) [208]
are the most important techniques. The pattern is generated by
essentially varying the exposure dose during scanning.

e Holographic lithography - parallel processing. It relies on the in-
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terference between intersecting laser beams [209]. The technique
is widely used in the photonic industry for the fabrication of holo-
graphic diffraction gratings and anti-reflection coatings. Single or
double (orthogonal) interference exposure will generate mainly 2D
patterns in the imaging resist. Four coherent laser beam focused
onto the same spot were used to generate a 3D photonic crystal,
the lattice parameters being determined by the configuration of
laser beams.

e Phase mask lithography - parallel processing. Here, light passing
through a phase mask having relief features comparable in size
to the wavelength generates a 3D distribution of intensity that
exposes the resist film throughout its thickness [210].

e Gray-scale lithography - parallel processing. This is a conventional
lithography which works on the principle of ”all-or-no” illumina-
tion. The gray-scale lithography encodes the final shape of a struc-
ture on the mask in the form of an optical density contour map
that determines the illumination density during the exposure of the
resist. Two types of gray-scale masks are in use: half-tone masks
(produces gray-scale levels through variation in the thickness of ab-
sorbing mask material) [211| and high-energy beam-sensitive glass
masks (the gray scale level is determined by the density of metal
atoms, such as Ag, contained in a glass matrix) [212]. The gray
scale 3D EBL method presented above can be assigned to this class.

e Angled processing - serial and parallel processing. This extends to
various approaches: lithography with exposing beams obliques to
the resist film, two-axis-of-rotation systems in EBL [213] or vari-
able angle XRL [214]. Another interesting approach uses stan-
dard lithography 2D mask definition and subsequent angled etch-
ing [215|. Glancing angle deposition is used to engineer thin films
with feature sizes in the nano-scale regime using large deposition
tilit angles (more than 80°). Slanted posts, chevrons, helices and
vertical posts architectures can be fabricated [87] with an enor-
mous potential for large-scale microfabrication on the optical scale
of 3D photonic crystals [216].

e Add-on layer-by-layer fabrication - parallel and serial processing.
Here, 2D patterns are first created using standard techniques and
are subsequently assembled either by micromanipulation or wafer
fusion bonding techniques [217].
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e Self-assembly and self-organization - parallel processing. This is
a very broad field including various approaches based on the self-
organization of mater. Colloidal lithography is a very powerful
technique for opal and inverse-opal geometry structuring [52, 79,
218|. Selective pattern induced crystallization [219,220], 3D defect
engineering [221], masked etching or deposition [222] as well as
mechanically [86] and electrically [85] actuated optoelectronic ar-
chitectures can be accessed. Self-assembled block-copolymers are
promising platforms for low dimensional structuring for various
applications due to their ability to aggregate into 1D, 2D and 3D
periodic structures scaling from few nanometers up to micrometer
scale [223|. Structural engineering of porous templates belong to
this class as well, including hierarchical branching and controlled
fabrication in AAO templates [74] and pore diameter modulation
in AAO [224] or porous silicon [121].

e Polytypic growth - parallel processing. This methods is based on
controlled production of branched or hyper-branched nanostruc-
tures by engineering the co-existence of two or more crystal struc-
tures in different domains of the same crystal. Inorganic III-V
nanowires are the typical materials [225,226].

4.2.3.1 Resist composition modulation

Our approach, uses both, EBL and bottom-up engineering to gener-
ate 3D structures. The method fully exploits the different interactions
- in terms of exposure parameters or clearance doses - of the electron
beam with the PMMA and copolymer PMMA (8.5)MAA positive resists.
The later is a copolymer resists based on a mixture of PMMA and 8.5%
methacrylic acid and has an increased electron sensitivity. The double
or triple layers based on both components have been extensively used for
thick metal liftoff and mainly in the fabrication of T-gate structures for
high electron mobility transistors [227]. All of the mentioned components
are imaging resists and the less sensitive of them sets the patterning res-
olution. Combination of non-imaging (LOR or LOL) and imaging resists
can be also used, yet requiring different developing procedures for each
layer. In this configuration, the imaging component will set the resolu-
tion while the other one is used only to create the undercut. The use
of a non-imaging layer implies also loosing the full pattern control as it
erodes isotropically in the developer. Chen and collaborators have used
double- or multiple-layer resist structuring for various photonic appli-
cations. They have fabricated ordered 2D arrays of CdSe pillars using
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Figure 4.6: (a) and (b) Negative resist profiles in bilayer
PMMA(8.5)MAA/PMMA stacks. (c) SEM view of a cleaved multilayered
stack. The horizontal ”"bubbled” lines correspond to the PMMA (8.5)MAA
layers. The components contrast under SEM inspection is not permanent.
Prolongated exposure blurs out the image due to the charging effect and
the contrast disappears. (d) Cleaved view of the same stack but after EBL
exposure (at 30 keV) and development. The pattern was overexposed (1500
pC/cm?) to ensure handiness during the subsequent processing.

EBL and electrochemical deposition [75] and recently shown an approach
for single-step EBL fabrication of polymer-based photonic crystals [228].
Single-step exposure, yet multi-step processing as each layer stack needed
separate development requiring careful timing (and probably a compli-
cate resist backing procedure as LOR-type resists’ development rates are
extremely sensitive to the baking time and temperature). They also did
not succeeded to further inverse or functionalize their templates.
Typical double or multilayered structures used in this work are de-
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tailed in the following. Examples of high-undercut resist profiles are
presented in Fig. 4.6 (a) and (b). Larger undercuts, very helpful for
oblique angle thick-metal evaporation have been already discussed in
Section 3.5.2. It is evident that by using this kind of profiles, very thick
(eventually, thicker than the resist stack) metal liftoff is possible. The
process latitude is set by the resolution in the PMMA top-most layer.
One important aspect is the polar/non-polar combination that avoids
the intermixing of the layers and hence, preserves the composition mod-
ulation. The incompatibility of the carrier solvent with the already de-
posited film for both components (chlorobenzene or anisole for PMMA
and ethyl lactate for PMMA(8.5)MAA) enables a simple composition
engineering. Fxample of a multilayer stack precursor is shown in Fig.
4.6 (c). A single component resist film will result in nanopores with
uniform diameters after EBL processing, while composition-modulated
resist stacks will yield diameter-modulated nanochannels (Fig. 4.6 (d)).
As already explained, this is caused by increased electron sensitivity
of PMMA(8.5)MAA layers and thus higher dissolution rate in a devel-
oper. SEM inspection of the fabricated structures is quite difficult. The
structures have to be cleaved along the exposed patterns to reveal their
internal structure which is not straightforward. Indirect imaging of the
fabricated templates can be done by inspecting the architectures grown
inside this templates (inverted replica) and will be detailed in Section
4.4.2.

The resist modulation is implemented by sequentially coating each
stack component. The axial control with nanometer-precision is effec-
tively achieved by controlling the thickness and the sequence of the
coated layers. A typical procedure consists in spin coating each stack
component on the substrate from the respective resist solution followed
by a soft-bake for 15 min to remove the remaining solvent. Although,
often regarded as a very simple and basic approach for application of
thin-films, the underlying mechanisms and associated phenomena in spin
coating are very complex. Even nowadays there are unexpected findings
using ”standard spin-coating” of ”simple polymers”. Kern and collabo-
rators have found that nanoscale fibers with a diameter down to 25 nm
(centimeter scale length) can emerge from a polymer solution (PMMA)
during spin-coating [229]. The explanation relied upon Raleigh-Taylor
instability of the spin-coated liquid film that arises due to a competition
between the centrifugal force and the Laplace force induced by the sur-
face curvature. Well, this is a quite intricate interpretation for a ”simple”
procedure. While the authors have exploited this phenomenon to show
that a large variety of nanostructures can be easily accessed through
spin-coating, in our case this turned out to be a nightmare during the
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multilayer coating. The fibers are generated after each coating, espe-
cially when using concentrated solutions, contaminating the spin-coater
environment and the sample surface. If not removed from the surface
(by strong Ny blown) before the layer soft-bake (130°C, above the T,
of PMMA and PMMA(8.5)MAA hence enabling their adhesion) or the
next layer coating, they will compromise the uniformity of the next layer
creating non uniform resist coatings and striations. If this happens, the
sample has to be cleaned and the process restarts from the beginning.
Caution is of applicability for the spin coater environment too. It is good
to clean it after maximum 4 - 6 coatings to avoid any surprises.

Figure 4.7: (a) Example of stress induced fracturing in the multilayer resist
stack. The exposed patterns are composed of square arrays of dots. The
cracks nucleate at the weakest points (straight corners of the square arrays)
and propagate along the diagonal. The propagation length could be as high as
150 pm. Whenever they meet, the propagating direction is perturbed either
following only one of the directions (blue dots) or following a new direction (red
dots). (b) Examples of stress-released resist stacks. The uniform colorization
(due to the light diffraction) is an indicative of structural integrity, and of a
photonic band gap for the incident light (I' - X direction, see Chapter 2 for
details). Pattern center-to-center distance on both images is 50 pm.

Another important aspect is the residual stress in the resist stack
[230]. If not treated correctly, the exerted forces will shear and destroy
the template. No signs of degradation could be visualized on the sam-
ples after the coating sequence or after the bake procedure. Only after
removing the exposed areas the cracks are formed and the structural
integrity of the templates is altered. The resist swelling during the de-
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veloper action may also contribute to this effect, though it is not clear at
which extent. The stress can be effectively released by prolongate (24 -
48 hours) thermal annealing at 130°C followed by a slow cooling down to
room temperature. Nevertheless, even doing so, the cracking in the re-
sist was not completely eliminated. For very thick stacks this was almost
impossible and was always accompanied by formation of cracks along spe-
cific directions. An example is given in Fig. 4.7 (a) where a 6 pm thick
resist was used. The gray areas are the remaining of exposed dots arrays
(arranged in a square lattice) after the development. The designed tem-
plate is completely destroyed. In turn, a new ”template” is generated. A
series of few-nanometer width and micrometer long aligned lines can be
observed (see Section 4.4.1 for the achievable resolution). They preferen-
tially nucleate at the sharp edges of the square patterns and are aligned
along their diagonal. Presumably, under further optimization and proper
design this type of fracture induced structuring could be exploited for
the high-throughput, large area nanoscale patterning [231]|. If properly
processed, the exposed patterns remained intact and showed no signs of
degradation. Typically the combination of (i) thin resist film, (ii) high
spin coating speed, (iii) minimal use of ultrasonication bath during the
development and (iv) adequate drying of the templates (no Na blow dry-
ing after water rinsing)'® can ensure a good mechanical stability of the
templates.

4.2.3.2 Dose modulation

Additional structural features can be added by exposing side-patterns
at a lower dose on the above mentioned stacks. The contrast curves for
used components is presented in Fig. 4.8. As it can be observed, there
is a dose range for which the PMMA layer is almost unaffected and the
PMMA(8.5)MAA layer can be fully removed. The process window of
interest in this case is located between 30 and 50 pC/cm?. For example,
exposing a stack comprising both components at a dose of 40 puC/cm?
will expose only the copolymer layer. By designing openings to allow
for the developer to remove those areas, buried channels or void spaces
can be fabricated. Patterning, following the same principle, a multilayer
stack, will create self-aligned voids. Their height is set by the thickness
of the copolymer layer and width and length primarily by the exposing
pattern. The use of an imaging resist component is imperative. Oth-
erwise, it will be removed isotropically and will not allow for internal

16 As it will be detailed further, CPD is an excellent technique for drying fragile
nanostructures. For the hydrophobic PMMA templates, drying out IPA tends to
collapse the brittle structures, while using water this can be partially avoided



4.2. Electron beam lithography 125

—_

[l

S
I

Remaining thickness (nm)

1 10 100
LogDose (mC/cm?2)

Figure 4.8: (left) Contrast curves for 440 nm thick PMMA (closed triangles)
and PMMA (8.5)MAA (closed diamonds) single layer resists. The exposure was
performed using a 30 keV electron beam. The calibration was performed on
Si/Si0 [400 nm| / Pt [130 nm]| substrates for both cases. The exposed areas
(10 x 50 pum?) were developed (2 min) in a MIBK/IPA mixture (1/3 v/v),
rinsed with IPA (1 min) and DI water (5 min) and dried in Ny. The gray area
represents the dose region where PMMA (8.5)MAA can be fully removed while
PMMA partially or not. (right) Schematic view of resist and modulated 3D
EBL. The central part is written above the clearance dose of the stack while
the side lines at a lower dose, only to expose the copolymer component.

structural engineering. For example, exposing a central pillar at a high
dose and side-lines at a lower dose (each of them being calibrated ac-
cordingly) will result in a diameter modulated template bearing in-plane
protrusions. As it will be shown in Section 4.4.2 filling-up the voids with
polyaniline followed by subsequent removal of the template will result
in the fabrication of the branched, hyper-branched and other complex
3D structures. More complex will be the internal structure of the tem-
plate, more time will be needed for the complete removal of the exposed
areas in the developer because all the solvent exchange will take place
only through the top most opening. For example, the hyper-branched
nanopillars that will be described in Section 4.4.2 required up to 18
minutes of developer soaking with short bursts of ultrasonication.

A higher difference in sensitivities between the two components can
apparently increase the process latitude. However, if the difference is
to high, the less sensitive component will be heavily affected during the
exposure of the central pillar and the side-branching can be embodied
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Figure 4.9: Examples showing the first test on substrate induced resist mod-
ulation structuring. Only the bottom three layers are affected by the surface
topology.

in the diameter modulation provided by the forward and backward scat-
tered electron cone. A lower contrast instead can be useful allowing for
the larger operation-dose window. Three different components can be
used to create even more complex 3D shapes. The use of a non-planar
substrate was tested and is under optimization Fig. 4.9. The topography
was created using dry etching of the silicon substrate. Less pronounced
protrusions as well as lower spin coating speeds are the two directions
to be studied in order to minimize the surface planarization. Another
envisioned option is the use of alternating positive and negative resist
components. In the exposed regions, the positive component will be re-
moved while the negative not, and vice versa. This may allow for the
fabrication of f.c.c. lattice.

4.2.3.3 When 1+2=3

As intuitively presented in the previous section, 1D design of the re-
sist template combined with 2D digital exposure patterns enable the fab-
rication of complex 3D architectures. The method proceeds in one step
as the structures are generated in a single- exposure and development
protocol. The geometric parameters can be tuned through the thick-
nesses of the coated layers, the design of the exposing 2D pattern and
dose modulation. One simple example is given in Fig. 4.10. The snap-
shots are the inverted replica of the template obtained using polyaniline
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Figure 4.10: Exemplification of the potential provided by the resist and dose
modulated 3D EBL. Only one parameter changes (the side-branching dose)
between the structures. The resist stack accommodates a total of 16 alternating
100 nm thick PMMA and PMMA(8.5)MAA layers. The substrate is Pt [130
nm]| / SiOy [400 nm] / Si [bulk]. Central pillars have been exposed at a dose
of 500 uC/cm? using an acceleration energy of 100 keV. The samples were
developed for 12 minutes (comprising 1 minute under ultrasonication) in a
MIBK/IPA mixture (1/3 v/v), rinsed with IPA (3 min) and DI water (6 min)
and let to dry in air. From (a) to (d) the side-branching dose is 0, 75, 150 and
225 C/cm?. Inset: schematic view of the pattern design. Pillar pitch = 800
nm.

electroless deposition. Using the same resist stack, pattern design and
identical central pillar dose, a series of distinct and ordered 3D lattices
can be accessed only by changing the side-branching dose. When only
the central pillar is exposed, diameter modulated pillars with perfect cir-
cular symmetry are obtained. As already mentioned, this is the result
of the conical profile of the forward and backscattered electron expo-
sure. At 75 uC/cm? the disks corresponding to the copolymer layer are
4-side sharpened and transformed into squares. The structure now can
be described as a series of squares suspended by a central circular pillar.
A better visualization of this type of suspended chess-board structures
can be seen in Fig. 4.27. By increasing further the side-lines dose to
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150 uC/cm?, the branches continue to ”grow” yielding 4-sided star-like
structures. Eventually, in between 150 and 225 pC/cm?, the star arms
merge materializing into a simple cubic lattice, in a first approximation.
The initial templates can be regarded as the inverted replicas of the pre-
sented structures. It is straightforward that the pattern transfer from
those templates is impossible to be done using etching or physical depo-
sition methods. Only approaches like electrochemical or chemical growth
or ALD can fulfill these tasks. The electroless polymerization of aniline
is more than suited for this type of processing. Other types of fabricated
architectures, functionalized composites and smart nanoassemblies will
be given in Section 4.4.2.

4.3 Polyaniline

Conducting polymers form a class of materials relatively far from
their origins, if we consider 1977 as being the historical moment when
Nobel Prize laureates Alan Heeger, Hideki Shirakawa and Alan MacDi-
armid proved the possibility of chemically tuning the electrical properties
of some emblematic polymers. Ever since, outstanding innovations have
been achieved on the road towards polymer-based electronic devices, such
as organic thin film transistors (OTFTs), photovoltaic cells (PCs), or-
ganic emitting devices (OLEDs), etc. Some key attributes of the organic-
based technology (flexibility, low-temperature processing, large-area, low
costs) allow its compatibility with very different substrates (Si, glass,
plastic, paper) leading to impressive applications, some of which are
already in commercial production. Amongst the family of conducting
polymers, also known as synthetic metals, the polyaniline is unique due
to its ease of synthesis, environmental stability, controllable electrical
conductivity and interesting redox properties associated with the chain
nitrogens. The aniline polymers are also known to exhibit crystallinity
and solution or counterion-induced processability. Furthermore, the sec-
ondary doping can substantially improve the electrical properties. The
excellent processability, together with the presence of a number of intrin-
sic redox states, have substantially enhanced the potential applications
of aniline polymers for use in practical devices.

4.3.1 Historical background

Although it was discovered 150 years ago, only recently the polyani-
line has attracted the attention of the scientific community due to the
discovery of its high electrical conductivity. The monomer aniline was ob-
tained for the first time by a medical doctor Letheby from the pyrolytic
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distillation of indigo and was called ”Krystallin” because it produced
well formed crystalline salts with sulfuric and phosphoric acid [232]. In
1840, Fritzsche also obtained a colorless oil from indigo, called it aniline
ostensibly from the Spanish anil (indigo), and oxidized it to polyaniline
(PANI). The electrical properties of such powders as well as the relation
of their m-conjugation with the semiconducting and conducting proper-
ties were not investigated and scientifically unknown. Some believe this
to be the first report of polyaniline, although the first definitive report
of polyaniline did not occur until 1862.

Since, occasional reports about the structure of PANI appeared in the
literature and would continue periodically until the 1960s. In 1963, D.
E. Weiss and coworkers reported high conductivity in oxidized iodine-
doped polypyrrole, a polyacetylene derivative [233]. They achieved a
quite low resistivity of 1 Qxcm. In a series of detailed papers, they also
described the effects of doping with iodine on conductivity, the conduc-
tivity type (n or p), and electron spin resonance of polypyrrole. They
also submitted a patent application (5246/61, June 5, 1961) for con-
ducting polypyrrole. In 1965, the group reached resistances as low as
0.03 2xcm with other conductive polymers [234,235]. This is roughly
equivalent to present-day efforts. This extensive work was "lost” until
recently. In 1974, as a "proof of concept” for their version of the now-
accepted model of conduction in such materials, John McGinness and
his coworkers built and reported a voltage-controlled organic-polymer
switch [236]. Their device used melanin, a self-doped mixed copolymer
of oxidized polyacetylene, polypyrrole and polyaniline. It is now in the
Smithsonian’s collection of early electronic devices. In the "ON” state,
this material has almost metallic conductivity. The device also exhib-
ited negative differential resistance, now a well-characterized hallmark
of electronically-active organic materials. Though published in a major
journal Science and reflected in a news article in the journal Nature, this
work was also "lost” until similar devices emerged decades later [237].

In 1977 Alan J. Heeger, Alan MacDiarmid and Hideki Shirakawa re-
ported metallic conductivity in iodine-doped polyacetylene, similar to
that reported a decade earlier by D. E. Weiss and coworkers for iodine-
doped polypyrrole. Unfortunately, they did not cited the earlier papers.
Extensive research and development in the semiconducting and conduct-
ing properties of a large family of conjugated, sp? hybridized polymers
followed. This large international effort resulted in development of or-
ganic polymeric light emitting diodes, solar cells, transistors and so forth.
Though their priority is questioned, Heeger, MacDiarmid and Shirakawa
eventually received the 2000 Nobel prize in Chemistry ”For the discov-
ery and development of conductive polymers”. In subsequent years, the
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study of polyaniline exploded and currently a vast literature on the syn-
thesis, properties, and applications of polyaniline exists.

4.3.2 Redox states and associated applications

Although the synthetic methods to produce polyaniline are quite sim-
ple, its mechanism of polymerization and the exact nature of its oxidation
chemistry are quite complex. The aniline polymers have the general for-
mula [(-B—NH—-B—NH—-),(—B—N = Q = N—);_], in which B and
@ denote the C's Hy rings in the benzenoid and quinonoid forms respectiv-
elly. Thus, aniline polymers are basically poly(p-phenyleneimineamine)s,
in which the neutral intrinsic redox states can vary from that of the
fully oxidized pernigraniline (PNA, x=0), to that of the fully reduced
leucoemeraldine (LM, x=1). The intrinsically half-oxidized polymer has
been termed emeraldine (EM, z=0.5), and the 75% intrinsically oxidized
polymer, is termed nigraniline (NA, x=0.75). A more clear view of these
structures is given in Figure 4.11.

The intrinsic redox states associated with the nitrogen atoms are
unique to PANI and play a governing role on the doping behavior and
physicochemical properties of this polymer. While in many other con-
ducting polymers, the conductivity is a function only of the oxidation
state, i.e., the number of electrons added to or removed from the 7-
system of the neutral polymer backbone, polyaniline was the first case
where the conductivity was found to depend on two variables - the oxida-
tion state of the polymer and the extent of protonation of the nitrogen
atoms in the backbone [238]. It has been shown that protonation of
polyaniline believed to be in the emeraldine oxidation state led to a dra-
matic change in conductivity, from 107! S/cm for the unprotonated
polymer to 5 S/cm when ”doped” by equilibration with aqueous acids
at pH~0 [238].

Though, EM is by far the most studied oxidation state of polyaniline
other oxidation states have been also studied, especially the reversible
interconversion between them:

e Leucoemeraldine. This is the completely reduced form of polyani-
line. Colorless solid material. In powder form, less than 25% of the
amine nitrogens can be protonated in the absence of oxygen. The
degree of protonation in leucoemeraldine can be increased to about
50% with 3 M HC1Oy, similar to that achievable with emeraldine
base in powder form. In solution, leucoemeraldine is easily oxidized
by dissolved oxygen. It remains a poor electrical conductor even
when doped with acids. It can be obtained by reacting emeraldine
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Figure 4.11: (a) Octameric structures of the most common polyaniline re-
dox states. (b) Structures of emeraldine oxidation state in basified (dedoped)
and acidified (doped) form and the imine - enamine tautomerism of doped
emeraldine.

with a reducing agent (hydrazine or sodium borohydride). Due to
its limited air stability it has not found any direct utility.

e FEmeraldine. It is the most stable and studied polyaniline oxida-
tion state. Generally, aniline polymerization leads to an oxidation
state close to emeraldine, which color is blue or green depending
on the doping degree. It has found a pleiade of applications due
to its exceptional properties: metal-to-insulator transition upon
simple chemical fonctionalization [56], bistable electrical conduc-
tivity [239], various optoelectronic devices [240|, intelligent sur-
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faces [241], sensing and biosensing [242,243|, electrochemical and
chemical activity [244| are only few to be mentioned. A vast lit-
erature exists and the more interested reader is called to check for
these reviews [245-248|.

e Nigraniline. It is also known as aniline black. Nigraniline is proba-
bly the oldest synthetic organic pigment, discovered around 1860.
It is mostly used in specialty coatings where very deep blacks are
required. It poses a strong tinting strength, a low scattering power
and a very strong light absorption capability. Other properties are
moderate and the material was rather poorly studied.

e Pernigraniline. This is the highest oxidation state of polyaniline.
Similarly to NA, it has a moderate electrical conductivity. It is
the only known polymer besides polyacetylene that is known to
exhibit a two-fold degenerate ground state. It undergoes hydrolisys
in acidic media. Again, due to its not very attractive properties
and quite reduced stability, it was poorly studied.

4.3.3 Synthesis and nanoscale structuring

Aniline polymers are usually prepared by direct oxidative polymer-
ization of aniline in the presence of an acid and a chemical oxidant or
by electrochemical polymerization on different electrode materials. As
usual, chemical polymerization of aniline is provided by the use of some
of the known oxidants, which are able to generate radical cations and
other highly reactive species upon interaction with aniline. Once gener-
ated, these reactive species react with aniline molecules, leading to the
growing polymer chains. A number of known oxidants were investigated
in polymerization of aniline: (N Hy)2520s, KoCroO7, FeCls, SnCly,
H>05. The properties and the morphology of the resulting polymer are
known to be depend strongly on the nature of oxidant used, as well as
on the reaction conditions (concentration, temperature, type of acid).

The work of Jozefowicz in the 1970s provided a good understanding
of the polyaniline oxidation states and their interconversion [255]. In
the 1980s, the work of MacDiarmid [256], Genies [257] and Ohsaka [258]
continued to provide better physicochemical insights into this family of
electroactive polymers. The structure of the oxidized insulating form
of PANI prepared via oxidative polymerization is approximately a 50%
copolymer of diamine and diimine units, corresponding to the EM base
structure. The synthesis and characterization of the EM and LM oxi-
dation states of polyaniline are the most documented. While typically
synthesis and subsequent characterization and processing was carried
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Figure 4.12: Overview of the polyaniline nanostructuring methods. Polyani-
line nanofibers obtained using (a) interfacial (reproduced from [249]), (b) sur-
factant assisted (reproduced from [78]), (c) seeding (reproduced from [250])
and (d) oligomer assisted (reproduced from [251]) polymerizations. (e) Use of
reactive manganese templates provided a route for polyaniline nanotube fab-
rication (reproduced from [77]), while (f) polyaniline inverse opals have been
obtained by inverting colloidal silica templates (reproduced from [73]). Aligned
nanofibers have been obtained using (g) stepwise electrochemical deposition
(reproduced from [252]) or (h) by diluted polymerization (reproduced from
[253]). (i) Macro- and nanoscale polyaniline nanofibers obtained using elec-
trospinning of 2-acrylamido-2-methyl-1-propanesulfonic acid doped polyaniline
(reproduced from [254]). Scale bars: (a) to (h) 500 nm and (i) 5 pm.

with bulk quantities of polyaniline, in recent years, a lot of effort was
focused on the nanoscale structuring of this material. Yet, the very poor
solubility in organic solvents (hence, difficult solution based processing)
and the high glass transition temperatures (therefore, difficult printing)
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have restricted direct nanoscale patterning.

To overcome this major technological inconvenience, direct synthesis
methods have been proposed. Using these methods, polyaniline nanos-
tructures (typically nanofibers and nanowires) are directly synthesized
by properly choosing the polymerization conditions and environment.
They can be subsequently used as synthesized, dispersed in a different
polymer matrix or processed to select and characterize single polyaniline
nanoelements. Depending on the patterning mechanism and fabrication
approach they can be classified as follows.

e Interfacial polymerization (Fig. 4.12 a). One of the easiest and
less-expensive means of obtaining nanofibers in one step (Fig. 4.12
a). It is based on an aqueous/organic biphasic system. One com-
ponent, typically the organic solvent, is used to disolve the ani-
line and the second (the aqueous acid solution) is used to dis-
solve the oxidant. A great variety of organic solvents can be used,
including benzene, hexane, toluene, carbon tetrachloride, chloro-
form, methylene chloride, diethyl ether, carbon disulfide, or o-
dichlorobenzene, the shape and size of the nanofibers being not
affected by the solvent. Bringing them in contact, allows for the
polymerization to occur only at the interface between the two me-
dia (from which the term of interfacial polymerization) [249]. The
syntheses can be accomplished in one pot with a wide choice of sol-
vent pairs, acid dopants, and reagent concentrations over a broad
range of temperatures.

e Surfactant assisted polymerization (Fig. 4.12 b). It is based on
the ability of some surfactants to form micelles or tubules that
act as templates for the synthesis [78]. (-naphthalene sulfonic
acid, naphtalene-1,5-disulfonic acid, D-10-camphorsulfonic acid or
hexadecyltrimethylammonium chloride are some representative ex-
amples. They also can act as a doping acid and can remain incorpo-
rated in the polyaniline matrix. Submicrometer-sized polyaniline
tubular or fibrilar morphologies are typically obtained.

e Seceding polymerization (Fig. 4.12 c¢). Seeding a conventional
chemical oxidative polymerization of aniline with very small amounts
of biological, inorganic, or organic nanofibers (usually <1%). This
induces changes in the morphology of the resulting doped polyani-
line powder from nonfibrillar (particulate) to almost exclusively
nanofibers. Seed nanofibers were fabricated from: as prepared
polyaniline nanofibers, single-wall carbon nanotube bundles, nanofi-
brous hexapeptide (Ac-VQIVYK-amide) and V505 nanofibers [250].
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e Oligomer assisted polymerization (Fig. 4.12 d). Aniline oligomers
are used to accelerate the reaction by assisting monomer oxidation
(autocatalytic effect). The oxidant is incrementally added to the
reaction vessel. The aniline oligomers serve not only to accelerate
the polymerization reaction, but also to act as seeds for the growth.
This is due to the lower redox potential as compared to that of
aniline monomer and the initiation of chain growth will likely be
dominated by these oligomers [251].

e Template assisted chemical and electrochemical growth (Fig. 4.12
e and f) make use of hard templates to assist and confine the poly-
merization. Alumina, block-copolymers, zeolites, colloidal crys-
tals have been successfully applied to nanostructure the polyani-
line. Both, chemical and electrochemical methods have been used,
though, electrochemistry is preferred because it avoids the undesir-
able bulk reaction and subsequent decontamination and rigorous
washing. Depending on the nature of the template, the release
can be damaging for the structural and chemical integrity of the
polyaniline nanostructures. A slightly different approach was used
by Pan et al. in producing polyaniline nanotubes [77]. They have
used reactive templates of manganese oxide (MnQO3) acting also as
chemical oxidative initiator for aniline polymerization. This effect
causes the template to be spontaneously removed after the reac-
tion, because the manganese oxide is reduced into soluble Mn2*
ions, whereas the aniline monomer is oxidatively polymerized.

e Stepwise deposition (Fig. 4.12 g). Templateless electrochemical
polymerization. A typical procedure involves electrochemical de-
position in an aniline-containing electrolyte solution, by using the
substrate as the working electrode [252|. In a first step, high-
density currents are used for the polymerization which are produc-
ing polyaniline nanoparticles (nucleation sites), rather than con-
tinuous films. The initial stage is followed by continuing the re-
action with reduced current density. The electropolymerization
takes place preferentially on the already formed nucleation sites
and produces aligned nanofibers.

e Diluted polymerization (Fig. 4.12 h). Recently developed tech-
nique resulting in aligned polyaniline nanowires grafted on various
substrates. Very low concentration of monomer and oxidants are
used which favors the heterogeneous nucleation to occur first on the
solid substrates. The proposed mechanism is very much similar to
the stepwise electrochemical polymerization [253].
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e Electro spinning (Fig. 4.12 i). Nanofibers are prepared using the
electro spinning technique. Electro spinning uses electrical forces
to produce polymer fibers with nanometer-scale diameters [259].
Electro spinning occurs when the electrical forces at the surface of
a polymer solution or melt overcome the surface tension and cause
an electrically charged jet to be ejected. For the aniline polymers,
due to their low solubility, only low molecular weight polymers
or mixtures with other, more soluble polymers are possible to be
electro spinned.

Thus, nanoscale structuring of polyaniline down to 30 nm feature size
using different methods is possible and each of them has its own advan-
tages and drawbacks. Interesting is the resemblance of the morphologies
between different polymerization approaches. For example, no clear dif-
ference could be attributed to structures fabricated by interfacial, seeding
and surfactant or oligomer assisted polymerization (Figs. 4.12 a - d).
The same can be ascribed to the stepwise electrochemical and diluted
polymerization (Figs. 4.12 g, h). This originates from fundamental simi-
larities in the reaction mechanism or the imprinted growth history on the
final morphology. It is clear that the solution based synthesis penalties
any alignment resulting in disordered aggregates, from which is hard to
separate and isolate single objects, explaining why only bulk quantities
of nanostructures have been used and characterized so far. Substrate
synthesis increases the alignment. Using hard templates ordering can be
achieved. Nevertheless, without addressing a criticism, it is quite diffi-
cult to imagine how to isolate and characterize a single distinct nanowire
or how to integrate these techniques into a device fabrication line. In
the following, an approach will be presented which not only allows for
a higher-resolution patterning of polyaniline but also for single - nano
object growth and processing with an unprecedent accuracy level. By
elegantly co-integrating EBL templates with the electroless polymeriza-
tion of aniline we show that the polyaniline can be structured with an
unprecedent areal patterning density and 3D structural control.

4.3.4 Aniline electroless polymerization

Different from electropolymerization and chemical polymerization,
electroless polymerization of aniline is a relatively novel method for syn-
thesizing polyaniline films or nanostructures. In electroless polymeriza-
tion, aniline molecules are oxidized to polyaniline by soluble oxygen on
a platinum or palladium substrate (in a first approximation; as it will
be shown further the polymerization is not limited only to these sub-
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strates). The reaction is initiated by catalysis of the substrate and pro-
ceeds continuously with presumably the autocatalysis of the polyaniline
film being deposited. The principle of autocatalytic polymerization of
aniline is similar to that of autocatalytic plating. Autocatalytic plating
is also called electroless plating.

4.3.4.1 Intrinsic advantages

Electroless plating proceeds along an electrochemical mechanism that
involves anodic and cathodic half-reactions, both occurring at a single
substrate without applying electrolytic current. In contrast, electroplat-
ing involves anodic reactions at the anode and cathodic reactions at the
cathode, and is initiated by an electrolytic current. The key for the fea-
sibility of electroless plating is that the overall reaction, although ther-
modynamically feasible, cannot proceed to any great extent without the
catalytic initiation of some substrate and autocatalysis of the metallic
film being deposited. By electroless plating, a uniform metallic film can
form onto a substrate of any shape that is not available to carry uniform
electric current as an electrode, or even onto a dielectric substrate after
being catalyst-activated. In the case of aniline electroless polymerization,
the presence of platinum coatings for the initiation and the propagation
of the reaction is imperative. Palladium coatings have been found also
to promote the reaction. Nevertheless, due to its reduced activity and
hence, lower polymerization rates compared to platinum, Pd is less at-
tractive and its applicability was not studied in detail. The process is
similar to the surface initiated polymerization, where an initiator is selec-
tively grafted on a surface to induce the polymerization [260]. However,
there are some fundamental differences. For example, the platinum not
only initiates but also maintains the reaction. The reaction is not only
surface initiated but also surface confined as no polymer could be found
in the reaction media even after prolongated times'”. This is very useful
for the subsequent processing and for nanoscale patterning. No rigorous
procedures for the removal of eventually formed unbound polymer are
needed implying only washing of nonreacted monomer and formed salts.
Nanoscale patterning is facilitated as well. Templates can be filled easily
if created on top of platinum coatings and as the reaction occurs in a
"bottom-up” way, the risks of template clogging or the formation of a un-
desired polymer film on top of nanostructures, compromising structural
integrity is eliminated. Using other methods, this can be troublesome.

"Eventually, if the reaction vessel was Piranha cleaned prior the polymerization
and not adequately treated to remove the oxidative nucleation points created by the
Piranha cleaning, the reaction media turned into slightly reddish after some time.
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Other advantages are originating form the electroless nature of this
type of growth. Compared to electrochemical deposition where the elec-
trolytic current is a measure of the deposited quantity, no such control is
needed in the present method. Thus, nanoscale growth is possible here,
while it is unfeasible by using electrochemistry as the nanoscale quanti-
ties to be deposited will imply extremely (seen as impossible to attain)
low plating currents. As well, electrochemistry requires continuous elec-
trical connection to the area of interest. No such condition is required for
the electroless deposition case. The growth was successfully conducted
on nanoscale catalyst elements deposited on an insulator substrate with-
out any external electrical connection. Very important, it was found that
other conductive substrates can initiated the growth, provided that they
are in contact with some platinum elements. This extends the process-
ing methodology to virtually any type of substrate combining variate
metallic and even semiconducting coatings.

4.3.4.2 Growth mechanism

The most generalized mechanism of aniline polymerization can be
described as follows (Fig. 4.13). The aniline monomer first under-
goes a protonation reaction in acidic reaction media. Subsequent oxi-
dation leads to the formation of dimeric species (p-aminodiphenylamine,
N-N’-diphenylhydrazine and benzidine). It is considered as the rate-
determining step because the oxidation potential of aniline is higher than
those of dimers and subsequently formed oligomers and polymer [261].
This effect is exploited in oligomer assisted polymerization as already
discussed above. Upon formation, the dimers are immediately oxidized
and then react with an aniline monomer via an electrophilic aromatic
substitution, followed by further oxidation and deprotonation to afford
the trimers. This process is repeated, leading eventually to the forma-
tion of polyaniline. Though the actual mechanism of polymerization is
more complex and the debate is still open, this picture represents quite
well the polymerization process. Questions like what forces the oligo-
and polyaniline chains to grow or how the emeraldine oxidation state of
polyaniline is reached are still continuing to be raised by the researchers.
In the simplified mechanism presented in Fig. 4.13 the polyaniline is
synthesized in its fully reduced form (Leucoemeraldine) though it has
been fully documented that the most common phase in which polyani-
line is produced is emeraldine oxidation state. Are some steps missing or
there are subsequent protonation induced oxidation/reduction reactions
(as depicted in lower panel of the Fig. 4.13)? These points are quite far
from the context of this work and will not be further discussed.
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In the electroless polymerization, the aniline undergoes probably the
same reactions to obtain the polyaniline. It is the cathodic reaction and
the catalytic effect of the platinum that changes everything. The electro-
less deposition of polyaniline is supposed to proceed through the same
equations involving two half-cell reactions simultaneously occurring at
a single substrate. At a certain moment, some areas of the substrate
act as anodes for the anodic half-reaction, while others as cathodes for
the cathodic one. As has been showed by XPS analysis, the product
of electroless polymerization was found to be chemically similar to the
chemical and electrochemical obtained polymers but different in mor-
phology [262,263].

The polymerization kinetics has been studied in order to calibrate
the growth rate and decript the influence of various parameters. Typi-
cal reaction mixture consisted in 0.4 M H5S504 and 0.32 M CgHsN Ho
aqueous solution. Aniline (technical grade) was distilled twice at room
temperature under vacuum before usage. 2 mL of H2SO,4 (98%, reagent
grade) were first mixed with 100 mL of DI water followed by stepwise
addition of 3 mL aniline under agitation. Oxygen was continuously bub-
bled through the solution during the polymerization. This ensures a
constant concentration for the dissolved oxygen. Typically, the reaction
was thermostated at 50°C. It was found that no reaction occurs when
oxygen was depleted from the solution or when not in presence of plat-
inum. The presence of platinum seems to be crucial for the reaction. In
fact it is well known that the aniline is oxidized if exposed to air with
the formation of red-colored oligomers. An acidic solution, for example
aniline sulphate, is stable and remains colorless for months, even when
exposed to air or oxygen. Thus, the reaction is not feasible without the
catalytic action of platinum. When catalyst coated samples were added
to the reaction vessel, gradually a green color could be visualized on
the metallized parts. The green color is characteristic of the acidified
emeraldine oxidation state.

The polymerization rate was found to be sensitive to the reaction
temperature but constant in time. Oxidized silicon chips were metalized
with 100 nm Pt (2 nm of 7' layer was used to promote the adhesion, both
e-beam deposited at 1 A /s evaporation rate) and put into the reactor at
different temperature. At equal intervals of time, samples were removed,
washed with copious amount of DI water, re-acidified with 1M HC1 and
dried in vacuum. The thickness of the grown polyaniline was measured
using surface profilometry. The temperature influence is shown in Fig.
4.14. A linear dependence of the polyaniline thickness in time was found.
This signifies that the polymerization rate is constant. These data are
in contradiction with pioneering work of Liao et al. and Chen et al.



140 POLYMER TEMPLATES

02+4H++4e' 2H20

-Ht +e +
G 22 G =] O i — i
o
Oy~ o

‘-ze
e
QN.Q.N.H +

H H -2, -2H* 0
N N NH, —— Polyaniline
O
{: > HOHOHOH+ -n/2e +n/2 A
n E=0.25V
LM

OO OO, —

-n/2 HA || +n/2 HA

EM
N N N N}
n
PN -n/2e -n/2 A
<

Figure 4.13: Reaction pathways for the polymerization of aniline. Upper
scheme: cathodic half-reaction occurring during the electroless polymerization
and possible reaction mechanism for the anodic half-reaction. This is one of the
general pictures describing the oxidative or electrochemical polymerization of
aniline. The net reaction summarizes to the oxidation of aniline by the dissolved
oxygen with the formation of polyaniline. Lower scheme: Generalized scheme
of the oxidative and non-oxidative (protonic acid) doping of polyaniline.

[263,264]|. They have observed very slow polymerization rates (1 pum of
polyaniline after 7 days of polymerization) compared to extremely high
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rates observed in this work. For example, at 70°C, the growth occurs at
a rate of 400 nm/hour.

In a recent work, Attout et al. presented even higher polymerization
rates: 500 nm/hour at 80°C [262]. They have also studied the influence
of the reaction temperature on the polymerization rate. The polymeriza-
tion rate was found to increase with the temperature in an exponential
way, reaching a maximum at ~80°C and then followed by a decrease at
higher temperatures. The same behavior was found also in this work
and almost no polymerization occurred when reacting at 95°C. Deacti-
vation of the reaction with the temperature is unusual as typically all
the chemical reactions are following the classical Arrhenius exponential
temperature rate coefficient activation. This behavior is explained by
the dissolution of the oxygen from the aqueous media upon heating and
hence, the reaction slow down. Another discordance with the initial work
of Liao et al. is the absence of the autocatalytic effect. They have stated
that the formed polyaniline has an autocatalytic effect on the subsequent
polymerization'®. No such effect was observed in our experiments and
typically the polymer thickness was linear in time. Some discordances
from the linearity, however, have been sometimes observed. Especially,
when using oxidized highly doped silicon wafers coated with platinum.
During the dicing, the metal was spread from the surface of sample and
created a metallic contact with the underlying silicon. As it will be shown
further, this induced the polyaniline growth on silicon as well and hence,
disturbed the growth on platinum. For a better reproducibility and to
avoid this instabilities, isolating substrates have been subsequently used
for the growth calibrations. Worth mentioning also that for these experi-
ments, the sample were cleaned in fresh Piranha solution and afterwards
rinsed with water prior to the immersion in the reactant solution.

It was also observed that the thickness of platinum has an influence
upon the polymerization rate. This was again in discordance with the
work of Liao and co-workers as they stated that the platinum plays only
the role of initiation and subsequent growth is dictated by the already
grown polyaniline. If this is true, then the thickness of the metal had to
influence only the beginning of the polymerization and once the polyani-
line film covers the entire surface it should no more be of importance.
This was not observed in our work. Both, the influence of the thickness
of the metal deposited on different substrates and the surface treatment
condition have been studied. Glass slides were used as catalyst supports
and Ar/Hq(5%) plasma cleaning at room temperature (1 min, 50 sccm,

¥Though, even in their work it is not clear the presence of the autocatalytic effect
of the polyaniline. For example, Figure 2 in their paper shows a decrease in the
polymerization rate.



142 POLYMER TEMPLATES

2.5 mW /cm? power density, 15 mTorr) was performed prior to the poly-
merization. The metalization was carried out in a e-beam evaporator
with a base pressure of 2x10~7 mbar and metal evaporation rate of 1
A/s. The reaction was carried on at 50°C. After the PANI growth, the
samples were washed with copious amounts of DI water, acidified with
a IM HCI solution, blown dry in a Ny stream and vacuum dried for
12 hours. The thickness measurements were realized using surface pro-
filometry. The platinum topography was examined with atomic force mi-
croscopy (AFM) in tapping mode. The surface roughness R over a 2x2
pm? area was estimated using the functions provided by SPIP v.4.6.1
Scanning Probe Image Processor.
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Figure 4.14: Left: Polyaniline thickness function of the reaction temperature.
Closed diamonds, squares, circles and triangles are corresponding to 10, 30,
50 and 70°C, respectively. Inset: SEM side-view showing the compact bulk
and rough surface morphology of the electroless deposited polyaniline. Right:
Polyaniline thickness for different reaction times (lower graph chart) and the
evolution of the platinum surface roughness (upper graph chart) as a function of
the evaporated platinum film thickness. Closed diamonds, circles, squares and
triangles are corresponding to 3, 6, 12 and 24 hours reaction time, respectively.

As shown in Fig. 4.14, the polymerization rate increases with the
platinum film thickness (up to cca. 50 nm) and then saturates. The evo-
lution of the platinum surface roughness is mimicking this dependence.
Alike evolution has been found to occur for the platinum films grown
on Si(100) [265]. This is further translated into an increase in the effec-
tive electroactive surface, i.e., in the number of active sites available for
the electrochemical reactions [266]. It is well known that the platinum
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group metals, such as platinum or palladium, are excellent catalysts for
many electrochemical and chemical reactions (especially for the cathodic
half-reaction as shown in Fig. 4.13). Their morphology and poisoning
are also known factors influencing the outcome of the catalytic reaction.
In this case is the platinum film thickness that controls the morphology
(dictated by the dynamics of the metal crystallization upon evaporation
on the substrate) and hence, polymerization rate. The kinetics of the
aniline electro polymerization on platinum surfaces seems rather mor-
phology than thickness dependent. In favor of this is the enhancement
of the polymerization rate on catalyst coated Teflon®FEP sheets (ap-
proximately 3 pm thick polyaniline film was grown in 24 hours on a 10 nm
thick platinum film displaying a surface roughness of about 3 nm) since
the roughness of the metal coating on this substrate is larger than on
glass. Presumably, using rougher catalysts coatings (either using rough
substrates or changing the metal deposition parameters), higher poly-
merization rates can be achieved. This aspect may also contribute again
to the discordances between different reports. Different metal coatings,
prepared in different conditions (Liao et al. and Chen et al. have used
metal plates compared to thin films deposits) may give rise to differences
in the polymerization rates.

Other key parameters in the aniline electroless polymerization are the
catalyst surface cleanliness and reactivity. For example, a 10 pym thick
PANI layer grows on freshly evaporated 100 nm thick platinum films in
similar conditions. In turn, aging of the samples has been found to have
a detrimental effect on the polymerization rates. This is related to the
adsorption of different contaminants and subsequent inhibition and re-
duction of the number of reactive sites necessary for the polymerization.
Interestingly, Piranha cleaning reactivated the surfaces almost at the
same degree as for the as-evaporated case. Surface reactivation through
plasma was found to be dependent on the dry etch chemistry. Pure
O cleaning (using RF-inductively coupled plasma and ozone cleaner)
strongly altered the catalytic activity, while pure Ar or mixed Ar/Ho
restored the catalytic properties of the substrates. The latter was pre-
ferred due to its mild operation conditions and its effectiveness observed
even for short plasma exposure times. As it will be shown further, these
protocols are degrading also the PMMA templates and depending on the
desired processing scale they were adjusted accordingly. This behavior
is explained by the formation of an inhibiting platinum oxide film on
the surface upon the oxygen plasma treatment, which can be further
stripped out using energetic Ar™ ions bombardment or through Hy re-
ductive plasma [267]. A simple way to qualitatively check the catalyst
activity is to dip the samples in 10 - 30 % aqueous solution of HsO-
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(hydrogene peroxide). It is known that HyO9 undergoes in time a de-
composition reaction with the formation of water and oxygen following
a simple reaction: 2Hy09 — 2H50 + O2(gas). Platinum catalysis this
reaction. The samples with good catalytic activity have been found to
react energetically with HoO9 with violent evolution of oxygen form the
platinum surface while inhibited ones (O plasma treated or aged) re-
acted less or very slow. Equivalently, when dipped in the polymerization
media, the active samples displayed the green colorization on the sur-
face much faster than the inhibited ones. Thus dipping the samples
in a hydrogen peroxide solution enabled fast screening of the catalytic
activity of platinum coatings. Quantitative description of the catalytic
activity can be performed using gas sorption-desorption experiments or
electrochemical studies (for example using classical chronoamperometric
oxidation of hexacyanoferrate). Palladium was found to behave in a very
special way. Though the polymerization of aniline occurs as well, no more
than 200 - 300 nm of polyaniline per day have been grown on palladium,
even after vigorous Piranha cleaning. Plasma or thermal treatment have
been found to have a minimal effect on the growth rates. Only on freshly
evaporated palladium, a record thickness of 3 um of polyaniline in 1 day
was achieved. It is not clear for the moment what is the inhibition mech-
anism for the case of palladium and why its catalytic activity is difficult
to be restored.

4.3.4.3 Optoelectronic properties

As it will be shown in Sections 4.4.1 and 4.4.2 it is possible to pat-
tern the polyaniline at various scales and in many complex architectural
configurations. For example, 3D photonic crystal structures and lattices
were fabricated. Polyaniline turns out to be a good candidate for the
fabrication of chemically tunable photonic devices'”. Doping/dedoping
of polyaniline by using acid/base chemistry induces profound changes
in its electronic structure (for example, metal-insulator transitions). Im-
portant is the reversibility and hence tunability of these transformations.
Monkman et al. have studied the doping dependence of the optical prop-
erties of polyaniline films using infrared reflectivity measurements on a
series of samples with different dopant acids and various doping levels.
They have observed typical fingerprints of a disordered metal such as a
very high reflectivity in the far-infrared and a plasma resonance [268].
The later could be exploited in plasmonic devices if one could build

9Moreover, due to the presence of the third-order nonlinear susceptibility in
polyaniline (or nonlinear optical response) this material could be very useful for the
fabrication of next generation flexible, tunable, all-optical devices.
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ordered polyaniline nanostructures. Other groups, have fabricated pho-
tonic crystals using polyaniline and have tested the modification of the
optical stop bands upon exposure to different chemicals. Their fabrica-
tion was based on the use of ordered silica colloidal crystals and subse-
quent electroplating and inversion with polyaniline [40,269|. Despite the
fact that the polyaniline has strong absorption bands in the visible range
of spectrum and an extended tail in the infrared it was possible to build
photonic crystals and to chemically modify their photonic band gap.

The optoelectronic properties of electroless synthesized polyaniline
have been studied as well. Absorption spectra were acquired on 150 nm
thick polyaniline films grown on a semitransparent 10 nm thick Pt film on
glass. After the growth, the samples were washed with water to remove
any unreacted aniline sulfate and then either reacidified with 1M HC! for
measurement on the emeraldine salt phase or rinsed with 1M NH,OH
to characterize the emeraldine base. The samples were vacuum dried.
The specific absorption peaks for the emeraldine salt are present. The
3.6 eV peak corresponds to the 7 - 7* band gap transition, while the 1.5
and 3 eV maxima are due to the presence of the polaron band [270,271].
These absorption peaks disappear in the base form and the maximum
centered at 2 eV is indicative of the formation of excitons [272].

For the variable angle spectroscopic ellipsometry the samples were
prepared in a different way. Transparent or semitransparent substrates
are to be avoided as they induce to many incertitudes in the measure-
ments and especially in the data interpretation. For that, optically thick
Pt films (130 nm) were used as seeding layer. First, the optical constants
of platinum have been modeled based on variable angle spectroscopic el-
lipsometry. The characterization of optically thick samples (either bulk
substrates of optically absorbing materials with no coatings or thick films
of optically absorbing materials) is in some ways both the simplest and
the most difficult of ellipsometric analyses. It is the simplest in that fit-
ting the data merely requires ”inverting” the measured ¥ and A values
to obtain n and k values for the substrate. It is very complicated in that
such systems do not often occur in nature, and nearly all ”bulk” samples
actually have some sort of surface overlayer on them (native oxide or
surface roughness usually). The neglect of this overlayer will yield opti-
cal constants which are not correct for the substrate. If these constants
are then used for a coated substrate from which the oxide or overlayer
was removed prior to film deposition, difficulties may be encountered in
the subsequent analysis of the coating. Typically, a film is considered
optically thick if it not back-reflects the light-beam from the bottom side
of the film. For platinum, coatings thicker than 60 nm have been found
to behave as optically thick, or treated as a bulk substrate. Surface
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roughness (~ 1 nm for 130 nm platinum deposited on thermally grown
silicon oxide) has been not taken into account. The surface was cleaned
in the same way as before polymerization. The acquired ¥ and A values
were direct inverted to obtain the optical constants of the substrate using
”point by point” fit procedure provided by WVASE software. They were
found to vary from batch to batch (because the roughness and surface
contaminants are not taken into account) and, typically, the samples
used to determine the optical constants of platinum were used also to
characterize the optical constants of polyaniline.

Similar to the work of Monkman et al., an anisotropic model was
found to give the best fit [273,274] to the experimental data (Fig. 4.15
(b), (f) and (c), (g)). A Drude-Lorentz model with three oscillators and
a free carrier contribution was used for the emeraldine salt and a Lorentz
model with two oscillators for the emeraldine base. The surface rough-
ness was modeled using an effective medium approximation. The data
analysis was performed using the WVASE software (version 3.610)2.

Clearly, the optical properties (absorption and refractive indexes) can
be effectively modulated upon acid or base treatments. This is already
visible from the acquired ¥ and A. Quantitative analysis can be done
form the extracted n and k dispersions. Although the ellipsometry is
not the most suited method for the optical index determination (0.01
- 0.05 accuracy) it is a simple and a rapid method for its evaluation.
For example, at 2 eV photon energy (or 620 nm wavelength) the esti-
mated refractive index is 1.3 in the doped state and 2 in the dedoped
state. This is a huge variation for an optical index and could be used
to tune the optic properties of a polyaniline photonic crystal. However,
the high-absorption (and hence attenuation of the propagating waves)
of polyaniline in the visible range of spectrum could limit its applica-
bility. There are some techniques to avoid these undesirable effects (see
Chapter 2 for details).

29The Lorentz oscillator parametric model for the dispersion of the optical con-
stants of materials is derived based on the assumption that the response of electrons
in a material to a driving electric field (in this case due to the light beam) is similar
to the response of a harmonically driven mass on a spring subject to a dissipative
force. Within this analogy, the mass corresponds to the electron, the spring repre-
sents the electrostatic force on the electron due to all of the other electrons and nuclei
in the solid, and the dissipative force (friction, for the mass on a spring) represents
the electron energy loss due to emission of a photon. The Lorentz model can accu-
rately describe the optical constants of many materials, and is particularly useful for
resonant absorptive processes (dye absorption lines, vibrational bands in FTIR data,
etc.). It also has the useful property of reducing to the Drude model for free electron
absorption in the limit of an oscillator centered at zero energy, which is very useful for
transparent conducting oxides and heavily doped semiconductors. See also Chapter
2.
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Figure 4.15: Chemical tunability of optical properties of the as-synthesized
polyaniline films in the 1M HC! doped emeraldine salt (a-d) and 1M NH,OH
dedoped emeraldine base (e-h) forms. Absorption spectra (a, e). Measured el-
lipsometric angles ¥ (b, f) and A (c, g) as well as the best fits to the acquired
data using a variable angle ellipsometer (VASE, J. A. Woollam). Extracted
ordinary (in-plane) and extraordinary (out-of-plane) refraction index and ex-
tinction coefficient (d, h).
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A 7% change in the thickness was also observed between the two
forms of the emeraldine (172 nm for the base and 185 nm for the salt).
This is due to the unique chemistry of the polyaniline. The incorporation
of dopant ions is accompanied by charge repulsions and hence, volume
expansion, property that has been extensively exploited to build me-
chanical actuators using the polyaniline [275] or other conjugated poly-
mers [276]. Volume variation is known also to occur between the dry
and wet states of polyaniline, again due to the incorporation of solvent
molecules in the polymer matrix. As it will be shown in Sections 4.4.1
and 4.4.2 this actuation is rather annoying when building large intercon-
nected polyaniline assemblies.

4.3.5 Nanoscale chemistry

As has been highlighted in previous sections, one of the big advan-
tage of the electroless polymerization is that it proceeds without any
electrolytic current supply and external control. Thus, the growth can
be conducted on isolated catalyst elements only by controlling the tem-
perature and the morphology. In a series of experiments, the growth was
studied on platinum islands defined onto thermally oxidized silicon. The
square catalyst islands have been defined using EBL and metal physical
vapor deposition via a lift-off protocol (1 nm T to promote the adhe-
sion followed by 40 nm of Pt, both evaporated at a rate of 1 A/s). The
samples were subsequently cleaned in hot acetone under sonication and
prior to the polymerization reaction they were plasma cleaned and ac-
tivated. The growth was characterized using AFM, SEM and optical
microscopy. Figure 4.16 (a) shows a series of 750x750 nm? platinum
slabs covered with 200 nm of polyaniline. Each of them operates inde-
pendently and can be treated as a nanoscale polymerization reactor. As
it can be observed, all nanoreactors behave identically and each of them
produces approximately 0.15 pg of polyaniline (assuming a density of 1
g/cm3 for the polymer). Thus, the present approach allows to control
the positioning of single nanoscale polymer structures.

Subsequently, individual platinum nanoreactors have been used to
induce self-aligned 2D growth. As it can be visualised in Figure 4.16
(b), the incipient stages of growth (for a 200 nm film thickness) show
that the polyaniline pattern clearly preserves the initial shape of the
platinum islands; the white square delimits the size and the orientation
of one initial catalyst slab and it is here guide to the eye. These poly-
mer elements grown on each Pt pad do not seem to merge with each
other. Doubling the thickness of the polymer film strongly alters the
obtained structure by mutual hindrance (Fig. 4.16 c¢). In this stage, the
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Figure 4.16: Micro- and nano-scale chemistry using platinum miniaturized
reactors on an insulating substrate (Si/SiO2). (a) 4x4 um? AFM topography
image and height profile plot of polyaniline slabs grown on top of platinum
islands. 7x7 pum? AFM surface plots (b, ¢ and (e)) and SEM top view (d)
evidencing 2D self-aligned growth for different polymer coverage and growth
configurations. See text for details. Color scale bars: (b, e) 0-500 nm and (c)
0-1000 nm.

central PANI squares are rotated by 90° while the frontier ones are best
described by a pentagonal shape (delimited here by the dashed lines).
During the reaction, the formed polyaniline is in its doped state due to
the protonation at the imine nitrogen by the acidic medium to yield a
polysemiquinone radical cation. This induces a surface charge on the
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Figure 4.17: Micro- and nano-scale chemistry using platinum and gold minia-
turized reactors on an insulating substrate (Si/SiOz). 4x4 pym? AFM surface
plots with the respective height profiles for (a) 1.2x1.2 um? Pt - Au and (b)
1.1x1.1 pm? Pt - 0.66x0.66 ym? Au alternatively connected pads. The thick-
ness of both metals is 50 nm.

polyaniline which probably is at the origin of the electrostatic repulsion
between the growing polymer blocks. However, other parameters, such
as the interface with the substrate, might interfere and contribute to
the pattern reorganization. Intermediary shapes could be visualized to-
gether with the fact that the joining occurs through the formation of
polyaniline nanofibrils [277|. For example, Figure 4.16 (d) shows a SEM
image?!, in which a series of polyaniline octagons originated from square
platinum elements are visible. Zooming in the joining area indeed il-
lustrated the presence of PANI nanofibrils. It has been suggested that

21 A 15 keV electron beam was used to enable transparency of the polyaniline layer
and vizualisation of the platinum elements.
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the metallic surface is endowed with a common electrode potential for
both the electrochemical half-reactions, the open-circuit potential [264].
As the nanoreactors are lying on an insulating substrate, each of them
is endowed with this potential and the tiny electrical potential differ-
ences that arise between them materialize into the polyaniline nanowires.
While the open-circuit potential could also contribute to the electrosta-
tic repulsion between growing elements and the self-arranged pattern
formation our experiments rule out this supposition. A fully evaporated
(i.e. a Pt thin film, to ensure electrical shorting between the ”catalyst
elements”) sample was used. Using EBL, squared masks (having the
same size as the platinum elements in previous experiment) have been
opened in a PMMA mask and the sample was reacted in the same man-
ner. The same surface pattern reorganization behavior of polyaniline was
observed though, this time, the ”"platinum elements” are interconnected
and the possible charge differences should be nulled. Following the same
rationale, one can reason that once the polyaniline elements are joined
(somewhere in between (b) and (c)), due to the electrical conductivity
of polyaniline, the same charging effect should equal on all elements and
no more charge differences should arise. Thus, the electrostatic repul-
sion of charged polyaniline surfaces during the growth remains one of
the most plausible explanation for the observed behavior. However, a
flagrant consequence of the open circuit-potential charging is that the
growth can be extended to virtually any type of conducting material in
contact with platinum, thus further increasing the applicability of the
method.

The same type of growth was achieved on Awu islands provided that
they are electrically connected to Pt catalyst pads. To study that, EBL
and lift-off metal deposition was used to define a series of platinum and
gold nano- and micro-scale catalyst elements. First, a series of Au slabs
with various sizes (1 nm 7" adhesion layer and 50 nm Awu deposited both
at 1 A /s) were defined on a thermally oxidized silicon wafer. At the same
time, two sets of alignment marks were also defined. In a second step,
EBL and metal lift-off was used to define the platinum component of
the catalyst elements (1 nm 7% adhesion layer and 50 nm Pt deposited
both at 1 A /s). The first set of marks ensured a good overlay alignment
with the existing gold pads. The design was chosen in a such a way
that some dual platinum and gold elements were interconnected whereas
some of them not. The second set of marks was used further to define
the nanochannels in the PMMA layer for subsequent template confined
polymerization. This will be detailed in Section 4.4.1. At this stage, the
structure of samples was sufficient to study the mechanism of the growth
on dual catalyst elements. Prior the polymerization, the samples were
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cleaned in acetone under sonication and plasma treated and activated.

There are several interesting characteristics of the induced growth on
Awu. First, no polymerization occurs on isolated Au islands (Fig. 4.17).
Obviously, this was expected, as the gold is known to have no catalytic
activity and no growth was detected when gold metallized samples were
dipped in the polymerization media during several days. Second, when
the Pt and Au components are in contact, polyaniline grows on gold
affecting at the same time the polymerization on platinum. The PANI
thickness grown on Au is typically larger than the thickness of the PANI
block grown on the connected Pt nanoreactor. This is probably related
to the differences in the surface roughness for the respective metals (0.73
nm for Pt and 0.87 nm for Au on thermally oxidized silicon), corroborat-
ing the data presented in Fig. 4.14. Third, a simple scaling rule can be
used to estimate the thickness of the polyaniline grown on each metallic
element. The quantity produced on an interconnected Pt - Au reactor is
equal to the quantity produced by a single isolated Pt reactor, provided
that both Pt sites are identical in size. This is exemplified in Fig. 4.17.
By calculating the volume of produced PANI, we found that the single
Pt and the interconnected Pt - Au reactors approximately produced 0.45
pm? and 0.42 ym? (panel (c)) and 0.32 um? and 0.30 um? (panel (e)) of
PANI, respectively. This data provides insight into the polymerization
mechanism. The oxygen is reduced on the platinum surface (consuming
the electrons through the cathodic half-reaction), while the aniline is oxi-
dized on both platinum and gold surface if they are connected (providing
the electrons through the anodic half reaction). Consequently, whether
in contact or not, the total charge balance has to be the same, mean-
ing that the quantity of polyaniline (i.e. the thickness) will be mainly
governed by the platinum catalyst. This scaling rule has been verified
multiple times and on different samples??.

The growth was induced on silicon and porous silicon as well. First,
this was observed during the growth calibration on platinum coated sili-
con wafers. As mentioned earlier, during dicing, the platinum was spread
and created an electrical contact with the underlying silicon layer (espe-
cially when highly-doped silicon wafers were used). During the polymer-
ization, polyaniline was present on the metal surface and on the edges of

ZHowever, due to different degree of catalyst contaminations (insufficient plasma
activation, resist residuals) on some samples differences in growth between apparently
similar platinum slabs was observed. As well, when big gold pads were in contact
with small platinum areas, no growth was detected on both if they were in contact
with the solution. Upon suitable masking of gold, the growth occurred in a normal
way on the platinum. Thus, this could be used either to induce the growth on gold
or other metals or to partially block the polymerization on platinum.
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samples as well. Sometimes, when scribing the back-side of the wafers
(using a diamond scriber and thus removing the silicon oxide layer) the
growth occurred on the scratched areas. See for example Figure 4.18 (a).

Figure 4.18: (a) Back-side of a metalized sample showing the polyaniline
growth on the edges of sample and on the scratched areas. The inscription was
done using a diamond coated tip. (b) Cleaved SEM view of a polyaniline -
porous silicon - silicon multilayer. (c) Side view of the polyaniline surface mor-
phology grown on oxidant decontaminated porous silicon. Inset: 1x1 um? view
of the cleaved sample showing the uniformity of the growth layer. (d) Irregular
structures obtained when not sufficiently rinsing with water the samples prior
to the polymerization.

Interestingly, the polymerization was difficult to achieve on the pol-
ished side of the silicon wafers. Some experiments were conducted with-
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out any successful results. Highly-doped silicon wafers®? were first cleaned
and subsequently immersed in HF 2% to remove the native oxide and
to allow for good electrical connection between the metal and the plat-
inum. Shortly after, the wafers were mounted in a high-vaccum chamber
and 100 nm of platinum were deposited on the back-side (unpolished)
of the wafer. The electrical connection between the metalized part and
the polished side of the wafer was tested using a multimeter. Next,
the wafer was diced in small 1x1 cm? chips and tested for the poly-
merization. Cleaning of the front silicon side and platinum activation
was performed using a freshly prepared Piranha solution. Unexpectedly,
no growth was detected on the silicon whereas on platinum it occurred
in a classical way. This may be attributed to the flat surface of sili-
con and hence, very low number of active sites for the electrochemical
reaction. Even if the platinum is in contact with the silicon and the
charge transfer can occur, the polymerization rate on polished silicon
is low. Probably, scribing with a diamond tip induces nucleation sites
and accelerates the polymerization. A different situation was observed
when using nanoporous silicon. The porosity was induced using metal
assisted chemical etching via the catalytic effect of the same back-side
metalized platinum. Thus, platinum plays a dual-catalytic role. First, it
is used to assist the chemical etching of the silicon and subsequently to
induce the aniline polymerization. More details on the fabrication and
mechanism of the catalytic wet etching will be given in Section 5.1. In
these conditions, the polymerization occurred on both, catalyst metal-
ized back-side of the wafer and porous silicon film on front side of the
wafer (Fig. 4.18 b). The nanoscale confined growth on porous silicon
is possible as well (see Section 4.4.1) offering the possibility to fabricate
various nanoscale organic optoelectronic devices, for examples a hybrid
organic-inorganic nano light-emitting device [278|. Accidentally, differ-
ent morphologies have been found to occur depending on the cleaning
and treatment conditions prior the polymerization. For example, when
using Piranha to clean (both surfaces) and activate (only the platinum
layer) different morphologies of polyaniline grown on top of porous sil-
icon were observed (Fig. 4.18 (c) and (d)). If the samples were rinsed
thoroughly with water (eventually left in water) a uniform coating was
detected (c), while if rinsed insufficiently, a nonuniform, bump-like coat-
ing was detected (d). This was attributed to the remaining oxidant
(unreacted H2O2, known to react with the aniline) in the porous matrix
of the silicon inducing an irregular nucleation and polymerization on the

BNEYCO s.a.; Silicon wafer, 3AC, elaboration CZ, Orientation [111], dopant : type
N, dopant As, resistivity 0.001-0.005 Q2cm, thickness 380 pm, single side polished.
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surface. Interesting, yet unexplained for the moment, is the presence of
protruding polyaniline fibrils on the surface of uniform coated samples.

4.4 Template confined polymerization

Taking in consideration the mild polymerization conditions and the
compatibility of the synthesis with the EBL fabricated PMMA templates,
we have succeeded to pattern the polyaniline with an unprecedent resolu-
tion, areal pattern density and 3D structural complexity. In the following
Sections we will treat the main aspects, achievements and encountered
problems. First, 2D template confined polymerization and structuring
is discussed. 3D systems offers additional possibilities and are presented
next. Finally, the high 3D structural control offers subsequent hierarchi-
cal functionalization and guided assembly.

An hierarchical approach was used to multiscale pattern the polyani-
line. A schematic representation is given in Fig. 4.19. Various possibili-
ties are offered by this methodology, each of them depending on the final
application. The first step is the choice of substrate. Rigid opaque sili-
con, transparent glass or flexible substrates such as teflon (Teflon®FEP)
or polyester (Mylar®A) have been successfully used to obtain polyani-
line films or nanostructures. Step 2 representing the catalyst coating,
could be also divided in multiple choices. Patterned or not, with addi-
tional dual-metal sites, again either in contact or not. Polyaniline growth
(step 3) could be also divided into multiple configurations. Film coat-
ings as well as and 2D or 3D nanoscale structuring on uniformly catalyst
coated samples can be realized. Nanostructured growth is possible EBL
fabricated templates or not, by using miniaturized polymerization re-
actors either in single or dual metal catalyst configuration, the latest
being subsequently divided into interconnected type or not. As it can be
observed, there are many possibilities to grow and structure the polyani-
line. Further steps in the hierarchy could be added upon subsequent
functionalization or assembly of the fabricated structures. Another im-
portant aspect is the scalability of the process. From the Fig. 4.19 (and
from the data presented in Section 4.3.4) it can be deduced that no re-
strictions are imposed to the patterning scale or design. Moreover, as
it was shown in Section 4.2.3, high precision 3D structuring is possible
using engineered templates. It will be shown further that this precise
3D shaping is very useful for subsequent functionalization and geometry
driven (and locked) assembly.
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Figure 4.19: Simplified view of the hierarchical approach followed in this work
to structure polyaniline.

4.4.1 2D structuring

In this Section, 2D structuring of polyaniline is presented. The spa-
tially confined aniline polymerization is performed using nanofabricated
templates generated by EBL. Given this mild polymerization chemistry,
standard PMMA positive resist has been employed as template precur-
sor. While resolution as high as 10 nm can be routinely achieved in
PMMA, its poor mechanical and chemical resistances do not straightfor-
wardly ensure further high-fidelity pattern transfers. Reactive ion etch-
ing is prohibited due to the low etch selectivities that can be achieved.
Typically, PMMA is used to pattern an intermediated sacrificial (C'r,
Si0s9) layer which is subsequently employed to define the desired layer.
This adds additional processing steps and hence stepwise increase in the
defects numbers and gradual loose of the initial resolution (implying la-
borious designing). Unfortunately, this holds for other type of resists as



4.4. Template confined polymerization 157

well. This is technologically important since high-aspect ratio and high-
density pattern transfer from the resist template to a desired material is
typically troublesome, and so far, has been limited to very few materials.

Some materials are even impossible or not recommended to be pat-
terned in a such a way. Conjugated polymers is one example. Spin on
resist and thermal treatment, lithography (EBL or high-energy photon)
and RIE or other pattern transfer protocols can irreversibly damage the
electronic properties and the chemical structure and hinder their further
utility. Moreover, similarities in chemical structure with the standard
resist formulations compromise high selectivity in etching rates and thus
high-aspect ratio patterning. Our protocol proceeds in a non-destructive
way by using the resist patterns as polymerization templates and not as
pattern transfer masks.

A typical procedure consists in a 3 steps processing protocol. First,
the catalyst is applied on the substrate, either full sample evaporated
or structured. Next, the desired PMMA thickness is deposited by spin
coating and the pattern is irradiated using EBL. The thickness of the
resist will set the processing scale and the maximum thickness of the
fabricated nanostructures. High molecular weight (950k) PMMA was
used for the EBL in order to achieve the best resolution and contrast
necessary for the fabrication of high-aspect ratio nanochannels. PMMA
with various formulations (2%, 4%, 7%, 9% and 11%) in chlorobenzene
or anisole were used for the template precursor preparation. The PMMA
films were made either by coating one thick layer from a concentrated
solution at low spin speeds or by multiple coatings from diluted solutions
at higher spin speeds. After coating, the samples were baked at 130°C
for 24 hours to remove the residual solvent and release the residual stress
(especially for thick films).

The exposure was performed either at 30 keV using a modified Scan-
ning Electron Microscope (FEI X130) with the help of Elphy Plus (Raith)
pattern generator, or at 100 keV using a high resolution electron beam
lithography system JBX-9300FS (JEOL). The resist thickness and the
typical exposure doses for high-resolution and up-scaled polyaniline pat-
terning are 65 - 260 nm, 2 - 7 fC/dot (single shot or dot exposure type
was used) and 500 - 4000 nm, 0.2 - 3 mC/cm?, respectively. The de-
velopment of the exposed areas was performed in a MIBK/IPA mixture
(1/3 v/v) with ultrasonication (1 - 15 min, depending on the processing
conditions and targeted resolution) followed by rinsing with IPA (1 - 2
min) and DI water (2 min) and eventually gently blown dry with Ny or
simply let to dry in air. Prior to polymerization, the bottom surface of
the nanostructured templates was cleaned and activated as presented in
Section 4.3.4.2. The etching times were adjusted in order to minimize
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the enlargement of the exposed areas. Typically, we used the shortest
times for the thin and the high resolution templates. The filling fraction
of the nanochannels accommodated within the templates was set by the
polymerization time (Fig. 4.14). The growth can be stopped and in-
spected at any time by removing the samples from the reaction media
and then continuing the polymerization by reintroducing them into the
reactor.

After the polymerization, the samples were washed with DI water and
then re-acidified with 1M HCI. The template release was performed
in hot acetone followed by rinsing with IPA or acetone. To avoid the
destructive effects of surface tension during solvent removal, critical point
drying was applied. The technique relies on exchanging the initial solvent
(IPA or acetone) with liquid C'O3 in a cooled, high-pressure chamber (10 -
12°C, 4.1 - 4.8 MPa). Upon complete solvent exchange, the temperature
is raised to bring the liquid C'O3 to its critical point (31.1°C, 7.38 MPa)
which is then subsequently evacuated as a gas.

High-areal density patterning is presented in Figure 4.20. The dots
are uniform in diameter (22+0.7 nm) with no parasitic growth being
detected in between. The height is ~ 30 nm as measured in SEM cross-
section analysis. The EBL pattern was written in a 65 nm thick PMMA
resist deposited on 130 nm platinum films (the fine structure of the seed-
ing layer is also visible). No difficulties were found for structuring up
to pattern densities of 0.28 teradot/inch? (in occurrence, Fig. 4.20 (c)).
This represents an unprecedent areal pattern density for functional con-
jugated polymers?. Preliminary tests shows that even higher structuring
density is possible: 40 nm pitch, equivalent of 0.44 teradot/inch? (Fig.
4.20 (d)). Direct imaging in a SEM of sub 15 nm dots is quite difficult as
the charging effect and the fast degradation of polyaniline occur. Only
the presence of dots is detectable without the clear visualization of the
spots morphology. This effect is also visible on the rest of the panels
in Figure 4.20: blackened and whitened spots are clearly visible?®. As
the electrical bistability was already demonstrated in polyaniline nanos-

2In literature, reports on higher structural densities are not so abundant. For
example, the process for fabricating NIL molds with high-density patterns and then
pattern transfer by NIL has barely improved during the last decade since the demon-
stration of a 400-gigabit/inch? storage density in 1997 [279]. Only recently, challenges
related to the fabrication and pattern transfer of 1 teradot/ inch? patterns using EBL
have been treated [180,181]. Even if the desired patterning density was achieved (by
using thin layers of HSQ resist), pattern transfer is not convincing and again was
limited to the silicon (material for which the etching protocols well documented).

25In the first moments of the visualization, all of the spots appear as white dots.
Upon continuous electron exposure, they are turning into blackened, hardly visible
spots.
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Figure 4.20: High-areal density patterning of polyaniline. (a) Polyaniline dots
patterned at 100 nm pitch. (b) Wide-field view of 75 nm spaced polyaniline
dots. (c) Close-up on 50 nm pitch square arranged polyaniline dots. (d)
Evidence for 40 nm pitch patterning. The patterns were generated using a 100
keV beam in a 65 nm thick PMMA resist film. Aniline polymerization was
induced by a 130 nm platinum film. The fine structure of the seeding layer is
visible cleaned by 3 to 5 s plasma exposure.

tructures and in gold-polyaniline nanocomposites, the applicability of
the fabricated nanodots for the high-density data storage systems can
be envisioned. The use of a conductive AFM tip to probe their elec-
trical properties is one interesting experiment to be performed and it is
currently under study.

Different is the situation if one desires to fabricate higher aspect ratio
nanostructures. Obviously, this implies the use of thicker resists while
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Figure 4.21: MC2 nanoscale inscriptions written out of individual nanowires.
The thickness of the PMMA and the developing protocol were the same for all
cases. From (a) to (c) the overall size of letters and exposed spots was gradually
decreased. Individual pixelization is present in (a). Joined yet still detectable
traces of the exposed pillars are visible in (b). Complete pixels merging for 100
nm wide letters (c).

keeping the same resolution. As was discussed in Section 4.2.1.1 only
high-energy electron beams are suited for high aspect ratio patterning.
However, there are some limitations. Especially concerning the pattern-
ing density. Structures presented in Figure 4.20 show that it is possible
to fabricate very dense structures. One should take into account that for
the fabrication, 65 nm PMMA films were used. Respectively, filling up to
the top of templates will result in something like 65 nm high, 10 - 20 nm
in diameter pillars (quite low aspect ratios). Increasing the thickness of
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the PMMA precursor can improve that, yet, with the expense of loosing
the areal density. On example is given in Figure 4.21. Though, it may
look as an artwork or a waste of time to expose ”useless” patterns, this
example gives a good view of the achievable patterning density using
the same resist thickness. The patterns represent the inscription MC2
initially designed to appear as made out of individual nanowires. The
thickness of PMMA was 250 nm for all the cases. Clearly, for 100 nm
spacing and 50 nm pillars diameter, ”pixelization” is possible (Fig. 4.21
(a)). Making the letters smaller and smaller diminishes the possibility to
realize the pattern from distinct nanowires. However, the pattern design
remains imprinted in the obtained structure. As discussed in Section
4.2.1.1 forward scattering widens the size of the beam and combined
with the backward scattering (in this case quite important as 130 nm of
platinum was used) enlarges the exposed pattern. Other influencing fac-
tors are the dark erosion of the partially exposed parts in the developer,
enlarging of the revealed areas during the plasma activation (5 to 10 nm
of stripped PMMA) and the mechanical stability of the template dur-
ing the manipulation. Thus, high-aspect ratio combined with high-areal
density patterning has some limitations.

By decreasing the spatial density, high-aspect ratio patterning was
possible. Structuring resolution as high as 15 nm is demonstrated by
fabricating vertically standing, 15 nm in diameter, polyaniline nanowires
(Fig. 4.22 (a) to (c)). This was the minimum size of the nanowires that
preserved their structural and alignment integrity throughout the tem-
plate release, drying and sample manipulation. Nevertheless, ultra-high
resolution pattern transfer down to 6-nm is demonstrated (Fig. 4.23).
Worth mentioning is the importance of the critical point drying tech-
niques during the template release. Of course, depending on the appli-
cations, the template encapsulation can be preserved. In preliminary
studies, the template was removed to enable the characterization of the
obtained structures. The samples were actually dipped in boiling ace-
26 When the PMMA was considered as completely removed the
samples needed to be dried out.

tone

26 Tt was found that dipping them in cold acetone altered the ordering of the polyani-
line structures. It is well known that the dissolution of many polymers (PMMA in-
cluded) occurs by solvent swelling of the polymer matrix and subsequent dissolution.
Swelling is accompanied by a volume expansion and hence, may affect the order in
the fabricated architectures. In our experiments it was observed that when dipping
the samples in boiling acetone, the PMMA was removed in few seconds (nicely de-
tected by the appearance of thin-film interference colors on the surface of the samples
indicative of the PMMA gradual removal), while by dipping in cold acetone, PMMA
removal required minutes. Moreover, dipping in cold acetone was accompanied by
the appearance of cracks all over the surface, signs of stress induced cracking events.
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Figure 4.22: (a) - (c¢) Examples of fabricated polyaniline nanowires. The
diameter is ~ 15 nm and the height is more than 200 nm. The same scale
bar applies for (a), (b) and (c). (d) Square lattice having a period of 200 nm,
nanowire height of 400 nm and diameter of 65 nm. (e) Wide-field view of a
defect-free triangular lattice and (f) linear defect in a 2D post-type photonic
crystal structure having periods of 500 nm. For insight into the scalability of
the method, the small area highlighted in the middle of the panel (f) has the
same size as the area presented in panel Figure 4.20 (c).

First experiments were realized just by removing the samples from
acetone and let dry in air. This was found to be a very unsuited way to
preserve the vertical alignment of the fabricated pillars. Subsequently,
fast removal out of boiling dichloromethane (C'H2Cly) was used. Since
it posses a very low surface tension and a very high volatility it had a
less damaging effect on the pillars integrity than acetone. However, it
was sufficiently good to apply this technique for relatively big structures
(more than 100 nm in diameter). Smaller nanowires were still affected
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by the solvent capillarity effects?”. Only by using CPD, it was possible
to retain the vertical alignment. However, the first "unsuccessful” drying
experiments have led to the observation of interesting nanoassemblies,
which were subsequently improved. They will be discussed in detail in
Section 4.4.3.

By carefully removing the template with CPD, large area nanostruc-
turing was achieved. Square and triangular lattice arrangements, com-
posed of polyaniline nanopillars, patterned over various scales, were fab-
ricated. High-density, high-aspect ratio patterning was easier to achieve
using a 100 keV electron beam. The long-range proximity effect avoids
non-uniform exposure of central and edge structures in dense lattices
and no proximity corrections were needed to pattern the polyaniline
nanowires over large areas. Panels (d) and (e) in Figure 4.22 provide
some examples: 200 nm pitch lattices with 400 nm height nanowires are
easily achieved. Large (100x100um?) areas with no defects and uni-
formly distributed polyaniline nanowires were patterned as well. The
EBL pattern design are easy to change and point or linear defects could
be effectively patterned. Panel (f) in Figure 4.22 presents a line defect
in a 2D post-type photonic crystal structure.

Eventually, sub-15 nm nanowires demonstrated the ultra high-resolution
capability of the method. Their structural stability was found to be
very diminished due to the high-aspect ratio combined with a very low
base diameter. Ordered arrays were not detected. Single or bunches of
nanowires were sometimes visualized on the samples. Presumably, the
nanowires are detached during the template release and removed away by
the solvent. The fabrication of even narrower nanowires required some
special tricks and the reproducibility was quite low (Fig. 4.23 (c) and
(d)). Nevertheless, the ultimate intrinsic resolution in PMMA (which is
considered to be in the range of 7 nm) is demonstrated. Not the achieve-
ment of this ultimate resolution in PMMA is the most important, but
the ability to transfer the pattern at this scale to an active material. It
is possible that, at this scale, the polyaniline nanowires are in their crys-
talline phase. TEM inspections are required to verify this hypothesis.
Nanowire transfer from the original substrate to a TEM grid and their
subsequent characterization is currently under development.

It was found that the polymerization occurs slower (by a factor of 0.85
- 0.95) in template confined media than in open systems (see Fig. 4.14).

2TUntil the CPD was installed in the new laboratory it was the only good working
recipe for the samples drying. Other methods could be used as well, though, due to
limited technical capability, they were not optimized. For example, exchanging the
working solvent with tert-butanol and subsequent freezing and vacuum drying is one
option.
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Figure 4.23: (a), (b) 15 and 10 nm diameter polyaniline nanowires, respec-
tively. (c), (d) Sub 10 nm diameter polyaniline nanowires. The structural
integrity is slightly altered. The exposure was performed using a 100 keV
beam. Single shot (or spot) exposure was used. Thus, the resolution is dic-
tated by the intrinsic achievable resolution in PMMA. The development was
special as well. Compared to other samples were the development was per-
formed using short exposure to ultrasonication, in this case whole development
was performed under sonication. This enhances the solvent exchange, reduces
the developing time and minimizes the dark erosion. It can be also observed
that the nanowires are not uniform along their axis with a rather negative ta-
per angle. Presumably, at this scale, a crystalline phase in polyaniline could
be expected.

This could be explained by the slow diffusion rates of the fresh reactants
along the template channels?®. Another factor could be insufficient cat-

28 Although, given the relatively slow polymerization rates, and the diffusion time
scale compared to the polymerization time it may be that other factors are influencing
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Figure 4.24: If the polyaniline thickness is greater than the thickness of the
template, mushroom-like structures are obtained (a and b). Partial or complete
joining of the polyaniline caps resulted in a hexagonal mesh pattern (c) or a
continuous film (d) on top of the pillars. The flooded polyaniline parts may
play useful roles, for example, when realizing a top electrical contact or as a
counter-plate for two-dimensional confinement of propagating waves. It has as
well a negative effect on the structural integrity of the underlying pillars. As it
can be observed in panel (d) the pillars are bent. Drying induces a shrinkage in
the polyaniline overlayer while the bottom part of the pillars is still attached to
the surface provoking the deformation of the lattice. The samples were exposed
at 100 keV (a) and at 30 keV (b) - (d).

alyst activation. Very short plasma exposure times were used in the case
of high-resolution patterning. Presumably, due to the high-aspect ratio
of the channels and flash exposure to plasma, the bottom of the template
was not activated to the same degree as for the case of open systems and

this reaction slow down.
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hence, the polymerization rate was lower. However, the reproducibility
from sample to sample was good and when new patterns were studied a
preliminary growth calibration was performed. The maximum height of
the nanopillars was determined by the thickness of the resist layer. If the
growth was allowed to continue above this point, progressively distinct
or interconnected mushroom-like caps and continuous polymer films on
top of the nanowires were obtained (Fig. 4.25).

Interesting to observe is also the effect of the exposure energy on the
taper degree of structures. Patterns presented in panels (b) to (d) in Fig.
4.24 as well as those presented in Fig. 4.25 were exposed at 30 keV. One
can notice easily either the strong positive taper (making abstraction of
the diameter modulations) in the fabricated nanostructures or a bump-
like morphology. This is the combined effect of the forward and backward
scattering effect and obviously, the exposing dose. High doses will always
yield positive taper while lower doses, either negative or mainly bump-
like pillars. At this energy the proximity effect is very important and
large variations in the nanowires diameter were observed depending on
their position, within the same pattern. In the case of 100 keV exposure,
the dose range to fabricate 0 taper pillars was quite large (either the
spots were not exposed for small doses or positive taper was obtained
for very high doses), for 30 keV this was more complicated. Fine dose
tunning, strongly dependent on the resist thickness and pattern density
was required and was not always easy to achieve.

Figure 4.25 show some examples of ultimate resolution patterning
and processing. We call it wultimate not because of the reduced dimen-
sion (which is not so small in this case) but because of the ability to
define and grow a precise number of nanowires at a desired position and
configuration without any invasive external control. The same type of
”chess” structures as discussed in Section 4.3.5 were used for the confined
growth. On the pre-existent pattern (platinum and gold slabs, either in
contact or not) various exposure configurations were used. A series of
single or double nanochannels on each metallic element, only on plat-
inum or on gold were defined. After a standard catalyst cleaning and
activation, the samples were dipped in the polymerization reactor and
the growth was allowed to occur above the flooding point. Compared to
the open system growth, additional polymerization configurations could
be studied. For example, the absence of the polymerization on a gold
slab connected to a platinum slab with only the first one being exposed
to the polymerization media (by defining the channel only on top of the
gold island) was possible to detect. This clearly shows the importance
of the platinum layer being in contact with the solution. When the ele-
ments were electrically connected and both in contact with the solution,
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Figure 4.25: (a) Single polyaniline pillars grown on 1x1 um? interconnected
gold (lower left) and platinum (upper right) islands. (b) Extended 3x3 arrays
of alternately connected 0.5x0.5 pm? gold and 1x1 pm? platinum catalyst
sites. One and two nanopores have been patterned in the resist, respectively.
No signs of polyaniline growth can be detected on the gold pads that are not
in contact with the platinum, although a nanopore has been patterned at their
center. The miniaturized reactors are patterned on an insulating SiO2/S%
substrate. Insets: bright-field optical micrographs evidencing the nanoreactors
dual nature. The scale bar is set by the size of reactors.

the polymerization occurred on Pt and Au (Fig. 4.25 (a)). One can no-
tice that the "mushroom” cap is bigger for the structure grown on gold
(both of pillars having the same diameter and height) corroborating with
the data presented in Figure 4.17. Obviously, no pillars were detected
on single, isolated gold slabs and the quantity of polyaniline was divided
between the platinum and gold pads whenever they were in contact (Fig.
4.25 (b)). Square slabs were used in this experiment to study and exem-
plify the possibilities of this method. However, the growth is expected
to occur in the same manner on micro- and nanoelectrodes opening the
possibilities for single polyaniline nanowire device fabrication.

4.4.2 3D structuring

The same approach was applied for 3D structuring of polyaniline.
Instead of using single layer resist precursors, multilayered resist stacks
were used to define the polymerization templates. The rationale behind
this advanced 3D structuring was presented in Section 4.2.3. Multiple-
layer stacks were obtained by sequentially coating PMMA and PMMA /
MAA. Each layer deposition was followed by 10 min baking at 130°C. At
the end, all substrates were kept at 130°C at least 24 hours and slowly
cooled down (20°C per hour) to reduce the residual stress in the resist
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Figure 4.26: Examples of fabricated structures using resist and dose modu-
lated 3D EBL. (a) Arrays of diameter modulated polyaniline nanowires. (b),
(c) Complementary structured modulations obtained by inverting the coat-
ing sequence. Each modulation is 300 nm thick. (d) Branched polyaniline
nanopillars. (e) Hyper-branched nanopillars obtained by adding additional
criss-crossed lines to the branched pattern. (f) Array of six-branched nanopil-
lars with a central three-sided structure (pillars pitch 3 um). (g) Array of
two-branched pillars with a ”bee-like” morphology (pillars pitch 3 um). The
"bee wing” is the outcome of the stress induced cracking in the resist film nu-
cleated by the aligned side-branches. The thickness of the crack is 10 - 15 nm.

See Figure 4.7 for the possible propagation length of the cracks. Scale bars: 1
pm (a); 500 nm (d) and (e).

films. Typical exposure parameters for resist- and dose-modulated 3D
EBL were: 300 - 1500 ¢C/cm? and 30 - 200 uC/cm? exposure dose for
central pillars and side branching, respectively with 6 - 15 min developing
time at 100 keV. Lower doses (200 - 600 xC/cm? and 20 - 60 uC/cm?)
have been used at 30 keV. The absolute values for the EBL processing are
strongly dependent on the exposure energy, substrate type and pattern
density and were calibrated accordingly. Due to the thick resist films
used and complex geometry of the templates the plasma cleaning and
activation times were larger than in the case of 2D high-resolution pat-
terning (typically in the order of tens of seconds). After the growth, the
samples were treated in the standard way and the template was removed
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(with the same precaution as for 2D structures). Examples are given in
Figure 4.26.

Figure 4.27: (a) Polyaniline cubic lattice having the elemental cell of 500
nm. (b) Tetragonal (or square cuboid) lattice. The structure could be also
visualized as a series of suspended chess-boards planes suspended by central
pillars. The middle crack originates from the shrinkage of polyaniline during
drying process. Scale bars: 500 nm.

Arrays of diameter modulated nanopillars were obtained by exposing
only the central spots at a high-dose (Fig. 4.26 (a)). Complementary
disposed modulated structures were simply obtained by inverting the
coating sequence using the same resist formulations and coating con-
ditions (Fig. 4.26 (b) and (c)). As detailed in Section 4.2.3, expo-
sure of side lines at a lower dose creates internal protrusions in the re-
sist layer, which after template inversion provides branched nanopillars.
The branched structure presented in Figure 4.26 (d) was obtained by
exposing a central pillar and 4 side lines. Due to this type of expo-
sure, the branches are produced in a self-aligned way. Hyper-branching
was achieved by exposing additional criss-crossed lines, orthogonal to
the first-order branches (Fig. 4.26 (e)). For this kind of structures,
two taper degrees have to be defined: for the central pillars and for the
modulations. The first one was typically chosen (and relatively simple
to adjust) to be close to 0. The taper degree for the modulations was
more difficult to control. The PMMA(8.5)MAA being more sensitive,
it was not easy to adjust its exposure degree by the forward and back-
ward scattering effects. More important, however, was the development
of the exposed area. For the post-type structures, the development (ar-
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rival of fresh developer and removal of the dissolved components) occurs
through the hole defined in the top-most layer. More the internal struc-
turing is complex (large exposed volumes) more time will take to clear
adequately the respective amount. In turn, this will imply more pro-
nounced dark erosion, resist swelling (accompanied by resist cracking)
and more prolonged use of ultrasonications, degrading the template and
hence the final structure. Exposing less the samples to the developing
media will result in non-uniform removal of the exposed parts along the
depth of the templates. For example, it can be observed in panels (d)
and (e) in Figure 4.25 that while the central post has a 0 taper degree,
side structuring has a negative tapering. This is more pronounced in
the case of hyper-branched structures. While the top-most shapes are
clearly-defined , lower parts are less pronounced, eventually appearing as
simple branches for the lowest levels. It is straightforward that the first
levels will be more exposed to the developer and reproduce with high-
fidelity the exposed pattern design. However, this was only the case of
complex post-type structures. Simple, only modulated pillars have been
systematically fabricated having a 0 taper degree for the central post and
positive for the axial modulations. Their progressively increased size was
extensively exploited for subsequent functionalization and assembly.

When the side-branches were designed to be close enough to join them
selfs, complex lattices have been obtained. By adjusting the thickness of
each layer (250 nm) with the exposed pillars pitch (500 nm) and adding
side-lines in between them, cubic lattices were fabricated (Fig. 4.27 (a)).
The initial templates have as well a cubic lattice symmetry. Though they
were composed of chemically different constituents, the difference in their
refractive indexes is extremely small, and from the optical point of view,
the structures could be considered as made out of a single component,
the PMMA?. Subsequent modification of the pillars pitch, resist stack
components thickness and exposure dose extends the variety of fabricated
structures. For examples, suspended square shapes were fabricated (Fig.
4.27 (b)). The ability to sculpt desired shapes with a high geometrical
control could be very useful for subsequent processing applications. For
example, the squared shapes of the holes as well as their progressively di-
minished size could be exploited to build up stacked split ring resonators

The Cauchy coefficients (A, B and C) for PMMA and PMMA(8.5)MAA are:
1.488, 2.898 1073, 1.579 10~* and 1.478, 7.204 103, -3.478 10~ *. Cauchy’s equation
is an empirical relationship between the refractive index and wavelength of light used
for transparent materials: n(\) = A+ /\% + )\% +... where n is the refractive index, A is
the wavelength in pm and A, B, C are the empirical coefficients. Substituting, we can
see that at 636 nm the refractive index for PMMA is 1.496 and for PMMA(8.5)MAA
is 1.494.



4.4. Template confined polymerization 171

(for instance, by evaporating gold under an angle with respect to the
sample surface). The self-alignment induced by the fabrication protocol
could render the realization in just one step of photonic metamaterials
in contrast to actually used, layer-by-layer techniques [64]. In the sub-
sequent, some other fabrication aspects regarding the functionalization
and the assembly of fabricated polyaniline structures are presented.

4.4.3 Nanocomposites and macroassemblies

The wide diversity of states in which the polyaniline can exist to-
gether with their tunable and reversible optoelectronic, mechanical and
surface properties through simple chemical and electrochemical processes,
are now elegantly complemented by the ability to ultimately nanostruc-
ture and manipulate them. In occurrence, the composition of present
2D and 3D polyaniline architectures can be easily modified by molecu-
lar functionalization without affecting their geometry. Acid-base doping-
dedoping, various redox modifications, electrophilic and nucleophilic aro-
matic additions or amine and imine groups modification clearly could en-
large the functionality of the fabricated structures. First, different types
of nanostructured gold-polyaniline composites were prepared through
simple chemical or physical modifications. Polyaniline - gold nanopar-
ticles composites, with enhanced characteristics as compared to parent
constituents, yet exploiting the physical properties of the host as well as
the guest, are interesting for a wide range of possible applications [280].
For example, we have found out that the fabricated polyaniline archi-
tectures preserve their electrochemical activity by enabling electroless
reduction of [AuCly]~ (Fig. 4.28 (a)). The process has been extensively
studied for the recovery of precious metals from the industrial wastes.
Electroless recovery of gold ions by the polyaniline has been found to
occur through the increase in the initial oxidation state of the polymer
followed by subsequent reprotonation and reduction to restore the pri-
mary polymer composition. Note that degradation of the polyaniline
matrix due to the susceptibility to hydrolysis when existing in superior
oxidation states was reported [281]. The reduction rate and the gold
cluster morphology are controlled by a complex interplay between solid-
liquid interface, pH of the solution and the initial oxidation state of
polyaniline [282] and may require some further experiments in order to
establish the influencing parameters.

As synthesized gold particles were found to assemble as well on the
surface of the polyaniline (Fig. 4.28 (b)). This again proves that the
polyaniline retain its useful properties throughout the processing and
may serve as a subsequent template for various functionalizations. The
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electrostatic assembly was performed in acidic media (pH 2 - 3) using
mercaptosuccinic acid (MSA) capped gold nanoparticles (40 nm in di-
ameter, BBInternational). The choice for the assembling conditions is
two-fold. First, the electrochemical activity of as prepared polyaniline
in its emeraldine oxidation state is typically preserved at a pH < 4. At
higher values the polymer will simply deprotonate and become neutrally
charged (although, self-doping enables the operability even at pH ~ 7).
Inversely, the colloidal nanoparticles are instable in acidic media, being
susceptible to agglomeration and precipitation. The mercaptosuccinic
acid stabilizes the gold colloid in acidic solution down to pH ~ 2 - 3 and
also charges negatively the nanoparticle surface. Thus, thermodynam-
ically, the grafting of MSA-capped gold nanoparticles on the positively
charged surface of PANI is possible. However, it is not clear how the
smooth surface of template confined polyaniline influences the adhesion
of nanoparticles and the optimum grafting conditions are still under de-
velopment.

Another option is to exploit the peculiar 3D morphology, for exam-
ple the axial modulation of the constructs, to fabricate self-aligned 3D
arrays of stacked metallic nano-rings (Fig. 4.28 (c¢)). Gradual increase of
the modulations diameter provides an excellent option for the nanoscale
stencil mask physical metal deposition. Let’s consider a perfect evapo-
ration source that yields a directed and uniform evaporation beam par-
allel to the pillars axes. The first diameter modulation will act as an
“umbrella” protecting protecting the underneath structure from metal
vapors. As, in principle, the protrusions are progressively enlarged (from
top to bottom), each of them will act in the same way yet receiving small
quantities of metal due to those variations. For circular shaped modu-
lations, the metallic structure will resemble a series of concentric circles
or, for square shaped modulations concentric square elements. The outer
size of a such element will be equal to the inner size of the inferior ele-
ment. Self-alignment is controlled by the pillar geometry. Evaporating
the metal under an angle compared to the pillars axis will provide addi-
tional shadowing and hence structuring. For example, tilting such that
the inferior modulation is completely hidden by the consecutive superior
(and so on) will disrupt the continuity of the metallic elements resulting
in the obtention of multiple, self-aligned split ring resonator structures.
We expect that, following further optimization, the present method can
assist the controlled assembly of nanoparticles (not only metallic, for op-
tical applications) by focusing them either at the sharp edges or at the
7armpits” of the diameter-modulated or branched PANI nanostructures
to yield vertically stacked, self-aligned nanoring structures [283,284].

The liquid capillary force induced self-assembly has been studied as
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Figure 4.28: (a) Cross-section view of a nanocluster-decorated structure fab-
ricated by electroless reduction of gold anions by polyaniline. Particles, despite
their size dispersion, are uniformly distributed all over the surface. (b) Graft-
ing of prefabricated 40-nm Au nanoparticles. The structure is the same as in
Figure 4.27 (b). (c) Gold nanorings obtained by physical evaporation through
self-aligned shadow masking provided by the axial diameter modulations. 10
nm of metal was evaporated parallel to the pillars axis. Metal free zone in
between the modulations is clearly visible. (d) Schematic view of an envi-
sioned 3D functional PANI architecture obtained by directing the nanoparticle
grafting at the structural protrusions of the diameter modulated pillars.

well. First, this effect was observed when drying improperly (without
using CPD) the nanowire decorated surfaces and considered as an unde-
sirable effect as the structural integrity was altered. The nanowires are
detaching from the substrate, either by agglomerating in a disordered
way on the sample surface or by being completely washed away by the sol-
vent. Differences in using or not CPD can be clearly detected by compar-
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Figure 4.29: (a) Bright-field optical micrograph showing disturbed nanowire
lattice, result of unsuitable drying. Possibly, a drying liquid droplet has de-
tached the nanowires from the substrate (empty areas nearby are visible) creat-
ing the agglomerate. (b) Typically, bunches of preferentially detached nanopil-
lars have been observed for closely spaced nanowires. (c) Bristle-like morpholo-
gies observed for lower diameter pillars and increased pitch. (d) Unidirectional
in-plane alignment achieved by anisotropically orienting the evaporation front.

ing Figures 4.22 and 4.29. Subsequently, the influence of the nanowires
structural parameters and the drying conditions upon the morphology of
the assembled structures was studied. First, the nanopillars with uniform
diameter were found to commonly aggregate and organize in partially or-
dered structures, result of exerted capillary forces under isotropic action
of the evaporating liquid. Depending on the diameter (Young’s modulus,
bending stiffness and adhesive energy per unit area) they were found to
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assemble differently (Fig. 4.29 (b) and (c)). The anisotropic orientation
of the evaporation front (for example, tilting the samples) enabled slow,
almost unidirectional retrieval of the liquid from the sample surface and
provided localized positioning of single nanowires. Height, spacing and
initial pattern could be further optimized to ensure easy processing for
subsequent interrogation and device fabrication [106,109,112].

Figure 4.30: (a) Wide-field view of assembled diameter-modulated nanopillars
obtained by drying out isopropanol. (b) Close-up on a self-assembled stack.
The length of each diameter modulation is 300 nm. (c) Transmission electron
micrograph evidencing the high-fidelity packing of the alternating features.
Inset: TEM image of a single nanowire showing the uniform diameter of the
main pillar and the gradual widening of the modulations.

The 3D modulated architectures have been found to assemble in an
orchestrated way, following a different rationale. Specifically, the re-
entrant topography of the fabricated nanostructures (disc- or square-
shaped, axially-modulated nanowires as well as branched and hyper-
branched nanopillars) can induce the pinning of the receding contact
line of the liquid menisci in the case of an evaporating liquid. This is
expected to increase the capillary forces exerted between the pillars, es-
pecially in the geometry modulated segments in order to maximize the
contact surface®®. This will have two major influences on the assembled

308quared modulated structures were found to assemble along the longest protru-
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morphology: first, the nanowires could be detached from the substrate
(as a result of the competition between the adhesion force per unit area
and the liquid interfacial tension) and second, if detached, they will be
assembled via a geometry driven key-lock type self-assembly (Fig. 4.30
(a) and (b)). The structural matching of the alternated modulations not
only induces, but also favors a compact stacking with very few interstices.
The presented morphologies were obtained by drying anisotropically a
droplet of IPA gently deposited on the grown polyaniline structures.
The same behavior was observed when transferring the initially ordered
pillars from the original substrate to a different sample holder (in occur-
rence a transmission electron microscopy grid). This holds true as well
as for smaller modulation sizes: 100 nm for the structures presented Fig.
4.30 (c)). The transfer was performed by ”scratching” the sample with
a pipette tip. Simultaneously, a droplet of water (~ 1 ml) was held in
between the pipette tip and the surface (hydrophobic platinum blocked
droplet spreading over the sample surface) to recover the polyaniline
structures. Subsequently, the droplet was let dry in air on the TEM
grid. It is not clear for the moment when the pillars assemble: either
when they are detached by the moving water droplet or when drying out
on the grid.

Interesting is the tendency of the nanostructures to assemble in a
radial way. This is the result of the nanopillar disimetry along the axis.
The diameter of the main axis remains constant and only the diame-
ter of the modulations gradually increases as already explained (inset
to Fig. 4.30 (c)). Hence, parallel stacking becomes sterically unfavor-
able. The high-control over the nanopillars’ tapering degree and on the
3D structural features offers the possibility of rationale design for novel
spherical, helical or tubular functional macroassemblies [72, 285-287].
Combined with the modulated permeability and mechanical actuation
of the polyaniline, these macroassemblies could play a role in the real-
ization of stimuli-activated smart materials [71,288|.

4.5 Single PANI nanowire electronics

I aimed at the fabrication of cross-bar devices having the polyani-
line as the active element. Given the fact that the factors influencing
the growth are well known and that minute amounts (either template
confined or not) of polyaniline can be grown, the task seemed relatively
easy. Yet, for the single nanowire based devices, the task was not so
simple and new findings concerning the polyaniline growth kinetics have

sions, i.e. along the square diagonal (not shown here).
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been revealed. Nevertheless, from the technological point of view, the
fabrication is straightforward consisting of 3 or 4 processing steps for
polyaniline ”bulk” or nanowire devices (the blue path and the red path
in Figure 4.31, respectively). First, we will discuss the 3-steps protocol
and then we will present the cautions required for the reliable template
confined growth of single nanowires.

———

_>

Figure 4.31: Schematic view of the fabrication pathways for the polyaniline
circuits. Blue path: patterning the BE’s, self-aligned polyaniline growth on
structured substrates and definition of TE’s. Inset: schematic representation
of the used pattern. The same mask was used to defined both, BE’s (white
pattern) and TE’s (black pattern) by simply rotating it by 180°. Red path:
patterning the BE’s, EBL to define the template channels, template confined
polyaniline growth and TE’s definition.

Following ”the blue path” is a relatively simple task. First, the work-
ing substrate has to be chosen. Next, the BE’s are defined. Here, this
was performed using physical vapor deposition of platinum (2 nm of 7%
and 10 - 100 nm of Pt) through a stencil mask. After a proper activa-
tion of the catalyst surface, the polyaniline was electroless deposited in
a self-aligned way only on top of the BE’s. The grown polyaniline can
be doped or dedoped in a classical way by simply dipping the samples
inl1M HClor 1M NH4OH solutions. Finally, crisscrossed TE’s were
defined by evaporating Pd (without any adhesion layer) using the same
stencil mask in a rotated configuration (see inset in Fig. 4.31). For the
preliminary characterization, BE’s and TE’s criss-crossed architecture
was 1 X n to avoid cross-talking ambiguities.

Figure 4.32 presents the electrical characterization of polyaniline thin
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Figure 4.32: (a) Measured I — V and calculated 2-terminal resistance curves
for the dedoped polyaniline phase with Pd TE. (b) Optical micrograph of the
measured dedoped device. The active area is 50 x 50 ym?. (c) An example
of a prototype device fabricated on Teflon substrate. (d) Measured I — V and
4-terminal resistance curves for the doped polyaniline phase with Pd TE. Inset:
5 consecutive I — V traces of a Pt - doped PANI - Al sandwiched structure.
(e) Optical micrograph of the measured doped device. The active area is 20
x 20 pum?. For each case, the voltage was applied on the BE’s while the TE’s
were kept grounded.

film crossbar devices in both, doped and dedoped states. The BE’s are
made of 50 nm Pt and the TE’s of Pd. The thickness of polyaniline is 200
nm. A clear enhancement of the conductivity (about 6 orders of mag-
nitude) between the de-protonated and protonated states was detected.
For the emeraldine base the non-linear I — V' characteristic is more pro-
nounced than for the emeraldine salt. Current instabilities were also
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detected for voltage values above 2 V in the case of deprotonated phase.
For higher voltages, the current instabilities were more pronounced with
irreproducible behavior (not shown here). For the doped phase, no such
anomalies were detected (even when biasing up to & 7 V). A slight recti-
fying effect can be also detected, probably due to the differences between
the nature of BE’s and TE’s?!.

A promising behavior was found for the samples with Al fabricated
BE’s. The measured currents for both doped and dedoped states were
unlikely low. For example, few nA at 5 V bias for the doped state
(inset in Fig. 4.32 (d)). Yet, a large negative differential resistance
feature (at ~ 3 V) was detected in the positive bias regime. This may
be indicative of the polyaniline being switched into a new conductive
state. The switch back, with a lower amplitude, was also detected in
the reverse bias (at ~ -3 V). This property could be further studied
and exploited for non-volatile memory devices. Reversible electrical bi-
stability was already observed in various aniline derivatives (subjected
also to physico-chemical functionalization) [289-291|. However, their
protocol does not allow for a reliable patterning of the organic layer
and down-scaling may be troublesome in contrast to our method, where
it is possible to scale down and reliably pattern nanoscale amounts of
polyaniline at precise positions. Interesting as well, in this configuration,
a rectifying effect (by a factor of 20 at +/- 5 V) was observed. This effect
could be used to effectively avoid the cross-talking effects in this type
of devices. Their origin is not well understood for the moment and will
require further studies to control them. One possible explanation could
rely on the oxidation of the aluminum film when exposed to air and
hence, formation of a thin aluminum oxide film at the interface between
the polyaniline and aluminum. The good air and liquid permeability of
polyaniline favors further the oxide formation at the contact interface.
The formation of an insulating barrier explains the low amplitude of the
measured signals. Negative differential resistance can be also attributed
to the barrier penetration (metal filament formation) when biasing the
junction. Further studies will be required to clearly interpret the data
and to reliably control, reproduce and exploit this behavior. Moreover,
the fabrication process can be readily transposed to any substrate of
interest or by using other Pt electrodes patterning techniques [292].

31The vacuum work functions for Pt, Pd, Au and Al are 5.65, 5.12, 5.1 and 4.28
eV, respectively.
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4.5.1 Fabrication approach in 4-steps

Following the red path shown in Figure 4.31 requires the additional
EBL step to define the template channels. The BE’s were defined using
the same mask as for the previously described pathway. A 500 to 1000 nm
thick PMMA layer was subsequently spin-coated on top. EBL (30 keV
beam) was used to defined single template channels with defined position
and size (~ 50 nm). As the TE’s definition is performed using coarse
visual inspection alignment, the EBL design was adapted accordingly3?.
For instance, an array of dots, all along the BE’s was patterned. The
pitch was chosen accordingly to the size of the BE to be defined. If
one single polyaniline nanowire was intended to be connected, then the
pitch was equal to the size of the BE33. If multiple nanowires are to
be connected, than it is sufficient to decrease the patterning pitch with
respect to the size of TE’s. Subsequently, the TE’s were defined in a
similar way as in the previous case.

At this point worth to mention are some interesting findings regard-
ing the growth of reduced amounts of polyaniline using the electroless
process. As already shown, the polymerization or the growth rate can
be effectively controlled by realizing preliminary calibration tests. Also,
the growth kinetics is mainly governed by the catalyst morphology and
activity and the reaction temperature (assuming that the other para-
meters are kept constant). Despite that some deviation were sometimes
observed, the fluctuations amplitudes were low (~ 15 % compared to
the calibration tests) and attributed to various factors originating from
processing limitations. Yet, large anomalies were observed, especially
when using nanostructured catalyst slabs. For example, the structures
shown in Figure 4.25 were grown for 3 days®*. According to the growth
calibration shown in Figure 4.14, 7 um of polyaniline was expected to
grow in 3 days. Even by taking into account the mushroom cap, it was
still hard to find the reason for a deceleration of the growth rate by a

321t is relatively difficult to manually align the sample with the mask pattern when
only one single nanowire is patterned. Though it is possible, it requires alignment
under a microscope possible mainly for transparent substrate and a good anchoring
during further manipulation to avoid any overlay displacement.

33Theoretically, there is 0 probability to overlap the TE with 0 or 2 nanowires and
probability of 1 to overlap only one nanowire. In practice however, due to the size
variation of the TE, the probability to connect one single nanowire is slightly bellow
1.

34The samples were periodically removed after 12 hours of growth, inspected and
then returned in the reactor. After all of the growth calibrations, this was very
unexpected and at that moment, quite discouraging as it signified that either the
calibrations were wrong or other unknown yet, very important parameters were to be
found.



4.5. Single PANI nanowire electronics 181

factor of 4. These aspects were relatively well clarified when fabrication
of polyaniline nanowire circuits was initiated.

Figure 4.33 shows an example where on 2 BE’s a series of polyaniline
nanowires was intended to grow and characterize. It can be observed
(though not so easily) that on the lower electrode the polyaniline flooded
over the template while on the top-one not. The same patterns with the
same exposure dose were defined on both BE’s. The single difference
(that is making all the differentiation) is the presence of the squares on
lower electrode. The presence of squares was found to ”accelerate the
polymerization rate in the nanochannels” yielding reproducible results
as compared to the callibrations. The explanation that we propose relies

again on a statistical interpretation of the process®.

The surface roughness (or the corresponding number of active sites
for the electrochemical reaction) estimation is usually performed on large
areas, intended to average local non-uniformities and to have an ensemble
macroscopic view (for example, the roughness was measured on 4 pm?
area in Fig. 4.14). The surface roughness estimated on 0.002 ym? (the
area occupied by a 50 nm diameter pore; for instance, the used size of the
channels defined by EBL in PMMA) area can vary strongly from site to
site. Overlapping pattern of the pore with the surface features, such as
metal grains or grain boundaries (grain sizes of the evaporated platinum
can vary from 10 to 50 nm, a mean value will be erroneous to use here)
will be different from site to site corresponding also to different local
surface roughnesses (more suitable to talk in terms of number of active
sites). Of course, the local values can be lower or higher than the mean
value. The polymerization kinetics will be thus dictated by the averaged
value of active sites. This is valid only for continuous metal surfaces
since the implied redox charges are spread uniformly all over the metal.
In the case of only few patterned holes, large variations are expected and
hence non-reproducible polymerization rates®®. Making more and more
holes will eventually lead to an averaged value close to the measured
one and hence, more reproducible behavior. Working with a reduced
number of nanochannels (typically, 10 to 50 pores are patterned on a
single electrodes), will not provide this luxury. Thus, the addition of the

35Experimentally, this was found accidentally. As the nanowires have to be left
embedded, the PMMA matrix was kept intact all over the sample. This was quite
annoying when trying to make electrical connections requiring manual scratching with
lots of complications. At some point, it was decided to open contact holes on top of
the bonding pads. The grown polyaniline in those areas was much easier to remove.
Yet, this approach exposed as well big Pt areas to the polymerization media during
the growth.

36Suspiciously, for the moment only reduced polymerization rates were observed.



182 POLYMER TEMPLATES

"sacrificial” areas (big squares in Fig. 4.33), having a ”smearing” effect,
enables a reproducible working environment3”. Further understanding
of the polymerization process at nanoscale is required to better control
the growth3s.

Figure 4.33: Optical microscope wide-filed view of 2 microelectrodes (100
pm width) decorated with polyaniline nanowires. On the lower electrode the
polyaniline flooded over the template creating mushroom caps.

Not to neglect is the catalyst activation in the nanoscale confined
environments. Relatively high aspect ratio channels (10 to 20 in the
respective case) may inhibit good plasma reactivity at the bottom of
the nanosized channels, while having a normal action in the larger ar-
eas. The platinum surface activity influences mostly the cathodic half-
reaction (see Fig. 4.13). Having lots of active sites for the cathodic,
implies that more aniline will be oxidized through the anodic half reac-
tion hence, an increase in the polymerization rate. This is actually seen
when the big squares and the template channels are patterned on the
same electrode: the oxygen reduction is primarily taking place in the

37This is somehow similar to approaches used in electrochemistry to grow nanoscale
quantities. Large plating areas (defined nearby the nanoscale region of interest) are
are used to permit reliable monitoring of the process. Nevertheless, fundamentally,
the approaches are very different.

38For example, using various size nanoscale catalysts elements different polymer-
ization rates were detected (not presented here). Similar to the experiments shown
in Section 4.3.5, a series of platinum square slabs with varying sizes from 1.5 um to
50 nm were used to test the growth. Though they were defined on the same sample
(separated by few pm from each other, implying similar processing, cleaning, catalyst
activation and growth conditions) the polymerization rates were found to be size-
dependent, for catalyst dimensions below 150 nm. One explanation could rely on the
platinum surface morphology percolation in reduced size systems.
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large activated areas and the aniline oxidation everywhere the solution
is in contact with the metal (probably, even if not sufficiently activated),
including the channels®. While for channels below 100 nm in diameter
this may be approved, the same explanation could fail for larger channels.
Probably, aside these 2 possibilities there are also other explanations for
the observed behavior and further work is required to clarify that. Im-
portant at this point, is that by using sacrificial growth areas, template
confined growth can be accelerated and reproducibly controlled.

4.5.2 Polyaniline nanowire crossbar devices

Having grown the nanowires, the TE’s were defined using the same
procedure as for the non-nanostructured polyaniline devices. Prelimi-
nary experiments were performed using 500 nm thick PMMA resist and
single-shot EBL exposure (using 30 keV electron beam). The estimated
diameter for nanowires is less than 50 nm. Two types of morphologies
have been characterized with apparently no significant differences in the
electrical performance: flooded, mushroom-type, and normal nanowires.
Though flooded structures may look as easier to characterize as the top
contact is for sure created. Nevertheless, it may be that the nanowires
have a dual morphology and composition. Due to the template con-
finement, the polyaniline comprising the base of the nanowire and the
mushroom cap could be different in morphology and hence, may have
different electronic transport properties inducing ambiguities in the data
interpretation. One simple example is the difference in the transport
properties that can be easily detected between the thin-film (Figure
4.32) and single-nanowire crossbar devices (see Figures 4.34, 4.35 and
4.36). For instance, the thin-film polyaniline samples displayed no rec-
tifying effect nor hysteresis in contrast to the nanowire based devices.
One explanation could be based on the different molecular structures of
the polyaniline for the both types of devices. It was already reported
that during the template confined growth, the polyaniline (and other
polymers) chains may grow aligned along the template axis. This de-
fect free molecular structure enhances the inter-chain charge transport
explaining why the conductive polymer low dimensional structures have
lower resistance than the bulk polymer. Further studies using various
nanopore diameter templates have shown that decreasing the nanowire
diameter leads to an increase in the conductivity corroborating with the
theory based on the increased molecular ordering. The mushroom type

39There are several facts that are pro and contra: the growth on gold elements in
contact with platinum corroborates; while extremely low polymerization rates on the
polished side of silicon contradicts this hypothesis.
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nanowires used so far in this work are comprised of both, template con-
fined and bulk like parts. Thus, the measured characteristics are an
average of both electronic properties. So even if the mushroom types
are somehow easier to contact and characterize the data interpretation
requires a strict knowledge of the morphology (for instance, the size of
the flooded cap) and careful analysis. The same rationale could be ap-
plied for the diameter modulated nanopillars where different electronic
properties are expected for the protruded parts. More experiments will
be required to get full insight into the size and morphology dependent
charge transport of the fabricated nanostructures (see at the end of this
Section a detailed description of the perspectives).

Inset in Figure 4.34 (a) shows an example of a 100 pm x 100 pm
crossbar point where 2 mushroom-type nanowires are connected?. After
the polymerization, the respective samples were dipped in DI water for
24 hours to dedope the polyaniline. Ammonia solution is to be avoided
as the PMMA is unstable when exposed to basic solutions (mostly the
adhesion is degraded). After that time, without drying the sample, they
were dipped in HCl 1M for 20 minutes, blown dry in a Ns stream and
loaded in the metallisation chamber, where they were left for 12 hours
in a vacuum better than 10~* mbar and afterward, 100 nm of Pd was
evaporated at an evaporation rate of 1 A /s and base pressure 5 x 1077
mbar.

Figure 4.34 show the current voltage characteristics of the respec-
tive sample. The characterization was performed in ambient conditions
at a DC voltage sweep rate of 5 mV/sec. The Pt electrode was bi-
ased while keeping the Pd electrode grounded. A ”hysteresis” in the
current is observed upon changing the bias sweep direction. Interest-
ingly, the hysteresis was found to be permanent: once ”switched”, the
devices remained in the respective conductivity state upon repeating the
measurement and only after reverse biasing, the ”switch-back” is done.
Trace-retrace sweeps were recorded starting from 0 V to £ 1 V. Ini-
tially, the voltage was swept to + 1V with no hysteresis observed (f -
2). Next, to - 1 V where an increase in the conductivity was observed
for the reverse trace (§ - Zf) The voltage was swept again to +1 V, this
time with the observation of hysteresis, high and low conductances for
the trace and retrace sweep (5 - 6) Performing again the same mea-

49For caution, 2 nanowires with a mushroom-type morphology have been targeted
for the moment as inevitable defects may arise during the patterning, growth and
processing. Of course, this induces a sort of incertitude in the characterization re-
garding the electronic properties and the number of contacted nanowires. For the
latter aspect, the possibilities are however limited: either none, one or two nanowires
can be measured at a time ...
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Figure 4.34: [ — V characteristics of single polyaniline nanowires. The se-
quence and the direction of voltage sweeps are marked by numbers. The curves
are shifted by 0.75 nA for clarity Insets: micrograph of a crossbar latch and
schematic view of the PANI nanowire composition profile upon voltage driven
doping/dedoping.

surement followed the low-conductive path in both, trace and retrace (7
- §) Going to -1 V, switched the sample to the higher-conductive state
(§ - 1_0) while, repeating the measurement followed this time only the
high-conductive state (11 - 12). And this could be repeated for several
times (1_3 - 1_41). Eventually, the signal was found to degrade, lowering in
amplitude yet, preserving the overall shape (not shown here). Thus, the
hysteresis is activated only once the nanowire is electrically stressed in
the reverse bias.

A similar behavior was found in the I — V characteristic of another
sample (Figure 4.35). This time a different measurement approach was
used. The trace-retrace hysteresis loops were measured for different ap-
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Figure 4.35: Similar hysteresis loop were observed on another mushroom type
sample. The signal amplitude is lower than for the sample depicted in Figure
4.34 probably due to a different dopant diffusion depth. Insets: a perspective
view with curves shifted by 0.2 nA for clarity.

plied biases, always starting form the positive value. Before measure-
ment, the sample was stressed with -1 V (for 10 sec) to switch it in the
higher conductive state. From + 0.1 V to + 0.3 V no evident signs of
hysteresis are detected. The I —V characteristic is mainly linear with no
evident rectifying behavior. The hysteresis starts to be noticeable at +
0.4 V and the amplitude of the hysteresis loop gradually increases with
the applied voltage. Thus, it seems that this effect is bias driven, with
an increased intensity for higher voltages and an onset around =+ 0.4 V.
Also, at high bias values, the rectification becomes more pronounced.

For the moment we don’t have a clear explanation for the measured
data. Nevertheless, this behavior was observed several times meaning
that there may be a potential for building polyaniline nanowires based
memory devices. Initially, a explanation was proposed which was rather a
speculation than a scientific fact. As mentioned earlier after the growth,
the nanowires were left in water for 24 hours. Then they were ”shortly”
dipped in HCI. It was believed that due to the confined dimensions and
specific morphology (500 nm in length and less than 50 nm in diame-
ter polyaniline nanowires, embedded in hydrophobic PMMA which may
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limit the diffusion) a complete doping was not achieved!. The structure
was regarded as a doped top part (including the mushroom cap) con-
nected to a partially (probably through a gradient) doped segment at
the bottom. The polyaniline is also known to be ionically (and especially
proton) conducting. The proton conduction can be assigned to loosely
bound protons and is possible along the polymer backbone because of
the presence of amine / imine groups. Thus, the observed behavior was
attributed to the bias induced dopant drift along the nanowires. Many of
the observed characteristics supported this picture. Applying a negative
voltage on the Pt BE will drift toward the positively charged protons,
doping more the lower nanowire segment explaining the conductivity in-
crease upon negative bias stressing. The backward drift could be then
induced by reversing the bias, or applying a positive voltage on the BE.
Hence, the bottom polyaniline segment will be again dedoped and the
nanowire will switch OFF in the lower conductivity state. This picture
explained fairly well all of the observed phenomena. A threshold voltage
could be required to activate the proton mobility and as observed, no hys-
teresis is present for biases bellow 0.3 V. The current drift for constant
applied voltages was also consistent with the model. A negative bias
slowly "moves down” the protons and increases the nanowire conduc-
tivity while reversing the sign diminishes the conductivity. The drifted
protons can remain permanently bounded in some sites and hence, an
irreversible ”damaging” was observed after prolongated electrical stress-
ing.

Nevertheless, subsequent experiments didn’t supported the respective
explanation and further studies will be required to better understand and
control the hysteretic behavior. The nanowires having a uniform doping
profile as well as those in which the "doped” and ”dedoped” sequences
were inverted?? displayed the same current-voltage characteristic as pre-
viously mentioned. Though the rectifying and hysteretic behavior were
still detected, they could no more be interpreted using the bias driven
dopant drift picture. For example, panel (a) of Figure 4.36 displays the
I —V curve of a uniformly doped single nanowire. To realize that, the
sample was dipped for 3 hours in DI water (under agitation) after the

41 This was also observed when working with polyaniline films on transparent sub-
strates and inspecting visually the color. Of course this is a rough estimation. For
example, when initially dry, a 200 nm thick film, can be doped or dedoped in less
than 2 min. If waterlogged, then it may take up to several minutes to dope and even
more to dedope. In such open systems the only restriction for the diffusion is the
porosity or the permeability of polyaniline. In confined channels, nanofluidic effects
have to be also taken into account. Further work will also imply the use of COMSOL
MicroFluidics pack to simulate the dopant diffusion dynamics.

42For that, the sample were first doped in HC! and then shortly rinsed with water.
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growth and then, re-doped in HCl 1 M for 3 hours. As can be observed,
the rectifying behavior is present with the higher conductive part in
the negative bias regime. A small hysteresis can be also detected. The
same characteristic was found for an as-synthesized nanowire. This time,
the sample was only shortly rinsed with HCIl 1 M to avoid any surface
aniline sulphate crystallization or sulphuric acid residuals. Again, rec-
tification in the positive bias and hysteresis was observed. These data
suggested that the doping profile, as initially proposed, is invalid and the
rectification and the hysteresis have different origins. Another uniformly
doped (using HCI 1 M) nanowire was subjected to different measure-
ment configurations were the source and drain have been flipped. The
data are shown in the inset of Figure 4.36 (b). Though the measured
signal was relatively lower as compared to the previously described com-
pletely doped nanowire (shown in panel (a)) the data gave some insight
into the charge transport mechanism. The Pt has a higher (vacuum)
working function than Pd (5.65 and 5.12 eV respectively) and hence,
a negatively biased Pt electrode will inject better holes into the p-type
polyaniline nanowire than Pd and the current will be higher. Reversely,
Pd will inject better electrons and hence, will display a higher current
in the positive bias range.

Other phenomena that are at the origin of the memory effects in such
type of devices could be at the origin as well. Metal filament formation,
very often observed in metal sandwiched thin film devices is difficult to
imagine in this configuration. This effect is either current (electromigra-
tion) or voltage (field assisted metal evaporation) assisted, requiring high
driving forces, and being characterized by abrupt jumps in conductivity.
Moreover, typically the filaments are protruding through the active layer
shorting the electrodes and enabling the high conductivity state. Here,
this can be definitely excluded as the eventual protruding thickness is
more than 400 nm, physically not being feasible at such low energies.
Intra-molecular proton transfer has been also found to induce electri-
cal bistability in small molecule devices through bias driven keto-enol
tautomerism of N,N’-bis (salicylidene)-1,6-hexanaphthenediamine [293].
Here, due to an extended conjugation in the emeraldine salt form, the
intra-molecular proton transfer is expected to play an insignificant role
as compared to intra-molecular transfer. Bias driven redox changes are
not to be neglected. This type of processes are known to proceed through
sharp changes in conductivity and at higher voltages, as also observed
for other organic memory devices [294], and could seem rather unap-
propriate to account for the same type of effects in the measured sys-
tems (lower threshold voltages, smoother transition). Yet, we are dealing
with polyaniline. As mentioned in the beginning, the term polyaniline
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Figure 4.36: Current voltage characteristics of a HCl 1 M doped single
nanowire (a) and of an as synthesized single nanowire (b). Inset: I —V
characteristics of a ”fully” doped single nanowire by flipping the source-drain
configuration. For instance, the Pt was biased while keeping the Pd electrode
grounded (black curve) and reversely for the gray curve. All 3 samples are of
the mushroom-type.

defines a class of poly-amines and -imines and interconversion between
them can be easily achieved using redox and acid/base treatments (see
Figure 4.12). In a simple approximation, the redox potential necessary
to transform leucoemeraldine into emeraldine is ~ 0.25 V and further
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to pernigraniline at 0.75 V (the potentials are measured in solution re-
spective to the saturated Ag/AgCl electrode for the electropolymerized
aniline). The interconversion potentials are relatively small and close to
the "threshold” value observed for the hysteresis onset (see Figure 4.34).
Thus, one possibility may be that initially the nanowire is not made
of pure emeraldine and small amounts of leucoemeraldine are present.
Hence, bias driven redox changes may occur and modify the conductiv-
ity of the entire system. Though the data are corroborating (~ 0.25
V for the LM to EM conversion and 0.3 V threshold for the hystere-
sis onset) it is probably premature to attribute the so called "memory
effect” to redox changes in the polymer matrix. And finally, the voltage
induced drift is not to be excluded and may require some further studies
to ascertain for its significance.

A more detailed analysis and characterization of various configuration
samples will be required to have a clear vision on the charge transport
mechanism. Knowing precisely the composition and the oxidation state
of the as-synthesized and of the post-processed polyaniline in both, bulk
and template confined configurations may provide a better understand-
ing and interpretation of the electrical data. For instance, though very
high conductivities are achieved for the as-prepared sample (C' = 0.35
S/ecm3) it is not clear why such big differences are observed between
the pristine and HCI doped sample. Intriguing is the fact that the
doping media for the pristine sample is much less ”protonated” (0.4 M
H5S50,) than the subsequent doping agent (1 M HC1). Thus, either the
polyaniline undergoes redox transformation during the dedoping/doping
protocol or, the counter-ion infers strongly in the transport character-
istics. The later explanation is the most plausible though the chemical
changes are also expected in the dedoped emeraldine state when exposed
to air. The ”doping” effect of counter-ion in polyaniline’s is relatively
well known fact though the mechanism is less understood. For instance
the higher conductivity in polyaniline (the metallic phase was demon-
strated in the emeraldine oxidation phase) was achieved using camphor-
sulphonic acid, a relatively weak (as compared to HCI and H3S0y)
acid [56]. This was attributed to the counter-ion insertion in the poly-
mer matrix and subsequent molecular re-organization resulting in a en-
hanced charge transport [56]. One direction of study could be finding the
optimal growth and/or post-processing condition to achieve even higher
conductivities than observed for the moment. The polymerization tem-
perature (and hence the polymerization rate and the mobility of small

430ne of the highest to date reported conductivity in nanoscale polyaniline struc-
tures.
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species) could be one influencing factor to study. Some preliminary re-
sults show that the electroless polymerization on the surface of platinum
can be conducted as well in presence of camphorsulfonic acid. Hence, we
expect that by growing the nanowires in such conditions, some record
conductivities could be reached.

Other direction to explore is the study of the interdependence be-
tween the molecular structure, electrical contact nature and the electri-
cal performance. For instance, by changing the nanowire length (just
by adjusting the thickness of the initial PMMA layer) while keeping the
diameter constant, the contact resistance could be estimated. The same
type of experiment could be applied for mushroom-type nanowires to
estimate the resistance of the flooded part and this test could give an
idea of the electric properties (and hence, of the molecular structure)
for both parts in a flooded nanowire. Yet, to really get insight into the
molecular structure (and reversely, correlate that to the electronic prop-
erties) structural studies will be required. The preliminary work didn’t
succeeded primarily because of the incapacity to transfer the nanostruc-
tures from the synthesis substrate to the TEM grid, this step requiring
further optimization. Future work may imply some experiments were the
nanowires could be directly grown on a TEM grid. Other alternative is
the use of Raman spectroscopy. This technique has proved to be a useful
method for studying conducting polymers and can indicate, with a sub-
stantial sensitivity level, the structural and compositional variations in
polyaniline derivatives [295]. These studies could be eventually comple-
mented by variable temperature charge transport experiments. At the
same time, thermal, mechanical and chemical stability of synthesized
polyaniline as well as of fabricated nanostructures and devices could be
studied. For instance, the PMMA embedded single polyaniline nanowire
devices have a relatively poor stability as the PMMA is easily degraded
when thermally or chemically stressed. The stability issues of the TE’s
need also to be solved. The deposited Pd electrodes are very fragile being
readily delaminated when mechanically or thermally stressed. The use
of adhesion metal layer is to be avoided as the electrical contact to the
polyaniline nanowire will be realized by the respective layer and no more
by the metal of interest, this step requiring further design and material
optimization.

As for the more applied studies (memory applications or rectifying
effect) all of the above mentioned studies could be only of great bene-
fit. Controlling and understanding the polyaniline structure, morphol-
ogy and electronic properties could enable further rationale molecular
and device design. As already mentioned, for the electrical bistability
two types of mechanism could be targeted: bias induced redox mod-
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ifications and dopants drift. The rectification could be initiated in a
first step by changing the chemical nature of the BE and/or TE. And
subsequently, the study could be extended to other types of applica-
tions and /or devices. Novel material chemistry and nanoscale approaches
for electrochemical energy storage applications could be developed and
implemented in applications such as lithium batteries and supercapac-
itors [296]. By growing the polyaniline on n-type porous silicon, high
rectification ratio and more important, nanoscale hybrid (organic - semi-
conductor) light emitting devices fabrication could be envisioned [297].
Fabrication and device integration scalability is to be investigated as
well. For example, polyaniline nanodots structured with higher areal
pattern densities than presented (0.28 Teradot/inch?) could be interest-
ing further to study in both perspectives. And finally, template confined
electroless polymerization of aniline within other types templates than
EBL structured PMMA resist films (for example using block copolymers)
or the co-integration of the presented crossbar latch fabrication technol-
ogy within modern computing design architectures could provide years
of fruitful research and exciting results.

4.6 Conclusion

In conclusion, we have shown that one of the most studied conjugated
polymers can be now structured with an unprecedent resolution, areal
density and 3D morphology. The large variety of working substrates
and ”grow-on” active materials used to reliably control the electroless
polymerization protocol enhances further the applicability of the method.
Though the nanoscale structuring was done using EBL defined templates
or nanoscale reactors, there is virtually no restriction in using other types
porous materials or growth confining systems. In every envisioned case,
the reliable growth control of minute quantities of polyaniline will be
possible. As for the EBL, we provided a novel protocol for complex
3D structuring using simple methodologies and realizable using basic
research tools and capabilities. Finally, we provide simple fabrication
schemes for the realization of single polyaniline nanowire based crossbar
devices.



Chapter 5

Porous silicon and colloidal
mask lithography

I Want to Believe ...

Foxr Mulder

Working with porous AAO and 3D structured PMMA templates can
be fancy and there is a lot of potential to exploit. However, silicon still
remains the material with the most studied properties and the acquired
know-how allows to fashion it in unimaginable ways. In the following we
will discuss some alternatives to the porous PMMA and AAO templates
mainly using silicon as a building block. The first part is dedicated to
inducing porosity (macro, micro, nano, meso and nanofibrilar) into bulk
monocrystalline silicon. Three different ways based on metal assisted
chemical etching are discussed. The second part exploit spontaneous 2D
and 3D assembly of polystyrene micro-spheres that could be further used
to micromachine silicon as well as other substrates. This work is very
recent and only methodologies, some results and possible applications
are provided.

5.1 Metal assisted chemical etching of silicon

Porous silicon is of great interest because of its potential for op-
toelectronic, nanoelectronic and biomedical applications, allowing the
production of next generation devices, compatible with microelectronics
industry requirements. Basically, porous silicon is silicon with lots of
holes in it. It has properties that are very different than that of bulk
crystalline or polycrystalline silicon. One of the most used method to
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produce it is based on electrochemical oxidation, much more alike the
fabrication of AAO [298-300]. The electrolyte is H F'; the application of
a sufficient anodizitation voltage produces porous silicon'. The process
was found to be sensitive to the light and different characteristics were
observed for anodized samples either illuminated or not. Photoirradia-
tion (most efficiency gained from short wavelength photons) excites the
electrons to the conductions bands, creating a hole and activating the
Si — H bonds making them susceptible to be attacked by the fluoride
ions. Photolithographic electrochemical etching was also used for lumi-
nescent color image generation in porous silicon [301]. The most common
solution for stain etching is a mixture of HNO3 and HF.

A very exploited alternative is the metal assisted chemical etching
of silicon. In this method, noble metals (Au, Ag, Pt or Pd) are used
as silicon oxidation catalysts. A typical etching solution is composed of
HF and H>0Os without the need for external electrical power. Silicon
is inert in a such solution. Only when in presence of metals the silicon
is etched. The loading of silicon surface with metal can be done in
various ways. Thin metal films, evaporated without any adhesion layer
(eventually dewetted using an annealing step to form nanoparticles) and
then dipped in the etch solution was the first proposed method [302].
Subsequently, many other techniques have been proposed and tested. In
the following we will discuss only as-prepared metal nanoparticle assisted
etching (and the influence of their size upon the morphology of porous
silicon), "metal free” etching and AgNOs etch induced formation of
silicon nanowires and nanoribbons.

The nanoparticles were drop casted (100 pl) on the surface of the
samples and then dipped in a 2.6 M HF and 8.1 M Hy0; solution and
etched for 30 minutes. The drop-cast deposition results in the formation
of particle aggregates as well as in single particles (mainly for bigger
sizes). Whenever the aggregates were formed, they sinked together in
the silicon bulk with the formation of large pores. Afterward, the sam-
ples were washed with water and blown dry with No. SEM inspection
was used to characterize the surface and the bulk morphology. Figure
5.1 show the results obtained using as-prepared gold nanoparticles? as-
sisted etching. A preferential etch of the <100> planes was detected
independent of the particle size. When using <100> silicon wafers, per-
pendicular to the surface pores were mainly detected. Nevertheless, due
to the equivalence of the <100>, <010> and <001> direction, parallel

LHF is un-reactive with a silicon surface because once it removes the oxide layers,
it leaves the surface hydrogen terminated. The obtained Si — H layer acts as a
passivating layer.

2Used as received in various sizes from BBInternational.
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Figure 5.1: (a) Pores in <100> Si using 200 nm gold particles. Preferential
etch of <100> planes is observed. In depth pore propagation along <010>
and <001> directions is also detected. Inset: step-like pore. The change in
the etch direction is probably dictated by the non-spherical shape of the used
particles (not shown here). (b) <100> silicon surface carved by 150 nm gold
particles. Inset: ”3 nanoparticle lithography” defined along <110> direction.
(c) Crossectional view of the sample from (a) showing a 15 ym long pore. Inset:
single nanoparticle pore formation. (d) Cleaved view of a silicon samples etched
using 40 nm gold nanoparticles. Inset: close-up on a multi particle etched pore.
The bulk structure of silicon remains intact. (e) To view of the sample from
(d). A complex hierarchical porous matrix is formed. (f) Enlarged view from
(e) showing the "mesoporous” nature of the remaining walls.

as well as step-like propagation could be detected (panel (a)). Using
<111> wafers, the pores propagation was slanted by 55° with respect to
the surface normal. Inspection of the sample surface revealed that the
<110> are also preferentially etched (panel (b)). Occasionally, groups
of nanoparticles were found to propagate in-plane nanostructuring the
surface. The overall bulk morphology was affected only for the first 100
- 200 nm. Nanoparticles with diameter of 150 nm were found to behave
identically (panel (c)). Smaller particles altered significantly the top-
most part of the silicon wafers. Asides the etched pores, the surface was
found to be rougher with a complex hierarchical morphology (panel (d)).
The porous film has a dual morphology: large pores (50 - 500 nm) due
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do the direct penetration of particles ”drilled” into a mesoporous matrix
with pore size bellow 15 nm (panels (e) and (f)).

The pore formation is initiated by the reduction of HyO4 following
the reaction HoOs + 2H' + 2¢~ — 2H,0 and the oxidation and re-
moval of silicon Si + 6HF — Sing +6H ' + 4e~. The metal particle
acts as an electron donor-acceptor from silicon to water peroxide cat-
alyzing the reaction. Hence, the etching takes place in the near vicinity
of the nanoparticles. Nevertheless, as the generated electrons could also
propagate into the bulk silicon, the etching is expected to take place
everywhere silicon is in contact with the solution. This explains (i) why
the surface of the samples and the sidewalls of the pores were found to
be roughened and (ii) the widening of the top most part of the pores
(Fig. 5.1 (c))3.

Using the nanoparticles as etch catalyst implies that the porous ma-
trix will remain heavily doped with gold. For some technologies (for
examples CMOS), this can be annoying. Hence, a catalyst free process
could be more interesting. As already mentioned, the silicon etching can
take place far from the metal site. This was exploited to produce porous
silicon using a metal-free etching procedure?. The protocol was already
mentioned in Section 4.3.5 an simply reduces to coat with catalyst (2 nm
T4 and 100 nm Pt) one side of a wafer and etch the opposite side. The
reactant solution was a mixture of 2.8 M HF and 0.9 M H50s in wa-
ter. Upon immersion of the samples, a rapid change in their colorization
could be observed indicative of thin-film interference effects (Fig. 5.2
(b)). The etch rate was found to be very high (more than 1 pm/min).
The obtained porous matrix was comprised of branched sub - 30 nm
pores with relatively good size-dispersion (Fig. 5.2 (a)). The branching
dendritic structure is attributed to the competitive events while prefer-
entially etching <100> planes (see further).

A recently proposed method uses a statistical electrodeposition metal
deposition technique to assist the etching and result mainly in the fab-
rication of nanowires and nanoribbons [303,304|. Compared with other
silicon nanowire growth methods, this approach possesses the further
advantages of being a catalyst free, having no saturated dopant conta-
mination and room-temperature process applicable for any type of sub-

3The differences in the sample morphologies between the samples etched using
200 or 15 nm particles and those etched using 40 nm particles could be attributed
to the different particle concentration in the used suspensions (0.7, 1.66 and 90 x
10° per ml). This implies a higher exposed surface for gold and hence, an enhanced
electrochemical reaction.

4By metal-free we mean that no metal is used and remains on the useful porous
side.
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Figure 5.2: (a) Cleaved view of the porous matrix obtained using <111>
oriented silicon wafers. Inset: Bright field optical micrograph of a etched sample
(7 x 20 mm) gradually removed (in about 15 sec) from the solution. The
removal direction was upwards (marked by the arrow). The colors are the result
of thin-film interference effects under white-light illumination. (b) Close-up of
the bottom part of the template. Scale bars: 100 nm.
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Figure 5.3: (a) Uniformly distributed nanostructures obtained by etching
silicon <100> wafers in 0.01 M AgNOs3 and 2.5 M HF solution. Inset: close-
up on the fabricated silicon nanowires. Diameters bellow 15 nm have been
detected. (b) and (c) Nanostructures carved in <111> silicon using 0.34 M
AgNOs and 5 M HF mixture. The etch direction is 55° tilted compared to
the surface normal. In (b) a uniform etch direction can be visualized while in
(c) changes in the etch direction (yet, still preserving the 55° tilt) are present.

strate [305]. In this method, a mixture of AgNOs and HF for the
etch is used. The etching process is initiated by the reduction of silver
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ions on the silicon surface exposed to the AgNOs/HF solution. The
formation of nano-scaled silver nuclei oxidizes the beneath silicon and
sequentially the HF' dissolves the formed silicon oxide. Again, the pref-
erentially etched planes are <100>. Reacting a <100> wafer results in
vertically standing silicon nanowires uniformly distributed all over the
surface (Fig. 5.3 (a)). When <111> wafers were employed, the nanowire
axis was tilted by 55° with respect to the surface normal (Fig. 5.3 (b)).
As there is no preference for any of 3 possible <<100> planes on a <111>
wafer, the nanowires orientation was not uniform all over the surface. In
some places, competitive etching of these planes was observed resulting
in a chevron-like structure much more alike the architectures obtained
using glancing angle deposition technique. These structures may be use-
ful for photonic crystal applications. Though we know why they are
obtained we don’t know how to control them reliably on large scale.

These three examples show only the ”Tip of the Iceberg” of the pos-
sibilities enabled by this powerful technique. Many other approaches
could be envisioned to further precisely control the etch configuration,
the morphology of the obtained architectures with desired optoelectronic
properties. For example, using nanoparticle assisted etching it could
be envisioned the precise positioning of single nanoparticles resulting in
the fabrication of high-aspect ratio single nanopores at predefined po-
sitions. A gradient of pore sizes or depths imparts a rainbow of colors
to a porous silicon chip, one of a variety of new biosensor technologies
in development around the world. The different colors correspond to
different sized pores (ranging from a few to hundreds of nanometers) or
pore depths (few nanometers to tens or even hundred of micrometers).
Because the effective refractive index of porous silicon depends on its
porosity (typically, a linear dependence is observed), different optical
response could be achieved. Further, changes in the environment (sur-
face functionalization, sorption-desorption or infiltration) translates into
a modified optical response very useful for sensing. As porous silicon is
known to be bio-compatible it has been extensively used in biosensing
applications [306]. The hierarchized porous structures shown in Figure
5.1 (d - f) could help the device discriminate and detect proteins and
other molecules based on their size.
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5.2 Colloidal mask lithography

A very powerful nanoscale bottom-up structuring technique is offered
by the colloidal lithography. The strategy behind is to exploit the ten-
dency of monodisperse submicrometer spheres to spontaneously organize
on a hexagonal or a f.c.c. lattice when assembled in 2D or 3D, respec-
tively. The resulting materials, a hexagonal arrangement of spheres and
a synthetic opal respectively, can act as: templates into which a material
can be infiltrated, shadow elements for physical deposition or etch masks.
Due to the parallel nature of the microsphere assembly, colloidal lithogra-
phy is capable of making a large-area mask (order of square centimeters)
in a relatively short time (2 - 5 hours). Various techniques have been de-
veloped for the reliable fabrication of large area ordered colloidal crystals
assemblies. The most important are: evaporation methods [307, 308],
electrostatic deposition [309, 310], dip-coating [311], Langmuir-Blodget
coating [312], interfacial self-assembly [313-315|, electrophoretic depo-
sition [316, 317], self-assembly on pre-patterned substrates [220, 318],
drop-casting [222] and spin-coating [319, 320]. We have adopted the
dip-coating, evaporation and interfacial deposition directions.

Figure 5.4 shows an example of a monocrystaline domain formed by
a monolayer of polystyrene spheres (980 nm in diameter) deposited on a
glass substrate. A perfect stacking in a hexagonal lattice is also detected
in the diffraction pattern. The usefulness of light diffraction is two-fold.
First it clearly shows the monocrystalline nature of the pattern. Second,
it enables fast determination of the lattice orientation. Subsequent mod-
ification may require knowledge of the precise orientation of the lattice
to be able to align the ”processing beams” along the desired directions
(shadow physical evaporation to fabricate lines, circles or SRR’s, angled
etching or exposure). This can be done using SEM or optical microscope
inspection yet, light diffraction is somehow more elegant and gives an
idea of the lattice orientation over several square millimeters. Moreover,
here the light diffraction (using a millimeter scale laser beam) shows
that large area monocrystalline domains can be easily achieved. When
scanning the beam over polycrystalline or amorphous area the diffraction
pattern was circular indicative of structural non-uniformity.

The peculiar properties of colloidal assemblies can be exploited for
various functionalized surfaces or optoelectronic devices. Treating the

5The main way to assemble the spheres in 2D is the hexagonal arrangement.
Though it can be regarded as a singular option, as we saw in Chapter 2 the hexagonal
lattice is the best option for building photonic structures. Moreover, the peculiar
geometry of these masks provides the playground for further structural modification
or defect engineering.
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Figure 5.4: Left: optical snapshot of a monocrystalline domain composed of
980 nm latex sphere. Few dislocation defects as well as some parasitic particles
are visible. Right: light diffraction patterns on a polycrystalline/amorphous
(top) and monocrystalline (bottom) region. The beam (~ 2 mm in diameter)
of a laser pointer was transmitted through the particles assembly on glass and
projected on a paper sheet. The diffraction was registered on a similar area
(having also the same direction) as shown in the optical micrograph at left.
The diffraction pattern is actually the reciprocal lattice of the original lattice
(i.e. a hexagonal arrangement rotated by 30°, see Chapter 2 for details).

system from a geometrical perspective provides a lot of possibilities for
subsequent micro-structuring (see Figure 5.5 for few examples). Hexag-
onal packing of spheres leaves a honeycomb lattice of ”triangular” voids
(if projecting the shapes along the surface normal). This lattice is sit-
uated at half-sphere-diameter above the substrate. Thus, the system
can be treated as a "resist” mask with a large undercut profile pro-
viding opportunities for angled physical depositions. For example, or-
thogonal metal evaporation perfectly reproduces the honeycomb lattice
(Fig. 5.5 (d)). Subsequent physico-chemical modification can be induced
to modify the respective profile. The annealing of the samples merges
the spheres by swelling the polystyrene and reduces the void space in-
between (not shown here; for illustrative examples see [313,314]). Oxy-
gen plasma exposure diminishes the size of the spheres while preserving
the original lattice parameters providing further place for fine tunning
of the structuring mask. Examples of various shapes obtained by grad-
ually exposing the self-assembled masks to the Oy ashing are shown in
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Figure 5.5: Examples of assembled 2D colloidal masks composed of 620 and
980 nm spheres on silicon and glass ((a) and (b), respectively). (c) "Egg-
shaped” profiles obtained by conformally coating 980 nm close-packed spheres.
200 nm of aluminum was deposited using a planetary-rotating sample holder
on an as-prepared film. When exposing the assemblies to Oy plasma, the
spheres diameter is gradually decreased while preserving the lattice constant.
Subsequent orthogonal metal deposition (here 50 nm of Au) and lift-off removal
of spheres (using adhesive tape) results in a honeycomb array of various shapes
depending on the plasma exposure time ((d) - pristine, (e) - 5 min. and (e) -
15 min.).
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panels (d) to (f) in Figure 5.5. A sort of "glancing deposition” is also
shown in panel (c¢) where 200 nm of Al were conformally deposited on the
self-assembled spheres. The shapes are elongated (appearing as ”kinder-
egg”) and distinct (the metal layer does not form a continuous film).
This results from the combination of both, metal deposition protocol
and close-packed arrangement of spheresS.

Assembling the colloids in a multilayer configuration provides a nat-
ural way for 3D lithography. The preferential arrangement will be a f.c.c.
lattice of polystyrene spheres. The obtained architecture is porous and
the spheres can occupy maximum 0.7405 of the volume available”. The
void volume can be filled with a desired material and obtain an inverted
structure after removal of initial spheres (a f.c.c. lattice of air-holes). The
as prepared "meta”’-material has already interesting features. It displays
a photonic crystal behaviour. This structure is encountered also in na-
ture and well known as opal. In natural opal, the brilliant regions of pure
spectral color result form from close-packed domains of colloidal spheres
of silica (Si02) [322]. In this case, they are formed of polystyrene spheres
(having similar €). Although, there is no complete band-gap in opal-like
structures (even for structures made of high-dielectric materials) they’ve
become of great interest mainly due to the facile synthesis over large
scale using colloidal assembly. Moreover, inverse-opals are known to
open complete band-gaps for high-e¢ materials.

Even if there is no complete band-gap, there are prohibited bands
in these structures along some of the crystal directions. Specifically, the
light propagation is perturbed along the I" - L direction, or physically,
normal to the <111> surface. Figure 5.6 shows some examples of fabri-
cated structures along with the transmission spectra of obtained crystals.
The assembly takes in a such way that the <111> planes are parallel to
the sample surface hence, normal incidence spectroscopy probes specifi-
cally the I' - L direction. As can be observed, using the same material
(here polystyrene), "novel” properties are obtained by changing the mi-
crostructure of the material. Different sizes of colloids yield different
optical properties. The scale invariance (see Chapter 2) is nicely visu-
alised using these systems: peak-center position ratio is 1.72 with the

5The planetary-rotating sample holder enables arrival of evaporated material from
any angle on the substrate. For example, a single sphere would be coated almost
entirely. Yet, in a self-assembled colloidal film, they are masking each other and the
metal is deposited solely on each sphere. A similar approach is used in Glancing
Angle Deposition technique.

7As stated by the Kepler’s conjecture: no packing of spheres can be denser than a
face-centered cubic lattice [321]. This holds true for the as-prepared crystal. Subse-
quent modifications, such as sintering or annealing and hence, deforming the objects,
will result in an increase of the filling fraction.
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transmission (a. u.)

transmission (a. u.)
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Figure 5.6: 3D assembly of polystyrene spheres. A f.c.c. opal-like structure
is naturally formed. A photonic band gap exists in the I' - L direction. For
a proper size of spheres, the band gap can be centered in the visible range of
wavelength. ”Synthetic-opals” formed of 173 and 330 nm spheres exhibiting
stop-bands centered at 430 and 740 nm (top and bottom plots, respectively).
Normal incidence transmission spectroscopy was used to probe the optical prop-
erties of assemblies on glass substrates. Multiple areas have been scanned. In
the crystalline areas only variations in the stop-band intensity was observed
while in the amorphous or polycrystalline areas the peak disappeared (black
curves). The SEM images are false-colored with the complementary color for
the stop-band. Gray-scale inset show a mixed amorphous-polycrystalline area.

sphere size ratio of 1.91, respectively (calculated gaps for a perfect lat-
tice are centered at 404 and 772 nm, respectively). The small deviations
are due to the size variations for the used spheres (~ 5% as specified by
the productor®) and imperfections in the crystal structure. Transmission
spectra of the amorphous or polycrystalline areas is free of the respective

8MicroParticlesGmbH.
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stop-bands.

Though the obtained results are relatively modest compared to the
advances in the respective field, the ability to manipulate the colloids as-
sembly and to exploit the potential provided was encouraging for frontally
attacking the domain?. 2D colloidal masks provides various ways of pat-
terning vast surface areas with diverse functional nano-architectures that
were and are to be further studied. Arrays of nanodiscs and oriented el-
liptical nanostructures, arrays of nanodisc pairs, nanocones shown to be
excellent SERS substrates, and optically resonant nanodiscs embedded
in a surrounding matrix, mono- and multi-layered SRR’s are only few
architectures to be cited that could be fabricated by physical deposition
using shadow colloidal masking. Combined with RIE, simple pathways
for realization of nanostructured or anti-reflective surfaces and 2D or 3D
photonic crystals could be envisioned'®. And many other ways to get
usefulness of these structures are to be developed. As for the 3D as-
semblies, options are multiple as well. Controlled deposition, 3D defect
engineering or inverting opals with ”smart nano-materials” for intelligent
optoelectronic devices are envisioned as future work. We are only at the
beginning and as many people working in the field of photonic devices
say - the future looks bright.

9 After lots of unsuccessful trials in characterizing PMMA, AAO or PANI photonic
crystals, it provided a great personal satisfaction the fabrication of the respective
photonic crystals and the observation of a prohibited optical band making them nicely
colored.

10A present study direction is to use a monolayered colloidal mask for 3D RIE of
photonic structures in silicon operating in the near-infrared.



Conclusions and perspectives

Nu scriem pentru ca avem ceva de spus ci scriem
pentru ca simtim nevoia sa spunem ceva.

Emil Cioran

The main scientific outcomes in this thesis concern the advanced
nanoengineering of porous materials for emerging optoelectronic tech-
nologies. The primary specific aim was bridging the gap between the
nanoelectronic and nanophotonic applications; porous materials are ex-
cellent candidates for such innovative devices. The morphology of porous
materials provides an intrinsic way for the control of the flow of light and
at the same time an irreplaceable route for nanoscale structuring. Al-
though, their co-integration seems obvious, the major obstacle is our
technological incapability of processing reliably these materials to simul-
taneously exploit both functionalities. Our results may provide a starting
point for further advances.

We showed how bulk silicon and aluminum can be fully processed
to obtain cross-bar latches with cores composed of single, template-
embedded nanowires. We demonstrated that statistical processing pro-
vides a simple and convenient way to resolve single features within nano-
porous templates. By adjusting only the size of the lithographic mask,
precise control over the patterning resolution can be achieved without
any complex preliminary analysis or overlay alignment. The control-
lable yield is outstanding for advancing the design of the next genera-
tion defect-tolerant computer architectures. Although we focused on the
phenomenology and on primary technological implications of the statis-
tical patterning, the potential provided by this method is much broader.
Statistical patterning can be extended to any processing approach that
reduces to overlapping a given item with a nanoporous material.

If advanced processing of mass fabricated nanotemplates may look
to heavy to handle, we proposed a one-by-one approach for individ-
ual processing of nanostructures providing single nanowire cross-bar el-
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ements. The exemplification was done using polyaniline, a prototypical
conjugated polymer that definitely settled the concept of synthetic met-
als. While the polyaniline is often considered the counterpart of the
silicon in organic electronics and a plethora of macro and mesoscale sys-
tems having it at the heart of the operation are continuously developed,
reliable nanoscale patterning of this material conspicuously misses. We
showed how ultimate structuring of polyaniline nanostructures can be
performed by converging top-down and bottom-up techniques (in occur-
rence, EBL and electroless polymerization of aniline on platinum). Single
polyaniline nanowire patterning, growth, processing and device integra-
tion is demonstrated. The presented method will simplify and enhance
the study of the extraordinary properties offered by the polyaniline deriv-
atives at reduced dimensions and it may serve as a generic approach for
nanoscale architecturing of other types of functional polymers.

As for the perspectives, many simple or difficult things could be done
to continue this work. Downscaling and the study of the process scal-
ability as well as switching form simple 1 X n to n X n architectures
are planned. More sophisticated materials than N% could be envisioned
to be grown and characterized using the AAO microprocessed devices.
Multilayered magnetic nanowires with spin-transfer properties could be
among the short term directions. Carbon nanotubes based materials
are not to excluded as the field is exponentially evolving and the func-
tionalities provided are endless. Also, the realization of 111 — V' light
harvesting nanostructures embedded in highly ordered, photonic band-
gap, alumina slabs for combined optoelectronic functioning seems not
so far from our technological perspective. Statistical gambling is other
possibility to further study and exploit. Statistical structuring reliability
remains to be studied using other experimental approaches. As a free
admittance to a Millipede is not granted to everyone, the co-integration
of the cross-bar latch technology with the porous materials seems prac-
tically accessible. And not by using various masking protocols to access
single structures, instead by directly criss-crossing properly dimensioned
electrodes on both sides of a nanotemplate membrane. One possible op-
tion is to use block-copolymers thin films structured on top of arrays of
word lines and then orthogonally define the second set of bit lines. Thus,
the full block-copolymer lithography through stepwise processing seems
possible now by statistically incorporating porous structures in-between
two crisscrossed lamellae layers.

The fabricated 3D architectures (in AAO, PMMA, polyaniline, porous
silicon and colloids) could be tested and improved to work properly as
photonic structures. RDM-3D-EBL could be extended to other resist
formulations to build even more complex 3D architectures and used to
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template other materials than polyaniline. Reversely, the polyaniline
confined growth could be done using other, more sophisticated templates.
Moreover, the electroless polymerization is a scarcely studied synthesis
protocol and there is a huge potential behind this approach. Doping
physico-chemistry and functionalization in polyaniline can be now en-
visaged in configurations that where hard to access up to now. The
provided simple fabrication schemes for the realization of single polyani-
line nanowire based crossbar devices is also to be developed. Improv-
ing the ON/OFF ratio, write/erase speed as well as the retention and
the endurance time characteristic of the erase-and-program cycles upon
physico-chemical modification are among the primary tasks. Current-
sensing AFM characterization of near Th/inch? patterned structures,
downscaling of the single-nanowire crossbar elements and building of
multilevel architectures (for example, by exploiting the catalytic activ-
ity of a Pt or Pd top electrode that will serve subsequently as bottom
electrode for the next circuit level) may provide lot of space for progress
as well. And finally, we shall not forget that the ability to uniquely ad-
dress well-structured, nanoscale amounts of matter is of great interest,
at least, at the fundamental scientific level.






Appendix A

Process sheet

The Table below provides the detailed process sheet we used to micro-
and nano-structure AAO templates. All of the fabrication steps, with
the exception of those marked with asterisk are performed in a clean-
room environment (implying the use of microelectronic grade chemicals

and materials).

] Step description ‘ Products/Sub-steps ‘ Parameters
Substrates Si 3-inch wafers <100>; 20 Ohm/sq
Standard cleaning - H3S04/H20, 15 min boiling

viv=2:5 5 min rinse water
- H3S04/H20, 15 min boiling
viv=2:5 5 min rinse water
-HF 2% 15 sec

- rinser dryer

5 min rinse water

Thermal oxidation

800 - 1000°C, Oq
post-annealing No

300 nm
wet quality oxide

- rinser dryer

Inspection Ellipsometry check thickness
Metalization 5nm T4 deposition rates

50 nm Au ~1A/s
Photolithography - coating AZ6612 6600 rpm

thickness 1.1 pm

bake 1 min at 110°C

- exposure i-line 200 - 350 mJ /cm?

mask AluminaSPR

- Development - AZ-MIF762 1 min

1 min rinse water
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210 PROCESS SHEET
Inspection Optical microscope check quality
Au wet-etch -HNO3/HCI 1 -3 min
viv=1:3 visual etch stop
Aqua Regia detection
5 min rinse water
- Acetone 10 min boiling
remove photoresist
- HyS04/H20, remove 1'%
Vviv=2:5 5 - 10 sec
5 min rinse water
Inspection Optical microscope check quality

Al deposition*
RF sputtering

- Ar plasma
- Metal deposition

pre-clean step
deposition rates

5nm T4 1A/s
1-2pum Al 30-60 A/s
Dicing - Protective coating 3000 rpm

bake

1 min at 110°C

- Dicing chip size 6 x 10 mm
Al anodization® - Acetone strip protective resist

IPA rinse

Ny blown dry

- HyC504 0.3 M 2°C; 60 V;

- pre-enlargement

5 min rinse water
70 nm pore diameter

H3PO4 05 M 30°C; 40 min;
5 min rinse water
Ny blown dry
Inspection Optical microscope check quality
Cleaning Acetone 5 min boiling
1 min ultrasonic bath
Acetone 5 min boling
IPA rinse
Ny blown dry
SiN deposition - pre-clean 5 min; 20 W (13.56

PECVD Oxford
Plasmafab 100

N5O - 100 scem

- SiN, deposit
SiH, 5% - 500 scem
NH; - 2 sccm

SiH, - 750 scem

MHz); 1 mTorr;
thickness 400 nm

24 min; 20 W (13.56
MHz); 0.8 mTorr;
18 nm/min

Inspection

Ellipsometry

check thickness
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Resist spin coating

PMM A 950K
7% in chlorobenzene
thickness

2000 rpm;
1800 rpm/s; 1 min
~ 1 pym

Resist backing

2 min at 160°C
over night at 60°C

EBL
Al/AAQO etch
mask patterning

magnification: x200
dose: 500 uC/cm?
Ibeam ~ 20 nA

Development - MIBK/IPA 1 min 30 sec

viv=1:3

-IPA 30 sec rinse

5 min rinse water

- No blown dry
Inspection Optical microscope check quality
SiN, mask etch - pre-clean 10 sec; 10 W (13.56
RIE-ICP Oxford Oz - 20 sccm MHz); 10 mTorr
Plasmafab 100 - SiN, etch 10 min; 20 W (13.56

SFg - 100 scem

MHz); 45 mTorr;
50 nm/min

Inspection

Optical microscope

check quality

Ellipsometry 0 nm SiN, and
~1pum PMMA
AAO/ Al wet etch - KOH 2 M etch 6 - 10 min
- KOH 2 M rinse 1 min
- KOH 2 M rinse 1 min

5 min rinse water

- HF 2% etch 15 sec, strip T
5 min rinse water

PMMA striping - Acetone 5 min boiling

-IPA rinse

- Ny blown dry
Inspection Optical microscope check quality

Ellipsometry
SN, mask removal - SiN, etch 9 min; 20 W (13.56

RIE-ICP Oxford
Plasmafab 100

SFg - 100 scem

MHz); 45 mTorr;
50 nm/min

Inspection

Optical microscope
Ellipsometry

check quality
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Resist spin coating

- PMMA(85)MAA
9% in ethyl — lactate
thickness

bake each coating

- PMMA 950K

7% in chlorobenzene
thickness

bake

total thickness

soft bake

3 x at 3000 rpm;
1800 rpm/s; 1 min
~ 600 nm each layer
1 min at 130°C
2000 rpm;

1800 rpm/s; 1 min
~ 1 pm

1 min at 130°C

~ 3 pm

over night at 60°C

EBL
SCL patterning

overexposed, with
large negative

magnification: x2000
dose: 1000 puC/cm?

undercut Tpeam ~ 780 pA
Development - MIBK/IPA 2 min 30 sec
viv=1:3
-IPA 30 sec
1 min rinse water
- Ny blown dry
Inspection Optical microscope check quality

Metal deposition

-2nm T4%

deposition rate

SCL definition -2 nm T ~ 1 A/s; /- 45° tilt
- 20 nm Au deposition rate
- 20 nm Au ~ 1 A/s; /- 45° tilt
Lift off - Acetone 5 min boiling
-IPA rinse
- Ny blown dry
Inspection Optical microscope check quality
Profilometer
SiN deposition - pre-clean 5 min; 20 W (13.56

PECVD Oxford
Plasmafab 100

N50 - 100 sccm
- SiN, deposit
SiH4 5% - 500 scem

MHz); 1 mTorr
thickness 300 nm
17 min; 20 W (13.56

NHjs - 2 sccm MHz); 0.8 mTorr;

SiHy - 750 sccm 18 nm/min
Inspection Ellipsometry check quality
Resist spin coating - PMMA 950K 3000 rpm;

2% in chlorobenzene | 1800 rpm/s; 1 min

thickness ~ 200 nm

bake

2 min at 160°C
over night at 60°C
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EBL
selective plating
mask definition

high resolution
40 - 150 nm dots

magnification: x2000
dose: ~ 220 uC/cm?
Tpeam ~ 65 pA

Development - MIBK/IPA 1 min 30 sec

viv=1:3

-IPA 30 sec

1 min rinse water

- Ny blown dry
SiN, mask etch - pre-clean (ash) 2 sec; 10 W (13.56
RIE-ICP Oxford O3 - 20 scem MHz); 10 mTorr
Plasmafab 100 - SiN, etch 8 min; 20 W (13.56

SFg - 100 scem

MHz); 45 mTorr;
50 nm/min

Inspection Optical microscope check quality
Strip PMMA - Acetone 5 min boiling
Emitech - Oy ash 3 mbar; 10 W
3 sccm 5 min
Electroplating* - Post-enlargement 90 nm pore diameter
H3PO4 0.5 M 30°C; 5 min
- Ni deposition RT, 3-electrode cell
NiSO4 0.5 M Pt counter electrode
H3BO3 0.5 M Ag/AgCl reference
Cleaning - Acetone 5 min boiling
SiN, mask strip - pre-clean (ash) 30 sec; 10 W (13.56
RIE-ICP Oxford O3 - 20 scem MHz); 10 mTorr
Plasmafab 100 - SiN, etch 10 min; 20 W (13.56

SFs - 100 scem

MHz); 45 mTorr;
50 nm/min

Inspection

Optical microscope
Ellipsometry

check quality

Resist spin coating

- PMMA(85)MAA
9% in ethyl — lactate
thickness

bake each coating

- PMMA 950K

7% in chlorobenzene
thickness

bake

total thickness

soft bake

3 x at 3000 rpm;
1800 rpm/s; 1 min
~ 600 nm each layer
1 min at 130°C
2000 rpm;

1800 rpm/s; 1 min
~ 1 pm

1 min at 130°C

~ 3 pum

over night at 60°C
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EBL
top contact definition

overexposed, large
negative undercut

magnification: x200
dose: 1000 pC/cm?
Tyeam ~ 3 nA

Development - MIBK/IPA 2 min 30 sec

viv=1:3

-IPA 30 sec rinse

5 min rinse water

- Ny blown dry
Inspection Optical microscope check quality
Metal deposition -1 pm Al in deposition rate
top contact steps of 20 nm ~ 6 A/s; /- 45° tilt
Lift off - Acetone 5 min boiling

-IPA rinse

- No blown dry
Inspection Optical microscope check quality

Table A.1l: Process sheet for the micro- and nano-fabrication of
AAQO embedded single nanowire devices.




Appendix B

Statistical patterning
simulation protocol

The experimental aspects of the statistical patterning behavior could
be simply evaluated using a common image processing protocol. A de-
tailed description is given bellow.

1. The surface morphology of AAO templates is analyzed using a SEM
after the pre-enlargement step. The images (.tiff format) are acquired at
a typical magnifications of x 10.000, x 20.000, x 30.000 and x 50.000.
High-contrasting is enabled using low electron acceleration energies (1 -
5 keV). Areas with non-usual defects (dust, scratches, cracks, etc.) are
avoided.

2. The picture is loaded in Igor Pro software (version 5.02) using the
standard image loading procedure: Data / Load waves / Load Image.
In the Load Image pop-up window, File Type: .TIFF is selected and,
let’s say, original for the image name. The image is loaded in the form
of a 3D or 2D wave depending on the color mode. The pixel size in
the loaded image is calibrated according to the acquired magnification.
Next, the image data bar is removed.

3. If the image is loaded in other color format than gray scale, then
it has to transformed for further analysis. For that, tape in the com-
mand line ImageTransform rgb2gray original. This operation applies
a grays-scale transform if other color mode is present (caution: informa-
tion can be lost during this transformation). A new image is created:
M_RGB2Gray.
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4. The next step is image binarization. For that, tape in the command
line ImageThreshold/C/T=value M_RGB2Gray. A new image is created:
M_ImageThresh. The value for the threshold operation is chosen to ob-
tain a threshold correlation factor better than 0.8. The Figure B.1 shows
an example of a gray-scale (left) and the corresponding binarized image
(right). Eventually, a qualitative visual inspection is also performed to
avoid loosing data during the binarization step. This operation is very
important as the statistical patterning analysis is based on this type of
plots.
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Figure B.1: The SEM image was acquired at x 50.000 magnification. The
threshold correlation factor here is 0.87.

5. The simulation protocol is performed on the M_ImageThresh image.
An automatic function was programmed for this operation. An example
code is given bellow. For this case, the variable values are valid for a
1000 x 1000 pixels image. The variables (in units of pixels) and some of
the operations have the following signification:

- gridX and gridY are the computation resolutions, maximum values
are limited to the image size.

- deltaD and gridD are the increment and the number of iterations
for the circular mask diameter; D being the actual size, here varying from
2 to 200.

- stat is a 2D wave for storing the data in the form of probability
vs. the mask diameter and the number of pores.

- DrawOval left,top,right,bottom draws an oval within the rec-
tangle defined by left, top, right, bottom coordinates. Here, the
size and the position are variable with the first and last value being
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0,0,2,2and 800,800,1000,1000. Other functions to draw various shapes
in Igor are DrawPoly (used for the square mask definition) and DrawBezier.

- ImageGenerateR0IMask operation creates a ROI mask on the active
image, defined by the previously drawn shape.

- ImageAnalyzeParticles combined with the stats argument mea-
sures the particles in the image. Here, defined by the previous ROI.
Results of the measurements are reported for all particles whose area
exceeds the minimum area specified by the /A flag. This is the parame-
ter which is used to set the counting threshold here being set to 0 (see
main text for details). Another important parameter resulted from this
operation is V_NumParticles - the number of particles that exceed the
minimum area limit comprised in the ROI, or the patterning resolution.

The simulation code.

function stat()

variable i, j, D, gridX, gridY¥, n, k, deltaD, gridD

gridX=101

gridy=101

gridD=100

D=0

n=0

deltaD=2

make /0/N=(100, gridD) stat

stat=0

for (k=0; k<gridD; k+=1)

D=2+k*deltaD

for (i=0; i<gridX; i+=1)
for (j=0; j<gridY; j+=1)
SetDrawLayer progFront
SetDrawEnv xcoord= top,ycoord= left,fillpat=0
DrawOval 8%i,8%j,8%i+D,8%j+D
ImageGenerateROIMask/E=128/I=0 M_ImageThresh
ImageAnalyzeParticles/Q/A=0/M=2/R=M_ROIMask stats M_ImageThresh
stat [V_NumParticles] [k]=stat [V_NumParticles] [k]+1/(gridX*gridY)
SetDrawLayer/K progFront
n=n+1
endfor
endfor
endfor

end

The simulation time depends on the configuration of the PC, the size
of the image and especially on the gridX, gridY and gridD values and
may require few minutes up to several days for calculation.
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